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PREFACE

A century ago Chemistry was the queen of the sciences. Today Molecule is king.

Many of the exciting scientific theories of a hundred years ago originated with
chemists such as Stoney, who postulated the existence of electrons, and those who
formulated the periodic law of the elements. Van’t Hoff, the father of stereochemis-
try, was also the first Nobel laureate. A chemist named van den Broek introduced
the concept of atomic number, and another chemist named Harkins postulated the
neutron and first mooted the idea of a mass defect as the origin of nuclear binding
energy. Not only the chemists of the era but also the subject area of chemistry
produced spectacular theoretical advances. The physicist Lord Rutherford, who is
purported to have stated

“in science there is physics and stamp collecting”

must have been mortified to have his research recognized with a Nobel prize for
chemistry.

A hundred years on, significant progress in chemistry arises only at the bench,
through the synthesis of high 7. superconductors, nanomaterials, ‘bucky balls’
and other magical molecules, with little appreciation of the underlying theories.
Chemistry is no longer a priority as a career option, and the emphasis is shift-
ing constantly towards molecular sciences. Students, who vote with their feet,
sense that, through lack of theoretical innovation, chemistry is becoming a ste-
rile science. By comparison, models, mysteries and magic abound in molecular
sciences.

It was demonstrated more than sixty years ago [1] that a major intramolecular
migration of chiral groups, during Beckmann rearrangements, occurs with reten-
tion of chirality. A reasonable mechanism to account for this amazing effect has
never been formulated; like the optical activity of chiral molecules, it is simply
accepted as a fact of life, not deserving of further theoretical analysis. The rea-
son for this indifference is not difficult to find. The models of chemical bonding,
enthusiastically embraced during the twentieth century, might seem plausible, but
they lack the authority to address fundamental issues. The soporific that stupefied
chemistry is the lore of orbitals. By now it has been so thoroughly entrenched in
the world’s textbooks for undergraduate chemistry and in computational models,
widely accepted as the ultimate in chemical theory, that it borders on the futile
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X PREFACE

to resist its use. A German-language text on Elementary Quantum Chemistry [2]

laments (my translation),

1. “Modern quantum chemistry allows us to calculate bond energies (more cor-
rectly: dissociation energies) and bond lengths (more correctly: internuclear
separations), but does not tell us what the chemical bond ‘actually’ is. We are
not even sure whether it is stupid or intelligent to enquire into the nature of
chemical bonding.

2. The definition or characterization of orbitals found in many textbooks for chem-
istry in secondary school is a scandal. It is an insult to our youth to confront
them with such trash”.

Another expert [3] remarks

In reality, chemical bonding is a molecular property, not a property of atomic
pairs.

The chemistry community finds itself burdened with an operational theory, based
on outdated and discredited classical concepts, and without predictive power in the
quantum world of the twenty-first century. Few fascinating observations docu-
mented in this volume can be explained convincingly in terms of orbital jargon.
Topics such as polymorphism, nanomaterials and biopolymers are of immense
commercial importance, but scientifically poorly understood. These phenomena are
as mysterious as crystal growth or the structure of snow flakes, quasi crystals or
viruses. To state that interactions responsible for biological modifications of life, the
circadian clock or the colour of cooked lobster are of chemical origin is tantamount
to an admission of complete ignorance. Models that feature in the description of
chemically more familiar systems such as transition-metal complexes, host-guest
interactions and solvation are largely empirical and rely on experimental results
obtained with diffraction of X-rays and neutrons.

Aspects of all these various topics were discussed at the fifth international Indaba
workshop of the International Union of Crystallography at Berg-en-Dal, Kruger
National Park, South Africa, 20-25 August 2006. In most instances the analysis
terminated before a fundamental interpretation of the results, because there is no
fundamental theory of chemistry. As all chemical interactions are mediated by elec-
trons it is clear that such a theory must be quantum-mechanical. The only alternative
is a phenomenological simulation of chemical processes with empirical classical
models. There is no middle ground.

The classical approach appropriately known as molecular mechanics has been
used with conspicuous success to predict molecular geometries, chemical reacti-
vities and even magnetic, electronic and spectral properties of molecular systems.
Molecular mechanics functions with no intention or pretence to elucidate the essen-
tial nature of molecules; it applies concepts that pertain to the nineteenth-century
classical model of the molecule, i.e, bond length, bond order, force constant, tor-
sional rigidity and steric congestion. Transferable numerical values are empirically
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assigned to the corresponding parameters to ensure that minimization of steric
energy converges to observed molecular structures. Any remaining discrepancies
are assumed to arise from quantum-electronic effects, incorrectly simulated with a
classical model. Additional parameters to compensate for particular effects such as
planarity of aromatic rings or Jahn-Teller distortions are then introduced.

There is no evidence that any classical attribute of a molecule has quantum-
mechanical meaning. The quantum molecule is a partially holistic unit, fully
characterized by means of a molecular wave function, that allows a projection
of derived properties such as electron density, quantum potential and quantum
torque. There is no operator to define those properties that feature in molecular
mechanics. Manual introduction of these classical variables into a quantum system
is an unwarranted abstraction that distorts the non-classical picture irretrievably.
Operations such as orbital hybridization, LCAO and Born-Oppenheimer separation
of electrons and nuclei break the quantum symmetry to yield a purely classical
picture. No amount of computation can repair the damage.

The previous statement does not imply that the computational chemistry of the
previous half century is all wasted effort; it simply means that what became known
as quantum chemistry is based on classical mechanics, without necessarily invali-
dating the useful results that flowed from this pursuit. This conclusion should not
be read as an insult, but as an encouragement to renew the quest in a true spirit
of quantum theory, which is bound to produce unthought-of new insights into the
mysteries and magic of molecules. A modest start has been made [4] in recognizing
the power of quantum potential to explain the stability and reactivity of atoms and
molecules and of quantum torque as the agent responsible for molecular shape,
torsional rigidity and optical activity. In principle, the same approach might pro-
duce a winning strategy to solve the mysteries of intramolecular rearrangement,
photochemistry, protein folding and the unwinding of DNA.

The book is aimed at students of chemistry and general readers interested in
molecular sciences, structural chemistry, the fundamental basis of the life sciences,
and computational chemistry. Not only is it intended to highlight some of the many
challenges in molecular science, but also it serves as an introductory text for stu-
dents who might subsequently wish to specialize in any of these fascinating fields.
Written at a level for advanced undergraduates and graduate students in chemistry,
most concepts are expected to be familiar to readers with a first degree in chemistry
and modest expertise in mathematics and physics.

The material is organized under four main headings. The first section includes
specialized methods used in the study of molecules, followed by partially solved
molecular mysteries and poorly understood phenomena with a magical quality. The
final section treats various models that might contribute to an improved under-
standing of molecular behaviour. The confusion in chemistry is largely due to an
indiscriminate mixing of classical and quantum concepts and the distortion of the
latter by the science writers of the twentieth century, more interested in sensation
than science. These Proceedings might assist to eliminate some confusion and show
a new direction for theoretical chemistry.
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CHAPTER 1

RAMAN SPECTROSCOPY
The biomolecular detection of life in extreme environments

HOWELL G.M. EDWARDS AND MICHAEL D. HARGREAVES

Abstract:

The strategic adaptation of extremophiles (organisms which can survive where humans
cannot) to survival in hostile terrestrial environments depends critically upon their syn-
thesis of protectant biomolecules in geological niches to combat low wavelength radiation
insolation, desiccation, and extremes of temperature and pH.

Each year sees the discovery of novel geological scenarios in which organisms have
successfully created a tenacious colonisation in “limits of life” habitats. Terrestrial ana-
logues such as hot and cold deserts, volcanoes and geothermal springs provide models
for the extraterrestrial study of the evolution of life in our Solar System — astrobiology.
In particular, the current robotic exploration of the surface and subsurface of Mars, our
neighbouring planet which has held ancient magical significance for our ancestors and
is still shrouded in mysteries, is now indicative of the importance of a range of terres-
trial scenarios which can be considered as Mars analogues. The next phase of Martian
exploration must address the robotic search for extinct or extant life in the geological
record, which is essential for the proposed human missions in the next two decades. A
key factor in the armoury of remote analytical instrumentation that is now envisaged for
inclusion on extended-range Mars landers and rovers is the identification of the chemical
and biochemical protectants that might have been produced by extremophiles for survival
in the Martian deserts. The molecular signatures evidenced from the Raman spectra of
these key protectants will be fundamental for the detection of biological activity on Mars
and the adoption of miniaturised Raman spectrometers for Martian exploration is now
being seriously considered by NASA and ESA. In this context, the evaluation of pro-
totype Raman spectroscopic instrumentation for the detection of molecules of relevance
to a wide range of terrestrial extremophilic activity is now being addressed and forms
the subject of this article. Exemplars from various geological scenarios in the Arctic and
Antarctic cold deserts and from relevant hot desert habitats, such as volcanic geothermal
springs and salt pan evaporites, will reinforce the tenet of this book — that the molecular
studies of extremophilic models will be pivotal in the understanding of the magic and
mysteries of evolution of life on Earth and the search for life on Mars

1
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2 CHAPTER 1

INTRODUCTION
Prologue

Mars (Figure 1-1) epitomises the theme of this Indaba Five meeting: from the birth
of recorded history, the observation of our nearest neighbour planet was steeped in
astrological magic which the ancient Greeks associated with evil. The earliest sci-
entific astronomical recordings of the Martian planetary and orbital motions in the
16th and 17th Centuries enhanced the mystery of the planet, which intensified with
the first telescopic observations of “this ochre coloured orb” by Galileo and Huy-
gens in the mid-17th Century. It is intriguing that Mars today still remains the only
planet in our Solar System whose surface can be observed using terrestrial-based
telescopes [1].

The mysterious nature of Mars received impetus in the late 18th Century when in
1783 Herschel, the discoverer of the infrared region in the electromagnetic spectrum,
observed clouds on Mars and correlated Martian planetary “waxing and waning”
effects with surface vegetation and seasonal growth. The dawn of the 19th Century
witnessed the age of geological discovery of relic, fossilised life in ancient terrestrial
strata which with the biological revolution echoed by Darwin and Russell Wallace

Figure 1-1. Mars: the epitome of the Indaba Five theme — mystery, models, magic and molecules
(see color plate section)
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indicated that life had not always been constant and that evolutionary adaptation
was the key to a successful survival strategy for biological species. In this scientific
atmosphere, it seemed perfectly logical that Schiaparelli’s observation of some forty
“canali” on Mars and Lowell’s plotting of up to 160 “irrigation ditches” designed
to bring water from the Martian polar regions to the equatorial vegetation brought
to a close the 19th Century mystery phase of Mars that had transcended nearly two
centuries. Hence by the end of the 19th Century, informed opinion was that there
was indeed life on Mars — as exemplified by the following statement [2] from Lord
Kelvin in his August 1871 Presidential Address to the British Association for the
Advancement of Science.

“Should the time come when this earth comes into collision with another body comparable in dimen-
sions to itself... many great and small fragments carrying seeds of living plants and animals would
undoubtedly be scattered through space. Hence, and because we all confidently believe that there are at
present and have been from time immemorial, many worlds of life besides our own, we must regard it
as probable in the highest degree that there are countless seed-bearing meteoritic stones moving about
through space. If at the present instance no life existed on the earth, one such stone falling upon it
might, by what we call natural causes, lead to it becoming covered with vegetation”

This can be considered an early vision of panspermia, a vigorously debated topic
in current astrobiology. However, not everyone was convinced of the presence of
life elsewhere in the Universe; Lord Kelvin was lampooned in “Punch” just three
weeks later:

“A Conjurer’s Conjecture:
Could a Meteoritic Stone
Pray, Sir William Thomson,
Fall with Lichen Overgrown,
Say, Sir William Thomson,
From its Orbit having Shot
Would it, Coming Down Red-Hot
Have All Life Burnt off it not?
Eh, Sir William Thomson?
Not ? Then Showers of Fish and Frogs
Too, Sir William Thomson,
Fall, it might Rain Cats and Dogs.
Pooh, Sir William Thomson,
That they do cone down we are told
As for Aerolite with Mould,
That’s at Least too Hot to Hold.
True, Sir William Thomson!”

Contrast then this reaction in the 19th Century to the thoughts of Giordano Bruno
in 1600, which resulted in his incurring the wrath of Pope Clement VIII and his
being burned alive at the stake for his heretical beliefs and suggestion “that God’s
realm could include other worlds (Mars) comparable with Earth”, an action which
incidentally was believed to have resulted in the timely recantation of Galileo; yet,
in 1900, the Guzman Prize was offered for the first evidence of extraterrestrial
life outside Earth — with the specific exclusion of Mars, because it was obviously
populated! This prize still awaits a claimant. Even then, Alfred Russell Wallace,
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the co-author of evolutionary biology with Charles Darwin, in 1907 declared that
Mars could not possibly sustain life.

Early 20th Century thinking resulted in the quest for terrestrial models for the
life forms that might exist on Mars with the eventual realisation that the planet,
being significantly smaller than Earth, could have cooled sooner and harboured
developing life from a “Primaval soup” at a much earlier phase than could have
occurred terrestrially—and that Mars therefore could be the home for an even
more advanced form of life than ours [3]! The challenge to find Mars analogues
on Earth was launched in an age where there was a genuine public scientific
perception that it was inevitable that we would soon attract the rather unwel-
come attention of extraterrestrial intelligence in the form of Martian inhabitants
(e.g. H.G. Wells’ “War of the Worlds” and the famous Orson Welles broadcast
in 1938 that sent the public into a wild panic, fearing that a Martian attack on
Earth was imminent!). The repetition of the 19th Century experiments initiated by
respected scientists such as Gauss, Cros and von Littrow to signal the Martian inhab-
itants by lighting fires in the Sahara, drawing geometric patterns in the Siberian
snow and heliosignalling would hence have been strongly discouraged publicly in
the 1930s.

The mid-to-late 20th Century, 1965—-1976, heralded the death-knell of the “intel-
ligent life on Mars” idea with the discovery by remote observation and planetary
lander platforms such as Mariner and Viking that Mars was a “dead planet”, debunk-
ing the surface vegetation and irrigation ditches philosophy, whilst confirming the
earlier but hotly reviled conclusions that Mars was a heavily cratered, rather inhos-
pitable place with solid carbon dioxide at the poles and devoid of a life supportive
atmosphere.

The dawn of the 21st Century has seen the birth of astrobiology: the study of
astronomical and planetary context within which life on earth has evolved and the
implications for the nature and prevalence of life elsewhere in the Universe — a
multi-disciplinary science whose name was highlighted in 2000 as “A new science
for the new Millennium” (Lord Sainsbury, Minister of Science, HM Government,
UK). The most recent, advanced explorations of Mars from orbit and from sur-
face landers and rovers has revitalised the possibility of finding the signs of life
on Mars — extinct or extant. We now have evidence of images of a planetary
surface [4, 5] that clearly has suffered water erosion, subsurface aquifers, the possi-
bility of subglacial polar lakes (similar to Ellsworth and Vostok in Antarctica) and
a tantalising glimpse of geological niche scenarios that match terrestrial models,
for example Mars Oasis, Antarctica [6] (Figure 1-2), where biological adaptation
and survival to these harsh Martian environments may have occurred. The new
phase for Martian exploration now firmly rests on the molecules that have been
synthesised by extremophiles for their protection against low wavelength radiation
and desiccation and the associated auxiliary molecules that are required to harness
the limited energetics and nutrients that are available in their protected niche envi-
ronments [7], [8], [9]; finally, in a “limits of life” scenario, where life has become
extinct, the remote analytical observation of residual molecular signatures in the
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Figure 1-2. Mars Oasis, Antarctica; a terrestrial niche for the survival of endolithic cyanobacte-
ria in a “limits of life” situation; a translucent Beacon sandstone outcrop containing endolithic
microbial communities on top of a dolerite sill. Dr David Wynn-Williams, Head of Antarctic
Astrobiology at the British Antarctic Survey, Cambridge, is prospecting for endoliths. Repro-
duced from the book Astrobiology: The Quest for the Conditions of Life, Eds: Gerda Horneck,
Christa Baumstark-Khan, 2003, Springer. With kind permission of Springer Science and Business
Media (see color plate section)

geological record may perhaps indicate that the evolutionary experiment on Mars
commenced but was not successful in its survival (Figure 1-3).

This journey has taken 5000 years of human observation of Mars and scientific
endeavour to make the transit from:

Magic — Mystery — Models — Molecules

In this quest it is clear that the themes Models and Molecules are pivotal
to the current and future instrumental advances necessary for the detection and
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Epoch l: 3.1 - 1.5 billion years ago

Epoch IV: 1.5 billion years aqgo - present

PeA00mbarT<0°C  Tyes <0°C

P c.7mbar, Equatormean T-55°C,

range -110to +7°C; Polar ice cap mean -119°C UVC UVB UVA PAR IR
WC WVB UVA PAR IR I l l @5
l l l @ g Fe-ich crust
Endolithic
Agolian dust / trace fossils Endolithic
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or biomolecules L I-Iwetnlhe fiuvial
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carbonale il ﬂ?m
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Figure 1-3. Mars Epochs III and IV; highlighting the geological survival possibility of endoliths on
the planet. Reproduced from ICARUS, 144, David Wynn-Williams, Howell G.M. Edwards, Proximal
Analysis of Regolith Habitats, pp. 486-503, 2000, with permission from Elsevier

remote interpretation of Mars life signature data and eventually should provide an
answer in the next two to three decades to that most haunting and mysterious of
questions:

“Is there life on Mars?”

Extremophiles

Extremophiles are organisms that can survive where humans cannot; their sur-
vival in hostile terrestrial environments depends critically upon their ability to
synthesise sophisticated suites of protectant biomolecules (Table 1-1) and the
adaptation of geological and hydrological niches for colonisation to combat low
wavelengths of insolar radiation, desiccation, and extremes of temperature, pH,
salinity, pressure and heavy metal toxins [9, 10]. The search for life on Mars is
linked closely to the discovery of novel strategies adopted by extremophiles in
terrestrial scenarios where previously the existence of life was believed impossible.
A selection of extremophiles and their terrestrial habitats will be considered here,
which has provided astrobiologists with the term “terrestrial Mars analogues”
on which the experimental remote analytical projects envisaged for robotic Mars



Table 1-1. Raman spectral signature bands and UV-visible absorption maxima for functional microbial pigments in extreme terrestrial Antarctic habitats

Physiological Pigment Pigment type Raman vibrational bands Absorption peaks (nm)
Function (wavenumber cm™)
uvC UVB UVA Visible
<280 280-320 320-400 >400

Ultraviolet Usnic acid Cortical acid 2930 1607 1322 1289 >220 290 325 <400
Screening
pigments

Pulvinic dilactone Pulvinic acid 1672 1405 >246 290 367

derivative
Paretin Anthraquinone 1675 1099 551 >257 288 431 422
Calycin Pulvinic acid 1611 1379 269
derivative

Atranorin para-depside 2942 1666 1303 1294 1266 <274 >400

Gyrophoric acid Tri-depside 1661 1290 275 304

Fumarprotocetraric Depsidone 1642 1630 1290 1280 273 315

acid

Emodin Quinone 1659 291 440

MAA (Nostoc) Mycosporine 2920 1400 820 (>310) 330

7437 Amino Acid

Scytonemin 8-ring dimer 1590 1549 1323 1172 252 300 370 >400
Anti-oxidants fi-carotene Carotenoid 1524 1155 <246 283 384 429

Rhizocarpic acid Isoprenoid 1665 1620 1596 >200
Photo- Porphyrin Tetrapyrrole ring 1453
synthesis Chlorophyll, Tetrapyrrole ring 1360 1320 680 700

(Cyano bacteria)

BChl, Tetrapyrrole ring na 850 870

(Rhodopseu-

domonas)

Chlorobium Chl
Accessory Phycocyanin Tetrapyrrole ring na 650 660
Light- Phycoerythrin Phycobilin 1638 1369 560 620
harvesting Phycobilin na 544
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explorations are now being evaluated. The driving force behind the detection of
life signatures on Mars is really two-fold, in that the search for a biological evolu-
tionary occurrence other than our own will undoubtedly enhance the definition of
our own early prebiotic chemistry but it will also engage with the efforts of space
exploration in the placement of a human being on the surface of Mars, which will
require a fuller knowledge of the planetary composition and its potential biological
dangers than we have currently [11, 12].

In this respect, the study of extremophile survival strategies, which operate in
some of the most inhospitable places on Earth, will further our understanding of
our own precarious existence in a changing natural world.

Extremophiles that have been studied in our laboratories and which address sev-
eral scenarios that could be expected on Mars, i.e. terrestrial Mars analogues,
include the following:

Life in rocks: Antarctic endolithic microbes;
Meteorite impact craters: halotrophic cyanobacteria;
Lacustrine sediments: microbial colonies;

Volcanic lava deposits: vacuole colonies;

Shocked rocks: pore colonisation;

Stromatolites: cyanobacterial residues;

Subglacial lakes: polar colonisation.

Raman Spectroscopy

Raman spectroscopy has several advantageous characteristics which make it poten-
tially valuable for the molecular characterisation of extremophiles, their protectant
biomolecules and extraterrestrial exploration [13—17]. The Raman spectrum will
contain molecular information from both inorganic molecular ions and organic
molecules of some complexity, which renders it suitable for the derivation of data
relevant for the chemical interaction between the biological and geological entities
which comprise extremophilic colonisation of rock substrates. Little or no chemical
or mechanical sample preparation is required and Raman spectra can be obtained
from macroscopic and microscopic samples effectively down to about 1 cubic
micron specimen volume confocally, representing picogram quantities of material.
Coupling of the Raman spectrometer with a flexible optical remote sensing probe
of several metres in length permits the access of the irradiating laser beam and
the collection of the scattered Raman radiation from inaccessible sample locations,
especially on planetary surfaces and subsurface holes. In this context it is hardly
surprising that the development of miniaturised Raman spectrometers with mass
less than about 1kg is already far advanced and space mission trials are envis-
aged for the adoption of Raman spectroscopy as a novel technology for molecular
characterisation, either alone or in conjunction with laser ablation techniques, on
future planned Mars robotic missions as part of lander and rover life-detection
instrumentation [18-20].
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The Raman effect is a molecular scattering process which is manifest from the
interaction between a laser beam and a chemical system from which the shift in
wavenumber of the exciting radiation scattered by vibrating molecules and the
incident electromagnetic radiation can be related to the structure, composition and
identification of the scattering molecules [21]. The Raman scattering is significantly
weaker in intensity than Rayleigh scattering, where the incident electromagnetic
radiation is scattered without change in wavenumber. Although the wavenumber
shifts observed in Raman scattering are independent of the excitation wavelength,
the scattering intensity is inversely proportional to the wavelength of excitation;
hence, with all other instrumental effects remaining the same, a Raman spectrum
obtained in the ultraviolet at 250 nm is inherently nearly 300 times stronger than
that excited with near infrared radiation at 1064 nm. Hence, many Raman spectra
which have been obtained hitherto have been recorded in the visible region of
the electromagnetic spectrum. However, the onset of fluorescence emission, which
is several orders of magnitude larger than Raman scattering, occurring at lower
wavelengths and higher laser excitation energies, can completely swamp the obser-
vation of the weaker Raman bands especially of organic molecules which have
low energy electronic states. For this reason, the recording of Raman spectra using
longer wavelength laser excitation to obviate the occurrence of potentially trouble-
some fluorescence has been finding much favour despite the problems caused by
detection of weaker spectral features. Improvements in experimentation, especially
in sample illumination and in detection of the long-wavelength shifted Raman
bands, have now created several possibilities for the recording of good quality
Raman spectra from difficult specimens with effective suppression of troublesome
fluorescence backgrounds [13], [22].

Raman spectroscopic equipment

FT-Raman spectra were recorded using a Bruker IFS66 spectrometer with FRA 106
Raman module attachment and dedicated microscope. The wavelength excitation
was at 1064 nm, using a Nd**/YAG laser. The spectral resolution was 4cm~! and
from 2000 to 4000 scans were accumulated over about 30—60 minutes to improve
the spectral signal-to-noise ratios. For analyses with 785, 633, 514.5 and 488 nm
laser excitation a Renishaw InVia Reflex Raman Microscope coupled to a Leica
DMLM microscope with 5X, 20X, and 50X objective lenses were utilized. 30-70
accumulations at 10 s exposure time for each scan with a laser power between 0.5
to S0mW were typically used to collect spectra.

RESULTS AND DISCUSSION
Chasmolithic Community

A chasmolithic community living in a fracture inside a marble rock was collected
during the AMASE expedition (Arctic Mars Analogue Svalbard Expedition) in
August 2004 to the Vest Spitzbergen Island in the Svalbard Archipelago, sited
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80°N, inside the Arctic Circle. Although the temperatures are not as cold as
those in Antarctica (at Spitzbergen Island, the winter temperature reaches minus
30-35°C), the site and the samples are considered extremophiles because of the
low temperatures and the absence of sunlight for almost six months each year.

The sample was found in a glacier moraine in Bockfjorden, at an altitude of 30
metres above sea level, and shows an epilithic community on the crust which gives
a greyish tonality to the white stone substrate, and a chasmolith inside a crack where
several coloured strata, namely pinkish, black, green and brown areas, are visible.

The Raman spectrum of the substratum presents bands at 1097 cm~!, which is
seen as a shoulder on the stronger signature at 1086cm™~!, 713 cm ™! with a shoulder
at 725cm~! and 157 cm~!. This provides an excellent example of the use of Raman
spectroscopy to distinguish between isomorphic minerals. The bands at 1097, 725,
299 and 177cm~! are characteristic of dolomite, a calcium magnesium carbonate
(CaMg(COs),), whereas calcite, the calcium carbonate isomorph, shows signatures
at 1086, 713, 281 and 157cm™!, very close in wavenumber, but readily distin-
guishable from the spectral signatures of the dolomite. Figure 1-4 gives a Raman
spectral stackplot of magnesite, MgCO; with Raman bands at 1094, 738, 326, 242
and 119cm™"!, dolomite, CaMg(COy),, with bands at 1098, 725, 299 and 177 cm™!,
aragonite, CaCO;, with bands at 1086, 704, 208 and 154 cm~!, and calcite, CaCOs;,
with bands at 1086, 713, 283 and 156cm~!.

On the surface crust, the grey tonality is the result of cyanobacterial coloni-
sation, which gives the characteristic Raman spectral bands of scytonemin. This
UV-protective pigment is not found in the chasmolithic organisms inside the crack
and has probably been produced as a strategic response to the increased radiation
levels experienced at the rock surface.

INTEMSITY (ArDItrary unins)
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Figure 1-4. Raman spectra of, from the top: magnesite, dolomite, aragonite and calcite-indicating the
spectral discrimination between these carbonates
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Figure 1-5 shows a section of chasmolithic feldspar from Lake Hoare, Antarctica,
in which two zones of bacterial colonisation can be clearly seen, from which the
Raman spectrum of calcite can be clearly identified closely associated with the
colonisation zones signatures of quartz and feldspar can also be seen in the spectrum.

In the chasmolithic pink coloured zone area, the Raman spectra show bands of
chlorophyll and a carotenoid, but the fluorescence emission is very strong here,
which reduces the quality of the Raman signatures. The green layer gives a strong
fluorescence emission with 785 nm laser excitation and no spectral signatures are
visible, but selection of 514.5 nm laser excitation provides bands from a carotene
which are clearly recognizable at 1524, 1157 and 1000cm~! (Figure 1-6); these
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Figure 1-5. Chasmolith in feldspar, Lake Hoare, Antarctica: with the Raman spectrum of calcite, quartz
and feldspar from the cyanobacterial colonisation zone (see color plate section)
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Figure 1-6. FT-Raman spectrum of a carotene found in an Antarctic Beacon sandstone endolith,
Battleship Promontory, Alatna Valley

signatures are consistent with an assignment to astaxanthin. The same applies to
the black zone in the chasmolith, but now the carotene gives bands at 1516, 1154
and 1004cm~! and so it can be identified as beta-carotene. Although no spectral
signatures could be recorded for this system with the near-infrared laser at 1064 nm,
three different micro-organisms are differentiated with 514 nm excitation because
of the different carotenes produced, two discrete organisms occurring in the green
band the third in the black band.

Endolithic Community

This specimen was collected at Mars Oasis in Antarctica, the coldest desert on
Earth, during the summer season of 2002. The sandstone shows a normal orange-
red colouration but a depletion of the red mineral (haematite) is clearly visible in
the vicinity of the endolithic organism (Figure 1-7).

Quartz is the main component of the rock, with signatures at 128, 206, 355, 542,
696, 795, 807, 1064, 1081, 1161 and 1227 cm™!; the red colour is recognizable as
haematite because of its Raman bands at 223, 291, 404, 495 and 609cm™!. This
is abundant below the organism stratum but has been removed from the immedi-
ate vicinity, probably to permit photosynthetic-active radiation to reach endolithic
community. The specificity of Raman spectroscopy permits one to distinguish the
very weak signature of haematite in the crustal spectrum (Figure 1-8); haematite
has been proved to be a UV-screening compound and it is interesting that the
organisms can maintain this mineral on the crust for the purpose of protecting
against radiation that reaches the terrestrial surface (exacerbated by the depletion
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Figure 1-7. The Raman spectral stackplot shows the spectra obtained from a vertical transect through
the surface crust, the biological hyaline layer, algal layer, depletion zone and basal rock, from the top.
Endolithic colonisation of Beacon Sandstone, Mars Oasis, Antarctica, showing zonation. The lower
interface of the algal zone dominated by cyanobacteria occurs 8 mm below the upper surface of the rock

of Antarctic ozone). This particular crust colouration, modified by the underlying
biological colony, was used by the prospecting geologist as a visual clue to the
presence of endolithic communities inside the rock.

The stackplot of spectra collected from the endolithic specimen shows bands
of calcium oxalate monohydrate at 1490, 1463, 896, 502 and 206 cm~! in the
depleted pigment area. Two different calcium oxalates are identified by Raman
spectroscopy because of their signatures in extremophile exemplars; whereas in
the calcium oxalate monohydrate (whewellite) Raman spectrum, apart from some
weaker signatures, two bands are shown at 1490 and 1463 cm~!, for calcium
oxalate dihydrate (weddellite) only one characteristic strong signature, centred at
1475cm™!, is visible. Even when they appear in admixture whewellite and weddel-
lite are clearly distinguishable using the Raman spectroscopic analytical technique.
In addition, beta-carotene with bands at 1516, 1154 and 1004cm~! and chlorophyll,
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Figure 1-8. Raman spectrum of haematite crust on sandstone endolith. With Raman spectra of the crust
(top) and cyanobacteria layer (bottom)

with a strong and broad signature at 1327 cm~! and weaker signals at 915, 744 and
517cm™!, have also been identified, as well as quartz.

Halotrophs

The presence of salts in SNC (Shergotty-Nakhla-Chassigny) Martian meteror-
ites [23-26] and the acknowledgement of the presence of sulphates in the Martian
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regolith [27-30], together with the recognition of the existence of lacustrine water
sediments at or below the surface of Mars [31-36] makes terrestrial halotrophic
organisms potential Martian analogues.

Apart from the Raman spectroscopic identification of two different types of bac-
teria in a gypsum crystal (Nostoc and Gloeocapsa), it was also possible to detect
organic signatures from bacterial colonies sited several millimetres below the sur-
face in a transparent crystal of selenite from a 26 Mya meteoritic impact crater [37]
at Devon Island in the Canadian High Arctic (Figure 1-9).

The Raman spectrum of the selenite crystal surface shows the strongest gyp-
sum band at 1006cm ™! and other minor gypsum signatures; Raman spectra taken
from a vertical transect through the crystal from the surface, using a confocal laser
beam to obtain spatial information from within the crystal, provides evidence of
additional features in which the Raman bands, can be identified with the cyanobac-
terial signatures. Confocal laser probing of the dark-coloured inclusion within the
crystal reveals that it is a halotrophic cyanobacterial colony containing the radiation
protectant scytonemin (Figure 1-10).

A parallel study of an Antarctic gypsum endolith (Figure 1-11) shows evidence
of the same radiation protectant, scytonemin, in the lower spectrum with that of
the surface gypsum for comparison in the upper spectrum; the different strategies
adopted for the chemical protection of the colonies against low wavelength radia-
tion for the two Antarctic endolithic systems, involving in one case the presence of
haematite at the surface and in the other gypsum, is noteworthy.

Volcanic Rock Colonisation

A primary colonization in fumarole minerals from a recently active and still
warm (two week-old) lava flow was collected by the author during a field
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Figure 1-9. (Selenite var. gypsum) deposits, Haughton meteorite impact crater, Devon Island, Canadian
High Arctic, 26 Mya. Also shown are details of selenite crystals within surface melt breccia deposits
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Haughton Crater, Canadian Arctic
Cyanobacteria halotroph in selenite crystal

|
ﬂ, l l Cyanobacteria colony type | (Nostoc)
NJ \FJJ \ Jl * scytonemin
 carotene el
| ot

A 3 )
M‘M‘fﬁw l‘f!“\vl W J \ I er

Figure 1-10. Raman spectra of halotrophic cyanobacterial colony inside selenite crystal, located approx-
imately 5-8 mm below the upper surface. The Raman spectrum of the cyanobacterial inclusion obtained
using confocal laser imaging shows the presence of scytonemin and a carotenoid

Figure 1-11. Antarctic endolith in gypsum, with Raman spectra of, upper spectrum, the surface (gyp-
sum) and lower spectrum, the underlying cyanobacterial zone (scytonemin). The chemical structure of
scytonemin is also given here



RAMAN SPECTROSCOPY 17

trip to the Kilauea volcano, Hawaii, in 2004 and was analyzed using Raman
spectroscopy about seven days after collection. Besides identifying the mineral
components, a carotenoid was recognized because of the Raman signatures at
1530 and 1143cm™!, and a chlorophyll-like compound could be related to the
signatures at 1449, 1342, 952, 834, 748, 680, 595, 438, 257 and 173cm~ ",
This result indicates that the organisms needed only a very short time indeed
to colonize an inhospitable niche such as a fumarole in a still very warm and active
lava flow.

A second sample of lava (Figure 1-12) was collected during the AMASE expe-
dition of 2004 in Scott Keltiefiellet, in the Vest Spitzbergen island of Svalbard [38]
at 80°N at about 1000m altitude. Organisms were found inside a vacuole of
about 2cm diameter in a black lava basalt matrix; the vacuole possessed a
simple orifice of less than 1 mm diameter through which the organisms, sun,
water and gases could penetrate. Technically, endoliths are organisms living
inside the pores of a sedimentary rock, but this new kind of “endolithic” com-
munity affords a novel opportunity to look for life inside volcanic rocks that
would not normally have been considered to be a geological niche for endolithic
colonisation.

Three different carotenes were observed in the vacuole when 514.5 nm laser
excitation was used, but there were no chlorophyll signals. With 785 nm exci-
tation only two carotenes were detected but chlorophyll signals appeared along-
side the carotenes and characteristic bands from c-phycocyanin, an accessory
light-harvesting pigment, were also detected.

Stromatolites

Shade adaptation is required by bottom-dwelling cyanobacteria in ice-covered lakes,
whilst enabling them to avoid UV-stress. During seasonal changes in the flow of
melt-water, the thick cyanobacterial mats at the bottom of ice-covered Antarctic
Dry Valley lakes becomes buried in silt. However, they permeate through the min-
eral layer to form a new mat each season, resulting in stratified stromatolites. The
translucency of the 3 m thick ice cover on Lake Vanda permits penetration of solar
radiation through 70 m of water column to the bottom mats where the receipt of
photosynthetically active radiation ( PAR ) is remarkably up to ~120 wmol m 2s!
Even the PAR level of ~15 wmolm™2s~! measured at the bottom of Lakes Hoare
and Fryxell, which have thicker ice covers (about 4.5 m), is more than enough to
sustain active photosynthesis by oxygenic mats. This has resulted in a wide diversity
of cyanobacterial mat communities in many Antarctic Dry Valley lakes. Analogous
habitats on Mars, such as Gusev and Noachis Craters, may provide suitable sources
of fossil microbes and biomolecules such as porphyrins and cyanobacterial scytone-
min. Modern stromatolites are considered to be analogues of Conophyton, which is
a columnar stromatolite abundant in Precambrian rock when UV stress would have
been much greater.
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Figure 1-12. Novel endolith in a vacuole in a volcanic basalt lava matrix, Svalbard, Spitsbergen,
Norwegian Arctic, showing two different carotenoids in admixture. Accessory photopigments are also
identified in this system (not shown here) (see color plate section)

We have studied columnar endolithic colonisation of carbonates from Salda Golu
Lake in Turkey, where stromatolitic outcrops of magnesite and hydromagnesite have
formed (Figure 1-13). Here, the identification of the biological component in the
Raman spectrum of the inorganic carbonate matrix is a good terrestrial model for the
survey of potential stromatolite sites on Mars — such as that identified at Juventus
Chasmae in Sabaea Terra (Figure 1-14) near the Schiaparelli Crater; in the figure,
the light-coloured area in the meteorite impact crater is believed to be a magnesium
carbonate deposit.

With climatic changes on a geological scale, these lakes may dry up and
their cyanobacteria become desiccated fossils. This process may have helped



RAMAN SPECTROSCOPY 19

| 0,150

0.125

[ntensity (arbitrary units)
U.ll.'.'l[lg

0. IZIJ75

T T Ll T T
2000 1750 1500 1250 1000 750 500 250
Havenumber cm™

Figure 1-13. Salda Golu Lake, Turkey: hydromagnesite colonised stromatolites in a saltern. The FT-
Raman spectrum of the cyanobacterial colonised zone in a stromatolite is shown (see color plate
section)

to preserve cyanobacteria-like organisms in chert (flint) from the Australian
Apex formation in Queensland for 3.5 Gya. Their pigments, especially early por-
phyrins which are recalcitrant components of chlorophylls, are recognizable in
oil-bearing shales. A primitive photosynthetic system capable of delivering an
electric charge across a membrane bi-layer could have consisted of a porphyrin
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Figure 1-14. Juventus Chasmae, potential stromatolite region, on Mars. Reproduced from the Journal
of the Geological Society, 156, Michael J. Russell et al., Search for signs of ancient life on Mars:
expectations from hydromagnesite microbialites, Salda Lake, Turkey, 1999, with permission from the
Geological Society (see color plate section)

(pigment), a quinone (electron donor) and a carotene (electron acceptor) to pro-
vide a chain of conjugated bonds. Such molecules are valuable biomarkers on
Earth and may fulfil a similar function for their recognition by remote life-
detection systems on Mars. A recently recorded microRaman spectrum of the
Trendall Pilbara stromatolite has identified a carotene and a porphyrin together
in a fissure inside the rock (Figure 1-15). This stromatolite is one of the oldest
rocks found on Earth, with an age of 3800 M years, dating from a very early
period in the geological evolutionary history of our planet. However, whilst it
would be facile to assume that the bioorganic signatures that have been detected
here are also of this age, this example does demonstrate very nicely the viability
of Raman spectroscopy for the detection of organic signatures in ancient rocks.
In another sampling region of the same specimen, there is clear spectroscopic
evidence for the presence of beta-carotene, scytonemin, dolomite and goethite
(Figure 1-16).

Salt Pan Evaporites

The dried terrestrial salt pans with their extremophilic halotrophic cyanobacterial
colonisation are good models for the study of Martian sites such as Gusev Crater.
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Figure 1-15. Trendall Pilbara stromatolite, Western Australia, 3800 Mya; Raman spectroscopic evidence

for protective biochemicals, carotene and porphyrin, produced in a protected niche

Here, an example from the Rhub-al-Khalil in the Arabian Desert shows a cyanobac-
terial colony in a dolomitic zone, several cm below the surface of a large gypsum
crystal embedded in a halite matrix (Figure 1-17). The Raman spectra of the bio-
logical component clearly demonstrate the presence of photoprotective pigments

such as scytonemin and carotenoids.
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Figure 1-16. Specimen of Trendall Pilbara stromatolite shown in Figure 1-15, but different niche;

different chemical suite identified — scytonemin, carotene, dolomite and goethite
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Figure 1-17. Sabkha surface crust with gypsum and halite crystals, Rhub-al-Khalil, Arabian desert;
cyanobacterial colonisation at interface with subsurface dolomitized calcite. The Raman spectrum shows
the presence of scytonemin and carotene in the biological zone

CONCLUSIONS

Raman spectroscopy is a useful analytical technique for planetary exploration
because it does not require sample manipulation, and macroscopic and micro-
scopic analyses are possible when identifying components in the specimen. It
is sensitive to organic and inorganic compounds and is not destructive to sam-
ples that are strictly limited in quantity or accessibility and so they can be
used afterwards for other, perhaps more destructive, analyses. In this respect the
situation of a Raman spectrometer on a planetary rover or on a fixed lander,
to which specimens are brought by a rover, are both acceptable space mission
scenarios.

Laser excitation wavelength is an important parameter to consider, not only
because fluorescence emission can swamp the weaker Raman scattering, but also
because of the different sensitivities shown towards compound identification by
different excitation wavelengths. In our assessment 785 nm laser excitation gives
a good balance between organic and inorganic compounds, but 514 nm exci-
tation induces a resonance Raman effect for carotenes whose identification is
reasonably straightforward, even in small concentrations, although the higher flu-
orescence emission from some systems can still mask several weaker Raman
bands. The observation of more than two spectral biomarker bands is neces-
sary normally for the unambiguous identification of the components of a spec-
imen, particularly when there is a complex mixture of organics and inorganics
present.
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Spectral resolution is another critical parameter that can affect observed band
wavenumbers due to the overlapping of close bands, which can cause erroneous
identifications of the material when comparing with standard wavenumber tables
and spectral databases. The technical requirements for the construction of a minia-
turized Raman spectrometer suitable for extraterrestrial planetary exploration could
force a rather low spectral resolution, and so new databases adapted to low resolu-
tion spectral data would then be necessary. Nevertheless, good quality spectra are
now being obtained from miniaturised Raman spectrometers such as that shown
in Figure 1-18, which weighs one kilo. An example of the Raman spectrum of
an extremophile obtained from this instrument in our laboratories is shown in
Figure 1-19.

The ability to identify organic molecules and minerals present in admixture in
a specimen at the same time is an advantage of the Raman analytical technique
in astrobiology. Extremophiles are closely related to rock substrata, and biological
and geological spectral signatures are shown together in the Raman spectrum; these
are distinguishable and can be unambiguously assigned, even if some appear in
a relatively low proportion. A list of some of the most important biogeological
Raman spectral markers is provided in Table 1-2; this can be regarded as a proto-
type database for the spectral recognition of indicators from remote life detection
instrumentation on planetary landers and rovers.

A detailed knowledge of the different chemical strategies adopted by terrestrial
extremophiles, which are considered Martian analogues, is a prerequisite for plane-
tary exploration. Geo- and bio-markers must be studied together to provide a better
understanding of the adaptation abilities of the organisms. Geo- and bio-strategies
are complementary and the survival of the organisms depends critically upon their
being able to modify their microniche environments.

University of Montana Raman Prototype

Figure 1-18. Miniaturised Raman spectrometer prototype for space mission, mass 1kg
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Figure 1-19. Raman spectrum of Acarospora chlorophana, an epilithic extremophile from Antarctica,
recorded with the miniature Raman spectrometer shown in Figure 1-18

THE FUTURE

In May 2006, the European Space Agency announced that significant funding had
been allocated for the forthcoming ExoMars mission on Project AURORA - the
most ambitious scientific analytical programme yet devised to detect the signatures
of extinct or extant life on Mars (Figure 1-20). A miniaturised scientific instru-
mental payload on a planetary rover will use a sophisticated battery of analytical
techniques, some of which have never before been used in space missions. The
scientific instrumentation suite on ExoMars (Pasteur) has to fulfil three specific
functions, namely, the characterisation of the geological context of the selected
landing site, the detection of life signals and organic molecules in the samples from
that site and the evaluation of the hazards to the planned human exploration of
Mars. An integral part of this instrumentation will be a novel combined minia-
turised Raman/LIBS spectrometer which will be designated the specific task of
searching for biogeological marker signatures in the Martian surface and subsur-
face regolith (Figure 1-21). The Raman spectroscopic data presented in this paper
from terrestrial Mars analogues and models will form an important part of the
analytical scientific preparation for Mars exploration involving the search for life
in the ExoMars mission.

The ExoMars mission and others that follow it, including the manned lunar
landings, will culminate in a knowledge base that is essential for the planned
human landings and exploration of Mars scheduled for 2033 — the first time that
human beings will have set foot on another planet in our Solar System. A sym-
bolism of this leap forward in analytical scientific astrobiology is depicted in
Figure 1-22.



Table 1-2. Raman bands of the most common and geo- and biomarkers in extremophile examplars, and their chemical formulae

Calcite CaCO;
Aragonite CaCOjy
Dolomite CaMg(CO3),
Magnesite MgCO;4
Hydromagnesite ~ Mgs(CO5),(OH), 4H,0
Gypsum CaSO, 2H,O
Anhydrite CaSO,

Quartz SiO,

Haematite Fe, 05

Limonite FeO(OH)nH,0
Apatite Cas(PO,);(F,CI,OH)
Weddellite Ca(C,04)2H,0
Whewellite Ca(C,04)H,0
Chlorophyll Cs5H7,O5sN4Mg
c-phycocyanin C36H3304Ny
Beta-carotene C4oHse
Rhizocarpic acid ~ CygHy30¢
Scytonemin C36H20N204
Calycin CigH (05
Paretin CycH;,05
Usnic acid CigH607
Emodin Cy5H;(Os5
Atranorin C9H 3Og

Pulvinic dilactone CygH;(O4
Gyrophoric acid ~ CyHyyOy

1086
1086
1098
1094
1119
1133
1015
1081

610

693
1034
1630
1629
1438
1655
1515
1665
1605
1653
1671
1694
1659
1666
1672
1662

712
704
725
738
728
1007
674
1064
500
555
963
1475
1490
1387
1638
1155
1610
1590
1635
1631
1627
1607
1658
1603
1628

282
208
300
330
326

628
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“The Searchifor Tracesof Past and PresentL ife on
Marsand to I dentify Surface Hazards to
Future Human Missions’

Figure 1-20. AURORA: the European Space Agency/NASA programme, incuding the ESA ExoMars
mission (see color plate section)

The authors record their appreciation of funding over many years for the basic
analytical Raman spectroscopic studies of terrestrial extremophiles and Mars mod-
els from the European Space Agency and UK organisations (EPSRC, NERC and
PPARC/STFC) which have enabled the preliminary work to be carried out to
establish the viability of the Raman technique for incorporation into extraterres-
trial life-detection instrumentation and for the opportunity to take novel analytical
chemical science to the “last frontier”. Professor Edwards is especially grateful for
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Figure 1-21. The principle of the novel miniaturised Raman/LIBS combined spectrometer for the
ExoMars mission to Mars
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Figure 1-22. Symbolic depiction of the Mars mission phases, 2007—2033, involving a revisitation of
manned lunar exploration before embarking upon the manned missions to Mars (see color plate section)

his scientific collaboration with the late Dr David Wynn-Williams, Head of Antarc-
tic Astrobiology at the British Antarctic Survey, Cambridge, and for the ongoing
support of Professors Charles Cockell, John Parnell, Monica Grady, Fernando Rull,
Susana Jorge, and Drs Cynan Ellis- Evans, Roger Worland, Andre Brack, Frances
Westall, Derek Pullan, Beda Hoffmann, Jan Jehlicka and Liane Benning—a range
of expertise encompassing geology, microbiology, geochemistry, meteoritics, earth
sciences and biomolecular sciences that is so critical for the effective study of
astrobiology, the quest for life in the Solar System and beyond.
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CHAPTER 2

X-RAY DIFFRACTION OF PHOTOLYTICALLY INDUCED
MOLECULAR SPECIES IN SINGLE CRYSTALS

JACQUELINE M. COLE*

Abstract:

We review developments in X-ray diffraction of single crystals that begin to enable one
to quantify directly the nature of electronic perturbations induced by light in chemical
structures. Such structural information is key to understanding many chemical processes
and physical properties activated with light, and the scientific impetus behind this incip-
ient area of structural science is described from academic and industrial perspectives.
Photoisomerisation, photochemical reactions in the solid state and spin-crossing magnetic
transitions that have enduring or irreversible states induced with light are best understood
by unravelling their three-dimensional structure measured in situ in their states converted
by light. Investigations conducted with single-crystal X-ray diffraction of structures in a
laser-induced steady state and the experimental methods used to realise such structures
are reviewed. The structural characterisation of transient photo-induced species (down to
picosecond lifetime) is paramount to improve understanding of materials that undergo
rapid electronic switching, which make operative much of the electronic and optical
industry, as there exists an inherent relationship between the structure of the excited state
and the physical properties exhibited. Prime instances include structures of molecular
conductors and luminescent materials in their excited states with prospective applications
as molecular wires, light-emitting diodes, non-linear optical components, tribolumines-
cent and electroluminescent devices. Only indirect and qualitative interpretations of the
nature of these excited states were formerly formulated with spectrometric techniques,
but the developments in ms-ps fime-resolved (laser)-pump (X-ray)-probe single-crystal
diffraction techniques, described herein, are overcoming this barrier, affording results that
are quantitative via a three-dimensional structural representation. Structures of transient
species are reviewed and the key experimental parameters that are required for a success-
ful experiment, in terms of characteristics of the X-rays, laser and sample are discussed.
The importance of auxiliary spectroscopic experiments is also described. A future outlook
on possible X-ray sources to facilitate such work and to extend it to structural studies on
even more ephemeral species concludes this review

*Jacqueline M. Cole, Chem. Soc. Rev., 2004, (8), 501-513, DOIL: 10.1039/b205339j, http://xlink.
rsc.org/?7DOI=b205339j, — Adapted by permission of The Royal Society of Chemistry
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INTRODUCTION

Photo-induced species form in many compounds, ranging from those occurring
in nature, e.g. chlorophyll, to technologically important materials such as photo-
darkening semiconductors and light-emitting diodes. On photolysis a molecule
becomes excited into otherwise inaccessible states, thus inducing a redistribution
of electrons within that molecule. In turn, this condition can produce atomic dis-
placement within the structure of the material or, more severely, isomerisation or
chemical reactions in the solid state. Diverse photophysical properties unfold from
these structural perturbations, as these cause, for instance, associated changes in
dipole moments, luminescence or formation of radicals.

Although photophysical properties are readily measured, their structural origins
remain generally elusive as the photo-induced states are typically transient
(lifetime: us or less). Recent developments in temporally resolved experiments
have yielded routine methods to determine indirect structural information, partic-
ularly from temporally resolved optical (including infrared) spectra. Most indi-
rect structural information existing from temporally resolved spectra emanates
from measurements of solutions, but the physical property commonly sought
is aimed at solid-state devices. The resulting dearth of comparisons between
structure and property in the same phase hampers implicitly their interpre-
tation and use in understanding the role of structure in a given physical
phenomenon.

Crystallography is the ultimate technique for determining the bond geometry
of a molecule with great accuracy and in a three-dimensional representation.
Given that such structural characterisation is also undertaken using solid-state
samples, crystallography would seem therefore to be the ideal technique with
which to embrace the fourth dimension of time within its capabilities, such
that one can understand photophysical processes. Because many processes in
all scientific disciplines evolve temporally, a temporally inclusive investiga-
tive power of crystallography is attractive to many other areas of structural
science. Temporally resolved developments have occurred in all ranges of sci-
ence, but temporally resolved chemistry is evolving particularly rapidly, reveal-
ing results from numerous experiments of varied qualitative and quantitative
nature and concerning processes with temporal variations spanning many time
domains [1]. Implicit within this evolution is the development of temporally resolved
crystallography.

The typically transient nature of photolytically induced processes makes this area
of temporally resolved crystallographic development particularly challenging, as
do the many practical complications surrounding the optical excitation (see §4).
High atomic resolution is commonly a prerequisite: in most cases, the redistri-
bution of electrons, following photo-induction, manifests itself in an associated
alteration of bond distance between two or more atoms within a molecule. For
example, a luminescent organometallic material classically becomes photo-excited
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into a state that effects a transfer of charge between metal and ligand (MLCT).
The primary structural perturbation in such a case is an altered length of a
bond between the metal and ligand(s) concerned. An oxidation might similarly
be caused on photo-induction in a material; in such a case the coordination sphere
about the metal ion contracts or expands according to an increase or decrease
in oxidation number, respectively. Variations 0.1-0.2 A of bond length are typ-
ical, but this extent might be much smaller, particularly in organic compounds:
as lengths of C—C bonds are smaller than those of metal-containing bonds, any
C—C bond length changes are inherently difficult to detect. Obtaining sufficient
atomic resolution to observe a structural perturbation sought thus presents a major
experimental challenge in this area. One wishes ultimately to be able to collect
data with sufficient resolution to perform mapping of the distribution of electron
density in three dimensions via a full multipole refinement of charge density,
although such activities are likely to remain beyond our capabilities for some
time.

Several timely advances in synchrotron and crystallographic instruments have
helped overcome some experimental challenges, and have made feasible the sub-
ject area of research. New synchrotrons across the world have attained much
enhanced intensity, stability, reliability and efficiency of X-ray beams, all critical
for this work. Charge-coupled devices (CCD) as area detectors have revolu-
tionised crystallography, not least temporally resolved crystallography for which
a substantial decrease in duration of data collection has been critical for the
developments described herein. For photolytically induced processes that occur
or can be stabilised at low temperatures, the development of open-flow helium-
based cryostreams has been instrumental in these advances. The recent revo-
lution in laser technology has greatly increased the feasibility of this area of
structural science, with lasers with nanosecond or picosecond pulses becom-
ing standard and all commercial lasers being designed for use as modular
bench-top apparatus of type “turn-key operation”. The field of optical spec-
trometry has also aided substantially the progress of this field as much of its
highly advanced electronic-timing technology is readily transferable to the subject
area.

What follows is a review of photolytically induced processes in materials of the
types that are of interest, experimental methods being developed for photolytically
induced X-ray diffraction to study these processes, the results obtained from this
work, experimental challenges and developments in this area of research, and the
future prospects of this technology. We focus on the use of monochromatic oscil-
latory diffraction of single crystals, necessarily restricting ourselves to chemical
results, although recognising, in places, important related Laue-based diffraction
work from the biological sphere. For important work similarly aimed at afford-
ing direct and quantitative photolytically induced structural information and being
attempted using EXAFS spectroscopy, one is referred to reviews by Chen [2] and
Saes et al [3] and references therein.



32 CHAPTER 2

PHOTOLYTICALLY INDUCED PROCESSES OF INTEREST
IN MATERIAL SCIENCE

A profound knowledge of the structure-originating functionality of chemical pro-
cesses driven by light is important on account of the associated technological
implication of such materials. The world has experienced an electro-optical revolu-
tion: digital light displays that illuminate car dashboards, mobile phones and stereo
sound systems; fluorescent and phosphorescent screens, for instance in portable
computers; equipment for underwater lighting and apparatus for working at night;
optical switches and shock-wave triggers for use within electronic circuitry. The
controlling radiative phenomena all result from transfer of electronic charge within a
molecule or ionic displacement, and occur in various manifestations, such as photo-,
electro-, tribo-, chemi- or sonoluminescence — the application of optical field, elec-
tric field, mechanical force, chemical reaction or sound waves, respectively, to
produce light (see, for example, Figure 2-1).

An implicit reason that these phenomena are usable in electric and electro-
optical devices is the brief interval during which these luminescent processes
occur, as electronics require such rapid reactions for high operating frequencies
to ensure, for example, constant communication and screen updating. Most fluores-
cent and phosphorescent processes occur on a time scale of ns to ps or ms to us,
respectively.

There exist also many non-luminescent phenomena driven by light with
ephemeral photo-active states that are of technological importance in the elec-
trical or optical industry. In particular, transitions between conductor and insulator
in molecular species are of enormous interest in solid-state physics. These phe-
nomena, which occur typically on a timescale of order fs to ns, are led inherently
by structural alteration that results from perturbations through transfer of electronic
charge in a molecule. Non-linear optical phenomena (see, for example, Figure 2-2)
occur on similar time scales, and are governed by molecular charge transfer; it is
desirable to comprehend fully their structural manifestations in situ.

Figure 2-1. The application of electroluminescence in lighting the display in this watch. An electric
signal, caused by pressing the “light” button on the watch, excites the molecules in the display medium
that cause luminescence upon their relaxation (see color plate section)
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Figure 2-2. A non-linear optical material, ammonium dihydrogen phosphate, displaying second-
harmonic generation, the frequency doubling of light (infrared to blue). The origin of this physical
phenomenon is entirely dependent on ionic displacement or molecular charge-transfer (see color plate
section)

Materials with light-driven lifetimes ms to oo are generally non-luminescent but
are also highly desirable industrially. Enduring photodarkening properties have been
long exploited in glasses. This area of structural research sustained early attempts
at quantifying light-driven structural perturbations [4]. Improved photodarkening
materials are sought for device application, as are long-lived photo-active com-
pounds for prospective use as sunscreens for protection against ultraviolet light, for
optical storage and magnetic switches. Current photodarkening materials are typ-
ically inorganic; their application is typically based on exploiting the low-energy
band gaps in these materials to absorb light.

Sunscreens exploit light in various ways. Enduring light-absorbing states are a
key physical property in the application of one such variant [5]: a suitable active
material of a sunscreen operates by absorbing light in an upper layer of the skin,
which undergoes a photochemical change, that in turn blocks farther ultraviolet
light penetrating to the more sensitive lower epidermis cells. The longevity of the
light-absorbing state ensures that this skin remains protected for several hours or
until the sunscreen is removed by washing or skin abrasion. Photoisomerisation
is typically the photochemical change involved. Most other sunscreens function
by absorbing light in the harmful band of ultraviolet radiation, and emitting it at
a lower wavelength that is unharmful to the skin; in these cases, the light-driven
lifetime is typically on the transient time scale of ns to us.
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Photoisomerisation, reversible or irreversible, occurs in many areas of organic
and organometallic chemistry. Beyond its applied nature as described above, pho-
toisomerisation is important also for the development of fundamental research. For
example, such a process might comprise part of a reaction mechanism in organic
chemistry that is being developed for a given application, or perhaps induction
with light is used to form a new chemical product. Photoisomerisation occurs also
with great propensity in nature, for example, in signal transduction of photoreceptor
proteins and photorepair processes and in photosystems one and two in plants. The
structures of biological species are generally more difficult to characterise than
chemical materials, especially in their in vitro state, and the structural characterisa-
tion of their photoisomerised states and the associated mechanisms are necessarily
even more complicated. Even so, success has been achieved in this direction, for
example, on photoactive yellow protein (PYP) [6] and a flavin-bound plant photore-
ceptor domain [7]. Improved structural knowledge of all processes and mechanisms
of chemical photoisomerisation will, however, undoubtedly provide useful insight
into many biological processes; it is therefore a valuable goal to strive for the
structural characterisation of all species undergoing photolytic isomerisation. Time
scales of photoisomerisation vary greatly, but many chemical photoisomerisations
occur via metastable states, which are stable under conditions such as decreased
temperature, or irreversible transitions. In these cases, their crystal structure can be
readily probed, provided that a sample is not destroyed during isomerisation.

Given its importance in computing and memory hardware, the importance of sat-
isfactory materials for optical storage cannot be understated. In particular, there is
at present a great commercial interest in developing holographic storage, hailed as
the next-generation revolutionary storage medium [8]. Holographic storage allows
three-fold data encryption onto a single point, thus exploiting the volume of a
material rather than just its surface area, as used on a compact disc (CD) or digital
versatile disk (DVD) for instance. Hologram memory can be created on focusing
successive interference patterns of two light beams into a specific volume of a
material. Each pattern relates to one page of data, coded as light and dark boxes
on a screen, through which one incoming beam passes (the beam carrying data).
As the two beams have been split from a single laser source, the second beam,
which passes through no screen, acts as a reference signal (no data information)
upon their coalescence. With the proposed ability to store over 100 times the data
capacity of a DVD in a material having the size of a sugar cube (Figure 2-3), the
potential of this new medium is incredible, but developments are largely hampered
by two factors. One problem lies in the stringent requirements of data retrieval:
data are reconstructed on diffracting a further light beam, at exactly the same angle
as the reference beam enters the material, onto a detector; an error 1 um renders
the data irrecoverable. The other problem is the dearth of suitable materials for
application in enduring devices. Given the rapid industrial drive in this area, it is
critical that materials chemistry keeps pace with the technological developments,
which is achievable only through understanding the structural manifestations of the
radiative processes ensuing in the application. The optical etching created in the
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Figure 2-3. A photograph of 100 stacked DVD and a sugar cube. If holographic storage achieves its
expectation, one will be able to store a terabyte (1000 Gb) of data in a crystal of size a sugar cube.
Employing current commercial optical storage devices, a terabyte of data would fill more than 1000
compact disks, or over a 100 DVD. The use of a sugar cube as a placebo here is a deliberate attempt to
emphasise the fact that, although optical technology is developing rapidly, scientists are still struggling
to find suitable materials for the application

material inevitably needs to endure, else data become lost irretrievably. Photo-active
materials with metastable lifetimes have therefore enormous potential in this area.

Light-induced magnetic spin transitions have shown potential in electronic
switching devices and applications in magnetic storage of data [9]. At a given
temperature, the magnetic metal ion in the material (typically Fe) converts from the
low- to the high-spin state upon excitation with light of a particular wavelength.
How sudden this phase transition is and how the hysteresis transpires dictates the
level and utility of the “bistability” of the material: a bistable material exhibits a
sudden phase transition and hysteresis that allows the material to exist in temper-
ature phase space as either the high- or low-spin magnetic state, for temperature
over a wide range. The sudden phase transition at a given temperature also renders
materials of these types possibly useful as a temperature sensor. The lifetime of the
bistable state corresponds directly to the lifetime of any possible device in which
it might be applied: any loss in definition of hysteresis, for example, might cause
an error in electronic switching or might corrupt data irrecoverably if such mate-
rials are ultimately used in magnetic storage media. It is therefore important that
materials with enduring light-induced magnetic spin transitions are understood so
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that one can design suitable candidates, with more commercially viable operating
temperatures (at present transitions occur typically below 50K), and with greater
longevity of bistability. Light-induced X-ray diffraction experiments would be use-
ful to achieve this goal as the crystal structure of a magnetic material in a given
spin state can be characterised by X-ray diffraction of a single crystal.

Although there are undoubtedly many other photo-induced phenomena that are
omitted here, those described above might provide a representative view of the
diverse materials for which X-ray diffraction of a single crystal might generate key
advances in these areas, thus underlying the importance of such crystallographic
developments.

FOUR TECHNOLOGICAL TIME SCALES OF X-RAY DIFFRACTION
EXPERIMENTS

The lifetime of the photo-induced state in a given material dictates the instruments
required for the determination of its structure. The smaller is the lifetime of such a
species, 7,, the more challenging the experiment becomes. These instrumental chal-
lenges are divisible into four categories: steady-state methods (7, > min), pseudo-
steady-state methods (ms < 7, < min), and stroboscopic methods using a pulsed
X-ray source generated by means of either a mechanical chopper (us < 7, < ms) or
accelerator-physics (ps < 7, < us) methods. Figure 2-4 summarises the instrumental
requirements as a function of time.

Steady-State Methods

For materials exhibiting long-lived or irreversible photo-structural changes, steady-
state methods are used whereby the photo-induced structure is obtained in three
experimental steps: one first determines the ground-state structure of the mate-
rial using conventional methods for X-ray diffraction of small molecules in single
crystals; next, the crystal, still mounted on the X-ray diffractometer, is optically
pumped for several hours with a suitable lamp, typically either a flash lamp emit-
ting light at wavelengths in a broad band or a laser (monochromatic source); the
lamp is then removed and the resulting structure is determined, again using con-
ventional methods and under the same experimental conditions as before. The
resulting structure from this second data collection comprises contributions from
both the original ground state and the light-induced structure. This is because
the light-induced structure is unobtainable experimentally in isolation, as in any
photo-induction one never achieves complete conversion in a single crystal. One
generally aims to obtain no more than 20-30% photo-conversion, as beyond this
point the integrity of the crystal is endangered: if structural perturbations within
a crystal lattice are too great or numerous, the crystal fractures or explodes. One
can, however, effectively isolate the light-induced structure by analytical means.
This achievement requires first importing the refined ground-state structural model,
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Figure 2-4. A schematic diagram of the relative timing systems between laser, x-ray and sample
photo-conversion lifetime. The nature of steady-state, pseudo-steady-state (in its simplest form) and
stroboscopic pump-probe methods are illustrated. The absolute timing for each method is on a separate
scale: the entire experiment is shown for the steady-state methods; the pseudo-steady-state representation
shows up to the beginnings of the first data-collection frame; the stroboscopic representation illustrates
a regular pattern that occurs throughout the experiment. Stroboscopic pseudo-steady-state methods are
not represented here per se, but they essentially represent a combination of the basic pseudo-steady-state
and stroboscopic methods shown here

obtained using the data from the first experimental step, into the “ground plus light-
induced” refinement model as a fixed entity, except that all atomic coordinates are
normalised to the unit-cell parameters of the “ground plus light-induced” state, to
take into account their slight change that is expected on account of a small pertur-
bation in the overall molecular environment from having two similar but not exact
molecules present rather than one type. A new scale factor is then refined against
the “ground plus light-induced” data and a “photodifference” map thence obtained:
this map is essentially a Fourier-difference map that reveals the photo-induced
structure exclusively, because account of the ground-state structure has already
been taken through the normalised fixed coordinates (see, for example, Figure 2-5).
The atomic positions of the photo-induced structure are therefore locatable from
this map using standard procedures for interpreting Fourier-difference maps, and
are refined to produce the final combined ground-plus-photo-induced model. The
occupancy factor of all atoms in each component should be refined as a common
factor with both factors summing to 100% — exactly as one would model molecular
disorder — so that one can realise the fraction of photo-conversion achieved: that
value is the occupancy factor of the light-induced structure.

As steady-state methods rely on the light-induced effect in a single-crystal sample
lasting for the duration of collection of X-ray diffraction data that is sufficiently
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Figure 2-5. A “photo-difference” map showing the ground state (already modelled) depicted by the
black lines together with the electron density associated with the light-induced [Ru(SO,)(NH,),Cl]Cl
complex [10, 11]. In this example, SO, is the photo-active ligand, undergoing a 1'-SO, (end-on) to
1?-S0, (side-bound) photoisomerisation. The sulfur atom and one oxygen of the 1>-SO, bound ligand
are evident in this Fourier-difference map as the green feature and more diffuse green area, respectively,
on the left of the figure (the other oxygen is not visible here as it lies out of the plane shown) (see
color plate section)

nearly complete to achieve a full structural determination, the intrinsic minimum
light-induced lifetime of a sample that can be probed with steady-state methods
depends critically on the rate at which data can be collected. In turn, this rate is
inherently dependent upon several factors: (i) the crystal symmetry of the sample.
The greater is the crystal symmetry, the more reflections that are symmetry equiv-
alents are afforded, and so smaller volumes of reciprocal space must be covered
to obtain a complete data set of unique (not symmetry-equivalent) reflections com-
pared with a sample with lower crystal symmetry, e.g. a complete data set of unique
reflections requires one quadrant of reciprocal space for an orthorhombic sample
whereas a hemisphere is required for a monoclinic crystal. The smaller the area of
reciprocal space that must be covered, the more rapid the data collection through
the smaller total number of frames of data that must be collected, as the diffrac-
tometer must move through fewer angular steps. (ii) Detector coverage, sensitivity
and read-out duration. It is generally agreed that without the recent advances in the
technology of CCD area detectors for X-ray diffractometers research in this field
would not be viable as the rate of data collection is so critical to these experiments.
Developments in detector design are continuing rapidly. Detectors with enlarged
active areas are being developed that will afford increased coverage of reciprocal
space per unit time. Strategies to increase the sensitivity of detector response are
being investigated; achieving greater sensitivity inevitably results in more rapid col-
lection of data and accessibility to expanded data (previously too weak to observe
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above the detector background). The duration of detector read-out is a major draw-
back of area-detector technology as not only is it almost invariably the limiting
factor of the rate of data collection but also it is so by a large margin. Substan-
tial improvements in this area of detector development are required, without loss
of detector sensitivity, before samples with much smaller intrinsic light-induced
lifetimes than the present minimum can be studied using steady-state methods.
(iii) X-ray diffraction intensity. The controlling factors here are the X-ray source
and the size of the sample crystal. Because the brightest X-ray source inevitably
affords the most intense diffraction practicable, one should consider performing
the experiment at a synchrotron source if intensity from a laboratory source (either
a sealed tube or, more intense, a rotating anode) be insufficient. Using a larger
crystal also yields more intense diffraction, but one must ensure that the crystal is
not so large that it becomes impenetrable to light. Given that the depth of optical
penetration of a sample can be small — typically of order um - one must generally
compromise strongly the size of crystal to provide intensity satisfactory to ensure
successful photo-conversion, without which the experiment is rendered untenable.
Those experiments in which restrictions of crystal size to um are dictated optically
are viable only at synchrotron sources. (iv) X-ray wavelength considerations. Of
two competing factors, a small wavelength is desirable as this effect improves the
resolution of data collected to a given maximum Bragg angle, 2 6, whereas the
smaller is the X-ray wavelength, the greater is the rate that the X-ray atomic form
factor decays as a function of 2 6 for a given element. Given the importance of
resolution in these experiments due to the subtle structural changes sought, one
should aim for as small a wavelength as avoids diminishing the X-ray form factor
such that the X-ray intensity falls beyond feasibility. These arguments assume a
completely free choice of X-ray wavelength band, but that condition is available
only at a synchrotron source. In a laboratory one is typically restricted to only one or
two wavelengths, depending on the X-ray sealed-tube sources available, commonly
Mo (A =0.71A) or Cu (A = 1.54 A).

Based on the above considerations, in favourable cases — a large and strongly
diffracting crystal of a sample with great depth of optical penetration, high sym-
metry of a crystal, and collecting data at a synchrotron source using a moderately
small wavelength — the present minimum light-induced lifetime for experiments in
a steady state is estimated to be 20 to 30 min.

Pseudo-Steady-State Methods

Below this steady-state limit of time scale, one can employ pseudo-steady-state
methods, down to a light-induced lifetime of a sample of order ms. These methods
allow a photo-induced state to be activated and maintained on continuously pumping
the sample with an optical source that has a pulse frequency (rate of repetition) that
repeats more rapidly than the photo-induced lifetime. After an initial cycling period
of optical pumping, photo-saturation is achieved, which is the maximum possible
fraction of photo-conversion within a sample, for the given optical pumping source.
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The sample remains in this “pseudo-steady-state” throughout the experiment as
long as the optical source remains pumping the sample at its initial pulse rate. As
with the steady-state method, there are several distinct steps to the experiment. In
its simplest form, ground-state data of the sample can be first collected convention-
ally. Optical pumping then commences and the same routine of data collection is
repeated when the sample has attained its pseudo-steady state. Once the data have
been collected, these can be analysed in a manner identical to that described above
for steady-state methods.

For experiments of these types one must consider carefully the effects of laser
heating on the sample during the data collection as thermal effects might them-
selves effect a structural perturbation. Although such a change would be generally
small, typically manifesting itself predominantly within the anisotropic displace-
ment parameters of atoms in the structure, the light-induced effect sought might also
be subtle. If unaccounted, laser heating effects might therefore readily disguise the
light-induced effect sought, or, worse, allow one to attribute erroneously a structural
distortion to a photo-effect.

Measurements of heat capacity of a sample might serve for the calculation of the
temperature increase expected due to laser heating. One further data collection, post
optical-pumping, could then be performed at a sample temperature corresponding to
the sum of the temperature of the original data collection and the expected increase
in temperature. Any structural differences due to laser heating might therefore be
ascertained on comparing the structures relating to the original ground-state exper-
iment and this final one, thus to distinguish any photolytic effects. The accuracy of
such temperature calculations might, however, be compromised by the fact that the
efficiency of the sample environment to dispel the laser heat away from the crystal
is unknown, as it depends on many factors. For example, the temperature gradient
between the laser and the sample environment, the level of thermal contact, flow,
and heat capacity of the crystal-cooling gas are important considerations. The asso-
ciated changes in unit-cell parameters can be taken into account on normalisation
in a way similar to that described above for the steady-state method.

An alternative method of data collection that circumvents some complications
surrounding effects of laser heating involves collecting each frame of data from
the ground and photo-induced state in an alternating fashion. Here, the standard
strategy of data collection is arranged to optimise the angular coverage of reciprocal
space, but, at each angular setting, a data frame is collected twice, first without
optical pumping, followed by a delay while the pseudo-steady state is obtained
on optical pumping, and then again while the sample remains in its pseudo-steady
state. A mechanism of electronic timing is established between the laser shutter and
the software to control the diffractometer such that this process can be repeated
automatically. This procedure precludes the possibility of a gradual accumulation
of laser-heating effects. Given the long duration to read out a data frame from a
detector, there is negligible loss of experimental time by this method, if the delay
to await the pseudo-steady state can be programmed to act in parallel operation to
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the detector read-out command. At present, such parallel operation is not standard
in most diffractometer software, although it is practicable.

Data-interleaving strategies are also highly advantageous to minimise the danger
of sample decay. In photo-induced crystallographic experiments, crystal fracture is
a common occurrence due to the severe conditions to which the crystal samples
are exposed: laser heating, sample cooling (perhaps to liquid-helium-based temper-
atures), and intense X-ray sources (commonly synchrotron radiation). Moreover,
if the depth of optical penetration of the laser is such that the laser is unable to
penetrate through the entire crystal sample, local heating effects within the crystal
accumulate that can be dissipated only with a crystal explosion. As mentioned
earlier, if too much movement in the crystal lattice occurs as a result of the photo-
conversion, this effect can also cause crystal fracture. If the crystal were to fracture
halfway through an experiment in which this alternating “light-dark”™ strategy was
in use, at least half the data collected could be analysed, but there is little use in
analysing a full ground-state data collection together with data collection from the
light-induced crystal for ten minutes, at which point the crystal fractured, as insuf-
ficient data would be available to perform a “light-dark” comparative analysis of
data. This alternating strategy allows also for the effects of gradual sample decay to
be corrected for much more easily than if the data had been collected on the ground
state exclusively first, because such decay occurs at the same rate in collecting
both data using interleaving data frames. Other time-dependent systematic effects
can likewise be eradicated, particularly the effects of synchrotron beam decay if
X-rays from this source are used for the experiment. One additional feature of
the design of such an experiment that removes systematic effects is the collection
of ground and “ground-+light-induced” data on the same detector image frame, by
shifting the detector by a small and known amount between the collection of data
from each of the two states. Systematic errors such as varying ratios of signal to
noise between frames are thereby avoided. Such an approach has been demonstrated
successfully using image-plate detectors [12], but such a method is suitable only
where diffracted spots present on the image are not so many that a detector shift is
impossible without reflections from one of these images overlapping with some of
those from the second image.

Irrespective of the type of experiment of X-ray diffraction undertaken on a single
crystal in a pseudo-steady state with monochromatic light, the necessity to fire the
laser onto the sample at varied crystal orientations, owing to the required angular
movement of the goniometer for each data frame, can cause anisotropic sample
photo-conversion, because a laser beam is inherently polarised. Unless one wishes
to exploit this polarisation in some way, it is generally considered best to detune
the polarisation to create an incident laser beam with circularly polarised light.
In a steady-state experiment, polarisation effects generally cause no problem as
they can be averted by either optically pumping a stationary crystal between data
collections or, as is common practice, continuously rotating the sample during the
optical-pumping period.
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The millisecond lower limit of a photo-active lifetime of a sample for pseudo-
steady-state experiments is dictated primarily by the maximum rates of repetition of
pulses available in most commercial lasers, these being typically of order kHz. Such
repetition rates derive from diode lasers, and lasers are more commonly pumped
with flash-lamps that operate typically at a repetition rate 10 Hz.

Below the millisecond photo-active lifetime regime, one must collect data in a
stroboscopic pump-probe manner in which each frame of data derives from the
integration of multiple pump-probe excitations. This condition is distinct from the
stroboscopic pump-probe pseudo-steady-state experimental method just described,
as each frame of data in that case emanated from a single continuous X-ray (probe)
exposure of the pseudo-steady state being captured by the (pump) laser over the
period of data acquisition.

A pulsed X-ray source is therefore required to study all processes driven by
light with a sub-millisecond photo-active lifetime. If one is to realise the structural
perturbations that result from the technologically important high-speed electrical
and optical properties described in the second section, one needs an experimental
method that provides access to structures enduring ms to ps.

Pulsed X-Rays via a Mechanical Chopper

For samples with photo-active lifetimes in the time regime us to ms, a mechanical
chopper can be used to afford X-ray pulses. The length of each X-ray pulse is
designed to be in accordance with the photo-active lifetime of the sample. Ozawa
et al [13] gave an example of one such chopper design, in which a rotating chop-
per operates a wheel comprising slits of varying width radially (see Figure 2-6).

x-ray beam (scenario 1)
x-ray beam (scenario 2)
x-ray beam (scenano 3)

Figure 2-6. A schematic diagram of a mechanical chopper used to create pulses of X-rays of varying
widths, according to the position of the chopper relative to the incoming x-ray beam. The chopper axle
is moved upwards or downwards to afford the varied pulse widths. Three options are illustrated
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To access the greatest possible range of X-ray pulse lengths, this wheel is removable
from the chopper such that one of several wheels, each with a separate range of
slit apertures, can be chosen for a given experiment. An adaptation of this chopper
with a greater speed and rate of repetition has been developed [14].

An alternative chopper design that requires no removal of a wheel has been
developed by Cole et al [15]. This chopper has two blades comprising two circular
discs, each of identical design; the disc interior (Figure 2-7a) is constructed from
aluminium, and the outer rim (Figure 2-7b) of steel. This bimetallic combination
is required to optimise lightness (aluminium) to maximise the possible speed of
revolution of the chopper, whilst providing a (steel) rim that blocks X-rays in the
outer part of the rim. The two disc components for each disc are glued together
while ensuring careful disc balancing. The two discs are aligned parallel to each
other, and positioned perpendicular to the incident continuous beam of X-rays such
that the X-rays meet each chopper disc at its outer perimeter. Half the outer perime-
ter on the rim of each disc is etched away, thus permitting X-rays to pass freely
through a half revolution of each disc. Each disc is held individually in an alu-
minium protective casing and coupled to a motor that allows each disc to revolve
independently at a frequency 10-30 Hz. The mount base and one open casing with
a motor attached are shown in Figure 2-7c. Figure 2-3c shows the casing of one
disc. A hole at the top of each casing allows the X-rays to enter them (Figure 2-7d).
The two discs operate together to achieve a variable length of X-ray pulse. This
variability is achieved on rotating both discs in the same sense to each other and
at the same frequency, but allowing the relative positions of the open (outer) part
of each rim to be adjusted independently. For example, if the relative positions of
each disc are almost identical, a large X-ray aperture (longer X-ray pulse) results
(Figure 2-7e); conversely, if the relative positions of each disc are almost counter
to each other, a small X-ray aperture per disc revolution (short X-ray pulse) is
obtained (see Figure 2-7g). The relative positions of the two discs might also lie
anywhere between these two extremes, which are 180° apart (e.g. Figure 2-7f),
thus yielding a continuous range of X-ray pulses via this design. The limits of
X-ray pulses in this range are determined by the speed of revolution of the chopper
and the circumference of each disc. The design of this particular chopper allows
synchrotron-based time resolution from ms to us.

Field programmable gate array and timing logic allow the relative positions
of each disc to be adjusted independently and in a controllable way. A light-
emitting diode and photodiode are positioned, one on either side of each disc
casing, pre-X-ray, to monitor and to maintain the relative position of each disc.
Post-X-ray, there exists a light-emitting diode on the first casing, but no photodi-
ode. The photodiode detector lies on the second disc, which in contrast houses no
light-emitting diode. The comparison of the pre-X-ray signal with that from this
post-X-ray arrangement allows a measure of the jitter in the desired X-ray pulse
timing. Figure 2-7h shows the holes in each casing in which the light-emitting
diodes and photodiodes are located, relative to the (larger central) hole through
which the incoming X-ray beam passes.



44 CHAPTER 2

(CY (b)
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Figure 2-7. The mechanical chopper developed by Cole and coworkers [15]. The disc interior (a) and
exterior (b) are shown together with the wheel casing and mount (c) and holes for the X-ray and
light-emitting diodes (LED) (d). Parts (e), (f) and (g) resemble X-ray pulse lengths that arise from the
relative positioning of wheels in phase (e), one rotated 90° to the other (f), and completely out of phase
to each other (g). Part (h) is a schematic diagram of the chopper jitter and timing control via LED lying
in holes coloured black, and photodiodes lying behind the small hollow hole post-X-ray (photodiodes
are behind each LED pre-X-ray)
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Figure 2-7. (Continued)

For each chopper design featured above, the rate of repetition of the X-ray pulses
is matched with that of the pulsed laser, and the timing of the opening of the chop-
per is synchronised to the shutter opening of the laser such that both the optical
and X-ray pulses are either “on” or “off” at a given instant. The “on” periods
thereby correspond to the structure of the x% photo-converted state combined with
that of the 100 — x% non-photo-absorbed ground state, whereas the “off” periods
relate to the fully recovered ground state. Each frame of data thus acquires Bragg
intensity exclusively from the “on” periods; during the “off” periods only back-
ground is accrued. The preclusion of any contamination of Bragg intensity due to the
exclusive ground-state structure avoids heavy dilution of the contrast that is sought
between the ground and light-induced structures: such contamination would present
an insurmountable problem. Dark time in a significant amount is introduced in this
experimental method. Consequently, although a laboratory X-ray source might be
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used for many steady-state experiments (even though the greater flux of synchrotron
radiation would invariably increase the contrast) synchrotron radiation is mandatory
for experiments of these types in which X-ray pulses are created — the much greater
X-ray flux available at a synchrotron is required to compensate for the highly
depleted time-averaged flux (low “duty-cycle”) caused on pulsing the X-rays.

In terms of strategies to collect data, interleaving the data frames for the exclusive
ground-state and “ground+light-induced” data sets is important when employing this
method, for reasons akin to those described for the pseudo-steady-state pump-probe
method, and because such a process allows also the implementation of time-delay
strategies that minimise heating problems. Unlike in pseudo-steady-state experi-
ments, the pulsed nature of the X-rays in these experiments affords the freedom to
offset temporally the laser and X-ray pulses from one another. Hence, for example,
an additional reference data set can be collected in an interleaved fashion, with the
collection of the ground and light-activated data sets, which resemble the ground
state that has been affected by laser heating but not laser excitation. This effect
is achieved by offsetting the timing of the laser and X-ray pulses such that data
are not collected (X-ray shutter closed) until the light-induced structure has had
time to relax to its ground state, but before it has had a chance to dissipate laser
heating effects. Exploiting offsets in laser and X-ray synchronisation can be useful
in other ways: for example, one can use it for time-slicing the light-induced state to
allow one to follow the evolution of a light-induced state, by observing variations
of Bragg intensities of selected signals.

The measurement and analysis of the data proceeds in the same manner as that
described for the stroboscopic pseudo-steady-state experiments with the exception
that the fraction of photo-conversion in a sample is small. As the duty cycle is small
when pulsed X-rays are used, one must collect a frame of data for a considerable
duration to afford Bragg signals of adequate intensity. This condition contrasts with
a steady-state experiment in which one has generally the luxury of collecting data
with satisfactory statistics because, here, the detector read-out time, rather than the
rate of data collection, is the time-limiting factor of an experiment. Consequently,
owing to practical time constraints, one must generally compromise the accuracy
of the Bragg intensities over a realistic time frame to perform an experiment that
utilises X-ray pulses. Such a compromise most affects the viability of observing the
results sought where the fraction of photo-conversion is small. In these cases, it is
considered better to analyse the difference between two intensities collected in rapid
succession, as this condition yields results more accurate than the parent intensities
themselves due to the avoidance of various systematic effects. This effect has been
found in similar crystallographic difference experiments in which the differences
sought are similarly small [16]. In such cases, the reflection intensities are derived
from the response ratio, 1, according to

Ion(hkl) _Ioff(hkl) _ Ion(hkl)
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in which I, is the intensity of the light-activated state and I g represents the Bragg
intensity of the conventional ground-state structure factor. The response ratios can
be refined by least-squares methods using derivative expressions of 7 [13].

Pulsed X-Rays via the Temporal Structure of a Synchrotron

For samples with photo-active lifetimes from us to ps, the temporal structure of
a synchrotron is exploited to realise matching ws-ps X-ray pulses. This temporal
structure derives from the fact that the electrons that are accelerated around a syn-
chrotron ring, before being agitated magnetically to emit X-rays, do so in discreet
bunches. The “bunch width” is described in terms of the duration that the full
length of an electron bunch takes to pass a given point in the synchrotron, a time
scale of order ns to ps. Accelerator physics can be used to harness these bunches
individually to provide pulsed X-rays on a ns-ps timescale, or they can be grouped
together with other bunches to create a train of X-ray pulses of, in principle, any
time scale up to the limiting orbit speed of the synchrotron (of order us) that would
correspond to the head of this train of pulses joining its own tail in the synchrotron
circuit. Thus, X-ray pulses on a timescale from us to ps are available. In practice,
there are restrictions on the exact time scales available as a synchrotron operates
in one from a small selection of “bunch modes”, because the X-ray source serves
simultaneously many instruments, some of which require no such time structure but,
in contrast, require as great an X-ray intensity (thus high duty cycle) as possible.
Certain bunch modes are thereby available in a synchrotron at various times during
the year. As an illustration, Figure 2-8 shows the 16-bunch mode that is available at
the ESRF, Grenoble, France. One can fine-tune the time-frame of the X-ray pulse
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Figure 2-8. One of the (16-bunch) timestructures available in the synchrotron at the ESRF, Grenoble,
France
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desired for a given experiment by combining this inherent timing with a chopper
that isolates one of these bunches from the 16 available. One such chopper, used
on the ID9 beamline at the ESRF, is described by Bourgeois et al [17].

To utilise the pump-probe method for such experiments, one can use a laser of
ns, ps or fs pulse width, any of which is commercially available, with high-speed
electronics such that the required time-gated synchronisation between X-ray and
laser pulses for the experiment is achieved.

The much shorter X-ray pulses, used in these experiments, result in such a low
duty-cycle that obtaining sufficient X-ray flux is challenging at even the most pow-
erful synchrotrons. Only in year 1998 were the first results achieving nanosecond
temporal resolution published, nearly two decades after the first feasibility studies
of the technique. The first attempt at time-gating a synchrotron X-ray pulse to
a laser pulse was conducted in 1980-1 with an EXAFS experiment, [18] but all
attempts failed primarily due to instabilities of the beam accelerator. A reinves-
tigation of this method in 1984 achieved success on the millisecond time scale,
again employing EXAFS techniques [19]. Significant improvements in synchrotron
technology made during these two decades were required to enable these ideas to
be rejuvenated with success and applied to diffraction; even now there are only a
few publications of such results arising from nanosecond temporally resolved crys-
tallography of photo-active species (see §5). Of these studies most have comprised
the characterisation of transient biological species on the nanosecond time scale,
and have utilised Laue diffraction techniques (cf. Bragg’s law: varying A, fixed 0)
rather than monochromatic oscillatorily based methods (cf. Bragg’s law: varying 6,
fixed A), which are the principal subject of this review. Laue diffraction has a great
advantage of rapid acquisition of data, as the Bragg condition is met many times
simultaneously when A is the variable parameter.

Although oscillatory methods afford data much more slowly than Laue diffrac-
tion, they have the intrinsic advantage over Laue diffraction that they preclude the
overlap of reflections, as one can assume that the Bragg condition is met only once
at a given time in experiments with diffraction of monochromatic X-rays. There
is thus no need to deconvolve reflections that commonly hamper the resolution of
the data in Laue diffraction, in which reflection overlap is prevalent because the
Bragg condition is met many times simultaneously. As the light-induced chemical
changes in these experiments are generally on a molecular scale and are typically
subtle, great atomic resolution is a prerequisite, thus making Laue diffraction prob-
lematic. In the aforementioned biological studies, distinct areas of electron density,
which appear in Fourier-difference maps, upon creation of the transient species
were revealed rather than individual perturbations on an atomic scale. In addition,
instrumentally, Laue diffraction requires X-rays in a white beam that comprises
X-ray wavelengths in a continuous range acting simultaneously on the sample.
All Laue-based experiments are therefore restricted instrumentally to synchrotron
sources. Large strides in the development of Laue-based X-ray crystallography
have been made [20], and one can likely look forward to an exciting future in this
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regard. Furthermore, Laue diffraction is at present the only viable method to use in
experiments in which the crystals deteriorate quickly upon photo-activation.

COMPLEMENTARY MEASUREMENTS IN LASER SPECTROSCOPY

Thus far, we have considered primarily only the X-ray requirements for these exper-
iments. Entirely underpinning the diffraction experiments are many laser spectral
data, which should be a prerequisite of a diffraction experiment on light-activated
species. Without these data one is unable to decide whether a sample is viable
for such an experiment, and if so, these spectral data are necessary so that one
can be informed about the required laser and X-ray conditions for the diffraction
experiment.

The photophysical properties of a compound are generally sensitive to the sample
phase; it is therefore crucial that the parameters to match and to optimise X-ray
diffraction characteristics on photo-active species derive from measurements based
on crystalline samples, to the extent practicable. Before such an X-ray diffraction
experiment is performed, each sample candidate should therefore be screened by
conducting appropriate laser experiments to establish the spectral parameters asso-
ciated with the nature of the photo-active structure sought. This screening typically
comprises laser experiments, each providing important information a priori for the
subsequent X-ray diffraction experiments:

(i) The ultraviolet and visible absorption spectrum in both ground and pho-
toexcited states. To calculate accurately the depth of optical penetration
of light from a laser through a single crystal, absorption spectra must be
recorded for both ground and photo-activated states, at a known sample con-
centration, ¢, such that the extinction coefficient, &, can be calculated in
each case.

¢f. 1/u=1/e ¢, in which 1/ is the depth of optical penetration (u =
absorption coefficient)

Regarding sample concentration, ¢, solid-state measurements are preferable
to solution-based data, particularly to avoid solvent effects. Although experi-
mentally more difficult, UV/vis measurements, taken while the compound is
in its photo-activated state, are also important as the absorption of the photo-
activated state might differ from that of the ground state, thence effecting a
varied depth of optical penetration.

(ii) The temporally resolved emission spectrum of the compound in the solid state
at various excitation wavelengths. These data show which wavelength range
should be utilised to achieve maximum photo-conversion and the appropriate
timing window for observation of this photo-induced state independent of other
possible states.



50 CHAPTER 2

(iii) The lifetime of the photo-induced state measured in the crystalline phase,
at the temperature at which the X-ray diffraction experiment is to be per-
formed. This lifetime must be known exactly, as the choice of experimental
method for X-ray diffraction derives entirely from the lifetime of the sam-
ple. Solid-state requirements are important as solvent effects alter radically
the photo-active lifetime of a sample. The temperature aspects are similarly
important: decreasing the temperature, for example, can cause the onset of
quantum-mechanical stabilisation of the photo-induced state. In more extreme
cases, increasing or decreasing the sample temperature can effect a complete
change of the structural nature of the dominant emissive state, e.g. in a lumi-
nescent material that commonly converts from metal-to-ligand to intraligand
charge transfer on a decrease of temperature. From a purely crystallographic
point of view, the temperature should be as low as possible, to minimise ther-
mal effects, as libration effects might occlude structural perturbations due to
the photo-induced state. A compromise must sometimes be made between laser
experiments and crystallographic ideals; in any case, conventional laboratory-
based X-ray diffraction should be performed at various temperatures, as part
of the testing before a photo-induced X-ray diffraction experiment, to assess
the ground-state structure including any libration effects.

(iv) Tests of laser ablation as a function of laser wavelength, output power, rep-
etition rate, and crystal size. To ensure that the crystal can withstand laser
irradiation for at least the expected duration of the X-ray diffraction exper-
iment, a laser is fired at a crystal sample for various known durations. The
laser parameters used are also systematically varied such that one finds the
optimal laser conditions that provide a maximal photo-conversion in the X-ray
diffraction experiment without destroying the crystal.

(v) Quantum yield at the proposed wavelength of laser excitation in the X-ray
diffraction experiment. This parameter provides a quantifiable measure of
the population level of the photo-converted state that is independent of that
obtained through the structural refinement of the X-ray diffraction data.

In practice, not all these laser tests are viable with available resources, feasi-
ble preparatory time scales, or due to physical or instrumental restrictions, but at
least the basics of tests (i)—(iv) described above are mandatory in some form as
the X-ray diffraction parameters derive directly from these measurements. For a
comprehensive description of laser spectroscopy experiments, one is referred to
Lakowicz [21].

STRUCTURAL RESULTS OBTAINED SO FAR

The chronology of instrumental developments in this area of chemical crystallog-
raphy has reflected directly the relative levels of these challenges, the structure of
metastable photo-induced states being first realised in 1991 [22], whereas the first
report of a temporally resolved experiment with X-ray crystallography of a small
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molecule was published only in 2002 [23]. The chemical literature is therefore some-
what skewed at present towards results on materials with enduring photo-induced
states as this section illustrates. With continuing developments in crystallographic
instrumentation, the proportion of diffraction experiments reported on enduring
versus transient photo-induced molecular species is likely to balance, given the
myriad of important applications dependent upon ephemeral light-induced structural
perturbations.

Although the concern of this review is X-ray diffraction of single crystals, it
is pertinent to remark that the first major diffraction experiments on light-induced
structural changes arose from work on glasses. Most noteworthy within this con-
text is the extensive work on the photodarkening effects of chalcogenide glasses
performed in the 1980s [4], using steady-state methods. The EXAFS community
was also on the scene earlier than crystallography, for example in biology with
the EXAFS-based work on the various geminate states of Myoglobin [24] and the
temporally resolved contraction of the Pt-Pt distance in the [Pt,(POP),]*~ anion
(POP = pyrophosphate, [H,P,05]*>7) [25].

The first reported crystallographic investigation in which steady-state photo-
induced methods were applied involved a putative light-induced structural change
in sodium nitroprusside (SNP), Na,[Fe(CN)s(NO)].2H,O, undertaken by Woike
and coworkers [22, 26]. Neutron diffraction was used to reveal the structures of
two metastable states, MS; and MSy;, known to exist in this compound under par-
ticular conditions of light exposure (wavelength and polarisation direction) and
temperature. The structure obtained for MS; showed small but significant alter-
ations in the Fe—N, Fe—C and N—O bonds along the trans-O-N-Fe-CN axis,
relative to the ground state, also measured. Such changes are also possibly reflected
in the anisotropic displacement parameters of the oxygen and nitrogen atoms (see
Table 2b in ref. [24]). The structure of MS}; indicated more marginal perturba-
tions of the lengths of Fe—N and N—O bonds within the same molecular axis.
Part of the incentive behind this structural work was the declared potential of SNP
for application as an optical-storage device. Given that the ground state and two
light-induced states of SNP display varied optical properties [22], the structural
characterisation of each state was pertinent from a materials-centred perspective as
well as being innovative in an academic sense. This structural work led Coppens
and coworkers to initiate X-ray diffraction experiments on SNP [27]; their results
revealed that the MS; state undergoes a light-induced structural perturbation along
the trans-NC-Fe-N-O axis, although their final interpretation of the data indicates
ligand photoisomerisation Fe—NO — Fe—ON rather than a simple variation of bond
length. Their structural characterisation of MSy; yielded a further photoisomerisa-
tion corresponding to the formation of a disordered 5’-bound NO moiety ligated to
the Fe ion.

These results became the first in a series of pioneering X-ray diffraction studies
of light-induced structural alterations, these being primarily of materials under-
going metastable ligand photoisomerisation. Complexes containing 7>-N,-, NO-
and SO,-based ligands became the subsequent photo-active focus of this work, as
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described further in their comprehensive review of ligand photoisomerisation [28]
and other work [29]. Such investigations have been described to have potential for
application to sunscreens and relevance to the understanding of mechanisms in NO-
and N,-based biological processes.

In our work, we have used one of these photoisomers, [Ru(SO,)(NH;),(H,0)].
[tosylate],, as a test material in the development of photo-induced X-ray crystallo-
graphic techniques at the synchrotron radiation source (SRS) at Daresbury UK. Cop-
pens and coworkers had shown previously that the n?-SO, group photo-isomerised
to the metastable n'-SO, species upon application of light at 355nm, with the
crystal held at 100K [10, 11]. During our tests, we first reproduced this result,
and then varied several key experimental parameters to observe and to under-
stand better their effect on the resultant refinement of the light-activated crystal
structure.

Noteworthy findings are that (a) one obtains a smaller population of the light-
induced crystal structure when a monochromatic (laser) lamp is used relative to
a broad-band lamp; this effect is expected as one would envisage the possibil-
ity of probing several electronic states with a broad-band source whereas the
access to electronic states via a laser is much more restrictive; the use of a
broad-band lamp still produces the desired photo-isomer without significant con-
tamination of another light-induced species. Furthermore, this particular sample
is so sensitive to light that the background fluorescent lighting in the experi-
mental hutch of the crystallography beamline at SRS had to be blocked as it
photo-activated the crystal of its own accord. (b) The results depend strongly
on the temperature of the crystal during data collection; the effect is severe for
this compound as data collected at 13 K revealed a photo-isomer of a novel type
that involves an end-on 1'-O bound Ru-OSO coordination [30]. This example is
the first of this type in ruthenium-based organometallic coordination chemistry
whose structure has been published, as determined via the Cambridge Struc-
tural Database [31]. At temperatures above those where Coppens and coworkers
were investigating (100 K), the photo-isomerisation remains metastable to about
240K, above which its lifetime deteriorates progressively, attaining a lifetime of
order microseconds near 295 K. Collections of pseudo-steady-state data on this
compound in a series were undertaken in the temperature range 250-280K to
investigate the associated progressive decrease in population of light-activated
molecules as a function of temperature, which was revealed to be nearly lin-
ear. Measurements at multiple temperatures revealed also that the integrity of the
crystal of the compound was most stable when flash-cooled or flash-warmed, i.e.
freezing in or heat-shocking each photo-isomer, whilst incremental warming or
cooling generally destroyed the crystal. This effect presumably stems from lattice
strain being overcome via a sudden variation of the energy of the lattice, which
allows one to transcend an otherwise insurmountable barrier of activation energy
to reveal a more energetically stable structural form. Correspondingly, a custom-
built flash-warming and cooling auxiliary device was constructed for this work.
(c) The many refinements undertaken during these tests also revealed satisfactory
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reproducibility of the structural results. All these noteworthy findings are discussed
in detail in a forthcoming paper [32].

Having conducted extensive tests on this compound with monochromatic X-ray
irradiation, we sought to investigate the relative merits of monochromatic versus
Laue-based photo-crystallographic experiments, by performing analogous steady-
state Laue-based X-ray diffraction measurements on this compound. We conducted
this work on ID9 at the ESRF, Grenoble, France, in collaboration with Wulff and
coworkers [33], following encouraging preliminary tests conducted on Station 7.6
at Daresbury [34]. The profile of the ID9 X-ray beam was optimised to emulate
a configuration of bending-magnet type that possessed a suitable pink-beam wave-
length band, necessary for Laue work on a small molecule. This configuration was
achieved by tapering the U46 undulator available to ID9 so as to expand the har-
monics to create a pseudo-continuous and broad-bandwidth profile. The millisecond
shutter of the ID9 beamline was used to decrease the heavy beam load onto the
sample by allowing five 1 ms pulses per diffraction image.

The crystal sample was held stationary while images of three diffraction patterns
were obtained, resembling (i) the ground state at 100 K, (ii) the light-activated state
at 100K, after exposure to broadband white light for 5 min; (iii) the ground state
after irradiation (light-deactivated on flash warming to room temperature and flash
cooling to 100 K using a custom-designed cryostream shutter).

Figure 2-9 shows a striking difference between images for the ground state
(left) and light-activated state (middle). The nature of this difference indicates the
expected n' — 1?-SO, photoisomerisation: the diminution of diffraction seen as
a function of resolution in the middle image represents disorder, as one should
expect in this case as 10-20% of the molecules are being excited. The first and
third images below are identical within experimental error, thus revealing that
the sample returns wholly to its ground state in this experimental procedure, and
that the sample has not decayed significantly because of exposure to X-rays or
light.

Ground-state (pre-irradiation) Light-activated state Ground-state (post-irradiation)

Figure 2-9. m' — 7?-S0O, photoisomerisation of [Ru(SO,)(NH,),(H,0)].[Tosylate], by Laue
diffraction
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That one can use both monochromatic and Laue methods, each to independently
provide firm evidence for the photo-structural change in this test compound, is
highly encouraging. One would expect that monochromatic methods are likely to
yield real-space resolution better than Laue-based results, but this test shows that
it is viable to observe photo-structural differences with Laue diffraction on small
molecules and to undertake full data collections much more quickly than monochro-
matic methods would allow. Given that the Laue method is the only viable method
in some cases, it is important to pursue the development of Laue diffraction in this
area concurrent with the more major monochromatic developments.

In parallel with this work, other photoisomerisation experiments have been
pursued by Ohashi and coworkers. The impetus behind their work has been photo-
reaction and a mechanistic enquiry of reaction intermediates. X-ray diffraction of
single crystals has centred about analysing crystalline-state photo-reactions before
and after irradiation, and has involved proton transfer [35], formation of a hetero-
cyclic ring [36], asymmetry generation and chiral inversion [37], and formation of
a radical pair [38]. Many such photo-reactions have been shown to be reversible
upon heating, although this condition much depends on the level of conformational
change afforded in the photo-reaction, which might be substantial: if the change
is too large, crystal fracture occurs as the crystal lattice can withstand molecular
movement up to only a certain level before losing its integrity.

As an integral part of this work, the structural manifestations of some conforma-
tional changes have afforded useful insight into the topological nature of the reaction
cavity in reaction types in a given series. In some cobaloxime complexes, among
Ohashi’s featured compounds, the nature of reaction cavities has been further probed
on photoismerisation of cobaloxime complexes as guests within cyclohexylamine
hosts [39]. Coppens and coworkers have also synthesized host-guest complexes in
which the guest is a photoactive species; the primary interest is to find a suitable
method to “dilute” the photoactive species so that the crystal lattice is stabilised
even in the case of large structural changes [40], so that one can augment the
maximum fraction of excitation possible above which a crystal fractures.

Ohashi and coworkers deduced mechanistic information about the reaction in
some cases, and isolated the structure of the intermediate itself [36]. In a similar
vein, the structure of photo-excited triplet states can be deduced with X-ray diffrac-
tion, using stabilising cryo-trapping methods, with supporting infrared spectra and
theoretical calculations [41]. Reaction intermediates and photo-excited states are
generally too ephemeral to be harnessed in this fashion, but developments in tem-
porally resolved stroboscopic pump-probe X-ray diffraction methods will facilitate
this goal.

The evident feasibility for determinations of light-induced metastable structure,
hitherto described, has led to a further emerging field in photo-structural chem-
istry: that concerning the characterisation of spin-crossing transitions in magnetic
materials. Spiering and coworkers reported the first direct observation of the well
known light-induced excited-spin-state-transition (LIESST) effect by photo-induced
single-crystal X-ray diffraction [42]; the subject of this work was the complex
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[Fe(mtz)s](BF,),, (mtz = methyltetrazole), which undergoes a photo-induced tran-
sition from low spin to high spin (LS — HS) at low temperature, and which
is sufficiently stable at 10K for data to be collected to determine the crystal
structure corresponding to both the HS state, after irradiation (A = 514nm), and
the LS state, obtained before photo-irradiation. The LIESST effect is evident via
an extension of the Fe-N bond by ~0.2A which corresponds to the electronic
transition 'A; (LS) — 3T, (HS). Complementary measurements of Mossbauer
spectra indicate that complete photo-conversion occurs. Other steady-state single-
crystal X-ray-diffraction experiments have subsequently realised crystal structures
of similarly photo-trapped Fe-containing complexes in a high-spin state, notably
Fe(phen),(NCS), (phen = 1,10-phenanthroline) [43] and Fe-based (pyrazol-1-
yl)pyridine derivatives [44—46]. In these cases, changes ~0.2A in Fe—N bond
lengths again afford evidence of the spin transition.

Even more direct evidence for LIESST has been afforded in the pioneering
work by Gillon and coworkers in which single-crystal polarised neutron diffraction
has been exploited to observe the LIESST effect via the spatial distribution of
the magnetisation density in [Fe(ptz)¢](BF,),, (ptz = 1-propyltetrazole) [47]. The
topological description of the magnetisation density around the iron position cor-
responds well to that which one would expect from an Fe?* magnetic form factor.
Moreover, the magnetic moment on the iron site was refined (to 4.05(7) ug) and
compared with the theoretical value of the Fe>* moment at saturation. Such analysis
yields a direct and quantitative measure of the fraction of photo-conversion, which,
in this case, was practically complete. The power of this technique is great as it
stands to reveal unprecedented information about photo-induced magnetic effects
that is key to the understanding of their physical properties. The great potential
of bistable materials for memory devices and the great effort at present being
exerted in industry to find materials for such applications reinforce the importance
of this work.

In the microsecond time-resolved (non-steady-state) regime, thus far, there exist
results on only a few complexes. The first recorded result concerns the anion
Pt,(pop),*~ (pop = pyrophosphate, [H,P,05]*7). The groups of Coppens and
Ohashi have independently deduced significant light-induced contraction of the
Pt—Pt bond [A =-0.23 to —0.28(9)A] in this ion according to single-crystal
X-ray diffraction. Separate counter-ions were used: Coppens used [(Et,N),H]**
whereas Ohashi used [N(CsH,;)4],(H),. Although the results are similar, one
would thus expect minor variation due to the slightly varied molecular envi-
ronments surrounding the anion in the crystal lattice. The two groups also used
separate experimental techniques: Coppens utilised stroboscopic pump-probe meth-
ods that exploit the aforementioned mechanical-chopper design on the X3 beamline
at the NSLS, Brookhaven, USA, with 50 us resolution and at liquid-helium tem-
perature [23]; Ohashi and coworkers used pseudo-steady-state methods, both in
the laboratory [48] and on the BLO2B1 beamline at the Spring-8 synchrotron,
Japan [12]. The extent of Pt—Pt bond contraction in each case is identical within
experimental error, and is consistent also with results from EXAFS, and electronic
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and optical spectral measurements [25, 49, 50] despite the use of distinct counter-
ions. The results are all compatible with a rationalisation that the promotion of
a Pt—Pt antibonding do* electron into a weakly bonding p-orbital is responsi-
ble for this structural change. The work by Coppens and coworkers shows that a
concurrent rotation by 3° of the Pt—Pt axis in the plane that bisects two Pt—P vec-
tors occurs in this photo-excitation. Subsequent complementary density-functional
calculations have been performed [51]; their results are consistent with the exper-
imental results, except that they show some discrepancy with the EXAFS results
in terms of the associated Pt—P bond changes. This effect is unsurprising given
the expected propensity of multiple scattering in the EXAFS spectra that might
occlude the true Pt—P distance, and the challenging nature of DFT calculations to
deduce M—M bond distances in directly bound third-row transition-metal excited
states.

Given the highly developmental nature of such pump-probe diffraction exper-
iments coupled with the subtlety of the structural variations sought, obtaining
consistency with analogous spectral and theoretical results is important for a quan-
titative assessment of the reliability of the results and thus the progress of this
field. In this regard, Coppens and coworkers performed DFT calculations on
a Cu(I)bis(2,9-dimethyl-1,10-phenanthroline) ion [52], of which the metal-ligand
charge-transfer (MLCT) excited state had been characterised by Chen and cowork-
ers [53], using stroboscopic pump-probe EXAFS measurements at the Advanced
Photon Source, Argonne, USA, which employs the temporal structure of the
synchrotron. A mechanical-chopper-based temporally resolved pump-probe X-ray
diffraction experiment was subsequently performed by Coppens and coworkers on a
similar Cu complex, the sole difference being the substitution of one phenanthroline
ligand for a 1,2-bis(diphenylphosphino)ethane ligand [54]. In the X-ray diffraction
experiment, the lowest triplet excited state, with a lifetime 85 s at 16 K, was probed.
The structure was refined using response ratios, as described earlier in §3.3, and
marked displacements of the Cu atom in each of two independent molecules in the
unit cell were observed. In a similar experiment, a significant contraction (~0.85 A)
of a Rh—Rh bond was observed in the ion, [Rh,(1,8-diisocyano-p-menthane),]**
in its excited triplet state that possesses a lifetime 11.7 ws at 23K [55].

Diffraction experiments that exploit such technology, thus making practicable the
investigation of species that might be as transient as 100 ps, have featured mostly
biological molecules and have thus been Laue-based in design. Although the subject
of this review is restricted to X-ray diffraction of single crystals containing small
molecules, there are tantalising results from this biological research sphere (see for
example all references herein on work by the groups of Wulff and Moffat); these
have strongly aided technical progress in monochromatic oscillatorily based pump-
probe diffraction experiments at the level ps to ns of temporal structure, through
the continuing improvements of the instrument ID9 at ESRF, Grenoble, France,
developed by Wulff and coworkers.

Several small-molecule single-crystal diffraction experiments have thus been
conducted using the ID9 beamline, the most celebrated of which is the photo-
induced paraelectric (neutral) to ferroelectric (ionic) structural phase transition in
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tetrathiafulvalene-p-chloranil (TTF-CA) [56]. Here, a 300-fs pulsed-laser pump
and a 100-ps X-ray probe were used to deduce the structure of its ground state
and photo-induced state, data being collected stroboscopically 2ns before and
1 ns after each laser pulse. Before data collection, the phase transition proceeds
via cooperative accumulation of each photo-induced molecule such that there is
a lead time ~500ps required for the effect to convert from a molecular to a
macroscopic phenomenon. Accordingly, the evolution of the photo-induced state
was monitored before the data collection on recording the changes in relative
intensity of certain Bragg reflections over the timescale 0—500 ps. Other exper-
iments have involved similar experimental arrangements to investigate transient
structures with lifetimes from ps to ns. For instance, Cole and coworkers used ID9
at the ESRF to probe the ephemeral MLCT state of a rhenium carbene complex,
[HNCH,CH,NHCRe (2,2’bipyridine)(CO);|Br, which has a lifetime ~230ns [57];
the feasibility of the experiment was confirmed in terms of the experimental
arrangement and structural simulations. Accordingly, data were collected and ini-
tial indications from data analysis show that the experiment has been successful.
Further data analysis is in progress. Although this review focuses on single-crystal
X-ray diffraction, we mention that powder X-ray diffraction has been used with
this ps-time-resolved monochromatic oscillatorily based diffraction experiment at
the ID9 facility to deduce photo-induced structural changes in the organic molecule
N,N-dimethylamino-benzonitrile (DMABN) [58].

FURTHER INSTRUMENTAL DEVELOPMENTS: PROSPECTS
FOR THE FUTURE

Given the high regard for the ID9 beamline at the ESRF, there is much impetus to
export this technical knowledge to create similar experiments at synchrotron sources
such as APS and Spring-8. If such developments prevail, not only will experiments
similar to those presently possible at the ESRF be possible at these sites but also one
will be able to access entirely new frontiers of temporally resolved X-ray diffraction
of small molecules in single crystals. At APS, even more ephemeral light-induced
structures might be probed, given the temporal structure of the APS synchrotron,
20ps. As Spring-8 is the brightest X-ray source in the world, at 8 GeV, it might
be used to overcome the X-ray duty-cycle limitations that at present render some
structures elusive. The new wave of forthcoming medium-energy synchrotrons,
notably Diamond in the UK and Soleil in France, might also afford unique oppor-
tunities for temporally resolved single-crystal X-ray diffraction. In these cases,
much will depend on the final specifications regarding the available modes of elec-
tron bunches in the synchrotron and the single-crystal X-ray diffraction beamline
specifications that will be implemented. At the Diamond facility, pump-probe time-
resolved small-molecule crystallography is one of six key areas of structural science
that have been targeted for the approved single-crystal diffraction beamline [59].
Moreover, the design of this beamline has incorporated specifications for anoma-
lous X-ray scattering (AXS) experiments as this area is also one target of structural
science. AXS might be exploited usefully in photo-induced experiments to increase
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the contrast of the light-induced structure over that of the dominant ground state,
in the area of expected change within a molecule. In luminescent organometal-
lic materials, for example, the alteration expected commonly manifests itself in a
variation of the M—X bond distance. A diffraction experiment could be performed
readily on collecting structural data first using X-rays of a wavelength near that
of the absorption edge of this metal and then at a wavelength far from the edge.
The difference between the two experiments would reveal a change in the atomic
form factor explicitly due to the metal. The use of AXS in this fashion, proposed
by Cole et al [57], has yet to be exploited in practice, but it is prospectively a
powerful tool for analysis of the commonly subtle light-induced structural changes
in metal-containing compounds. The beamline design at the Diamond synchrotron
would be well suited in this regard.

Aside from synchrotrons, fs X-ray pulses will also be obtainable from free-
electron lasers, and several so-called X-FEL facilities are currently planned world-
wide. In Europe, the TESLA facility in Hamburg, Germany, has received much
attention. The viability of fs temporally resolved X-ray diffraction experiments
might be hampered by the fact that the X-rays resulting from an X-FEL have far
too great a flux for a crystal to survive the irradiation, although it has to survive
only a few fs as it is a “one-shot” experiment; i.e. there is no possibility for stro-
boscopic pump-probe experimentation as the X-rays arrive in a single flash. The
“one-shot” nature of an X-FEL limits inherently also the use of the technique for
X-ray diffraction experiments, given the intrinsic requirements for reciprocal space
coverage so that a crystal structure can be afforded.

Fs-laser-induced ps X-ray generation has also been demonstrated in the lab-
oratory by exploiting the high spatial and spectral brightness of plasmas that,
once created, emit X-ray pulses on a time scale of order ps and typically with a
kHz rate of repetition [60, 61]. The development of these instrumental advances
for affording laboratory-based, quantitative X-ray-diffraction results would prove
highly beneficial to this area of structural endeavour.

CONCLUDING REMARKS

The excitement shared by researchers in this new area of chemical crystallography
has been conveyed here, through the major technological and experimental advances
and key results that have been achieved already. The great scientific impact that
small-molecule crystallography stands to deliver in studying photo-induced species
has been demonstrated, and one can expect an exciting future, particularly in tem-
porally resolved stroboscopic pump-probe diffraction experiments when further
results unfold from the instrumental developments, still strongly under way. The
great rate at which detector technology is currently advancing might yield detec-
tors that are more appropriate to photo-induced structural studies, especially in
terms of data-read-out time, background levels and sensitivity, and such advances
would strongly influence continuing experimental developments across all regimes
of sample lifetime. One also envisages much more advanced Laue-based methods



X-RAY DIFFRACTION IN SINGLE CRYSTALS 59

for small-molecule chemical crystallography, which would lead to experiments that
are otherwise impossible due to rapid crystal fracture upon laser irradiation. The
combined use of other facilities at present under development and the increased
use of complementary techniques such as EXAFS, powder diffraction, temporally
resolved infrared and Raman spectrometry, and density-functional calculations, will
also ease the way ahead. We have seen that complementary laser spectra provide
crucial information a priori to all X-ray-diffraction experiments on photo-induced
species, and it appears to be the continuing goal of the laser industry to market
lasers that are reliable, fully tunable and truly of “turn-key operation”, so this
development will greatly aid the crystallographer. However things unfold, one
can be certain that the future of determination of light-induced structure looks
bright.
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CHAPTER 3

MOLECULAR CONFORMATION AND CRYSTAL LATTICE
ENERGY FACTORS IN CONFORMATIONAL
POLYMORPHS

ASHWINI NANGIA

Abstract: In crystal structures of flexible molecules the total energy is a summation of the molecular
conformer and crystal lattice energy contribution. These two energy factors are of compa-
rable magnitude in organic solids because bond torsions and intermolecular interactions
have similar energies, worth a few kcalmol~'. The two contributions may be additive
or cancel one another. Polymorphism is likely in molecular systems wherein molecular
conformer and crystal lattice energy effects compensate each other, i.e. a metastable
conformer resides in a stable packing arrangement or a stable rotamer is assembled
in a metastable crystal environment. Consequently, conformational polymorph energy
differences occur in a small window of <3kcal mol™!. Several organic conformational
polymorph clusters that highlight this principle are discussed in this chapter

INTRODUCTION

McCrone [1] defined polymorphism as the existence of ‘a solid crystalline phase of
a given compound resulting from the possibility of at least two different arrange-
ments of the molecules of that compound in the solid state’ over 40 years ago. This
broad definition is widely accepted today in crystal engineering, materials science
and pharmaceutical development [2]. The existence of polymorphism implies that
free energy differences between various forms are small (0.5-8 kcalmol™') and
that kinetic factors are important during crystal nucleation and growth. Molecu-
lar conformations, hydrogen bonding, packing arrangements, and lattice energies
of the same molecule in different supramolecular environments may be compared
in polymorphic structures [3]. Polymorphs are ideal systems to study molecular
structure—crystal structure—crystal energy relationships with a minimum number of
variables, because differences arise due to molecular conformations, hydrogen bond-
ing, and crystal packing effects but not due to a different chemical species. There
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is keen interest in understanding polymorphism, the mechanism of crystal nucle-
ation from solution, growing new crystal forms, controlling the selective growth
of one form, transformations between polymorphs, and high-throughput crystalliza-
tion of drugs [4]. Polymorphism is more widespread in pharmaceutical solids, with
estimates of 30-50% in drug-like molecules, [5] compared to 4-5% polymorphic
crystals [6] in the Cambridge Structural Database (CSD) [7]. Table 3-1 lists the

Table 3-1. CSD refcodes of organic polymorph clusters up to the recent update of the Cambridge
Structural Database (August 2006 update)?

Heptamorph
QAXMEH

Pentamorph
GLYCIN IFULUQ SUTHAZ

Tetramorphs
ADULEQ BISMEV KAXHAS STARAC
AMBACO CBMZPN MABZNA SLFNMB
BEWKUJ CILHIO PYRZIN VISKAJ
BIXGIY HEYHUO RUWYIR WUWTOX

Trimorphs

AMNTPY DIYJUQ GEHBAX MBYINO PUBMUU UDAYUT
AWAKIS DLABUT GISRIJ MBZYAN PUPBAD UJORIU
AZADAG DLMSUC HADKIG MCHTEP QOGNEF UNEWUF
BALWEQ DMANTL HIMWIJ METHOL RBTCNQ WEFKIC
BANHOO DMFUSC HNIABZ MEZKEH SAMPYM WIRXAW
BIMYAX DMMTCN HYQUIN MNIAAN SIFLOI WUWTIR
BIYSEH DOBTUJ LETOG NADQAL SIKLIH XINBEB
BOPKOG DPYRAM IMDIAC NAGHOT SILTOW YACTEC
BZCHOL DUCKOB IVADUE NAPYMA SLFNMA YERRUI
CENRIW DUVFUV JATFUF NAZLAC SOBPEE YUYHIJ
COMXAD DUVZOJ JIBCIG NIMFOE SULAMD ZEPFAB
DATREV ESTRON JUSBUU NOJHEZ TAWRIT ZEXREZ
DBEZLM FACRIK KTCYQM OCHTET TELYAK ZOGQAN
DCBFRO FAFWIS LAURAC PARQUI TEPHTH ZZ7ZHWI
DCLANT FAWFOY LAVMOK PATVEM THIOUR Z7ZZIYE
DCLBEN FOMNEB LCYSTN PCBZAM TNBENZ Z7ZZNTY
DEGGEB FEGWAP LILXIN PDABZA TORSEM
DETBAA FESKAP MACCID PEFTIE TPEPHO
DHNAPH FIDYIA MALEHY PHBARB TUHBAZ
DIMETH FILGEM MALOAM PHTHCY TURPYB
DIWWEL GADSIO MBPHOL PNEOSI UCECAG

2 This list does not include polymorphs reported in recent papers. Benzidine (tetramorphs): M. Rafilovich
and J. Bernstein, J. Am. Chem. Soc., 128 (2006) 12189. Oxalyl dihydrazide (pentamorphs): S. Ahn,
F. Goo, B. M. Kariuki and K. D. M. Harris, J. Am. Chem. Soc., 128 (2006) 8441.
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number of polymorphs of small organic compounds up to the recent update of the
CSD. These statistics are highly under-representative on the prevalence of polymor-
phism because drug molecules are often not archived in the CSD for proprietary
reasons. Among organic crystal structures, there is one example of a compound
with nine polymorphs, 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile,
common name ROY [8] because of its red, orange and yellow colored polymor-
phic forms. Single crystal X-ray structures are reported for seven of these forms
(QAXMEH), followed by 3 pentamorphs, 16 tetramorph clusters, and 121 trimor-
phic systems (Table 3-1). Interest in polymorphism is growing because different
solid-state modifications have different physical, chemical and functional proper-
ties such as melting point, stability, color, bioavailability, toxicity, pharmacological
activity, nonlinear optical response, etc. Polymorph screening is now regarded as
an important and routine step in the development of specialty chemicals, drugs and
pharmaceuticals.

Polymorphs are classified according to the following terminologies. Concomi-
tant polymorphs crystallize simultaneously from the same solvent and crystallization
flask under identical crystal growth conditions. They may be viewed as supramolec-
ular isomers in a chemical reaction. Conformational polymorphs occur for flexible
molecules, i.e. these molecules can adopt more than one conformation under ambi-
ent conditions. When different conformers of the same molecule are present in the
same crystal structure the situation represents conformational isomorphs. Confor-
mational isomorphism, the existence of multiple conformations in the same crystal
structure, is closely related to the presence of more than one molecule in the asym-
metric unit, i.e. Z’>1. The exact reasons why some crystals have Z’ > 1 are still not
properly understood even as several research groups are working to seek answers
to this enigma [9]. Pseudopolymorphism, [10] the occurrence of the same molecule
with different solvent molecules in the crystal lattice or the same solvent in a
different stoichiometry, is closely related to polymorphism.

In this chapter I will discuss conformational polymorphs in relation to (1) energy
of the molecular conformer, (2) crystal lattice energy, (3) comparable magnitude of
these energies in organic solids, (4) compensation of one by the other leading to a
delicate balance, (5) benchmarking of calculated crystal structure energies with the
experimental stability of polymorphs. Scheme 3.1 lists some molecular solids that
exhibit conformational polymorphism.

MOLECULAR CONFORMER AND CRYSTAL LATTICE ENERGIES

A molecule is defined by three different parameters: bond distances, bond angles
and torsion angles. Of these three parameters, bond stretching and compression
is insignificant to cause structural changes because of the high bond energies of
single, double and triple bonds (about 80, 150 and 200kcal mol~!). The distortion
of a single bond by 0.03A is worth 0.3kcal mol~! while the values for dou-
ble and triple bonds are proportionately higher (0.6—1.0kcal mol_l). Distortion of
bond angle by 6-10° has the same energy penalty as bond distance changes of
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0.03-0.05 A. Rotation about C—C single bonds, or bond torsions have energy bar-
rier of 0.5-3.0kcalmol~' depending on steric factors. Thus, bond angle and bond
torsion deviations have approximately one and two orders of magnitude less energy
penalty than bond stretching.

Among intermolecular interactions, the energy scale is roughly of the order: van
der Waals interactions = 0.5-1.0kcalmol~! ~ RT at ambient temperature, weak
C—H - - - O interactions = 1.0-4.0kcal mol_l, strong O—H---O, N—H - - - O hydro-
gen bonds = 4.0-10.0kcal mol ™" [11]. Thus, a torsion angle deformation is about
the energy of a weak C—H - - - O or van der Waals interaction and several deforma-
tions may add up to the energy of a strong H bond. This leads to the situation that
bond torsion changes, which determine molecular shape, are of comparable energy
to intermolecular interactions that direct crystal packing. Thus, a molecule may
adopt a metastable conformation if it can form a stronger interaction that makes
up for this lost energy in crystal packing, or may reside in the stable conformation
but engage in less stable intermolecular interactions. Joel Bernstein [12] discussed
several examples of this phenomenon over two decades ago, and I cite only two
cases from his exhaustive list. The observed conformation of butaclamol in the
crystal structure of hydrobromide salt 1.HBr is 1.4kcal mol~! higher in energy
than the stable rotamer, which is over-compensated by the dominant van der Waals
interactions. The molecular conformation of 1.HCI is similar. The most important
torsion angle in adenosine-5'-mono-phosphate monohydrate 2 is the rotation of the
phosphate group with respect to the furanose ring. The gg conformation observed
in the monoclinic crystal structure is ~4 kcal/mol higher in energy that the stable
tg conformer. The torsion angle differs about the base—sugar bond by 47° and the
furanose ring pucker is also different in the two polymorphs of 2 (space group P2,
and P2,2,2,).

We have observed several examples of conformational polymorphs in my group
during the last few years, which I will discuss in this article (Scheme 3.1). Molec-
ular conformer energies were calculated in Gaussian 03 or Spartan 04 and crystal
lattice energies were computed in Cerius? [13]. These systems illustrate the delicate
interplay and mutual influence of molecular conformation, crystal packing effects,
strong and weak hydrogen bonds, and lattice energies in conformational polymorphs
of organic solids.

WEAK C—H---O HYDROGEN BONDS IN POLYMORPH CLUSTERS

4,4-Diphenyl-2,5-cyclohexadienone 3 exists as four polymorphs, labeled A-D,
whose crystallographic details are summarized in Table 3-2 [14]. Polymorphs A-D
are conformational polymorphs since they have different molecular conformers in
their crystal structures. They are also concomitant polymorphs because they crys-
tallized simultaneously from the same flask and under identical crystal nucleation
and growth conditions. Forms B-D with multiple molecules in the asymmetric
unit (Z'>1) may also be classified as conformational isomorphs. Such polymorph
clusters with different molecular conformations, crystal packing and C—H---O
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Scheme 3.1 Chemical structure of some conformational polymorph systems
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Table 3-2. Crystallographic data on polymorphs A-D of diphenyl quinone 3 [14]

Form A Form B Form C Form D
CSD refcode HEYHUO HEYHUOO1 HEYHUOO02 HEYHUOO3
Space group P2, P1 P1 Pbca
Z,Z 1,2 4,8 12, 24 2,16
a[A] 7.9170(6) 10.0939(2) 18.3788(4) 10.7921(6)
b [A] 8.4455(6) 16.2592(3) 19.9701(4) 17.4749(12)
c [A] 10.3086(9) 16.2921(4) 24.4423(5) 27.9344(19)
al®] 90 88.2570(10) 95.008(1) 90
Bl°] 105.758(2) 85.3380(10) 111.688(1) 90
v[°] 90 83.6450(10) 105.218(1) 90
v [A3] 663.36(9) 2648.00(10) 7871.8(3) 5268.2(6)
R-factor 0.050 0.068 0.112 0.059

Table 3-3. Relative energies® [per molecule, kcalmol~!] of crystal forms A, B and D of 3.° Lattice
energies, Uy, were calculated in both COMPASS and DREIDING force field of Cerius® but only
COMPASS numbers are discussed in text. Molecular conformer energies were computed in Spartan
(HF/6-31G**)

Polymorph Ulalt Econf of Econf Elolal = Ulatl + Econf
each average®
COMPASS  DREIDING  conformer COMPASS  DREIDING
A 0.00 0.30 1.22 1.22 1.22 1.52
B 1.03 2.76 0.00, 0.06, 0.46 1.49 322
0.66, 1.12
D 0.82 0.00 1.08, 1.25 1.16 1.98 1.16

? Values are taken from ref. 15. Both Uy, and E.s are relative energies.
b Form C is excluded because of high crystal structure R factor.
¢ Average E ¢ value was calculated for multiple conformers as 3 E o, + Z'.

interactions offer ideal chemical systems to better understand the stated objectives
in the introduction. The energies of the molecular conformers in forms A, B, D
of 3 and crystal lattice energies of these polymorphs are listed in Table 3-3 [15].
We consider only forms A, B, and D for further discussion because (1) the exper-
imental accuracy of X-ray crystal structure C coordinates is modest due to poor
crystal quality and low data-to-parameter ratio of reflections (R, = 0.112), (2)
it is a “disappeared polymorph” after our initial discovery in 2002 and further
confirmation of any data is not possible. Conformer energies (E..,) of the 19
rotamers and the most stable conformer in the gas phase have the energy order:
gas phase (—2.78kcalmol™') < form B < form D < form A. Crystal lattice
energies (Up,,, COMPASS force field, Cerius®) follow the order form A < form
D < form B. The most stable gas phase rotamer is not observed in any crys-
tal structure so far. Notably, conformer and lattice energies follow a different
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order and their energy differences are comparable. A consideration of both the
lattice energy and the conformer energy takes into account energy penalty from a
metastable rotamer in a stable crystal structure and vice versa. The total energy
(E o) order in crystal forms A, B and D is A < B < D (COMPASS values), which
is consistent with phase transformation experiments. However, consideration of
Uy, alone, whether in COMPASS or DREIDING force field, is not consistent with
experiments. The COMPASS force field gives accurate results for typical organic
molecules.

Variable-temperature powder X-ray diffraction on a mixture of forms A-D [15]
of 3 at room temperature gave essentially pure form A upon heating to 70°C
(Figure 3-1), indicating that polymorph A is the thermodynamic (stable) modifica-
tion in the enantiotropic cluster A—D in the 30-70°C range. Melt crystallization at
115°C gave the kinetic form B in pure yield (Figure 3-2). The observed powder
diffractions patterns were matched with the calculated profiles from the respective
single crystal structures in Powder Cell 2.3 [16]. Both the metastable and the stable
polymorph was identified through phase transitions and heating experiments. The
observed phase relationships are consistent with calculations when both the con-
former penalty and the lattice energy stabilization are considered together under the
E column of Table 3-3. The energy difference of 0.3 kcalmol™' between forms
A and B (1.22 vs. 1.49kcalmol™") serves as a benchmark to calibrate the force
fields used, given the excellent match between computation and experiment.

An important and novel observation about multiple Z’ in polymorphs A-D is the
correlation between the strength of weak C—H- - -O hydrogen bonds in their crystal
structures and the value of Z'. Thus, polymorph C with the highest Z’ has the short-
est interaction, polymorph B with next lower Z’ has longer interaction, and form A
with Z’ = 1 has the longest interaction (Figure 3-3) [15]. Whereas strong O—H - -- O
hydrogen bonds have been ascribed to multiple Z' in the literature, [9] we show
that even weak C—H --- O H bonds show the same trend and in a graded manner.

A confirmation of the above idea is borne out from our own work [17] as well as
that of William Clegg [18]. a-D-Glucofuranose-1,2:3,5-bis(p-tolyl)boronate 4 exists
in two modulated crystalline forms at 298 K and 100 K. When reflections were col-
lected at room temperature, data were solved in orthorhombic space group P2,2,2,
with Z' = 1. However, data collection at low temperature gave a structure in mono-
clinic space group P2, but now with Z’' =2 [17]. The three symmetry independent
molecules have similar conformations except for small differences in the C1—C2
boronate ester portion (Figure 3-4), which are significant for the present discussion.
C—H- - -O interactions in the low T, high Z’ crystal structure are shorter (stronger)
than the low Z’, high T form (Figure 3-5). Crystal packing in the two structures is
identical as conformed by their unit cell similarity index, I = 0.005. Differential
scanning calorimetry suggests that phase transition temperature between the mono-
clinic and orthorhombic forms of 4 is between 200-235 K. Carolyn Brock [19] has
defined modulated structures as those in which Z’ > 1 and relatively small displace-
ments or orientation of molecules would make the molecules crystallographically
identical. According to Jonathan Steed [9]° the origin behind modulation is the
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Figure 3-1. (a) Powder XRD of 1 at 28°C (top) and 69°C (bottom). Peaks that disappear upon heating
are marked with an arrow. Note the increase in intensity of peaks and overall simplification of profile
at higher temperature. (b) Experimental powder XRD of 3 at 69°C (black line) matches well with the
calculated powder pattern of polymorph A (dotted line). Least squares refinement in Powder Cell 2.3:
R, =14.39, R,,, = 18.81. The starting solid in (a) was a mixture of forms A-D
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Figure 3-2. Experimental powder XRD of 3 from melt crystallization at 115°C (black line) shows
good agreement with the calculated powder pattern of polymorph B (dotted line). Least squares
refinement in Powder Cell 2.3: R,=11.78, R,,,=15.86. The starting solid was a mixture of
forms A-D
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Figure 3-3. H---O distance (2.2-3.0A) vs. C—H---O angle (120-180°) scatter plot of interactions
in tetramorphs A-D. A= e (Z'=1), B=M (Z'=4), C= A (Z'=12), D=¢ (Z' = 2). The shortest
H---O distance (marked with an arrow in the linear band) is inversely related to Z' (number of
symmetry-independent conformations)
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Figure 3-4. Overlay of symmetry-independent molecules in 4 by keeping the furanose ring as the
fixed fragment (Cerius?). The C3—C5 boronate ester overlays nicely (left side) but the C1—C2 por-
tion has different orientations (right side). The orthorhombic form is shown in black and the two
symmetry-independent molecules of the monoclinic form are shown in grey

presence of intermolecular interactions that do not fit conventional space group
operations, which results in multiple Z’ due to pseudo-symmetry.

A distinction should be made between what one should call modulated structures
and polymorphs. Two crystal structures of the same molecule having different Z’

Figure 3-5. (a) C—H---O and C— H-- - 7 contacts between symmetry-related molecules (Z' = 1) in
the orthorhombic form at 298 K. H---O, C---O (A), ZC—H---0 (°); i =3.84, 4.03, 93.9; ii = 2.94,
3.68, 1354. H---7,C---7r (A), ZC—H- - - ar(centroid) (°); iii = 3.43, 4.03, 121.9; iv = 3.68, 4.18,
118.0. (b) C—H---O and C— H--- 7 interactions between symmetry-independent molecules (Z' = 2)
in the monoclinic form at 100K: i = 2.88, 3.45, 118.7; ii = 3.05, 3.65, 122.1; iii = 3.91, 4.44, 122.1;
iv=3.48, 4.15, 131.9. Note that as the C— H- - - O interactions become shorter in (b) C—H- - - 7 dis-
tances lengthen due to the relative displacement of molecules. The C3—CS5 tolyl group is not involved in
weak interactions and this portion overlays nicely in Figure 3-4. Typical e.s.u. in heavy atom positions
are 0.004-0.006 A (100K) and 0.006-0.009 A (298 K)
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Figure 3-5. (Continued)

should be called modulated structures if there is little change in the overall packing
of molecules from visual inspection, similarity indices, and powder XRD match.
On the other hand, if molecular packing and/or intermolecular interactions in the
two crystal structures are different then they are defined as polymorphs [17].

GUEST-FREE POLYMORPHS OF A PURE HOST

We recently crystallized two polymorphs of the pure host com-
pound 1,1-bis(4-hydroxyphenyl)cyclohexane 5 by melt crystallization and
sublimation [20]. The experimental conditions for each polymorph were slightly
different. Sublimation of pure 5 at 150-175°C gave thin plate and fine needle
shaped crystals on the cold finger. When the same starting material was heated up to
180-190° C and the melt liquid flash-cooled, crystals of plate and block morphology
appeared. These crystals, designated as melt and sublimed forms respectively, were
confirmed to be polymorphs by single crystal X-ray diffraction (5s: P1, Z' = 1; 5m,
Pbca, Z' =2). The OH groups in the bis-phenol are oriented syn in 5s and in one of
the symmetry-independent molecules of 5Sm (A) whereas they are anti in the second
molecule (B) of 5Sm (Figure 3-6). In triclinic form 5s, one of the OH groups engages
in O—H ---O H bonds along [010] and the second OH is bonded in an O—H - - - 7
interaction [21]. In the orthorhombic form 5m, the syn diol molecule A has identical
H bonding to the above polymorph but the anti diol B uses both its OH groups
in making O—H---O H bonds in cooperative chains along [100] (Figure 3-7).
The reason for multiple Z’ in 5m is ascribed to stronger H bonding in oligomers
crystallized from the neat liquid under fast cooling (kinetic) conditions [9].
Molecular conformer and crystal lattice energies were computed using Gaussian
03 and Cerius? software (Table 3-4). The conformer as well as the lattice energy
of the sublimed polymorph is stable relative to the melt form. Whereas there is no
rotamer and lattice energy compensation here, crystal energy differences are very
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Figure 3-6. Overlay of conformer in sublimed polymorph Ss, and symmetry-independent molecules A
and B in melt phase 5m. The diol OH groups are syn in 5s and A molecule whereas they are anti in
B molecule

&
%% % a%%
%QQ@M@@
5 By g By

(b)

Figure 3-7. (a) O—H---O chain along [010] in the triclinic polymorph 5s (OH groups of diol are syn).
(b) Symmetry independent molecules in 5m. The rectangular voids in the molecular ladders along [010]
of the black B molecules (OH groups are anti) have a cross-section of 3.6 x 2.2A. The O—H---O
chain down [100] is not shown. The grey A molecules have similar H bonding to 5s
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Table 3-4. Relative energies® [per molecule, kcal mol~!] of melt and sublimed phases 5m and 5s.° Uy,
were calculated using COMPASS force field in Cerius? and E..,¢ was computed in Gaussian 03 at the
DFT, B3LYP/6-31G level

Polymorph Ulzm Econf of each Ecnnf Etolal = Ulatt
conformer average + Econt

55(Z'=1) —37.11 0.00 0.00 —=37.11

5m (Z' =2) —36.23 0.23,0.29 0.26 —35.97

? Values are taken from ref. 20. E ¢ are relative energies.
b Average E ¢ value was calculated for multiple conformers as 3, Eqopp < Z'.

small and surely indicative of polymorphism. Moreover, melting point and packing
fraction of kinetic phase Sm are lower than that of the thermodynamic form Ss
(5m 1.261 g/cm?, 69.9%; Ss 1.275 g/cm?; 71.1%). Differential scanning calorimetry
(Figure 3-8) shows that these conformational polymorphs do not undergo phase
transition up to 160° C (monotropic cluster) but the metastable form 5m transforms
to the stable phase 5s between 180-200° C (enantiotropic system).

Reheating to 300 °C (5s) "

Onset 174.79 °C
Peak 179.92 °C

Heating upto 200 °C and cooling {5s)

Onset 170.14 °C
Peak 184.12 °C

Reheating to 300 "C(5m)

Endotherm

Onset 181.68°C
Peak 183.38°C
v Heating upto 200 °C and cooling(Sm)

Onset 181.93°C \ Onset 187.14°C
Peak 183.34°C Peak 188.37°C
T T T T T T T T T T T T T Y T T T T T

o T T T T T T
40 80 120 160 200 240 280 °C

Figure 3-8. DSC of 5Sm and 5s polymorphs. Metastable phase Sm shows phase transition to the sublima-
tion polymorph Ss and transformation to the thermodynamic form upon heating up to 200°C. Polymorph
5s does not show phase changes under the same conditions except the sublimation endotherm. The
reheating cycle endotherm is shifted to ~5°C lower T than the first heating cycle due to better contact
of the melted solids with the sample holder
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Table 3-5. Occurrence of Z' in organic crystals crystallized ‘from the melt’” (83 hits), ‘by sublimation’
(334 hits), and ‘overall statistics’ in the CSD.? Overall percentages are values from 160 850 organic
crystal structures in the CSD

VA Sublimation % From melt % Overall Organic S+M =+ 2x0
(# hits) (# hits) age Y%age values
<1 29.04 (97) 22.89(19) 17.64 1.47
1 53.89 (180) 59.04(49) 71.88 0.78
>1 17.06 (57) 18.07(15) 11.54 1.52
2 12.28 (41) 10.84(9) 10.04 1.15
>3 3.89 (13) 7.23(6) 1.24 4.48
>3 2.99 (10) 3.61(3) 0.69 4.78
4 2.69 (9) 2.40(2) 0.45 5.65

2 Taken from ref. 20.

In addition to showing that solvent-free melt and sublimation crystallization con-
ditions offer an attractive route to new polymorphs, a CSD survey of these methods
of crystallization and the frequency of Z' was performed (Table 3-5). There is
a dramatic increase in the occurrence of Z’ > 3 crystal structures when melt or
sublimation crystallization conditions are used [20]. The occurrence of high Z’ in
melt crystallization and sublimation methods is ascribed to the rapid cooling of the
hot liquid or vapor (100-300°C) in the open flask or on the cold finger (kinetic
phase), conditions under which hydrogen-bonded clusters are likely to condense in a
pseudo-symmetric crystalline arrangement. On the other hand, the slower nucleation
process of solution crystallization gives the frequent situation of Z’ <1 (88% hits).

Differences in the unit cells, hydrogen bonding, X-ray crystal structures, and
powder diffraction patterns confirm that bis-phenol 5 is a pair of polymorphs with
different Z’ whereas crystal structures of 4 at different temperatures exhibiting near
identical powder diffraction peaks are modulated structures [17].

REVISITING CLASSICAL POLYMORPHIC SYSTEMS

Terry Lewis, Ian Paul and David Curtin reported polymorphs of dimethyl fuschone
6 over two decades ago [22]. It exists in three crystalline modifications with one
molecule in the asymmetric unit of each polymorph, «, 8 and 7y forms (P2,/c,
P2,2,2,, Pna2,). They appeared as concomitant polymorphs in our hands, [23]
affording a mixture of dominant « (80%), minor B (18%) and trace amount of
v form (2%) at room temperature in benzene. Crystal lattice energy and molecu-
lar conformation energy show that the o form is the most stable, followed by f3,
and 7y form is the least stable. Heating the polymorphic mixture to 170° C gave 8
polymorph as the sole product, indicating that both a and y forms convert to it
(Figure 3-9). This is an example wherein the crystal structure predicted to be the
most stable polymorph from calculations (Table 3-6) is different from the experi-
mental results. This discrepancy could be due to two reasons: (1) inaccuracy in the
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Figure 3-9. (a) Powder XRD of crystalline dimethyl fuschone 6 shows a mixture « (80%), B (18%)
and vy forms (2%) at 30°C. (b) Heating the concomitant mixture to 170°C shows pure B form in >97%
polymorphic purity from PXRD match with the simulated powder profile from the X-ray crystal structure
(see color plate section)
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Table 3-6. Relative energies [per molecule, kcalmol~!] of a, 8 and y forms of fuschone 6.
Uja» COMPASS, Cerius? and E,,y, Spartan, HF/6-31G**

Polymorph Ulan Econf Etolal
a(P2,/c) 0.00 0.00 0.00
B(P2,2,2,) 0.41 0.61 1.02
y(Pna2,) 0.44 9.48 9.92

calculation of molecular conformer or crystal lattice energy or both, and/or (2) dif-
ference in the energy order at 0 K, assumed to be the temperature for computations
in the gas phase, and the energy rankings at 300450 K, the temperature regime for
crystallizations and PXRD measurements.

Sulfonamide molecules are known to exhibit polymorphism in 50% cases. Sul-
fapyridine exists in 5 crystalline forms. We examined polymorphism in tolyl
sulfonamide 7 and found it to be trimorphic in preliminary experiments [24]. Form 1
(C2/c), form 2 (C2/c) and form 3 (P2,/c) have one symmetry-independent molecule
but the conformations are different in the orientation of tolyl rings (Figure 3-10).
Whereas full structural details and thermodynamic relationships will be discussed

Figure 3-10. Different conformations of symmetry-independent molecules in polymorphs 1-3 of
sulfonamide 7. The tolyl groups are oriented differently in the three forms
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Table 3-7. Lattice energy (U, Cerius?, COMPASS, kcalmol™!), conformation energy
(Eont» Gaussian 03, B3LYP/6-31G(d,p), kcalmol~!) and total energy (Eypm= Ujat+Econt)
of tolyl sulfonamide 7. All values are scaled to the lowest U, and E_ ¢ as 0.00

Polymorph Ulatl Econf Elolal
form 1 3.39 0.00 3.39
form 2 2.42 6.29 8.71
form 3 0.00 0.85 0.85

in a forthcoming article, suffice to say for now that there is intramolecular (con-
former) and intermolecular (lattice) energy compensation in 7 (Table 3-7). Form 1
is the kinetically controlled crystal structure, form 3 is the stable, thermodynamic
phase, and form 2 is a disappeared polymorph, consistent with computed energies
of these forms. The high-energy rotamer makes form 2 an elusive polymorph, an
observation that is derived only from a consideration of E_; but not Uy, alone. The
melting point of stable form 3 is 17°C higher than metastable form 1 (Figure 3-11).
The trimorph cluster of 7 once again validates the use of both conformer and lattice
energy summation to calculate “real” energy differences. A consideration of lattice
energy alone would have led to the erroneous conclusion that form 3 < form 2 <
form 1.

Tomsot= 158.27°C

Form 3 /P21/c
E Form 1/C2/c Tonser= 142.08 °C
3
=
= Form 2 { C2/c Tonser=167.07 °C
/// \\
W Phase change from 17 °C melting point
Form 2 to 3at140°C difference between
Form1and 3
T T T T T T T T T T T T T T T T T T ¥
40 60 a0 100 120 140 160 180 200 °C

Figure 3-11. DSC of forms 1-3 of sulfonamide 7 polymorphs. Form 1 crystallizes concomitantly with
a minor amount of thermodynamic form 3. Form 2 undergoes phase transition to form 3 at ca. 140°C.
Form 3 exhibits a sharp melting endotherm at 159°C as the only phase transition
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ROY - AN EXCEPTION TO THE ENERGY COMPENSATION
PRINCIPLE

ROY 8 is the archetype of polymorph clusters with a record nine polymorphs as
of date [8]. Of these 9 polymorphs, single crystal X-ray structures are reported
for 7 forms. Gavezzotti and Dunitz [25] computed conformer and lattice energy
values of 6 ROY polymorphs (Table 3-8, Z' = 1 in each structure). However, ROY
is a classic example of a conformational polymorph cluster wherein there is no
conformer and lattice energy compensation. As a matter of fact, the two effects
are additive. The most stable crystal structure, Y, also has the stable rotamer of
this flexible molecule. The difference between the lowest and highest energy poly-
morphs, Y and ORP, is 5.2kcal mol~' when both molecular and crystal energies
are considered together. The absence of energy balance and the large difference
between polymorph energies leads to the thought: will metastable polymorphs of
ROY one day transform to the win-win thermodynamic state of the stable molecule
and crystal lattice in the yellow form?

PHENYLOGUE POLYMORPH SERIES

Many examples of polymorphs are discovered by chance. There are as yet no
“rules” to predict what combination of molecular features or functional groups will
give a new polymorph system. Notwithstanding, the percentage of polymorphs in
drugs and pharmaceuticals is about 10 times higher than that in the global crystal
structure archive. Of course, this is only a validation of McCrone’s age-old dictum
that, “... every compound has different polymorphic forms and that, in general,
the number of forms known for a given compound is proportional to the time and
money spent in research on that compound”. Drug molecules are crystallized sev-
eral times (possibly hundreds) and this exercise often leads to new modifications.
Further, there is deliberate effort to find new drug polymorphs for their improved

Table 3-8. Relative energies of the molecular conformation (E¢), crystal lattice (Up,,) and
total energy (Ey, kcal mol™!) of the six polymorphs of ROY 8¢

Polymorph Ulay Econt Eootal Torsion ¢b
Y 0.00 0.00 0.00 75
R 2.86 -1.19 1.67 22
ON 1.90 0.00 1.90 53
OpP 2.86 0.95 3.81 46
YN 2.86 1.43 4.29 76
ORP 3.09 2.14 5.23 39

2 Taken from ref. 25. Uy, were calculated by the Pixel method from UNI atom-atom force
field and Egpy¢ using MP2/6-31G** calculations. Energy values are converted from kJ mol™!
in the original paper to kcalmol™! for comparison.

b Torsion angle between the mean planes of the phenyl and thiophene rings.
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properties and patenting. An exhaustive search for all possible polymorphs of an
organic compound [26] has now become a routine exercise in chemists’ laboratories.

The terphenyl diol 9 was synthesized with the idea of reproducing the elu-
sive B-quinol network via crystal engineering principles [27]. To our pleasant
surprise, the extended diol 9 crystallized in two modifications, a thombohedral
polymorph 9r that is topologically identical to the 8-hydroquinone network, [28]
and a monoclinic form 9m resembling y-hydroquinone (Figure 3-12). The central
terphenyl ring adopts different conformations in the two polymorphs of 9 (con-
formational polymorphs). The designed molecule 9 as a phenylogue extension of
hydroquinone is the first example of structural mimicry in a polymorph series to our
knowledge.

NOVEL API POLYMORPH

The last example is of conformational polymorphs and multiple Z’ in an active
pharmaceutical ingredient, commonly referred to as API. Venlafaxine 10 is a
serotonin—norepinephrine reuptake inhibitor drug (SNRI) for treating anxiety and
depression, and marketed as the hydrochloride salt formulation in forms 1 and/or 2.

@

Figure 3-12. (a) Chair cyclohexane ring of O—H - - - O hydrogen bonds in the rhombohedral polymorph
9r. (b) Hydrogen bonding of the axially oriented terphenyl groups to six different O—H - - - O hexamers
forms the super cube of the 8-quinol network. (c) Infinite chain of O—H - -- O hydrogen bonds along
[010] in monoclinic polymorph 9m. The middle phenyl ring is disordered over two orientations (s.o.f.
0.69, 0.31). H atoms are omitted except for OH groups
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(©

Figure 3-12. (Continued)

We recently discovered a novel polymorph, designated form 6, with unit cell param-
eters significantly different from both forms [29]. Single crystal X-ray structures of
form 3 (melt phase), form 4 (hydrate/solvate) and form 5 (sublimed phase) [30] are
not known and they are therefore not relevant to the present discussion on molec-
ular conformations and multiple Z’. The conformation of molecule 10 in form 1
and 2 is different only in the opposite orientation of OCH; group, while the rest
of the tricyclic skeleton overlays very nicely. Interestingly, form 6 has both these
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Figure 3-13. Overlay of symmetry-independent venlafaxine molecules in form 1, form 2 and form 6
(molecules i and ii). Chloride counter ion is omitted

molecular conformations of 10 in the crystal structure asymmetric unit (Z' = 2).
Forms 1, 2 and 6 of venlafaxine are conformational polymorphs (Figure 3-13) and
form 6 with multiple conformers is also an example of conformational isomor-
phism. Form 1 rotamer is more stable than form 2 conformer by 0.2kcal mol™" at
the B3LYP/6-31G (d,p) level in Gaussian 03. Full structural details of this novel
form 6 will be discussed in a forthcoming article. Suffice to say for now that a
likely reason for two molecules in crystal form 6 could be (1) that it was crys-
tallized at high temperature (170-190°C), (2) the presence of a second molecular
conformation lead to better packing, and (3) the structure has ionic O—H---Cl~
and NtT—H ... CI~ hydrogen bonds. When one polymorph has Z' = 1 and another
has Z’' > 1, the high Z’ structure was referred to as a metastable crystal nucleus of
the low Z' stable modification [9]* [9]® [14]. In contrast, the high Z' form 6 of
venlafaxine hydrochloride has higher melting point (by ~10°C) than forms 1 and
2 and it is the most stable modification known (Figure 3-14).

The exact reasons why molecules crystallize with multiple molecules in the
asymmetric unit are becoming clear from a flurry of papers in the recent litera-
ture [9]. According to Steed, Brock and our results there are several reasons for
multiple Z’. (1) The molecule has a packing problem because of its awkward shape,
which is reconciled by having two or more molecules in different conformations.
Such molecule have Z’ > 1 crystal structures. (2) The molecules organize in stable
clusters prior to reaching the highest symmetry arrangement in strong O—H---O
hydrogen-bonded structures because of the enthalpic advantage from o -cooperative
chains, e.g. as in alcohols, phenols, steroids, nucleotides, nucleosides. Molecule 5
(melt phase) would fall in this category. (3) There are several low-lying molec-
ular conformations inter-converting in solution and more than one molecule may
crystallize simultaneously because of kinetic factors. Molecule 3 (polymorphs B, C
and D) and 10 (form 6) are in this category.
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Figure 3-14. DSC of form 1, form 2 and form 6 at heating rate of 5°C min~!. Form 6 has the highest
melting point of 219-220°C compared to form 1 and 2 of 210-211°C assigned by us [30]

According to Desiraju, [31] these different reasons are simply different ways
of saying the same thing. The proportion of high Z’ crystal structures (> 1) is
relatively constant at 114+1% between 1970 to 2006 even as the CSD has grown
43 times in the same period. The fundamental physical basis for multiple Z’ is the
difference between AG*; and AG¥g (T = thermodynamic, K = kinetic) for the
crystallization of a given molecule. These energy differences are related to the mod-
est energy of intermolecular interactions in organic crystals (0.5-8 kcal mol™") and
so the appearance of high Z’ will depend on the temperature of crystallization. Since
most crystallization experiments are carried out between 10-30°C, the proportion
of high Z’ crystal structures will stay the same. His argument is that chemical or
geometric or symmetry factors are different manifestations of the constancy of tem-
perature range for crystallization and the energy range of intermolecular interactions
in organic solids [32].

CONCLUSIONS

It is very difficult to make definitive conclusions in a review article on poly-
morphism because the subject is still evolving. Even as our understanding of this
phenomenon improves with more structural data pouring in the complexity of sys-
tems being studied is also increasing. Experimental techniques, procedures and
automated protocols are being optimized to carrying out crystallization screens for
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the discovery of new polymorphs using solution crystallization, solid-state grinding,
solvent drop grinding, cocrystal former, crystal structure prediction, functionalized
polymer support, cross-nucleation, etc [26]. As is always true in science, serendipity
favors the prepared mind.[33] Whereas crystal engineers have developed strate-
gies to control supramolecular organization using strong O—H.--O/ N—H-.--O
H bonds, weak C—H---O and C—H---O H bonds, I---N and I---O,N halogen
bonds, mr-stacking in the last decade, a proper understanding of polymorphism is
not equally advanced. We still have no way of predicting whether a molecule will
be polymorphic, how many forms will it have, their crystal packing, when poly-
morphism will strike an API manufacturing process, and so on. This article is a
“status update” on conformational polymorphs at the end of 2006. The results in this
article show that polymorphism is likely when there is a balance of intramolecular
and intermolecular energies in flexible molecules. Conformational polymorphism
and multiple Z’ are related issues and we have explanations, at least after crystal
structure determination and analysis, about why some polymorphs have multiple
molecules in the asymmetric unit. High Z' polymorph structures are generally
metastable relative to their low Z’' cousins but there are exceptions to this trend.
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CHAPTER 4

HOW GUESTS SETTLE AND PLAN THEIR ESCAPE
ROUTE IN A CRYSTAL
Structural metrics of solvation and desolvation for inorganic diols

ALESSIA BACCHI

SUMMARY

Wheel-and-axle organic diols are host systems well known in the solid state. The
introduction of a metal into the wheel-and-axle molecular frame opens the way
for the design of materials with multiple functions, joining chemical and structural
properties of the metal centre with the steric and supramolecular attitudes of the
organic matrix. This chapter treats the rationalization of host-guest properties of
wheel-and-axle inorganic diols.

A reversible dynamic reorganization between the pure host (apohost) and the host-
guest phases requires two conditions: a low-cost structural rearrangement between
two states represented by the close apohost and the final open host framework,
and an easily accessible path of migration for the outcoming and incoming guest
molecules.

The first requirement is tackled by realizing a bistable system, capable of
reversibly switching between networks based on host-host (self-mediated) and host-
guest (guest-mediated) interactions. The use of a simple geometric model for the
analysis of the basic interactions responsible of the cohesion in the structures of
the apohosts and in those of the host-guest complexes shows that the ‘Venetian-
blind’ mechanism allows switching between two networks with modest structural
changes. The comparison of the crystal structures of the initial and final states of
the guest removal for inorganic wheel-and-axle diols allows an understanding of
the effects of guest inclusion on the host framework, and provides clues to postulate
a mechanism for the structural rearrangements accompanying the process.

The preferential mechanism of escape of guests from the crystal bulk of inorganic
wheel-and-axle diols is studied by using the knowledge base Isostar for intermolec-
ular interactions. Two preferential directions of coordination to guest molecules
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are discovered, related to two possible solvation sites within the guest-mediated
networks. Application of the principles of structure correlation to supramolecular
host-guest interactions indicates that, for inorganic wheel-and-axle diols, the pre-
ferential way for guests to escape from the crystal bulk corresponds to a migration
of a guest along an array of alternate guest sites.

INTRODUCTION: CRYSTAL ENGINEERING OF
INCLUSION COMPOUNDS

Interest in Crystalline Host-Guest Systems

During the past twenty years much effort has been devoted to the design of crys-
talline species capable of incorporating small molecules into the lattice through
weak interactions, which might be broken at will, producing solid materials with
host-guest properties [1]. The challenge was initially directed to develop organic
counterparts to zeolites and clays [2, 3], which have been extensively used in the
petrochemical industry to bind small molecules to a robust and porous inorganic
framework. The interest in potential applications of host-guest materials has rapidly
extended to the fields of separation, storage, heterogeneous catalysis, sensor devices
and solid-state ‘green’ chemistry [4].

The formation and decomposition of a host-guest compound is described [5] with
this equation,

H(s, @) +n G(l or v) 2 H-G,(s, B)

representing the equilibrium according to which a pure crystalline host H in phase
« includes guest molecules (G) via recrystallization (liquid G) or absorption of
vapour (vapour G), producing a crystalline host-guest 8 phase H'G,,, with ratio n
of host to guest. The pure host H is called an apohost; it might present pre-formed
cavities, or it might be non-porous.

According to topological considerations, crystalline host-guest compounds are
described as channel (tubulate), layer (intercalate), and cage (cryptate) clathrates [6].
General rules have been formulated to relate a topology to a crystallization tem-
perature [7]: the ratio of guest to host decreases with increasing temperature of
crystallization, and the topology varies in the order intercalate — tubulate —
cryptate — apohost on proceeding from low to high temperature. The relations
between crystal packing and the kinetics of enclathration and desorption of inclusion
compounds have been reviewed [8].

Crystalline materials with inclusion attitudes towards small guests have been
classified according to the behaviour of the host framework when the guests are
removed [9]: first-generation compounds have microporous frameworks that col-
lapse on the removal of guest molecules, second-generation compounds exhibit
a permanent porosity also in an absence of included guests, and third-generation
compounds have flexible and dynamic frameworks, which rearrange reversibly in
response to the presence of guests. The latter are the subject of this chapter.
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Porous Networks

The simple existence of cavities, or pores, or prospective void volumes in a crys-
tal structure does not imply that the material can be an apohost with permanent
porosity. Porosity must be assessed experimentally to demonstrate that a guest
can be introduced and removed from the lattice without structural alterations [10].
Many inorganic materials constructed with covalent bonds, such as zeolites, show
permanent porosity. The realization of synthetic porous covalent three-dimensional
networks has been successfully achieved with the design of coordination polymers
with thermally stable, robust and rigid open frameworks [11], [10]°. Non-covalent
porous networks, in which the molecular building blocks constituting the apohost
framework are held together by weak interactions (typically hydrogen bonds), have
also been designed using the tools and strategies of crystal engineering and molecu-
lar tectonics [12]. By analogy with their covalent counterparts, in these compounds
the removal and inclusion of a guest does not affect the apohost structure [13].

Soft Networks

Organic and metallo-organic molecular crystals typically undergo remarkable struc-
tural modifications upon inclusion of a guest [8]. The lattice rearrangements induced
by the entrance of a guest generally produce crystal fracturing or loss of crystallinity.
Some compounds, however, possess a flexible apohost structure capable of dynam-
ically accommodating guest molecules by converting to a clathrate phase through
a process of single crystal to single crystal [14], [4]°. Such dynamic porosity has
been described for cholic acid [15], ¢-butyl-calix [4] arenes [16] and for the hybrid
organic-inorganic systems that are the subject of the present chapter [17]. The
dynamic pores might result from a ‘bistability’ of the soft apohost framework [9],
capable of converting from a closed phase to an open phase in response to guest
molecules.

Solvate Systems

The guests involved in clathration are generally the solvent molecules employed
in the crystallization of the host-guest compounds. A survey of the Cambridge
Structural Database (CSD) [18] has shown that, for organic and organometallic
compounds, solvation occurs with more than 220 organic solvents [19]. The great-
est occurrence is observed for 15 molecules, which alone cover more than 82
percent of all solvates (methanol, dichloromethane, benzene, ethanol, chloroform,
acetonitrile, acetone, toluene, tetrahydrofuran, ethyl acetate, diethyl ether, dioxane,
dimethylsulfoxide, dimethylformamide, hexane). Host molecules can be divided
into two classes: those that possess an inherent concavity and form molecular com-
plexes by adapting the guest inside the cavity, as in the case of cyclodextrins,
and those that leave cavities to accommodate the guest in the lattice during self
assembly, on which this chapter is primarily focused. In some cases the crystalliza-
tion of solvates followed by controlled desolvation on heating or evacuation might
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be the only way to afford a pure apohost phase, or might be one way to obtain
polymorphs [20].

WHEEL-AND-AXLE DIOLS

The design of molecular compounds that can potentially generate dynamic porous
networks is guided by Weber’s specifications: an effective host should be rigid and
bulky and contain hydroxyl groups, which facilitate enclathration by coordination
of the guest via hydrogen bonding [21]. Characteristic examples are the scissors
and ring structures [22], and the wheel-and-axle diols [23] (waad). (Scheme 4.1)
In particular, waad are constituted with two bulky termini (wheels), compris-
ing aromatic rings (found in some cases with ortho-substituents or as fluorenol
groups, Scheme 4.1 and Table 4-1), carrying two hydroxyl groups separated by a
central, rigid and linear organic spacer (axle). The great inclusion ability of these
hosts is likely due to steric crowding around the hydroxy groups. Through this
steric factor, the host molecules cannot associate directly by host. .. host hydrogen
bonds. When a guest molecule is able to connect the host molecules by forming a
hydrogen-bond network, the inclusion compound can form a stable guest-mediated
crystalline lattice [23]. In general, waad coordinate acceptor guest molecules (G)
through OH...G hydrogen bonds, and the stoichiometry waad-2G is generally

organic spacer CSD refcode
KUVWON
KUVWONOL
LAGVOF (bis-fluorenol)
on O 1Faa0 pisfiuorenal)

waad O \ /) HEY FAS (bis-fluorenol)

== SOGGIE

HO

NI'YRUI (o-chlorophenyl)
= NI'Y SAP (o-chlorophenyl)

ASILET

Scheme 4.1



Table 4-1. Occurrence of solvates crystal structures for organic and inorganic waad for which the apohost structure is known. For each apohost the number of
known solvates is reported (N), together with the list of the corresponding CSD [18] refcodes. Structures ASILIX, ASILOD, and ASILUJ refer to the bis-fluorenil
apohost, whose crystal structure is not known. Inorganic waad solvates have been grouped together

HO

Apohost, CSD refcode N Solvates, Apohost, CSD refcode N Solvates, CSD refcode
CSD refcode
O O 7 IVOFEE, BABKAQ, BABKAQ10, BUSQIP, BUSQOV,
O Q on IVOFOO, 51 BUSQUB, BUTNUZ, CAINEH, CUMQAC,
Q O IVOFOO01, CUMQEG, CUMQIK, DEGPUR, DIMZUU,
KUVWON KUVWUT, DIMZUU10, EROKAX, EROKEB,
KUVWONO1 KUVXAA, HO _ — OH EROKIF, EROKOL, GAXFEQ, GIKYEE,
KUVXEE, GIKYOO, GUMDIB, GUMDUM, GUMFAV,
KUVXII GUMFAV02, HUDHIX, HUDHOD,
HUDHUJ, HUMHOM, JODYIK, JULKIK,
JULKUW, JULLAD, KERSAB, PODRUV,
PODSAC, PODSEG, PODSIK, SOGHAX,
SOGGIE VAJYAH, VAJYEL, VEMKUT, VEMLAA,
WUPSUV, XELKII, XELKOO, XELKUU,
XIWDEM, XOMLOA, XOMLOAOL,
XOMLOAO02, YEXQAT
6 LAGVUL,
LAGWAS,
LAGWEW,
LAGVOF LAGWIA,
DEBLAY,

DEBLEC




Table 4-1. (Continued)

Apohost, CSD refcode N  Solvates,

CSD refcode

Apohost, CSD refcode N

Solvates, CSD refcode

1 IFAJEE

8 HEYFIA,
JUNDOL,
KUMHIJ,
KUMHIJ10,
POKSAJ,
POKSAJ10,
PONPUD,
PONPUD10

HEYFAS

4  AWUHEF,
XISPUK,

—\ o UHEMUP,
O UHEAW

Q XISPOE

OH

NIYRUI
NIYSAP

Qo
Oy o

O
g

FIFHAE, FIFHUY, FIFJIO, JAWZ

GIKZAB, GIMKES, GIMKIW,
KOMRUZ, SAPLAW, TAFDIN,
TAFDOT, VAXFUV, VONPET

ASILIX, ASILOD, ASILUJ, MIFPAS

FIFHEI, FIFHIM, FIFHOS, FIFJAG,
FIFJEK, FIFJOU, FIKCUY, JAWYIQ,
JAWYOW, JAWYUE
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found. Beginning with the basic skeleton of the waad molecule, several derivatives
have been designed by engineering the structure of the axle [23-25]. Scheme 4.1
and Table 4-1 report the diagrams of organic waad apohosts of which the crystal
structure has been determined.

Occurrence of Wheel-and-Axle Diols

Based on the axle nature, several organic and inorganic waad have been synthesized.
In all cases the length of the axle ranges approximately from 6 to 18 A. The
organic waad can be subdivided into two families, according to the nature of
the axle: one family contains derivatives similar to 4,4’-bis(diphenylhydroxy-
methyl)biphenyl [25]* (CSD refcode: KUVWON), in which the HO-C is linked to
an aromatic ring; another family is related to 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-
diol [25] (CSD refcode: SOGGIE), in which the HO-C is linked to an alkyne moiety
(Scheme 4.1). Inorganic waad are analogues of the ‘KUVWON’ family, obtained
through the insertion of a metal atom into the middle of the axle, on coordinating
a-(4-pyridyl)benzhydrol (LOH) or similar derivatives to various transition metals
(Scheme 4.2).

The structural and clathrating behaviour of several trans-M(LOH), X, (M = Ag™,
Pd?>*; X = anion) complexes has been reported [17, 25]°~¢. The introduction of a
metal into the wheel-and-axle molecular frame opens the way for the design of
materials with multiple functions, joining chemical and structural properties of the
metal centre with the steric and supramolecular attitudes of the organic matrix.
The final structural and clathrating properties of the inorganic diol depend on the
coordination number of the metal, on its geometry and configuration, on the steric
and supramolecular characteristics of the counteranions, and on the hydrogen-bond
network involving the carbinol —OH groups. Pd(LOH),X, complexes (X = Cl,
CH;, CH; COO and I) have been found to behave as dynamic porous networks, as
they are capable of reversibly altering their solid-state organization in response to
solvent inclusion or release, without losing crystallinity.

Many crystalline solvates of organic and inorganic waad are known in the crys-
tallographic literature [24, 25]; for most of them the structure of the corresponding
apohost phase has been also reported (Table 4-1). The comparison of the crystal

@ M anion CSD refcode
O O Q P2t CI- FIFHAE
H

— E 2+ -l
@ . 7\ Pd ClI~, CH3 FIFHUY

e =/ ©OH Pd?*  CHCOO~  FIFJO
) , LOH Pd?* I” JAWZAJ
inor ganic waad N _
Ag*  BF, AYOGUQ
Ag"t  PFg AYOHAX

Scheme 4.2
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structures of the initial and final states of the guest removal allows one to analyse
the effects of guest inclusion on the host framework, and might provide clues about
a mechanism for the structural rearrangements accompanying the process.

A GEOMETRIC MODEL OF GUEST INCLUSION BY
WHEEL-AND-AXLE DIOLS

The basic interactions responsible for the cohesion both in the structures of the
apohosts and in those of the host-guest complexes are describable with a simple
geometric model that takes into account the necessity to achieve the maximal close
packing for molecules with an awkward shape such as waad (Scheme 4.3). The
most sensible way to optimize the space occupation for a pair of waad is to match
approximately the protuberance of the terminal aryl moieties (the wheels) with
the hollow of the molecular axle. The spatial relation between pairs of parallel
adjacent host molecules is described by the distance between the axles (d) and
the offset of the axle midpoints (A, expressed as a fraction of the axle length).
Through this offset, the vector representing the translation of one molecule relative
to the other (a") is tilted through an angle 6 with respect to the molecular axle.
Molecular pairs choose the best d and A to optimize the contacts; a’ and 6 are
determined by the resulting geometry. In most cases, a’ coincides with one cell
parameter.

Analysis of Apohost Structures

The analysis of all organic and inorganic apohost crystal structures shows that in
many cases waad aggregate in pairs of parallel, displaced molecules, according to
the above model. The aggregation of waad pairs is characterized by various inter-
actions involving the —OH moieties both as hydrogen-bond donor OH ... X (X=N,
anion, ), and as CH. .. O hydrogen-bond acceptor (Figure 4-1).

The d values span from 3.6 A to 7.2 A, corresponding to a range of contacts from
wheel ... axle to wheel ... wheel (Figure 4-2). The offset parameter A is well cor-
related with the d value (Figure 4-3), showing that wheel ... wheel contacts occur
at extreme values of A, whereas wheel .. .axle contacts cause displacements about
one half the molecular length.

Scheme 4.3
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Figure 4-1. Typical interactions between waad pairs in the crystal structures of apohost phases (from
top left, clockwise: XISPOE, SOGGIE, KUVWON, FIFHAE)

d apohosts

03 @
0,25 . ¥ 53;7%:}‘)

02 — '
015 i _%
01
i

ol = it

36 56 6 64 68

Figure 4-2. Occurrence of d values for the interactions between pairs of waad molecules in the apohost
structures. d values span from 3.6A to 7.2 A, corresponding to a range of contacts from wheel . . . axle
to wheel ... wheel. Analogue apohost molecules and polymorphs are identified by bar meshing, and it
can be seen that they are grouped around similar d values. The insets show the collocation of some of
the structures discussed in the paper (from left: XISPOE, FIFHAE, SOGGIE, KUVWON, IFAJIO)

Effect of Guest Inclusion on d and A

In general, solvates of the same parent apohost tend to cluster about host-dependent
d values; these are larger than those found in the corresponding apohost structures



96 CHAPTER 4

7.5+

6.5
dA) 55|

4.5+

35 ‘ \ \ \ \

v T Ea

Figure 4-3. Correlation between d and A for pairs of waad molecules in the apohost structures. Shortest
axle. .. axle distances d correspond to displacements of about one half of the molecule, which optimize
the packing between the partners. Some cases are exemplified in the insets, from left: IFAJIO, XISPOE,
SOGGIE (in the direction perpendicular to the one shown in Figure 4-2)

(Figure 4-4), indicating that, upon guest inclusion, wheel . . . wheel and wheel . . . axle
interactions are replaced by wheel . . . guest interactions, which induce a slight expan-
sion of d. The molecular offset A is confined between 1/3 and 2/3 the molecular
length, and the correlation between d and A disappears.

The conversion from apohost to clathrate structure requires that the diol molecules
can reversibly switch from a situation in which the host molecules interact with
themselves (self-mediated network) to another in which they interact with the
guests (guest-mediated network), with a concomitant rearrangement of geometric
parameters d and A.

DESIGN OF BISTABLE NETWORKS

A reversible dynamic reorganization between the apohost and the host-guest phases
requires two conditions: a low-cost structural rearrangement between two states
represented by the close apohost and the final open-host framework, and an easily
accessible path of migration for the outgoing and incoming guest molecules [26].
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Figure 4-4. Effect of guest inclusion on the geometry of the pair of waad molecules. Solvates of the
same parent host (indicated by bar meshing as in Figure 4-2) tend to cluster around host dependent d
values, which are larger than those found in the corresponding apohost structure. A values for solvates
are grouped between 0.2 and 0.7. The correlation between d and A disappears

Focusing on the first condition, the design of a bistable network requires the
evaluation of the intermolecular association.

Self-Mediated and Guest-Mediated Networks

As described earlier under ‘Analysis of apohost structures’, the assembly of waad
molecules is based on OH...X (X=N, anion, 77) or hydrogen bonds between host
molecules, or can be mediated by the guest (G) via OH...G interactions. In the
former case we define the structure as a self-mediated network, in the latter as a
guest-mediated network (Scheme 4.4).

Of particular interest is the case in which the same structure might switch between
a self-mediated network and a guest-mediated network, as this might facilitate a
reversible exchange of a guest via a solid-gas process. In the case of waad pairs,
this result can be achieved with a modest structural reorganization involving the
rotation of both molecules about their centres of mass (Scheme 4.5). A simple
oscillation of a pair of wheel-and-axle molecules about the midpoint of the axles
accounts for large variations in parameters d and A without displacing the centres of
mass.
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Scheme 4.4

Scheme 4.5

The “Venetian-Blind” Mechanism

The comparison between apohost and solvate structures shows that, in many cases,
the waad molecules are arranged in columns with similar spacings in both the pres-
ence and absence of a guest (Figure 4-5). The columns respond to guest inclusion or
removal by altering the inclination of the molecular axles relative to the column axis.
This condition corresponds to a modest concerted rotation of all molecules about
their centres of mass, accompanied by a transition between the self-mediated state
and the guest-mediated state, with consequent breaking and forming of the related
OH...X and OH...G hydrogen bonds (Scheme 4.6). The network responds to the
presence of a hydrogen-bond acceptor guest by converting between self-mediated
and guest-mediated arrangements.

Inorganic waad trans-[M(LOH),X,] (M=Pd, Pt, X=Cl, I, CH;COO, CHj;)
exploit this “Venetian-blind” mechanism to convert between the anion-mediated net-
work of the apohost, sustained by OH ... X hydrogen bonds, and the guest-mediated
network based on OH...G hydrogen bonds [17], [25]°.
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Figure 4-5. The comparison between apohost (left) and solvate structures (right) for families (b—d) of
similar organic waad shows that in many cases the molecules are arranged in columns with similar
spacings and different inclination. The columns respond to guest inclusion or removal by changing
the inclination of the molecular axles relatively to the column axis, according to the ‘Venetian blinds’
machinery(a)

O = Guest

v_A =waad, A =-OH

Solvate layer Apohost layer

Scheme 4.6
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Network Metrics for Inorganic Wheel-and-Axle Diols

The family of inorganic waad trans-Pd(LOH),X, (X=Cl, CH;, CH;COO, I)
apohosts and several corresponding solvates containing guest molecules trans-
Pd(LOH),X,-nG (n = 2, G=acetone, tetrahydrofurane THF, dimethylsulfoxide
DMSO, dimethylformamide DMF; n = 3/2, G=1,4-dioxane) as hydrogen-bond
acceptors have been investigated [17]. Solvation occurs on hydrogen bonding
between the terminal —OH groups of the complex diol and the acceptor atom
of the guest. All these solvate forms are organized in layers with practically invari-
ant metrics. The layers consist of parallel columns in arrays formed by stacked
Pd(LOH),X,-2G units, with average d = 5.9A and A = 0.34. The stacking of
complex units within a column occurs through —OH...G and 7 ...G interactions
(Figure 4-6, left). The structures of apohosts Pd(LOH), X, are based on —OH...X
hydrogen bonds that generate columns of parallel units, arranged in layers (Fig-
ure 4-6, right). These are related to the metrics of the solvate forms by rotation
through 28° of the complex molecules within the layer plane, giving d= 4.7 A
and A = 0.69. Thanks to the ‘Venetian-blinds’ mechanism, the transition between
solvate and apohost structures does not alter significantly the location of palladium
centres, as the separations respectively within a column (a") and between adjacent
columns (b') pass from a’ = 7.6, b’ = 18.1 A for the host-guest systems to a’ = 10.7,
b’ = 17.4 A, for the apohosts (Figure 4-6).

In all cases the non-solvate form is completely converted into the corresponding
crystalline solvate forms on exposure to the vapour of the guest; conversely it is
quantitatively recovered from the solvate upon removal of the guest under mild
conditions (Scheme 4.7), without observing any transient amorphous phase during
desolvation.

. a =768 b =181A Pd (LOH),X, |a =10.7A b =17.4A
Pd (LOH)X,2G | § 502 (LOH)X, P

Figure 4-6. Layer organization and metrics for Pd(LOH),X, and Pd(LOH),X,-2G (in the picture
X=Cl, G=acetone). According to the ‘Venetian blinds’ machinery, the transition between solvate and
apohost structures does not alter significantly the location of palladium centers
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Scheme 4.7

The process [Pd(LOH),Cl,] = [Pd(LOH),Cl, ].2(acetone) has been recycled three
times with only a modest loss of crystallinity of the final non-solvate product. On
the basis of the structural data, the solvation and desolvation is proposed to be
based on a concerted rotation of the complex molecules by 28° in the layer plane,
concomitantly with the migration of solvent through the lattice (Scheme 4.6).

The desolvation and solvation might be reversible because only minimum dis-
placements are required for the single host molecules, and because only a modest
reorientation is necessary for their molecular long axes.

GUEST MIGRATION PATH

As reported in the previous paragraph, when waad are organized in layers, the
‘Venetian-blinds’ rearrangement allows switching between self-mediated and guest-
mediated networks without substantial alteration of the crystal structure. This
condition realizes a bistable network, which is the first condition required for a
reversible dynamic reorganization between the apohost and the host-guest phases.
The second condition that must be fulfilled is the existence of a readily accessible
path of migration for the outgoing and incoming guest molecules. A preliminary
idea of the most accessible locations for the guest molecules within the layers of
waad can be achieved on applying the general principles of structure correlation [27]
to the collection of waad crystal structures that present the potentially bistable layer
organization. All inorganic and many organic waad are organized in layers with a
common host framework, with metrics that depend on the dimensions of the host
molecules, but that in general comprise columns of parallel molecules, generated
by translation through «’, inclined by 6 relative to the a’ vector. The columns are
separated by the b’ translation, which is generally comparable with the molecular
length (Scheme 4.6). The analysis of the distribution of guest positions over these
structures might indicate the locations of the most accessible halts during guest
displacement during solvation and desolvation.
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The application of the utility isogen, belonging to the package of the knowledge
base of intermolecular interactions Isostar [28], to the structural data of all organic
and inorganic waad solvates demonstrates that the host molecules present two pref-
erential directions of coordination to G, indicated as exo and endo (Figure 4-7).
These directions are related to two possible sites of solvation within the waad
guest-mediated networks: a site between the columns within a layer (exo), and a
site between the aromatic groups and the anions of two adjacent layers (endo), as
shown in Scheme 4.8.

Analysis of Guest Substructures for Inorganic Waad

The substructures presented by the guest molecules in the inorganic waad solvates
have been analyzed by estimating the extension and shape of the crystal volume
enclosed by the Hirshfeld surfaces (HS) of the guests [17]. The HS of a molecule
in a crystal is defined such that for every point on the HS exactly half the electron
density is due to the spherically averaged non-interacting atoms comprising the

Figure 4-7. Location of preferential directions of coordination of waad to G according to the Isogen [28]
analysis of the fragment reported in the box, over all the waad known in the CSD. Exo and endo sites
are indicated

Scheme 4.8



SOLVATION AND DESOLVATION FOR INORGANIC DIOLS 103

© (d)

Figure 4-8. Hirshfeld surfaces [29] of guest molecules showing the occupation of exo and endo sites in
the Pd(LOH), X, nG inorganic waad. (a) isolated pairs of exo sites in FIFHIM. (b) continuum of endo
sites in JAWYIQ. (c) communication of exo and endo sites creating channels running across the layers
JAWYUC. (d) edge-on view of the layers, showing the extension of the channels

molecule, and the other half is due to the atoms comprising the rest of the crystal;
the HS essentially describes how much space a molecule occupies in a crystal [29].
Diverse situations are found for the Pd(LOH), X, -nG inorganic waad (Figure 4-8):
the occupation of site exo is generally based on pairs of G molecules belonging
to adjacent columns of which the volumes touch through the intracolumnar space
within a layer (Figure 4-8a); consecutive pairs are separated by aromatic rings.
Conversely, the occupation of site endo generates a continuum of guest domains
producing guest channels between the layers (Figure 4-8b). The spatial communica-
tion between sites exo and endo is governed by the position of the aromatic rings of
the host molecules; this condition is attained in [Pd(LOH),I,]-3/2(1,4-dioxane), in
which a solvent chain is generated through the contact between G units that run diag-
onally across the layers (Figure 4-8c, d). We might regard the collection of solvent
substructures (Figure 4-9) as snapshots of a possible path for solvent migration.

Metrics of Guest Migration

Guest substructure analysis has shown that the preferential mechanism of escape
from the crystal bulk might correspond to a guest migration along an array of



Figure 4-9. Immaginary snapshot sequence of guest migration through the solvate lattice, by sliding between exo and endo sites, with the assistance of con-
formational rearrangement of aromatic rings. The structure of [Pd(LOH),I,]-3/2(1,4-dioxane) (JAWYUC, central inset) suggests a structural continuity for the
process, as it can be viewed as the combination of [Pd(LOH),(CH;COO), |- THF (FIFJOU, top left) and [Pd(LOH),1,]-2DMSO (JAWYIQ, bottom left), through
intermediates represented by [Pd(LOH),Cl, |- 2THF (FIFHIM, top right) and [Pd(LOH),1,]-2DMF (JAWYOW, bottom right)
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alternate exo and endo sites (Figure 4-9). The assistance of aromatic rings is required
to facilitate the translational motion of the guests inside the lattice.

To relate the solvent release to the structural features of these systems, the
morphologic alterations associated with the initial steps of desolvation have
been analysed [17]. After having its faces indexed, a well shaped crystal of
[PA(LOH),I,]-2DMF was heated. At a temperature 120°C, a preferential alter-
ation was observed with an optical microscope on the face (001), indicating that
desolvation can proceed on preferential sliding of the guest across the layers
(Figure 4-10a), following exactly the path occupied by 1,4-dioxane molecules in
[PA(LOH),1,]-3/2(1,4-dioxane) (Figure 4-10b). A similar observation was made
for the organic waad H-2ETHYL [30] (H=9,9'-(biphenyl-4,4'-diyl)difluoren-9-
ol, ETHYL =ethylamine, CSD refcode =DEBLAY), for which desolvation occurs
along [010] channels, corresponding to the array of exo and endo sites described
in the preceding paragraph (Figure 4-10c). In this organic bis-fluorenol host, the

Figure 4-10. Experimental evidences of the solvent migration path across the layers. (a) After 15 minutes
at 100°C defects appear selectively as crackings on face (0 0 1) of [Pd(LOH),1,]-2DMF (JAWYOW).
(b) The direction of solvent escape corresponds to the channels created by structural continuity of
sites exo and endo in [Pd(LOH),I,]-3/2(1,4-dioxane) (JAWYIQ) [17]. (c) Migration along equivalent
channels has been detected for the organic analogue H-2ETHYL (DEBLAY) [30]
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covalent link between the aromatic rings facilitates communication between the
sites along the channel.

CONCLUSIONS

Waad are molecules with an elongated central spacer between large, rigid sub-
stituents at both ends, carrying also two OH groups. Numerous waad have been
characterized, spanning diverse geometries and molecular dimensions, depending
on the nature of the central spacer [23, 24]. Their propensity to include small
guest molecules (G) in the crystal lattice derives from the combination of the
hydrogen-bond donor capability of the OH groups and the steric bulkiness of the
terminal diaryl moieties [23]. Inorganic waad have been synthesized on coordi-
nating a-(4-pyridyl)benzhydrol (LOH) to various transition metals [17], [25]°7:
the final structural and clathrating properties of the inorganic diol depend on the
coordination number of the metal, its geometry and configuration, on the steric and
supramolecular characteristics of the counteranions, and on the hydrogen-bond net-
work involving the carbinol —OH groups. The possibility of a reversible dynamic
reorganization between the apohost and solvate phases requires two conditions: a
low-cost structural rearrangement between two states represented by the closed apo-
host and the final open host framework, and a readily accessible path of migration
for the outgoing and incoming guest molecules.

The conversion from non-solvated to solvated structures requires that the diol
molecules can switch from a situation in which the host molecules interact with
themselves (self-mediated network) to another in which they interact with the guests
(guest-mediated network). The design of a crystal framework capable of switching
from a self-mediated to a guest-mediated state is supported by the analysis of the
association patterns of pairs of waad, characterized by the distance between the
axles (d) and the offset of the axle midpoints (A). The analysis of known crystal
structures shows that the dimer geometry in the non-solvate structures is a conse-
quence of wheel ...wheel or wheel ... axle interactions, with a correlation between
d and A. With the inclusion of guest molecules, wheel ... G contacts induce a slight
expansion of d, whereas the offset values A are regularized and cluster between 1/3
and 2/3 the molecular length. This effect can be achieved through a modest structural
reorganization involving the rotation of both molecules about their centres of mass,
according to the ‘Venetian-blinds’ mechanism [25]°. In most structures considered
here, the waad pairs are organized in layers, and a similar concerted mechanism
might convert a non-solvate to a solvate state. Inorganic waad trans-[M(LOH), X |
(M =Pd, Pt, X =Cl, I, CH;COO, CH;) might exploit this mechanism to convert
from the anion-mediated network of the apohost, sustained by OH...X hydrogen
bonds, to the guest-mediated network based on OH...G hydrogen bonds [17].

In the inorganic waad, solvation occurs with a ratio 1:2, host to guest, by a
OH...G hydrogen bond [17]. All these solvate forms are organized in layers
with practically invariant metrics. The layers consist of parallel columns in arrays
formed from stacked M(LOH),X,-2G units, with average d = 5.9 A and A = 0.34.
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The guest molecules are included in the space between the chains within the layers.
The structures of the corresponding apohosts are based on —OH...X hydrogen
bonds that again generate columns of parallel units, arranged in layers. These struc-
tures are related to the metrics of the solvate forms by a rotation 28° of the complex
molecules within the layer plane, giving d = 4.7A and A=0.69. In all cases the
apohost is completely converted into the corresponding crystalline solvate forms on
exposure to the vapour of the guest; conversely it is quantitatively recovered from
the solvate upon removal of the guest under mild conditions, without observing any
transient amorphous phase during desolvation.

The use of the knowledge base of intermolecular interactions Isostar [28] shows
that waad present two preferential directions of coordination to G molecules, named
exo and endo. These directions are related to two possible sites for solvation within
the waad guest-mediated networks. Experiments on desolvation have shown that for
some organic [30] and inorganic [17] waad the preferential mechanism of escape of
guests from the crystal bulk corresponds to a migration of a guest along an array of
alternate exo and endo sites. An assistance of aromatic rings is required to facilitate
the translational motion of the guests inside the lattice.

REFERENCES

1. J. W. Steed and J. L. Atwood (eds), Supramolecular Chemistry, Ch.1, Wiley, Chichester, 2000.

2. (a) A. K. Cheetham, G. Férey and T. Loiseau, Angew. Chem. Int. Ed. 38 (1999) 3268-3292.
(b) Y. Aoyama, Topics in Current Chemistry, 198 (Design of Organic Solids) (1998) 131-161.

3. J. L. Atwood, J. E. Davies, D. D. MacNicol and F. Voegtle (eds), Comprehensive Supramolecular
Chemistry, Vol. 7, Pergamon, Oxford, 1997.

4. (a) S. Kitagawa, R. Kitaura and S.-I. Noro, Angew. Chem., Int. Ed., 43 (2004) 2334-2375.
(b) M. Albrecht, M. Lutz, A. L. Spek and G. van Koten, Nature, 406 (2000) 970-974.
(c) M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Watcher, M. O’Keeffe and O. M. Yaghi, Sci-
ence, 295 (2002) 469-472. (d) D. Meinhold, W. Seichter, K. Koehnke, J. Seidel and E. Weber,
Adv. Mater., 9 (1997) 958-961. (e) S.-K. Yoo, J. Y. Ryu, J. Y. Lee, C. Kim, S. J. Kim and Y. Kim,
Dalton Trans., (2003) 1454-1456. (f) G. Kaupp, CrystEngComm, 5 (2003) 117-133.

5. L. R. Nassimbeni, CrystEngComm, 5 (2003) 200-203.

. E. Weber and H.-P. Josel, J. Inclusion Phenom., 1 (1983) 79-85.

7. (a) B. T. A. Ibragimov, J. Inclusion Phenom. Macrocyclic Chem., 34 (1999) 345-353.
(b) L. R. Nassimbeni and H. Su, Acta Crystallogr., Sect. B., B58 (2002) 251-259.

8. M. R. Caira and L. R. Nassimbeni, Comprehensive Supramolecular Chemistry, D. D. MacNicol,
F. Toda, R. Bishop (eds), Vol. 6, Ch. 25, Pergamon, Oxford, 1996.

9. S. Kitagawa and K. Uemura, Chem. Soc. Rev., 34 (2005) 109-119.

10. (a) L. J. Barbour, Chem. Commun., (11) (2006) 1163-1168. (b) O. M. Yaghi, M. O’Keeffe,
N. W. Ockwig, H. K. Chae, M. Eddaoudi and J. Kim, Nature, 423 (2003) 705-714.

11. (a) B. F. Hoskins and R. Robson, J. Am. Chem. Soc., 112 (1990) 1546-1554. (b) R. Kitaura
S. Kitagawa, Y. Kubota, T. C. Kobayashi, K. Kindo, Y. Mita, A. Matsuo, M. Kobayashi,
H.-C. Chang, T. C. Ozawa, M. Suzuki, M. Sakata and M. Takata, Science, 298 (2002) 2358-2361.
(c) N. L. Rosi, J. Eckert, M. Eddaoudi, D. T. Vodak, J. Kim, M. O’Keeffe, O. M. Yaghi, Science,
300 (2003) 1127-1130. (d) S.-I. Noro, S. Kitagawa, M. Kondo and K. Seki, Angew. Chem. Int.
Ed., 39 (2000) 2082-2084.

12. (a) D. Braga, F. Grepioni and A. G. Orpen (eds), Crystal Engineering: From Molecules and Crystals
to Materials, Kluwer, Dordecht, Netherlands, 1999. (b) M. Simard, D. Su and J. D. Wuest, J. Am.
Chem. Soc., 113 (1991) 4696-4698. (c) M. W. Hosseini, Acc. Chem. Res., 38 (2005) 313-323.

=)



108 CHAPTER 4

13

14.
15.
16.
17.
18.

19.
20.
21.
22.

23.

24.

25.

26.

27.

28

29

. P. Brunet, M. Simard and J. D. Wuest, J. Am. Chem. Soc., 119 (1997) 2737-2738.

K. T. Holman, A. M. Pivovar, J. A. Swift and M. D. Ward, Acc. Chem. Res., 34 (2001) 107-118.

M. Miyata and K. Miki, React. Mol. Cryst. 173-5 (1993) 153-164.

J. L. Atwood, L. J. Barbour, A. Jerga and B. L. Schottel, Science, 298 (2002) 1000-1002.

A. Bacchi, E. Bosetti and M. Carcelli, CrystEngComm, 7 (2005) 527-537.

(a) F. H. Allen, Acta Crystallogr., B58 (2002) 380-388. (b) F. H. Allen, O. Kennard and R. Taylor,

Acc. Chem. Res., 16 (1983) 146-153. (c) L. J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler,

C. F. Macrae, P. McCabe, J. Pearson and R. Taylor, Acta Cryst. B58 (2002) 389-397.

H. Gorbitz and P. Hersleth, Acta Crystallogr., B56 (2000) 526-534.

L. R. Nassimbeni, Acc. Chem. Res., 36 (2003) 631-637.

E. Weber, Inclusion Compounds, J. L. Atwood, J. E. D. Davies and D. D. MacNicol (eds), Vol. 4,

Ch.5, Oxford University Press, Oxford, 1991.

(a) E. Weber and M. Czugler, Topics in Current Chemistry, 149 (Mol. Inclusion Mol. Recognit. —

Clathrates 2) (1988) 45-135. (b) E. Weber, M. Heckerl, I. Csoregh and M. Czugler, J. Am. Chem.

Soc., 111 (1989) 7866-7872.

F. Toda, Comprehensive Supramolecular Chemistry, D. D. MacNicol, F. Toda, R. Bishop (eds).

Vol. 6, Ch. 15, Pergamon, Oxford, 1996, 465-516.

For recent examples see: (a) M. R. Caira, A. Jacobs, L. R. Nassimbeni and F. Toda, Cryst. Eng.

Comm., 5 (2003) 150-153. (b) I. Csoregh, T. Brehmer, S. I. Nitsche, W. Seichter and E. Weber,

J. Inclus. Phen. Macr. Chem., 47 (2003) 113-121.

(a) E. Weber, K. Skobridis, A. Wierig, L. R. Nassimbeni and L. Johnson, J. Chem. Soc., Perkin

Trans. 2, (12) (1992) 2123-2130. (b) D. R. Bond, L. Johnson, L. R. Nassimbeni and F. Toda,

J.Solid State Chem., 92 (1991) 68-79. (c) A. Bacchi, E. Bosetti, M. Carcelli, P. Pelagatti and D.

Rogolino, CrystEngComm, 6 (2004) 177-183. (d) A. Bacchi, E. Bosetti, M. Carcelli, P. Pelagatti and

D. Rogolino, Eur. J. Inorg. Chem., (10) (2004) 1985-1991. (e) A. Bacchi, E. Bosetti, M. Carcelli,

P. Pelagatti, D. Rogolino, G. Pelizzi, Inorg. Chem. 44 (2005) 431-442.

(a) F. H. Herbstein, Acta Cryst., B62 (2006) 341-383. (b) F. Mallet, S. Petit, S. Lafont,

P. Billot, D. Lemarchand and G. Coquerel, J. Thermal Anal. Cal., 73 (2003) 459-471. (c) Gal-

wey, A. K. Thermochim. Acta, 355 (2000) 181-238. (d) S. Petit and G. Coquerel, Chem. Mater., 8

(1996) 2247-2258. (e) S. K. Makinen, N. J. Melcer, M. Parvez and G. H. K. Shimizu, Chem. Eur.

J., 7 (2001) 5176-5182.

H.-B. Buergi, J. D. Dunitz (eds), Structure Correlation, VCH, Weinheim, 1994.

. L. J. Bruno, J. C. Cole, J. P. M. Lommerse, R. S. Rowland, R. Taylor and M. L. Verdonk,
J. Comput.-Aided Mol. Des., 11 (1997) 525-537.

. J. J. McKinnon, A. S. Mitchell and M. A. Spackman, Chem. Eur. J., 4 (1998) 2136-2141.

. M. R. Caira, T. le Roex, L. R. Nassimbeni and E. Weber, Cryst. Growth. Des., 6 (2006) 127-131.



CHAPTER 5
STRUCTURAL DETERMINATION OF UNSTABLE SPECIES

YUJI OHASHI

INTRODUCTION

According to an enduring belief, an analysis of crystal structure with X-rays can
show only the static structure of a molecule and the dynamic nature of the molecule
should be obtained with spectral methods. The reasons are that application of a
diffraction method depends on a periodic structure of molecules and that collect-
ing diffraction data requires an extensive duration. It was therefore thought that a
molecule can not alter its structure without destroying the periodic structure, that is,
the single-crystalline form. We found, however, that, when a crystal was exposed
to X-ray or visible light, chiral molecules of a cobaloxime complex gradually
altered to racemic ones in a crystal whilst it retained a single-crystalline form [1].
Several related cobaloxime complex crystals showed a transformation from chiral to
racemic without decomposition of the single-crystalline form [2]. Moreover, the chi-
ral enrichment of a crystal was observed only with irradiation from a xenon lamp [3].
The chirality of a cobaloxime molecule was inverted in a crystal only on photoirradi-
ation [4]. Such reactions were observed with not only X-ray but also neutron diffrac-
tion [5]. As the reactions that maintain the single-crystalline form are important
for analysis of reaction mechanisms, we defined such a reaction as a ‘crystalline-
state reaction’ to distinguish it from conventional solid-state reactions [6]. The
crystalline-state reaction differs from a reaction from single crystal to single crystal
as the latter includes the reactions in which vapour or solution state or dislocation
appears in the transformation from a single crystal to a single crystal. The mecha-
nisms of such reactions are difficult to deduce from the initial and final structures,
as the molecular structure might alter much in the intermediate or solution state.
Among crystalline-state reactions, some have multiple steps. On photoirradiation
or heating, a reactant molecule becomes excited to a transition structure and then
converts to product. Analysis of the crystal structure during the crystalline-state
reaction reveals the disordered structure of the reactant and product molecules. The
concentration of the product increases gradually from O to 100% in the disordered
structure when the crystal structures are analyzed at constant intervals during the
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Figure 5-1. Reaction coordinate including the intermediate stage

reaction. If the metastable intermediate exists as shown in Figure 5-1, the disor-
dered structure including three molecules — reactant, intermediate and product —
would be observed during the reaction. The concentration of the intermediate
molecule increases gradually during the initial stage but gradually decreases during
the final stage. In contrast, the concentrations of reactant and product molecules
monotonically decrease and increase, respectively, during the reaction.

To observe the intermediate structures one must collect the intensity data rapidly.
We designed and made a diffractometer, R-AXIS Ilcs, for rapid collection [7] of
data, which has been marketed in a revised form by Rigaku Company as R-AXIS
RAPID since 1998. The two-step crystalline-state reaction was first found in the
inversion of a chiral alkyl group bonded to the cobalt atom in a cobaloxime
complex when the crystal on the diffractometer was irradiated with a xenon
lamp [8]. Figure 5-2 shows the two-step structural change of the complex, ((R)-1-
methoxy-carbonylethyl) [(S)-1-phenylethylamine] cobaloxime. After exposure for
2h, the structure (Figure 5-2b) showed the disordered structure of the chiral (R)-
1-methoxycarbonylethyl group; this disorder was caused by rotation of the chiral
group about the C—C bond, not by inversion of the chiral group. After exposure for
5 h (Figure 5-2¢), most of the chiral group rotated about 100° about the C—C bond
and a small portion of the groups was inverted to the opposite configuration. After
exposure for 10h (Figure 5-2d), most groups were inverted to the S configuration.
This result clearly indicates that the inversion proceeded in two steps, that is, first
rotation about the C—C bond and then inversion of the entire group. In the inter-
mediate stage the chiral group is expected to have a structure shown in Figure 5-1e.
The rotation about the C—C bond might make a void space between neighbouring
molecules; such a void space might cause inversion of the chiral group of the
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Figure 5-2. Two-step inversion of (R)-1-methoxycarbonylethyl group bonded to the cobalt atom in a
cobaloxime complex. The upper figure shows the change of the chiral group in the four stages, (I) initial,
(IT) after 2 h, (IIT) after 5h, (IV) after 10 h and (V) after 24 h. The lower figure indicates the intermediate
structure between (I) and (V) stages

neighbouring molecule. By this mechanism such a bulky group can be inverted to
the opposite configuration whilst maintaining the single-crystalline form.

The two-step inversion prompted an idea that various metastable intermediate
structures might be observed if the disordered structures at the intermediate stages
were analyzed carefully. We review here several examples of metastable reaction
intermediates and unstable excited-state molecules.

PHOTOCHROMISM OF SALICYLIDENEANILINE DERIVATIVE

The first example is the structure of the metastable red species of a
salicylideneaniline derivative, N-3,5-di-fert-butylsalicylidene-3-nitroaniline, which,
when the pale yellow crystal is irradiated with a mercury lamp, shows
photochromism with the largest lifetime among various salicylideneaniline
derivatives [9]. Much research on this subject has been undertaken but the structure
of the photo-coloured red species remains controversial [10].

The most important point for crystalline-state photoreactions is the selection of
the wavelength of the light. If light with a wavelength at the absorption maximum
were irradiated, only surface molecules of the crystal might react and the crys-
tallinity of the surface might be broken, because the light cannot penetrate into the
crystal. The inner part of the crystal remains unreacted. Light with much larger
wavelength than that of the absorption maximum was proposed to penetrate read-
ily into the crystals [11]. Absorption spectra of this crystal appear in Figure 5-3;
the solid and dashed curves are absorption spectra of the stable pale yellow and
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Figure 5-3. Absorption spectra of initial pale yellow crystal (1, solid curve) and red-colored crystal
(2, dotted curve)

metastable red species, respectively. Although wavelengths at the absorption edge
of the pale yellow species, 450-500 nm, are effective to form the red species within
the crystal, these wavelengths would be absorbed effectively by the metastable red
species so that it can revert to the pale yellow species. For this reason the structure
of the red species has not been analyzed. We used light from a laser with wave-
length 730 nm; this light has half the energy of that at the absorption maximum of
the pale yellow species, 365 nm. This laser light is not effectively absorbed by the
red species but is effectively absorbed by the pale yellow species in a two-photon
excitation [12]. Trradiated with laser light at 730 nm for 4h at room temperature,
the crystal turned dark red.

The crystal structures before and after laser irradiation at 90K are shown in
Figures. 5-4a and 5-4b. The disordered structure was observed after irradiation. The
minor part of the disordered structure, of which the occupancy factor is 0.104(2), is
significantly different from the major part, which is the same as the original pale yel-
low species. The minor part should reflect the structure of the metastable red species.
When the crystal was irradiated with light at 530 nm, the red colour of the crystal dis-
appeared, and the structure analyzed was the same as that of the pale yellow crystal.

The structure before irradiation indicated that the pale yellow species exists in the
enol form, that is, the proton is attached to the O1 atom as shown in Figure 5-4c. In
the red species, the proton is translocated to the imine nitrogen atom and the cis-keto
form produced is transformed to the trans-keto form as shown in Figure 5-4d. An
interconversion between the enol and trans-keto forms is clearly responsible for the
colour changes.

Although the structural alteration between the enol and trans-keto forms is large,
the peripheral parts of both forms are similar, as shown in Figure 5-4b. For this
reason such a large motion might occur reversibly without degradation of the
crystallinity.
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Figure 5-4. Photochromism of N-3,5-di-tert-Butylsalicylidene-3-nitoroaniline. (a) molecular structure
before irradiation, (b) molecular structure after irradiation, (c) structural change between the enol form
to the trans-keto form in the photochromism

The reason that the coloured species of this crystal has the largest lifetime was
explained on comparing the photochromism of the polymorphic crystal. When the
molecule adopts a trans-keto form, the N1-H group forms a hydrogen bond with
the neighbouring molecule in the crystal; the trans-keto form becomes stabilized by
the hydrogen bond.

RADICAL-PAIR FORMATION FROM HEXAARYLBIIMIDAZOLYL
DERIVATIVES

The second example involves the formation of a radical pair of hexaarylbiimidazolyl
derivatives. A crystallographic investigation of an energetically unstable reactive
radical pair seems never to have been reported, although stable radicals such as
radical ion pairs have been analyzed with X-rays. When the crystal of 2,2’-di(o-
chlorophenyl) 4,4'5,5'-tetraphenyl-biimidazole (0-ClI-HABI) is irradiated with UV
light, the central N—C bond is cleaved and the radical pair is produced as shown
in Figure 5-5. The radical pair returns readily to the original dimer molecule when
kept at room temperature. The HABI derivatives have been used as polymerization
photo-initiators in imaging materials and holographic photopolymers [13].

The molecular structure before irradiation is shown in Figure 5-6 [14]. A crystal
in the diffractometer was cooled below 103 K and irradiated with a high-pressure
mercury lamp for 20 min. The intensity data were collected at 103 K. The analyzed
structure is disordered as shown in Figure 5-7.
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Figure 5-6. Molecular structure before irradiation. Two five-membered rings are connected by an N—C
bond

Figure 5-7. Molecular structure after irradiation. The molecule with white bonds is the original dimer
molecule and the two molecules with black bonds are produced radical pair. The ellipsoids are drawn
at 30% probability level
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The minor part is the planar radical pair that has an occupancy factor about
0.10. The small intermolecular distances within the radical pair are in a range
between 3.1 A and 3.5 A; such short contacts should enable the coupling of the
radical pair to resume the original dimer molecule upon heating. The CW-ESR
measurements revealed that, after irradiation at 77 K, the triplet signal appeared in
a single-crystalline sample but disappeared when the crystal was warmed to 183 K.

The ESR experiments revealed that a triplet-state radical pair, RP II, was pro-
duced at 2K on exposure to UV light but the signal disappeared at 30-40K,
although another triplet-state radical pair, RP I, with another D value appeared
above 40K [15]. To examine the structural change between species RP T and I,
using a X-ray vacuum camera we collected intensity data before and after irradi-
ation at 24K and 30K at beamline BLO2B1 of SPring-8 [16]. The crystal after
irradiation at 30 K was warmed to 40K and 70 K, and intensity data were collected
at both temperatures. Although the structural differences between the radical pairs
RP II and RP I are small, as shown in Figure 5-8, the distance between atoms
C2R and C5R, 0.05A, for which spin densities are estimated to be the greatest
with density-functional calculation, agrees satisfactorily with an estimated change
of distance, 0.061&, according to ESR measurements.

When the mother compound, HABI, was used, unexpected intermediates were
observed [17]. The crystal structure of HABI at 108 K was analyzed with X-
rays. The bond distances and angles are identical to the corresponding ones of
0-CI-HABI. A pale yellow crystal of HABI at temperatures under 108 K was
irradiated with a high-pressure mercury lamp for 30 min. The crystal turned
black; the crystal structure was revealed to be disordered structure as shown in
Figure 5-9.

Although the space group P-1 was retained after irradiation, the two molecules
across an inversion centre were much altered. The C—N bonds connecting the two

Figure 5-8. Superimposed view of the structures of RPI (broken lines) and RPII (solid lines)
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Figure 5-9. Disordered structure after photoirradiation. The two molecules with white bonds are initial
1,2’-dimer molecules whereas the molecules with black bonds are one 2,2’-dimer and two lophyl radicals

Figure 5-10. Reaction scheme with molecular swapping for HABI

imidazolyl groups were cleaved in both molecules across the inversion centre to
produce a 2,2’-dimer and two lophyl radicals in yields 13.9%. The reaction scheme
is shown in Figure 5-10.

The 2,2'-dimer, which is known as a piezodimer, has a C2—C2’ bond instead of
the N1—C2’ bond of the original 1,2’-dimer. The structure of the 2,2’-dimer was
determined for the first time, although the existence of the 2,2'-dimer was deduced
spectroscopically. On warming to 25°C, the black crystal returned to the original
pale yellow crystal. The ESR spectra of a single crystal of HABI after irradia-
tion showed a broad doublet signal corresponding to free lophyl radicals. Infrared
spectra before and after irradiation indicate the decrease and increase of 1,2’- and
2,2'-dimers, respectively.
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The structure after irradiation at 50K was analyzed at beamline BLO2B1 of
SPring-8. The 2,2'-dimer was not observed but four lophyl radicals appeared in
the disordered structure. On warming to 100K, the 2,2’-dimer was observed with
X-rays. Thermal motion of the lophyl radicals and a void space around the radicals
might be important to produce the 2,2'-dimer [18].

FORMATION OF AN UNSTABLE CARBENE

Our third example is the unstable structure of a carbene. The work of Staudinger
about 1913 on the decomposition of diazo compounds contributed much to the
recognition of carbenes as reaction intermediates [19]. Since then, triplet carbenes
stable enough for X-ray analysis have not yet been realized, although singlet car-
benes were isolated by Arduengo in 1991 [20]. The reason is partly that a triplet
carbene is less readily stabilized thermodynamically than its singlet counterpart.
Tomioka et al. reported the formation of a carbene as an intermediate upon photol-
ysis of bis(triaryl)diazomethane but isolation of the carbene was impracticable [21].
We tried to analyze the carbene structure using the 2,4,6-trichlorophenyl derivative
as shown in Figure 5-11 [22].

As the produced carbene dimerizes readily, the photolysis and collection of X-ray
data were performed for a sample at 80 K. The crystal was irradiated at 365 nm
for 2h using a high-pressure mercury lamp and a band-pass filter in combination.
Although the crystal turned from yellow to red, there was no evidence for deterio-
ration of the crystal quality. Figure 5-12 shows the molecular structures before and
after irradiation. The dihedral angle between the two phenyl rings before irradiation
is 70.2(1)°.

After irradiation new features appeared in the difference electron-density map;
these features were assigned to the photoinduced carbene and a nitrogen molecule,
which is shown with black bonds. The occupancy factor became 0.197(5). The
produced molecule is shown in Figure 5-13. The carbene bonds, CIA—CI11A
and CIA—C21A are 1.437(15) and 1.423(16) A, respectively. The carbene angle
of C11A—C1A—C21A is 142(2)°. The nitrogen molecule takes an ordered
structure; the bond distance is 1.05(3). The dihedral angle between the two
phenyl rings, 76(2)°, differs insignificantly from that of the original molecule,
70.2(1)°. Further photoirradiation or warming the crystal resulted in a loss of
crystallinity.

Ct N, Ci

o CIJ%:CI /‘:j(;@cx—’

Figure 5-11. Photolysis of bis(2,4,6-trichlorophenyl)diazomethane
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Figure 5-12. Molecular structure of di(2,4,6-trichlorophenyl)diazomethane before (a), after (b) the pho-
toirradiation. The molecules with black bonds after irradiation are the produced carbene and dinitrogen
molecule

Figure 5-13. Molecular structures of the photo produced ones, dinitrogen molecule and the carbene.
The thermal ellipsoids are drawn at 50% probability level

ESR spectra of a single crystal after irradiation at 77 K showed no clear signal
ascribed to the triplet carbene but a weak doublet signal. The latter might be caused
by a strong exchange coupling of the triplet states and an antiferromagnetic inter-
action. We therefore performed calculations on the triplet and singlet carbenes. The
energy of the triplet carbene is less than that of the singlet carbene if the carbene
angle is 142°, and the infrared spectra are consistent with those calculated for the
triplet carbene.

Crystals of the related bis(triaryl)diazomethane were examined in the same way,
replacing chlorine with bromine or a methyl group, with analogous results [23].

Nitrene Formation

Photochemical reactions of derivatives of phenyl azide have been intensively inves-
tigated in diverse fields such as synthetic chemistry, material science and industrial
applications, [24] since Bertho proposed the reaction intermediate, nitrene, as shown
in Figure 5-14, [25] but the structure of the nitrene has never been analyzed. More
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Na *Ne
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Figure 5-14. A mechanism proposed by Bertho (1924)

than 15 phenyl azides were prepared, and the crystals were exposed to the high-
pressure mercury lamp with filters. The crystals decomposed upon irradiation except
those of 2-azidebiphenyl and 1-azido-2-nitrobenzene, which showed gradual varia-
tions of cell dimensions [26]. For those two crystals, the structures before and after
irradiation were analyzed with X-rays, and the reactions were analyzed.

The first example is of the nitrene produced from 2-azidobiphenyl. Figures 5-15a
and 5-15b show the structures before and after irradiation, respectively, at 80 K [26].
Before irradiation the short contact of the N1 atom within the molecule is 3.091(1)A,
which is nearly the same as the sum of van der Waals radii (3.07A). After exposure
for 2 h, the features appearing in the difference electron-density map showed the
nitrene and dinitrogen, which are shown with black bonds in Figure 5-15b. The
structure of dinitrogen is clear and the occupancy is about 0.20. In contrast, the
structure of the photo-induced nitrene is unclear because the nitrene is approxi-
mately superimposed upon the original 2-azidobiphenyl molecule; it is impossible
to estimate the nitrene bond distance, C1—N1.

Figure 5-15. Molecular structures of 2-azidobiphenyl before and after the irradiation
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(b)

Figure 5-15. (Continued)

The second example is a photoproduct through a nitrene from 1-azido-2-
nitrobenzene, which is a well studied precursor for syntheses of heterocyclic rings
via photolysis and pyrolysis in both liquid and gaseous phases [27]. The molecular
structure before irradiation at 80 K is shown in Figure 5-16 [28]. The intramolecular

Figure 5-16. Molecular structure of 1-azido-2-nitrobenzene before irradiation. The thermal ellipsoids
are drawn at 505 probability level
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Figure 5-17. Molecular structure after irradiation. (a) disordered structure with the original and produced
molecules, (b) the photo produced benzofuroxan molecule

distance between N1 and O,, 2.710(1)A, is significantly smaller than the sum of
van der Waals radii (3.07A). The dihedral angle between the nitro group and the
phenyl ring is 37.6(1)° to avoid steric repulsion.

The crystal at 80 K was irradiated with light at wavelength 436 nm using a high-
pressure mercury lamp and filters in combination for 30 min. The analyzed structure
showed disorder as presented in Figure 5-17a. The structures of the photoproduced
benzofuroxan (2,1,3-benzoxa-diazole 1-oxide) and dinitrogen shown in Figure 5-
17b are clear; the occupancy factor is about 0.10. This structure indicates that the
produced nitrene makes a bond with the neighbouring oxygen atom of the nitro
group, O,, to become a five-membered group.

The ESR work indicated that the signal due to the triplet nitrene was observed
at 5.4 K but that the signal disappeared at 80 K, consistent with the X-ray result.
Infrared spectra indicated that photolysis of this compound at 7 K yielded benzo-
furoxan as a major product and 1,2-dinitrosobenzene as a minor one in agreement
with the report for a Xe matrix [29]. The latter 1,2-dinitrosobenzene disappeared
at 80K.

The third example is the nitrene produced from an acid-base complex. Although
the production of a nitrene was clearly confirmed in the above examples, the
nitrene structure remained uncertain because the nitrene is almost overlapped upon
the original azide molecule or exists only at a low temperature. To obtain a precise
structure of nitrene, we formed the acid-base complex on introducing a carboxyl
group onto the phenyl ring as shown in Figure 5-18, in which 3-azidobenzoic acid

N3

IZ
»

COOe

Figure 5-18. Acid-base complex formation between 3-azidobenzoic acid and dibenzylamine
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Figure 5-19. Molecular structure before irradiation. The hydrogen atom of the carboxyl group of
3-azidobenzoic acid is transferred to the nitrogen atom of the bibenzylamine and makes a strong
hydrogen bond

is hydrogen-bonded with dibenzylamine. To observe unstable intermediates in the
crystalline-state reactions, the formation of this acid-base complex, introduced in
the photoisomerization of a cobaloxime complex, [30, 31] has the following three
merits: the void space around the azide group might be expanded so that the crystal
is not decomposed; the reactive molecules are diluted in the complex crystal so that
the light can penetrate readily into the crystal, and the crystal is readily formed.
Figure 5-19 shows the molecular structure of the complex before irradiation at 25 K
at beamline BLO2B1 of SPring-8 [32].

The carboxyl group of the azide makes a hydrogen bond with the imino group of
the amine, and the proton of the carboxyl group is transferred to the imino group.
The crystal at 25K was irradiated with a high-pressure mercury lamp through a
band-pass filter for 2h. The analyzed structure clearly indicates that a nitrene and
a dinitrogen were produced in the crystal although the occupancy factor was only
0.075 as shown in Figure 5-20. The amine molecule occupies almost the same
position, and a hydrogen bond connects the two molecules. Because the hydro-
gen bond fixes the two molecules, the produced nitrene slides significantly to
avoid a short contact with the produced dinitrogen. The length of the nitrene bond,
CIR-NIR, is 1.34(4)A, in satisfactory agreement with a calculation, 1.343, at the
CASSCEF(6,6)/6-31G* level. The other bond distances between the structures of the
azide and nitrene are the same within experimental error.

The same combination between 3-azidobenzoic acid and dibenzylamine of the
crystal was produced in another form, II [33]. In that crystal, the two azide groups
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Figure 5-20. Molecular structure after the irradiation. The hydrogen bond is conserved and the structure
is not changed. The nitrene bond moved from the original position to a considerable extent, since the
carboxyl group is fixed by the hydrogen bond

of neighbouring molecules across an inversion centre closely contact each other, as
shown in Figure 5-21. When the crystal was irradiated with the Hg lamp, the two
nitrenes might be produced across the inversion centre. Two dinitrogen molecules
are confirmed to be produced about the original azide molecule, as shown in
Figure 5-21. Across the inversion centre, 3,3-carboxyazobenzene was clearly pro-
duced, although the occupancy factor is only 0.078(4). As the occupancy factor of
the dinitrogen molecules is 0.189(4), the nitrene should exist about 11%, but the
orientation is not fixed; the structure might not appear in the difference electron-
density map. Figure 5-21 shows the produced structure. Such a dimer formation is
the same as that proposed by Bertho about 80 years ago [25].

When the dibenzylamine was replaced with other amines, several novel reaction
intermediates such as a seven-membered ring from a benzene ring or a reaction
product with a five-membered ring were observed. These results indicate clearly that
the produced nitrene proceeds to the next reaction depending on the environment
in the crystalline lattice [33].

Excited Molecules

Several excited-state structures have been analyzed with synchrotron radiation.
A combination of excitation by laser light and Laue diffraction using polychromatic
synchrotron radiation made it possible to obtain the excited-state structure [34, 35].
Another method proposed is stroboscopic, in which molecules in a crystal were
repeatedly excited with a pulsed laser and the structural change was probed in
microseconds immediately after the excitation with pulsed monochromatic X-rays
from the synchrotron [36]. Although such temporally resolved diffraction is attrac-
tive to analyze transient irreversible structural changes, such techniques are unnec-
essary for the observation of reversible structural changes between the two states,
ground and excited, even if the change occurs within a picosecond. The diffraction
should be caused by the periodic structure composed of the equilibrium between the
ground- and excited-state molecules. If the concentration of the excited molecules
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Figure 5-21. (a) Crystal structure of form II. The two azido groups are faced at the inversion center
(see color plate section)

Figure 5-21. (b) molecular structure after the irradiation (see color plate section)

exceeds the threshold value in the equilibrium structure, the structure of the excited
molecule can be analyzed with the diffraction data during irradiation. To obtain the
structure of the excited molecule, the concentration or occupancy factor of excited
molecules is of the utmost importance. The light of wavelength at the absorption
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Figure 5-22. Excited molecules produced in the crystalline lattice. (a) at the early stage, (b) at the
equilibrium state (see color plate section)

maximum might excite only surface molecules, and be unable to excite molecules
within the crystal, as mentioned above. Although light of greater wavelength can
penetrate into the crystal more effectively, the number of photons absorbed would
be small and an extensive duration would be required for data collection.

The second important point is that the excited molecules are produced in a crystal
at random during photoirradiation in early stages as shown in Fig. 5-22a. The excited
molecules produced then gradually alter the original lattice to become the equilib-
rium lattice as shown in Figure 5-22b. With the diffraction method the structure
of excited molecules with scattered orientations can not be analyzed, but can be
analyzed only if the excited molecules have approximately the same orientation in
the crystalline lattice of the equilibrium state.

To observe the excited-state molecules, we sought to develop a conventional
photo-crystallographic method utilizing irradiation with continuous wavelengths
and continuous X-rays with monochromatic wavelength. The crystal would be in
an equilibrium state between the ground and excited states when it was photoir-
radiated and kept at low temperatures. The light of wavelength greater than that
of the absorption maximum was selected to allow the light to penetrate effectively
into the crystal. If the proportion of excited molecules exceeds the threshold value
(ca. 5%) at the equilibrium state, the reversible structural change, no matter how
quickly it occurs, should be observed with this method.

As a diplatinum complex [Pt,(pop),]*~ (pop = diphosphite) has an excited state
with a long lifetime, ca. 7 ws, we selected it as the first sample [37]. For the
cations, five alkylammonium cations were selected, as shown in Figure 5-23. For
the tetrabutylammonium (Bu), tetrapentylammonium (Pn) and benzyltriethylammo-
nium (Bzte) cations, there are two crystal forms, named Bul and Bu2, Pnl and Pn2,
and Bztel and Bzte2, respectively. On analysis of these eight crystal structures, the
Pt anions in all crystals except Bzdmp were found to have two extra protons: the
Pt anions should be represented as [Pt,(pop),(popH),]>~; hence only two cations
are included for a Pt anion in those crystals. The Bu2 and Bzte2 crystals have a
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Figure 5-23. Structure of the Pt complex anion and five alkylammonium cations

methanol molecule in the asymmetric unit. The Pn2 crystal has a disordered part in
the alkyl groups. The remaining four crystals — Bul, Pnl, Bztel and Bztbu — were
compared for their photochemical changes as they have similar conditions.

A crystal was mounted on the diffractometer and irradiated with a xenon lamp
and a combination of filters to selected wavelengths between 400 and 550 nm. The
temperature was 173 K for Bul and Pnl and 103K for Bztel and Bztbu. Such
temperatures were selected for which the largest volume change of the unit cell was
obtained before and during irradiation. The unit-cell dimensions were significantly
altered during photoirradiation. The changes of the unit-cell volumes for the four
crystals with dark and light conditions are summarized in Table 5-1. All crystals
significantly shrank in light. For Bul, Pnl and Bztel the ratio of A|V ,—V ¢ |/Vos
became 0.6-0.7%.

To examine whether the unit-cell change is affected by the crystal size, the pow-
der diffraction patterns of Pnl with light off and on were measured at SPring-8,
as shown in Figure 5-24a. The diffraction features shift to angles greater than
those with darkness. The shifted pattern returned to the original one with dark-
ness. The sharp diffraction features with light indicate no mixing of the original

Table 5-1. Change of the unit-cell volume (A) at light-off (V) and light-on (V,,) stages for Bul, Pnl,
Bztel and Bztbu crystals

Voff/‘&‘3 Vun/‘&3 A(Von - Voff) AIvou - Voffl/Voff (%)
Bul 1320.18(3) 1312.16(5) —8.02(4) 0.61
Pnl 3046.45(7) 3026.12(17) —20.33(12) 0.67
Buztel 2108.78(12) 2094.92(11) —13.86(11) 0.66

Bztbu 2696.42(16) 2691.27(12) —5.15(14) 0.19
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Figure 5-24. (a) The powder diffraction patterns of the Pnl complex at the light-off and light-on stages
at the BLO2B2 beamline of SPring-8. (b) The plots of the calculated diffraction angles based on the
unit-cell dimensions of the single crystals at the light-off and light-on stages

diffraction features. This condition indicates that photo-excited and ground-state
molecules reach an equilibrium state and that a crystalline lattice corresponding to
the equilibrium state was produced. The diffraction pattern in Figure 5-24b shows
the calculated diffraction pattern based on the single crystal change. Both photo-
produced structures at the equilibrium state for the powdered crystals and the single
crystal are clearly equivalent, as the two diffraction patterns are essentially the
same. The equilibrium structure is independent of the number of incident photons,
and the number of excited molecules reaches a maximum at the equilibrium state.

There are no significant structural differences in the cation molecules between
dark and light, but the bond distances in the Pt complex anions are significantly
altered from the corresponding ones with darkness. We claim safely that the Pt
complex has Dy, (4/m) symmetry except for the exocyclic P=O or P—OH groups.
Table 5-2 shows the averaged Pt—Pt, Pt—P and P—O(—P) bond distances in the Pt
anions of the four crystals, assuming D, symmetry. The Pt—Pt and Pt—P distances
become significantly smaller with light relative to darkness. The changes of the
other bond distances are within the experimental error. The contractions of the Pt—Pt
and Pt—P bonds have ranges 0.0031(3)-0.0127(5)A and 0.0019(12)-0.0085(14)A,
respectively. Such differences are probably caused by the varied concentrations of
excited molecules in each crystal. The difference in transmittance of the incident
light and in the packing around the Pt complex might be responsible for the varied
concentrations of the excited molecules. The ratios |A(Pt—Pt)| / |A(Pt—P)]| in the
two crystals of Pnl and Bztel are 1.53 and 1.49, respectively, thus being similar.
Hence the excited Pt complex anion has the same structure in each crystal, although
the concentrations of the excited molecules might differ among the four crystals.
The change at the equilibrium stage is schematically drawn in Figure 5-25.
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Table 5-2. Averaged bond distances (A) of Pt—Pt, Pt—P, P—O(—P), P=0 and P—O(—H) at light-off
(Dyfp) and light-on (D) stages and their differences (AD)

Doﬂ' Don AD Doff Don AD
Bul Bztbu
Pt—Pt 2.9419(3) 2.9381(3) —0.0038(3) Pt—Pt 2.9394(3)  2.9363(4) —0.0031(3)
P—P 2.3338(10) 2.3269(10) —0.0069(10) Pt—P 2.3254(12) 2.3235(12) —0.0019(12)
P—O(—P) 1.632(3) 1.6293)  —0.003(3) P—O(—P) 1.630(4)  1.628(4)  —0.002(4)
P—O 1.53533)  1.5303)  —0.005(3) P=0 1.527(4)  1.521(4)  —0.006(4)
P—O(—H) 1563(3) 1561(3)  —0.002(3) P—O(—H) 1.562(3) 1.563(4)  0.001(4)
Pnl
Pt—Pt 2.9546(3) 2.9465(3)  —0.0081(3)
Pt—P 2.3318(11) 2.3265(11) —0.0053(11)
P—O(—P) 1.630(3) 1.627(4)  —0.003(3)
P=0 1522(3)  1.518(3)  —0.004(3)
P—O(—H) 1.565(3)  1.561(4)  —0.004(4)
Bztel
P—Pt 29726(4) 2.9599(6)  —0.0127(5)
Pt—P 2.3374(13) 2.3289(14) —0.0085(14)
P—O(—P) 1.639(4)  1.628(6)  —0.011(5)
P=0 1.538(4)  1.532(6)  —0.006(5)
P—O(—H) 1.558(4)  1.553(5)  —0.005(5)

A(PL-PY)
o) Pnl -00081(3)O
Bztel -0.0127(5) X\

\/
"\

P

A(Pt-P) \
Pnl  -0.0053(11)
Bztel -0.0085(14)

Figure 5-25. A schematic drawing of the structural change of the Pt complex anion at the excited state

The complex anion of [Pty(pop),]*~ has a strong singlet absorption band asso-
ciated with a weakly luminescent state, 'A,, <'A;, (do* — p8), which can
populate a strongly emissive long-lived triplet state, 3A,, (do* — p&), that can
undergo many chemical reactions. Much work has been performed to elucidate
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the spectra, photophysics and photochemistry associated with excited electronic
states of [Pt,(pop),]*~ in the region 300-450nm. According to vibronically
resolved absorption and emission spectra of low-temperature crystalline samples
of [N(C4Hyg)4]4[Pty(pop)4], the Pt—Pt bond for the *A,, state becomes shorter by
about 0.21A than in the 'Alg ground state [38, 39]. From the combination of the
EXAFS method with rapid-flow laser spectra in an aqueous solution with glycerol,
the 3A,, state with a lifetime about 4 us is estimated to undergo a contraction
of the Pt—Pt distance 0.52 4 0.13A and of the Pt—P distance 0.047 £0.011A
relative to the 1Alg ground state [40]. From a resonance-Raman intensity analy-
sis of the 'A,, —>1A1g transition at room temperature, the Pt—Pt contraction was

about 0.225A [41]. The temporally resolved stroboscopic method indicated that
the Pt—Pt bond distance in the crystal of [N(C,Hs),];[Pt,(pop);(popH)] contracted
0.28(9)A, and the population of the excited state was 2.0% at 17 K [36]. Using the
low-temperature vacuum camera installed at BLO2B1 of SPring-8 the Pt—Pt bond
contraction was reported to be 0.23(4)A and the population of the excited state was
1.4(2)% [42].

All these results indicate that the Pt—Pt bond becomes shorter by 0.2-0.3A and
the Pt—P bond contracts 0.1-0.2A. Consistent with these observed bond contrac-
tions of Pt—Pt and Pt—P distances, the concentrations of excited molecules might
be 4-5% in Pnl and Bztel crystals and 1-2 % in Bul and Bztbu crystals in
light. This estimate agrees satisfactorily with the populations observed in the above
experiments, but the above values are based on an assumption that the structure of
the excited molecule in the solid state has nearly the same structure as that in the
gaseous or solution state. As the excited molecule in the solid state might suffer
from steric repulsion due to strong intermolecular interactions, a direct comparison
of the excited molecule in the solid state with that in the gaseous or solution state
might be inadequate.

The unit cell of a crystal of VO(acac), (acac = acetylacetonato, CsH;0,7)
(Figure 5-26) expanded significantly when the single crystal at low temperature
was irradiated with the xenon lamp. The VO(acac), complex was proposed to have
a short-lived excited species due to a d-d transition under irradiation with visi-
ble light, [43] but the lifetime is too short to observe the emission. Because the
anisotropy in expansion of the unit cell on photoirradiation clearly differed from
the thermal one, it is possible to observe the excited structure of the VO(acac),
complex in the equilibrium state even if the lifetime of the excited state is small.

Figure 5-26. Structure of bis(acetylacetonato)oxobanadium(IV)
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Table 5-3. Change of unit-cell dimensions due to photoir-
radiation (Apc) and thermal expansion (Atc) and the ratio
of the changes (Apc/Atc)

Apc Atc Apc/Atc
a(A) +0.0178(2) +0.0447(3) 0.398
b(A) +0.0202(3) +0.0322(3) 0.627
c(A) +0.0273(4) +0.0276(4) 0.989
a(°) +0.004(2) +0.049(2) 0.008
B(°) —0.006(2) -0.072 0.083
¥(°) —0.044(2) -0.105(2) 0.419
V(A3) +4.07(3) +6.66(4) 0.611

Apc and Atc are differences between 140K-off and 140K-
on and between 168K-off and 140K-off, respectively.

Intensity data were collected at four temperatures — 168, 160, 150 and 140 K —
with light and dark conditions [44]. At all temperatures the unit cell expanded in
light. To assess whether the change was caused by photoirradiation, the unit-cell
dimensions on photoirradiation at 140K (photochemical change) were compared
with the corresponding ones caused by a temperature increase (thermal change),
which were obtained from the difference of unit-cell dimensions at 168 K and
140 K. Table 5-3 shows the photochemical and thermal changes and the ratio of
both changes. The expansion of the unit cell on photoirradiation is clearly more
anisotropic than that on thermal treatment.

Figure 5-27 shows the bond elongation at the equilibrium state with the light
on at 140K. The four V—O bonds are averaged. The observed bond elonga-
tions of V=0 and V—O, 0.0043(8) and 0.0045(7)A respectively, are signifi-
cant. The changes of the C—O and C—C bonds are within experimental error.
Such bond elongation indicates that the electrons of V—O bonds are trans-
ferred to the V=0 bond in the d-d transition, as proposed after a theoretical
calculation.

V=0 :+0.0043(8) A
V-0 :+0.0047(7) A

Figure 5-27. Elongation of V=0 and V—O bonds at the excited state (see color plate section)
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Figure 5-28. Structure of [AuCl(PPh;),]

Table 5-4. Selected bond distances (A) and angles (°) at 84K and their
difference, Ay, _ofr

Light-off Light-on Agn_off

stage stage
Aul—P1 2.3278(4) 2.3222(4) —0.0056(4)
Aul—P2 2.3457(4) 2.3403(4) —0.0054(4)
Aul—Cl11 2.5821(4) 2.5764(4) —0.0057(4)
P1—Cl111 1.8253(17) 1.8208(17) —0.0045(17)
P1—CI121 1.8285(17) 1.8245(18) —0.0040(18)
P1—C131 1.8335(17) 1.8291(18) —0.0044(18)
P2—C211 1.8342(17) 1.8287(18) —0.0055(18)
P2—C221 1.8257(17) 1.8221(17) —0.0036(17)
P2—C231 1.8251(17) 1.8212(18) —0.0039(18)
Pl—Aul—P2 136.446(15) 136.441(15) —0.005(15)
P1—Aul—Cl11 115.184(14) 115.179(15) —0.005(15)
P2—Aul—Cl1 108.276(14) 108.286(15) +0.010(15)
Aul—P1—Cl111 120.45(6) 120.47(6) +0.02(6)
Aul—P1—C121 110.10(5) 110.05(6) —0.05(6)
Aul—P1—C131 109.63(6) 109.69(6) +0.06(6)
Aul—P2—C211 112.21(6) 112.17(6) —0.04(6)
Aul—P2—C221 109.25(5) 109.30(6) +0.05(6)
Aul—P2—C231 119.75(6) 119.79(6) +0.04(6)

A lattice shrinkage in the equilibrium state was found for the Au(I) complex
shown in Figure 5-28. The three-coordinated Au(I) complex of [AuCl(PPh;),] has
a long-lived excited state of lifetime 3.7 us, at room temperature and shows phos-
phorescence with A, = 511 nm, after excitation at A = 330nm [45]. The unit-cell
dimensions were measured with dark and light conditions at four temperatures —
175, 156, 136 and 84 K. The decrease of the unit-cell volume, 10.23A3, is largest
at 84 K. The differences in bond distances and angles between dark and light at
84K are compared in Table 5-4. The Au—Cl and the average Au—P bonds with
light are significantly shorter by 0.0057(4) and 0.0055(4)A respectively than the
corresponding ones with darkness. These contractions correspond to an excitation
from *E” to 'A, derived from an electronic transition from the dy, and dy,_\»
(anti-bonding) orbitals to the p,, (bonding) orbital.*>:46:47 According to calculations
involving [Au(PH;)]**, the Au—P bonds are shortened in the excited state. The
Au—P bond contraction was estimated to be 0.05A from that calculation [47].
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In the platinum, vanadium and gold complexes, the structural changes in the
excited state were determined when the crystal structures were analyzed accurately
with the light on, at the equilibrium state, but the bond shrinkage or elongation
is somewhat smaller than those predicted in a calculation. This calculation was
performed assuming a vacuum and no intermolecular interactions, whereas in the
crystal the molecule is closely packed among other molecules; the structure can
thus not alter as if the molecule were in vacuum. As the lifetime of the excited
molecule might be several microsecond, the molecule should cycle between the
excited state and the ground state rapidly in the equilibrium state. Thus the energy
diagrams of the ground and excited states differ between a vacuum and a crystal.
As shown in Figure 5-29 with dotted curves, the structure at the energy minimum
in the excited state differs significantly from the corresponding one in the ground
state in vacuum, but the structures at the energy minimum in the ground and excited
states should be similar in the crystal because steric hindrance in the crystalline
lattice is large as shown in Figure 5-29 (dotted curves). Thus the amount of the bond
elongation and shrinkage is smaller than that predicted by theoretical calculation.
Therefore, the concentration predicted in the Pt complexes should be the minimum
one if there is no intermolecular interaction in the crystal. The real concentration of
the excited molecules in the equilibrium state may exceed 10%. However, we must
consider the definition of the excited molecule in such condensed substances as
crystals.

In order to detect the diffraction data very rapidly, we have made a new photon-
counting X-ray detector, MSGC, whose size is 10cm x 10cm. The detector can
record one-shot data within 1 ms. If the crystal was rotated around the ¢-axis on the
four—circle diffractometer using the rotating anode X-ray generator and the MSGC
detector, all the intensity data of a standard single crystal were collected within

Energy

tf, I.T,
Structural change

Figure 5-29. Proposed energy diagram under vacuum (solid curves) and in the crystal (dotted curves)
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2 s and the structure was analyzed [48, 49]. When the Pnl crystal was mounted
on the diffractometer with the MSGC detector and was irradiated with the xenon
lamp at the Beam line BL46XU at SPring-8, the change of the diffraction angle
was recorded at 500 ms time intervals at 80 K, which is shown in Figure 5-30. The
diffraction angle gradually increased (the unit-cell volume shrank) after the light
was put on and it gradually decreased (the unit-cell volume expanded) after the
light was off. It was emphasized that the change did not reach the equilibrium state
within 20s [50]. The quantitative discussion may be inadequate since the size of
the crystal should effect the rate of the change. Further experiments should be nec-
essary. However, it seems plausible that the time necessary to reach the equilibrium
state may be in the order of second.

31.6436

20 angle ()
2

- e A -

)
-15 -10 -5 0 5 10 15

Time(sec)

Figure 5-30. Gradual change in diffraction angle of the photoirradiated diplatinum complex crystal.
When the light was put on at t = 0, the abrupt chnage occurred and then the diffraction angle gradually
increased. When the light was put off at # = 20, the diffraction angle gradually decreased as shown in
left part of the figure after the abrupt change for a short time
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CONCLUSION

A variety of reaction intermediates have been analyzed by X-rays. If the chemi-
cal reaction due to photoirradiation or thermal change occurs in a single crystal
with retention of the single crystal form (which is call crystalline-state reaction),
the structure at any stage of the reaction can be obtained by X-ray analysis. The
intermediate structure of the two step reaction was observed in the cobaloxime
crystal. If the crystal was decomposed in the course of reactions, the reaction was
stopped before decomposition and a small portion of the reaction intermediates or
unstable species can be obtained as disordered structure with the original molecules
by X-ray analysis at low temperatures. The structure of the unstable red species in
the photochromic crystals of salicylidenanilines has been analyzed by X-rays. If the
intermediates are unstable at room temperature or gas molecules should be produced
after reaction, the cryo-method should be introduced. The crystal was mounted on
the diffractometer and was cooled less than 100 K using the cold-nitrogen-gas-flow
method. The crystal was irradiated with the Hg or Xe lamp and the intensity data
were collected just before the diffraction peaks became significantly broader. The
unstable radical pair, carbene and nitrene structures have been analyzed by X-rays.
The structures of the excited molecules are, in general, very unstable even if the tem-
perature is less than 100 K. Even the longest life-time of the excited molecule may
be 10 us. However, the molecules go up and down between the ground and excited
states reversibly. Within a few second, the crystal may reach the equilibrium state
between the ground and excited states. The unit-cell dimensions gradually changed,
expanded or shrank, from the ground state to the equilibrium state. In the equi-
librium state, the structures of the excited molecules were analyzed as disordered
structures with the ground state molecules at low temperatures. The shortening of
the Pt—Pt and Pt—P bond distances were observed in the Pt complex crystals with
different cation molecules. Moreover, the lengthening of the V=0 and V—O bonds
and the shortening of Au—P and Au—ClI bonds have been observed in the vana-
dium and the gold complexes, respectively. All of these structures have made clear
the processes or routes in the chemical reactions by visualizing the intermediate
structures. Such a dynamic analysis of X-ray diffraction will play more and more
important role in the analysis of chemical reaction than before.
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CHAPTER 6

IS POLYMORPHISM CAUSED BY MOLECULAR
CONFORMATIONAL CHANGES?

IVAN BERNAL

Abstract: The possibility that polymorphism is connected with variations of molecular conforma-
tions within a unit cell is explored graphically and numerically. The conclusion is that
no direct relationship exists between one and the other because polymorphic crystals are
found, equally frequently, in which the conformations of their molecules agree almost
exactly, or agree somewhat, or display large differences

INTRODUCTION

An enduring mystery of molecules is polymorphism [1, 2] — their ability to pack
together in repeating units within a crystal in multiple manners. Understanding why
this phenomenon occurs, how it occurs, and how to control it is a fundamental
problem of chemistry, physics, biology, pharmacy etc. A possible origin might
be variations of molecular conformations according to which molecules can adopt
multiple conformations that have approximately the same ground-state energies, or
there might exist a multi-well surface of potential energy on which the molecules
can readily transform from one conformation to another because the barriers are
small. As shown in Figure 6-1, the orientations of the pyridine ligands vary slightly
despite the fact that the pyridine-N—Cu bond is a single bond, but there is a promi-
nent variation in the orientation of the nitro ligands. Analogously for the nickel
compound in Figure 6-2, the NCS ligands point in markedly varied directions,
indicating a conformational origin for the polymorphism relationship of these two
substances. Reference to Figure 6-3 shows that there is virtually no difference in
the conformation of the molecules of this cobalt compound despite its also having
a singly bonded pyridine ligand that might readily rotate about the Co—N bond;
the largest distance between chemically equivalent atoms is associated with C12
that does not belong to the pyridine ligand. In Figure 6-2 some equivalent atoms
are over 2.0 A apart. Accordingly, a detailed examination of molecules in diverse
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Copper pyridine JUCNIEO2 vs JUCNIEO3 Mean deviation of the atoms
Cul Cul 0.000000
N1 N1 0.063080
N2 N2 0.057147
N3 N3 0.077507
N4 N4 0.073659
C1 C1 0.088266
Cc2 Cc2 0.176754
C3 C3 0.277055
C4 C4 0.290984
C5 C5 0.183122
C6 C6 0.160963
c7 c7 0.234116
C8 C8 0.168273
C9 C9 0.181591
C10 C10 0.246655
Cl1 Ccu 0.191665
Cl2 Ci12 0.234259
Ci13 Ci13 0.352327
Cl4 Cl4 0.302864
Cl5 Ci15 0.145828

5 2 Cl6 Ci16 0.037846
Cl7 C17 0.080788
Cl18 Ci18 0.037494
C19 C19 0.142626
C20 C20 0.095002
N5 N5 0.312673
N6 N6 0.768538
o1 o01 0.389062
02 02 1.099463
o3 03 0.817079
04 04 0.856601
o5 05 0.539216
o6 06 0.787442
Figure 6-1. Red: JUCNIEO2............ Space group: Pnna. Blue: JUCNIEO3............ Space group:

Ccca Ref. [5]

classes should be undertaken to explore the possibilities that there is a systematic
explanation for the occurrence of polymorphism and that it might have a molecular
origin.

With this aim in mind, we conducted a search of CSD [3] and other sources (see
Acknowledgements) to answer the question “Is this phenomenon conformationally
driven?”.

CONDITIONS FOR ACCEPTING ENTRIES IN THE SAMPLING

We searched CSD [3] according to the following conditions.

(a) There were no restrictions on the space group; the compounds could hence
be found in racemic or enantiomorphic space groups, provided that they were
reported from the same source; there was no restriction on z or z'.
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Ni(en)o(NCS), Mean deviation of the atoms

Nil Nil 0.000000
N1 N1  0.020099
N2 N2  0.071034
N3 N3  0.137061
N4 N4  0.094950
N5 N5  0.197870
N6 N6  0.116532
Cl C1 0163581
C2 C2  0.355885
C3 C3 0.817204
C4 C4 0205434
C5 C5 0.108135
C6 C6  0.831591
S2 S2 2.020545
S1 S1 2.046873

Figure 6-2. Red: EDITCNOI ............ Space group: P2, /a. Blue: EDITCNO2............. Space group:
P2, Ref. [6]
(b) The compounds must be polymorphic and have identical composition; no sol-

(©)

(d)

vation polymorphs were accepted even though CSD [3] fails to filter these
species. The entries were mostly filtered by hand, even though there is some
interest in solvation polymorphism [1]; some examples are illustrated below,
Figures 6-4 and 6-5. In these examples, crystal 2 has two molecules in the
asymmetric unit, with the same space group. Comparison of polymorph 1 with
molecules a and b of 2 shows marked variations in the stereochemistry of
these species, including 2a and 2b of which the conformations are greatly
disparate.

No disordered structures were accepted, with the caveat that the occurrence of
some disorder in charge-compensating anions, such as C10,~, PFs~ and BF, ™,
is common, generally affecting little the desired species. Some such structures
might have been accepted provided that the important fragment was sensibly
behaved.

When the same polymorph was studied more than once, that with the least
R-factor was selected.
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HEFTAN Vs HEFTANO1

Mean deviation of the atoms

Cl
N2 j

02

C13

Col Col 0.000000
Cl1 Cl1 0.031950

C10 C10 0.119468
Cl1 Ci11 0.223039
Cl2 C12 0.279919
C13 C13 0.155914

O4 04 0.068473

N1  0.039520
N2 0.022004
N3 0.059697
N4  0.062033
N5  0.066509
Cl 0.128343
C2  0.166638
C3  0.084215
C4  0.075663
C5  0.087377
C6  0.085795
C7  0.061221
C8  0.11339%4
C9  0.141462

01  0.062697
02  0.088314
O3  0.085847

Figure 6-3. Red: HEFTAN ............ Space group: Cc Ref. [7]. Blue: HEFTANO1

group: Cmem Ref. [8]

Hydration polymorphism between 1 (2 HO) vs. 2a (4.5
H20)

Mean deviation of the
atoms

Col Col 0.000000
01 01 0.102296
02 02 0.072882
03 03 0.150452
04 04 0434871
C7 C7 0.147989
C8 C8 0209214
N1 N1  0.493686
N2 N2 0.312945
N3 N3 0.357350
N4 N4  0.456786
C3 C3 0051671
C4 C4 0771262
C5 C5 3927201
C6 C6 2009095
Cl Cl1 2513958
C2 C2 3964877

Figure 6-4. Red: Complex 1............ Space group: P-1 Ref. [9]. Blue: Complex 2a

group: P-1 Ref. [10]
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Mean deviation of the
atoms

Col Col 0.000000
01 O1 0.052683
02 02 0.030442
03 03 0.107273
04 O4 0139153

- e N1 N1 0.061636
- N2 N2 0072365
/ \ I N3 N3 0038773

Hydration polymorphism between 1 vs. 2b (4.5 H,0)

N4 N4 0086813

C7 C7 0035311
\ —®  1cg C8 0044959
o7 ClL Cl 0.040086
C2 C2 0023909
C3 C3 0122351
C4 C4 0075031
C5 C5 0110173
C6 C6 0.952802

Figure 6-5. Red: Complex 1............ Space group: P-1 Ref. [9]. Blue: Complex 2b............ Space
group: P-1 Ref. [11]. Glycine, below, crystallizes in three space groups — P,/n, P3, and P2,. Despite
these variations in packing, the molecules are essentially identical, as seen in Figures 6-6 and 6-7

Under only these conditions we performed the search. We made the final selec-
tion of examples by first examining the molecular structures using the Mercury
routine of CSD [3].

PROGRAM MATCHIT

This program [4] accepts structural data from CIF documents and from ins files.
The atomic coordinates are converted into orthogonal A coordinates and a selected
atom is placed at a common origin, as seen below. Other atoms are added that
define a set of 3-D orientations. Least-square fitting of some, or all, atoms is per-
formed. The choice is dictated by the extent of disagreement (or agreement) in
stereochemistry of the molecules in question. To distinguish the molecules, a pair
of colours is selected for the two molecular bonds, and atoms are coded by colour.
Finally, the molecule is rotatable in 3-D space to locate the most convenient view;
the picture is labeled and saved. For the latter purpose, of several format options
that are available, PAINT or WORD formats are most useful.

In numerous examples to follow, we explore the extent of match or mis-
match between atomic centres in molecules of diverse types that crystallize in
polymorphic structures, both illustrating the compared molecular structures in
the figures and tabulating the mean deviations of corresponding atoms between
two unit cells of polymorphic crystals; the caption of each figure explains the
comparison.
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Mean deviation of the
atomsin Angstroms.

C2 C2  0.000000

Cl Ci1 0.027900
N1 N1  0.028803

& = Ol Ol 0025706
02 - 02 02 0105993

Glycine, compounds 1 vs. 2

Figure 6-6. Red: Space group: P2,/n. Ref. [12]. Blue: Space group: P3,. Ref. [13]. The differences in
stereochemistry of glycine between these two polymorphs are incredibly small despite the great variation
of space groups. 2 crystallizes in an enantiomorphic space group (7y-form), whereas 1 crystallizes in
a centrosymmetric space group (a-form). As the molecular skeleton is virtually identical, the physical
properties of these two crystalline forms must reflect packing differences and not molecular stereochem-
ical variations. If the molecules are so nearly identical, why, and how, do they pack so disparately?
The minor deviations in atomic positions are amplified enormously by the fact that a crystal containing
1075 mol still has 2x10'8 molecules. This is a giant amplification factor for the tiny differences between
those molecules. The same condition is applicable to subsequent examples

! Mean deviation of the
Glycine compounds 1 vs. 2 atoms
C1 C1 0.000000
C2 C2 0.019063
B O1 O1 0.015086
02 02 0.012297
N1 N1 N1 0.124053
r"c I
1
Figure 6-7. Red: Compound 1............ Space group: P2;/n. Ref. [12]. Blue: Compound
2, Space group: P2;. Ref. [14]. The distances between chemically equivalent atoms are still

satisfactory, even if N1 deviates considerably more than other atoms in this pair and in the preceding
one. We again match a molecule in an enantiomorphic lattice (2; b-form) with another molecule in a
centrosymmetric space group (1; a-form). The geometry at C2 shows that the configuration at C2 is
properly preserved, as is the case in Figure 6-6. Matching of the 8 and 7y forms is superfluous, for
obvious reasons
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Mean deviation of the
atomsin Angstroms.

C2 C2  0.000000

N3 Cl Cl 0043847
- C3 C3 0044641
S I . C4 C4 0032726
\:%\ /

L-histidine, compounds 1 vs. 2

Cs5 C5 0.022772
C6 C6 0.036994
4 N1 N1  0.025369

N2 N2  0.041842

N3 N3  0.045990

01 01 0.020846

A 02 02 0101581

N1 oo

\

Figure 6-8. Red: Compound 1............ Space group: P2;. Ref. [15]. Blue: Compound 2 ............. Space
group: P2,2,2,. Ref. [16]. With the minor exception of O2, the deviations from a nearly perfect match
do not exceed 0.046 A. For this pair of polymorphs at least, the implication is therefore that the skeleton
of this amino acid is little susceptible to conformational variation, possibly as a result of a hydrogen-
bonding “lock” between N1 and N2. Further work on this compound would be desirable, including
NMR measurements

Mean deviation of the
atomsin Angstroms.

C2 C2 0.000000
Cl1 Cl1 0.143027

C3 C3 0310319
N1 N1 0.11589%
1 Ol 01 0311910
02 02 0.626699

\\ / SL s 257261
A

Figure 6-9. Red: Compound 1la............ Space group: P2;. Ref. [17]. Blue: Compound
1b............ Space group: P2;. Same r Ref. [17]. The asymmetric unit of this polymorph contains
two independent molecules (1a and 1b). The match is poor in general. The variation of the S1 atoms
is particularly puzzling because the two molecules deposited from the solution under identical con-
ditions and at the same time; no environmental origin is thus available to rationalize the disparity
observed

L-cystein, compounds 1a vs. 1b.
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L-cystein, compound 1a vs. compound 2 Zﬁg?ﬁ’ };I\?]ﬂg(;?rg:n:]e

C2 C2 0.000000

N1 N1 0.148776

81 Cl Cl 0.066771

s1 C3 C3 0.200806

01 O1 0.157810

02 02 0.243774

S1 S1  1.808490

N\ N1
“\‘\\\ .
o -_Ial
Cl

Figure 6-10. Red: Compound 1la............ Space group: P2;. Ref. [17]. Blue: Compound
2, Space group: P2,2,2;. Ref. [18]. The stereochemistry of 1a [23] differs less with respect to

2 than with its twin 1b (see Figure 6-11).This condition is astonishing if one takes into account that the
space groups differ, whereas 1a and 1b are both in the asymmetric unit of the same polymorphic crystal.
Moreover, whereas for 1a and 1b the crystallization conditions, solvents (if any) etc. were identical,
between 1a and 2 they were unlikely the same; the authors [24] provided no details as to the origin of
their crystal. In this match, the sulfur atoms are close, but the match is still poor

L-glutamic acid, compounds 1 vs. 2

Mean deviation of the

‘Sly-"' o
>-==:‘

atoms
C2 C2 0000000
_ Cl C1 0100887
04 e C3 C3 0224446
e 01 Ol 0188542
s o1 02 02 0092278
N1 N1 0176287
03 03 3142765
s - 04 04 2764956
ca Te—p0: C4 C4 2260690
\ C5 C5 2624132

= e

Figure 6-11. Red: Compound 1.........

Space group: P2;2,2;. Ref. [19]. Blue: Compound
2, Space group: P2,2,2; Ref. [20]. The space group is the same for both crystalline forms, but

the cell parameters are differ appreciably. The match in the lower part of the figure not poor, but the
upper part is markedly mismatched. Distances between the carboxylic oxygens range as great as 3.143
A. If such conformational variation can occur in polypeptides, conformations might differ radically at
various sites of the polypeptide at which glutamic acid might occur in multiple locations
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IN/ e

Q«T /'\},ﬁ' \;\'\ ,\
|\A)__’;’_- \

Red-Color-bond: TUHLUT10.gearchl.cif
Blue-C'olor-bond: JITHMAATO NMOT-1 cif

Figure 6-12. This adamantane derivative contains a benzene ring and a keto group that agree in stereo-
chemistry, but discrepancies occur in the carboxylate and the adamantane ring. Of two molecules in the
asymmetric unit of JUHMAA, this is molecule 1. JUHLUT10—Ref. [21], JUHMAA10—Ref. [22]

=
-
Red-Color-bond: JUHLUT10 searchl. cil

Blue-Color-bond: TITHMAATOMOTL-2 et

Figure 6-13. The same adamantane derivative contains a benzene ring and a keto group that agree
in stereochemistry, but discrepancies occur again in the carboxylate and the adamantane ring. Of two
molecules in the asymmetric unit of JUHMAA 10, this is molecule 2. Refs. are, respectively [21] and [22]
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Red-Color-bond: QOTGOV01.searchl.cif
Elue-Color-bond: QOTGOV02. gearchl. cif

Figure 6-14. For this adamantane derivative, the two polymorphs agree closely. Within molecules of
the same class both molecular matching and mismatching can occur within crystalline polymorphs.
QOTGOVO1—Ref. is same for both [23]

PG T e IR\ B b Y e i

Figure 6-15. For this Schiff base derivative of a rhodium coordination compound with axial pyridine
and adamantane ligands, the molecules of the two polymorphic crystals agree satisfactorily, except for
the torsional angle of the pyridine ligands. YOCTALO!1 Ref. same for both [24]
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Red-Color-boud: ANYTAL10.searchl.cil
Blue-C'olor-bond: AMYTALIL.mol-1.cit’

Figure 6-16. In this match between two polymorphic barbiturates, a small discrepancy in stereochem-
istry in the iso-butyl chain is minor but, apparently, significant. That AMYTAL 11 crystallized with two
molecules in the asymmetric unit is significant for crystalline behavior. This is molecule 1. AMYTALI10
Ref. same for both [25]

Red-Color-bond: AMYTALI0.searchl. cif
Blue-C'olor-bond: AMTTATIL L .mol-2 cif

Figure 6-17. In this match between AMYTAL10 and molecule 2 of AMYTALII, there is closer agree-
ment between the stereochemistry of the two molecules, particularly for the is-butyl chain. References
are also the same [25]
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Red-Color-bond: AMYTALLO.searchl.cif
Blue-Color-bond: AMYTALI1.mol-1.¢1f

Figure 6-18. For another pair of polymorphs of a barbiturate, the match is satisfactory. DETBAAO1
Ref. [26] DETBAA04 Ref. [27]

Red-Color-bond: BEYZIO.search2.cif
Blue-C'olor-bond: BEYZI002 search2.cif

Figure 6-19. Here the match is nearly perfect despite the sulfonate groups being readily rotatable about
their C—S bonds. BEYZIO Ref. [28] BEYZIOO02 Ref. [29]
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Red-Calor-hond: TBCHTS01 search2.cif
Blue-C'olor=bond- TRCHTS1 1 search? eif

Figure 6-20. For this cyclohexyl derivative of toluene sulfonate, the mismatch of the cyclohexyl rings
is marked. TBCHTSO1 Ref. [30] TBCHTSI11 Ref. [31]

Red-Colovhond: TINOGINOT searchs oif
Blue-C'olor-bond: TNOGIN searchs.cif

Figure 6-21. Polymorphs in this pair that are diazepines used to treat psychic disorders such as
schizophrenia exhibit a perfect match. UNOGINO1 Ref. [32] UNOGIN Ref. [33]
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Red-Color-bond: SEBFAG search5.cif
Blue-Clolor-bond: SEBFAH mol-2.cif

Figure 6-22. The mismatch in another pair of polymorphs of diazepines is appreciable in most places,
specially in the five-membered ring (upper right)

Red-Color-bond: FEROCA03.mol-1.cif
Blue-Clolor-bond: FEROC A searchl cif

Figure 6-23. Even thought these carboxylates would be expected to repel each other coulombically and
to rotate away from each other, possibly into trans positions (see Figure 6-24), they are exactly matched.
FEROCAO3 Ref. [35] FEROCA Ref. [36]
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Red-Color-bond: BATFEIOL searchl cif
Blue-C'olor-bond: BATFELmol-2 cif

Figure 6-24. Here the carboxylates behave as expected and point away from one another; the phenyls
likewise do not match well. Same reference for both Ref. [37]

Red-Color-bond: WITDIC.gearchl.cif
Blue-C'olor-bond: WIIDIC'01 searchl cif

Figure 6-25. The match here is poor except at the central (Cp),Fe moiety. WIJDIC Ref. [38] WIDJICO1
Ref. [39]
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Red-Color-bond: VAWDOM. scarch3.cif
Blue-Clolor-bond: VAWDOMI 1.search3.cif

Figure 6-26. For this case of appreciable match, there is a single bond between the phenyl ring and the
imide nitrogen; there is a slight torsional difference. VAWDOM Ref. [40] VAWDOM11 Ref. [41]

Red-Color-bond; QOGNEF01.search3.cif
Blue-Color-bond: QOGNEF.MOL-1.cif

Figure 6-27. This pair of maleimides shows much mismatch. QOGNEFO01 Ref. [42] QOGNEEF Ref. [43]



IS POLYMORPHISM CAUSED BY MOLECULAR CONFORMATIONAL CHANGES? 153
A
J
L ‘
)
7\

Red-Color-bond: ZAYEKOZ01 searchl cif
Blue-C'olor-bond: ZAYKOZ searchl. cif

==

7N\

Figure 6-28. This pair of diazo compounds shows much match despite the phenyl rings being readily

rotatable about the phenyl—N bond; the fit is worst at the sulfonate groups. Same reference for both
Ref. [44]
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Red-Color-bond; QIEFEV01. searchl.cif
Blue-Color-bond: QIKFIZ01.searchl.ci

Figure 6-29. The orientation of the NO moieties and the phenyl rings are poorly matched, especially at
the upper right: they are almost orthogonal to one another. Same reference for both Ref. [45]
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Red-Color-bond: CAXHIS. searchl.cif \
Blue-Color-bond: CAXHIS01.MOL-2.cif

Figure 6-30. Despite the number of flexible groups present, the match is appreciable. Same reference
for both Ref. [46]

Y 4
Fad
A

O

Red-Color-bond: DUDZILOL. searcljl.cif
B e e s el ik

Figure 6-31. The match in this case was made with only the atoms of the p-nitroaniline, for obvious
reasons; the orientation of fragments in the lower half is notable. DUDZILO1 is Ref. [47] and DUDZIL02
is Ref. [48]
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1-Colo: l: HEGLEK, searchl.
Bfl;e-(kn fil Li'n;::rl HEGI F"\ll\ﬂelii:é":m'fﬂ cif

Figure 6-32. In the upper half the match is poor; in this pyrimidine compound the phosphine phenyl
rings do not match at all. HEGLEK is Ref. [49] and HEGLEKOLI is Ref. [50]
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N/
Red-Clolor ]'ml!fl FEGWAP.FEGW. C if

Blue-Clolor-bond: FEGWAP0O2 FEG V-\P{]" cif

Figure 6-33. For this polymorphic pair of sesquiterpenes the match is satisfactory. FEGWAP is Ref. [51]
and FEGWAPO2 is Ref. [52]
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Red-Color-bond: CEWSIG10.search2. cif
Blue-Color-bond: CEWSOMI10 search2.cif

Figure 6-34. Terpenes in this pair match poorly at any ring, particularly the six-membered rings.
CEWSIG10 and CEWSOMIO0 are both Ref. [53]

Red-Color-bond: GOVOAIT search? cif
Blue-Color-hond: GOVRAK search?.cit

Figure 6-35. Terpenes in this pair match well except the terminal amide fragment. GOVOAJ and
GOVRAK are both Ref. [54]
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R tl—(‘culu'~[i‘.111c| DEEDAY .searchl.¢if |
'Bfue- Color-bond: DEKDAY 01 searchl cif

Figure 6-36. For this pair, a mono-protonated hexamethylenetetramine, the match is outstanding.
DEKDAY and DEKDAYO! are both Ref. [55]
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Red-Color-bond; HEXWIQO0L searchl, gif
Blue-Color-bond: HEXWIQ.searchl.cif

Figure 6-37. Although the match is imperfect, there are several flexible groups to consider. HEXWIQO1
Ref. is [56] and HEXWIQ is Ref. [57]
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Red-Color lmu(f NOEPOER.11.NOEPOR.LL. cif
Blue-Color-bond: NOEPOR.NOEPOR. cif

Figure 6-38. In this octaethylporphine two ethyl chains match well and the others poorly. The por-
phyrin rings seem to disagree in their deviation from planarity. NOEPOR11 Ref. is [58] and NOEPOR
Ref. is [59]
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Figure 6-39. This complex polysulfide exhibits a nearly perfect fit, and indeed a perfect match of
the torsional angles of the two disulfide chains although they are from polymorphic crystals — both
monoclinic, P2, /c and P2, /a. BIBKUS and BIBKUSO1 Ref. is [60]
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Mean deviation of the
atoms

Col Col 0.000000
Cll1 Cl1 0.452822
N1 N1  0.321385
N2 N2  0.242438
N3 N3  0.467313
N4 N4  0.350583
N5 N5  0.270656
C1l C1l 0.404884
c2 c2 0.661458
C3 C3 0.942061
Cc4 Cc4 0.313852
C5 C5 0.668304
Cc6 Cc6 0.395083
c7 c7 0.670395
Cc8 Cc8 0.539234

3,2am and N-Methyl En 1 vs. 2

Figure 6-40. Red: Complex 1............ Space group: P2;/c. Blue: Complex 2............. Space group:
P2,2,2,. Mismatch occurs everywhere despite the rigidity of the 1,5,8-triazooctane ligand defined by
NI...... N3; the torsional angles of the N-Me-ethylenediamine are opposite and even the chloride ligands
disagree; both Ref. [61]
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N-methyl tren 1 vs. 2 Mean deviation of the
atoms
Col Col 0.000000
Cl5 CI5 0.033581
N1 N1  0.028373
N2 N2  0.015701
N3 N3  0.019237
. N4 N4  0.030827
' N5 N5  0.037109
Cl Cl1 0.029849
C2 C2 0022473
C3 C3 0.030286
C4 C4  0.056709
C5 C5 0.035759
C6 C6 0.015012
C7 C7 0.102250
Cl15
Figure 6-41. Red: Complex 1............ Space group: P2/c. Blue: Complex 2.............

P2,2,2,. Both have Ref [62]. The match here is remarkable; the space groups of the compounds in
Figure 6-40 are the same as those found here, but the mismatch there is pronounced. The packing forces
in both cases are the same because the symmetry operations are identical; thus packing forces seem not
to be the cause of mismatch. These prototypical cases of polymorphism are taken from the work of Yu

et al., Ref. [63]. QUAXMEH was arbitrarily selected as the standard for comparison
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QAXMEH vs QAXMEHO01 Mean deviation of the atoms
290 ez N1 N1  0.000000
/ C3 C3 0144659
/ C4 C4 0106525
12 C5 C5 0257168
""7 N C6 C6 0422108
» /‘J“_, v C7 C7 0443003
e/ C8 C8 0320392
e B N2 N2  0.120951
7 ;g \\—’/ pei Ol Ol 0287948
s 4 N M b 02 02 0185656
P C9 C9 0086876
\L._ ,/ X’ SI  SI 0952552
Ci1 Cl1 1038625
Cl2 CI2 0.123409
/ Nz Ol C2 C2 0484164
N3 N3 2610629
Cl Cl 1976391
C10 C10 1.075069

161

Figure 6-42. Red: QAXMEH, Space group: P2;/c. Blue: QAXMEHO01, Space group: P2;/n. Both rings
diagree with a maximum discrepancy at the five-membered ring despite sharing the same space group;

packing forces must thus be similar if not identical

QAXMEH vs QAXMEH02 Mean deviation of the atoms

N1 N1  0.000000

e C3 C3 0.091797

\ C4 C4 0125830

. C5 C5 0214782

/ e o C6 C6  0.269283

/ = C7 C7 0261812

& \ \._l\ C8 C8 0.186651

el —ns EP—GE N2 N2  0.098541

b e O N
= 1 -

173 f : \\ ,/// C9 C9 0.726705

B C10 C10 0.435884

l ’ Cll Cl1 1072216

e SISl 3.290350

\!. " N3 N3 4309128

Cl Cl1 2521531

C2 C2 4720814

Cl2 C12 2970582

Figure 6-43. Red: QAXMEH, Space group: P2;/c. Blue: QAXMEHO01, Space group: P~ 1. The dis-
crepancy in the five-membered ring is here worse than in the previous case, whereas the agreement in
the six-membered ring is better; the space groups are distinct
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QAXMEH vs QAXMEHO03 Mean deviation of the atoms

N1 N1  0.000000
C3 C3  0.140850
C4 C4 0241014
C5 C5 0317192
C6 C6 0351107
C7 Cr 0302141
C8 C8  0.220008
C9 C9  0.485065
N2 N2  0.247620
01 01 0.592493
02 02 0113218
C10 C10 0.803148
Cl1 Cl1 0.301140
S1 S1 3.060593
Cl Cl1 3032679
C2 C2  3.990851
N3 N3 4841734
Cl2 Ci12 2.379899

Figure 6-44. Red: QAXMEH, Space group: P2;/c. Blue: QAXMEHO03, Space group: P2;/n. The space
groups are again the same, but the disagreement in the five-membered ring is marked; some distances
between chemically related atoms are nearly 5.0 A

QAXMEH vs QAXMEH04 Mean deviation of the atoms
- NI NI _ 0.000000
/ C3 C3 0.072061
Cllg-Siiedc2 C4 C4 0082540
e o C5 C5 0.100146
cisl | =g e
- - )(\\,// C8 C8  0.129088
133/ el CO C9 0129001
o N2 N2 0145031
B Ol 01 0192223
o O3 =it 02 02 0153878
- \ 3 C2 C2 0427247
‘.-1'.%- 4 P C11 C11 1.309894
s \ | Cl Cl 2439683
AP C10 C10 1.334204
Cl2 Cl12 0.102097
N3 N3 3266544
S1 S1  1.061295

Figure 6-45. Red: QAXMEH, Space group: P2;/c. Blue: QAXMEHO04, Space group: P~ 1. The space
groups are again monoclinic vs. triclinic; the discrepancies arise between the positions of the chemically
related atoms of the five-membered rings, between which the distances are up to 3.25 A
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QAXMEH vs QAXMEH05 Mean deviation of the atoms
N1 N1 0.000000
C3 C3 0.155337
C4 C4 0.148846
C5 C5 0.289911
C6 C6 0.460108

- N3 C7 C7 0491078
L Ol P C8 C8  0.338400
NI C9 €9  0.059509

N2 N2  0.100513

1
cs fei Ol Ol 0206170
N 8 U o2 02 0159918

N :
// /.;-: e N Cl Cl 0425348

{ ¢id N3 N3 0720953
6 \__.,-- \ S0 fc2 C2 0327405
. C / Cll Cl1 0.133964
e Cl2 C12 0.180609

51 \ C10 Cl10 0.169701

N SISl 0230314

Figure 6-46. Red: QAXMEH, Space group: P2;/c. Blue: QAXMEHOS5, Space group: Pbca. This pair
matches fairly well, with the maximum deviation between chemically related atoms ca. 0.5 A. One
space group is monoclinic whereas the second one is orthorhombic. Thus, packing forces must be quite
different as the orthorhombic space group has three mutually perpendicular mirror planes whereas the
monoclinic has only one

Note that there were six of them and, therefore, five matches, all using QAXMEH
as the standard for comparison. The best match was with QAXMEHO0S, as seen in
Figure 6-46, the worst one is shown in Figure 6-44.
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CHAPTER 7

CRYSTALLINE AMINO ACIDS
A link between chemistry, materials science and biology

ELENA BOLDYREVA

INTRODUCTION

Amino acids belong to systems that are replete with mystery and magic and that
serve as beautiful models. These small molecules form the elementary basis of
peptides and proteins, which are crucial for life. This condition alone would suffice
to make the study of amino acids exciting and important, but studies of amino acids
are not restricted to biological problems. Amino acids can form not only variable
peptide chains but also three-dimensional crystalline structures, which are no less
variable and beautiful than biopolymers. Polymorphism of crystalline amino acids
is a challenge for crystal engineers, and also for those researchers who are involved
in studying intermolecular interactions, in particular — hydrogen bonds. Crystalline
amino acids can serve as biomimetics modeling interactions in biopolymers. Phase
transitions in crystalline amino acids are related to the folding of peptides. Crys-
talline amino acids serve as drugs and molecular materials, and the control of their
structures and properties finds important applications in industry. Biomolecular
assemblies — polyaminoacids, two-dimensional peptide-layered structures, peptide
nanoporous structures — form a link between proteins and crystalline amino acids.
Comparative studies of the sequence: crystalline amino acids — polyaminoacids —
peptide layers — proteins provide insight into the properties of matter in its diverse
forms.

CRYSTAL STRUCTURES

Amino acids are small organic molecules that have both carboxylic amino groups
(e.g. of general formula NH,-CH(R)-COOH). Their side chains R can vary —
small or bulky, hydrophobic or hydrophilic, polar, charged or neutral. In both
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aqueous solution and the crystalline state amino acids exist as zwitter ions,
in which both the amino and carboxylic groups are ionized (*NH;-CH(R)-
COO™). In matrices of noble gases they can be obtained in their non-ionized
form.

At the onset of X-ray structural analysis, the structures of crystalline amino acids
were studied to obtain information about bond lengths, valence and torsion angles
of the primary building blocks of proteins. These data were used in refining the
first crystal structures of proteins, as diffraction data then collected for biopolymers
suffered from poor resolution [1].

After direct high-resolution structural measurements on proteins became practi-
cable, interest in crystalline amino acids decreased, but became renewed in attempts
to simulate the distribution of electronic charge density in biopolymers using amino
acids and simple peptides as model systems, to derive some transferable parameters
and potentials [2-15]. Another research direction involved these systems and their
packing patterns to mimic selected folds and interaction patterns of biopolymers.
Typical molecular conformations and patterns of hydrogen bonds and packing in the
structures of crystalline amino acids have been reviewed [16—19]. Similar analyses
were performed for small peptides [18, 20-22].

Scrutiny of the crystal structures of amino acids, their racemates and complexes,
reveals that each hydrogen bond connecting the a-amino and a-carboxylate groups
and its symmetry equivalents generally produces an infinite sequence head to tail in
which the two groups are periodically brought into close proximity (see examples
in Figure 7-1). Such sequences, which are suggested to have relevance to prebiotic
polymerisation, appear to be an almost universal feature of amino-acid aggregation

b

Figure 7-1. Examples of chains head to tail in crystalline amino acids: (a) — linear, L-serine, (b) — helical,
DL-serine, the chain formed by zwitter ions of the same chirality [23]
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in the solid state. These sequences belong to two main categories in terms of the
geometric arrangement of their amino-acid molecules. The sequences in the first cat-
egory comprise straight chains of molecules related mostly by the shortest cell trans-
lation in the crystals. The sequences of the second category form hydrogen-bonded
two-fold helices centred around crystallographic 2, screw axes. The sequences are
further divisible on the basis of geometrical features of their hydrogen bonds. A
few sequences involving both L and D isomers have been observed in the crystal
structures of some DL-amino acids. The shortest cell translation in most crystals
under consideration has a value near 5.3 A that corresponds to the periodicity of a
straight head to tail sequence or, less frequently, that of a helical sequence or both.
The crystal structures of amino acids and their complexes are classified in terms of
the occurrence and the geometric disposition of their head to tail chains of varied
types [17].

The “head-to-tail chains” are linked via hydrogen bonds with each other, pro-
ducing either stacked layers (double centrosymmetric layers resulting in alternating
hydrophobic and hydrophilic regions in the crystal structure, or parallel layers in
polar structures), three-dimensional frameworks, triple helices linked with each
other, or nano-porous three-dimensional structures with hydrophobic or hydrophilic
cavities of tunable size and shape that can incorporate various guest molecules
(see examples in Figure 7-2). Formation of a hydrogen bond is interrelated with
the conformational diversity of amino acids, which arises due to not only rota-
tion around main-chain covalent bonds but also the existence of various side-chain
rotamers [18, 19].

Crystalline amino acids thus provide models that allow one to simulate various
features of biopolymers in a wide range — from those of the main backbone frame-
works in fibrils and rigid robust amyloid structures to those of cavities in globular
proteins. Through the presence of the head to tail chains as the main structure-
forming unit, the structures of crystalline amino acids resemble in many respects
the structures of polyaminoacids and of the fragments of peptides, although the
zwitter ions within a chain in the crystals of amino acids are linked by dipole-dipole
interactions and hydrogen bonds, not by peptide bonds. As examples, compare the
structures of polymorphs of glycine with those of polymorphs of polyglycine: lay-
ered (a- [24], B- [28], 8- [29]) polymorphs can be related to polyglycine I [30, 31],
whereas helical y-polymorph [25]-to polyglycine II [32] (Figure 7-3).

Polyamino acids can be considered as models for conformational studies, pro-
viding an atomistic description of the secondary structural motifs typically found
in proteins [30-39]. Two-dimensional hydrogen-bonded layers and columns in the
structures of crystalline amino acids can mimic 3-sheets and helices in proteins and
amyloids [40—45], and can be compared with two-dimensional crystalline layers at
interfaces [46-58]. Nano-porous structures of small peptides can mimic cavities in
proteins [24, 59-63]. One can also prepare crystals in which selected functional
groups and side chains are located with respect to each other in the same way, as at
recognition sites of substrate-receptor complexes, and use the systems to simulate
the mutual adaptation of components of the complex responsible for recognition.
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¢ d

Figure 7-2. Fragments of crystal structures of selected amino acids and small peptides:
(a) — a-glycine [24], (b) — y-glycine [25], (¢) — L-leucine [26], (d) — L-Ala-L-Val [27]
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Figure 7-3. (a) — Fragments of structures of polyglycine I, (b) polyglycine II (data from [30-32])
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It is important to mimic not only the static structures but also their dynamic prop-
erties. Conformational transitions, changes of folds, denaturation, and renaturation
of biopolymers can be understood better if lattice dynamics, phase transitions, amor-
phization of crystalline amino acids and small peptides are studied and compared
with those in synthetic polyaminoacids and in two-dimensional layers at the inter-
faces. Variable-temperature [44, 64-84] and variable-pressure [29, 81, 82, 85-134]
IR- and Raman spectroscopy, inelastic neutron scattering, SAXS, NMR, X-ray
and neutron diffraction, DSC are applied to study the structure and dynamics of
crystalline amino acids, small peptides, synthetic polymers, interface layers and
biopolymers [73-153].

POLYMORPHS

The problem of polymorphism of crystalline amino acids is important for practical
applications of these compounds as non-linear optical materials [135-141], piezo-
electrics [25, 28, 142] and drugs, and is also related to the self-organization and
self-assembling of biomolecules. The most numerous polymorphs were found for
the smallest and simplest non-chiral glycine. Three polymorphs (a-,B-,y-) were
obtained on crystallization from solutions at ambient conditions by Bernal [143];
their structures were solved and refined by Kvick and litaka [24, 25, 28], and then
re-refined by others under ambient conditions, at low temperatures, and at high
pressures. Heating, exposure to moisture or to wet NH; and storage in solution
result in transitions between these three polymorphs (Figure 7-4) [144-148]. Cool-
ing of B-glycine results in a second-order phase transition [80]. New polymorphs
(B'- [123, 129], 6- [29, 122, 129], {- [125]) are formed on increasing the hydro-
static pressure and on subsequent decompression. All polymorphs but the y-form
are polytypes, having 2D-layers of similar structure (formed by head to tail chains)
stacked variously. In the structure of y-glycine the head to tail chains form triple
helices resembling those in polyglycine II, or in collagen.

Three polymorphs were observed for L-serine, of which two were formed at
large hydrostatic pressures and not quenchable to ambient conditions [124, 126,
127, 131, 134]. All polymorphs have similar 3D-structures described by the same
space-group symmetry P2,2,2,, and differ in the hydrogen-bonding patterns and
conformations of zwitter ions (Figure 7-5). Four polymorphs were reported for L-
cysteine, of which some were obtained at low temperature or increased pressure, or
on decompression [133, 149-153]. They differ also in patterns of hydrogen bonding
and molecular conformations.

Two polymorphs of DL-methionine, the a- and 8-forms, have been known since
1950 as concomitant conformational polymorphs [154—157]. The crystals have
almost identical shape, for which reason the second form was discovered by chance.
The two forms are almost equally stable, and their crystal structures are also similar
(Figure 7-6).

L-glutamic acid provides an example of the existence of two concomitant poly-
morphs, of which the crystal habits differ greatly — needles and plates. Their
crystal structures look very different (Figure 7-7) [158-162], but, despite the distinct



172 CHAPTER 7

T gde_ 1 elycine,

g ©- glycine,(s)

' Pn

- ¥ P P<0.62GPa
F\g Y.\7g P>27GPa & &% \3 §5 o %h &-glycine

1

"1 -\c .; ‘?& P2, . i o ) ‘
."“ ‘.}A: Q‘L «, o- glycine el g B- glycine
]g P-ﬂ.‘?ﬁGPa/ \T=252K
Py

B (8) - glycine p"'- glycine
P <23 GPa (at least) — (single crystal (2-order transition, no
No phase transitions - single crystal, manifestations in X-ray)

reversible) calorimetry, spectroscopy

Figure 7-4. Schematic presentation of transitions between polymorphs of glycine [29, 80, 122, 123,
128, 144, 145]. Notation in brackets was suggested later [129]
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Figure 7-5. Fragments of crystal structures of L-serine in three polymorphs: (a, d) — L-serine-I at ambient
pressure, (b, €) — L-serine-II at 5.4 GPa, (c, f) — L-serine-III at 8.0 GPa [127]
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Figure 7-7. Fragments of crystal structures of L-glutamic acid in: (a) — & — (b) 8 — polymorphs [158-162]

molecular conformations, considerable similarities between the two structures were
decoded via graph-set analysis; only the higher-order graph sets reveal the differ-
ences [163]. When kept in solution, the metastable a-polymorph transforms into
the stable B-form, and this transformation is mediated by the solvent [164—-168].

Beyond proper polymorphs, one can consider and compare the crystal structures
of pairs of chiral (L-/D-), and racemic (DL-) amino acids. This practice is justified
because in many DL-compounds L- and D-zwitter ions are not mixed at random,
but zwitter ions of the same chirality form chains and even two-dimensional layers;
L- and DL-serine provide such an example (Figure 7-1 and 7-8) [23, 82]. In such
cases, one can consider these chains or layers as “polymorphs”, and apply to them
correlations between structure and property.

Crystalline amino acids form readily hydrates, salts and various molecular com-
plexes and co-crystals. The molecular conformations, the hydrogen bond geometric
parameters and patterns, dipole moments and the charge distributions can be tuned
finely in these systems, and many structure-forming units and structural patterns
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Figure 7-8. Layers formed by L-zwitter ions in the crystal structures of (a) L —, (b) DL — serine [82]

are preserved. These systems are thus used to extend correlations of structure and
properties, in addition to true polymorphs.

CRYSTAL GROWTH

The crystal growth of amino acids is puzzling. As already mentioned, they com-
monly grow as concomitant polymorphs. An altered rate of crystallization results
readily in the formation of a hydrate instead of an anhydrous form. For example,
attempts to grow L-serine by slow evaporation of its aqueous solutions yield a
monohydrate, unstable in air [81, 169]. If a powder sample of L-serine is added to
the solution (ethanol and H,O, 1:1), large single crystals of the stable anhydrous
L-serine precipitate immediately [81]. The latter process is not observed when
D-serine is taken instead of L-serine, likely because of the presence of other impu-
rities in the D-serine powder [170]. The dissolution of DL-serine powder produces
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a subsequent crystallization of DL-serine crystals; dissolution of D- and L-serine
powders in an equimolar mixture results in the crystallization of D- and L-serine
monohydrates.

Crystallization is highly sensitive to conditions, seeding, aging of solution before
and after crystallization has begun. Exotic conditions of crystallization — in an elec-
tric field, microemulsions, droplets of particular size and gels, at the surface of metal
nano-particles, etc. — are required to obtain a desirable polymorph [25, 28, 144,
145, 171-184]. Although the “algorithms of reproducible growth of a desirable
polymorph” seem to be more or less known, the mechanisms governing forma-
tion of polymorphs are incompletely understood, despite much work and several
hypotheses published. The control of the growth of a desirable crystal polymorph
is complicated additionally by the fact that polymorphs might have similar crystal
habits, and be therefore not readily recognized as distinct polymorphs (see example
of pL-methionine above). Crystallization conditions also affect strongly the habit of
a crystal, the crystal structure and the polymorphic form remaining the same. This
effect was demonstrated, for example, for glycine polymorphs [182, 184].

The control of growth of selected polymorphs is related to the ability to tune the
fundamental unit of crystallization. A solution is inhabited by clusters packed as var-
ious polymorphs, and the experimental conditions determine which of these clusters
yield the crystalline seeds with a desirable structure. On varying pH or the rate of
precipitation (anti-solvent crystallization, or crystallization in gels/microemulsions),
or adding impurities in small proportions, applying an electric field etc., one can
control the occurrence also of desirable clusters in the solution. In case of poly-
morphs of glycine, the main ideas are either to destroy dimers present in solution
and thus to favour the growth of the a-polymorph, in which double centrosymmetric
layers are present, or to obstruct the growth of particular faces. Selected additives
can prevent growth of some clusters and facilitate the growth of another — principle
of key and lock. For example, selected amino acids added in small proportions to
solutions of other amino acids control the growth of selected polymorphs: additives
of pL-phenylalanine, DL-methionine, DL-hexafluorovaline etc. serve to control the
crystal habit or polymorphism of glycine [182, 184]; additives of L-phenylalanine
inhibit the growth of stable -L-glutamic acid, and thus increase the yield of the
metastable a-L-glutamic acid polymorph [185, 186].

Seeding and aging of solutions are also important to control the polymorph. For
example, pure B-glycine is obtainable on spontaneous anti-solvent precipitation by
acetone from acetic-acid solution, only if the solution was sufficiently aged; oth-
erwise impurities of other polymorphs (a- and 7y-) are present in the precipitated
sample [144, 145, 181]. The nature of this aging (‘“solution memory”) effect requires
investigation. According to recent literature, the structures of glycine solutions vary
depending on which polymorph was dissolved, and also evolve temporally [187].
AFM studies have shown that dimers present in the crystals of a-glycine are
preserved on dissolution [188]. Computer simulations also show that clusters of
molecules existing in a molecular crystal are preserved long after dissolution; vice
versa, clusters present in solution are preserved in the crystals formed [189].
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If left in solution, crystals of a polymorph can convert into other polymorphs
(a solvent-mediated transformation). The products of these transformations might
be unpredictable and irreproducible. Through kinetic factors in the crystallization,
the so-called “slurry experiments” might mislead in attempts to estimate the relative
stability of polymorphs from observations of their interconversion in the presence
of solvents. In “slurry experiments” not the most stable polymorph is formed,
but the polymorph growing best under these particular conditions. Preferential
crystallization of a polymorph does not directly depend on its relative stability.

For example, glycine in its a-form is most readily crystallized from aqueous
solutions under ambient conditions. When obtained, this form is preserved indef-
initely, also at high pressures [128], on heating [144, 145], or on cooling [78],
but this form is not the most thermodynamically stable under ambient conditions.
The most stable polymorph under ambient conditions is the y-form [144, 145],
which crystallizes only under special conditions [144, 145, 175-180, 184]. Solvent-
mediated transformations of B-glycine to a-glycine [148], and from a-glycine to
v-glycine [146] in aqueous solutions are reported. Exposure of glycine polymorphs
to water vapour resulted in a transformation into the a-form; exposure of the same
polymorphs to wet NH; gave the y-form, whereas dry NH; had no effect on glycine
polymorphs [144, 145]. Through the interplay of kinetic and thermodynamic fac-
tors, and permanently varying conditions of supersaturation during crystal growth,
the sequence of the growth of polymorphs can be complicated. According to pub-
lished data on crystallization from aqueous solutions, on cooling first the stable
needle-like B-form of L-glutamic form is formed, which becomes then incorporated
into plate-like crystals of the more rapidly growing metastable a-form, which, in
turn, subsequently converts into the stable B-form in large crystals [165, 166].

Transformations between the polymorphs of crystalline amino acids often require
the reconstruction of the extended hydrogen-bond network in the crystal, are kinet-
ically controlled and related to recrystallization. Both the crystal growth and the
polymorphic transitions in the crystals are therefore extremely sensitive to the inter-
action with molecules of gases or liquids that can be involved in the formation of
hydrogen bonds with molecules at the surface.

The importance of hydrogen bonds, the proximity in energies between
polymorphs — varied spatial organizations of the same molecules or zwitter ions,
and the lability of the systems make crystalline amino acids resemble biopoly-
mers, which can also adopt conformations similar in energy, and which are
extremely sensitive to minor variations in the environment and P-T conditions. Many
experimental techniques to control the growth of selected polymorphs have been
successfully applied to control also the supramolecular self-assembly of peptides.
For example, self-assembly on the surface of Au nano-particles was proposed both
as a method to control crystal size and to generate polymorphs — preferential
crystallization of B-glycine [176], and as a method of self-assembling glycine-
rich peptide nanostructures [190]. Crystallization of glycine polymorphs from
emulsions, microemulsions and lamellar phases served to control polymorphism,
B- or y-forms being stabilized in the presence of surfactants, and the crystal habit



CRYSTALLINE AMINO ACIDS 177

and assembly of crystals being strongly modified — spheres of -glycine needles
were obtained [175]. This phenomenon can have relevance for the understanding
of peptide-membrane interactions. Tuning self-assembly via additives, successfully
used to control the habit and polymorphism of glycine crystals [182, 184], works
also to control the formation of ordered peptide assemblies at interfaces [57]. The
well established fact that minor additives of one amino acid can control self assem-
bly of another amino acid (polymorph control) provokes a question: how can the
presence of a particular amino acid in solution affect the folding or unfolding of
peptides or proteins? The ordered self assembly of glycine-rich peptides, formation
of linear fibril versus cyclic spherrulite-like constructs from the same amino-acid
sequence attract much attention due to their importance for both materials science
and biology [39]. Crystallization of amino acids, the interrelation between the struc-
ture of solutions and temporal evolution and the polymorph formed can model many
important features of these processes. Self-aggregative propensities in peptides are
manifested by amino acids lacking interactive side chains; the morphologies gen-
erated are a function of conformational ensembles dominating in solution. This
effect is especially true for peptides with highly flexible backbone geometries, for
which thermodynamic aging causes the stabilization of preferred conformation in
solution, via intra- and intermolecular hydrogen bonds, eliminating disfavoured
structures [191].

CRYSTAL PROPERTIES

Investigated properties of crystalline amino acids and their complexes include those
important practically (piezoelectric [25, 28, 142] or non-linear optical [135-141]
characteristics), relative stability (with a special emphasis on the comparison of
D-, L-, and DL-forms), lattice dynamics by Raman and IR-spectroscopy or neutron
scattering, and structural distortions or transformations induced by variations in
temperature or pressure. The objective of such work is to improve the understan-
ding of interactions between zwitter ions, their conformational energies and the
factors determining formation and reorganization of their structures. These studies
are related to the problems of the design of self-assembled peptide-based materials,
and of the understanding of the peptides dynamics, folding/ unfolding/misfolding.

Experiments at high pressure — a just emerged research direction — provides an
example. Raman spectra of amino acids, mainly of those with non-linear optical and
piezoelectric properties, under varied pressures were first measured by a group in
Brazil [111-113]. Somewhat later, systematic X-ray diffraction and spectroscopic
experiments of crystalline amino acids and small peptides under non-ambient condi-
tions began as joint efforts in Novosibirsk and Marburg Universities, using facilities
of both laboratories, and instruments available at the Swiss-Norwegian beam line of
ESRF [29, 81, 82, 114-127]. Shortly afterwards, other groups have joined research
in the same field [128-134].

High-pressure studies of crystalline amino acids and small peptides facilitate
comparison of the bulk compressibility of various structures, the compressibility
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of hydrogen bonds and structural synthones of selected types, the conformational
flexibility of selected molecular fragments and structural synthones, the stability of
selected structures with respect to phase transitions, including the effects of medium
(solvent), and mechanisms of phase transitions.

Bulk compressibility is not only a basic quantitative characteristic of the response
of a structure to pressure but also provides insight into dynamical properties.
For example, compressibility measurements are widely applied to study protein
dynamics in solutions, which contributes to the biological function of protein
molecules [85-103, 192, 193]. For crystals, the compressibility is calculable from
X-ray diffraction data on the variation of cell parameters with pressure. For the same
phase within its range of stability, compressibility was measured for a-, 8-, and
y-polymorphs of glycine [115, 122, 129, 194], for L-serine [81, 82, 127, 131, 134],
DL-serine [82], L-cysteine [133], L-cystine [130], a-glycylglycine [132], L-alanine,
DL-alanine [195] and B-alanine [196]. Despite disparate crystal structures, these
systems have similar values of bulk compressibility, the volume change being
about —5 %/GPa. L-cysteine is likely the only pronounced outlet up to now — its
compressibility is noticeably greater [133]. The values are comparable with the
reported compressibilities of proteins: —1%/GPa [106-110, 192, 193].

The study of not merely the bulk compressibility but also of the anisotropy of
structural strain gives additional information. Measured variations of cell parameters
with pressure give linear strain in the directions of the principal axes of strain ten-
sors, and also in any other selected direction in the structure [117, 197, 198]. The
analysis of the anisotropy of strain reveals the directions in which the structure
is rigid and those in which it is soft. Linear strain calculations are comple-
mented by data on the shortening or stretching of hydrogen bonds with pressure,
if the structure is refined and coordinates of at least non-hydrogen atoms are
known [29, 82, 114-122, 126, 127, 129-134, 199, 200]. One can analyze the varia-
tion of other interatomic distances with pressure, for example, the S-S intramolecular
distances within a covalent bond and of the S—S intermolecular non-covalent con-
tacts in L-cystine [130], or the CH—CH contacts in the hydrophobic parts of double
layers present in many crystal structures of amino acids. Attempts were made even
to correlate pressure-induced structural variation with the shortening of “CH...0”
hydrogen bonds [129-134]. The analysis of geometric parameters from diffrac-
tion data should be completed with spectroscopic experiments [201, 202]. In some
cases, spectroscopy did not confirm the presence of hypothetical CH...O bonds,
although the corresponding interatomic C—O distances meet commonly accepted
criteria [123-125, 128, 203, 204].

We take as an example the anisotropy of pressure-induced compression of the
structures of glycine in its a- and y-polymorphs [115]. The bulk compressibility
of vy-glycine is about 0.9 times that of a-glycine. Both polymorphs have a head to
tail chain formed by zwitter ions linked by NH...O hydrogen bonds as a common
structural unit [24, 25]. These chains are considered structural analogues of peptide
chains, although lacking peptide bonds [17]; they are preserved in all polymorphs
of glycine [122, 125]. y-Glycine has a polar structure, in which head to tail chains
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of zwitter ions form triple helices, which are linked with each other by NH...O
hydrogen bonds in a three-dimensional framework (Figure 7-2). The structure of
v-glycine is about 0.4 times as compressible along those chains as in the plane
normal to these chains (Figure 7-9). In the structure of a-glycine, the same head
to tail chains are linked with each other via NH...O hydrogen bonds into layers,
which, in turn, form double centrosymmetric layers, also with NH...O hydrogen
bonds. The inner part of a double layer is hydrophilic; the outer parts of the dou-
ble layers in contact with each other are hydrophobic. No hydrogen bonds occur
between the double layers (Figure 7-2). One could expect the structure of a-glycine
to be most compressible in the direction normal to the double layers, but it is not —
the structure is about 1.2 times as compressible along the direction of hydrogen
bonds linking the head to tail chains within a layer. As in 7y-glycine, the structure
is the most rigid in the direction along the head to tail chains [115].

The structures of other crystalline amino acids are also shown to be most rigid in
a direction along the head to tail chains [81, 82, 127, 129-131, 134]. The compress-
ibility of shorter NH. ..O hydrogen bonds linking zwitter ions along these chains is
affected only slightly even by jump-wise structural rearrangements in the course of
phase transitions. For example, in L-serine, the N—O distance in this hydrogen bond
decreases practically linearly about —0.01 A/GPa in the entire range of pressure from
ambient to 10 GPa, although the crystal structure undergoes two phase transitions,
at about 5 and about 8 GPa, which are accompanied by a jump-wise increase in the
cell parameter along the same head to tail chain (Figure 7-9) [127]. The compress-
ibility of the shorter NH...O hydrogen bonds in the chains head to tail remains
almost unaffected by a structural arrangement of the triple helices formed by these
chains in y-glycine into a layer in 8-glycine in the course of an irreversible extended
single-crystal — powder phase transition beginning about 3.5 GPa [121, 122]. Other
hydrogen bonds in the structures of crystalline amino acids are more compressible
than the short NH. . .O bonds within the head to tail chains, the variations of the N—O
distances being typically about +0.02-0.05 A/GPa [82, 121, 122, 127, 129-134].
Similar values were measured for the compressibility of hydrogen bonds in other
organic crystals [105, 114, 116-121, 199, 200]. Hydrogen bonds are compressible
or extensible with increasing pressure; the altered interatomic distance in a hydro-
gen bond does not invariably correlate with the value of linear strain of the entire
crystal structure in the same direction, because of the conformational alterations and
rotation of molecules [82, 116-121, 127, 200]. For comparison, measured typical
values for proteins are about +0.1-0.01 A/GPa [88, 107-110].

Analysis of the linear strain in crystalline amino acids, in particular — the analysis
of the compressibility of selected structural elements — molecular chains, layers,
intermolecular hydrogen bonds, voids — is important for an understanding of the
compressibilities of structural fragments of peptides and proteins — helices, sheets,
turns, non-structured fragments and cavities. For example, in proteins loops are
often more compressible than helices, which are in turn more compressible than
B-sheets [9, 88, 107, 108, 110, 192, 193]. The compressibility of main chains
is comparable with the strain in crystalline amino acids. This comparison should
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be expected to be more informative for fibrillar proteins and amyloid structures
than for globular proteins. Whereas the globular native forms of proteins are side-
dominated compact structures evolved on pursuing a unique fold with optimal
packing of amino-acid residues, the structure of amyloid fibrils is dominated by
a main chain, with an extensive hydrogen-bond network [191]. Pressure-induced
phase transitions in crystalline amino acids, for example, the transformation of triple-
helix (y-glycine) to layer (8-glycine) [29, 122, 125], can mimic conformational
changes in amyloid structures and in fibrilar proteins such as collagen [205]. Amy-
loids are shown to undergo pressure-induced structural transformations during which
contrasting conformational changes occur consecutively — first a pressure-induced
reorganization of fibrils, and then a pressure-induced unfolding [206]. The crystal
structures of simple dipeptides can mimic those of the amyloid polypeptides [40];
detailed high-pressure studies of these simpler systems could thus provide valuable
information on the pressure effects on the amyloids themselves. The anisotropy of
lattice strain in the crystals of amino acids with layered structures bears compari-
son with the measured elastic properties of two-dimensional layers of oligopeptide
films [207].

The compressibility of cavities of biopolymers and the contribution of rigid-
ity of the cavity to the conformational stability of the biopolymer can be also
mimicked by studying structures of smaller molecules. Attempts were made to
describe the anisotropic compression of some crystalline amino acids by “closing
voids” [129-134]. Although a pressure-induced process is expected to produce a
structure with increased density and smaller voids, crystalline amino acids are not
the best systems to study compression of cavities as their properties are largely
determined by dipole-dipole interactions and strong hydrogen bonds (OH...O and
NH...0). Many crystals are piezoelectric; hence pressure induces polarization and
noticeable redistribution of electron density that must be taken into account during
analysis of the anisotropy of pressure-induced structural strain and the mecha-
nisms of phase transitions. Systematic comparisons of amino acids — their salts
and complexes — in series and of polymorphs of the same amino acid and of
amino acids with varied side chains would be helpful. Improved mimetic mod-
els for the compressibility of cavities are selectable among dipeptides in a family
with nano-size cavities and channels [40, 59-63]. One can compare the effect of
pressure on layered dipeptides, and on the dipeptide crystal structures that pos-
sess large cavities of variable size and hydrophobic or hydrophilic properties,
mimic the effect of liquids on the compressibility and the conformational stabil-
ity of the cavity. One can study compression in various liquids — hydrophilic,
hydrophobic, containing special organic additives known to stabilize proteins of
ocean piezophiles, using model crystal structures with the cavities of similar size,
but with varied — hydrophilic or hydrophobic — properties of the inner and outer
walls of the cavities.

Comparison of the compressibilities of polymorphs and of the crystal structures
of separate amino acids might be relevant to understand why fragments of pro-
teins built of amino acids in varied sequences compress variously [88, 192, 193].
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A knowledge of the elastic properties of the selected fragments of amino-acid crys-
tals is essential when considering muscles, or biopolymers forming silk or spider
threads. The strain induced by hydrostatic pressure is pertinent to the conformational
transitions induced by substrate-receptor interactions, or by collisions of the biopoly-
mers. Varying side chains, or the length of the main backbone chains of amino acids
and peptides forming the crystal structures, one can take control of dipole-dipole
interactions, H-bond patterns, the occurrence or absence of an inversion center,
and then investigate systematically the effect of the molecular arrangement on the
mechanical properties. Hydrates can be compared to anhydrous amino acids, salts
to amino-acid molecules, mixed crystals with homomolecular phases, etc. To vary
dipole-dipole interactions in a wide range, amino acids can be modified chemi-
cally, substituting protons for methyl groups. Selective deuteration can affect the
kinematic characteristics of zwitter ions and their H-bonding ability. Biomolecu-
lar assemblies — polyaminoacids, peptide two-dimensional layered or nano-porous
structures — serve as an important bridge between crystalline amino acids and
proteins.

CONCLUSIONS

An interest in the crystals of amino acids and small peptides has reemerged
with attention to the dynamic properties of these systems, the subtle kinetic
factors determining their crystallization and polymorphism, phase transitions
and anisotropic structural response to variation of temperature, pressure and
an environment. The systems can serve as a unique interface between biol-
ogy, chemistry, material science and nanotechnology of immediate and future
importance.
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CHAPTER 8

UNRAVELLING THE CHEMICAL BASIS OF THE
BATHOCHROMIC SHIFT OF THE LOBSTER CARAPACE
CAROTENOPROTEIN CRUSTACYANIN

JOHN R. HELLIWELL AND MADELEINE HELLIWELL

Abstract: This chapter will review the atomic structural details of the lobster carotenoid-protein
complex, crustacyanin, discovered in the last 5 years, and also present, in that context, an
overview description of several new carotenoid crystal structures, protein free, in various
new crystal packing arrangements. The interrelationship of structure, dynamics and func-
tion and the tuning of the colours are well illustrated by these molecular structures. This
field of structural chemistry research contains much that is seemingly magical, namely
the colour shift and the mystery to us of how this has evolved in Nature

INTRODUCTION

The power of crystallography to “see atoms” (paraphrasing W L Bragg (1968)) in
B-crustacyanin (3-CR) (Cianci et al 2002) indicated the candidate molecular param-
eters that are responsible for the bathochromic shift, which is most dramatically
demonstrated by the colour change of lobsters on cooking, turning from blue/black
to orange/red.

There have then followed studies, described in the second half of this chapter,
seeking both to obtain more precise carotenoid structures and also to mimic the
spectral shift in Nature’s lobster but in a “simpler” way. Perhaps the magic of
Nature cannot be copied?

The reason why lobsters have evolved this elaborate colouration mechanism may
be to develop a predominant colour which allows this species to avoid ocean preda-
tors such as octopus. Although evidence that the octopus is colour blind has been
presented by Messenger (1977), that work also showed that octopus vision is very
sensitive to the hue and brightness of colours. The Australian Western Rock lobster
interestingly has a lengthy “white” colour period before turning red (not black).
Might camouflage issues be so different there? Or could it be that the colours of
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a particular species of lobster are for different reasons, such as to absorb light of a
particular wavelength (North, 1993)? Most likely this aspect of lobster colouration,
and its evolution will, for the time being, remain a mystery to us.

PUBLIC INTEREST IN THE RESULTS

There has been considerable public interest in our crystallographic work on crus-
tacyanin (see summary in Chayen et al 2003) and the related question:- “Why
do lobsters change colour on cooking?” stimulated by our research. The effect
of cooking lobster can be reasonably guessed at being due to denaturation of
the crustacyanin carotenoprotein to the extent that the bound colouring agent, the
carotenoid astaxanthin (ASX), becomes permanently liberated into a free, or freer
form, coloured orange at this level of dilution (nb concentrated ASX in solid
crystalline form is a deep purple colour).

We published our article in PNAS (Cianci et al 2002), a learned society publi-
cation with extremely wide readership, and accompanied this with a press release,
which was quickly picked up by the media. The Liverpool Daily Post, for example,
reported on our work with “Boffins solve lobster shell colouration mystery”! The
TV news reported “a new method of delivering the antioxidant, possibly cancer pre-
venting, ASX molecule, which is hydrophobic unless bound to a protein (like beta
-CR)”. Other newspapers referred to the chance to use protein engineering and site
specific mutagenesis to alter the molecular recognition site of ASX and thus manip-
ulate the colour, which might find applications in food colourants or in the design
of genetically modified flowering plants with new colours. High school students
formed a second wave of interest with emailed requests to us to help them with the
details of our PNAS research article so as to complete their chemistry homework
assignments; fortunately SWISSProt (Gerritsen, 2002) provided an excellent resume
for us to send at that time. Later, more detailed science articles were presented in for
example, Physics Today (Day, 2002), which included a description of the molecu-
lar basis of the narrowing of the energy gap between the highest occupied and the
lowest unoccupied molecular orbitals (“HOMO LUMO gap”). Our technical break-
through of using softer X-ray crystallography and xenon with sulphur anomalous
scattering, reported in Acta Cryst D (Cianci et al 2001), along with the first new
protein structure solved that way, was also highlighted (Day, 2002).

The publicity led to new directions of research too. A USA radio listener drew
our attention to the Marine Research Center in Maine, USA, which has a col-
lection of unusually coloured lobsters. Suitably inspired as amateur biologists we
went on the hunt for these and found success whilst holidaying in Scotland where
the Harbour Master at the charming village of the Isle of Whithorn showed us a
colour spread of lobsters in his water tank. Intriguingly his fishermen reported a
link between colour of lobsters and how deep the sea-bed lay. So, black lobsters,
he said, came from shallow sandy waters and the lighter blue ones from deep
rocky sea-beds, an observation consistent with the depth distribution of colour in
Crustacea (Herring, 1985). This example illustrates the connection between whole



LOBSTER CARAPACE CAROTENOPROTEIN CRUSTACYANIN 195

biology and molecular biology and the balance of molecular complexity with the
apparent simplicity of the colour of lobster shell.

PRACTICALITIES OF THE RESEARCH AND ITS
HISTORICAL DEVELOPMENT

In terms of the practical details of the work, all the biochemical separations were
done by Dr Peter Zagalsky of Royal Holloway college, University of London. The
interest in the blue colouration of the shell of lobster Homarus gammarus (Fig-
ure 8-1) was initiated by Newbigin (1897,1898), who found that one of the group
of pigments, now known as carotenoproteins, could be extracted with ammonium
chloride; she suggested that these were composed of complex organic bases with
lipochromes. Later, Verne (1921) proposed that the pigment was a combination of
a carotene-like compound and a protein. The carotenoid astaxanthin (ASX) (3,3'-
dihydroxy-B, B-carotene-4,4'-dione), was subsequently identified as the prosthetic
group (Kuhn and Sorensen, 1938). Wald et al (1948) extracted the predominant
complex from among other carotenoproteins in the carapace, established its protein
nature and named it crustacyanin (CR).

Partly from Peter Zagalsky’s work (see Zagalsky 1985, 2003 and references
therein spanning more than 30 years) and from other major contributions (see
the classical papers of Kuhn and Kuhn (1967), Buchwald and Jencks (1968) and

Figure 8-1. (a) The natural blue coloration of the shell of lobster Homarus gammarus (b) the colour of
cooked lobster. From Dr P Zagalsky with permission (see color plate section)
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Britton et al 1997), we know that the native carotenoprotein, @-CR, has a molecular
weight of about 320 kDa and that it is a multi-macromolecular 16-mer complex of
protein subunits with 16 bound ASX molecules (Figure 8-2). These subunits are
electrophoretically distinct components, each of approximate molecular weight of
20 kDa, classified by amino acid composition, size estimation, and peptide mapping
into two groups: Gene type I [CRTC]: protein forms Al, C1 (predominant) and C2
and Gene type II [CRTA]: protein forms A2 (predominant) and A3.

Pure B-CR (Figure 8-3b) was given to Prof Naomi Chayen of Imperial College
London by Dr Peter Zagalsky. She grew the beautiful blue crystals of the protein
(Figure 8-4a) over a 4 months period using a technique of crystal growth under
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Figure 8-2. The crustacyanin subunits are electrophoretically distinct components, each of approximate
molecular weight of 20 kDa, classified by amino acid composition, size estimation, and peptide mapping
into two groups: Gene type I [CRTC]: protein forms A1, C1 and C2 and Gene type II [CRTA]: protein
forms A2 and A3. From Boggon (1998) with permission

— o —

Figure 8-3. (a) ASX in hexane at a dilution similar to that in lobster crustacyanin (left) (b) beta-
crustacyanin (right). From Dr P Zagalsky with permission (see color plate section)
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Figure 8-4. (a) Blue crystals of the protein 8-CR (grown by Prof Naomi Chayen of Imperial College
London; figure reproduced from Chayen (1998) with permission of the author and of IUCr Journals)
and for comparison those of several unbound carotenoids (Bartalucci et al 2007) (b) chloroform sol-
vate of ASX (c) pyridine solvate of ASX (d) unsolvated form of ASX (e) canthaxathin (f) zeaxanthin
(g) B.B-carotene (see color plate section)
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oil known as “microbatch”, since the classic methods of crystallization repeatedly
failed. She then presented the crystals, along with those of apocrustacyanin Al,
C1 and C2 to us. Our Laboratory of Structural Chemistry in Manchester eluci-
dated the structure of the B-CR at 3.2 A (Figure 8-5) using X-ray crystallographic
techniques; it was necessary first to establish the structure of apocrustacyanin
Al at 1.4 A resolution (Cianci et al 2001) by innovative use of softer X-rays
on the Synchrotron Radiation Source at Daresbury Laboratory (Helliwell, 2004).
This employed a xenon heavy atom derivative prepared by placing a crystal in
a high pressure of xenon gas. Four individual inert xenon gas atoms each occu-
pied four separate pockets within the protein. The hand of the apocrustacyanin
crystal structure was established using sulphur anomalous X-ray scattering also
using softer X-rays. The apocrustacyanin Al model at 1.4 A served as a molec-
ular replacement motif to solve the B-CR structure in detail, which is comprised
of an identical Al protein subunit and a sufficiently closely related apocrusta-
cyanin A3 protein, which has 40% amino acid sequence identity to the Al protein.
Studying a protein at 3.2A is capable of yielding atomic positions and atomic
displacement parameters but it is not optimum for some of the structure interpre-
tation and in particular, for elucidating the details of the bound water. Our work
was assisted by some other information however; firstly the apocrustacyanin Al
model at 1.4 A diffraction resolution provided a level of detail where individual
atoms are nearly separately resolved (which actually occurs at 1.2 A or better
diffraction resolution). Secondly, the B-CR, being composed of the two related
Al and A3 proteins, allowed structural chemistry cross-checks to be made. The
amino acid sequence identity in the ASX binding regions was better than the 40%
value overall, referred to above, so that common structural details were avail-
able for examination. Thirdly, for the ASX itself, a model was derived from the
atomic resolution structure of the closely related carotenoid, canthaxanthin (83,3-
carotene-4,4'-dione, Bart and MacGillavry, 1968). Thus the changes to the unbound
ASX conformation could be elucidated rather than having to start from no struc-
tural information at all. Finally, our discovery of a bound water molecule at one
end of each ASX at equivalent locations turned out to be of particular interest.
The evidence for bound waters at such a diffraction resolution is the most test-
ing aspect of a 3.2A diffraction analysis. Evaluation was made by comparing
two types of difference electron density map namely 2Fo-Fc and Fo-Fc, which
is “standard good practice”. In addition the correspondence of equivalent chem-
ical environments of each of these waters was encouraging. Finally, the cross
checking for identically positioned bound waters in the superior diffraction 1.4 A
resolution apocrustacyanin Al structure that we had determined previously, which
were indeed present within 1A, was then overall compelling evidence. The fact
that dehydration produces a colour change, which is reversible unlike cooking,
now opens up a possible new protein crystallography experiment involving delib-
erate stages of dehydration of the -CR crystal combined with simple colour
monitoring.
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Figure 8-5. The structure of the B-CR at 3.2A elucidated using X-ray crystallography. From Cianci
et al 2002, with the permission of PNAS (see color plate section)

NEXT STEPS IN THE STRUCTURAL BIOLOGICAL
CHEMISTRY RESEARCH

We are working to obtain crystals of the a-CR that diffract to higher resolution as
well as undertake determination of the ultrastructure using other biophysical imaging
techniques, such as solution X-ray scattering and cryo-electron microscopy (Chayen
et al 2003). We also envisage exciting new projects working with the blue caroteno-
protein, velallacyanin, of the Velella velella (Zagalsky, 1985), see Figure 8-6, and
with the Australian Western Rock lobster which has a white phase (Figure 8-7);
Wade and colleagues (Wade et al 2005, Wade, 2005) established that this was due
to an esterification process of the intrinsic carotenoid.

Figure 8-6. A Velella velella (approx lcm across) whose velallacyanin confers the distinctive blue
colour on this sea creature (Zagalsky, 1985) (see color plate section)
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Figure 8-7. The Australian Western Rock lobster has a red phase (top) and a white phase (middle);
reprinted from Comparative Biochemistry and Physiology, Part B 141 authors Wade et al (2005) entitled
“Esterified astaxanthin levels in lobster epithelia correlate with shell colour intensity: Potential role in
crustacean shell colour formation” pp. 307-313 Copyright (2005), with permission from Elsevier and
the authors. The bottom schematic shows the life cycle; Figure from Wade 2005 with the permission of
Dr. N. Wade and originally from the Western Australian Fisheries website http://www.fish.wa.gov.au/

(see color plate section)
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DETAILS OF THE KEY MOLECULE “ASX” AND ITS
INTERACTIONS IN B-CR

ASX, whose isomers are shown schematically in Figures 8-8a,b,c, is a carotenoid
found in shrimps, crab, and lobsters, as well as in many invertebrate animals. The
lobster 3-CR study (Cianci et al 2002) has shown that the interactions with the pro-
tein causes the ASX molecule to change from an orange/red colour in the unbound
form, to a deep slate-blue/black colour. At one end of each ASX, the 4-keto group
is linked to a bound water molecule by a hydrogen bond. The other end of each
ASX is connected by a hydrogen bond to the neighbouring protein subunit via its
C4-keto group to the nitrogen atom of a His residue. A substantial conformational
change of the ASX molecule was found to occur on binding to the protein, with the
molecules both in the 6-s-trans conformation, the end-ring approximately coplanar
with the polyene chains, and a significant bowing of the polyene chain compared
with that found in the structure of canthaxanthin, which was used as a model for
unbound ASX, in the absence of a crystal structure of unbound ASX at the time of
the Cianci et al (2002) study. Theories that have been put forward as to the cause
the bathochromic shift, based on this structural study, include the following:
— the coplanarisation of the S-end rings with the polyene chain increases the
conjugation in the planar chromophoric system;
— an electronic polarisation effect stemming from interaction of the keto oxygens
of the bound ASX molecules by H-bonding with histidine, and/or water;
— an exciton interaction due to the close proximity of the two bound ASX molecules;
— the bowing of the ASX molecule to relieve the strain in the all 6-s-trans
conformation;
— A generally hydrophobic environment, where it is also known that dissolution in
different solvents provokes different, albeit small, colour changes (Britton, 1995).
It is now generally accepted that the coplanarisation of the end rings accounts
for up to a third of the overall shift of the absorption maximum from 472 nm
in unbound ASX dissolved in hexane, to 580nm in the B-crustacyanin molecule
(Durbeej & Eriksson, 2003, 2004; van Wijk et al 2005; Ilagan et al 2005). In the
unbound molecule, there is already some partial conjugation of the polyene chain
into the end rings (Durbeej and Eriksson 2004), and the coplanarisation has the
effect of extending this to 13 conjugated double bonds. Even in the recent litera-
ture, there is still disagreement as to where the additional bathochromic shift arises;
Weesie et al 1999 proposed that protonation of the C-4 keto groups is responsible
for polarisation of the chromophore, thus reducing the energy difference between
the HOMO and LUMO orbitals; more recently Durbeej & Eriksson, 2003, 2004,
put forward the theory that the polarisation effect is caused by H-bonding of the
C-4 keto group particularly to a His residue, which they suggest must be protonated;
van Wijk et al 2005 dismiss the polarisation theory, citing evidence from '*C NMR
spectroscopy studies and instead propose that the approach of the chromophores
to within 7 A of one another at 120° inclination gives rise to exciton interaction,
leading to the observed spectral shift. The further shift in the absorption in the
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Figure 8-8. CHEMDRAW plots of (a) (35,35")-ASX (b) (3R,35",mes0)-ASX (c) (3R,3R')-ASX

B-CR to that seen in the a-CR arises, they argue, from increased exciton coupling
caused by additional aggregation of ASX molecules. The effect of the bowing of
the ASX molecule in the bound form is proposed by Durbeej and Eriksson 2004 to
give a negligible effect on the colour shift.

CHEMICAL CRYSTALLOGRAPHY OF CAROTENOIDS

In order to investigate these colour tuning parameters further via as wide an ensem-
ble of crystal structures as possible, we set about crystallising various carotenoids
from a number of different solvents. Also we aimed to obtain much more precise
structural information regarding the interactions of the end rings and different pack-
ing arrangements of the molecules than the 3-CR at 3.2 A resolution could provide.
Thus we have successfully crystallised and determined the crystal structures of three
crystal forms of ASX, a chloroform solvate, ASX-CI a pyridine solvate, ASX-Py
and an unsolvated crystal form ASX-un. In addition, we crystallised the closely
related carotenoids, canthaxanthin, which differs from ASX in that the hydroxyl
groups at the 3 and 3'- positions are absent and (3R,3’S,meso)-zeaxanthin, which
differs from ASX in that the keto oxygen atoms at the 4 and 4’-positions are absent.
The unsolvated crystal form of ASX which we have obtained (Bartalucci et al 2007)
has been described previously by Hashimoto et al 2002, but the crystal data, which
was not as precise as for our new structure, were not deposited in the Cambridge
Crystallographic Data Centre (CCDC). The crystal structure of canthaxanthin has
also been reported in Bart and MacGillavry, 1968, but again our new crystal struc-
ture (Bartalucci et al 2007) is more precise due to the use of modern crystallographic
methods, as well as using sample cryocooling.

All these crystal structures reveal that the free carotenoid molecules adopt
the 6-s-cis form, which is consistent with calculations and NMR spectroscopy
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(Hashimoto et al 2002); the main difference between the conformations of these
closely related carotenoids was found to be the angle by which the end ring is
twisted out of the plane of the polyene chain; for the three ASX crystal structures
and canthaxanthin, the conformations are very alike, with the C5-C6-C7-C8 torsion
angles varying from —43° to —51°. These results agree with calculations performed
by Hashimoto et al 2002, which gave angles of —47.7° and an average of —46.5° for
canthaxanthin and ASX respectively. However, this torsion angle for zeaxanthin
derived from the crystal structure is —74.8(3)°, which is quite different to the calcu-
lated value of —48.7°. The effect of the torsion of —74.8(3)° for zeaxanthin, which
is much closer to —90° than for the other carotenoids, is expected to be a reduction
of the conjugation from the polyene chain, into the end rings, which should in turn
affect the colour of the crystals (see below).

Comparison of the ASX conformations with that of ASX in B-CR shows firstly
that ASX in the protein bound molecule is in the 6-s-trans conformation rather
than the 6-s-cis conformation of the free molecules, which is clearly illustrated
in Figure 8-9. Moreover, the end rings lie approximately in the plane of the
polyene chain, and are not rotated out of the plane as seen in the free ASX crystal
structures.

We can also compare the packing arrangements of the free carotenoids with the
protein bound ASX in B-CR. The chloroform and pyridine solvates of ASX both
form chains of molecules by pairwise end-to-end hydrogen bonding of the hydroxyl
and keto oxygen atoms with hydrogen bonding distances of 2.790(3) and 2.829(6)
respectively (Figure 8-10a,b). In addition there is a particularly strong interaction

Figure 8-9. Conformation of unbound ASX-CI (red) best overlay against protein bound ASX (blue);
top is the view perpendicular to the plane of the polyene chain and bottom is the view edge on to the
polyene chain. From Bartalucci et al (2007) with permission of IUCr Journals (see color plate section)
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of the chloroform hydrogen atom with a hydroxyl oxygen atom as well as much
weaker C—H hydrogen bond interactions of the methyl and pyridine H atoms with
the hydroxyl or keto oxygen atoms of the ASX molecules Figures 8-10a,b). For the
unsolvated ASX structure, the hydroxyl and keto oxygens form an intramolecular
hydrogen bond of 2.656(4) A and the molecules are linked into chains by much
weaker C—H hydrogen bonds (Figures 8-10c) similar to those found in the structure
of canthaxanthin. Finally for zeaxanthin, the most important interaction is hydro-
gen bonding of the hydroxyl oxygens with a distance of 2.655(4) A which link the
molecules into chains. In addition, for each carotenoid structure there are further
-1 stacking interactions bringing the molecules into close proximity of between
3.61 and 3.79 A apart, with the molecules one above the other (Figure 8-10d). All
these arrangements are quite different to that found in the 8-CR protein crystal
structure, where the ASX molecules are organized in pairs with the keto oxygen at
one end of each molecule H bonded to a protein bound water molecule; the hydro-
gen bonding distances to these water oxygens of 2.60 and 2.73 A suggest that these
are strong hydrogen bonds, but these distances are not precisely determined due to
the low resolution limit of the data of 3.2 10%; the other end of each ASX molecule
is hydrogen bonded to a protein histidine nitrogen atom. The ASX molecules are at
an angle of about 120° to one another and their closest approach at the centre of the
molecules is about 7 A, much further apart than in the crystals of the free carotenoid
molecules.

It is known that the nature of the solvent can alter the colour of a carotenoid
solution (Britton, 1995), and we want to investigate the colours of the carotenoid
samples not only in solution but also in the crystalline state to see whether the
conformations and packing arrangements of the molecules in the crystal cause a
change of colour versus those found in the solution state. Therefore the UV/Vis
spectra have been measured of solutions of the carotenoids in chloroform. ASX and
canthaxanthin have similar spectra in the visible region with just a single peak at
490 and 482 nm respectively. The solution state spectra of zeaxanthin and also S3-
carotene, which has the same back-bone as zeaxanthin, but with the hydroxyl groups
removed, have almost identical solution state spectra to one another with a central
peak and a shoulder on either side; the peak maxima of the central peak are at 461
and 462 nm respectively. Although the conformations of these molecules in solution
are unknown, the fact that the solution state spectra of ASX and canthaxanthin are
similar to one another suggests that the conjugation along the polyene back-bone
and into the end rings, and therefore the conformation, is similar for each molecule,
and likewise, for zeaxanthin and [3-carotene; the shift to shorter wavelength for the
latter two compounds reflects the fact that the length of the conjugated chain is
reduced due to the absence of the keto oxygen atoms at the 4- and 4'- positions.
The solid state spectra are much broader than the solution state spectra, but work
is underway to precisely measure UV/Vis spectra of the carotenoid crystals. How-
ever, Figure 8-4 compares the crystals of the unbound carotenoids with the 3-CR
crystal, showing the big difference in colour between the free carotenoids and the
protein bound ASX in B-CR. Qualitatively, the colours of the three crystal forms
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Figure 8-10. Packing arrangements of the carotenoid crystal structures; H atoms not involved in H
bonding have been omitted for clarity. From Bartalucci et al (2007) with permission of IUCr Journals.
(a) Packing of ASX-Cl viewed down the a-axis. (b) Packing arrangement of the ASX-py viewed down
the a-axis. (c) Packing arrangement of ASX-un. (d) Plot showing the 7-7r stacking interaction of ASX-CI
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of unbound ASX crystals and those of canthaxanthin and even [3,3-carotene are all
very similar.

However, the crystal of (3R,3’S,meso)- zeaxanthin appears distinctly more yel-
low than those of the other unbound carotenoids suggesting that it is absorbing at
shorter wavelength. This would be in keeping with the much reduced conjugation of
the polyene chain into the end ring arising from the —74.8(3)° C5-C6-C7-C8 torsion
angle versus the angles of between —43 and —51° for the other carotenoids leading
to a greater degree of conjugation in these crystals. The torsion angle for these
carotenoids in solution is unknown, but the calculations of Hashimoto et al 2002,
suggest that all these molecules should have similar torsion angles between —40
and -50°, including (3R,3’S,meso)- zeaxanthin. The similarity of the solution state
spectra of (3R,3’S,meso)- zeaxanthin and B-carotene suggest that the conformations
of these two molecules in solution are probably very similar, but that the packing
forces in the crystal have led to a quite different torsion angle for (3R,3’S,meso)-
zeaxanthin in the solid state.

Overall, the effect of the additional intermolecular hydrogen bonding and -7
stacking interactions in the crystals of the free carotenoids seem to have very little
effect on the colours of the crystals. This is in contrast to the coordination of the
two ASX molecules in B-CR (see Figure 8-5), with hydrogen bonding of the keto
oxygen atoms to bound water and histidine residues and their pairing with mini-
mum distance of 7 A and 120° tilt-angle to one another leading to the very large
bathochromic shift that is observed in Nature. Further experiments will be carried
out to vary these molecular tuning parameters in free carotenoid model compounds
to see if the bathochromic shift in Nature can be replicated.

AN INSPIRING REMARK

From J D Bernal’s book “The Origin of Life” (1967) Weidenfield and Nicholson

Natural History page xv:-

® Life is a partial, continuous, progressive, multiform, and conditionally interactive
self-realization of the potentialities of atomic electron states . . . .

® This provisional definition of life ... should be sufficient to show that all life has
some material structures in common, in the form of enzymes, nucleic acids and
essentially reproducing organs or molecules. . .. biology is the science of these
substances and of their necessary interactions.

The bathochromic shift in biology, as exemplified by the lobster crustacyanin case,

is an amazing example of interactions of various molecules and of the relevance of

atomic electron states as manipulated by those interactions.

POTENTIAL APPLICATIONS OF NEW COLOURATION
STRUCTURAL CHEMISTRY

Sensor materials responding to chemical changes with colour changes obviously
could prove useful in new devices. Also new food additives as colourants are of
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continual interest to the food industry. Furthermore the strong antioxidant proper-
ties of ASX have significant medical therapeutic value (see www.astaxanthin.org).
Taking these potential and actual applications together with the curiosity driven
research described above provides us with a compelling interest in the “magic” and
“mystery” of these molecules and their 3D crystal structures.
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CHAPTER 9

TINY STRUCTURAL FEATURES AND THEIR GIANT
CONSEQUENCES FOR PROPERTIES OF SOLIDS

ANDRZEJ KATRUSIAK

Abstract: The origin on an atomic scale of huge macroscopic effects of most materials can be subtle.
No matter whether a property involves the formation of entire atomic and ionic assem-
bles, supramolecular clusters or inter-phases, their understanding is invariably refined
to certain minimal regions. Materials and properties applied and produced by mankind
have an immense variety, and a formulation of general rules describing substances of
specific types is interesting and timely. Apart from well known thermodynamic, statisti-
cal and physical laws, chemical “signposts” toward substances in new groups exhibiting
required properties are also needed. The structure-property relations described here focus
on hydrogen-bonded structures and their dielectric properties; they pertain to the smallest
of atoms and the biological functions of macromolecules and dielectric properties of
matter of current interest for technological applications. We show that the spontaneous
polarisation in hydrogen-bonded crystals is related to tiny atomic displacements rather
than to the largest molecular dipoles present in the structure. New dimensions of the
structure-property relations are described for NHT- - -N bonded ferroelectrics and relax-
ors. The structure-property relations described for hydrogen-bonded crystals are applicable
also to substances without hydrogen bonds

INTRODUCTION

Until recently — in terms of human history, the scope of properties determining the
conscious utility of materials was limited. A few centuries ago it mattered only that
a material was flexible, hard, inflammable, mechanically and chemically resistant
etc. (Tsoucaris and Lipkowski, 2003). With cultural and technological develop-
ment, additional properties gradually become increasingly important, and to list
all material properties now in demand is difficult. For example, the inception of
electricity was followed by a demand for electric conductors, and specific dielectric
properties are required for the developing electronic devices and their miniaturisa-
tion. An understanding of the living functions of biological tissue is fundamental
for progress in agricultural and medical sciences, and for the preservation of our
natural environment.
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Symmetry belongs to the most general concepts governing non-scalar properties,
such as thermal expansion, compressibility or spontaneous polarisation. Symmetry
thus enables one to predict directly the type of tensor relations between the crys-
tal directions and faces, the type of a phase transition, or whether a crystal can
exhibit ferroelectricity. The symmetry itself fails, however, to predict the magni-
tude of thermal expansion or of spontaneous polarisation, and two substances with
the same symmetry might exhibit, for example, one positive and the other nega-
tive thermal expansion under the same thermodynamic conditions. To evaluate the
magnitudes of given properties, one must refer to most subtle features of structures
at the atomic level, but one can show that symmetry relations at the atomic level
can affect the magnitude of thermal expansion of crystals near phase transitions
(Katrusiak, 1993).

Below, the interdependence of macroscopic properties on these microscopic fea-
tures is described briefly for OH---O hydrogen-bonded crystals. The bistable
homonuclear hydrogen bonds are convenient examples to explain the structure-
property relations, because the H atom is readily locatable in the structure; in
this way the mechanism of microscopic transformations can be followed. At the
same time, H-bonded systems are important for understanding transformations of
molecular and biological systems, or for prospective practical applications. At
present there appear to exist no practical applications of electronic devices based
on hydrogen-bonded materials.

Although properties of many materials depend on hydrogen bonds of various
types, it is convenient to concentrate on strong hydrogen bonds, which are clearly
distinguishable from other cohesive forces. It is also characteristic of strong hydro-
gen bonds that their polarization is typically reversed easily when the H transfers to
the opposite atom: OH- --O transforming into O---HO. In these strong hydrogen
bonds the barrier of potential energy separating the two minima is small, and the
crystal-lattice vibrations can activate the H-atom transfers. These H bonds are not
the only interactions in the crystal, and other cohesive forces and molecular and
ionic conformations can play important roles for specific properties of crystals. The
contribution of strong hydrogen bonds to the properties of crystals should evidently
be more suitable for observation than the contribution of weak hydrogen bonds.

The contribution of hydrogen bonds to the properties of crystals is not limited
to H-bond dimensions, such as the H-donor - - - acceptor distance or the distances
and angles involving the H atom only, but also requires that the arrangement of
hydrogen-bonded molecules be taken into account. We show below that the interac-
tions of a hydrogen bond with its surroundings and their role for the arrangement of
molecules or ions are essential for their transformations and for possible triggering
of the H-atom dynamics.

COUPLING OF THE H-ATOM SITE AND MOLECULAR ORIENTATION

The molecular or ionic orientation within a hydrogen-bonded aggregate formed by
a bistable hydrogen bond can favour one H site; this interdependence is illustrated
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Figure 9-1. The dependence of the orientation of —O---HO= bonded molecules (moieties) on the
H-atom site in the hydrogen bond. Two hydrogen bonds with the H atom located at their opposite sites
are shown schematically, one below the other, in this drawing to visualise the magnitude of molecular
reorientation due to the H transfer. The hydrogen bonds are linear — the O-H---O angle is 180° — and
the R-O-H and H- - -O-R angles assume ideal openings for the sp® and sp® hybridisations of the oxygen
atoms, of 109° and 120°, respectively; R denotes the bulk of the molecule or ion, which is covalently
bonded to the oxygen atoms

in Figure 9-1. One might argue that this coupling also operates in the reverse direc-
tion — the H site modifies the arrangement of H-bonded molecules or ions. The
interdependence between the molecular orientation and the H site can be applied to
determine which H site is occupied, when the experimental measurements are not
sufficiently precise to specify the H location (Katrusiak, 1998). It is symptomatic
that commonly H atoms are scarcely visible in x-ray diffraction measurements.
H atoms are also lighter than other elements constituting the compounds. This
small element of the crystal’s structure introduces a polarisation of hydrogen bonds
and molecules, and is coupled with molecular orientations in aggregates. Apart
from the electronic structure of the molecules or ions, the H-atom sites are thereby
correlated in the crystal structure.

H-DISORDERING AND STRUCTURAL TRANSFORMATIONS

The dynamical disordering of H atoms in hydrogen bonds affects the orientation
of the hydrogen-bonded molecules. The two sites of the H atom generally become
related by symmetry, and the angles on both sides of the hydrogen bonds are con-
sequently identical. When the H atom jumps from one side of a hydrogen bond to
the other, the electronic structure of the oxygen atoms immediately adjusts to the
H-atom positions. Depending on the hybridisation of the oxygen atoms, the O—H
direction alters with respect to the R—O bonds on both sides of the hydrogen bond,
and for both sites of the H atoms, as shown in Figure 9-2. The O—H---O must
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Figure 9-2. A schematic drawing of a time-averaged structure of a dynamically disordered hydrogen
bond, with two half-occupied sites of the H atom indicated. Each H site satisfies the boundary conditions
required by the coexistence of disparate R-O-H and H---O=R angles, 109° and 120° for the sp® and
sp? hybridisations respectively, of oxygen atoms repeatedly being switched following the H hopping.
The two hydrogen-bonded groups are related by symmetry, and the O-H---O angle(s) must deviate
from the ideal 180° to satisfy the angular requirements for each H site; cf. Figure 9-1

deviate from 180° to satisfy the angular requirements of each site of the disordered
H atom.

Due to the large mass of the oxygen and other atoms in the molecule relative to
that of the H atom, these heavy atoms can not adjust their positions following the
H-atom hopping at a large frequency, ca. 10! Hz, and assume average positions.

The alteration of the O—H---O angle is indeed observed in structures in which
the H atom becomes disordered (Katrusiak, 1992; 1993). The O—H and H---O
distances do not alter significantly when the H atom becomes disordered, and
therefore — because of the altered O—H- - -O angle — the O- - - O distance decreases.
This contraction of the O- - - O distance contributes to the thermal expansion of the
crystal in such a way that a region of anomalous thermal expansion is observed
in the direction of hydrogen bonds about the critical temperature (T,) when
the H atoms become disordered (Kobayashi, Uesu, Mizutani & Enomoto, 1970;
Katrusiak, 1993; Horvath, 1983; Horvath & Kucharczyk, 1981).

The process of H-atom disordering in hydrogen bonds is generally associated
with phase transitions of hydrogen-bonded crystals. A crystal at a critical tempera-
ture, T, thus exhibits anomalous behaviour and alters its properties. Substances in a
group exhibiting such behaviour are OH- - -O bonded ferroelectrics, which, accord-
ing to the prototypical crystal of potassium dihydrogen phosphate, KH,PO,, are
described as ferroelectrics of KDP type (Slater, 1941). The KDP crystal undergoes
a paraelectric-ferroelectric phase transition at 7, = 122 K. Above T the crystal is
paraelectric in space group /-4d2; below T, the symmetry of these crystals decreases
to Fdd2 — the crystals become ferroelectric and exhibit spontaneous polarisation,
whereas above T the spontaneous polarisation disappears and the crystal enters the
paraelectric phase. If the temperature is decreased below T, the crystal re-enters
the ferroelectric phase, but the sense of the spontaneous polarisation might alter.
In many ferroelectrics the direction of spontaneous polarisation does not alter: only
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its sense changes. There are also ferroelectric crystals in which both direction and
sense of spontaneous polarisation alter — multidimensional ferroelectrics. In any
case, ferroelectric crystals are intensively investigated because of their possible
electronic applications, e.g. as binary memory devices or sensors.

H-BONDING AND THE DIRECTION OF SPONTANEOUS
POLARISATION IN KDP

Although the off-centre H-atom site in an OH- - -O hydrogen bond clearly introduces
a polarisation along the O - - - O direction, from the H-acceptor to the H-donor, it is
generally a local feature compensated by the oppositely directed hydrogen bonds in
the crystal structure. This feature is illustrated in the KDP structure (Nelmes, 1987);
in this prototypical KH,PO, crystal the OH---O hydrogen bonds are nearly par-
allel to the (001) plane, as shown in Figure 9-3a. Each PO, group is involved in
four hydrogen bonds, one pair of them parallel and perpendicular to the other pair
of parallel H-bonds. For each pair of the collinear hydrogen bonds the polarisa-
tions introduced by the H sites are opposite, and compensate along this direction
(Figure 9-3a). There is thus no resultant component of spontaneous polarisation
along the hydrogen bonds in the crystal (001) plane.

The spontaneous polarisation of the KDP crystal occurs along the [z] axis,
approximately perpendicular to the hydrogen bonds. It is characteristic for most
ferroelectrics of KDP type that the direction of spontaneous polarisation is per-
pendicular to the direction of hydrogen bonds. It is also observed for molecular
crystals built of polar molecules that the molecules typically arrange in the crystal
in such a way that their dipole moments compensate. The molecules or ions arrange
in the crystal structure in a way that minimizes the energy of their interactions.
Such molecules typically arrange head to tail into chains, and the chains in turn
arrange antiparallel. The compounds of strongly polar molecules preferably form
consequently centrosymmetric (e.g. P2,/c, P-1, Pbca) or non-polar (e.g. P2,2,2;)
crystals. These symmetries compensate the molecular dipoles of molecules in three
dimensions. When the substance ‘chooses’ to crystallize in a polar group, such as
P2;, C2 or Fdd2, it is typically the smallest component of the molecular dipole that
compromises with the requirements of molecular packing, in particular electrostatic
forces favouring antiparallel arrangement of the dipoles.

COUPLING BETWEEN H SITES AND LATTICE VIBRATIONS

The H-atom disordering in OH- - -O hydrogen bonds is a common feature of many
crystals. Whereas a dynamical disorder of the H atom is commonly observed, the
origin of this disorder and its relation to the crystal structure and lattice vibrations
are poorly understood. As is well known, the H hopping becomes coupled with
lattice vibrations in particular modes. When the temperature is decreased to T,
these modes soften and their frequencies become zero at and below T.. In structural
terms, the vibrations propagating in the crystal lattice involve motion of types that
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Figure 9-3. A fragment of the KH,PO, (KDP) crystal structure viewed along the (001) plane (horizontal
in these drawings), and perpendicular to the [z] axis (vertical): (A) in the ferroelectric phase at 102 K
(i.e. 20 K below the phase transition at 7,=122 K); and (B) in the paraelectric phase at 127 K (i.e.
5 K above 7). The non-H atoms are shown with thermal ellipsoids at the 50% probability level, and
the sites of H atoms are represented as small circles of arbitrary size, half occupied in the paraelectric
phase (B). The H bonds are indicated as dashed lines in drawing A

facilitate the H transfers. There might thus be vibrations of longitudinal or trans-
verse types that squeeze and stretch the O---O distance in hydrogen bonds, and
in this way decrease and increase the potential barrier separating the two H-atom
sites. Decreasing the barrier itself does not, however, push the H atom toward the
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other site; this impulse can be produced by rotations of the H-bonded groups, as
illustrated in Figure 9-4. Because of the electronic structure of the oxygen atoms,
the R—O—H angle is a few degrees smaller than the H---O—R angle, but small
bulky groups are prone to orientational vibrations that can easily reverse this angular
dependence.

The “snapshot” in Figure 9-4A shows an instant at which the PO, groups are
rotated by 3° in a direction favouring the left H-atom site in the hydrogen bond, and
an instant later the PO, groups shown in Figure 9-4B are rotated in the opposite
direction about the central phosphorus atom by 3°. At this second instant the right
H site is energetically more favoured for the H atom than the left one. The rotations
of small ions or molecules belong to vibrations of the types most easily activated at

(A)

(B)

Figure 9-4. A fragment of the KH,PO, (KDP) crystal structure drawing presented in Figure 9-3B
modified in such a way that they show two snapshots of two H,PO, groups tilted in the structure in the
angular conditions to be (A) favourable for the left occupied position of the H-atom in the hydrogen
bond; and (B) unfavourable for this H-site when the H,PO, groups are tilted in the other direction. In
Figure 9-4A the upper-left H,PO, group is rotated clockwise by 3° and the bottom-right H,PO, group
is rotated anti-clockwise by 3°; the H,PO, groups in Figure 9-4B are rotated in the opposite directions
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a given temperature, and their amplitudes are larger than those of lattice vibrations
of other modes. Subtle features of the molecular conformation can thus be related to
the macroscopic properties of crystals. In Figure 9-3B the atomic displacements of
the H atom perpendicular to the hydrogen bond (i.e. in the direction of spontaneous
polarisation in the ferroelectric phase) is observed to be small. The ionic rotations
and alterations of the hydrogen-bond geometry, which are coupled to the H trans-
fers, are also subtle, and diffraction data at the highest resolution are required to
observe them, but these subtle structural features are essential for an understanding
of the structural origin of macroscopic properties of ferroelectric crystals.

OTHER DIMENSIONS OF STRUCTURE-PROPERTY RELATIONS

The structure-property relations present in the OH---O hydrogen bonds in ferro-
electrics of KDP type are applicable also for hydrogen bonds of other types and
for transformations of other types. In particular, it might be unimportant in which
way the H atom is moved to the other site in the hydrogen bond. For example, in
OH- - -O hydrogen bonds between hydroxyl groups of alcohol molecules the OH
groups rotate; in this way the polarisation of the individual hydrogen bonds varies
(Katrusiak, 1998). A similar process can be considered for hydrogen bonds in H,O
ices (Tajima, Matsuo & Suga, 1984; Katrusiak, 1996¢). We found that yet another
type of transformation of NH---N bonds can be responsible for huge macroscopic
properties. The NH---N bonded molecules and ions are observed to form fer-
roelectric crystals with a large spontaneous polarisation (Szafrariski, Katrusiak &
Mclntyre, 2002; Szafrariski & Katrusiak, 2000; Katrusiak & Szafrarski, 1999). The
properties of NH---N hydrogen bonds differ considerably from those of OH---O
bonds, but the H site in the bistable NH---N hydrogen bonds is coupled to the
orientation of the hydrogen-bonded molecules or ions and to the positions of the
counter ions (Katrusiak, 1999).

The structure-property relations discussed here have been observed in NH---N
bonded crystals, and are connected with the transformations of these hydro-
gen bonds (Szafrariski & Katrusiak, 2007; Katrusiak & Szafrariski, 2006). These
transformations have significant consequences for the dielectric properties of the
crystals.

DABCO or pyrazine monosalts have been found to exhibit a strong
dielectric response because H transfers alter the polarisation of the NH---N
hydrogen bonds and monocations (Katrusiak & Szafranski, 2006; Szafrariski &
Katrusiak, 2004; 2007). This property occurs for centrosymmetric crystals, and can
be rationalized by the formation of polar nano-regions. Because of the H transfers —
i.e. NHT---N transforming to N---H"N, fragments of hydrogen-bonded linear
chains change their polarisation, and small polar nanoregions are formed, as illus-
trated in Figure 9-5. Only a few H' transfers are required for a nanoregion to form,
but they considerably alter the macroscopic properties and the dielectric response
of these substances, in a process analogous to ferroelectric relaxors (Szafrariski &
Katrusiak, 2007).
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Figure 9-5. A fragment of a centrosymmetric crystal structure with the molecules (represented as arrows
parallel to their molecular dipoles) NH'---N hydrogen-bonded into antiparallel chains along [y] (the
anions are neglected for clarity). The ideal crystal structure with antiparallel molecules in neighbouring
chains is marked in green (full arrowheads). Due to defects in the fourth and seventh chains, in which 5
and 6 molecules have reversed orientation, respectively, two polar nanoregions are formed. The red and
blue colours and open arrowheads mark these nanoregions, the polarisation of which is indicated with
large grey arrows

CONCLUSIONS

Properties of materials originate from their microscopic structure, but the struc-
tural features resulting in the macroscopic effects are typically small. These
structure-property relations have been exemplified for the spontaneous polarisation
in OH- - -O bonded crystals of KDP type and NH- - -N hydrogen-bonded complexes.
The described transformations of hydrogen bonds are applicable to explain sponta-
neous polarisation of ferroelectrics of KDP type, anomalous thermal expansion at
T. in ferroelectrics and in H,O ice (Katrusiak, 1996c¢), the existence of the deutera-
tion effect on 7. (Ichikawa, 1978; Katrusiak, 1995), the occurrence of the tricritical
point (Bastie, Vallade, Vettur, Zeyen & Meister, 1981; Landau, 1937; Landau &
Lifschitz, 1976; Schmidt, Western & Baker, 1976; Katrusiak, 1996b), the depen-
dence of T, on atomic displacements in crystal structure and hydrogen-bond dimen-
sions (Katrusiak, 1992; 1993; 1995; 1998) and to understand the mechanism of
phase transitions and polymorphism of hydrogen-bonded crystals (Katrusiak, 1990;
1991; 1992). The hydrogen bonds are directional and contribute in a simple man-
ner to the structural transformations of crystals; they are therefore applicable for an
understanding of the structural background of properties of materials of other types.
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CHAPTER 10

POLYMORPHISM IN LONG-CHAIN N-ALKYLAMMONIUM
HALIDES

GERT J. KRUGER, DAVE G. BILLING AND MELANIE RADEMEYER

Abstract: The structures and properties of long-chain organic molecules provide a fascinating
glimpse into polymorphism and the packing forces that operate between molecules in
the solid state. These molecules are roughly cylindrical in shape and normally stack in
layers consisting of densely packed molecules, all in parallel, much like pencils in a box.
Two factors influence their molecular packing in a crystal lattice — the forces between
the end groups in a layer and the van der Waals interactions between the alkyl chains in
a layer. Both forces contribute to the lattice energy, and their relative strengths determine
the crystal structure. Most long-chain compounds exhibit polymorphism because of their
conformational flexibility and the weak intermolecular forces directing the packing.

A study of the structural properties of primary n-alkylammonium halides enabled us
to evaluate the relative importance of intermolecular forces of the two types as the polar
ends of the layers form strong hydrogen-bonded networks that dominate the packing on
crystallization. Here we illustrate trends in the crystal chemistry of the n-alkylammonium
halides, and the investigative methods, using as examples n-octadecylammonium chloride,
C]8H37NH;CI_, and their related bromides and iodides

INTRODUCTION

A typical long-chain molecule contains an extended hydrocarbon chain, also called
a polymethylene chain, that makes up a substantial part of the molecule. The struc-
tural formula thus includes a section, -(CH,),,-, in which 7 is between one and about
fifty. Functional groups might be present, typically attached to one or both ends of
the molecule, but commonly attached to more than one alkyl-chain segment. The
chains might also be saturated or unsaturated. Compounds of these types include
the commercially important normal alkanes, fatty acids, fatty alcohols, long-chain
esters, aldehydes, soaps, n-alkylammonium halides and the even more complicated
triacylglycerols and phospholipids. These compounds are found in diverse products
that include pharmaceuticals, detergents, surfactants, waxes, cosmetics, emulsi-
fiers, stabilizers and bactericides. Extensive reviews regarding the properties and
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industrial applications of these compounds are found in several reference works and
books, including “Crystallization and Polymorphism of Fats and FattyAcids” (Garti
and Sato, 1988), “The Physical Chemistry of Lipids” (Small, 1986), “The Chem-
istry and Technology of Waxes” (Warth, 1947) and “Waxes: Chemistry, Molecular
biology and functions” (Hamilton, 1995), “Crystallography of the Polymethylene
Chain” (Dorset, 2005).

Primary and tertiary n-alkylammonium halides are widely used as surfactants.
The amphiphilic nature of the molecules produces micelles in water, resulting in
superior detergent properties. Some have also been shown to exhibit bactericidal
properties. Despite their industrial importance, little fundamental information on
the polymorphism of the primary n-alkylammonium halides was available when
we began our structural investigation. Our focus here is thus on the structural prop-
erties of primary n-alkylammonium halides — compounds with straight, saturated
hydrocarbon chains that contain one terminal functional group.

SHORTHAND NOTATION USED IN THIS PAPER

Throughout this paper we represent all alkylammonium halides according to a nota-
tion CnX, in which n is the number of carbon atoms in the long chain and X is
the halide anion. If water be present in the crystal lattice, the notation CnX.H,O
refers to the monohydrate forms. For example, C14Cl indicates C14H29NH§L ClI™
and C16Br.H,0 indicates C;qH;;NH{ Br—.H,O0.

POLYMORPHISM

Polymorphism is the ability of a substance to exist in multiple crystal forms. This
condition might be due firstly to the variations in packing of fairly “rigid” molecules
in the unit cell, secondly to varied conformations of molecules (known as confor-
mational polymorphism), and thirdly to the incorporation of solvent molecules into
the crystal lattice (forming solvates, also known as pseudo-polymorphism). Most
long-chain compounds exhibit polymorphism. This tendency is attributed to the
weak intermolecular forces directing the packing of the molecules and the con-
formational flexibility of the long chain. Parameters such as temperature, solvent
system, impurities, and the rate of crystallization and saturation might influence
which polymorphic form is obtained. Samples grown from a melt typically exhibit
more complicated crystal structures than samples crystallized from solution because
of the formation of metastable polymorphs.

MOLECULAR CONFORMATIONS AND FORCES DIRECTING
THE MOLECULAR PACKING

In the most stable conformation of the alkyl chain all carbon atoms are coplanar;
this plane is called the carbon zigzag plane. The ideal C—C bond distance is 1.54A,
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and the distance between alternating carbon atoms is 2.54A. The ideal C—C bond
angle is 112°. The extended conformation is also called the trans conformation.
This all-frans conformation of the chain might be distorted by forces between
the functional groups, inducing slight deviations resulting in the curvature of the
molecule, or in significant deviations of the torsional angles from the ideal value
180°, sometimes leading to gauche conformations of the bonds in the chain.

If no functional group be present in the long-chain molecule (i.e. a n-alkane),
the only interaction between neighbouring molecules involves the weak van der
Waals forces with minimal directing ability. When functional groups are present at
one end of the long-chain molecule, forces other than the van der Waals interac-
tions between the chains direct the packing. These forces include ionic forces and
hydrogen-bonding interactions, and might be the major forces directing the packing.
The packing in the lattice is influenced by two factors — the force between the end
groups in a layer and the van der Waals interactions between the alkyl chains in a
layer. Both forces contribute to the lattice energy; their relative strengths determine
the crystal structure.

Kitaigorodskii (1961) presented a geometric analysis of all possible structures of
n-alkanes based on close packing, but his treatment is inadequate when describing
the packing of long-chain molecules with functional groups that form hydrogen
bonds.

MOLECULAR PACKING

In all known crystal structures of long-chain compounds with a simple functional
group at a terminal position, molecules pack in layers, also called lamella, with
the terminal groups forming the surfaces of the layers Figure 10-1. The molecules
in the layers might be perpendicular or tilted relative to the end-functional group
plane, and the layers might be stacked in various ways. Layered packing (with

o
i

Figure 10-1. Interdigitated and tilted packing in n-octadecylammonium iodide crystals
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Figure 10-2. Long spacings of n-alkylammonium chlorides in all five polymorphic forms observed at
room temperature

interdigitated or non-interdigitated molecules) of two types is commonly observed
for end-functionalised long-chain molecules.

HOMOLOGOUS SERIES

Long-chain molecules with the same functional group but varied chain length form
compounds in a homologous series. When all compounds belonging to this homol-
ogous series crystallize as the same polymorph, this series is called isostructural. If
the distance between layers (or long spacing) be linearly proportional to the number
of carbon atoms in the long chain, this condition indicates isostructural equivalence
that is verifiable with X-ray powder diffraction (Figure 10-2).

THE ODD-EVEN EFFECT

The odd-even effect refers to the variation of properties of n-alkanes and n-alkane
derivatives with carbon atoms of odd or even number in the alkyl chain. This
odd-even effect reflects the varied packing of odd and even compounds regardless
of the functional group present. The odd compounds form an isostructural series,
and likewise the even compounds. This condition results in a distinct structure and
physical properties for compounds with carbon atoms in the chain of odd and even
number (Figure 10-3).
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Figure 10-3. Temperatures of phase transition of the epsilon form of n-alkylammonium bromides,
illustrating the odd-even effect

HIGH-TEMPERATURE PHASES

On increasing temperature, some long-chain molecules might undergoseveral phase
transitions to intermediate phases before melting. Busico and Vacatello (1983) called
this phenomenon thermotropic polymorphism. The consecutive phases vary in their
degree of disorder in the aliphatic chain, namely deviation from the extended,
all-trans arrangement of chains, and might be due to rotation, longitudinal dis-
placements and dynamic gauche bonds. With increasing temperature the chain
interactions weaken and atoms in the chain might reorient in the lattice. The pack-
ing in high-temperature phases is hexagonal, the best close packing for rod-like
molecules with almost circular cross section. The high-temperature sequence of
phase transitions observed for a specific homologous series depends on the end
functional group or groups. No pre-melting transitions are observed for long-chain
fatty acids, but long-chain n-alkanes, n-alcohols and simple esters undergo a tran-
sition to a “rotator phase” with much disorder just below the melting point. More
complicated sequences of phase transitions are observed for rn-alkylammonium
halides (Terreros et al. 2000).

EXPERIMENTAL METHODS
Range of n-Alkylammonium Halides Investigated

Much information on the structures and thermal behaviour of alkylammonium
halides is available in the crystallographic literature. As compounds with short
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chains crystallize readily as large single crystals, suitable for diffraction mea-
surements, their structures (chain lengths less than twelve carbons) dominate the
literature. We investigated compounds with 11-18 carbon atoms in the saturated
hydrocarbon chain and halide anions chloride, bromide and iodide, i.e. C Hy,
NH; X~ with n=11—18 and X =Cl, Br and L. A chain length in this range was
chosen for reasons that include gaps in the structural information already available,
availability of starting materials and ease of crystallization. A full review of struc-
tural information obtained from preceeding and our own work (Rademeyer, 2003)
will be published soon. The results presented here include information from both
sources.

Synthesis

n-Alkylammonium halide salts are prepared from commercially available long-
chain n-alkylamines and the corresponding halide acids according to this reaction
scheme:

CnH2n+1NH2 + HX — CnH2n+1NH3+X_

The primary amine is dissolved in lukewarm trichloromethane and the acid added
dropwise. The resulting alkylammonium salts precipitate during the addition of the
acid, in slight excess to ensure the complete formation of the salt. The precipitation
of the halide is further encouraged in cooling with ice. For purification, recrystal-
lization should be repeated at least three times. The final product is then crystallized
under various conditions required to form single crystals of the various polymorphs
of satisfactory quality. Environmental factors that might influence the formation of
a specific polymorph include choice of solvent, temperature of crystallisation, and
rate and method of crystallization. Despite considerable effort, as with most long-
chain compounds, single crystals of satisfactory quality are rarely obtained. The
long-chain n-alkylammonium halides crystallize as thin plates that are fragile and
difficult to handle. For example, of twenty-one compounds that we investigated,
single crystals of sufficient quality were obtained for only nine compounds, six of
them hydrates.

Investigation of Structures

Two major experimental techniques available for the investigation of the poly-
morphism of n-alkylammonium halides are X-ray diffraction and thermal analysis.
X-ray diffraction is the most informative technique because it provides detailed
information on the molecular conformation and the packing of polymorphs.
Single crystal X-ray diffraction enables the determination of atomic positions in
the unit cell, allowing a three-dimensional visualization of the structure. Because
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the exact packing of molecules in the polymorphic forms is established, the crystal
structures of polymorphs are directly comparable.

In powder X-ray diffraction, the three-dimensional information of a single-crystal
diffraction-data set is compressed into one dimension, immensely complicating
the structure determination, but it remains the most important tool for structure
and identification. A powder pattern provides a unique fingerprint of a crys-
talline substance, and therefore also of the polymorphs of a compound. The
simplest application is to reveal or to confirm the existence of distinct poly-
morphs. In some cases it is possible to determine crystal-structure models of a
specific polymorph from powder patterns, which can then be refined with Rietveld’s
technique.

The long spacings in a crystal are calculable from the powder pattern on multi-
plying the d values of the small-angle lamellar reflections by the non-zero index of
the reflection — 001, 0kO or h0O reflections depending on cell choice. The average of
these values is the experimentally determined long spacing. This value indicates the
repeat distance of the lamella in the structure, and is unique to a specific polymorph
of a compound (Figure 10-4).
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Figure 10-4. X-ray powder diffraction pattern of a n-alkylammonium halide. The arrows indicate how
the difference between the d values is related to the lamellar thickness
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Thermal Analysis

Through differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA) and thermal microscopy (TM), thermal analysis (TA) is useful to inves-
tigate the behaviour of a compound as a function of temperature (Figure 10-5).
Whereas hot-stage microscopy is a qualitative and visual technique, DSC and TGA
provide quantitative measurements that enable one to calculate the enthalpies and
stoichiometry of thermal events. An advantage of such thermal analysis is that only
a small sample is required. This condition is especially useful in regard to polymor-
phism because only a small amount of a specific polymorph is typically available.
These techniques are thus ideal for the study of sequences of unique thermotropic
phase transitions.

In a DSC scan, the difference of energy input (heat flow) into a sample and into a
reference material is plotted as a function of temperature. In a plot of heat flow vs.
temperature, endothermic minima correspond to desolvation of solvates or phase
transitions of polymorphs, and exothermic maxima correspond to crystallization or
decomposition. Integration over the area of a transition feature yields the associated
transition enthalpy.

The most important temperature in the analysis of a DSC feature is the onset
temperature because this temperature is not influenced by the sample size. The
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Figure 10-5. Thermal analysis by DSC of phase transitions of the & form of melt-crystallized
n-alkylammonium bromides. Note the trends with chain length
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temperature at the extremum, called the peak temperature, is influenced by the size
of the sample, and might vary with the sample size of the same polymorph. When
transition temperatures are compared, the onset temperature should thus be used.

In thermogravimetry the variation of the mass of a sample with temperature is
monitored in a thermobalance comprising a microbalance, a furnace and a temper-
ature controller. This apparatus allows the calculation of the fractional loss of mass
and thus the stoichiometry of a solvate by TGA (Caira, 1998) (Figure 10-6).

In hot-stage microscopy a sample is examined with a microscope while being
heated with variation of temperature at a convenient rate. The instrument consists of
a thermo-microscope with a hot stage, a lamp and recording devices, commonly a
camera or video camera. The rate of heating is programmable and readily adjustable.
With these techniques both structural and morphological alterations occurring in
a sample on heating become observable. This information complements that from
DSC.

On enclosing a sample in a heating stage or oven, variable-temperature X-ray
powder diffraction gives the technique a thermal dimension. A diffraction pattern
is then collected at various temperatures; the specific polymorph present at a given
temperature thus becomes identifiable (Figure 10-7).

These experimental techniques are complementary to one another. Single crystal
X-ray diffraction allows only the study of polymorphs of n-alkylammonium halides
at specific temperatures, commonly room temperature. In contrast thermal analysis
yields no information about the structural nature of compounds, but allows the
determination of temperatures and sequences of phase transitions (Figure 10-8).
In some instances powder diffraction fails to distinguish two polymorphic forms,
but DSC scans indicate their distinction.
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Figure 10-6. TGA and DSC scans of crystals of C18Br.H,O, one n-alkylammonium bromide
monohydrate. Temperatures of phase transitions as observed by DSC are indicated with dotted lines
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Figure 10-9. The gauche bond between C2 and C3 in the k form of C18Cl and the extended, all-trans
conformation in C18Br.H,O

MOLECULAR CONFORMATIONS

Alkane molecules in crystals that are stable at room temperature normally exist
in an extended all-frans conformation. For all known crystal structures of the
n-alkylammonium halides, the long-chain molecule deviates from the ideal all-
trans conformation because of hydrogen-bonding interactions. In some structures
this deviation is severe, and results in gauche bonds in the molecular chain
(Figures 10-9 and 10-11). The long-chain molecule remains mostly in the trans
conformation for all known structures.

THE IONIC LAYER

The bonds between anions and cations in the ionic layer invariably involve hydro-
gen atoms. The hydrogen-bonding networks that form reveal that hydrogen-bonding
interactions of the maximum possible number are present and that all hydrogen
atoms on the ammonium groups and water molecules, when present, participate

(Figure 10-10).
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Figure 10-10. The ionic layer in C18I showing projections (a) perpendicular to and (b) along the ionic
layer. The molecular chains are truncated for clarity

PATTERNS OF CRYSTAL PACKING
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Figure 10-11. A cartoon of the packing patterns observed in the n-alkylammonium halides
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CHAPTER 11

MYSTERIOUS CRYSTALLOGRAPHY
From Snow Flake to Virus

ALOYSIO JANNER

Abstract: Despite the absence of translational symmetries, snow flakes and biomacromolecules
share properties of crystals and/or quasicrystals, such as an underlying lattice structure
and crystallographic scaling leaving the lattice invariant.

At the morphological level, one observes in axially symmetric proteins linear and
planar crystallographic scalings, whereas 3-dimensional scaling occurs in icosahedral
viruses.

In all the cases considered so far, the lattices involved are integral. This property
implies the existence of a metric tensor with integral entries, up to one real lattice
parameter, as in the cubic case. One finds, in particular, isometric hexagonal lattices
(with ¢ = a). Similar and additional properties allow one to speak of strongly correlated
biomacromolecular structures

INTRODUCTION

In the years after the discovery of aperiodic crystals (incommensurate modulated,
intergrowth and quasicrystals) crystallography was for me a very rich and open field
of research, but not mysterious. Even the surprising combination in snow crystals
of sixfold circular rotations with hyperbolic rotations [1], leading to hexagrammal
scaling symmetry, fitted into the whole because the atomic positions in ice are
invariant with respect to both types of crystallographic rotations [2].

During the 1994 meeting of the American Crystallographic Association (ACA)
held in Atlanta, the observation of a pentagrammal scaling in cyclophilin repre-
sented the turning point. The structure of cyclophilin A in complex with cyclosporin
A had shortly before been determined [3]. The scaling relation is not primarily
between atomic positions, as in pentagonal and decagonal quasicrystals, but is a
morphological property which relates the external boundary with the central hole.
The pentagrammal scaling relation can be recognized in the ribbon diagram of
the cyclophilin-cyclosporin complex appearing in the logo of the ACA meeting.
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Since then, many other biomacromolecules showed analogous polygrammal scaling
relations.

Molecular forms bring concepts back developed during the nineteenth century in
which crystal growth forms were systematically investigated. At that time, atoms
were not considered to be real but only as a way of expressing chemical laws [4],
and lattice periodicity an hypothesis compatible with the empirical law of rational
indices with no consequence for the physical nature of crystals [5]. The present
molecular situation is reversed: one knows that there are atoms and where the atoms
are. A molecular lattice allows an interpretation of the molecular morphology, also
expressible in terms of rational indices, but without a theoretical basis, even if one
can speak of molecular crystallography [6].

Indeed, molecular crystallography seems to be a self-contradicting concept. Crys-
tallography is by definition the science of crystals and a molecule is not a crystal.
An analogous contradiction arises while speaking of aperiodic crystals, because
lattice periodicity is the fundamental property characteristic for crystals [7]. With-
out a lattice structure there is no crystallography, but, as one has learned from
incommensurate crystals, the lattice is not necessarily three-dimensional, and one
sees from snow flakes and from biomacromolecules that a lattice structure need
not imply translational symmetry. In aperiodic crystals the lattice periodicity is a
higher dimensional one, and the lattice occurring in various biomacromolecules is
determined by properties other than lattice translations [8]. At present, the evidence
given is purely geometrical with no physical or chemical foundation. According
to this point of view, snow flakes and biomacromolecules are mysterious, not
crystallography.

There is, however, more. The lattices underlying the molecular forms have the
remarkable property to be integral. Integral lattices are characterized by metric
tensors with integral entries, up to a real lattice parameter, as in the cubic lattice
case [9]. Being aware of this, one discovers that many crystals have (in the ideal
case) integral lattices, as revealed by sharp peaks in the frequency distribution of
crystal lattices as a function of ratios of lattice parameters [10, 11]. This property is
not explained with the known crystallographic laws. Again and again, crystals and
biomacromolecules appear as weft and warp of the same mysterious crystallography.

What is presented here summarizes fifteen years of research devoted to the
relation between crystals and molecules, with results scattered in several articles
published mainly in Acta Crystallographica, from which most figures of this paper
have been taken in a version more or less modified and with the permission of the
International Union for Crystallography (IUCr). Here the attention is focused on
molecules through specific examples illustrating the basic ideas; more information
is available in papers published elsewhere and quoted further on.

SNOW CRYSTALS

Everybody agrees that snow flakes are normal crystals of which the macroscopic
forms are based on lattice periodicity at an atomic level. Like any other crystal
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growth form, a snow flake is non-periodic. No problem arises thereby because its
symmetry is explained by crystallographic laws applied at the macroscopic level.
These laws, however, fail to explain the lattice structure observed in many snow
crystals [12]: snow crystals are a model of a kind for the molecular case.

Consider as a first example, among many possibilities, the facet-like snow flake
BH53.1, taken from the book of Bentley and Humphreys [13] with figures labeled
BHp.q; here p denotes the page and q the successive figure on that page. One recog-
nizes several hexagonal patterns of increasing size (Figure 11-1). These patterns are
a record of the growth and indicate (in my view) an alternation of slow and rapid
rates of growth, with correspondingly greater or less concentration of impurity.

To associate the vertices of the central hexagon to points of an hexagonal lattice
generated by the corresponding position vectors is trivial. Not trivial, however,
is that the vertices of the following hexagons belong to the same lattice. In the
present case the external boundary is scaled by a factor four with respect to the
central hexagon. The growth process is apparently temporally periodic, producing
a macroscopic lattice structure distinct from the periodic lattice of the microscopic
atomic positions. This interpretation does not explain why other points of the growth
lattice match special points of the complex patterns of the snow flake, which can
also be labeled by the integral components (the indices) of the corresponding lat-
tice points. Their interpretation requires the crystallographic hyperbolic rotations
mentioned above [1, 2]. In the case of BH53.1 these indices range between —4
and +4. In particular, the mid-edge positions of the second and fourth hexagons
produce a hexagrammal relation between the vertices of the star hexagon {6/3}.
The Schifli symbol {n/m} denotes the star polygon obtained on joining the mth
successive vertices of a regular n polygon.

Figure 11-1. Facet-like snow flake from Bentley & Humphreys (1931, 1962) Snow Crystals (courtesy
Dover) with an indexed hexagonal growth lattice superimposed (from [15], courtesy IUCr)
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BH 167.8

Figure 11-2. Dendritic snow flake from Bentley & Humphreys (courtesy Dover) with hexagonal growth
lattice points. The transition from a facet-like growth of the central region to a dendritic growth
corresponds to a triplication of the lattice parameter (from [12], courtesy IUCr)

The second example is the dendritic snow crystal BH167.8 (Figure 11-2), also
taken from the book of Bentley and Humphreys [13]. The central part is similar
to the facet-like BH53.1 and involves three successive hexagons (instead of four).
The largest hexagon marks the transition to a dendritic growth with branching sites
at points of a growth lattice three times as large as in the central region. The six
extremal points of this snow flake have accordingly indices £[9 0], +[9 9], +[0 9]
with respect to the central lattice and indices £[3 0], £[3 3], &[0 3] with respect to
the dendritic growth lattice, which is an index 3 sublattice of the preceeding one.
A hexagrammal pattern marks the transition between the two regimes of growth,
with the hexagram as the star hexagon {6/3}.

AXTAL-SYMMETRIC BIOMACROMOLECULES

Molecular crystallography at a morphological level is based on enclosing forms
with vertices at points of a non-periodic form lattice. The enclosing forms of a
given biomacromolecule are mutually related according to scaling transformations,
leaving the lattice invariant or transforming it to a sublattice or a superlattice. As
already mentioned, a remarkable property of the form lattices observed so far is
their being integral. These basic ideas are worked out for two biomacromolecules
that involve hexagonal and pentagonal form lattices: the proteins R-phycoerythrin
and the cyclophilin A, respectively.
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Isometric Hexagonal Form Lattice of R-phycoerythrin

In the axial projection, the hexamer R-phycoerythrin has an hexagonal central hole
and an hexagonal envelope, despite the fact that the rotational symmetry of the
hexamer is only trigonal [14]. Non-trivial is the empirical observation that the six
vertices of the projected molecular envelope lie at points of the two-dimensional
hexagonal lattice defined by the vertices of the central hole. Envelope and hole are
related according to a planar crystallographic scaling with scaling factor four, but
not by lattice translations [15] (Figure 11-3).
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Figure 11-3. Indexed isometric hexagonal form lattice of the hexameric R-phycoerythrin with hexa-
grammal scaling relations between central hole and external boundary (adapted from [15], courtesy IUCr)
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With 7, denoting the hexagonal radius of the central hole, the radius of the
envelope is 4r, and equal to the height of the hexamer. It follows that the three-
dimensional form lattice is hexagonal with lattice parameters a = ¢ = r; and, there-
fore, isometric hexagonal because the axial ratio is y = ¢/a = 1. This lattice, denoted
1-A,,,, is integral. Indeed the metric tensor of the lattice basis b = {a,, a,, a;} with
Cartesian components a; = ry(1,0,0), a, = ry(—1/2,+/3/2,0), a3 = ry(0,0, 1) is
given by the Gram matrix,

22 -1 0
(1) g(b):EO -1 2 01,
0 0 2

which has integral entries, up to the factor r7 /2.

The envelope is radially scaled with a factor four from the chosen lattice unit cell
and, as already pointed out, in a planar scaling relation with the central hole accord-
ing to the same scaling factor. The planar scaling is the same as already observed
in the facet-like snow crystal of Figure 11-1, and can be expressed in terms of two
successive mid-edge hexagrammal scalings. All vertices of these various molecular
forms have integral indices.

Isometric Pentagonal Form Lattice of Cyclophilin A

Not all axial-symmetric form lattices are isometric, but isometric lattices play a priv-
ileged role even in crystals [10, 11]. A pentagonal isometric lattice occurs in the pen-
tameric and decameric configurations of cyclophilin A [3]. As in the previous exam-
ple, the planar scaling relation between envelope and central hole is expressible in
terms of a star polygon. Typical in this respect is the cyclophilin pentamer [16]. Hole
and envelope have vertices belonging to the same pentagonal lattice, and are related
with a planar pentagrammal scaling S5 »;. The scaling factor between the two reg-
ular pentagons defined by the star pentagon {5/2} is —1/72, in which 7 is the golden
ratio (v/54 1)/2 and the minus sign indicates that the pentagons are in opposite
orientation.

In the decameric configuration the dyadically related cyclophilin pentamers take
a peculiar orientation with respect to the twofold axes, not required by the point
group 52 of the whole. Pairs of corresponding vertices of the pentagonal enclos-
ing form of the two pentamers, at the projected positions of Glul5, subdivide
the edges of the pentagonal envelope of the decamer in the pentagrammal ratios
7:1: 7. This property is expressible in terms of the linear scaling Y. A
scaling transformation indicated with Y transforms the Cartesian coordinates of
a point according to Y)(x,y,z) = (x, Ay, z). In Figure 11-4, the y-coordinates
of the points labeled with P and Q are scaled by a factor 1/7° from the y
coordinate of the corresponding pentagonal points C and D of the envelope:
P=Y,,»Cand Q =Y, ,»D. The scalings S5, and Y;,» are crystallographic and
occur also among atomic positions of the decagonal quasicrystal Al;sMn,, [17].
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Figure 11-4. The indexed form lattice of the decameric cyclophilin A is isometric pentagonal, as
explained in the text (adapted from [16], courtesy IUCr)
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Crystallographic signifies that the transformations leave the pentagonal lattice
invariant.

The concept of a pentagonal lattice (and in general that of a polygonal lattice)
has been introduced by Yamamoto in the context of axially symmetric aperiodic
crystals [18]. As this term might be unfamiliar to many people, some explana-
tions are required before showing that the form lattice of cyclophilin is isometric
pentagonal.

Consider the decagonal hole of the decamer, as represented in axial projection in
Figure 11-4, and choose, in the x, y plane, vectors a,, a,, as, a4 pointing from the
center to four successive but non-adjacent vertices of the regular decagon. Together
with a fifth vector a5 taken along the rotation axis z, they form a basis of rank 5 and
dimension 3 of the pentagonal lattice. Hence these vectors span a three-dimensional
space and are linearly independent on the rationals Q, and thus on the integers Z.
The position vector rp of a point in the three-dimensional space expressed with
integral linear combinations of the vectors of the basis b = {a;, a,, as, a4, as}
is accordingly uniquely given by the components, called indices, of rp in the
basis b.

i=5
() rp=[ny ny n3 ny, ns) = Z na; € Ny, n; €7,

i=1

in which n|, n,, n3, n, are planar indices, separated for practical reasons by a comma
from the axial index ns. The set of all positions with integer indices defines the pen-
tagonal three-dimensional lattice A, (a,c) = A, (a, y), in which a = |a;|, i =
1,...4 and ¢ = |as]| are lattice parameters and y = ¢/a is the axial ratio. The points
of the lattice A ,,,,, are dense in space and, therefore, not a lattice from the Euclidean
point of view, but a Z-module, a projection in space of a five-dimensional Euclidean
lattice. Only points with small integral indices have a structural meaning. This case
is applicable for the vertices of the molecular forms, which are discrete, so that one
can safely admit A ,,,,, as a form lattice. In the pentagonal basis b the pentagrammal
scaling S5/, and the linear scaling Y; s are expressed with the invertible integer
matrices:

21010 01110
01110 1 1210
(3) Ssy® =11 110 0], Yyu(®)=]1 2 1 10
10120 1 1100
00001 00001

These transformations leave, therefore, the pentagonal lattice invariant.

One can here return to cyclophilin as represented in Figure 11-4. Denoting by
the radius of the decagonal central hole, one finds that the radius of the pentagon
enclosing in projection the decamer is 73r,. The planar scaling S, in the basis b
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is integral invertible, as well as the fivefold rotation Rs. Both leave the pentagonal
lattice invariant.

4) Rs(b) = > Sn(b) =

S oo = O
O O = O O
S = O OO
O =l ] ] ]
== E=E=
S NINIO =
SO N W
SN W o
S = O NI
-0 O O O

The height of the pentamer is 2r, and that of the decamer 4r,, as indicated in
Figure 11-4. The form lattice of cyclophilin in both conformations is therefore the
isometric pentagonal lattice 1-A ,,,, with lattice parameters a = ¢ = r, and axial
ratio y = 1. According to this choice, all vertices of the enclosing forms and of the
central hole have integral indices, as readily computed using the scaling matrices
given.

STRONGLY CORRELATED BIOMACROMOLECULAR SYSTEMS

The proteins considered in the preceeding section are three-dimensional, unlike
the planar model adopted for the snow flakes. The three-dimensional lattice of
hole and envelope is axial and has, therefore, two independent lattice parameters:
the parameter a in the rotational plane and the parameter ¢ along the axis. In
all axial proteins investigated so far, a and c are structurally related. For exam-
ple, for both R-phycoerythrin and cyclophilin one has ¢ = a, generating so-called
isometric lattices. Other simple ratios (such as ~/3) occur also, a property not
expressible in terms of the known crystallographic laws. As a single parameter
suffices to connect geometry and metrical structure, the corresponding molecular
system is described as strongly correlated [15, 16, 19]. The non-accidental char-
acter of these intriguing crystallographic relations becomes evident in compound
systems and in complexes when the same laws apply to the components and to the
whole.

Cyclophilin A is a simple example: pentamer and decamer share the same iso-
metric form lattice. Moreover, the mutual orientation of the pentamers in the
decameric configuration is fixed through a linear scaling transformation leav-
ing the form lattice invariant. The geometry of the entire biomacromolecular
system and of its components is expressible in term of the single param-
eter ry, which is the shortest distance of the monomeric chain from the
fivefold axis.

A further striking example is given by the Pyrococcus abyssi Sm core (PA Sm).
In the free state and in complex with RNA, the PA Sm has point symmetry 72
and consists of a sandwich of two heptameric rings in the same orientation and
dyadically related [20]. In the two states, the folding of the monomers differs only
slightly, so that the corresponding molecular forms of PA Sm heptamer (central
hole and envelope) are the same.
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The heptagonal lattice requires seven basis vectors: six a4, ... , dg, perpendicular
to the sevenfold axis, pointing from the center to vertices of a regular heptagon
and one a; along the rotation axis. The lattice parameters are a = |a,| = ... = |ag|
and ¢ = |a;|. In the basis b = {a, ..., a;}, a lattice point P has seven integer
indices,

i=7

(%) rp = Z n;a; = [ny ny ny ny ns ng, ny] € Apepi(a, c),
i=1

with again a comma separating the planar indices from the axial index. In this
basis, the planar scaling that relates the external envelope of the PA Sm hep-
tamer to the central hole with radii r, and ry, respectively, has scaling factor
m=2—2cos(2m/7) 4+ 2cos(4m/7) = 0.3079..., is integral invertible [21], and
leaves the heptagonal lattice invariant:

(6) S,(b) = . w=03079...

SN = =N O W
O =IO NI = NI
O O = =N ==
O = =N == O
O NI = PO = =i
S WO N = =N
-_ o O O O o O

In the free case the heptagonal radius r, of the envelope is 8u, with u the distance
of each heptamer from the twofold axis. The height & of the heptamer, which is
also the height of the monomer, is 4 = 7u and the total height H of the double
ring is H = 16u (see Figure 11-5). The form lattice of the single and the dou-
ble heptamer is therefore isometric heptagonal 1-A,,, («), with lattice parameter
u=a=c[16].

In the complex configuration the RNA binds at two sites. One site, at which
one finds the radial outer RNA, is between the heptamers in a space enlarged
with respect to the free state [20]. Surprisingly enough, the form lattice remains
the same [19]. The only alteration of parameters is the distance d between the
two rings, which is 4u in the complex instead of 2u in the free state, implying an
increase of the total height H from 16u to 18u (Figure 11-6). Despite the changes
in chemical bindings, the biomacromolecular system remains apparently in the
same strongly correlated state. This condition appears applicable also for the RNA
subsystem, as discussed elsewhere [19].

The geometry of all the various enclosing forms of the PA Sm core depends
on only the same single lattice parameter u of the heptagonal isometric lattice

1_Ahept(u)'
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Figure 11-5. The form lattice of the double heptameric ring of the pyrococcus abyssi Sm core in the
free state conformation is isometric heptagonal. The lattice parameter is given by the distance u of each
heptamer from a twofold axis (from [16], courtesy IUCr)

ICOSAHEDRAL VIRUSES

Many viruses have icosahedral symmetry. Their nucleic-acid component (DNA or
RNA) is contained in the hole of a capsid formed by the package of coat proteins.
A first question then arises, whether in these viruses the external envelope of the
capsid is related according to a crystallographic scaling to the viral hole in a way
similar to that in axially symmetric biomacromolecules.

An icosahedral capsid has 12 fivefold, 20 threefold and 30 twofold symmetry
axes. This situations yields a second question, whether clusters of coat proteins
having one of these axial symmetries share a form lattice of the same type as in the
axially symmetric biomolecules discussed above.
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Figure 11-6. The double heptameric ring of pyrococcus abyssi Sm core in complex with RNA (not
shown) has the same form lattice as in the free state. Only the distance d between the heptamers is
doubled: d = 4u instead of 2u (from [19], courtesy IUCr)

To provide an answer to these questions, one virus strain has been examined
in detail: the Rhinovirus of various serotype [22-26]. The result is amazing. Both
questions receive an affirmative answer for the virus as a whole and for the subsys-
tems of each coat protein VP1, VP2, VP3 and VP4, respectively. The morphological
properties observed are, moreover, independent of the serotype 16, 14, 3, 2 and 1A,
respectively [27].

The form lattices for the threefold and the fivefold cases have already been
presented. The form lattices for the twofold case are orthorhombic and possibly
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tetragonal or cubic and not simply monoclinic, because of the three mutually orthog-
onal dyadic axes implied by the icosahedral symmetry. It remains to introduce the
icosahedral lattice.

Icosahedral Lattice

The form lattice of a viral capsid with icosahedral symmetry requires six basis vec-
tors, which can be chosen pointing from the center to the non-aligned vertices of an
icosahedron. Indicating within parentheses and brackets the components of a vector
r with respect to the orthonormal basis e = {e, e,, 3} and to the symmetry-adapted
icosahedral basis b = {a,, a,, ... , ag}, respectively, one can choose the vectors q;
according to

a;=ay(1,0,7) =[100000], a,=ay(r,1,0) =][010000],
az=ay(0,7,1) =[001000], a,=ay(—1,0,7)=[000100],
as=ay(0, —7,1)=[000010], ag= ay(r, —1,0) = [000001].

These vectors are linearly independent on the rationals. The set of all their integral
linear combinations defines a Z-module of dimension 3 and rank 6 called an icosa-
hedral lattice A,.,, in a way similar to the axially symmetric case. A lattice point

o’

P has position vector rp with integer indices n;
i=6
(7 rp =) na; = [nymynzngnsng) € Niy,  ; € L

i=1

The icosahedral group 235 is defined with

(®) 235={a,Bl&’ = B’ = (Ba)® = 1}.

In the orthonormal basis e the two generators « and 3 are represented with the
rotation matrices Rs(e) and R;(e), of orders 5 and 3, respectively:

1 1 —T T—1 1 T 1—71 1
9) Rs(e)==| 7 T—1 -1, R3(e)==|7-1 -1 -7 |.
2 2
T—1 1 T 1 T 1—7

In the basis b the same rotations are given by integral matrices:

(10)  Rs(b) = .+ Ry(b) =

SO OO O =~
[=NeNel ==
SO~ O OO
=N NeBoNeNal
= =N i)
[=NeNeRel -]
[eleBele N "
SO O~ OO
SO O OO~
—_ o O O oo
OO =IO OO

—1o O OO

=}
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Indexed Icosahedral Polyhedra

Applying the icosahedral group to the position [100000] one obtains the vertices of
an icosahedron with indices given by the permutations of [£100000]. One states
that this indexed icosahedron has the point [100000] as generator. In a similar
way, the point [111000] generates the 20 vertices of a dodecahedron with indices
given by

(11) 72(1,1,1) =[111000], 7(0, 1, 7%) =[101100], ..., 7(—72,0, 1) =[010101].

Scaling this dodecahedron by a factor 1/72 one obtains a rescaled dodecahedron
with vertices

(12) 1,1,1) == [111111] (077) 1[111111] o (&7, ,7)_ [111111].
The combination of these rescaled dodecahedral points with the vertices of the
icosahedron indicated above yields another indexed polyhedron with icosahedral
symmetry: the triacontahedron discovered by Kepler in 1611. The triacontahe-
dron has 32 vertices, 12 icosahedral and 20 dodecahedral ones and 30 rhombic
faces, or 60 triangular ones; in the latter case it is then denoted ico-dodecahedron.
The triacontahedron is the projection in space of a six-dimensional hypercube
and has two points [200000] and [111111] as generators with integral indices
(Figure 11-7). Further polyhedra with icosahedral symmetry and vertices at icosa-

hedral lattice points are obtainable from one or more generators with integer
indices [28].

Rhinovirus Capsid

The capsid. The capsid of the rhinovirus is encapsulated between two triacontahe-
dra: one enclosing the external surface of the capsid and one delimiting the central
hole. The two polyhedra are related through a radial scaling S, with scaling factor
7, as shown in Figure 11-8.

This scaling transformation is crystallographic.

o I
r 0 0 % % }
(13) ST(e):<O ’ 0), S.(b) =
1111 -1
0 0 7
1 -1 1
1 -1 1

— e e

S, is integral when expressed in a body-centred icosahedral basis. On applying
Sy =587 ! to the indices of the 12 icosahedral vertices generated by [200000]
of the triacontahedron, one obtains the corresponding ones of the 1/7-scaled
triacontahedron:

(14) [111111], [111111], ..., [T11111].
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[-111-111]
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[00-2000]
[-11-1111]

Figure 11-7. Indexed ico-dodecahedron (triacontahedron) viewed along the fivefold, twofold and three-
fold axes, respectively. It has 12 icosahedral vertices (empty circles) and 20 dodecahedral vertices (filled
circles) all belonging to the same icosahedral lattice (adapted from [27], courtesy IUCr)

In a similar way, from the 20 dodecahedral vertices generated with [111111], one
finds the indices of the dodecahedral vertices of the 1/7-scaled triacontahedron:

(15) [000222], [020022], ..., [202020].

Accordingly, all vertices of the molecular form encapsulating the capsid of the
rhinovirus are at points of the same icosahedral lattice, proving that the icosahedral
lattice is indeed the form lattice for the viral capsid, which has its envelope and
hole related by a three-dimensional crystallographic scaling. This property provides
an answer to the first question.
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[-1111-11]
[002000]

Figure 11-8. The capsid of the human rhinovirus is encapsulated between two ico-dodecahedra, one
external and one internal scaled with a factor 1/7, with 7 the golden ratio. All vertices belong to the
same icosahedral lattice. Only the vertices and the monomeric chains of the four coat proteins VP1,
VP2, VP3 and VP4 in the various equatorial regions are plotted in projected views along the fivefold,
the twofold and the threefold axes, respectively (adapted from [27], courtesy IUCr)
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Numerous molecular clusters with axial symmetry are obtainable from the coat
proteins of the rhinovirus, by applying to one or more of these proteins the axial
subgroups of the icosahedral group, each producing its own form lattice. Here the
general situation is illustrated by few representative clusters of one of the four coat
proteins taken from one serotype. Further information is available elsewhere [27].
Orthorhombic clusters. In general, the form lattice of clusters with symmetry 222
is orthorhombic with lattice parameters a, b, c. These parameters are in integral
relation with the half-edge a,. = 7a, of the cube circumscribing the triacontahedron
of the capsid and q, the icosahedral lattice parameter:

(16) a.=Tay=1z,a =20 =z3c, integers z,,2,,23.

The triple of integers z,, z,, z3 can serve to indicate the corresponding lattice,
which is integral because the metric tensor of the basis vectors is proportional to
one with integral entries. Figure 11-9 shows the enclosing form of four PV3 dimers
related according to point group 222, subgroup of the icosahedral group. In this
case, the form lattice is tetragonal with lattice parameters a =a,./9,b=c=a,_/8.
Indicated (in projection) are rectangular prismatic enclosing forms and refined ones,
all with vertices at lattice points. Inside each form one finds the C,-backbone chains
of two PV3 proteins. For each serotype of the rhinovirus, of 60 possible tetramers
with 222 symmetry of the four coat proteins, 28 have cubic, 14 tetragonal and 18
orthorhombic form lattices, with z; values ranging from 6 to 11.

Hexagonal clusters. For each coat protein there are 10 hexamers and 20 trimers
with axial point symmetries 32 and 3, respectively. The lattice parameters a, ¢ of
the hexagonal form lattices observed are in integral relation with the hexagonal
radius r;, of the triacontahedron of the capsid projected along the threefold axis and
of the height H of the hexamer, respectively,

m .
(17) na=r,=——a,, mc=H= Vs integers m, n,

in which g is the icosahedral lattice parameter and y = c¢/a is the axial ratio. One
finds a similar relation in terms of the height /# of the trimer, which is also the
height of a monomer.

In the particular case of the enclosing forms of the PV1 hexamer shown in
Figure 11-10, one finds n = m =4 and H = r;; the corresponding form lattice
becomes isometric hexagonal. The relation between this lattice and the exter-
nal boundary is the same as for the R-phycoerythrin of Figure 11-3 and in two
dimensions for the facet-like snow crystal of Figure 11-1.

For all hexagonal clusters the form lattices are integral. Of 40 hexameric clusters,
27 form lattices are rationally equivalent with the isometric lattice 1-A,,,, seven
with the lattice v/3-A,,, and six with the lattice v/2-A,,,,.

Pentagonal clusters. For each coat protein one has six decamers with symme-
try 52 and 12 pentamers with symmetry 5 about the fivefold axis. The enclosing
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Figure 11-9. The cluster with 222 symmetry of four VP1 coat proteins taken from the human rhinovirus
is enclosed in molecular forms with vertices at points of an integral tetragonal lattice with lattice param-
eters a = 7ay/9, b = ¢ = 7a,/8, in which ay is the icosahedral lattice parameter and 7 the golden ratio
(adapted from [27], courtesy IUCr)

forms of the clusters with pentagonal symmetry can be characterized in a way
similar to that of the hexagonal case. One example should suffice to convince
that these clusters have decagrammal planar symmetry and integral pentagonal
form lattices A ,,,,(a, c) obeying morphological rules similar to those in the exam-
ple of cyclophilin. Figure 11-11 shows the indexed forms of a VP3 decamer.
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Figure 11-10. The cluster with symmetry 32 of a hexamer of the PV1 coat protein in the human rhi-
novirus has molecular forms with vertices at points of an isometric hexagonal lattice with parameters
a =c =ry,/4 at which r;, is the hexagonal radius of the capsid projected along the threefold axis. The
boundary of the capsid projected along the y-axis is indicated with dashed lines

The axial lattice parameter c¢ is given by the height 4 of the monomer. The
planar lattice parameter a is equal to 72r, with r, the decagonal radius of the
capsid. The height H of the decamer is 8c and equal to a/ﬁ. The decagram-
mal scaling Syo/3 with scaling factor 7 leaves the pentagonal lattice invariant;
the lattice parameter a’ = r, becomes equivalent to a, and A, (a,c) is an
integral lattice, rationally equivalent to «/E-Apem. Of the 24 decameric clusters
with 52 symmetry, 22 have a form lattice rationally equivalent to the iso-
metric pentagonal lattice 1-A one is equivalent to «/E—Apem and one to

\/§—A pent*

pent>
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Figure 11-11. The VP3 decamer selected from the human rhinovirus has molecular forms with vertices
at the pentagonal integer lattice with axial ratio +/2. In the upper view along the fivefold axis only the
planar indices are indicated, together with decagrammal scaling relations (dashed lines), in which r, is
the decagonal radius of the capsid projected along the fivefold axis. In the lower part, axial indices are
given. In the case presented, the height H of the decamer is eight times the height /4 of the monomer
(from [27], courtesy TUCr)
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CONCLUSION

Condensed matter is not necessarily crystalline. In an analogous way one might
not expect all biomacromolecules to have crystallographic properties, but there are
many that possess a crystallographic structure, at least at the morphological level
considered. In several cases it has been shown that these properties extend to a
selected number of atomic positions [8, 16, 19, 29, 30]. In the molecular case the
role of the missing lattice translations is taken over by lattice-invariant scalings. The
crystallographic scale-rotation groups for molecules, analogous to space groups for
crystals, have not yet been derived; this condition is a severe handicap to progress
in this field.

The present molecular investigation has revealed unknown crystal properties that
occur in nature (such as the isometric hexagonal crystals) but that are not yet taken
into account in crystallography. To mention mysterious crystallography is a way
to express that there are missing theoretical elements in the present understanding
of the laws for aggregates of atoms and of molecules. Only considering the whole
(periodic and aperiodic crystals together with molecules), one can hope to arrive
at comprehensive crystallographic laws shifting further forward the frontiers of
mystery.
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CHAPTER 12
CLUSTERS IN F-PHASE ICOSAHEDRAL QUASICRYSTALS

ZORKA PAPADOPOLOS, OLIVER GRONING AND ROLAND WIDMER

INTRODUCTION

All known stable quasicrystals are either icosahedral or decagonal. The experi-
mentally best studied quasicrystal is the large monograin of icosahedral Al-Pd-Mn,
(Al;oPd,;; Mny) [1], followed by icosahedral Al-Cu-Fe (Alg,Cu,ssFe;,s) [2]. Both
quasicrystals belong to the icosahedral F-phase.

We studied the structure of the bulk terminations according to a model M (7))
of icosahedral quasicrystals of an F-phase (see Refs. [3-5]). The model in a phys-
ical space is based on an icosahedral tiling [6] 7*?P), projected from the Dy,
six-dimensional root lattice [7]. See the next two sections. The bulk terminations
of quasicrystals we define [8-10] in the fourth section by generalising the Bravais
rule [11], obeyed by almost all crystals [12], to quasicrystals as well.

A surface orthogonal to a symmetry axis of a quasicrystal is obtained by a cut
of a monograin orthogonal to the axis. The clean surface appears as a result of
polishing the surface with a diamond paste, bombarding it in an ultrahigh vacuum
(UHV) with argon ions (sputtering), and finally by heating it several times to nearly
the melting point (annealing). The most stable clean surfaces of icosahedral Al-Pd-
Mn (i-AIPdMn) and of icosahedral Al-Cu-Fe (i-AlCuFe), which are the fivefold
followed by the twofold surfaces [13], are terrace-stepped. Under the assumptions
that the clean surfaces are not reconstructed, a sequence of terraces offers insight
into the single crystal on various levels along the symmetry axis, presented in
the fourth section. In the fifth and final section we compare the highly resolved
images, from a scanning tunnelling microscope (STM), of the stable surfaces to
their simulations [14] on the bulk terminations defined as in Ref. [10].
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Among other results, we conclude that the Bergman [15] and Mackay [16] poly-
hedra, which perform a decoration on the icosahedral tiling 7+ in the model
M(T*CP) can not be energetically stable constituents, i.e. the clusters, because
these are cut by both the fivefold and the twofold stable surfaces.

In the i-AlPdMn compound, 70% of the atomic positions are occupied by Al
atoms. The i-AlCuFe [2], with 62% Al atoms is described with the same model
of atomic positions (see Refs. [17], [4], [3]), and probably some other F-phase
quasicrystals. There also exist STM images of the fivefold surfaces of i-AlCuFe.
Both the large scale STM images [18] and the highly resolved STM images [19]
that show the local atomic configurations on the surfaces are similar to the cor-
responding images of i-AlPdMn, presented in “Surfaces represented by the bulk
terminations, Bravais’ rule” and “Clusters on bulk terminations”. The simulations
of the STM images of i-AlPdMn that we present are made under the assumptions
that all atoms in a termination show the same topographic contrast regardless of
their chemical nature; these are hence comparable to the STM images of i-AlCuFe.
The striking similarity of the STM simulations to the real images is due to the
geometry of the model alone. The information provides us even with some hints
important for the chemistry of the model.

ICOSAHEDRAL TILING 7*@F) PROJECTED
FROM THE D¢ ROOT-LATTICE

Both quasicrystals icosahedral Al-Pd-Mn (i-AlPdMn) and Al-Cu-Fe (i-AlCuFe)
that belong to the F-phase are best modelled through a single model of the atomic
positions that we introduce in this section.

The first step is to define an icosahedral F-phase tiling. A quasiperiodic tiling
and related quasilattice of the vertex points is defined with a module and a window.
A synonym for the window is an atomic surface. When we refer to an F-phase,
we mean that the module M is obtained as the icosahedrally projected Dy root
lattice into E;. The diagram of Dg presented in Figure 12-1 (left) is the extended
Dynkin diagram. Each simple root (a basis vector) is marked with a nod. The two
vectors related to nods connected with a single line subtend between them an angle
(27r)/3. Each pair of unconnected nods subtend between them an angle 7/2. With
each simple root is associated a Weyl reflection in a hyperplane, passing the origin,
perpendicular to the root. The six simple roots generate the Weyl group W of the
lattice. The extending root e, + e,, labelled with a solid (dark) circle, generates
an affine reflection [7] in a hyperplane orthogonal to the root, passing the point
(e, + e;)/2. These seven hyperplanes bound a fundamental simplex S. A Voronoi
domain V(g = 0) is obtained with the Weyl group W acting on the fundamental
simplex [6] S. A tiling of the space E4 with Voronoi cells centred at the lattice
points Dy labelled by ¢ (or gp, ) is generated either with translations (integer com-
binations of the simple roots) or with action of the introduced affine reflection on
V(g =0).
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Figure 12-1. (left) Extended Dynkin diagram of the Dy root lattice. With ¢;, i =1,2...6 we denote
the standard Zg basis {e; | (e;,e;) =8, j,i,j=1,...6}. (right) Embedding of the icosahedral group
into the Weyl group of the Dy lattice: an icosahedrally projected standard Zg basis onto the observable
(tiling) space, Ey; x-, y- and z-axes are the twofold symmetry axes of the icosahedron. Here (in the right
picture), by e;, i =1,2...6 we mean the icosahedrally projected basis vectors {(¢;)}, as is clear from

the geometry of the image

We embed the icosahedral group into the Weyl group W, such that the icosa-
hedral group acts as a signed permutation of the six fivefold axes, in both the
three-dimensional tiling space K| and the three-dimensional coding space E, . The
standard Zg basis is projected into [£; onto the six vectors along the fivefold sym-
metry axes (as in Figure 12-1 (right)), and also into E | . The coordinate axes (x, y
and z) are chosen along the three twofold symmetry axes of an icosahedron

o1 -1 -7 0 7
1 = 7 0O -1 0
T 0 O 1 T 1

1

(1) (elH 66“)2\/ﬁ

() (e, ... em)=; T -1 -1 0 —7 0

V2+2)\1 0 0 7 -1 7

We choose a Voronoi cell V as a fundamental domain of Dg. When one hits a
three-dimensional boundary of a Voronoi cell, by cutting E, parallel to the observ-
able space, one projects into the observable space [ the dual (three-dimensional)
boundary. The result appears as a tile in E. The dual boundary is defined as a
convex hull of all lattice points of which Voronoi domains contain the hit boundary.
Instead of cutting the six-dimensional Voronoi cells, one can define a procedure on
a single projected Voronoi cell V(0) with a hierarchy of all its lower-dimensional
boundaries into the orthogonal space E,, V, (0) = W, the window [6]. In case of
Dy, the window W has an outer shape of a triacontahedron; see Figure 12-2 (top).
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Figure 12-2. (top) The window of the tiling 7*F) is a triacontahedron. (botrom) The six tetrahedra
are the tiles (Ref. [6]). The symbols ® and ® are the standard lengths: ®/+/3 = ®//7+2 = @/2
(=1/4/2(r+2)), in which 7 = (1 ++/5)/2. The standard distances are used in both the observable
space | and the coding space E| parallel to the directions of the symmetry axes

The tiles of the observable space E are the six golden tetrahedra on Figure 12-
2 (bottom). This procedure is called cut-and-project (see Ref. [6] and references
therein), and the resulting tiling is denoted by 7.

A window marks in six-dimensional space the points of the Dy lattice that after
the icosahedral projection become the quasilattice points, i.e., the window chooses
from the dense module M in three-dimensional space a discrete set of points.

A MODEL OF ICOSAHEDRAL QUASICRYSTALS BASED
ON THE TILING 7+@F)

The model of Katz and Gratias (i-AlCuFe) [2] and the model of Boudard
(i-AIPdMn) [1] can be pictured as special realizations of a single model of the
atomic positions [17].

Beginning with the quasilattice points of the tiling 7+, which are all in the
class g = gp,, we attain the model M(T*2D) that contains three quasilattices of
types ¢, b and a (see Table 12-1).
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Table 12-1. Points of Dg lattice, reciprocal to Dg, split into
four classes with respect to the Dg translations. The symbol e
denotes an even integer and o an odd one. N.B.: we use the “five-
fold coordinate system”, see Figure 12-1 (right). The authors in
Refs. [2], [1], [17] use the “threefold coordinate system”, equiva-
lent to the basis {e;, 5, €3, €4, —es, ¢g}. All these basis vectors, as
in Figure 12-1 (right) are projected in E;, (e;)

class-criterion class Ref.[2] Refs.[1, 17]
%(elv~~~’e6); %Zi€1=e 4Dg n gy
%(el,...,e6); %Zie,-:o b n ny
%(01,,..,06); %Zio,—:() a be bey
%(()1,...,()6); %Zioi:e c

To specify the scale in the model, we use the standard distances, denoted ®, @
and ® along the fivefold, twofold and threefold axes respectively, which are related
by ®/+/3 =6//T+2=2/2 (=1//2(7+2)), in which 7 = (1 ++/5)/2. The stan-
dard distances are used in both the observable space E; and the coding space E .
The lines and intervals along the fivefold directions, if marked in colour, are in all
figures red, along twofold blue, and along threefold yellow. The standard distance
®(=1/+/2) in E is set to be 4.561 A for i-AlIPdMn and 4.465 A for i-AlCuFe.

Figure 12-3. (leff) A Bergman (B) and (right) a Mackay (Mc) polyhedron as an atomic decoration of
the icosahedral tiling 7*) in the model M (7*P) (see Ref.?). The standard length along the twofold
directions is @, 771® =2.96 A, and along the threefold direction is @, 7 1®=257A, 1= («/5—1— 1)/2.
By convention, twofold directions are presented in blue, threefold in yellow. A cut of B with a fivefold
plane from Figure 12-18 is a pentagon, of edge length @ =4.77 A and a cut of Mc with the same plane
is a decagon, of edge length 7~!@ = 2.96 A. Both polygons are marked with dark blue thick lines (see
color plate section)



260 CHAPTER 12

The model is obtained on decorating every second vertex (of type a) in
the tiling 77" (along the edges) by a Bergman polyhedron from Figure 12-
3 (left), as shown in Figure 12-4. The Mackay polyhedra, Figure 12-3 (right),
appear centred on almost all other vertex positions of type g of the tiling
7P, ie. the model resembles a chess board of Bergman and Mackay
polyhedra.

We know that the primitive tiling [20], 7P of [E,, by the acute and obtuse rhom-
bohedra can be locally derived [6] from the tiling 72 as indicated in Figure 12-5.

This global rule for decoration of the tilings 7 and 7*?" by Bergman and
Mackay polyhedra becomes reduced to the representative tiles of the coexisting
tilings with either acute and obtuse rhombohedra (77 ?) or the inscribed tetrahedra
G* and F* (77*®P), as in Figures 12-6 and 12-7.

For each representative position on the tiles in E; one finds a representative
polyhedron in the orthogonal E, coding space (labelled with the same num-
bers, respectively); in this way one systematically generates the three windows
for the three translational classes of the points with respect to Dg. These three
classes are labelled with g, b and a; see Table 12-1. The result for two win-
dows W, and W, is presented in Figures 12-6 and 12-7 respectively. See also
Ref. [4].

The third window W,, for the a positions, which are the centres of the Bergman
polyhedra, is a triacontahedron of edge length 77'®, see Figure 12-9. Both pre-
sented W, and W, windows in Figures 12-6 and 12-7 have some fixed, deterministic
points and some probabilistic positions [4]. To obtain a completely deterministic
model, we require that the minimal atomic distances along the fivefold, twofold and
threefold directions exist and have lengths 7='®, 7~'@ and 7'®, respectively. The
second requirement is that the positions are in accordance with arrows of the infla-
tion rules [21] on the tiles of the tiling 77*?, as pointed out in Figure 12-8. See
also [5].

Figure 12-4. One centres the Bergman polyhedra at the a-class of points contained into the quasilattice
of the primitive tiling [20] 77"
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Figure 12-5. The tiling 7 can be derived from the F-phase tiling 7*2®) upon replacing the two
tetrahedra F* and G* by the acute and obtuse rhombohedra [6] respectively. By convention, fivefold
directions are in red, twofold in blue (see color plate section)
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The final shape of the three windows for the model with deterministic positions
W,, W, and W, is as in Figure 12-9.

SURFACES REPRESENTED BY THE BULK TERMINATIONS,
BRAVAIS’ RULE

Atomically well defined surfaces for the experimental investigations on i-AIPdMn
with a scanning tunneling microscope (STM) were prepared from large
(8 x 8 x 2 mm?) monograin crystals oriented and cut orthogonal to the correspond-
ing high symmetry axis. The surface is polished to a mirror-like finish with diamond
paste down to a grain size 0.1 micrometre. A surface is prepared in an ultrahigh
vacuum with repeated cycles of argon-ion sputtering and annealing to temperatures
near the melting point of the crystal. After the preparation one images the clean
surface with the STM. A consensus has emerged that the clean surface is itself
quasicrystalline, i.e. as in the bulk model. Before imaging, each surface is tested
with low-energy electron diffraction (LEED).

The model is a superposition of three icosahedral quasilattices, ¢, a and b, of
atomic positions in the physical space E, as explained in “A model of icosahedral

quasicrystals based on the tiling 7*?P”, These are defined in the Table 12-1.
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2-fold
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Figure 12-6. (top-left) Decoration in E of the acute tetrahedron F* (inscribed into the acute rhom-
bohedron) by representative atomic positions in class dpg- (top-right) Decoration in E| of the obtuse
tetrahedron G* (inscribed into the obtuse rhombohedron) by representative atomic positions in class
4py- (bottom) The corresponding representative coding polyhedra in E, for atomic positions in class
qdp,- After the icosahedral group I, is applied, one attains a window W, with some positions being
probabilistic

Each plane orthogonal to a threefold or fivefold axis contains exclusively the
points of a single quasilattice, g, a or b, but each plane orthogonal to a twofold
axis might contain points of all three quasilattices, as shown in Table 12-2.

As described in Ref. [8] and references cited therein, there is a coding space,
[E,, containing three windows, W,, W, and W, (shown in Figure 12-9), and a
x-map (effected by changing 7 to —1/7 everywhere) [22] that takes each point
of one quasilattice into a point of the module My in the corresponding window.
Conversely (also under the *-map), the module points in the windows produce all
atomic positions and define the model M (7*?)). The %-map is not continuous: it
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obtuse
tetrahedron

etrahedron

Figure 12-7. (top-left) Decoration in E of the acute tetrahedron F* (inscribed into the acute rhom-
bohedron) by representative atomic positions in class b. (fop-right) Decoration in Ej of the obtuse
tetrahedron G* (inscribed into the obtuse rhombohedron) by representative atomic positions in class b.
(bottom) The corresponding representative coding polyhedra in E | for atomic positions in class b. After
the icosahedral group I, is applied, one attains a window W,, with some positions being probabilistic.
The positions labelled with numbers 5, 6 and 7 are probabilistic [4]

maps a discrete unbounded quasilattice to a dense point set bounded with a window.
It does, however, map lines and planes in physical space E; to lines and planes
in coding space [E;, and preserves orthogonality. It is also reversible from E, to
. The atomic positions on a given plane P, orthogonal to a chosen axis z (five-,
three- or twofold along z;), that belong to a given class & (= g, a or b) arise
as the inverse images under the x-map of the points of My in the intersection of
the window W, with the image plane P*, which is orthogonal to z, in E; (see
Ref. [23] and, in particular, Figure 12 in Ref. [8]). Hence the atomic density function
p(z)) of planes orthogonal to a given axis z;, which is an erratic discrete function
on the physical space axis z, is a continuous function (which we also designate
p(z,)) on the coding space axis z |, and can be graphed as in Figures 12-11, 12-13.
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Figure 12-8. The choice of atomic positions respecting the directions of the inflation arrows [21]
attached to the edges of the tiles F, ‘T and G‘T lead to the final form of the window Wqu,

The atomic densities of terminations are thus most conveniently calculated and
visualized in [E | .

For ordinary lattices the density of points in a plane depends on only the orien-
tation of the plane, but the density of a plane section of quasilattices ¢, a, b is a
product of two factors: the module factor [24] that depends on the orientation of

Table 12-2. The atomic positions x = %(n I»---»ng) in a single fivefold or threefold plane belong to
a single class, but twofold planes might contain atomic positions of all classes. A unit vector nor-
mal to an ifold plane (i =5, 3 or 2) is denoted with nf. The symbol e denotes an even integer and
o an odd one. The scalar products are given in the units k3 =®/3, ks =®//5, K, =@/4, in which
®INT+2=0//3=@12=1/,/2(1+2). We use a fivefold coordinate system of six unit orthogonal
basis vectors projected icosahedrally, see Figure 12-1 (right). (Some authors working with similar models
use a threefold coordinate system [1, 2, 17].)

o 3 5 2
Class criterion Class x| [k3] x| [ks5] x| [k>]
%(el,...,%); dDg e+er e+er e+er
1 —

sl i¢=e

%(el,...,e6); b o+ ot o+er e+er
1 —

3 Yie=o

%(01,...,06); a o+er e+oT e+er
1 —

52.i0;=0

%(01,...,06); c e+ ot o+ ot e+er

1
32i0i=e€
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Figure 12-9. The final windows W,, W,, W, in the coding space | ; they define the deterministic
geometric model M (T*2P) of atomic positions based on the icosahedral Dg module M. The model
M(T*CD) describes both i-AIPdMn and i-AlCuFe. (a) W, with edge lengths 771® and @ = 26//7+2.
(b) W, is a triacontahedron of edge length 7='®. (c) W, is obtained on taking the marked tetrahedra
(A) away from the triacontahedron of edge length 7®. The tetrahedron A has two mirror symmetry
planes and edges of lengths 7~!®, 772® and @. The windows fulfil the closeness condition: i.e. there
are no forbidden (short) distances in the model. The volumes of the windows are in a proportion
Vol(Wy,) : Vol(W,)) : Vol(W,) = (67+38) : (87 +2) : 1, which defines the relative frequencies of the b, ¢
and a sites in M (T*2P)

the plane, (see Row 8 in Table 12-3) and the window factor that is the area of the
section of the window by the *-mapped plane in coding space.

Row 9 of Table 12-3 presents the maximum density of planes in the main
symmetry directions. As already noted in Ref. [13], there are twofold planes denser
than the densest fivefold or threefold planes even though experimental evidence
indicates that the fivefold sputtered and annealed surfaces are the most stable. In the
light of this condition we propose a modification to the Bravais rule to take into
account the layers of planes orthogonal to the main symmetry directions.

Fivefold Terminations

On a large scale (>100 nm), the fivefold surfaces (orthogonal to the fivefold sym-
metry axis) present sequences of flat terraces with characteristic terrace step heights
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Table 12-3. M(T*2P) data of i-AIPdMn. Row 1: shortest interatomic distances parallel to the axis
(®/+/3 = ®/\/7+2 = @/2; the standard distance ® for i-AIPdMn is 4.561 A). Rows 2—4: three shortest
interplanar separations orthogonal to the axis. Rows 5-7: other interplanar separations of neighboring
planes. Row 8: Dg module factor. Row 9: maximum absolute atomic density of planes. The corresponding
data for i-AlCuFe are obtained on setting the standard length ® to 4.465 A

Sfold 2fold 3fold
shortest interatomic distances 1® e 1@

2.82A 2.96 A 2.57A
interplanar distances: s T30/(T+2) 3012 74@/3

0.30A 0.57A 0.20A
interplanar distances: m = s 0.48 A 0.92A 033A
interplanar distances: [ = Tm 0.78 A 1.48 A 0.53A
interplanar distance: 2m 0.65A
interplanar distance: 7/ 0.86 A
interplanar distance: 2/ 1.56 A
Dg module factor 1/v/5 1/4 1/3
Densest planes (absolute) 0.086 A2 0.101A72 0.066 A2

m=4.08A and I =6.60 A (see Ref. [25], Ref. [8], and Refs. quoted therein). See
Figure 12-10. The corresponding sequences were observed on fivefold surfaces of
i-AlCuFe [18], as already discussed in Ref. [8].

Apart from the fivefold surfaces, the twofold surfaces were imaged. These sur-
faces also exhibit terraces, visible in Figures 12-14, 12-15, but the fivefold surfaces
are the most stable, followed by the twofold surfaces, whereas the threefold sur-
faces become faceted, i.e. are breaking into islands that tend to orientate themselves
differently [13].

Visible in Figure 12-10, the typical heights of terrace steps on the fivefold sur-
face are 4.08 A and 6.60 A. From Figures 12-14 and 12-15 of the twofold surfaces
the common heights are circa 6.3 A and 10.2 A. The typical heights on surfaces
of both kinds are considerably larger than the minimum interplane distance in the
corresponding directions, as listed in Table 12-3. Two questions arise. What are the
structures in terms of atomic planes of the terraces? Which atomic plane terminates
a fivefold or a twofold surface?

In Ref. [23] we sought to determine a criterion for an appearance of a fivefold
surface. At that time it was generally expected [17] that the smaller, Bergman poly-
hedra in the model M (7*P)) are energetically stable clusters. In our investigations
we managed to implant a sequence of the terraces according to Schaub et al [25]
such that the most dense fivefold layers of Bergman clusters were directly below
the terraces, but we stated that some less dense layers of the Bergmans must be
cut by the stable fivefold surfaces. Later, in [8, 9] we tried to formulate a variant
of the Bravais rule for quasicrystals. According to the Bravais rule, which is gen-
erally valid for crystals, the most stable surfaces are the densest atomic planes in
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Figure 12-10. An STM image of a fivefold surface, size 1750 x 1750 nm?, of i-AlPdMn. This image
is taken from Ref. [9] (rotated by 180°), produced by J. Ledieu. In Ref. [26] a Fibonacci sequence
of the step heights (circa) m =4.08 A and [ = 6.60 A was measured on the surface. We fix a marked
subsequence of steps /, [, m, [, m from left-right, downwards, corresponding to a subsequence of the
gbbg-terminations in M (T*?P) from Figure 12-12 (bottom). Numbers 193, 196 and 198 label the
tiling fivefold planes in the model

the bulk [11]. In [10] we observed that several A thick atomic layers of (equal)
maximum density appear in correct sequences as terrace-like sequences of the sur-
faces. This density is a planar density, averaged in a layer. We repeat here this
consideration for the most stable fivefold surfaces.

We introduce a bundle of highly dense fivefold planes, or thin, plane-like layers
(buckled planes). A fivefold termination can be considered to be a layer consisting
of a (g, b) layer and a (b, g) layer, each containing two planes with a spacing 0.48 A;
see the right side of Figure 12-11 (bottom). The (g, b) and the (b, q) layers are thin
layers or buckled planes. The thick layer that contains four planes with spacings
g,-plane, 0.48 A, b,-plane, 1.56 A, b,-plane, 0.48 A, g,-plane is a candidate for
a fivefold termination. For a bundle we define an effective (averaged) density of
internally contained thin layers!/planes

(3) psr(z1) = (pg, (z1) +pp,(20)) /24 (pg,(z1) + pp,(21)) /2.

"Under a thin layer we consider a layer of 2-3 planes of stacked atoms, on a distance significantly
smaller than 0.86 A.
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Figure 12-11. (top) Density graph pss(z) of the fivefold (b, ¢, ¢, D) layers, with spacings as in
the image. The symbol ® is the standard distance along a fivefold axis. (bottom) Density graph
psr(z1) of the fivefold (g, b, b, g) layers, with spacings as in the image. The supports of the plateaus
in cases (fop) and (bottom) are equally broad W, and encode the Fibonacci sequence with step
heights [ = 6.60A and L = m+[ = 10.68 A. The plateaus are equally high, i.e. the terminations
are equally dense, but the density graph (fop) is slightly steeper in the region 7W/W than in case
(bottom)

As stated already, whereas the density of the bundle independent of its position
(z)) in the bulk along the symmetry axis in E is not a function (because, from
a plane to a plane in a sequence, the density p(zH) increases discontinuously in
its value), in the coding space | it is a function [9] of z,, the smooth density
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Figure 12-12. In the finite segment of M (7*2) thin lines mark the fivefold tiling 7+ planes,
labelled from 172 to 199. Plane No 175 is at the position z = 50.0000 A in [3], No 199 on z = —47.0741 A.
The distances between the tiling planes are s = 2.52 A, m = 75 and | = mm, T = (1++/5)/2. The five-
fold layers of 6.60 A broad Bergmans are marked by the [-intervals. Below each is its relative density.
(top) The Fibonacci sequence {/, L = 71 =1+ m} of the (b,q,q,b)-terminations presented relative to the
sequence of the fivefold planes of the tiling. (bortom) The Fibonacci sequence {m, I} of the (q,b,b,q)-
terminations presented relative to the sequence of the fivefold planes of the tiling. Possible terminations
marked in gray (pink) are less dense; hence we expect them to appear as smaller terraces on a surface
(see Figure 12-10)

graph p(z,). In Figure 12-11 (bottom) is presented the density graph of the aver-
aged planar density ps;(z, ) in the terminating layer of planes as in expression (3).
The area below the plateau along z, the support of the plateau, marks the lay-
ers with equal maximum densities, the terminations. Each module point in the
support along the fivefold symmetry axes z; in [E, corresponds one to one to
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z|, a position of the penetration of a fivefold symmetry axis (in E;) into a single
terminating layer.

One can also bundle the dense (b, ¢) and (g, b) plane-like layers into a bundle
(b, q, q, b), see Figure 12-11 (top). Such a layer contains five planes with spacings
b,-plane, 0.48 A, g,-plane, 0.78 A, a-plane, 0.78 A, g,-plane, 0.48 A, b,-plane. The
a-plane, in the middle, has a density (<0.013 A~2), negligible compared to the den-
sities of the surrounding plane-like layers in the (b, ¢, (a), g, b) layer. Neglecting the
a-plane we hence define an effective density as in the case of the (g, b, b, g) layers.

The height and width of the plateaus on the density graphs have the same size,
the width is 72—+T2® (compare (top) and (bottom) of Figure 12-11) and encode the

Fibonacci sequence of terrace heights [ = %@ =6.60A and L = 7/ = 10.68 A. But
the density graph of the layer (b, g, g, b) (Figure 12-11 (top)) is slightly steeper in
the region which is the complement of W in 7W (7W/W) than the graph of the
layer (g, b, b, q) (Figure 12-11 (bottom)) and causes that the appearance of the ter-
race height 4.08 A is less probable to appear. To a terrace height 4.08 A is related
(either above or below) a (q,b,b,q) layer of large densities ps;(z, ), but smaller
than the terminating one, 0.134 A. The 4.08 A terrace height was observed at even
the highest annealing temperature 1070 K (see Ref.?%), and is clearly detected in
Figure 12-10, although to the 4.08 A steps are related the smaller terraces [26], as
proven for a short Fibonacci sequence {, [, m, [, m} in Figure 12-10. Terminations
marked in gray (pink) in Figure 12-12 (bottom) are the less dense terminations,
connected (from above or below) to the terrace heights 4.08 A. For that reason we
declared in Ref. [10] that the support of the plateau of the density graph in the case
of the (g, b, b, q) atomic layers defines the sequence of fivefold bulk terminations.
Another solution is not completely excluded. In Ref. [27], through analysis by
x-ray photoelectron diffraction, the authors confirm the distances from the surface
plane to the next to be d;, = 0.48 A and from the first to the next buckled layer to
be d,, = 1.56 A, but it confirms equally well both solutions of the fivefold thick
layer terminations, if the chemistry of the model were not given. We return to this
problem in “Clusters on bulk terminations”.

In Figure 12-12 we show the positions of the atomic layers 2.52 A thick as can-
didates for the fivefold bulk terminations, relative to the positions of the layers of
the 6.60 A broad Bergman polyhedra in the model. Thin lines mark the tiling 7+
planes orthogonal to the fivefold z-axis. On the finite segment of the image, the
tiling planes are labelled from 172 to 199. The tiling planes contain only the points
in the class ¢ (see Tables 12-1 and 12-2). The fivefold planes of 7*?#) are on the
neighbouring distances s =2.52A, m = s and [ = 7m, 7 = (1+ «/5)/2. The tiling
T*2F) is decorated by the Bergman polyhedra. The fivefold layers of Bergmans,
6.60A=1 broad, are marked in the figure with the /-intervals. Below each /-interval
is written the relative density of the corresponding layer of Bergmans in the model.
The most dense layers have densities that equal unity.

According to Figure 12-12, the most stable fivefold terminations (independent
of which candidate, (¢, b, b, ) or (b, q, g, b), is the correct fivefold termination) in
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the model pass through the dense layers of the Bergman polyhedra; hence these can
not be energetically stable clusters. The Mackay polyhedra can not be the stable
clusters either, because of the “chess-board” nature of the decoration of the tiling
T*F) by Bergman and alternating Mackay polyhedra, and because the Mackay
polyhedra are larger than the Bergmans: compare their size in Figure 12-3. Hence,
the fivefold layers of the Mackay polyhedra are also cut by the fivefold termina-
tions. This result, that the clusters in a stable quasicrystal are themselves unstable is
in agreement with the general phenomenon observed in molecular crystallography,
that stable molecules are located on an unstable lattice, and unstable (metastable)
molecules (clusters) on a stable lattice. This condition was proven in particular
in the case of 1,2,3,5-tetra-O-acetyl-beta-D-ribofuranose, see Ref. [28] and Refs.
quoted therein, and similar examples are discussed elsewhere: see the recent article
by Nangia et al [29].

The height of the plateau of the graph ps, in Figure 12-11 (top)/(bottom) defines
the densities of the terminations to be 0.134 A2 (Table 12-4). Both solutions for
the sequences of the fivefold terminations are presented in Figure 12-12. Whereas
the volume density of the model (for i-AIPdMn) is 0.065 A=> (averaged on the
patch of size 100 x 100 x 100 A%), the volume density in the fivefold terminating
layer, which is exactly 2.52 A broad, is 0.106 A=3.

Similar results are applicable for any icosahedral quasicrystal described with the
M(T*?H)) model, in particular for i-AlCuFe [2].

Twofold Terminations

In the case of twofold terminations, we consider a layer of four atomic planes with
spacings (abq),-plane, 1.48 A, (bq),-plane, 0.92 A, (bg),-plane, 1.48 A, (abq),-
plane. (abg)-plane implies that the twofold plane contains atomic positions of all
classes, a, b and ¢, see Tables 12-1 and 12-2. (bg)-plane implies that the plane con-
tains atomic positions of only classes a and b. For a bundle we define an effective
(averaged) density of planes p,/(z,)

“) P21(21) = (/B[P abg), (21) + Pwg), (21) + Pivg), (21) + Plavg), (2.1)]-

For this thick, 3.88 A broad twofold layer the maximum of p2s(z,) is a perfectly
flat plateau (Figure 12-13). The height of the plateau defines the effective density
of terminations to be 0.086 A=2 (Table 12-4). The support of the width of the
plateau equals W = (1/2)@ (see Figure 12-13) and encodes the Fibonacci sequence
of twofold terminations with terrace heights S = 72—2® =63Aand L=7S=102A.

The heights of the larger twofold terraces were measured to be S = 6.2A
and L =9.5A (see Figure 12-14(b)) in agreement with the predicted values.
The twofold layers intertwining the terminations have densities not greater than
0.079 A=2(<0.086 A=2). The pits within the big terraces (see Figure 12-14(b)) are
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Figure 12-13. Density graph p,¢(z,) of the “thick” twofold layers, with spacings abg-plane, 1.48 A,

bg-plane, 0.92 A, bg-plane, 1.48 A, abg-plane. The plateau of the graph defines the terminations. The
width of the support of the plateau equals exactly @/2 and defines the Fibonacci sequence of twofold

terminations with step heights S = T;@ =63Aand L=75=102A

explained by the large distances between the atomic planes inside of the “thick™ ter-
minating layer, 1.5 A, 2.4 A and 3.9 A (see Figure 12-13). These values satisfactorily
reproduce the measured values 2.4 A and 3.6 A (see Figure 12-14(b)).

2fold
2571

Height (nm)

=4
-

0 100 200 300 400
(nm)

Figure 12-14. Image formed from V. Fournée [9, 30]: (a) STM image of a twofold terrace-stepped sur-
face of i-AIPdMn, size 500 x 500 nm?. (b) Correlated measurements, height profile along the white line
in (a) with step heights. The large terraces have heights 0.62 nm and 0.95 nm on which are superimposed
smaller terraces (pits) with heights 0.24 nm and 0.36 nm
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Figure 12-15. (leff) 25 x 25nm?> STM image of a twofold terrace-stepped surface of i-AIPdMn.
(right) Height profile measurement along the solid red line (N. B. the red line in this figure is NOT
related to a fivefold direction) in the (leff) image with the corresponding step heights. A single pit of
3.9 A is detected (see color plate section)

In our STM image of a clean, terrace-like twofold surface, we measure the steps
between terraces of the heights 6.26 A, 10.10 A and 10.25 A (see Figure 12-15), in
agreement with values predicted with the density graph. Our well prepared clean
surface is not rich in pits, although the measured one in Figure 12-15 is 3.9 A deep,
exactly as predicted by the configuration of the thick twofold layer termination; see
the right side of Figure 12-13.

The threefold terminations might be modelled as the thick layers of atomic
planes in M(7*?), see Table 12-4, but, inspecting the intertwining threefold
layers, between the “terminating” ones, we calculate that these have densities com-
parable to those of the “terminating” layers! We know also that the threefold
surfaces facet readily [13], and some correlated STM measurements, (as those in

Table 12-4. Relative and absolute densities of planes and layer
terminations orthogonal to five-, two- and threefold symmetry axes
in M(T*2P) of i-AIPdMn. The corresponding data for i-AlCuFe
are similar

5fold 2fold 3fold

Densest planes (abs.) 0.086A°2 0.101A~2  0.066 A2
Densest thick layers (abs.) 0.134A=2  0.086A~2 0.058 A2

Densest thick layers (rel.) 1 0.64 0.44
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Figures 12-14 and 12-15) for the threefold surfaces do not exist. That the three-
fold planes in i-AIPdMn show no strong variation of densities was proven also by
M. Erbudak (ETH Ziirich) and coworkers with secondary-electron imaging (SEI),
see Figure 8(a) in Ref. [10].

CLUSTERS ON BULK TERMINATIONS

In what follows, we present our results on highly resolved STM images of clean
surfaces of icosahedral Al,,Pd,;Mng, which we compare with STM simulations on
the model M (7*?P). In the STM simulations we consider the same topographic
contrast for all atomic positions regardless of their chemical nature. Hence, if
slightly scaled, these images present STM simulations of any compound described
with the model of atomic positions M (7*D).

Scanning tunnelling microscopy is in principle a method extremely sensitive to
a surface and probes the structure of the uppermost atomic layers of a sample.
In the case of Al(111) the atomic plane density of the surface corresponds to
0.14 Atoms/A? with a plane distance 2.25 A in the (111) direction. In the case of
the fivefold i-AIPdMn the situation is otherwise: we have typically a smaller plane
density in the range 0.05 to 0.08 Atoms/AZ; we neglect the planes of small density
also present but irrelevant for our discussion. The reduced atomic-plane density
results in a correspondingly reduced interplane spacing with typical values between
0.5A and 1.5 A (see Table 12-3). In this respect a compact atomic plane is obtained
only in the case of the fivefold i-AIPdMn surface if we consider two consecutive
planes or more?. Compact here is understood to imply an atomic plane density com-
parable to the dense Al(111). Bearing this in mind the STM image of the fivefold
i-AlPdMn surface is clearly given by two or more atomic planes. This condition
can also be understood from the corrugation® about 1.5 A in the experimental STM
image of this surface. In comparison Al(111) shows a corrugation less than 0.5 A
depending on the tunneling conditions. In our simulations of the STM images we
consider four to five atomic planes, which result in a total atomic plane density of
order 0.3 Atoms/A2, which is roughly twice the value of the dense Al(111) surface.
Considering more planes has no effect on the simulation of the STM image as they
are masked by the top layers.

The STM simulations are based on a simplified atomic charge model [31], in
which a spherical shape of the valence charge density is assumed for the atoms.
These spherical shells of fixed radius (solid sphere) are superimposed in three
dimensions for all atomic positions considered in the simulation. From this super-
position the z(x,y) (z parallel to the plane normal) contour of the uppermost shells is

2A compact plane, a thin layer and a buckled plane are synonymous
3Corrugation means that the atoms at the surface can be seen in an interval along the direction vertical
to the surface. The interval is centred at the 0-level of the surface.
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Figure 12-16. (left) Experimental STM image of Si(111) 7x7 reconstruction with U =1.6V sample
bias. (right) Solid sphere STM simulation using the structure model of Si 7x7 reconstruction by
Tong et al [32]

computed. This z(x,y) contour is then convoluted with a two-dimensional gaussian
function to take into account the finite STM tip resolution.

The validity of our STM simulation can be estimated on a standard material,
such as the periodic Si(111) 7x7 surface structure, see Figure 12-16.

Clusters on Fivefold Surfaces

We performed the STM simulations of a fivefold surface on candidates for the
bulk-terminating layers, (b,q,(a)q,b)-layer at z = 47.96 A (see Ref.?) in M (T*(P),
and on a (q,b,b,q)-layer at z = 50.00 A (see Ref.>). We used the vertical range
(between black and white) 1.5 A, in both simulations and the STM images, indi-
cated by the corrugation 1.5 A on the fivefold surfaces. On the STM image one
notices two characteristic fivefold symmetric configurations, a “white flower” (wF)
and a “dark star” (dS), see Ref. [8]. The wF and the dS were observed also on
STM images of the fivefold surface of i-AlCuFe; see for example Figure 4(a) in
Ref. [19]. The “white flowers”, and in particular the “dark stars”, are evidently better
reproduced on the (q,b,b,q)-layers; compare (top-left) and (top-right) images to the
(bottom) image in Figure 12-17. Whereas the fivefold “dark star” on a (b,q,(a)q,b)-
layer, Figure 12-17 (top-left) is the large dark pentagon, on the (q,b,b,q)-layer,
Figure 12-17 (top-right), the dark pentagonal star has a similar shape and size as on
the STM image; see Figure 12-17 (bottom) and Figure 12-18. The accented fivefold
shape of the wF and some parts of the dS is determined by the shape of the W,
window, i.e. the shape of its intersection by the coding fivefold plane in E |, (“Sur-
faces represented by the bulk terminations, Bravis’ Rule”). Such an intersection
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Figure 12-17. STM simulations of a fivefold surface on candidates for the bulk-terminating layers
(top-left) on a (b,q,(a),q,b)-layer at z=47.96 A in the patch of M(T*2") (see Ref.), (top-right) on
a (q,b.b,q)-layer at z=50.00A in the patch of M(7*2F) (see Ref.?). Both images are 80 x 80 A2;
the vertical range is 1.5 A. (bottom) An STM image of the real fivefold clean surface of i-AIPdMn,
80 x 80 Az; the vertical range is 1.5 A, I1=100pA, U =300meV. The candidates for the observed fivefold
symmetric local configurations, “white flower” (wF) and the “dark star” (dS) are marked on simulations
of layers of both kinds. By convention, twofold directions are marked in blue. The wF and the dS are
not marked on the STM image in this Figure, (bottom); these are marked in Figure 12-18 (right). The
same local configurations were observed on the STM images of the fivefold surface of i-AlCuFe; see
Figure 4(a) in Ref. [19] (see color plate section)

is present in Figure 12 of Ref. [8]. The reason that the dS resembles a pentago-
nal dark star in (top-right) of Figure 12-17, and not a dark pentagon (top-left) of
Figure 12-17 involves the particular five atoms in the b-plane, 0.48 A below the
surface, which are coded in the model by the polyhedra 1, 2 and 3 in the window
W,; see Figure 12-7. Hence, the maximum dense (q,b,b,q)-layers are the fivefold
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Figure 12-18. (left) An STM simulation of the fivefold termination 50 x 50 A? large, taken from
Figure 12-17 (top-right); (right) An STM image of the real surface 50 x 50 A? large, taken from Fig-
ure 12-17 (bottom). By convention, twofold directions are in blue. The intersection of a Bergman
polyhedron by the fivefold surface (right) and by the termination (leff) are framed with a pentagon of
edge length @ = 4.77 A, marked in dark blue. The intersection of a Mackay polyhedron is a decagon of
edge length 77'®@ =2.96 A (7 = (v/5+1)/2), marked in dark blue. Compare the shape and the scale
of the intersection to Figure 12-3 (see color plate section)

bulk terminations in the model M (7*?P), due to the almost spherical shape of
the window W, and the strongly concave shape in the fivefold directions of the
window W,.

The (q,b,b,q)-layers are not favoured as fivefold bulk terminations by the dynami-
cal LEED simulations, neither in i-A1PdMn [33] nor in i-AlCuFe [18], likely because
the top g-planes in the terminations are less rich in Al atoms than the corresponding
top b-planes in the (b,q,(a)q,b)-layers. Dynamical LEED confirms the (b,q,(2)q,b)-
layers as terminations on which the top surface plane is an Al-plane (93% Al by
i-AIPdMn [33] and 90% Al by i-AlCuFe [18]); the next plane, 0.48 A below, con-
tains 49% Al in i-AIPdMn [33] and 45% Al in i-AlCuFe [18]. The dynamical LEED
is a model-dependent method. The model-independent method of low-energy ion
scattering (about LEIS see Ref. [34] and Refs. quoted therein) confirms that the
surface of i-AlPdMn is rich in Al: it counts 88% Al in the top plane, and 69%
Al in the plane 0.38 A below (corresponding to a distance 0.48 A in the bulk). We
hence conclude that the present positions of Al atoms in the M (7*?) model, in
which the chemistry was mainly adopted from the Boudard model [1], are proba-
bly incorrect. If (q,b,b,q)-layers of the maximum density are the terminations, the
g-sites in M(T*(m), labelled 1, 3, 2(alone), 5 and 6 in Figure 12-6, should be
predominantly occupied by Al atoms, what is only partly fulfilled in the present
model [35], [3]. If the maximum dense (b,q,(a)q,b)-layers were terminations, the
surface b-planes in the terminations would be rich in Al; hence the b-sites labelled
1, 2 and 3 in Figure 12-7 should be predominantly occupied by Al atoms, like the
present M (7*P) (see Refs.>® and ®) with chemistry adopted from Ref. [1].
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The white flower (wF) on the termination (q,b,b,q) is defined by the five Bergman
polyhedra below the surface in a special fivefold symmetric arrangement. From each
Bergman below the surface, a shining pentagon, of edge length 7—'@ =2.96 A,
is seen, marked in dark blue in Figure 12-17 (top-right). Such a configuration
of Bergmans enforces a Mackay polyhedron in the middle [36], [8] drawn in
Figure 12-18 (left). When we compare it to Figure 12-18 (right) we conclude that
the fivefold surface cuts the Mackay polyhedra, and the intersection is a decagon
of edge length 7~'@ =2.96 A. The decagon is marked in thick blue in Figure 12-
3 (right). The dark star (dS) on the termination (q,b,b,q) is defined also by five
Bergman polyhedra below the surface, but in another fivefold symmetric arrange-
ment; see Figure 12-17 (top-right). Such a fivefold configuration of Bergmans
enforces the sixth Bergman polyhedron in the middle [8], drawn in Figure 12-
18 (left). When we compare it to Figure 12-18 (right) we conclude that the fivefold
surface cuts this sixth Bergman polyhedron in the center of each fivefold configu-
ration, and the intersection is a pentagon of edge length @ = 4.77 A. The pentagon
is marked in thick blue in Figure 12-3 (left).

Clusters on Twofold Terminations

The STM simulation of twofold surfaces on the twofold terminations introduced
in “Twofold terminations” is presented in Figure 12-20, with the STM image of
the twofold surface of i-AIPdMn. From a comparison of the STM image (top-left)
with its simulation (fop-right), only the large feature characteristic, the dark lines
along some twofold directions in the twofold plane, appear in a sequence, and are
on equal mutual distances on both simulations and STM images. The dark lines are
additionally marked with light blue dotted lines, on both the STM image and its
simulation; see Figure 12-20 (top-left) and (top-right). The local configurations that
we relate to the cut Bergman and the cut Mackay clusters by the twofold termination

Figure 12-19. Bergman (B) and Mackay (Mc) polyhedra. On each an equator, orthogonal to a twofold
direction, is marked. 771®@ =2.96A, @ =4.80A, 7@ =7.76 A, 7 '®=2.57A, ® =4.56 A. By con-
vention, if marked in color, fivefold directions are in red, twofold in blue, threefold in yellow (see color
plate section)
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Figure 12-20. (top-left) Experimental STM image of the twofold surface of i-AIPdMn, 80 x 80 A2
large, with 2.5 A vertical range (the corrugation on the surface has a range 2.5A) and I = 100 pA
and U =300 meV. (top-right) STM simulation with gaussian convolution filter of the “sphere model”,
80 x 80 A2 large on a twofold termination in the model M (T*2) at x = 49.3818 A (see Ref.?) with
vertical range 2.5 A. (bottom-leff) The “sphere model” STM simulation of the terminating layer at
x=49.3818 A (see Ref.?) 50 x 50 A%, On it we mark in colour a Bergman (B) and a Mackay (Mc)
cluster, cut by the termination on the equator (compare the shape and the scale to Figure 12-19). By
convention, if marked in color, fivefold directions are in red, twofold in blue, threefold in yellow. (bottom
right) STM simulation with gaussian convolution filter of the “sphere model” on a twofold termination
in the model M(T*2F)) at x = 49.3818 A, 50 x 50 A2 large with vertical range 1.5 A (see color plate
section)

(see Figure 12-19) and mark on the STM simulations (see (top-right), (bottom-left)
and (bottom-right)) images in Figure 12-20, are unrecognizable on the STM image
(see (top-left)) in Figure 12-20, likely because of the 2.5 A large corrugation on the
twofold surfaces.
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CONCLUSIONS

We have here reviewed our work on the surfaces of icosahedral quasicrystals
since 1997. We have discovered a confirmation that the maximum dense fivefold
(q,b,b,q)-layers are the fivefold bulk terminations in the model M (7*P). This
conclusion contradicts the chemistry of the model M(7*?P), adopted from the
Boudard model. Not only have we shown that the atomic decorations in a shape of
Bergman and Mackay polyhedra can not be stable clusters but also we have drawn
the appearance of the cut polyhedra on the surfaces that matches the image of the
real material on the fivefold surface.
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CHAPTER 13

PROTEIN-PROTEIN INTERACTIONS IN THE
CYANOBACTERIAL KAIABC CIRCADIAN CLOCK

MARTIN EGLI*, REKHA PATTANAYEK AND SABUJ PATTANAYEK

Abstract:

The discovery that the central oscillator of the cyanobacterial KaiABC circadian clock
can be reconstituted in vitro by the protein components KaiA, KaiB and KaiC renders this
biological timer a unique target for biochemical and structural studies. The oscillator can
be monitored through changes in the KaiC phosphorylation status that is modulated by
KaiA and KaiB. As the 24-h period of the recombinant clock remains unaltered as a result
of modest variation of temperature, interactions between the three Kai proteins not only
form the basis for rhythmic control of levels of KaiC phosphorylation but also provide
temperature compensation. A profound understanding of how this biological timer works
requires a dissection of the functions of, and interactions between, the three proteins.
Three-dimensional structures of the individual Kai proteins have been determined, and
the KaiA-KaiC complex has been studied using hybrid structural methods. This chapter
provides an overview of progress in the characterization of the cyanobacterial circadian
clock with an emphasis on structural aspects of individual Kai proteins and the binary
KaiA-KaiC complex

INTRODUCTION

Circadian clocks are endogenous biological timers that rhythmically regulate numer-
ous processes with a period of roughly 24 h and exhibit temperature compensation
(Dunlap et al 2004). Circadian clocks exist in various eukaryotic systems including
mammals, plants, fungi and insects, and have been found also in cyanobacteria
(Johnson, 2004; Iwasaki and Kondo, 2004); the latter are the simplest organisms
known to possess a clock. In the model organism Synechococcus elongatus PCC
7942, the kaiA, kaiB and kaiC genes that form a cluster on the chromosome
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were shown to be essential for proper circadian function (Ishiura et al 1998).
The following basic properties of this biological timer have emerged: (i) circadian
rhythm is lost when KaiC protein is overexpressed continuously due to shutdown
of kaiBC expression, whereas transient increases of KaiC serve to set the phase of
the rhythm (Ishiura et al 1998; Xu et al 2000); (ii) in continuous light conditions the
proportions of kaiBC mRNA and KaiC protein oscillate in a circadian fashion and
exhibit a phase shift (Xu et al 2000); (iii) KaiA and KaiC are positive and negative
regulators, respectively, of kaiBC transcription (Ishiura et al 1998); (iv) because
practically all promoter activities in cyanobacteria underlie circadian rhythm, the
Kai clock system might appear not to work in a clock-gene specific fashion, but
to control a process that governs genome-wide expression the mechanism of which
is unknown (Liu et al 1995; Xu et al 2003; Johnson, 2004; Nakahira et al 2004);
(v) the proteins encoded by the kai genes — KaiA, KaiB and KaiC - interact with
each other in vitro and in vivo (Iwasaki et al 1999; Taniguchi et al 2001), and KaiC
constitutes the central component of the protein complex (Kageyama et al 2003);
(vi) KaiC is an auto-kinase and an auto-phosphatase in vitro and in vivo (Nishiwaki
et al 2000; Iwasaki et al 2002; Xu et al 2003), and the clock speed is corre-
lated with the level of phosphorylation (Xu et al 2003), and (vii) both in vitro
and in vivo, KaiA enhances phosphorylation of KaiC, and KaiB antagonizes the
action of KaiA (Iwasaki et al 2002; Williams et al 2002; Kitayama et al 2003; Xu
et al 2003 Kageyama et al 2006) (Figure 13-1). The observation that Kai proteins
(KaiA and KaiC) can positively and negatively regulate kaiBC transcription (Ishiura
et al 1998) rendered the cyanobacterial clock consistent with an oscillatory (TTO)
feedback model involving transcription and translation, believed to be at the core
of all self-sustaining biological timers (Dunlap et al 2004).

Recent observations have provided clear evidence that in S. elongatus a TTO
feedback model is not valid. One advance occurred when the behaviour of the
cyanobacterial KaiABC clock was scrutinized under constant dark conditions. Orig-
inally such an experiment had disclosed that the phase of rhythm in S. elongatus
was not affected significantly when bacteria were switched back to conditions of
continuous light following a period of constant dark (Xu et al 2000). In the dark,
the metabolism of S. elongatus including RNA and protein syntheses is normally
suppressed, but Kondo and coworkers reported a robust circadian rhythm under a
constant dark condition in the presence of transcription inhibitors in excess propor-
tions that almost quantitatively block the synthesis of RNA and protein (Tomita
et al 2005). Despite the absence of rhythmic accumulation of Kai proteins and the
lack of kaiA and kaiBC mRNA, KaiC phosphorylation exhibited a robust circadian
rhythm for more than two days. The cyanobacterial circadian clock is therefore
able to function without synthesis de novo of clock gene mRNA and the proteins
encoded by them, and the period is accurately determined without transcriptional
feedback.

These findings define a minimal timing loop in vivo that functions without
transcription and translation and is temperature-compensated (Figure 13-1). The
three Kai proteins accordingly comprise the minimal components of the circadian
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Figure 13-1. Model of the KaiC phosphorylation cycle. Schematic diagrams illustrate enhancement of
KaiC phosphorylation (or inhibition of dephosphorylation) by KaiA dimer (left) and inactivation of KaiA
by KaiB (right; adapted from Kageyama et al 2006). Only the KaiCII domains harbor phosphorylation
sites (Xu et al 2004; see text)

oscillator and provide the output for the regulation of the general mechanism of
transcription (Tomita et al 2005), perhaps using two associated histdine kinases —
SasA and CikA (Schmitz et al 2000) — as signal mediators possibly to affect DNA
superhelicality (Johnson, 2004). These observations raised also the spectre that
KaiA, KaiB and KaiC might form a robust oscillator in vitro that exhibits rhythmic
phosphorylation and dephosphorylation of KaiC and compensates for tempera-
ture changes (Figure 13-2). This condition was indeed demonstrated (Nakajima
et al 2005), making the KaiABC system a unique target for a biochemical and
structural dissection of the inner workings of a molecular timer.

STRUCTURAL STUDIES OF Kar PROTEINS

Three-dimensional structures based on crystallographic data and NMR data from
solutions are available for all three Kai proteins from various cyanobacterial systems
(Johnson & Egli, 2004; Golden , 2004) (Table 13-1). With regard to a structural char-
acterization, the components of the cyanobacterial clock are the best studied, such
that far more is known about them than the cogs of the eukaryotic circadian clocks
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Figure 13-2. KaiC phosphorylation rhythm in vitro monitored over 72 h. Gel image courtesy of Ximing
Qin and Tetsuya Mori (Johnson laboratory, Vanderbilt University)

for which only one partial structure has been reported (Yildiz et al 2005). Following
the initial NMR determination of the structure of the N-terminal pseudo-receiver
domain of KaiA from S. elongatus (Williams et al 2002) and EM investigations
focusing on KaiC (Mori et al 2002; Hayashi et al 2003), high-resolution structural
information for all Kai proteins emerged in 2004. The crystal structure of full-length
KaiA was published for S. elongatus and revealed a domain-swapped arrangement
with three dimer interfaces, one of which connects the N-terminal receiver domain
with the C-terminal KaiC-interacting domain (Ye et al 2004) (Figure 13-3). The
structures of the C-terminal dimerization and KaiC-interacting domain of KaiA
from Thermosynechococcus elongatus BP-1 were solved separately by X-ray crys-
tallography (Uzumaki et al 2004) and NMR (Vakonakis et al 2004a). The crystal
structure and mutational data implicated grooves above the dimerization interface
on opposite faces of the dimer as potential sites for interaction with KaiC.

A further crystal structure of the C-terminal domain of KaiA and a struc-
ture of full-length KaiB from the cyanobacterium Anabaena PPC7120 revealed
a thioredoxin-like fold for the latter (Garces et al 2004) (Figure 13-4). This work
also identified similarities in the dimensions and electrostatic potentials of particular
regions in the KaiA and KaiB dimers as well as similar spacings between conserved
arginine pairs on the surfaces of the respective Kai proteins. A crystal structure of
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Kai protein Organism Technique Reference PDB code”

KaiA N-terminal PCC7942 Synechococcus NMR Williams et al 2002 1m2e

domain elongatus (S. elongatus)

KaiA full-length  S. elongatus X-ray Ye et al 2004 1r8j

KaiA full-length PCC7120 Anabaena X-ray Garces et al 2004 1r5q

(Anabaena)

KaiA C-terminal Thermosynechococcus X-ray Uzumaki et al 2004 1v2z

domain elongatus BP-1 (T. elongatus)

KaiA C-terminal 7. elongatus NMR Vakonakis et al 2004a 1q6a

domain

KaiB full-length  Anabaena X-ray Garces et al 2004 Ir5p

KaiB full-length PCC6803 Synechocystis X-ray Hitomi et al 2005 1wwj

KaiB full-length 7. elongatus X-ray Iwase et al 2005 lvgl

(T64C mutant)

KaiB full-length 7. elongatus X-ray Pattanayek et al —

(wild type) unpubl. data

KaiC full-length  S. elongatus X-ray Pattanayek et al 2004 1tf7°
Xu et al 2004 1u9i

KaiA - KaiC T. elongatus NMR Vakonakis & 1suy

peptide LiWang, et al 2004

complex

KaiA - KaiC T. elongatus | S. elongatus X-ray/ EM Pattanayek et al 2006 ~ 2gbl

complex

SasA N-terminal S. elongatus NMR Vakonakis et al 2004b  1t4y

domain

¢ http://www.rcsb.org (Berman et al 2000).
> The 1tf7 and 1u9i entries are based on the same crystallographic data, but in 1u9i phosphate groups
were added to T432 and S431 in six and four subunits, respectively.

KaiB from Synechocystis PCC6803 revealed formation of a tetramer with a posi-
tively charged perimeter, a negatively charged center and a zipper of aromatic rings
important for oligomerization (Hitomi et al 2005). Additional evidence was based
on mutational data that appeared to demonstrate the importance of the tetrameric
state of KaiB for proper clock function. In the crystal structure of a 7. elongatus
mutant KaiB protein, a similar tetramer motif was found (Iwase et al 2005). The
relevance of the tetrameric state of KaiB for its role in the control of the KaiC
phosphorylation state has, however, been doubted as the protein appears to bind
consistently to KaiC as a dimer, as judged from experiments using gel filtration
chromatography (Kageyama et al 2006).

We determined the crystal structure of the full-length KaiC protein from S.
elongatus (Pattanayek et al 2004). The structure of the central and largest protein
from the cyanobacterial clock revealed the formation of a homo-hexamer in the
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Figure 13-3. Crystal structure of the domain-swapped KaiA dimer from S. elongatus (Ye et al 2004).
Figures 13-3 — 13-7 were produced with Chimera (Huang et al 1996)

Figure 13-4. Crystal structure of the KaiB dimer from Anabaena (Garces et al 2004)

shape of a double torus with a central pore and 12 ATP molecules bound between
the interfaces of monomers (Figure 13-5). The C-terminal 21 residues of KaiC
monomers were partly disordered in the original crystal structure, indicating great
conformational flexibility in this region for the unbound state of KaiC. Vakonakis
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Figure 13-5. Crystal structure of the KaiC hexamer from S. elongarus (Pattanayek et al 2004). The
model for full-length KaiC (519 amino acids) in the C-terminal region is complete for only two subunits
(Pattanayek et al 2006). Atoms of the twelve ATP molecules bound between the KaiCI and KaiCII
domains of individual subunits are shown as black spheres
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and LiWang reported the NMR structure of a complex in solution between the
dimeric C-terminal KaiA domain and 30mer peptides derived form the C-terminus
of KaiC for the cyanobacterium 7. elongatus BP-1 (Vakonakis & LiWang, et al
2004). Subsequent efforts to trace the C-terminal region of KaiC molecules in maps
of electron density yielded a complete model for full-length KaiC from S. elonga-
tus in the case of two subunits (Pattanayek et al 2006). The NMR structure of the
monomeric N-terminal sensory domain of the SasA histidine kinase in solution has
also been described (Vakonakis et al 2004b). Although KaiB shares with SasA and
the thioredoxin family the initial beta-alpha-beta folding topology, the remaining
structures and sequences diverge considerably (Hitomi et al 2005; Vakonakis et al
2004b).

DETERMINATION OF PHOSPHORYLATION SITES IN KaiC AND
CONSEQUENCES OF THEIR MUTATION TO ALANINE FOR
FUNCTION IN VITRO AND IN VIVO

The structure determined for S. elongatus KaiC was based on crystals grown from
a mixture of proteins exhibiting various levels of phosphorylation as the protein
had been purified as a hexamer and in the presence of Mg>* and ATP (Pattanayek
et al 2004). Following completion of the crystallographic model of the KaiC hex-
amer, inspection of difference electron-density maps allowed the identification of
three sites, T432, S431 and T426 (Figure 13-6), of phosphorylation in the KaiCII
domain; the KaiCI domain seems to contain no phosphorylation site (Xu et al 2004).
Two residues, T432 and S431, were confirmed independently by mass spectrometry
(Nishiwaki et al 2004).

The three serine and threonine residues, when mutated to alanine individually,
render the clock arhythmic in vivo (Xu et al 2004). Individual T426A, S431A or
T432A mutations as well as double mutations to alanine alter the phosphorylation
patterns, and the triple mutant (T426/S431/T432— A) is no longer phosphorylatable.
Mutation of Ser and Thr residues does not affect hexamerization. All phosphoryla-
tion sites are located in the KaiClII half; phosphorylation proceeds across subunits,
and the presence of phosphate groups is consistent with a more stable subunit
interface (Xu et al 2004). Binding of ATP or ADP between the KaiCII domains
of adjacent subunits is expected also to affect the stability of the complex. Lys
and/or Arg residues can thus interact with the y-phosphate group of ATP across the
interface; such interactions are absent when ADP is bound (Hayashi et al 2006).

A STRUCTURAL MODEL OF THE COMPLEX BETWEEN
KAIA AND KAIC

An intriguing feature of the cyanobacterial KaiABC circadian clock is that
analysis of the structure and function of the central timer requires no con-
cern with input and output. Beyond an understanding of how three proteins
are able both to sustain a stable oscillation with a period of 24h and to do
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Figure 13-6. Location of phosphorylation sites in the KaiCIl domain (T432, S431 and T426) at the
interface between subunits A and F in the KaiC hexamer from S. elongatus (Xu et al 2004) The phospho-
ryl transfer occurs across subunits; selected distances in A between the y-phosphate and phosphorylated
residues are shown

so in a temperature-compensated fashion, it is also important to acquire insight
into how photoreceptors, and perhaps other sensors, are coupled with the clock
(Schmitz et al 2000; Zhang et al 2006; Ivleva et al 2006). Similarly, how the ATP-
dependent phosphorylation cycle driven by interactions between the three Kai
proteins relates to global rhythmic control of gene expression (Nakahira et al 2004)
remains to be worked out, although some players involved in output signaling have
been identified (Katayama et al 1999; Iwasaki et al 2000; Ditty et al 2003; Takai
et al 2006). In terms of an analysis of the output mechanism, the Kondo group has
reported the identification of a protein, SasR, that interacts with SasA and has a
leucine zipper DNA-binding motif (Kondo, 2005).

Based onsequence alignments, KaiC was shown to be a member of the
RecA/DnaB superfamily of proteins (Leipe et al 2000), but, unlike classical heli-
cases, KaiC is the result of a gene duplication and is composed of two hexameric
rings (Figure 13-5). A 3D-structural alignment between the KaiCI or KaiCII hex-
americ rings and helicases revealed clear deviations in diameter, channel size and
ATP position (Pattanayek et al 2004). Such alignments exhibited a fit that was
somewhat inferior to superimpositions of the monomeric proteins. The best cor-
respondence was found to exist between hexameric rings of KaiC halves and the
F1-ATPase (Abrahams et al 1994), and was unanticipated from an alignment of
the primary sequences. In light of these observations, KaiC is unlikely to act as
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a helicase, consistent with the results of gel shift experiments that demonstrate
the need for KaiC at picomole concentrations to cause a shift with poly-dT or
forked oligodeoxynucleotides at femtomole concentrations (Mori et al 2002). As
there is currently no experimental evidence that proves KaiC to be a helicase, it
appears unlikely that clock-controlled regulation of genes involves a direct inter-
action between KaiC and DNA. The similarities at the structural level between
F1-ATPase and the hexamers formed by the KaiCI and KaiCIlI halves are also
unlikely to extend to the functional level. The molecular machine that produces
ATP is anchored in the membrane, and features a central stalk that rotates inside
the channel formed by the trimer of af-heterodimers. Neither the KaiA nor the
KaiB dimer exhibit a conformation that indicates the possibility of insertion into
the KaiC channel (Figures 13-3-13-5), and they have been shown to exert their
functions as dimers, not monomers (Kageyama et al 2006).

Based on yeast two-hybrid screens, early attempts to map the binding sites of
KaiA on KaiC resulted in the identification of two candidate regions in KaiC
involving the C-terminal 60 and 100 amino acids of the KaiCI and KaiCII domains,
respectively (Taniguchi et al 2001). In a model of the hexamer that had the KaiCl
and KaiCII domains arranged tail to tail, the two regions were expected to lie close
together. However, the arrangement head to tail of the two KaiC halves observed in
the crystal structure places the putative KaiA-interacting sites at a significant dis-
tance from each other (Pattanayek et al 2004). One encompasses the dome-shaped
surface formed by C-terminal regions of KaiCII domains, and the other is located in
the constricted waist region between KaiCI and CII and includes the 15-amino acid
peptide linking the two (Figure 13-5). Both deviating topologies of these sites — a
concave surface in the waist and a convex dome surface on KaiCII — and the fact
that KaiCI appears devoid of phosphorylation sites raise doubts about the need for
an interaction between KaiA and KaiCI. The presumed function of KaiA is either
to enhance phosphorylation of KaiC or to inhibit dephosphorylation (Figure 13-1),
but the absence of phosphorylation sites, and hence kinase and phosphatase activity
by KaiCl, renders unnecessary such a regulation.

Vakonakis and LiWang observed specific binding between a KaiCII C-terminal
peptide and the C-terminal domains of the KaiA dimer from T. elongatus (Vakon-
akis & LiWang, et al 2004); the corresponding peptide at the C-terminus of
KaiCI showed no binding. This observation is consistent with regulation by
KaiA of the level of KaiC phosphorylation affecting only KaiCII. This find-
ing prompted us to reexamine the electron density above the C-terminal dome
in the KaiC hexamer crystal structure from S. elongatus, leading to complete
models for full-length KaiC in two subunits and an addition of several residues
to the remaining four (Figure 13-5) (Pattanayek et al 2006). Deletion of the
C-terminal 25 residues in KaiC abolishes complex formation with KaiA in
vitro and clock rhythmicity in vivo; the deletion does not affect hexameriza-
tion (Pattanayek et al 2006). Binding between a C-terminal peptide from a
KaiC subunit and the KaiA dimer sheds no light on the mechanism according
to which the latter enhances KaiC phosphorylation. A study focusing on the
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proteins from 7. elongatus demonstrated that a single KaiA dimer is capable of
upregulating KaiC phosphorylation to a virtually saturated level (Hayashi et al
20044a). The interaction between KaiA and KaiC is apparently dynamic in nature,
involving rapid and repeated binding of KaiA to C-terminal peptides from KaiC
subunits (Figure 13-1; Kageyama et al 2006).

Using a combination of X-ray crystallography, electron microscopy and assays in
vitro and in vivo with native and mutant proteins from S. elongatus and T. elonga-
tus, we have developed a model for the KaiA-KaiC 1:1 complex. This model leaves
intact the binding interface between the KaiCIl C-terminal peptide and the KaiA
dimer worked out with solution NMR (Vakonakis & LiWang, et al 2004). The con-
formation of the peptide in the NMR structure and that of the C-terminal portion of
one KaiC subunit in the crystal structure of full-length KaiC are similar (Pattanayek
et al 2006). This discovery made possible replacement of that C-terminal peptide
(from S. elongatus) by the NMR peptide with the C-terminal domains of KaiA
dimer bound (from T. elongatus). With account taken of the EM-based envelope
of the KaiA-KaiC 1:1 complex, the KaiA dimer based on the crystal structure of
the full-length protein from S. elongatus (Ye et al 2004) was superimposed on the
model of the KaiA dimer (C-terminal domains only) - KaiC complex. The resulting
model of the complex has the a8-loop-a9 portion of the C-terminal domain of a
KaiA monomer (Figure 13-3) in close proximity to the nucleobase portion of ATP
bound between two KaiC subunits (Figure 13-7). The model discloses no detail
of the interactions between KaiA and KaiC at this site, but main-chain atoms of
residues in the apical KaiA helix-loop-helix region, of which mutation critically
affects the period of the clock, lie as close as 12 A from ATP.

There exists potentially a second binding site between KaiA and KaiC. The first
involves the KaiA dimer and the flexible C-terminal peptide of a KaiC subunit,
and the second a seemingly more transient interaction between a helix-loop-helix
region of a KaiA monomer and the ATP-binding cleft formed between the KaiCII
domains from two subunits. There are several scenarios for how this second inter-
action might affect the extent of phosphorylation at residues T432, S431 and T426.
For example, sealing the cleft that harbors ATP might increase the residence period
of the latter. Alternatively, the contact with KaiA might result in a conformational
change of residues and facilitate the transfer of the ATP vy-phosphate group. In
the crystal structure, the T432residues in all six subunits and S431 residues in
four subunits are phosphorylated (Xu et al 2004). The side-chain oxygen atoms of
T432 and S431 are more than 8 A away from the y-phosphate group of ATP, and
the conformations of subunitinterfaces observed in the crystal are unconducive to
phosphoryl transfer. A structure of non-phosphorylated KaiC hexamer with bound
ATP is lacking, and no experimental data provide insight into the conformational
changes that the subunit interface undergoes as a result of one or more of the
above residues becoming phosphorylated. What appears clear is that this second
interaction is not tight, consistent with a rapid and repeated association and dissoci-
ation of potentially just a single KaiA dimer on the dome-shaped surface of KaiCII
(Figure 13-1). One is tempted to draw an analogy between this mode of interaction



294 CHAPTER 13

KaiA monomer KaiC C-terminal peptide

T432 5431 T426

Figure 13-7. EM-based model of the 1:1 KaiA-KaiC complex from S. elongatus (Pattanayek et al 2006).
Phosphorylation sites for a single KaiC subunit and selected residues in the a8-loop-a9 region of KaiA
are highlighted
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Figure 13-8. Artistic rendering of the interaction between KaiA dimer (Parthenos sylvia subsp.
lilacinus — clipper butterfly) and KaiC hexamer (Tiger Lily)

for KaiA and KaiC and that of a butterfly drinking plant nectar and pollinating
a flower. The butterfly (KaiA) hovers near a stamen (KaiC peptide) and eventu-
ally touches two petals (subunits; Figure 13-8, left), before moving to the next
stamen or petals (Figure 13-8, right), thus pollinating the flower (phosphorylating
KaiC).

DIVERGENT FUNCTIONS OF THE Ka1CI AND KaiCll DOMAINS

There is mounting evidence for distinct roles of the two hexameric KaiC rings
that comprise the central cog of the KaiABC clock in sustaining the phosphoryla-
tion thythm. The crystal structure revealed formation of hydrogen bonds between
P-loop residues and the nucleobase moiety of ATP molecules bound between KaiCI
domains from adjacent subunits. Conversely, these hydrogen bonds are absent in
the ATP binding pockets between subunits in the KaiCIl ring. There is instead a
tighter grip around the 8- and <y-phosphates there (Pattanayek et al 2004, 2006).
The structural data are consistent with distinct affinities for ATP by the KaiCI
and KaiCII halves. The affinity for ATP in the CI half is accordingly greater
than in the CII half (Hayashi et al 2004b). Work with proteins from 7. elongatus
demonstrated that the KaiCI domain expressed separately forms stable rings in
the presence of ATP, but no hexamer formation was seen with KaiCIl domains
(Hayashi et al 2006). Beyond these differences in the recognition of and binding
affinity for ATP, the two domains exhibit also topological (the C-terminal pep-
tide tentacles protrude only from the KaiCIl domains) and electrostatic differences
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(the N-terminal dome is negatively and the C-terminal dome is positively polar-
ized) (Pattanayek et al 2004). Most importantly, only KaiCII contains Thr and
Ser residues that become phosphorylated, and KaiA seems to interact with only
the KaiCII half. These observations together support a conclusion that the KaiCI
hexamer serves as a structural platform whereas the KaiCII hexamer constitutes the
business end of the homo-hexameric complex. Conformational changes as a result
of KaiA-mediated phosphorylation might affect mostly the KaiCII half. Although
no model of the interaction between KaiB and KaiC has been proposed, KaiB likely
performs its role as a KaiA-antagonist also at the KaiCII end.

SUMMARY AND OUTLOOK

A dissection of the structure and function of the cyanobacterial KaiABC circadian
clock offers the prospect of understanding a molecular timer — a nanoclock — in
unprecedented detail. Whether key features of this clock, namely maintenance of a
stable oscillation and temperature compensation decoupled from transcription and
translation, are unique or will be established for other clocks in higher organisms
remains to be seen. Significant progress has been made over the past two years in the
analysis of the KaiABC clock. The availability of 3D-structures for proteins KaiA,
KaiB and KaiC has enabled an examination of the interactions between them. X-ray,
NMR and EM data with the results of assays in vitro and in vivo were thus compiled
into a model of the 1 : 1 KaiA-KaiC complex. The model features two binding
sites between the proteins that are both located on the outer surface of KaiC. There
is no evidence for the central KaiC channel being used by either KaiA or KaiB for
regulation of the level of phosphorylation of KaiC. Only the KaiCII hexameric ring
that harbors all phosphorylation sites is likely contacted by KaiA and KaiB. The
KaiCI and KaiCII domains that are the result of a gene duplication have divergent
functions: the CI hexamer serves as a structural platform and is conformationally
more rigid, whereas the CII hexamer is the functional center, and conformational
changes in KaiCII domains triggered by phosphorylation and dephosphorylation are
key to the generation of the rhythm with a ca. 24 h period. Application of hybrid
structural methods will likely provide insight into the conformational properties of
the binary KaiB-KaiC and the ternary KaiABC complexes, but only X-ray crystal-
lography in combination with modeling of the dynamic processes underlying the
interactions between the three clock components will disclose the atomic details
required to understand the mechanism of this molecular timer. A central problem
that remains to be solved is the origin of the temperature compensation — the inde-
pendence of the clock period of temperature within a limited range — seen with the
KaiABC clock reconstituted in vitro. Isolation of mutant proteins that lack tem-
perature compensation and insight into potentially altered interactions between Kai
proteins as a consequence of specific mutations might yield an improved under-
standing of this fascinating property exhibited by a complex of three proteins with
bound ATP.
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CHAPTER 14

PROTEIN-PROTEIN DOCKING USING
THREE-DIMENSIONAL REDUCED REPRESENTATIONS
AND BASED ON A GENETIC ALGORITHM
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Abstract:

Key words:

An original scoring function dedicated to the docking of biological macromolecules
is implemented in complementarity research within an automated algorithm. As these
systems involve complicated atomic structures, we use for each partner reduced represen-
tations obtained by topological analysis of electron density maps at medium resolution,
and develop specific terms for the characterization of the intermolecular interactions
including a geometric fit based on the knowledge in a statistical survey, an electronic
interaction potential using an expression of modified Coulomb type, and a penalty score
based on detection of steric clashes. To validate the strategy, we performed automated
docking runs, based on genetic algorithms (GA) for various protein-protein complexes
including enzyme-inhibitor and antibody-antigen. For most complexes, the GA-proposed
fit solutions have rmsd values below 3 A relative to the native structures

Macromolecular Complementarity, Docking, Electron Density, Crystallographic Medium
Resolution, Critical Points, Genetic Algorithms

INTRODUCTION

Theoretical models of bio-macromolecules are concerned with the development of
efficient drugs, the mechanisms of signal transduction, and gene regulation by tran-
scription factors. All these phenomena have in common the capital role played by
intermolecular interactions between the partners and their ability to recognize pat-
terns. The current developments in structural genomics are, however, continuously
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proposing many protein structures, experimentally determined or theoretically pre-
dicted, from which still only little functional information is available. To develop
strategies to predict how two or more molecules can interact — the docking prob-
lem — is thus essential. This term refers to all methods that have as their objectives
to find the correct orientations and schemes of interaction between several partners,
beginning with their three-dimensional (3D) coordinates.

Docking between biomolecular partners is viewed at three levels of complex-
ity according to the nature of the partners of interest — drugs, proteins, or DNA
oligomers. With regard to protein-ligand (P-L) recognition, efficient methods of
drug design should clearly be able to test probe molecules in large collections and
to propose putative active drugs, which would diminish the experimental costs of
extensive and combinatorial tests [1]. In this sense, strategies to discover drugs have
yielded numerous powerful tools that predict the binding modes of small molecules
(ligands) at active sites of proteins [1-4]. For such a purpose, algorithms are based
on flexible atomic representations of potent drugs [5, 6] and on locally or fully
flexible receptors [7].

Protein-protein (P-P) docking is obviously more complicated because both part-
ners are huge and have numerous degrees of freedom [8, 9]. Even if the flexibility
of small molecules can be efficiently modeled, it is still difficult to contemplate
the full flexibility of a protein, which makes complementarity studies between
such macromolecules a complicated computational task [10]. To avoid protracted
calculations, one must consider several simplifications of the problem, including
simplified models. Predictions of protein-DNA (P-DNA) association are still at
a pioneer theoretical stage. The lack of efficient methods is due mainly to the
highly flexible DNA strings, which undergo deformations during the binding of the
proteins, and the lack of a clearly comprehended recognition code [11].

In this context, we developed a complete strategy for docking, beginning with an
in-house building of reduced representations of macromolecules based on the cal-
culation of electron density maps of proteins at medium crystallographic resolution,
followed by their topological analysis, as described by Becue et al [12]. To quantify
the interactions and affinities between the molecular partners in a given configu-
ration, we developed a complete scoring function to suit these representations. To
perform the complementarity research, we then built an entirely automated docking
method, based on a genetic-algorithm (GA) core.

Before describing the results that we obtained and to ensure that we introduce
thoroughly the numerous aspects of the docking problem, we treat three major
aspects that one must consider when developing a method for macromolecular
docking [10]: (i) the molecular representation that is best suited to the docking
strategy; (ii) the exploration algorithm that covers the potential-energy landscape
and (iii) the scoring function that associates a quality score to each proposed solu-
tion. These three elements can be combined independently, but are somehow linked
as they all influence the efficiency of the method. In Materials and Methods, we
expound our strategy, with a description of the macromolecular sets with which we
worked. In Results, we describe the construction of the fitness expression and its
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application to the docking of P-P complexes. We discuss finally the efficiency of
the scoring function and the abilities of our docking algorithm.

Representation of Interacting Molecular Systems

The major difficulty in modeling the behavior of proteins is the great computa-
tional cost; the use of fully flexible atomic representations is consequently generally
prohibitive. A current way to accelerate the docking process is to consider rigid
partners; this solution has the advantage that it allows to decrease greatly the number
of degrees of freedom [13, 14]. The docking can then be compared to a lock-and-key
problem with only six degrees of freedom, three rotational and three translational,
for the moving molecules. This approach yields, however, optimal results only
if the molecular structures vary little between the associated and non-associated
states [15]. If many conformational alterations occur, principally from the interfa-
cial residues or even from the main chain, the performance of the docking problem
becomes rapidly degraded. Moreover, the ultimate aim of all docking methods is
to be able to handle unbound proteins, of which structures have been solved inde-
pendently of any complex. An additional difficulty induced by the conformational
alterations between bound and unbound partners therefore limits strongly the rigid-
body approach [16]. In general, that approach is thus combined with some blurring
of the surface representation, e.g. by tolerating some interpenetration [17, 18].

Another solution involves reduced representations of the macromolecules. For
this purpose, many simplified models of proteins were developed first for folding
processes [19-22] and subsequently for docking problems [17, 23]. The various pro-
posed models differ in their degree of simplification. A residue may be described
by only one point per side chain [21, 24, 25] or more [20, 22, 26]. Other researchers
prefer to use discrete positions with a grid representation of the molecules [4, 27].
A small interval enables obtaining a nearly atomic representation [18]; a larger
one yields a sharply reduced model [17, 23]. Many other techniques have been
proposed to simplify the systems, e.g. spherical harmonics [28, 29], Connolly
surfaces [8, 30, 31] etc.

We used reduced representations of the macromolecules obtained by topological
analysis of distributions of electron density calculated at medium crystallographic
resolution, i.e. 2.85 A, as explained by Becue et al [12]. According to this method,
each molecule is represented with a set of critical points, which are the points
at which the gradient of the density vanishes, i.e., peaks, passes, pales, and pits.
Among critical points of these four kinds, we considered only the peaks as they
correspond to local maxima of electron density, that is, atomic groups or chemi-
cal functions. Amino acids are thereby represented by one peak for the backbone
and zero to two peaks for the side chain, according to their size and chemical
composition (Figure 14-1). An advantage of the proposed method, relative to oth-
ers that encompass only geometrical parameters such as centres of mass, is that
each peak is associated with numerical descriptors — position, electron density,
eigenvalues, and eigenvectors, which confer on the peaks an anisotropic shape.
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Figure 14-1. Atomic structure and reduced representation in terms of a graph of peaks of a protein chain
(PDB file: 1B69). The peaks are colour-coded per amino-acid type. Visualizations of the atomic and
reduced representations were obtained on combining the Swiss PDB Viewer (http://www.expasy.org/
spdbv) and the ray-tracing POV-Ray (http://www.povray.org) programs (see color plate section)

This approach has been successfully applied to various systems in our labora-
tory, e.g. complementarity between cyclodextrins and ligands [32, 33] or similarity
between small molecules [34, 35].

Exploration Algorithm

Within a complementarity study, the goal of the exploration algorithm is to locate,
rapidly and precisely, the most favorable relative position of the two partners,
which is generally represented with a global minimum in the energy landscape.
Most docking problems are, however, characterized with a complicated topology
having many local minima dispersed over the surface; the global minimum is typ-
ically hidden among them. An exhaustive exploration of the conformational space
is difficult as it would require great computational resources, and even greater if
the flexibility of both partners must be considered. Much effort is thus devoted to
develop intelligent algorithms for exploration. We cite, non-exhaustively, Monte-
Carlo (MC) optimization [36-38], which randomly explores a potential-energy
surface and retains the best solutions; molecular dynamics (MD) [7, 39], based
on the resolution of Newton’s equations of motion, and which typically requires
extensive computations, and is thus applied mainly when the molecular conforma-
tions or configurations are near the final solution. According to the temperature,
both MC and MD techniques might fail to overcome large energy barriers and thus
become retained in local minima. Fourier correlations have also been proposed to
perform rapidly an exhaustive search by superimposing rigid structures digitized on
grids [40]; the principal inconvenience of these methods is that a new set of grids
must be recalculated after each molecular rotation [28]. Finally, we cite evolutionary
algorithms [2], and in particular genetic algorithms (GA) [8, 31, 41], which belong
to simulated evolution methods and transpose numerically the Laws of Evolution, as
established by Darwin; they can be viewed as guided procedures for random search
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over the energy landscape [8, 9, 42, 43], which, with the concept of populations of
candidates, make them well adapted to multiple solutions.

We developed a GA strategy specifically dedicated to our reduced representations.
Initially developed by Holland [44], GA are considered powerful and versatile tech-
niques of optimization [8, 9, 43, 45]; their robustness and the great freedom for the
user, in terms of parameterization, searching strategies etc., constitute their principal
advantages. They have thus become widely used to study molecular conforma-
tion [46, 47], molecular similarity [48], protein folding [46, 49-51], and protein
docking [8, 31, 42, 52]. Comparing flexible docking programs, Bursulaya et al [53]
showed that tools based on GA, i.e. GOLD [42] and AutoDock [54], performed
reliably with about half of the structures correctly predicted. For comparison, recon-
struction algorithms attained 30% with DOCK [55], 35% with FlexX [56], and 76%
with ICM [57] that uses a Monte-Carlo approach. In our laboratory, we successfully
applied GA based on peak representations of small molecules to perform similar-
ity studies [34, 58, 59]. We cite the work of Goldberg [41] and Cartwright [60]
for detailed descriptions of the various numerical operators that must be used to
govern a GA.

Scoring Function

A crucial point in the development of a docking method resides in the design of an
efficient scoring function. It must be sufficiently complete to be able to associate
the best scores with the solutions that are observed, but it must be also sufficiently
simple to allow a rapid evaluation of millions or billions of possible conformations.
The effective definition and parameterization of the fitting expression has thus an
impact on the efficiency of the docking algorithm — in terms of speed of comple-
tion and quality of the proposed solutions, signifying an evaluation of the quantity
of false positives towards correct configurations. We distinguish scoring functions
of three main kinds: (i) force fields, which allow the simulation of (non-)binding
interactions like those used mainly in molecular mechanics or molecular dynamics,
e.g. with Amber [2, 36] and CHARMM [61, 62]; (ii) empirical scores, which are
composed of an ensemble of experimentally determined physico-chemical terms
and geometric parameters contributing to the entropy, the desolvation, or the detec-
tion of hydrogen bonds [56, 63] and (iii) scores based on knowledge, which are
constructed statistically based on the assumption that frequently encountered situa-
tions are energetically favorable [64]. Many parameters are generally considered in
the various fitting equations available in the literature, e.g. shape complementarity,
steric clashes, hydrogen bonds, surfaces of contact between the partners, paired-
residue potential, electrostatic interactions etc. Below we present the terms that we
retained in our scoring function.

Materials and Methods

To develop and to parameterize our scoring function, we based our strategy on
the observation of an ensemble of macromolecular complexes. For this purpose,
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we considered a set composed exclusively of protein-protein (P-P) complexes.
We chose COMBASE, established by Sali et al [ftp://salilab.org/pub/ilya/], which
provides a non-redundant list of 475 P-P complexes with at least 1000 A% of
interfacial contacts; the 3D coordinates of all referenced structures were retrieved
from the Protein Data Bank (PDB) [65, 66]. We then parameterized and tested
our GA-based docking program on considering 15 protein-protein complexes,
which were not included in the first large set of macromolecular complexes
(Table 14-1).

Using a procedure as explained by Becue et al [67], the PDB files were collected
and read with our program (FORTRAN 90) that identifies all partners encoded in
the files, isolates the protein chains from each other, and creates a specific coordi-
nate file for each partner. In a second step, we generated the reduced representations
of the macromolecules in terms of critical-point graphs, using the method described
by Becue et al [12].

RESULTS

Here we first explain the development of the scoring function with the description
and the parameterization of each term composing the function. We then present the
building and optimization of the genetic algorithm, and the results of the docking
experiments.

Scoring Function

Using our simplified protein models, we defined descriptors in a set particularly
well adapted to the peaks. For this, we combined the peak properties — electron
density, anisotropic volume etc. — with the physico-chemical characteristics of the
molecular subunits associated with each peak [12]. In this scoring function:

aPP+ BCh

(1) Fitness (%) = s

- ’)’S ! clashes

the purpose of the PP term is to evaluate the quality of the contact interface between
two protein chains. Of two parts, a paired-residue term scores the amino-acid (aa)
recognition, and a value of solvent-accessible surface area (SASA) quantifies the
geometric matching. The purpose of the Cb term is to bring to the fore the effective
complementarity of electronic charges by evaluating the electrostatic interactions at
the interface. The St term is a penalty score in the form of detection of steric
clashes that substantially decrease the score if too great an interpenetration between
the partners is detected. The global strategy of our scoring function is based on
the normalization of each term to 100%. For an effective combination between all
terms, they can all be weighted by varying the parameters «, 8, and y. A derivation
of those scoring terms is briefly described below.



Table 14-1. Description of the protein-protein complexes used in the parameterization and test sets, in terms of the numbers of atoms and PKs, interface area, and

global shape

PDB ID Name # atoms (chain_IDs) # peaks (chain_IDs) Interface™ [A2] Shape of the
interface
o Parameterization set
laks Alpha Trypsin 1153 (A), 879 (B) 231 (A), 189 (B) 56438.6 tangled up
legj Serine Protease/Inhibitor 1799 (E), 436 (I) 455 (E), 106 (I) 1989.1 pocket shape
1dok Monocyte  Chemoattractant 597 (A), 604 (B) 141 (A), 138 (B) 2099.1 planar and nar-
Protein 1 row
lecm Chorismate Mutase Domain 741 (A), 774 (B) 179 (A), 190 (B) 4857.8 a-helices
dimerization
lubs Tryptophan Synthase 1945 (A), 2963 (B) 466 (A), 718 (B) 2794.2 planar and cir-
cular
o Test set
1brs Barnase (G Specific Endonu- 864 (A), 695 (D), 209 (A), 165 (D), 1670 (A-D)
clease)/Barstar 878 (B), 665 (E), 221 (B), 160 (E), 1753 (B-E)
839 (C), 699 (F) 199 (C), 173 (F) 1594 (C-F)
Igla Glycerol Kinase/Glucose- 1201 (F), 3778 (G) 299 (F), 918 (G) 1312
Specific Factor III
lige IGG1 Fab Fragment/Domain 3326 (L+H), 446 (A) 832 (L+H), 113 (A) 1422

III of Protein G




Table 14-1. (Continued)

PDB ID Name # atoms (chain_IDs) # peaks (chain_IDs) Interface’ [A2] Shape of the
interface
Inmb Fab NC10/Neuraminidase 1798 (L+H), 3061 (N) 442 (L+H), 761 (N) 1496
(N)
Ispb Subtilisin Prosegment/ 557 (P), 1860 (S) 149 (P), 476 (S) 2315
Subtilisin
Lstf Papain/Inhibitor Stefin B 1655 (E), 789 (I) 394 (E), 189 (I) 1843
mutant
Itgs Trypsinogen/Pancreatic 1646 (Z), 416 (I) 413 (Z), 106 (1) 1788
Trypsin Inhibitor
ludi Uracil-DNA Glycosylase/ 1818 (E), 654 (1) 444 (E), 161 (1) 2028
Inhibitor
3hfl IGG1 Fab Fragment/ 3250 (L+H), 1001 (Y) 806 (L+H), 242 (Y) 1847
Lysozyme (Y)
4htc Alpha-Thrombin/ 253 (L), 2069 (H), 447 () 61 (L), 510 (H), 110 (I) 2246 (L-H)
Recombinant
Hirudin 3657 (H-I)

1 The interfaces were calculated from the graphs of PKs, following the procedure explained in Becue et al [2004].
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Paired-residue potential (PP)

After having generated the graphs of peaks for all protein chains individually,
we restored them together in their crystalline conformations. We then performed
a statistical study by collecting all inter-distances between the amino acids (aa),
labeled as backbone (BB) or side-chain (SD) peak. As each aa can be paired with
20 others, this data collection yielded the construction of 20 tables of inter-distance
distributions per aa (ALA-ALA, ALA-ARG etc.), with the additional distinction
between SD-SD, SD-BB, and BB-BB peaks. For each aa;-aa; pair, the values were
normalized to have a maximum value of 1.0 in each table. As an illustration, the
histograms obtained for CYS-CYS and ARG-GLU appear in Figure 14-2. For the
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Figure 14-2. Histogram of normalized inter-distance distributions between side-chain peaks for
CYS-CYS and ARG-GLU amino-acid pairs
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CYS-CYS pair, the inter-distance distribution is extremely narrow and centred on
an interval 2.00-2.50 A; these two aa are hence likely to be found with such a
distance (typically a disulfide bond). For the ARG-GLU pair, the inter-distance dis-
tribution is broader and centred on an interval 4.00-4.50 A. These two aa present
chains longer than CYS and are thus more flexible. We thus obtained a distribution
of the possibilities according to which they can combine with each other at a small
distance. Completing this procedure, we constructed a set of reference tables for
each aa;-aa; pair (named PP;;).

As much work has already been devoted to the properties of P-P interfaces, we
decided to combine the PP;; statistical term, describing the inter-distance distribu-
tions, with a score for aa pairing likeliness, as given by Glaser et al [64]; observing
621 P-P interfaces, they computed the residue-residue contacts between the 20
aa. They normalized each number by the residue volume, to obtain a criterion of
propensity of residue-residue contact G;;(v):

(2) G;j(v) = A.log (%}quv))

L

in which A is a parameter arbitrarily set to 10, Q;;(v) represents the number of
contacts between the residues normalized by the residue volumes, and w; and w;
denote the normalized frequencies of residues i and j.

By combining our statistical results, which encompass only distance distributions
between the aa;-aa; pairs, with the Glaser parameters, which represent the likeli-
ness of formation of these pairs, we constructed a large knowledge-based potential
dedicated to the protein dimerization of the form:

i J
Npg Npg

2 2 PP(d)Gij)
i

3 PP =

i J
Npg Npg

2 2 Gij
i

in which Njgand N} are the number of PK for proteins i and j.

As a second contribution to the final form of the PP term, we added a part for
the solvent-accessible surface area (SASA). Beyond the molecular recognition in
terms of preferred distances, the complementarity of shape constitutes an important
descriptor for docking. This concept is well defined on considering the surface
that is buried between two molecules, after their complexation. For this purpose,
we previously developed an efficient way to calculate the SASA of our reduced
models [67], and, consequently, of the interface of dimerization. Many articles
are concerned with P-P dimers [68]; to form stable complexes, the contact surface
between two proteins is generally considered to exceed 1200 A2 [69], but additional
analysis of the P-P interface proved that the binding interface is not necessarily
the one that shows the greatest buried surface [16]. Correct normalization of the
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contribution of the interface between two partners in contact is, moreover, difficult,
as we observed no relationship between the interface values and other parame-
ters related to the structure or composition of the partners. For instance, large
complexes can dimerize with a small interface value, e.g. the aldehyde ferredoxin
oxydoreductase (PDB code: 1AOR), whereas small complexes might present a large
contact area, e.g. the coat protein of GA Bacteriophage (PDB code: 1UNA). Inves-
tigating 75 protein-nucleic acid complexes (DNA and RNA), Nadassy et al [70]
concluded that the interface areas vary between 1120 and 5800 A2, with an aver-
age value 3000 = 1200 A2. They found also that the minimum interface value for
stable association is similar to the value observed for P-P complexes, that is,
1200 A2,

Considering these observations, we decided not to implicate directly the interface
value in the scoring functions. On the contrary, we preferred to use this parameter in
the form of a penalty-like score, when the interface value is less than 1200 A. When
completing our knowledge-based recognition score with the interface contribution,
we thus obtained the final expression of the PP geometric score:

V¥ peyarc
i Y (o) Interface
4) PP = — - 100(%)
Ni N 1200
2 Gijw)

J

When the interface value exceeds 1200 A2, the ratio (Interface/1200) is set to 1.0,
as its only role is to penalize the solutions presenting a small interface value during
docking. We then applied the PP recognition scores to the set of P-P complexes.
The results are similar between the various complexes in their crystalline configu-
ration, with an average value of 65.3 + 6.6% for the PP score. This result allows
one to assume, in a first approximation, that the docking of unknown complexes
produces solutions of a similar range.

Beyond their complementarity studies, Norel et al [16] affirmed that native com-
plexes do not necessarily show the largest proportion of non-polar surface that
would be adopted by the same partners in another configuration, nor the most
hydrogen bonds. For all these reasons, we decided not to introduce any polarity or
hydrogen-bond contribution into our scoring function.

Coulomb pseudo-potential (Cb)

As several aa might be charged and might lie in close contact during the dock-
ing experiment, electrostatic interactions might play an important role in the
association between two proteins. We chose a simplified potential expression,
specifically the classic Coulomb interaction, as it is well adapted to reduced
representations [8, 71, 72]. For this purpose, we associated a positive unit charge
with the Lys, Arg, and His SD, and a negative unit charge with the Glu and Asp SD.
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Moreover, the evaluation of the Coulomb potential, for the full range of inter-peak
distances, might become protracted, because of the many pairs to be considered.
It is thus necessary to limit the extent of the calculation, particularly for macro-
molecules. We modified the Coulomb expression with a force-switching function
dedicated to the Coulomb interaction, as established by Field [73]:

0. 80.0.
%-’_%[(m oﬁ‘( ) (rojf ron)i| lfR<}"

(5) Uy = QQ[ (——$>+B(rﬁ R)+C( —R3)

+D(roﬂ—R5)] if Ton <R=Zrpy

0 if R>ry

in which Q; and Q; are the electronic charges of elements i and j separated by
distance R. The other parameters are:
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According to Equation 5, the Coulomb potential is progressively set to zero while
conserving a smooth 1/R evolution.Figure 14-3 illustrates the force-switching
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Figure 14-3. Tllustration of the force-switching function [73] applied to the Coulomb potential calculated
between two unit positive charges as a function of the distance. The dashed line depicts the straight
Coulomb potential evolution
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function when applied to the Coulomb potential calculated between two “+1”
charges as a function of distance.

For the evaluation of each P-P complex, we thus considered a total electrostatic
score based on the separation of favorable potentials (Up,,,), i-e. due to oppo-
site charges interacting, and unfavorable ones (U, o), i-€. due to like charges
interacting, both calculated using equation 5. We then evaluated the Cb score as:

Ufavor
(6) Ch=—" _ 100.0(%)
Ufavor + Uunfavor

Steric Clashes (St,;,sc)

Most methods employ steric clashes as a filter to eliminate solutions presenting too
great an interpenetration between partners [30, 31]. When using atomic represen-
tations, each atom can be viewed as a hard sphere of radius equal to its van der
Waals value. However, when using reduced representations, one must define a set
of radii to be compatible with each subunit. Furthermore, blurring is sometimes
necessary when considering a rigid-body approach [18]. Peaks obtained by topolog-
ical analysis of the electron density present a notably anisotropic shape; each peak
is described with three eigenvalues and eigenvectors that provide information about
the local behaviour of the electron density. In 3D, the peaks are thus represented
with ellipsoids of revolution [74].

To compute the detection of steric clashes, we used a Lennard-Jones 6-12
pseudo-potential expression U;;, defined in Equation 7. Such a potential, which
was successfully applied to the complementarity of several host-guest systems [74],
rapidly increases if two elements, e.g. atoms, spheres or peak, approach one another
too closely, and interpenetrate. We performed the calculation of U;; for each peak;;
pair of all complexes:

A B.
M Uy=——f+-5
oo

in which A;; =V,.V, and B;; = A;;.(r; + rj)G, V; and V; are the peak volumes and r;,
T and r;; are the internal radii of the two ellipsoids and the distance between them,
respectively. A steric clash was considered if the pseudo-potential value exceeded
a limiting value, i.e. 5.0 in this case.

When applied to our macromolecular sets, we observed no interpenetration for
most complexes kept in their crystalline configuration; only a few showed some
steric clashes — 20 with one bump, nine with two bumps and one with three
bumps. Some fuzziness was thus introduced through tolerated interpenetrations. If
the number of clashes is less than the tolerance threshold, no bump is considered
in the steric penalty score. We decided to set this number to three, according to
the results above. To obtain a penalty score that is expressible as per cent, we
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limited the number of non-tolerated clashes to 30, and calculated the proportion of
bumps relative to this value:

(8) Stclashgs — ( clashes — lhreshold) 100. 0(%)

N,

max

in which N,;,.sp014 15 set to 3 and N,,,, to 30. Beyond this limit, the penalty score
equals 100%.

Weighting of the Scoring Terms («, 3, and )

To favor the knowledge-based PP score, which relies on a thorough statistical
study, towards the Cb pseudo-potential, we optimized the weights to the following
values: @« =3.5, B =1.0, and y = 0.9. When applying the scoring function to the
P-P complexes used in this work, we obtained a satisfactory regularity in the final
scores with an average value of 63.7 &= 8.8%, as presented in Figure 14-4.

Genetic Algorithm

Presentation of the algorithm

To simulate the natural laws of evolution, GA are based on a population of numeri-
cal chromosomes, which contain the key variables of the problem and thus represent
potential solutions. For a docking experiment, each chromosome should code for a
possible orientation of one partner versus another. In our GA code (FORTRAN 90),
we retained the solution generally applied to rigid-body complementarity studies,
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Figure 14-4. Final scores (in per cent) obtained when applying the fitness expression (eq. 1) to the set
of 475 protein-protein complexes. The weights are o = 3.5, 3=1.0, y =0.9
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that is, six genes per movable partner, while the other was fixed. The first three
variables code for the position of the centre of mass of the moving peak graph, and
the last three for the Euler rotation angles. For each candidate in a population, the
selection operator evaluates their quality (score) according to Equation 1 and con-
stitutes a temporary population, which evolves by mutation and mating (crossover)
to form a new one. Among various selection strategies [75], we selected a roulette
scheme, as described by Cartwright [60].

Parameterization runs

GA are particularly sensitive to the various parameters, as their combination strongly
influences the performance of the computation experiment. We focused on the

optimization of the principal parameters that govern a GA experiment: N,,,,, — the
number of cycles, N, — the size of the artificial population, and P,,,, and P, —

the rates of evolution (mutation and crossover, respectively). A satisfactory config-
uration of the GA is crucial, as it strongly influences the efficiency of the algorithm
in terms of quality of the solutions and duration of computation. To evaluate the
effect of each parameter, independent experiments were run on five P-P complexes
of which the crystalline configuration is to be retrieved by the GA and of which
the size and shape of dimerization interfaces differ (Table 14-2). By varying one
parameter at a time, we observed how the GA behaved according to each parameter
set. The initial values were set to those obtained by Meurice et al [34] in their
similarity studies: Ny, = 5000, N,,, = 100, P, = 60.0%, P,, = 0.1% (the
following notation occurs further in the paper: 5000 / 100 / 60.0 / 0.1). The ranges
of tested values are presented in Table 14-2. After each complementarity study, the
best 50 solutions proposed during the GA application were retained.

GA experiments are generally analysed on plotting the evolution of both the
means (or the cumulative means) of the successive population fits to ensure that
the GA proceeds to a global optimization and the means of the largest scores stored
in the best list, which is continuously updated. If such charts are well adapted to
problems of molecular superposition, in which the fitness can be set to the dis-
tance between the atoms to reflect directly the quality of the superposition, they do
not always provide correct information about the performance of a docking algo-
rithm. In complementarity studies, candidates with high scores might present large
differences with the native structure, that is, false positives. By running docking

Table 14-2. Ranges of values that have been considered in the parameterization study, for each variable
governing the GA based protein-protein docking

Parameter Range of values Step
Number of cycles (Ngepe;) 3000 to 5000 500
Number of chromosomes (N,,,) 100 to 500 100
Crossover rate (P,,,ss) 50 to 70% 5

Mutation rate (P, 0.1 to 0.5% 0.1
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experiments with complexes of known structure, we were able to calculate the root
mean square deviations (rmsd) between the 3D structures of each complex obtained
at the completion of the GA and the crystalline ones. The rmsd values were calcu-
lated on the all-atom structures, which were readily retrieved by the algorithm after
the GA completion, as the original atomic positions are known and can be back
superimposed on the graphs of peaks. To assess the efficiency of our GA during
the parameterization, we determined whether the best solutions that were finally
proposed were either optimal or false positives.

On analysis of the best combinations of GA parameters and the corresponding
rmsd values, after executing 100 complementarity studies (five complexes times
20 configurations), it rapidly appeared that more than one optimal configuration
of the GA scheme might yield satisfactory results (rmsd < 3 A). To decide which
combination of parameters appeared to be optimal, we analysed more profoundly
the influence of each parameter. We concluded that three configurations of the
GA could be conserved for further runs (Table 14-3). On analysing the results, we
observed that 3000 cycles are sufficient to perform all the complementarity studies;
no improvement was observed beyond this value as most of the best solutions are
retrieved before 3000 iterations. When studying the effect of the population size
on the quality of the proposed solution, we observed that N,,,, = 200 represented a
great improvement in terms of rmsd values, compared to N,,,, = 100. A larger value
of N,,, brings no additional improvement. The duration of computation, propor-
tional to the size of the population, N,,, =200, represents an effective compromise
between the quality of the proposed solutions and the speed of completion. P,,,
and P, have a less important role than N,,,. For instance, a mutation rate 0.4%
is well adapted to N,,, = 100. It was however more difficult to find an optimal
crossover rate (different from the original 60.0%) when considering N,,,, = 200.
Consequently, we retained P, = 65.0% and P,

ross e = 0.4% for N,,, =100, and
P, =60.0% and P

ross e = 0.1 or 0.5% for N,,, =200. For illustration, Figure 14-5
represents the superposition of the crystalline structures of the five complexes that
served for this parameterization with the least rmsd values, as proposed by the GA

in its configuration 3000 / 200 / 60.0 / 0.1.

Validation runs

To validate and to test the three sets of parameters, we applied the GA docking
to ten additional P-P complexes, producing 13 P-P docking experiments as some

Table 14-3. Description of the three GA parameter sets that emerged from the parameterization study

Parameter sets Ngener Npop Pcross [%] Pmut [%]
#1 3000 100 60.0 0.4
#2 3000 200 60.0 0.1

#3 3000 200 60.0 0.5
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Figure 14-5. Ca trace superimpositions of the native solutions (blue and yellow) and the best candi-
dates obtained with the GA in its 3000 / 200 / 60.0 / 0.1 configuration (green), for five complexes that
composed our parameterization set — laks, Icgj, 1dok, lecm, and lubs. Visualizations were obtained
on combining the Swiss PDB Viewer (http://www.expasy.org/spdbv) and the ray-tracing POV-Ray
(http://www.povray.org) programs (see color plate section)

complexes contained multiple protein chains (See Table 14-1 — Test set). We mixed
complexes of varied types and sizes, that is, enzyme-inhibitor (PDB codes: 1brs,
Istf, Itgs, ludi, 4htc), antibody-antigen (PDB codes: ligc, Inmb, 3hfl), and others
(Igla, 1spb). Details of the P-P structures and results, in terms of rmsd values for
the most nearly optimal candidates, are presented in Table 14-4.

For each enzyme-inhibitor complex, and for /gla and Ispb, the GA proposes
at least one solution near that of the native structure, for one or more parameter
sets. For example, for complex /brs, the three parameter sets yielded solutions with
rmsd values 1.76 (32nd solution), 2.35 (11th one) and 2.86 A (26th one), respec-
tively. It was more difficult to bind correctly the antibody-antigen complexes,
especially Inmb and 3hfl for which rmsd values greater or near 3 A were obtained
for all three GA configurations (Table 14-4). Parameter set #1, with N,,, = 100,
yielded the poorest results, with only five complexes on thirteen showing an rmsd
value less than 3.0 A. This observation confirms the conclusion made after the
N, study: a population size of 200 is necessary to obtain satisfactory results.
The two other parameter sets show superior performances, with seven and eight
near-optimal structures found for ten complexes (not including the antibody-antigen
ones), respectively. Set two provides superior solutions at lower ranks, among 50
proposed candidates. For illustration, some best proposed structures are presented
in Figure 14-6, for complexes I/brs (Enzyme/Inhibitor), /udi (Enzyme/Inhibitor),



318 CHAPTER 14

Table 14-4. Candidates with the lowest rmsd values, with their rank between parentheses, retrieved
among the solutions proposed by our GA for the 13 additional protein-protein complexes. The differ-
ent parameter sets were those obtained at the end of the parameterization study (see Table 14-3 for
details). The four characters in the first column refer to the complex PDB codes, and the letters between
parentheses in the second column to the corresponding protein chains

Complexes # atoms # peaks Lowest rmsd among the 50 solutions [A]
(rank)
Parameter Parameter Parameter
set #1 set #2 set #3

¢ Enzyme/Inhibitor

1brs 864 (A), 695 (D) 209/165 1.76 (32) 2.35(11) 2.86 (26)
1brs 878 (B); 665 (E) 221/160 3.56 (36) 3.25 (37) 5.62 (43)
1brs 839 (C), 699 (F) 199/173 3.50 (35) 3.50 (35) 1.77 (14)
Istf 1655 (E), 789 (I) 394/189 4.38 (44) 1.79 (28) 3.36 (39)
1tgs 1646 (Z), 416 () 413/106 4.31 (13) 2.57 (42) 1.22 (21)
ludi 1818 (E), 654 (I) 444/161 2.15 (17) 2.15(2) 1.85(5)
4htc 253 (L), 2069 (H) 61/510 6.16 (39) 472 (2) 2.60 (22)
4htc 2069 (H), 447 (I) 510/110 1.46 (20) 1.42 (9) 1.52 (24)
o Antibody/Antigen
lige 3326 (L+H), 446 (A) 832/113 1.74 (8) 1.73 (14) 2.09 (16)
Inmb 1798 (L+H), 3061 (N) 442/761 9.02 (26) 491 (21) 9.16 (20)
3hfl 3250 (L+H), 1001 (Y) 806/242 3.77 (29) 4.28 (15) 3.36 (32)
e Others
Igla 1201 (F), 3778 (G) 299/918 3.31(32) 0.76 (5) 1.50 (22)
1spb 557 (P), 1860 (S) 149/476 1.54 (19) 1.58 (27) 0.96 (26)

lige (Antibody/Antigen), and /gla (other) using this set. We thus concluded that
the parameter combination 3000 / 200 / 60.0 / 0.1 is the most suitable for our
protein-protein GA-driven docking application.

DISCUSSION
False Positives

For the parameter set we selected, 12 P-P complexes of 18 in total, i.e. five con-
stituting the parameterization set and 13 constituting the test set, showed no or
few structures with large rmsd values (>10 A) among the top ten solutions. It is
however not rare that the nearly optimal solutions are commonly lost among an
ensemble of high-scored solutions with large rmsd values; these are called false
positives. The ranks of the best or nearly optimal solutions thus increase, and those
are sometimes found at the bottom of the best list. For our GA, the presence of false
positives arose partially because we promoted the variability in terms of relative
orientations in our best list, by avoiding two excessively similar solutions from
being recorded together (redundancy is avoided). Candidates of two sorts could
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Figure 14-6. Ca trace superimpositions of native solutions (blue and yellow) and the best candidates
obtained with the GA in its 3000 / 200 / 60.0 / 0.1 configuration (green), for four complexes that
composed our validation set — /brs (A and D chains), 1udi, ligc, and 1gla. Visualizations were obtained
on combining the Swiss PDB Viewer (http://www.expasy.org/spdbv) and the ray-tracing POV-Ray
(http://www.povray.org) programs (see color plate section)

indeed be obtained at the completion of a docking experiment — those combining
small rmsd values and large scores, and those presenting large rmsd values with
large fitness scores. The former constitute the nearly optimal solutions to be found
by the GA, the latter are false positives. For instance, we encountered solutions
wherein the P-P dimerization part was retrieved with only a small deviation from
the native structure, but which produced great differences in the outer parts because
rigid partners were considered (Figure 14-7). Consequently, the atoms that are far
from the interface inevitably produce an increased rmsd value. A false positive of
this kind might be strongly limited by limiting the rmsd evaluation to the Ca at the
interface, i.e. to any atom that is within 10 A from an atom of the other partner.
This condition would allow to diminish the rmsd value by measuring the deviations
at the dimerization part, without penalizing the nearly optimal solutions with large
rmsd values. We encountered also solutions wherein the orientation of one partner
had absolutely nothing in common with the native solution. These constituted the
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Figure 14-7. Ribbon representation (front and top views) of one proposed structure (/ecm) for which
the interface with the partner (blue) is satisfactorily recognized by our GA (green), but which shows
increasing divergence in the higher parts when compared with the crystalline structure (yellow). Distance
calculations were performed on three amino acids, i.e. Asn5, His67, and His95, which present rmsd
values 2.15, 2.82, and 10.59 A, respectively. Visualizations were obtained on combining the Swiss
PDB Viewer (http://www.expasy.org/spdbv) and the ray-tracing POV-Ray (http://www.povray.org)
programs (see color plate section)

real false positives, as the fitness expression was unable to distinguish between the
obtained complexes and the structure of the complex in its native form. It is difficult
to determine whether a solution is a false positive, which should indicate that expert
intervention remains necessary after such automated docking program. From the
infinite possible orientations between the two partners, the GA has greatly restricted
the searching domain to only a few. The proposed low-resolution models might
then be retransformed into all-atom representations and be introduced into energy
minimization or in complementary energetic filters, and consequently facilitating,
or minimizing, the task of the researcher.

Comparison Between Our GA Strategy and Other Docking Methods

The literature contains many GA docking strategies, which differ in their molecular
representations, fitness expressions, and exploration algorithms, which condition
impedes their comparision. The approach developed by Gardiner et al [8] seems
most similar to ours. In their work, also based on reduced representations of proteins,
the molecular models were obtained on topological analysis of Connolly surfaces,
which yielded critical point sets describing the local curvature of the surfaces of
the two partners. The fitness function was based mainly on a surface comple-
mentarity score, with the combination of geometric matching, hydrogen-bonding
potential and an interpenetration penalty score. Those authors used discrete posi-
tions on grid dots to place the partners. They performed complementarity studies
on 34 complexes, mixing enzyme-inhibitors and antibody-antigen complexes, and
for each one the GA was run 20 times to constitute a list of 100 candidates. The
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results obtained for the native complexes are similar to ours, with rmsd values
<3.0A for nearly all complexes. The rank of the best nearly native structures
is also generally located among the top 50 solutions. They also described the
difficulties for the GA to predict correctly antibody-antigen complexes, with six
on eight cases in which the GA found at least one success among the proposed
candidates.

Li et al [62] investigated complementarity on three antibody-antigen complexes,
i.e. camelid antibody-a-amylases. Their method was based on simplified represen-
tations of proteins, with one sphere per residue, combined with an energy-based
scoring function, including electrostatic contributions and Gibbs energy of desol-
vation. Using the docking algorithm implemented in DOCK, Cherfils et al [76]
found nearly native solutions in the top five for one complex, but they failed to
predict two others, partially because of a poor definition of the exploration space.
They also identified several differences between antibody-antigen and enzyme-
inhibitor complexes, essentially in terms of interface compositions, hydrophobicity
and electrostatic aspects.

About the interface sizes, Vakser et al [17] performed complementarity studies
on low-resolution models of protein chains. By ignoring all atomic details, they
sought to describe the role played by large-scale structural motifs. They tested
their method on 475 cocrystallized protein-protein complexes and concluded that
52% of the complexes showed low-resolution recognition. A further analysis of
their results showed the major role played by the interface of dimerization on
the large-scale motif association, that is, 37% for 1000-2000 Az, 52% for 2000—-
4000 A2, and 76% for interfaces superior to 4000 A%, We link this observation
partially with the difficulty of predicting the structure of antibody-antigen com-
plexes: the interfaces of /igc, Inmb, and 3hfI are all less than 2000 Az’ and present
few interfacial contacts. These two observations explain why our algorithm, based
on a rigid-body representation combined with a knowledge-based scoring func-
tion, has difficulty in correctly combining the reduced representations of such
complexes.

CONCLUSION

Our objective was the development of a totally automated strategy dedicated to the
docking of macromolecular systems, beginning with the construction of a scoring
function to the parameterization and operation of the optimization algorithm for
docking. For this purpose, we proposed a complete strategy based on an efficient
technique of artificial intelligence, that is, the Genetic Algorithms, combined with
reduced representations of the molecular partners. The results were highly encour-
aging, except for the antibody-antigen complexes. Our GA was able to retrieve the
nearly optimal solution in each case. As future work, we plan to consider a statisti-
cal pair-wise potential of the same type, and electrostatic and geometric matching,
to predict protein-DNA complexes and describe the role played by larger-scale
recognition.
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CHAPTER 15

TROPOLONE AS NEUTRAL COMPOUND AND LIGAND
IN PALLADIUM COMPLEXES

GIDEON STEYL AND ANDREAS ROODT

Abstract: Focusing mainly on the solid-state effect of halogenation on compounds of tropolone
type in the solid state, we report the character and functionality of these molecules.
The behaviour of bromo-functionalised tropolone molecules is discussed relative to
the tropolone parent compound. To investigate the large influence of bromination, we
extracted structural data from the Cambridge Crystallographic Database covering Br...Br
non-bonded interactions. Molecules of tropolone type 7r-stack in a fashion similar to ben-
zene derivatives, with an interplanar distance ca. 3.72A. Palladium complexes with
tropolonato ligands are presented as examples of the effect of coordination that ligands
of these types induce on metal centres. These complexes form highly labile species
in the presence of tertiary phosphines; the [Pd(TropBr;)Br(PCys3)] complex is reported
as an intermediate of these labile species, in which the initial [Pd(TropBr3),] complex
acts as a bromo source in the presence of the PCy; ligand. Significant Br... Br inter-
actions at distance ca. 3.6 A stabilise the [Pd(TropBr;)Br(PCy;)] complex in the solid
state. Significant 77-stacking is observed for palladium(II) tropolonato derivatives in the
solid state

INTRODUCTION

In 1945, Dewar [1] predicted correctly the structure of tropolone (2-hydroxy-
2.,4,6-cycloheptatrienone, Figure 15-1, I.1), based on known natural products of
colchicines and stipitatic acid [2]. In identifying the unique molecular structure
of tropolone and its derivatives, i.e. a non-benzenoid “aromatic” compound, a new
field in chemistry was launched. The mysteries involved in compounds of tropolone
type remain incomplete, partly because of the duplicitous nature of tropolones: these
can act as compounds of either aromatic or alkene type, with selective reactivity
towards nucleo- or electrophiles.

The key to the mystery of tropolone and its derivatives is the seven-membered
ring and the highly mobile tautomeric system (Figure 15-1, 1.1). In addition to this
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Figure 15-2. Numbering system of tropolone and its derivatives used throughout here

stabilization through the tautomeric forms, hydrogen bonding plays an important
role in the stability of these tropolones. Tropolone (I.1) is more stable than the iso-
meric hydroxytropones (I.2) and (I.3), in which intramolecular hydrogen bonding
is absent and a greater separation of charge is observed.

The numbering of compounds of tropolone type conforms to the standard [UPAC
format (Figure 15-2). Tropolone that is the trivial name for 2-hydroxy-2,4,6-
cycloheptatrienone is in general use, thus greatly simplifying the numbering of
these compounds. In the literature reference to tropolone derivatives sometimes
follows an alphanumeric method; i.e. hinokitiol can be either a- or 3- or 7y-
isopropyl tropolone, indicating the three or four or five position, respectively, of
the isopropyl moiety on the tropolone core, Figure 15-2.

Because tropolone is scarce in nature [4], occurring only in lower
plants and fungi [5], limited information is available on these compounds.
Tropolone derivatives exhibit remarkable pharmacological effects; for instance,
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3,7-dihydroxytropolone [6] is known to act as a competitive inhibitor of inositol
monophosphatase, which is a cause of manic depression. Even the mono-substituted
3-hydroxytropolone is recognized as an antibiotic [7]. The addition of morpholine
and bromo moieties is reported to inhibit the Hepatitis C virus [8].

The use of bidentate ligands in organometallic chemistry is commonly illustrated
by their successful application in homogeneous catalysis [9] and bio-medical [10]
systems. In the field of radiopharmaceuticals, tropolonato metal complexes
[M"(Trop);] (M™ = Ga**, In3*) have been reported [11], with only the M™
oxidation state being important for gallium and indium under physiological con-
ditions. The tropolonato ligand is notable as it forms neutral lipophilic complexes
that might penetrate cell membranes [12, 13]. A catalytic application involving the
use of tropolone derivatives is found with aminotroponimiato yttrium, and has been
reported to serve as an active catalyst for alkyne hydroamination [14]. The highly
stable complex [Rh(Trop)(diop)] has been used for the asymmetric hydrosilation of
acetophenone [15].

That tropolone is such an effective chelating agent contributes to its wide appli-
cation in chemistry. The tropolonate ion forms a five-membered chelating ring of
which the “bite”, that is, the oxygen-to-oxygen distance, is smaller than that in
the B-diketonate, i.e. acetylacetonate. The “bite” is also well illustrated by the bite
angle, O-M-O, in metal complexes.

The range of tropolonato complexes that have been investigated via crystallo-
graphic techniques is limited basically to transition-metal elements in the first row.
In total, 52 tropolone complexes are known, of which 33 are first-row systems;
most such complexes contain either copper (17) or cobalt (7). The main focus of
these studies is typically the anti-microbial activity [16, 17] or magnetic proper-
ties [18]. In contrast to these limited crystallographic data, tropolone as ligand for
transition-metal elements is long known to act as an effective chelating agent [19].
Tropolone complexes of actinides that have been investigated are found useful to
extract [20] these metals.

Tropolone and its derivatives thus have clearly significant applications in medic-
inal chemistry and homogeneous catalysis. To illustrate the notable behaviour of
tropolone, we discuss the solid-state behaviour of a selection of pure tropolone, its
derivatives and organometallic complexes in the following sections.

EXPERIMENTS

In general, the abbreviations, e.g. HTrop, HTropBr;, etc. denote the compound in
its neutral form, whereas Trop—, TropBr;™ etc. indicate the mono-anionic form of
the ligands. We prepared the HTropBr; compound according to the literature [3].
For experimental procedure, i.e. synthesis, characterisation of compounds, under-
lying results described here we refer the reader to preceding work [3, 21]. The
crystal structures that we report here (HTropBr; (1), [Pd(TropBr;)Br(PCy;)] (2),
[Pd(Br),(PCy;),] (3)) [22, 23] were solved with standard techniques [24, 25].
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TROPOLONE COMPOUNDS

Compounds of tropolone type have a duplicitous nature in that the molecule
can behave as either an aromatic or an allylic functionality. Tropolones can be
brominated according to a method similar to that for alkenes, with tautomerisation
restoring the cycloheptatriene backbone. In contrast to this simple halogenation with
bromine, other halogenated products form less readily, requiring more advanced
organic synthetic pathways.

Existing compounds of tropolone type are divisible into two general groups:
one group comprises compounds in which the keto-enol functionalities are unal-
tered and the carbon backbone is modified, HTrop [26] (Figure 15-1 I.1), 3,5,7-
HTropBr; [3, 27] (Figure 15-3), 5-HTropNO, [28], HHin (4-HTropisopropyl) [29],
3,7-HHinBr, [30] and 5-HTropCN [28]; in another group, the keto-enol moiety can
be altered to include other hetero-atoms such as nitrogen, sulfur and selenium.

Tropolone and Tropolone Derivatives in the Solid State

The properties on compounds of tropolone type in the solid state, i.e. the geo-
metrical parameters and interactions between molecules, can be most revealing in
unlocking the mysteries of this molecule’s behaviour. Hydrogen tunnelling occurs
in the solid state [31, 32], and tropolone derivatives exhibit liquid-crystalline prop-
erties [33, 34]. In what follows we discuss first-generation derivatives of tropolone,
with special reference to hydrogen bonding, -7 stacking and halogen-halogen
interactions.

Figure 15-3 shows a polymorph of HTropBr; (1) [3] to illustrate a halogenated
tropolone molecule; this structure (1) has a single molecule crystallised in the
asymmetric unit. Table 15-1 presents the most important bond distances and angles.

Compared to the previously reported structure of HTropBr; [3] that contained two
molecules in the asymmetric unit, both twinned, an overlay of these two polymorphs

Figure 15-3. Diamond drawing of 3,5,7-tribromotropolone (HTropBr3) (1) (50% probability ellipsoids),
showing the numbering scheme
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Table 15-1. Bond distances (A) and angles (°) of HTropBrs (1)

Cc,—0, 1.221(11) C,—GC, 1.422(14)
C,—0, 1.243(14) 0,—C,—C, 104.5(9)
C;—Bry 1.824(10) 0,—C,—C, 122.3(9)
Cs—Brs 1.840(10) 0,—C,—C,—0, 4.9(15)
C;—Bry 1.783(9) C;—C,—C,—C, 8.5(18)

Table 15-2. Comparative data of tropolone derivatives

Compounds O| e 02 C1:01 C2*02 CI*C2 O]ZCI*C2*02 Ref.
A) A) &) &) )
HTrop 2.55 1.26 1.33 1.45 1.61 26
3,5,7-HTropBr; 2.40 1.22 1.24 1.42 5.02 27
3,5,7-HTropBr; 2.49 1.31 1.33 1.43 -2.00 3
3,5,7-HTropBr; 2.54 1.32 1.34 1.45 1.00 3
3-Cl-HTrop 2.54 1.25 1.35 1.45 0.69 35
5-CN-HTrop 2.56 1.25 1.33 1.47 1.32 28
5-NO,-HTrop 2.59 1.24 1.33 1.48 2.63 28
5-NO,-HTrop 2.57 1.25 1.33 1.47 0.71 28
HHin 2.53 1.26 1.33 1.46 1.64 29
3,7-HHinBr, 2.53 1.25 1.36 1.46 6.68 30

C==0 and C—O indicates the “carbonyl” and “C—OH" moieties of the enol form, respectively. Average
esd’s reported for the structures are ca. 0.01-0.02 A

indicates that significant differences exist between them with an RMS overlay error
0.214A. A few halogenated or nitrogen-containing compounds exist that can be
accessed directly from the tropolone parent compound (Table 15-2).

Tropolone derivatives in a range presented in Table 15-2 clearly show that the
bond distances for the carbonyl groups (O,=C,/0,—C,) vary insignificantly upon
ring functionalization, within the indicated standard deviations. The most notable
change occurs in the compound HTropBr; (1), with a decreased length of the bond
in the carbonyl (C,=0,;) moiety. The hydroxyl carbonyl (C,—O,) moieties in the
nitro and tribromotropolone derivatives have the shortest bonds. Secondary effects
hence play a major role in determining geometrical parameters. One such effect
reflects the “aromatic” properties of the tropolone ring system, thus compensat-
ing for electron-withdrawing or -donating moieties. Despite the torsional twist of
the keto-enol functionality as indicated in Table 15-2, the system remains nearly
planar, with the sterically hindered HHinBr, compound displaying the greatest
distortion. The O...O distances of tropolone derivatives are near 2.5 A, except
both HTropBr; systems. We discuss further this effect with reference to hydrogen
bonding and packing.

The solid-state behaviour of tropolones indicates that hydrogen-bridged dimeric
units of tropolone compounds dominate the solid-state behaviour of these molecules.
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Br:

(A)

Figure 15-4. Hydrogen-bonding network in HTrop (A) and HTropBr; (B)

On adding other electronegative (X) centres to the tropolone core, a shift of hydrogen
bonding was observed away from these dimeric units, towards a more pronounced
X ...H—O interaction; see Figure 15-4. A threshold seems to arise at which the
change of hydrogen-bonding mode occurs in the solid state. If one or two electron-
withdrawing moieties are added to tropolone, such as chloro [36], nitro [28] or
dibromo [30], the dimeric unit stays intact; see Figure 15-4 (A). The addition of a
further electron-withdrawing moiety tips the balance away from this dimeric unit,
as observed from the HTropBr; structures. The Br. .. H—O interaction replaces the
O...H—O interaction, causing a cessation of the dimeric units, Figure 15-4 (B).

The Br...H—O interactions observed in HTropBr; structures [27, 30] agree
satisfactorily [O..Br 3.39(1), 3.49(1), 3.344(3) A and O—H...Br 115(1), 118(2),
144(3)°] with values reported by Desiraju and Steiner [36] (3.47(4) A and 134(4)°).
The disordered structure of HTropBr; [3] has less effective directionality than the
current polymorph structure (1) presented in Figure 15-3.

In our evaluation of the solid-state behaviour of brominated tropolones, our
attention became focused on Br...Br interactions. In the HTropBr; (1) compound
presented here, there exist two Br. .. Br interactions with distances of order 3.369(2)
and 3.462(1)A. As the van der Waals radius of bromine is 1.95 A, the observed
interaction in the solid state is significant. The same trend was observed for the
HTropBr; [3] and HHinBr, [30] compounds, with observed distances 3.626(5) and
3.616(1) A, respectively.

CSD Evaluation of Br...Br Interactions in the Solid State

To extend our investigation into interactions of these types between bromine atoms,
we conducted a search of the Cambridge Crystallographic Database (CSD) [37]
on the organic-molecule subset displaying C—Br ... Br interactions. Br...Br non-
bonded contact interactions were considered first in a range 2.4—4.6A. The
probability of long-range non-bonded interactions more distant than 4.6 A were
investigated, but yielded no further information. Secondly and more specifically,
the angle formed with C—Br and the non-bonded bromine atom was selected as
a parameter to indicate a possible directionality of the evaluated interactions. The
distance typical of Br, (Br—Br) in its covalent bond is of order 2.3 A.
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Figure 15-5. Histograms of non-bonded Br...Br interaction distances (a), C—Br...Br angle (b) and a
scattergram of distance vs. angle (c)

A histogram of non-bonded Br...Br interactions indicates that successes in a
significant number were obtained in a region 3.6-4.6 A, see Figure 15-5 (a), with
a mean value 4.04 A. According to the data, the directionality of the C—Br...Br
interaction ranges from 40-180°, with a maximum in the interval 80—120°. This
maximum is deceptive because C—H ... Br interactions are active also in this range.
If a linear interaction exist, it would fall in a range 130-180°; see Figure 15-5(b). As
the data ranges show a correlation, a scattergram plot of the distance vs. non-bonded
angle was constructed as shown in Figure 15-5 (c). The large range of these results
is attributed to inherent properties of the bromine atom. A covalently bound bromo
moiety (C—Br) can both polarize the bond and donate to the carbon atom, gener-
ating a nucleophilic centre on the bromine atom. Br...Br interactions might thus
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alleviate this decrease of electron density in the solid state. Non-bonded interactions
in two distinct groups are identified from the scattergram; see Figure 15-5 (c). An
area of maximum overlap is observed from 3.8—4.6 A and 70-120°, indicating a
weaker perpendicular interaction over a larger distance.

This effect is attributed to the inherent nature of the bromo moiety — hyper-
polarization of the C—Br bond and donation to the carbon atom. A stronger
interaction, with a smaller population than the weaker interaction, is observed in a
region 3.6-4.0 A and 130-170°. According to the linear extent of this interaction
and the small distances involved, an interaction of this type must play a significant
role in stabilising the solid state. Similarly, the observed Br...Br interactions in the
solid state for brominated tropolone compounds (HTropBr; and HHinBr,) correlate
well with structural data reported in the CSD (Figure 15-5).

Intramolecular -7 Stacking

A secondary aspect of the solid-state interactions in tropolone compounds is the
ability to form wr-stacking units. This effect is due largely to the delocalisation
of the cycloheptatriene ring system over the total molecule. Typical 77 interac-
tions in benzene molecules range from 3.5-4.0 A (mean 3.81 A) and with a nearly
parallel orientation of 0—4° (mean 0.67°) between individual benzene molecules.
In tropolone compounds the interaction is of order 3.72(3) A with an inter-planar
angle between tropolone molecules 0.7(8)°. We present in Table 15-3 a selection
of tropolone compounds [in total 21 entries].

A single compound such as HTropBr; can either form part of a 7r-stacking unit
(Table 15-3) or have no significant 7r-interaction in the solid state. A synergistic
effect might exist between m-stacking and Br...Br interactions in the unit cell.
The HTropBr; (1) molecule presented here exhibits the strongest Br.. . Br interac-
tion in the solid state, with these interactions overriding any other and secondary
weak effect. In the published structure of HTropBr; [3], secondary effects such

Table 15-3. Comparative r-stacking data for selected tropolone com-

pounds

Compounds Interplanar distance Angle between planes
(A) )

HTrop 3.594 6.14

3,5,7-HTropBry - -

3,5,7-HTropBry 3.570 0.00

3-Cl-HTrop 3.613 0.00

5-CN-HTrop 3.791 0.02

5-NO,-HTrop 3.670 0.00

HHin 3.780 0.00
3,7-HHinBr, -
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as mr-stacking might play a large role in structuring the solid-state ordering of the
molecule.

Conclusion

In tropolone compounds discussed above, three major effects contribute to the
solid-state behaviour of the molecules: hydrogen bonding between electronegative
groups such as the dimeric units of tropolone can significantly order the solid state;
m-stacking also readily occurs, with an observed inter-planar distance of the same
order as that for benzene molecules; if electronegative groups such as bromo moi-
eties are present, the likelihood of Br...Br interactions might overshadow other
packing effects observed in the solid state.

PALLADIUM TROPOLONATO COMPLEXES

Because palladium complexes are reactive in various solvents (Scheme 15.1), we
present the following tropolonate complexes as a case study. The interpretation of
NMR spectra, which typically contain multiple features, can be exhausting to clar-
ify quantitatively, and the application of X-ray crystallography can thus partially
circumvent this problem.

The initial complexes, [Pd(Trop),] [38] and [Pd(TropBrs),], are well behaved
systems that are stable in air and readily synthesised in high yield. Beginning
with a bis-tropolonato palladium(I) complex, one expects the addition of one
equivalent of a tertiary phosphine in solution to result in coordination to the
palladium(Il) centre; see Scheme 15.1, V.2 Step A. Initially, this species was
perceived to be a single stable product, allowing the characterisation of the deriva-
tive [Pd(Trop),(PCy;)] [39], but it soon became clear that a second possible route
was available, Scheme 15.1, V.3-V.4. The reduction of Pd(II) to Pd(0) occurs
readily in the presence of phosphine (PR;) to form the well known Pd(0) com-
plex, [Pd(PR3),]. This product in turn can activate halogenated species in solution
via oxidative addition to generate the products indicated in steps [C] and [D] of
Scheme 15.1 [36, 43].

The effect of the solvent [40] should not be ignored in these systems, in which
dichloroethane as solvent contributed in the formation of a [Pd(Cl),(PPh;),].DCE
complex; see Scheme 15.1, V.9. This product was obtained from the [Pd(TropBr3)s, |
complex, indicating that chloro ligands are more competitive in solution than bromo
moieties. Because of the solvent system, the concentration of chloro species is
present in a much greater ratio than that of the bromo species of which the ligand
is the direct source. Chloro ligands can also be scavenged directly from solution
via oxidative addition as reported for the [Pd(Trop)(Cl)(PPhs)] [41] complex, upon
addition of hydrochloric acid in a small proportion. This effect resulted in the loss
of only a single tropolonato moiety, which can be replaced by the chloro ligand,
resulting in a variant of Scheme 15.1, V.5.
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Scheme 15.1 Proposed products of [Pd(TropBr3),] and PR3 in solution

We present two illustrative solid-state examples of crystallised products from
the reaction of [Pd(TropBr;),] with PCy;. To confirm the total reaction path, the
[Pd(Br),(PCy;),] complex (Scheme 15.1, V.7) was isolated in yield ca. 80% from
the reaction mixture after ca. two days. During the initial stages (after ca. 8h) of
the reaction, crystals in a small amount from an intermediate species were iso-
lated from the reaction mixture, identified via X-ray diffraction as the complex
[Pd(TropBr;)Br(PCy;)] (2) (Scheme 15.1, V.5).

General crystallographic data of these compounds [Pd(TropBr;)Br(PCy;)] (2)
(Figure 15-6) and [Pd(Br),(PCy;),] (3) (Figure 15-9) [22] with the most important
bond distances and angles are reported in Tables 15-4 and 15-5, respectively.
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Figure 15-6. Diamond drawing of [Pd(TropBr3)Br(PCys)] (2) (50% probability ellipsoids), showing
the numbering scheme. For the phenyl groups, the first digit refer to the ring number and the second
digit to the atom in the ring. Hydrogen atoms omitted for clarity

Table 15-4. Bond distances/A and angles/deg of [Pd(TropBr;)Br(PCy;)]

Pd—0, 2.022(2) 0,—Pd—P 92.10(7)
Pd—O0, 2.109(2) 0,—Pd—P 166.60(6)
Pd—P 2.2281(9) Br—Pd—P 93.85(2)
Pd—Br 2.3945(4) Br—Pd—O, 174.04(6)
0,—Pd—0, 77.96(9) 0,—C,—C,—0, ~0.8(4)

Table 15-5. Selected geometrical parameters of [Pd(Br),(PCyj3),]

Pd—Br 2.4292(1) P—Pd—P 180
Pd—P 2.3689(3) Br—Pd—P—C, 141.49(5)
Br—Pd—Br 180 Br—Pd—P—C,, ~101.58(5)
P—Pd—Br 91.253(9) Br—Pd—P—C;, 14.50(5)

[Pd(TropBr;)Br(PCy;)] (2) crystallised in an asymmetric unit with a slightly
distorted square-planar geometry about the palladium(Il) centre. The palladium(II)
atom is elevated 0.0808(2) A above the plane defined by four atoms O,, O,,
P and Br, forming a coordination polyhedron. The distortion is further evi-
dent from the non-linear bond angles O,—Pd—Br and O,—Pd—P (Table 15-4).
The Pd—O bond distances are slightly larger than those reported for the com-
plexes [Pd(Trop),(PCy;)] [39] and [Pd(Trop),] [38]. The O—Pd—O bidentate
bite angle (77.96(6)°) is significantly smaller than that reported for complexes
[Pd(Trop),(PCy;)] [39] (80.30(5)°) or [Pd(Trop),] [38] (81.8(1)°). The dimin-
ished bite angle is contrary to expectation, because the introduction of electron-
withdrawing groups into the tropolonato ligand should have displayed the opposite
effect; the Pd—O bond distances should decrease and the bite angle should thus
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Figure 15-7. Partial unit cell of [Pd(TropBr3;)Br(PCys)] (2), illustrating -7 stacking and Br...Br
interactions. Hydrogen atoms, cyclohexyl rings omitted for clarity [Symmetry codes: (i) —x, -y, —z; (ii)
1-x, -y, —z; (iii) 0.5-x, 0.5+y, z]

increase. As this effect does not occur, we assume that secondary packing effects
play an enhanced role.

No classic hydrogen bonds are observed in the complex [Pd(TropBr;)Br(PCyj;)],
but intermolecular 7r-stacking between tropolonato units is observed with distance
3.476 A. A further unique triangular intermolecular interaction is found between
three separate bromo moieties of three palladium units; see Figure 15-7. The dis-
tinctive bromo . .. bromo interactions are nearly equidistant: Br,...Br;, Br,. .. Brs!
and Br;. . Brs' with intermolecular distances 3.616(5), 3.692(1) and 3.638(1) A,
respectively. Symmetry codes are reported in the caption of Figure 15-7. The addi-
tion of three bromo groups to the backbone of tropolone assisted in stabilising the
solid-state ordering, acting as electron-donating functionalities.

Only a single triad is shown in Figure 15-7, but all bromo groups on the
tropolonato ring in the structure are involved in this extended polymeric three-
dimensional interaction (Figure 15-8). Thus, in the solid state, a single tribro-
motropolonato moiety is affected by both three triad interactions of bromo groups
and 7-stacking with a non-associated tropolonato ring system. The 7-stacking com-
ponent in turn interacts with bromo groups in the opposite direction, resulting in a
stair conformation throughout the solid state.

About the final product in the reaction (Scheme 15.1), the complex
[Pd(Br),(PCy;),] was reported via a direct synthesis [42]. The complex crystallises
on an inversion centre, with the tricyclohexylphosphine moieties in an eclipsed
conformation; see Table 15-5. The Pd—P and Pd—Br distances are comparable to
those reported in the literature, with a slightly increased bond precision due to the
lower temperature study.
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Figure 15-8. Molecular representation of the bromo triad units in [Pd(TropBr3)Br(PCy3)] (2). Hydrogen
atoms, cyclohexyl rings omitted for clarity. [Symmetry codes: (i) —x, -y, —z; (i) 1-x, -y, —z; (iii) 0.5-x,
0.5+4y, z; (iv) =0.5+x, -0.5-y, —z; (v) 0.5-x, —=0.5+y, z; (vi) 0.5+x, -0.5-y, —z]

A link might exist between the Pd—Br bond and the absence of intermolecu-
lar interactions (Pd—Br ... H) observed for complexes [Pd(TropBr;)Br(PCy;)] and
[Pd(Br),(PCy;),]. The preference of palladium(Il) to bond to halogen atoms in
the presence of mr-donors is well known, i.e. in the Suzuki coupling or Heck
reactions [43]. This effect is beyond our scope here, although it begs the question
why are no intermolecular interactions observed.

Because the reacting species defined in Scheme 15.1 comprise only the initial
compounds, [Pd(Trop),] or [Pd(TropBr;),], and a tertiary phosphine group, the
range of products observed is astonishing, again underlining the reactivity and
complexity of Pd(II) catalyst systems. In addition to the above, [Pd(TropBr;),] can
act as its own source of bromine to form the complex [Pd(Br),(PCys),] during
the reaction cycle; see Figure 15-9. Because ligands of tropolonato type in palla-
dium complexes have a unique character, the ligand can masquerade either as a
stabilising, halogen-donating or -leaving moiety in the reaction mixture.

CONCLUDING REMARKS

The simplicity of the tropolone molecule belies its fascinating character in both
solution and the solid state. The “aromatic” properties of these compounds make
varied interactions observable in the solid state; including hydrogen tunnelling, -7
stacking and bromo ... bromo interactions. The addition of a metal centre does not
suppress this character, but can instead add further dimensions to the complexes
formed. Palladium(IT) complexes with tropolone can result in a myriad products, in
which tropolone can act as a source of bromo moieties to assist in the reaction path.
Although only a small fraction of our research team’s work has been presented, the
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Br

Bri

Figure 15-9. Diamond drawing of [Pd(Br),(PCy;),] (3) (50% probability ellipsoids), showing the num-
bering scheme. Hydrogen atoms are omitted for clarity. Cyclohexyl rings: the first digit refers to the
ring number, the second digit to the atom number in the ring. [Symmetry code: (i) —x,~y, —z]

mystical character of tropolone is expected to deliver soon additional twists in the
tale that will challenge our understanding of the chemistry of this compound.
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CHAPTER 16

THEORETICAL AND EXPERIMENTAL

MODELS OF MOLECULES ILLUSTRATED

WITH QUANTUM-CHEMICAL CALCULATIONS

OF ELECTRONIC STRUCTURE OF H,CN, ISOMERS

J.F. OGILVIE AND FENG WANG

Abstract: To compare aspects of theoretical and experimental models of molecules, we employ the
results of quantum-chemical calculations on diazomethane and six structural isomers with
formula H,CN,; significant deficiencies of both models impede comparison between a
calculated value of a property and a corresponding value deduced from experiment

INTRODUCTION

When, about year 1957, Coulson was reputed to have remarked to the effect that
“the objective of quantum chemistry is to paint a picture, not to take a photograph”,
conditions regarding both theoretical methods and the practice of calculation were
much more primitive than those at present. During the past half century, quantum-
chemical computations — as an application of quantum-mechanical principles and
procedures for the calculation of molecular electronic structure — have evolved
from being a tedious manual task, on which only a few expert and mathematically
minded chemists would embark, to become a routine computation for which sev-
eral computer programs, some even free of cost, are available; operation of these
programs requires little understanding of either details of the models or algorithms
or even the nature of the calculations in relation to their prospectively fundamental
quantum-mechanical underpinning. Not only do the innumerable publications accu-
mulated in this field include many examples in which their authors have focused on
artefacts of quantum-mechanical methods, such as wave functions in wave mechan-
ics or their purported constituent orbital components, but also terms that originated
in a questionable mathematical basis have pervaded general chemical usage in a
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purely qualitative and loose manner devoid of mathematical significance, such as
the description of a tetrahedrally ‘ligated’ carbon atom as being of type “sp>”. The
practice of quantum chemistry is almost invariably built on a model of atomic
orbitals and their combinations that serve as a basis of calculations of electronic
structure with atomic nuclei at chosen positions, but commonly the latter relative
positions are varied for the purpose of finding a minimum energy of the ensemble
of electronic and nuclear particles. As we demonstrate here, this model proves
practical for the purpose of estimating molecular properties that might be compared
with deductions from experiment, even though such a comparison be imperfect,
as we discuss here also. In the present work we hence undertake not merely to
calculate some properties of selected molecular species for actual or prospective
comparison with apparently related experimental data but also to appraise the scene
of those calculations so as to illuminate both the underlying models and possible
pitfalls in such comparisons.

For this purpose we have selected molecular species in a set specified according
to a chemical formula H,CN,; this merely pentatomic molecular entity comprising
atomic centres of three types is remarkable in implying a possible existence of mul-
tiple chemical compounds, some already characterized and others prospective, even
if likely unstable. All species result from structural isomerism — a varied topology or
order of putative connectivity of relative spatial locations of atomic centres. Among
thirteen such plausible isomers, those with both a nearly collinear, arrangement of
massive atoms and a dihydrogenic moiety are diazomethane H,CNN, cyanamide
H,NCN, and isocyanamide or N-aminoisonitrile H,NNC; with hydrogenic atomic
centres farther separated, carbodiimide HNCNH and nitrilimine HCNNH are char-
acterized to some extent, but further possibilities CN(H)NH, NC(H)NH, HCN(H)N
and HCN(H)N, each bearing a hydrogenic atomic centre attached at the middle
member of the skeleton, are unknown experimentally. Isomers with a cyclic skeleton
include diazirine or 1,1-diazirine c-H,CN, that is stable and well characterised, and
1,2-diazirine or isodiazirine c-HCN(H)N not yet identified from experiment, apart
from ¢-C(NH), and ¢-CNNH, that are unknown and likely to be even less stable
under conventional conditions in a laboratory. The geometric structures of the seven
isomers upon which we have undertaken calculations are depicted in Figure 16-1.

The diversity of these isomers and the significant variability of the chemical prop-
erties and reactivity of the corresponding chemical substances have attracted much
attention from the point of view of calculations of molecular structure. Prompted by
a qualitative consideration of the interconversion of isomers [1], Hart [2] embarked
on a major comparison of geometric structures through innovative calculations on
five acyclic isomers; to explore the bonding and reactivity of these isomers, he
employed for this purpose a basis set of gaussian lobes, and calculated molecular
orbitals in a self-consistent field that were transformed to canonical localised molec-
ular orbitals. Apart from routine calculations on an individual or a few isomers,
Moffat [3], Thomson and Glidewell [4], Guimon et al. [5], Boldyrev et al. [6],
Kawauchi et al. [7] and Maier et al. [8] performed increasingly sophisticated calcu-
lations on multiple isomers.Although Hart [2], for lack of automatic optimization
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Figure 16-1. Depiction of geometric structures of isomers of H,CN, showing the relations between
those structures and the relative energies according to data in Table 16-1; the molecules are diazomethane
I, cyanamide II, isocyanamide III, carbodiimide IV, nitrilimine V, 1,1-diazirine VI and 1,2-diazirine VII

of geometric structural parameters, applied a manual method for this purpose, sub-
sequent authors reported their estimates of optimized bond lengths and interbond
angles of various isomers.

Several calculations of geometric structure of these isomers have thus been
reported, but there has been little effort devoted to estimate the electric and
magnetic properties and to their comparison. For instance, the vibrational polar-
izability describes the polarization of a molecule due to a displacement of the
atomic centres from their relative equilibrium positions [9]; this quantity, which is
represented with a tensor of second order having up to six independent com-
ponents of which some might be zero by symmetry, governs the intensity in
the vibrational Raman spectrum. As the value of this polarizability depends on
the frequency of light that serves to excite the Raman scattering, a calculation
for comparison with experiment might take this factor into consideration. Such
vibrational polarizability causes a net contribution to the total molar polarization
that is smaller than the electronic polarizability with all atomic nuclei in their
equilibrium positions, but the ratio of magnitudes of these polarizabilities varies
with the nature of the molecular structure. We have calculated these quantities
that are difficult to measure, particularly with chemical compounds as inconve-
nient to handle as diazomethane and most isomers. Whereas the electric dipolar
moment is commonly deduced from splitting of lines in pure rotational transitions
with a Stark effect involving an externally applied electric field, estimates of the
rotational g factor and the magnetizability result from application of a Zeeman
effect through a magnetic field on similar transitions. Although only an anisotropic
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component of magnetizability is experimentally evaluated in this way, it is con-
venient to compute the isotropic magnetizability and even the diamagnetic and
paramagnetic contributions thereto that arise through the use of London atomic
orbitals in the calculation [10]. For polyatomic molecules, the rotational g factor
is represented by a tensor of second rank with generally six independent compo-
nents. These properties are difficult to measure through a direct experiment, but
their calculation presents no particular difficulty when each property is related to
some aspect of the distribution of atomic nuclei and their associated electronic
density.

The progressive improvement of both computer hardware and software dur-
ing these five decades during which calculation of these molecular properties has
become feasible has enabled much improved estimates of not only structural param-
eters but also other properties that might be experimentally measured directly or
deduced from spectral or other experiments. As an example of the present capability
of calculations of molecular electronic structure, in the present work we have con-
ducted calculations of various electric and magnetic properties of H,CN, in seven
structural isomers with a basis set at a uniformly high level, for comparison with
existing experimental data or for prediction for subsequent experiments; because
these electric and magnetic properties can depend sensitively on molecular geome-
tries, we specify also those geometries, and related spectral data. We interpret all
these results in the light of our present understanding of the nature of the models
underlying both calculations and experimental measurements.

CALCULATIONS

For all calculations of molecular electronic structure we utilized software
Dalton 2.0 [11] to implement numerical solution of Schrédinger’s equation and
to estimate molecular properties. The electronic energy and properties we calcu-
lated with wave functions according to a basis set, denoted aug-cc-pVTZ, devised
by Dunning and coworkers [12], involving a self-consistent field of the type com-
plete active space and multiple configurations. The number of electrons in active
shells associated with functions for one electron in a selected set varied with the
particular isomer; these numbers of electrons in active shells and numbers of active
orbitals, respectively, for each isomer follow: diazomethane, 4, 6; cyanamide, 10,
10; isocyanamide, 4, 6; carbodiimide, 12, 10; nitrileimine, 8, 9; 1,1-diazirine, 6,
10; 1,2-diazirine, 10, 9. The same contractions, denoted (6s3p2d|4s3p2d) for H and
(11s6p3d2f|5s4p3d2f) for C and N, were employed in all calculations, in total 224
primitive and 184 contracted gaussian basis functions.

Such a basis set combines well with coupled-cluster wave functions to tend to
converge in a consistent and predictable manner towards limits of the basis set and
the theory. Calculation of the rotational g tensor and magnetizability involved use
of rotational London orbitals [10]. Optimization, first order in derivatives of energy
with respect to internuclear distances, yielded all reported geometric structures of
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arrangements of atomic centres; we calculated all reported molecular properties at
these optimized geometries.

RESULTS

In several tables we present the results from our calculations. One large table con-
tains values of parameters describing electric and magnetic properties and moments
of inertia and rotational parameters of optimized structures for which such compar-
ison is convenient. Succeeding tables contain parameters for optimized geometric
structures, their vibrational wavenumbers and intensities, with experimental data
for comparison if available; because the most pertinent structural parameters vary
according to a particular isomer, and because the symmetries of the isomers involve
four distinct point groups — C,,, C,, C; and C;, each with its fundamental vibra-
tional modes in separate classes, we present one such table for each individual
structural isomer, except combining content for cyanamide and isocyanamide into
one table.

In each case the results are applicable to a net electrically neutral molecular
species of formula 'H,'?C'*N, with unit spin multiplicity and for the electronic
ground state. Because our calculation pertains formally to a single molecule with
coordinate axes fixed in the molecular frame oriented according to the inertial axes,
we express our results generally in terms of molecular quantities and with ST units
but unified atomic mass unit; to facilitate comparison with results reported else-
where, in a few cases we present additional data converted with appropriate factors.

In an order emphasizing the structural relations, Figure 16-1 depicts the
optimized geometric structures of seven isomers with chemical formula H,CN, —
diazomethane I, cyanamide II, isocyanamide or N-aminoisonitrile III, carbodiimide
IV, nitrilimine V, diazirine VI and 1,2-diazirine VII. With one column for each
isomer in the same order, Table 16-1 presents the results of calculations of electric
and magnetic and some spectral properties of isolated molecules in their optimized
structures that are directly comparable in this way. The first row contains the total
energy of the molecular system, including relativistic corrections of types mass
velocity and Darwin; the second and third rows indicate the energy of each isomer
relative to that of the most stable isomer, cyanamide, per molecule and per mole
respectively, appropriately rounded.

Of rows in the next group for electric properties, the fourth shows the total electric
dipolar moment. The next five rows present an analysis of net electronic popula-
tions associated with each atomic centre, according to an atomic polar tensor [13];
each value listed represents the net alteration of electronic population associated
with a particular atomic centre through its participation as a constituent of the
particular molecule in a specific isomeric form. To distinguish the two hydrogenic
atomic centres if they lie in chemically inequivalent positions, H, is nearer a car-
bon atom than Hy; likewise if the two nitrogens have inequivalent positions N, is
nearer a carbon atom than N;. The next six rows present elements of a symmetric



Table 16-1. Energies, electric dipolar moments, net atomic populations, vibrational polarizabilities and mean vibrational molecular polarization, magnetizability
and contributions thereto, isotropic g tensor and nuclear and electronic paramagnetic and diamagnetic contributions thereto, principal moments of inertia and
rotational parameters calculated for 'H,'>C'*N, in seven structural isomers

property diazomethane  cyanamide isocyanamide carbodiimide  nitrilimine 1,1-diazirine 1,2-diazirine
total energy/hartree + 148 —0.1584322 —0.2010834 —0.0508985 —0.1741517 —0.0716112 —0.1382128 —0.0694224
relative energy/107'8J 18.6 0 655 11.7 56.4 27.4 574
relative energy/kJmol ™', including residual energy 104 0 394 67 333 164 340
electric dipolar moment p/107*°Cm 5.654 13.637 14.061 7.346 7.425 5.791 9.884
atomic population on C —0.413 0.333 0.011 0.925 —0.600 0.129 0.261
atomic population on H, 0.118 0.195 0.198 0.321 0.244 0.017 0.103
atomic population on Hy 0.118 0.195 0.198 0.321 0.192 0.017 0.125
atomic population on N, 0.773 —0.408 —0.127 —0.784 0.641 —0.082 —0.255
atomic population on N, —0.596 —0.315 —0.280 —0.784 —0.576 —0.082 —0.234
vibrational polarizability a,,/10~*'C?m?J! 3.432 4.956 1.491 23.876 0.293 1.793
vibrational polarizability a,,/10~*'C>m?J~! 0 0 0 0 0 -0.031
vibrational polarizability a,./10~'C*m?J~! 0 3.480 —1.477 —1.755 0 -0.026
vibrational polarizability e, /10~ C*m?J~! 0.145 0316  6.242 2.958 0.958 1.559
vibrational polarizability a,,/10~'C?>m?J~! 0 0 o0 0 0 0.256
vibrational polarizability e, /107'C?m?J~! 21.035 4.060  2.505 0.204 0.094 0.511
mean vibrational molecular polarization/1073" m? 5.673 2.151  2.360 6.232 ... 0.310 0.890
magnetizability, isotropic/107% J T2 —36.55 —4591 —43.27 —46.82 —39.39 —-31.77 —37.34
magnetizability, diamagnetic/10~2° J T2 —180.71 —188.42  —179.00 —183.71 —178.45 —140.13 —146.49
magnetizability, paramagnetic/107% J T2 144.16 142.51 135.73 136.89 139.06 108.36 109.15
isotropic g tensor —0.3195 0.1561 0.1445 0.0484 —0.2184 —0.1821 —0.1115
nuclear contribution to g 0.7179 0.7031 0.6922 0.6933 0.6875 0.5932 0.5952
diamagnetic contribution to g —0.0401 —0.0401 —0.0461 —0.0414 —0.0456 —0.0576 —0.0577
paramagnetic contribution to g —0.9973 —0.5069 —0.5016 —0.6035 —0.8603 —-0.7177 —0.6490
inertial parameter 7,/107° um? 1.807222 1.701204 1.759552 1.386995 1.421473 12.387741 12.202547
inertial parameter 7,/1072° um? 45.216582 50.258732  46.189584 49.003341 45.955446 21.381566 23.954082
inertial parameter I,/107%° um? 47.023803 51.332726  47.110536 49.277031 46.217609 30.32326 34.43216
rotational parameter A /m~! 932.7925 990.9233 958.0635 1215.4068 1185.9267 136.0832 138.1484
rotational parameter B /m™! 37.2820 33.5417  36.9466 34.4010 36.6825 78.8419 70.3748
rotational parameter C /m™! 35.8491 32.8399  35.7831 34.2099 36.4745 55.6931 48.959
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tensor for vibrational electric dipolar polarizabilities [9] relative to principal inertial
axes; for these calculations we assumed a static polarizability corresponding to
zero frequency. The following row indicates the corresponding mean vibrational
contribution to the total molecular electric dipolar polarization.

The next seven rows pertain to magnetic properties of each isomer in its opti-
mized structure. The molecular magnetizability is the factor of proportionality that
yields the magnetic dipolar moment induced in a freely rotating molecule subjected
to an external magnetic field; this magnetizability is a tensorial quantity, of which
the isotropic magnetizability is one third the trace of this tensor, calculated as a
sum of diamagnetic and paramagnetic contributions [10] that are listed separately.
For a free molecule there is likewise a tensor for the rotational g factor, which
measures the extent to which a magnetic dipolar moment arises from the rotation
of the molecule about its centre of mass; again obtained as one third the trace of
the g tensor, the isotropic value listed is the sum of nuclear and electronic con-
tributions, of which the latter have diamagnetic and paramagnetic components, all
of which are listed separately. Of the last six rows, three contain the moments
of inertia about the principal rotational axes, and another three rows present the
corresponding rotational parameters.

Six further tables, one for each structural isomer of 'H,'’C!*N, investigated
except for cyanamide and isocyanamide combined into one table, present the cal-
culated values of parameters pertaining to the optimized geometric structure of
the atomic centres, as lengths of inferred chemical bonds or the smallest internu-
clear distances, and interbond angles, in a set sufficient to define unambiguously
the geometric arrangement of atomic centres according to a specified point group.
These tables include also the calculated wavenumbers of fundamental vibrational
modes within specified symmetry classes, the corresponding calculated intensities,
the calculated wavenumbers scaled by 0.95, and pertinent data from experiment for
structure, wavenumber and intensity where available.

DISCUSSION
Relation Between Calculation and Experiment

Before discussing in detail the numerical results of our computational work, we
describe the theoretical and computational context of the present calculations: apart
from deficiencies of models employed in the analysis of experimental data, we must
be aware of the limitations of both theoretical models and the computational aspects.
Regarding theory, even a single helium atom is unpredictable [14] purely mathemat-
ically from an initial point of two electrons, two neutrons and two protons. Accepting
a narrower point of view neglecting internal nuclear structure, we have applied for
our purpose well established software, specifically Dalton in a recent release 2.0 [9],
that implements numerical calculations to solve approximately Schrédinger’s tem-
porally independent equation, thus involving wave mechanics rather than quantum
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mechanics in other forms. The trial wave function for only the electrons is com-
posed from basis functions in a chosen set, described as aug-cc-pVTZ, implying
three gaussian functions to represent each ‘valence’ orbital, correlation-consistent
and augmented with diffuse and polarization functions; although in principle a
further set at the maximum theoretical level within Dalton 2.0, described as aug-
cc-pV6Z, implying use of six gaussian functions analogously, is available for H, C
and N atomic centres, the accessible computing resources precluded such use for all
isomers: to maintain a common level of basis set for all isomers, we accepted the
former set. In each basis function, the coefficient of a coordinate in an exponent is
fixed, whereas the coefficient of each gaussian function in a fixed set is adjusted to
yield a minimum energy of the selected molecular system. As those basis functions
serve to mimic wave functions of an atom with one electron, further procedures
serve to take into account, in a necessarily incomplete and approximate manner,
repulsion and correlation between electrons. A further calculation of perturbational
type has as its objective partially to take into account relativistic effects, of types
mass velocity and Darwin, not encompassed directly in solution of Schrodinger’s
equation; for atoms H, C and N these relativistic corrections are small, and vary lit-
tle between the various structural isomers. The wave function that results from this
calculation is an artefact of this approach to our application of quantum mechan-
ics, for which reason we refrain from discussing any aspect of this artefact, or of
its even more artefactual constituent basis functions; a molecular distribution of
electronic density, which is in principle an observable quantity, can clearly not
be decomposed uniquely into exponential or gaussian functions in a finite sum.
As the criterion for an optimal wave function is the minimum total energy, both
with optimized coefficients of basis functions and with optimized geometry, the
resulting electronic density is subject to error reflecting an incomplete basis set;
additional error results from an incomplete account of electronic correlation. Var-
ious molecular properties are customarily related to the electronic density and to
the arrangement of the atomic nuclei, but a particular property might be sensitive
to that density in particular regions of the effective molecular volume, such as near
specific nuclei; for this and other reasons, the quality of calculation of each such
property varies according to its nature, and some values of properties would then
inevitably be nearer experimental values of these properties than others.

Apart from use of experimental values of atomic — rather than nuclear — and elec-
tronic masses and of electric charges, the basis of this calculation has an empirical
component. The calculation is certainly not made genuinely from first principles or
ab initio, firstly because the composition of the basis set is predetermined, by those
who have published this basis set [12] and by the authors of Dalton software [11]
who have incorporated it, according to its success in reproducing experimentally
observable quantities and other calculated properties. Secondly, the solution of
Schrodinger’s equation is based on a separation of electronic and nuclear motions,
essentially with atomic nuclei fixed at relative positions, which is a further empirical
imposition on the calculation; efforts elsewhere to avoid such an arbitrarily distinct
treatment of subatomic particles, even on much simpler molecular systems, have
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proved only partially successful [15-17], at a greatly increased cost and compli-
cation of such calculation. With account taken concurrently of both nuclear and
electronic motions, Schrodinger’s equation has only recently been solved exactly
for the hydrogen and other atoms [18]. A practical advantage of a separation of
electronic and nuclear motions is that, on that basis, methods and algorithms have
been well developed to estimate diverse molecular properties, even those such as the
rotational g factor that partially transcend that approximation of separate treatment
of electronic and nuclear motions [10]. According to that separate treatment, all
molecules with the same formula and total charge represent local minima on a single
hypersurface of potential energy, provided that all crossings of surfaces are avoided
when a complete hamiltonian is applied. Although, to achieve a local minimum on
an hypothetical hypersurface of potential energy in nine spatial dimensions appli-
cable to the prospective motion of atomic nuclei, we undertook optimization of the
relative coordinates of nuclear particles, with internuclear separations varied within
an apparently small range from a specified initial conformation, there is within the
progress of the calculation an implicit or explicit suppression of the seeking of a
global minimum of energy; we become thereby able to distinguish these seven struc-
tural isomeric forms, among further possible, but thermodynamically less likely,
isomers. As structural isomers of H,CN, numbering six have been demonstrated to
be sufficiently durable and stable to be characterized experimentally according to
spectrometric measurements of various kinds, the separate treatment of electronic
and nuclear motions that yields the corresponding classical structures in terms of
geometric arrangements of atomic nuclei seems acceptable in the region of at least
six of those minima on that putative hypersurface of potential energy; in regions
not near those minima, such as those near the location of a transition structure
that possesses one or more imaginary vibrational frequencies, such a separate treat-
ment is questionable. Thirdly, a proper quantum-mechanical calculation is subject
to requirements of indistinguishability of all identical particles, not just electrons;
in the context of the present calculations there is neglect of permutation symmetry
of the two atomic nuclei of both hydrogen, Y4, and nitrogen, 14N that is contrary
to that fundamental requirement of quantum mechanics.

As is typical of computer programmes for conventional calculations of molecu-
lar electronic structure and a resulting geometric conformation of relative nuclear
positions and molecular properties, Dalton [11] provides no estimate of error or
uncertainty in those internuclear separations or properties resulting from either
numerical error or approximations in the method. Despite our use of the same basis
set, aug-cc-pVTZ, for calculations on each structural isomer, there remains latitude
in the conduct of the calculation according to the concept of a complete active
space. That basis set is the largest for which our calculations, on the available
hardware and within the limitations of Dalton, are practicable under the present
conditions. Altering the number of electrons in that active space yields slight and
apparently significant variations in internuclear distances and other descriptors of
molecular properties of the types that we present in the several tables. Although
we have accepted as the best wave function of each isomer the one among our
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extensive, but not exhaustive, tests that yielded the least total molecular energy,
there is in general no monotonic trend of values of molecular properties, such as
bond lengths or wavenumbers of characteristic vibrational modes, to converge to
a limit well defined in the progress toward a converged total energy; the variation
theorem is inapplicable to this process. Variation of the basis set would doubtless
yield further slight variations of resultant molecular descriptors. As an exploratory
test on only diazomethane, we made a calculation with the same basis set but with
a further approximation of density functionals; the structural parameters and the
properties, of those that the calculation permitted, varied slightly from those values
obtained without this approximation. The total duration of a calculation with den-
sity functionals, but without all properties, was about two fifths that without this
approximation.

Despite one’s intent to compare calculated results with corresponding parameters
deduced from experimental data, these quantities inherently defy direct comparison.
In particular, the calculated structural parameters for an optimized structure pertain
to a geometric arrangement of atomic centres in their relative equilibrium locations
according to a local minimum on an hypothetical hypersurface of potential energy
that is an artefact of a separate treatment of electronic and nuclear motions. Exper-
imental data pertain either to these small molecules in particular quantum states,
which have a completely indefinite geometric structure so effectively no extension
in space or time and no correspondence to a classical structure [19], or to ensembles
of molecules averaged over internal states occupied at a temperature of a particu-
lar experiment. For one to deduce accurately from experimental data, for instance
from spectral data for transitions between discrete molecular states, the equivalent
theoretical function of potential energy of a free molecule as a dependence on
internuclear separations that is independent of nuclear masses, one must take into
account the fact that electrons fail to follow perfectly the putative nuclear motions
conventionally described as vibrational and rotational. To enable one to derive from
spectral data a function purely for potential energy, an elimination of the effect of
finite nuclear masses requires not only extensive spectral measurements on multi-
ple isotopic variants but also application of corrections described as adiabatic and
nonadiabatic, encompassed within adiabatic terms and rotational and vibrational
g factors; this process, and in some cases also the effects of finite nuclear vol-
umes, has been satisfactorily implemented for diatomic molecular species [20], but
remains largely impracticable for polyatomic molecules; Dalton [11] nevertheless
provides procedures for vibrational averaging based on an harmonic approximation.
A comparison between geometric parameters obtained through a calculated molec-
ular electronic structure and those from experiment must thus be necessarily rough.
For other than an optimized structure, and particularly when the total electronic
energy much exceeds that associated with the residual energy, known also as zero-
point energy, within the most stable electronic state, the approximation of separate
treatment of electronic and nuclear motions is subject to failure because multiple
electronic states are likely to have comparable energies under those conditions,
whether or not Dalton software indicates such a possibility.
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For an optimized structure, the total electronic energy that Dalton yields, includ-
ing effects of repulsion between atomic nuclei, is formally applicable to an isolated
single molecule in its hypothetical equilibrium condition, which is neither a spectral
nor a thermodynamic state; this energy is expressed most appropriately in SI units
as joules, or aJ, per molecule. Even with an addition of residual energy, calculated
from half the sum of vibrational wavenumbers of fundamental modes — harmonic
or otherwise, such an energy still applies purely to an isolated molecule. Mere mul-
tiplication by Avogadro’s constant to yield a nominal energy per mole is grossly
misleading because a molar quantity implies a macroscopic sample in some state
of aggregation. Under standard thermodynamic conditions, the state of aggregation
varies with the structural isomer — diazomethane and diazirine are vapours at 300 K
whereas cyanamide is an involatile solid — hence subject to particular conditions
of at least pressure and temperature, and encompasses all energies of intermolec-
ular interactions; such energies vary considerably with the intrinsic properties of
individual molecules, such as the extent of polarity or molecular electric dipolar
moment. Although these energies of intermolecular interactions under conditions
applicable to standard thermodynamic states seem minuscule by comparison with
total electronic energies, they become significant by comparison with small dif-
ferences between energies of ideal molecular structural isomers, and likewise vary
with the nature of each isomer. The variations in residual energy among these
isomers are small but significant.

The electric dipolar moment derived from the Stark effect on molecular spectral
transitions pertains formally to an expectation value of charge displacement over
domains of internuclear separations and pertaining to particular quantum states,
rather than representing that charge displacement for internuclear distances in a
particular fixed set corresponding to an equilibrium conformation. Just as an atom
within a molecule is poorly defined, the net atomic charge associated with a par-
ticular atomic centre is poorly defined both theoretically and experimentally: there
are various possible methods both to calculate this quantity and to measure it, such
as through diffraction by xrays and electrons, but the fundamental problem remains
that in a molecule other than one with a single atomic nucleus there is no atom — only
atomic nuclei and their associated electrons; any partition of total electronic charge
is consequently arbitrary. Cioslowski’s approach nevertheless yields estimates of
redistribution of electronic charge on formation of a molecule, such as those listed
in Table 16-1, that exhibit satisfactory properties [13]; although one might seek
to apply such data to reinforce conventional notions of chemical binding and to
indicate prospective modes of chemical reactivity, we refrain from such speculation.
Reported in Table 16-1, these estimates described as atomic populations are first
derivatives of the electric dipolar moment of a molecule with respect to cartesian
coordinates [13], which differ significantly from any attempted integration of elec-
tronic charge in a chosen volume about one nucleus minus the nuclear charge or
atomic number.

Like electric dipolar moment, the magnetic and other electric, properties of
molecules deduced from spectral experiments pertain inevitably to expectation
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values over domains of internuclear separations; the calculated values, listed in
Table 16-1, might however serve as approximate guides to what experiments might
provide. The rotational parameters deduced from experiment are supposed to be
inversely proportional to inertial parameters on the basis of a classical interpreta-
tion of a rigid assemblage of atomic nuclei and their directly associated electrons
according to separate atomic masses. The distinction between calculated moments of
inertia, and rotational parameters derived therefrom, and the corresponding experi-
mental quantities, suffers from the same fundamental impediment as the parameters
of geometric structures. In all cases only a rough comparison is formally practica-
ble, but the trends of deviations between calculated and measured properties might
provide guidance for the conduct and interpretation of future experiments.
Vibrational mode pose a particular dilemma for comparison of calculated and
experimental quantities. The latter are derivable with great relative precision, from
about one part in 103, in the worst cases of vibration-rotational bands with unre-
solved contours for a compound among the present seven observed as a gaseous
sample, to about one part in 107, such as for band v, of carbodiimide [21] in
Table 16-4 for which a full rotational analysis proved practicable. Calculations
of molecular electronic structure in Dalton and similar computational procedures
yield wavenumbers according to a parabolic dependence of small displacements
from the equilibrium conformation, which pertain thus to hypothetical harmonic
vibrations. Any cross section of a postulated hypersurface of potential energy
accurately deduced from experimental data according to a classical model lacks
an exactly parabolic profile, even near a local minimum of energy of which our
calculations confirm seven for these isomers of H,CN,; for this reason there is
a systematic deviation between directly calculated vibrational wavenumbers and
those measured for centres of vibration-rotational bands in infrared spectra or
Raman scattering. To take into account this condition, an empirical method of
adjusting the calculated wavenumbers involves scaling, by a value typically ~0.95;
such a value has formal justification for application to stretching modes involv-
ing hydrogen atomic centres [22], but for other modes is merely a convenient
factor. To facilitate comparison between experimental and calculated wavenum-
bers, we apply this scaling factor in the tables for individual structural isomers.
The variability of calculated wavenumbers associated with particular fundamental
vibrational modes seems to be as much as ten per cent depending on the con-
ditions of the calculation apart from the particular basis set, namely the number
of electrons in the active space. Measurement of absolute intensities of vibration-
rotational bands of polyatomic molecules is difficult, and the results are hence
typically much less precise than for wavenumbers of band centres; for instance,
about one part in ten has been achieved for diazomethane [23], whereas for
some diatomic molecules [20] one part in 10% is typically achievable. Incom-
pletely resolved separate lines assigned to individual vibration-rotational transitions
and overlapping bands of separate vibrational modes complicate these measure-
ments for polyatomic molecules. As presented in Tables 16-2—16-7, calculated
intensities are obtained from dipolar gradients of atomic centres, also known as
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Table 16-2. Calculated and experimental, structural and vibrational parameters of diazomethane (point
group C,,): calculated and measured lengths of bonds and interbond angles; calculated wavenum-
bers and intensities of fundamental modes, scaled wavenumbers, and experimental wavenumbers and
intensities?

calc. exp.
internuclear distance/ 10719m, C-H 1.064 1.075
internuclear distance/10~'m,C-N  1.304 1.300
internuclear distance/lO’10 m, N-N 1.113 1.139
interbond angle/deg, H-C-H 126.2 126

v/m~! 1/1072'm  p/m™! v/m~! 1/1072'm
vibrational mode calc. calc. scaled exp. exp.
vy, A 334084 20.59 317380 307710 7.6
vy, a; 210522 897.74 199996 210157.7 284.5
V3, 4 153722 66.75 146036 141333 19.9
vy, 3 117275 1.80 111411 117700 5.1
vs, by 57590 26.35 54711 56819
Vg, by 39225 208.38 37264 40887
v7, by 347807 1.81 330417 318450
vg, by 117355 6.55 111487 110900 0.2
vy, by 41596 0.87 39516 41579 58.9
residual energy/hc 709588 674109 672945

¢ For references to sources of experimental data, see the text.

net atomic charges or the atomic polar tensor listed in Table 16-1; as these
charges vary appreciably with the nature of the particular basis set and other
aspects of the calculation, there is no expectation of great absolute accuracy
of the resulting intensities, but relative values might serve for comparison with
experimental data.

The extent of information from experiment about the quantitative aspects of
molecular geometry and properties varies with the particular structural isomer;
1,2-diazirine is not yet positively detected from experiments, whereas much infor-
mation about chemical and physical properties is known about diazomethane and
1,1-diazirine, with other isomers in intermediate conditions. Those two specified
isomers are not the most stable, but the inversion motion of the amino moieties
in both cyanamide and isocyanamide greatly impedes efforts to define structural
parameters of these molecules from their spectra, apart from the more difficult
conditions in working with these involatile substances. As little or no experimental
thermochemical data are available for these isomers, we compare our order of rel-
ative stabilities with those of Hart [2], of Kawauchi et al. [7] and of Moffat [3]. As
a concession to such comparison on a molar basis, we present in Table 16-1 our
total energies including the scaled residual energy on a molar basis; Figure 16-1
depicts these energies for the seven selected structural isomers. All these authors
agree that cyanamide is most stable, with carbodiimide next except for Hart [2];
other than our finding isocyanamide to be least stable, our order of stability of the



Table 16-3. Calculated and experimental, structural and vibrational parameters of cyanamide and isocyanamide (both point group C;): calculated and measured
lengths of bonds and interbond angles; calculated wavenumbers and intensities of fundamental modes, scaled wavenumbers, and experimental wavenumbers®

cyanamide isocyanamide

calc. exp. calc.
internuclear distance/10~!%m, N-H 1.016 1.001 0.998
internuclear distance/lO’10 m, C-N 1.355 1.346
internuclear distance/10~'1%m, C-N 1.164 1.1645 1.162
internuclear distance/lO’10 m, N1-N2 2.518 2.506 1.355
interbond angle/deg, H-N-H 109.5 109.7
interbond angle/deg, N-C-N or N-N-C 177.4 169.7

v/m~! 1/1072'm v/m~! v/m~! v/m~! 1/1072'm v/m~!
vibrational mode calc. calc. scaled exp. calc. calc. scaled
vy, a 376526 74.73 357700 342000 372518 26.04 353892
vy, @ 242694 115.84 230559 227000 231498 98.50 219923
vy, @ 177238 70.90 168376 157500 180127 43.04 171121
vy, @ 111059 11.34 105506 105500 112634 89.15 107002
vs, @' 69328 359.94 65862 71386 98279 130.42 93365
v, @' 31683 8.71 30099 38000 26130 2.29 24824
vy, a” 386150 107.09 366843 348000 381627 62.70 362548
vg, @’ 128174 0.82 121765 72000 144691 11.01 137458
vg, a” 32353 0.50 30735 10769 4.82 10231
residual energy/hc 777602 738722 779136 740179

“ For references to sources of experimental data, see the text.
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Table 16-4. Calculated and experimental, structural and vibrational parameters of carbodiimide (point
group C,): calculated and measured lengths of bonds and interbond angles; calculated wavenumbers
and intensities of fundamental modes, scaled wavenumbers, and experimental wavenumbers®

calc. exp.
internuclear distance/ 1 0-10 m, N-H 0.997 1.0039
internuclear distance/ 1071m, C-N 1.233 1.2247
interbond angle/deg, H-N-C 116.7 119.1
interbond angle/deg, N-C-N 171.5 171.6
angle/deg, HN..NH 88.5 89.35

v/m~! 1/1072'm v/m~! v/m~!
vibrational mode calc. calc. scaled exp.
vy, a 380037 65.95 361035 349800
vy, a 123820 0.10 117629 128500
V3, a 102125 23.93 97019
vy, 78250 106.49 74338
Vs, a 53179 0.04 50520 53700
Vg, b 379817 241.55 360826
v7, b 217176 1017.52 206317 210470.47
Vg, b 97604 864.55 92724 89000
Vg, b 52298 137.13 49683 53700
residual energy/hc 742153 705045

¢ For references to sources of experimental data, see the text.

Table 16-5. Calculated and experimental, structural and vibrational parameters of nitrilimine (point
group C;): calculated and measured lengths of bonds and interbond angles; calculated wavenumbers
and intensities of fundamental modes, scaled wavenumbers, and experimental wavenumbers®

calc.
internuclear distance/1 0-10 m, C-H 1.069
internuclear distance/ 10719m, C-N 1.192
internuclear distance/1 0-10 m, N-N 1.270
internuclear distance/ 10719m, N-H 1.006
interbond angle/deg, H-C-N 128.5
interbond angle/deg, C-N-N 167.6
interbond angle/deg, N-N-H 106.6

v/m~! 1/1072'm v/m~! v/m~!
vibrational mode calc. calc. scaled exp.
vy, a 365122 21.77 346866 325010
v, a 339346 17.12 322379 314250
V3, a 206186 574.09 195877 203270
vy, A 146618 162.63 139287 127810
Vs, a 117182 18.27 111323 118750
Vg, @ 92333 55.35 87716 79210
Vs, a 80640 0.89 76608 60650
Vg, a 50203 28.52 47693 46140
vy, @ 40669 18.01 38636
residual energy/hc 719149 683192

¢ For references to sources of experimental data, see the text.
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Table 16-6. Calculated and experimental, structural and vibrational parameters of 1,1-diazirine (point
group C,,): calculated and measured lengths of bonds and interbond angles; calculated wavenumbers
and intensities of fundamental modes, scaled wavenumbers, and experimental wavenumbers®

calc. exp.
internuclear distance/10~'m, C-H 1.069 1.0803
internuclear distance/ 1079m, C-N 1.493 1.4813
internuclear distance/10~'%m, N-N 1.181 1.228
interbond angle/deg, H-C-H 120.2 120.5
interbond angle/deg, N-C-N 46.6 48.98

v/m~! 1/1072' m v/m~! v/m~!
vibrational mode calc. calc. scaled exp.
Vi, a 328440 15.58 312018 302325
vy, a; 197881 57.99 187987 162300
V3,4 159980 2.85 151981 145916.06
vy, 2 101627 3.36 96546 99180
Vs, 102244 0 97132 96270
Vg, by 104115 57.32 98909 96730
v, by 83864 21.77 79671 80713.95
vg, by 340757 21.09 323719 313190
Vg, 8y 119200 6.87 113240 112491.43
residual energy/hc 769054 730102 704558

¢ For references to sources of experimental data, see the text.

Table 16-7. Calculated structural and vibrational parameters of 1,2-diazirine (point group C;): calculated
lengths of bonds and interbond angles; calculated wavenumbers and intensities of fundamental modes,

and scaled wavenumbers

calc.
internuclear distance/10~'%m, C-H, 1.070
internuclear distance/ 10710m, C-N, 1.390
internuclear distance/10~'%m, C-Nj, 1.254
internuclear distance/107'0m, N,-Nj, 1.749
internuclear distance/10~'0m, N-H, 1.029
interbond angle/deg, H-C-N 136.7
interbond angle/deg, H-N-N 108.3
interbond angle/deg, N-C-N 82.7

v/m~! 1/1072lm v/m~!
vibrational mode calc. calc. scaled
vy, a 338430 2.40 321509
vy, a 331928 2.05 315332
V3, a 171791 3.84 163201
vy, A 137330 9.11 130464
Vs, a 129595 70.05 123115
Vg, @ 111071 46.51 105517
vy, a 98527 68.03 93601
vg, a 81647 47.30 77565
vy, a 45464 7.51 43191
residual energy/hc 722891 686746
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other isomers agrees with that of Kawauchi et al. [7] Our estimate of the energy
of carbodiimide relative to cyanamide is larger than the value 15.1kJmol~" [24]
deduced from experiments in which both species appeared to coexist in thermody-
namic equilibrium. Vincent and Dykstra [25] calculated the difference of energies
of cyanamide and isocyanamide to be 220kJ molfl; that difference, smaller than
ours, might reflect their less sophisticated level of calculation. Of five acyclic iso-
mers, Hart [2] found isocyanamide second in stability; his order of the other four
acyclic isomers is the same as ours.

As little or no experimental information is available for electric and magnetic
properties other than electric dipolar moment, we make a general comparison here.
With regard to electrical properties in Table 16-1, all structural isomers have electric
dipolar moments in a moderate range, which facilitates detection of these species
through pure rotational transitions in microwave spectra; for a species not yet
so observed, 1,2-diazirine, the rotational parameters provided in this table enable
rough prediction of frequencies and intensities of such transitions. The vibrational
polarizability for the various structural isomers has a generally positive sign, but
the magnitudes of components of this tensor vary considerably. For nitrilimine we
omit from this table calculated values of vibrational polarizability, and the cor-
responding vibrational contribution to total molecular polarization, because these
calculated values have uncharacteristically large magnitudes; for only this isomer
the number of vibrational modes resulting from the calculation is eleven, includ-
ing two spurious modes with small wavenumbers corresponding essentially to
rotational motion; such effects, resulting from slight deficiencies of calculations
of molecular electronic structure, are known to corrupt estimates of vibrational
polarizability. Use of other active spaces for nitrilimine failed to eliminate these
deficiencies.

For the rotational g tensor, the nuclear contribution to the isotropic value varies
among isomers in a small range 0.68 — 0.72 for acyclic isomers but is essentially
the same, at 0.594, for the two cyclic isomers. In all cases both the diamagnetic and
paramagnetic electronic contributions are negative; the magnitude of the diamag-
netic component, in a small range 0.04 — 0.06, is much smaller than the magnitude
of the paramagnetic component, which varies in a range 0.5 — 1 for these compounds
at calculated equilibrium geometries. Depending on the relative magnitudes of elec-
tronic and nuclear contributions, the net effect, reflected in the isotropic g value, is
therefore positive or negative. Wilson et al. [26] reported generally negative values
of diagonal components of this tensor for many small molecular species, with dif-
ferences between calculated and experimental values typically less than 3 per cent.
As a result of their calculations for 61 compounds with a further density-functional
approximation, Wilson et al. concluded [26] that calculations of such magnetic
properties are generally reliable; that conclusion is expected to be applicable to our
results of analogous calculations without that approximation, provided that these
calculations involve a satisfactory basis set and sufficient account of electronic
correlation. Like the isotropic rotational g factor, the isotropic magnetizability has
diamagnetic contributions, in all cases negative and near —1.8 x 10727 JT2 for
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acyclic isomers or near —1.4 x 10727 JT ™2 for cyclic isomers; the paramagnetic
contributions are in all cases positive and near 1.4 x 10727 JT 2 for acyclic iso-
mers and 1.1 x 10727 JT™2 for cyclic isomers. The net effect is consequently in a
range/10722 J T2 from —3.1 to —4.6.

For other properties we discuss results separately for the various structural isomers
of 'H,?CI*N,,.

Diazomethane

For this species we constrained our calculation to retain a planar conformation
belonging to point group C,,, in accordance with experimental evidence; the
calculations on that basis yielded no imaginary vibrational wavenumbers that
would indicate a decreased symmetry. Although such a constraint of symmetry
is superfluous in such a calculation, its presence greatly diminishes the dura-
tion of calculation and the extent of storage space for integrals. The calculated
electric dipolar moment, listed in Table 16-1, is comparable with the experimen-
tal quantity, 5.0 x 107°°Cm [27], but no experimental values are available for
comparison with our magnetic quantities. The rotational parameters that we calcu-
lated, according to Table 16-1, differ slightly from the corresponding experimental
quantities/nf1 for the vibrational ground state, A = 910.5603, B = 37.7108452 and
C =36.1757609 [28]. In view of the qualifications, stated above, about a general
comparison between calculated and experimental geometric parameters, the cal-
culated lengths of chemical bonds are reasonably similar to experimental values,
compared in Table 16-2. The scaled values of vibrational wavenumbers are gener-
ally nearer the experimental quantities [29-31] than the unscaled values. According
to a single calculation for diazomethane using density functionals, those resulting
vibrational wavenumbers would clearly benefit from a different scaling factor; there
seems to be no decisive gain of accuracy of prediction from use of such density
functionals, although that approach might decrease somewhat the total duration
of calculation. The calculated intensities of vibrational transitions in fundamental
modes of class a, have magnitudes in the same order as the experimental values [23],
but for modes of class b, the disagreement is great; as all these experimental val-
ues were obtained from spectra at only moderate resolution, their reliability is
questionable.

Cyanamide and Isocyanamide

Because their structures, differing only in the orientation of the cyano moiety with
respect to the amino moiety, are similar, these two isomers that belong to the same
point group, C,, we conveniently consider together. According to our calculations,
cyanamide and isocyanamide represent the most and least stable, respectively, of
the seven selected isomers, and are the two most polar molecules, reflecting the
natures of their constituent amino and cyano moieties. The atomic nuclei of both
cyanamide and isocyanamide undergo a motion, inversion at the nitrogen atom of
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the amino moiety, of large amplitude, with which is associated a double minimum
in the function for potential energy; for this reason the rotational parameters in
the vibrational ground state comprise two sets, one for each state of the symmetry
pair [21, 32]. Much more experimental information exists for cyanamide than for
isocyanamide.

For cyanamide, the components of electric dipolar moment/107° C m paral-
lel to inertial axes are p, = 14.14 and p, = 3.03 [33], slightly larger than our
calculated values p, = 13.33 and p. = 2.878; the total moment from experi-
ment is 14.46 x 1073° C m, correspondingly larger than our calculated value in
Table 16-3. We compare our calculated rotational parameters with the effective
rotational parameters/m~! for the vibrational ground state — A =1041.19325,
B =33.78923475 and C = 32.90918052 [34], which are all a little larger than
the calculated values. Our calculations indicate that both these isomers have a non-
linear spine, consistent with experiment for both structural isomers; those calculated
internuclear distances, in Table 16-3, agree satisfactorily with the values deduced
from experiment for cyanamide.

For isocyanamide, spectral data of insufficient isotopic variants have been
obtained to enable the derivation of experimental structural parameters; although
application of the Stark effect to split spectral lines of a single isotopic species
would suffice to yield values of the total electric dipolar moment and its two
non-zero components, this experiment has not been reported. We compare our
calculated rotational parameters with the effective rotational parameters/m~! for
the vibrational ground state —A = 654.831, B =34.16822 and C = 33.05467 [35],
from a mean of corresponding parameters for the two inversion states of least
energy; the large difference between calculated and experimental values of A results
from the large amplitude of wagging motion in these inversion states that is not
taken into account in our calculation involving static relative nuclear positions.
Our calculated values of other spectral and structural properties of isocyanamide
are likely as near prospective experimental values as their counterparts for
cyanamide.

Carbodiimide

According to data from microwave spectra of carbodiimide [24], the electric dipo-
lar moment/1073° C m is 6.34, somewhat smaller than the calculated value in
Table 16-1; the rotational parameters/m’1 are A = 1265.02346, B = 34.5803859
and C = 34.5775333 [24], also larger than the calculated values. In Table 16-4,
one highly accurate vibrational wavenumber is known, for mode v, from spectra of
gaseous samples [21], but other data emanate from spectra in solid phases [36]; the
intensity that we calculated for the specified vibrational mode is large, consistent
with the corresponding band being most readily observed in a spectrum of a gaseous
sample, but two intensities, both small, are calculated for vibrational modes that
seem to have been observed for solid samples, in which molecules are subject to
significant intermolecular interactions.
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Nitrilimine

As the only experimental observations of this isomer, apart from a possibly ambigu-
ous signal in a mass spectrum [37], are vibrational absorption features attributed to
its dispersion in solid argon [8], no measured properties correspond to any calcu-
lated result in Table 16-1 for this species, but Table 16-5 includes those vibrational
data. The calculated angle between C—N and N—N bonds is approximately the same
as for isocyanamide; the structure of nitrilimine differs from that of isocyanamide
through transfer of one hydrogenic atomic centre from the terminal N to the termi-
nal C. The angle between the C—H and N—H bonds is calculated to be 92°, similar
to the angle between the two N—H bonds of carbodiimide.

1,1-Diazirine and 1,2-Diazirine

Of these two cyclic structural isomers, for diazirine the electric dipolar moment
is known from the Stark effect in microwave spectra [38] to be 5.3 x 1070
C m, somewhat smaller than the calculated value in Table 16-1. All calcu-
lated net atomic charges for diazirine have small magnitudes. The rotational
parameters/m~! for the vibrational ground state — A = 136.59901, B = 78.9478949
and C =55.7923163 [39] — are comparable with the calculated values in Table 16-1.
Some fundamental vibrational modes, as listed in Table 16-6, have wavenumbers
well defined directly from experiment [40], whereas the wavenumber of vs for
the CH, twisting mode, being infrared inactive, is estimated through a force field
fitted to many data for isotopic variants [40]. The wavenumber of v, for the N=N
stretching mode is overestimated in our calculation, consistent with a length of this
bond smaller than from experiment. The scaled wavenumbers for the C—H stretch-
ing modes are still appreciably larger than the direct experimental values, but seem
comparable with ‘harmonic band centres’ from the same fitted force field [39]; the
scaled wavenumbers associated with the other six fundamental modes are compa-
rable with the experimental data. As the energy of 1,2-diazirine is only slightly
greater, according to Table 16-1, than that of nitrilimine, which has been formed
by photolysis of a suitable precursor in solid argon [8], there is a prospect that
1,2-diazirine might likewise be prepared and stabilized in such an environment. We
find, in Table 16-7, the length of a C—N bond at 1.75 x 107'% m to be atypically
large, in accordance with other large values in the first calculation [3] and subse-
quent work, but there is no indication through imaginary vibrational wavenumbers
that the converged geometry pertains to a transition structure. There is a possibil-
ity of two geometrical isomers of this cyclic molecule, with both hydrogens on
the same or different sides of the ring defined by the massive atoms; because the
hydrogen attached to carbon is near the plane of that ring, the difference of energies
is likely to be small.
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CONCLUSION

By means of these pragmatic calculations on structural isomers of formula
'H,12C!*N,, we have shown examples of the information of kinds that one might
derive with contemporary software for quantum-chemical calculations of molecu-
lar electronic structure, namely some electric and magnetic properties, beyond the
optimized geometric structures of equilibrium nuclear conformations and wavenum-
bers of vibrational modes. For this purpose we have applied a particular computer
program, although one expects that our results would be closely reproduced with
alternative computer programs and the same level of theory, providing that all users
have conformed to appropriate conventions. To compare with experimental data is
difficult because in all cases the quantities that one can calculate for a single sample
species differ from what might be observed directly from experiments, and correc-
tions of neither experimental data nor calculated results for equilibrium structures
of polyatomic molecules are sufficiently developed to facilitate such comparison in
a routine manner for such polyatomic molecules. In general, the experimental and
theoretical models are intrinsically somewhat incompatible. Even for these small
molecules, encompassing only five atomic nuclei of small atomic number and their
22 associated electrons, these calculations, and by implication analogous calcula-
tions on other systems involving more than two nuclei and two electrons, remain
partially an art rather than an exact science, and a guide to prospective information
that critical experiments might provide, rather than a standard to which experiments
must aspire. This guidance is nevertheless helpful in the planning of experiments
and in their interpretation; within the formal limitations of the circumstances of
the generation of these results as we have discussed, their relative trends provide
qualitative, or at best semi-quantitative, information about properties, structural or
other, according to a conventional and classical notion of molecular structure.
These calculations have all been based on an orbital model, even though even-
tually each orbital became replaced with, and approximated by, three gaussian
functions. Even for methods involving density functionals, an orbital basis is still
essential because no alternative method of calculating required integrals has been
devised. In principle, rather than using a function of form e™R like that for an
s orbital or ¢ PR as a gaussian function, one might use functions of forms 7y
(Ry—R) or & R(Ry—R) as products with Heaviside functions; although many of
these functions, with varied values of parameters vy, 6 and R, corresponding to
coefficients a or § in the exponential functions, would undoubtedly be required to
replace a particular exponential function, the tedious numerical integrations would
be entirely or largely eliminated — indeed most might be replaced by simple alge-
braic formulae subject to highly efficient computation. The point is that the power
of these calculations of molecular structure and properties, attested by the moder-
ate agreement between calculated and experimental values in the preceding tables,
reflects the enormous capacity of contemporary computer processors and memo-
ries rather than any particular resemblance between members of a basis set and
solutions of Schrodinger’s equation for an atom with one electron; such a solution
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defines an orbital. The latter solution, which may be made mathematically exact
and algebraic, depends on a function for potential energy that comprises precisely
only an electrostatic attraction between a single electron and an atomic nucleus,
or even multiple atomic nuclei in a specified geometric arrangement. For even
two electrons in the field of a single nucleus, a solution of such an exact and
algebraic nature is impossible — the ‘many-body problem’; the direct application
of orbitals, derived for a system of one electron, to systems with multiple elec-
trons is formally illogical, because one thereby takes into account all attractions
to one or other nucleus but neglects the repulsion between each two electrons. In
an actual calculation with standard software, such as Dalton, the latter deficiency
is approximately remedied first by use of a self-consistent field and then by fur-
ther account of electronic correlation according to various methods. Such remedies
would be equally applicable in the use of these functions of forms y (R,—R) and
O R (Ry—R) with their Heaviside factors. No particular effects of the results of the
latter calculations as molecular properties would hence be attributable to orbitals
because no orbitals would be involved in the calculation: there need be no attempt
to mimic orbitals in the generation of the latter functions — one would simply
proceed according to an entirely numerical protocol with the variation theorem
until attaining the desired convergence and numerical accuracy. Although orbitals
play an enormous — excessive — role in the teaching and practice of contempo-
rary pure chemistry, they are, and remain, artefacts of a particular approach to
quantum mechanics. Matrix mechanics has never been sufficiently developed to
be competitive with wave mechanics for application to such electronic systems —
perhaps we can blame the physicists of a century ago for their ignorance of linear
algebra relative to their knowledge of differential equations, but an effort to rectify
that imbalance in the development of matrix mechanics seems unforthcoming in
the foreseeable future. There have even been efforts to rationalize purported direct
experimental observations of orbitals [41], which appear futile because of their lack
of physical existence [42]. Despite the demonstrated equivalence of matrix mechan-
ics and wave mechanics in a context of pioneer quantum mechanics [43], Dirac
proved Schrodinger’s formulation to be grossly deficient with respect to Heisen-
berg’s formulation at a more profound level of theory [44]. Quantum mechanics
must be considered to be not a chemical, not even a physical, theory — where is the
physics in considering momentum to be, or to be represented by, a matrix according
to matrix mechanics, or to be or to be represented by —it d/dq according to wave
mechanics, or to be or to be represented by a difference of creation and destruction
operators devised by Dirac? — but a collection of mathematical methods, more or
less consistent and of varied degree of sophistication and complication, to calculate
some property or quantity — most meaningfully an observable property — but only
approximately except for the most prototypical and simple systems of only indi-
rect chemical interest. Notwithstanding such reservations, to model the electronic
density in molecules one can profitably apply orbitals, or their representatives, in
calculations of a sort with conventional software that we here apply to these isomers
of diazomethane.
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Since Coulson’s time, substantial progress has been made towards approaching
a quantitative status of results of quantum-chemical calculations within the scope
of a separate treatment of electronic and nuclear motions as a working model. As
the present results indicate, much further work is required to attain that objective,
such as improving and extending both basis sets and the software that incorporates
these functions up to the still expanding limits of computer hardware, improving
the algorithms for taking into account the purported vibrational motion — not merely
in an harmonic approximation, increasing the range of molecular properties acces-
sible within a particular calculation, and refining both experimental and theoretical
models to improve their compatibility.
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CHAPTER 17

RECURRENT COMPLEX MODULES INSTEAD
OF MOLECULES IN NON-MOLECULAR COMPOUNDS
Describing and Modelling Modular Inorganic Structures

GIOVANNI FERRARIS* AND MARCELLA CADONI

Abstract: To compensate for a lack of molecules, several inorganic crystal structures are describable
in terms of complex modules that occur in various crystalline compounds. The structures
that share common modules can be correlated via series, and their investigation belongs
to a new branch of crystallography named modular crystallography. The crystal structures
of members of a series so called polysomatic are typically based on at least two com-
mon modules; these modules are stacked differently in various members of the series. If
the modules shared by the members differ to some extent, the merotype and plesiotype
series are defined. To illustrate the basic concepts of modular crystallography, examples
of series based on modules of the perovskite structure that occur in layered organic-
inorganic hybrids and superconductors are presented. An unknown crystal structure can
be modelled if relations with known members of a series are established. Examples of
structure modelling for the silicates nafertisite, bornemanite, seidite-(Ce), kalifersite and
tungusite are presented with the related series

INTRODUCTION

Crystalline molecular substances (e.g. sulfur) are rare among natural (minerals) and
synthetic inorganic materials; most structures of these compounds are instead based
on atoms in infinite arrays. In structures of this type, strong bonds tend to be ubiqui-
tous and not confined to molecules. To overcome the lack of molecules to serve as
natural units to describe a crystal structure, since the beginning of inorganic crys-
tal chemistry, coordination polyhedra have been assumed as simple building units
of non-molecular crystal structures (hereafter, inorganic crystal structures). These
coordination polyhedra bear anions at their vertices, which are coordinated to a
central cation. Aggregations of SiO, tetrahedra (hereafter Si-tetrahedra) to classify
structurally the silicate minerals have long been used (see below), but a systematic
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use of aggregations of coordination polyhedra as complex building units (modules)

to describe inorganic structures is a recent practice. With its rapid expansion, a new

branch of crystallography named modular crystallography has been initiated [1, 2].
The development of modular crystallography has been greatly stimulated by the

following facts.

1. Polytypes are described as structures that differ mainly in the stacking of a par-
ticular layer along a direction [3]; for reasons of space, polytypy is not discussed
in this chapter.

2. Following the first case treating the polysomatic series of biopyriboles [4], struc-
tures of several groups have been described as members of the same polysomatic
series (see below).

3. The number of known complex modules that occur in distinct structures
is increasing. Limited to oxygenated compounds, the following modules, in
which the name applied to the module corresponds to that of the mineral
species in which it occurs, have been reported [2]: bastnisite, brucite, corun-
dum, epidote, gehlinite, gibbsite, huanghoite-(Ce), lomonosovite, lorenzenite,
mica, nacaphite, nasonite, nolanite, palmierite, perovskite, pyrochlore, pyrox-
ene, rutile, seidozerite, schafarzikite, silinaite, spinel, synchisite, talc, topaz and
zhonghuacerite-(Ce).

4. A modular interpretation of these structures proves useful according to several
aspects, such as (i) to model unknown structures, because complex building
modules can play a role like that of molecules; (ii) to establish correlations
between properties and structure that might indicate paths to synthesize new
materials; (iii) to interpret structural defects that lead to modifications of the
chemical composition.

In the survey of modularity reported in Chapter 1 of [2], a general description of
the modular interpretation of crystal structures has been extensively discussed. In
this chapter we consider only planar modules, and the examples are devoted to show
the polysomatic, merotype and plesiotype aspects (see below) of some series that
are important either methodologically or for their technological and mineralogical
relevance. The possibility of exploiting the modularity to model unknown crystal
structures is illustrated with some examples.

POLYSOMATIC SERIES

The members of a polysomatic (signifying many bodies [4]) series are crystal struc-
tures based on the varied stacking of the same modules A, B, C, .... With reference
to the case of two modules, A and B, a polysomatic series has a general formula
A, B,, in which the running indices m and n represent the number of modules A
and B contained in the asymmetric unit of a crystal structure. For a particular pair
(m,n), distinct stacking sequences of A and B might occur, each corresponding to a
separate structure. An unambiguous description of a member A, B, must therefore
show the complete sequence of modules: e.g. for A,B; the sequences ABABB and
ABBAB represent distinct structures. All structures corresponding to a pair (m, n)
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have the same chemical composition and correspond to polymorphs. For a given
sequence, separate polytypes might occur if two adjacent modules can be stacked
in distinct ways.

The chemical compositions of the members of a polysomatic series A, B, are
collinear with the composition of A and B. The periodicities (cell parameters) that
are parallel to the building layers must be approximately the same (or multiples)
in separate layers; otherwise the dimensional matching at the interface between
two modules becomes impossible. Finally, the cell parameter corresponding to the
stacking direction is a multiple of the sum of the thicknesses of the building modules
A and B.

MEROTYPE SERIES

In a merotype (uwépos = part) series [2, 5], the crystal structures of all members are
based on one or more common modules that alternate with modules that, instead,
are typical of each structure. Examples are given below.

PLESIOTYPE SERIES

In a plesiotype (mAnotos = near) series [2, 5], only the main features of the build-
ing modules and the principles of connection are preserved, but details of both the
chemical composition and the configuration differ in the members of the series.
Examples are given below, including mero-plesiotype series in which merotypy and
plesiotypy occur at the same time.

THE ROOTS OF POLYSOMATISM

The term polysomatism has been introduced [4] to correlate the crystal structures of
biopyriboles, i.e. micas (biotite), pyroxenes and amphiboles, all of which are based
on modules of micas and pyroxenes (see below). The concept was latent in the lit-
erature as proved by the common description reported for the phyllosilicates (layer
silicates). The description and classification of these silicates has long been based
either on tetrahedral-octahedral (TO) or tetrahedral-octahedral-tetrahedral (7OT)
layers (Figure 17-1). In these layers, T is a sheet of Si-tetrahedra in which each
tetrahedron shares three oxygen atoms with three neighbouring tetrahedra; O is a
sheet of octahedra that is delimited by close-packed oxygen atoms in two planes.
Both sheets ideally display hexagonal symmetry that promotes polytypy in the crys-
tal structures based on them. T and O sheets are clamped together via sharing of the
non-bridged oxygen atoms of the T sheet. Stacking of TO sheets form the so-called
1:1 layer silicates; stacking of TOT sheets with cations (micas), mixed cations and
water molecules (e.g., smectites) or a further octahedral sheet (chlorites) causes to
form the so-called 2:1 layer silicates (Figure 17-1). According to the nomenclature
of polysomatism, the group corresponds to a merotype series with the TOT layer
as a fixed module and a variable module represented by the interlayer content.
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Figure 17-1. Octahedral O (a) and tetrahedral T (b) sheets and their connection (c) to form TOT layers
as occur, e.g. in micas (d) and chlorites (e)

Biopyriboles (Figure 17-2) represent a first and now classic example of polyso-
matic structures established by Thompson [4], who showed that the structures
of micas, pyroxenes and amphiboles share, according to various ratios, the same
modules of mica (M) and pyroxene (P) and that are members of a polysomatic
series My, P,,. The description of biopyriboles as members of a polysomatic series,
a series belonging to the wider category of a homologous series [2], and the
concomitant discovery of chain-width defects in pyroxenes, which were readily
interpreted according to the proposed scheme of building series, proved definitively
the predictive power of polysomatism in terms of structural characterization and
modelling. The chain-width defects detected in pyroxenes were discovered to be
slices of the freshly discovered multiple-chain-width biopyriboles jimthompsonite
and chesterite [6], which were materializing theoretically possible members of
the M,,P, series. The modelling of carlosturanite [7] and of other modular struc-
tures reviewed elsewhere [8] represents some early successes of polysomatism.
These successful examples opened a prolific route as shown in comprehensive
reviews [1, 2].
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Figure 17-2. Projection along [100] of the crystal structure of an amphibole and its modular slicing as
modules of mica and pyroxene

DESCRIBING MODULAR STRUCTURES

Several modular structures and related series are described in the section devoted to
the modelling of crystal structures. To underline the utility of a modular description
of the crystal structures (when practicable, of course), we first provide examples of
compounds based on perovskite modules and important for materials science.

Modules of Perovskite

The perovskite-type structure offers to materials science some of the most versa-
tile and important building modules. Many members of the perovskite family and
their derivative structures play a fundamental role in several technical applications
because they display diverse properties in such fields as electromagnetism, optics,
catalysis, composite and porous materials.

Perovskite s.s. corresponds to the mineral CaTiO;. Ideally, its crystal structure
is cubic (Pm3m, a. ~ 3.8 A) and is generally represented (Figure 17-3) by empha-
sizing the octahedral polyhedra surrounding the small cation Ti*". The octahedra
share all their corners (oxygen atoms) to form a framework in which large dodec-
ahedral (cubo-octahedral) sites have at their centre the large cation Ca®*. In the
ideal cubic structure of ABX; perovskites, the bond lengths of A—X (dodecahedral
site) and B—X (octahedral site) are a./(2)'/? and a./2, respectively. The cations A
and B might charges other than 24 and 4+, respectively, in the archetype CaTiO;:
what must be kept constant and equal to three times the charge of X is the sum
of the positive charges; for example, for X = O, La3+Cr3+O3 and Na!*W>+0; are
known. Apart from oxygen, X can be a halide.

The structure of perovskite type is the archetype of numerous synthetic and nat-
ural compounds with stoichiometry ABX; and their derivative structures. The latter
are formally obtained from the archetype through mechanisms such as anion or
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Figure 17-3. Structure of an ideal cubic perovskite represented as packing of corner-sharing octahedra.
The large circle represents a cation in dodecahedral coordination at the centre of the unit cell

cation deficiency and splitting into independent subsets of crystallographic position
sets that would be equivalent in the ideal cubic structure [9].

Modules of perovskite-type (abbreviated to perovskite) crystal structure alter-
nating with other structural modules occur in several crystalline materials that are
known as hybrid or intergrowth perovskites. Three-dimensional (3D — the octa-
hedra share corners in three non-coplanar directions such that layers of thickness
many octahedra are formed), two-dimensional (2D — the octahedra share corners
in two directions such that layers of thickness one octahedron are formed), one-
dimensional (1D — the sharing of octahedral corners develops along one direction
only such that rows of octahedra result) and zero-dimensional (OD — only isolated
octahedra occur) perovskite layers are known. In the OD and 1D layers, the positions
of the isolated octahedra (OD) and rows of octahedra (1D) are supposed to match
those of the octahedral framework in the perovskite structure.

The 3D and 2D fragments can be cut according to various orientations from a
perovskite structure (Figure 17-4): layers perpendicular to directions [001] (most
common), [110] and [111] are known [10].

High-Temperature Superconductors

The crystal structures of several high-temperature superconductors (HTSC), particu-
larly in the cuprate family, are describable as built of modules of perovskite together
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[001]T [110]T [111]T

Figure 17-4. Projection of the perovskite structure to show the stacking of the octahedral sheets along
directions [001] (a) [110] (b) and [111] (c); projections are in planes (100), (001) and (110), respectively

with other modules that might range from structures like that of sodium chloride to
sheets of either cations or anions only and even to organic molecules [9, 11-13].

The family of HTSC compounds with general formula T1,,Ba,Ca,_;Cu, Oy, 1>
(m=1,n=1t 5;m=2,n=1 to 4), in which Tl, Ba and Ca are replaceable
with other cations, offers typical examples of polysomatism based on four sheets
(modules) conventionally indicated as A = T1O, B=BaO, C = CuO, and D = Ca.
All these sheets have the same thickness, ~3.1 A. The CuO, sheet formally cor-
responds to a section of a perovskite cut through the octahedrally coordinated Cu
atom; a sheet of this type and the pyramidal and octahedral modules of perovskite
obtained on combining the sheets are shaded in Figure 17-5

Conventionally, the superconductors that we treat are labelled with four digits
in a set that correspond, in order, to the stoichiometric coefficients of Tl, Ba, Cu
and Ca. Figure 17-5 shows the known structures for m=1. In these structures
the Bravais lattice is primitive P, and the number of sheets that occur in one
unit cell corresponds to the sum of four stoichiometric coefficients: 4, 6, 8, 10
and 12 for n=1, 2, 3, 5 and 5, in order. The structures are tetragonal P4/mmm
and the value of cell parameter a, ~3.85A, corresponds to twice the length of
the Cu—O bond. From member n to n+l, cell parameter ¢ increases by about
3.1 A that corresponds to the thickness of the added sheet. Explicitly, ¢ =9.54,
12.72, 15.92, 19.00 and 22.21 A for n =1 [14], 2 [15], 3 [16], 4 [17] and 5 [18],
respectively.

Randomly stacked defects of the building modules have been observed; these
defects, which are common in a modular structure and alter the stoichiometry,
are suggested [19] to be a possible source of anomalies noted in the supercon-
ducting behaviour of single crystals belonging to compounds of the series here
described.
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Figure 17-5. Modular representation of crystal structures of superconductors with general formula
TIBa,Ca,_;Cu,0,, 5 for n =1 (a) 2 (b) 3 (c) 4 (d) and 5 (e). Large and small black spheres represent
Ba and Cu atoms, respectively; large, intermediate and small blank spheres represent Tl, Ca and O
atoms, respectively
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Organic-Inorganic Hybrid Perovskites

The crystal structures of many organic-inorganic layered hybrids consist of per-
ovskite modules, which act as complex anion, and intercalated layers of organic
molecules, which act as cation [20]. The combination of the properties of these
organic and inorganic parts allows engineering materials that show useful mag-
netic, electrical and optical characteristics. An investigation of these materials in
series might evince correlations between structure and properties and guide the
synthesis of tunable functional materials.

The tailoring of layered organic-inorganic perovskite materials is obtainable on
playing on various parameters of the basic ABX; perovskite structure: (a) the nature
of A (dodecahedral) and B (octahedral) cations; (b) the nature of the X anion
(either oxygen or halides); (c) the orientation and thickness of the perovskite layer.
For a given orientation and composition of the perovskite layer, series of organic-
inorganic layered perovskites can be built in at least three ways: (i) keeping fixed
the thickness of the perovskite layer and altering the organic interlayer; (ii) keep-
ing fixed the organic interlayer and altering the thickness of the perovskite layer;
(iii) varying the thickness of both layers in the case that the organic layer can be
incremented by polymerization. In case (i), for each chemical composition, thickness
and orientation of the perovskite module a merotype series might be obtained on
inserting various organic modules. Cases (ii) and (iii) represent polysomatic series.

The polysomatic series of general formula (RNH;),A,_;B,X3,,, provides an
attractive example of hybrid compounds based on (001) perovskite layers [20]
(Figure 17-6). The running index n indicates the number of octahedral sheets that
form the perovskite module. For n=1, the thickness of the perovskite layer is only
one octahedron, and the A cation, which would occupy the dodecahedral cage in
the corresponding 3D perovskite structure, is obviously absent; (RNH;), represents
the interlayer organic part. For R = C,H, (butyl), A = (CH;NH;)*, B =Sn>* and
X =1 five compounds with 1 <n <5 are known, and the general formula given
above becomes (C,H¢NH;),(CH;NH;),_;Sn I, ;. This polysomatic series [10]
illustrates effectively the engineering of materials that can be realized as a function
of n. The compound for n =1 is a semiconductor with a fairly large band gap; on
increasing n, the resistivity of the material decreases, with a transition to metallic
behaviour for n > 3; the material for n = oo, (CH;NH;)Snl, is a tridimensional
perovskite with the properties of a p-type metal having a small density of carriers.

ASA,B, X3, is the general formula for hybrid compounds in a family based
on perovskite layers (110) (Figure 17-7). For example, for the polysomatic series
[NH,C(I) = NH,],(CH3NH;),Sn, 15, ,,, methylammonium, (CH;NHj;), and iod-
oformamidinium, [NH,C(I) = NH,], occupy the dodecahedral site and the inter-
layer, respectively [21]. (111) layers of the perovskite structure occur in compounds
of general formula A5A,_; B, X5, 5 [10] (Figure 17-8).

Because the layers have varied boundaries, the stoichiometry of the perovskite
module varies in the cuts A,_B, X341, A, B, X3n42, and A, B, X;5,,5 for (001),
(110) and (111) layers, respectively. Except the (110) cut, the dodecahedral cation
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Figure 17-6. Schematic representation of crystal structures of organic-inorganic layered materials based

on 1- (a), 2- (b) and 3-octahedra (c) thick (001) layers of perovskite alternating with an organic cation
represented by arrows. See Figure 17-4(a)

<

&
[~

Figure 17-7. Schematic representation of crystal structures of organic-inorganic layered materials based
on I- (a) 2- (b) and 3-octahedra (c) thick (110) layers of perovskite alternating with an organic cation
represented by arrows. See Figure 17-4 (b)
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(b)

Figure 17-8. Schematic representation of crystal structures of organic-inorganic layered materials based

on 1- (a) 2- (b) and 3-octahedra (c) thick (111) layers of perovskite alternating with an organic cation
represented by arrows. See Figure 17-4 (c)

A is absent in the layer compounds of thickness one octahedron. This layer consists
of isolated (OD) and corner-sharing octahedra (1D) in the (111) and (100) cuts of
perovskite, respectively.

MODELLING MODULAR STRUCTURES

In the following sections we provide examples of modelling unknown inorganic
modular structures and discuss the related series. Further examples are available
elsewhere [2]; unfortunately, often in the literature the inputs from concepts of mod-
ular crystallography are not explicitly quoted. The numbers of modular structures
are increasing rapidly, also because layered materials are increasingly a matter
of intensive research [22]. As stated above, as the description of these struc-
tures is typically not given in terms of modularity, they can escape a search on
keywords.

Most examples of modelled structures given in the following sections concern
microporous mineral phases [23], a category of minerals that are generally poorly
crystallized and are, consequently, unsuitable for a determination of crystal structure
via diffractometric single-crystal methods [24].

MODELLING NAFERTISITE

A model of the crystal structure of nafertisite (nfr)(Figure 17-9) {(Na, K, ),
(Fe*™, Fe**, ) ,0[Ti,0;81,,05,](0, OH)q;  A2/m, a = 5.353, b=16.176,
c=21.95A, B=94.6°} was obtained [25] by comparison with the crystal structures
of bafertisite [26][27][28] (bft) (Figure 17-9) {Ba, (Fe, Mn),[Ti,0,Si,0,4](0, OH),;
P2,/m, a=5.36, b=6.80, c=10.98A, B=94°} and astrophyllite [29, 30]
(ast) (Figure 17-9) {(K,Na);(Fe, Mn),[Ti,0,;Si30,,](0, OH),; P1, a = 5.36,
b=11.63, c=11.76 A, a = 112.1, B = 103.1, y = 94.6°}.
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Figure 17-9. Perspective view of crystal structures of bafertisite (a) astrophyllite (b) and nafertisite
(c); H and O sheets are shown

The raw structure model of nafertisite was obtained on applying the principles of
the polysomatic series and modifying the structures of bafertisite and astrophyllite
after noting the following.

1. Bafertisite, astrophyllite and nafertisite have a common value a ~ 5.4 10\, which
matches the value of a for micas.

2. (byy — byg) ~ 1/2(byg — byy) ~ 4.7 A corresponds to b/2 in mica.

3. The structures of bafertisite and astrophyllite are based on HOH (H for hetero,
see below) layers that are comparable with the TOT layer of the phyllosilicates
from which they differ mainly because of a periodic insertion of Ti-octahedra in
the T'sheet.

4. Ignoring details, an astrophyllite layer differs from a bafertisite layer only
in having an additional mica-like module M sandwiched between two
(010) modules that are built from Ti- and Si-polyhedra (bafertisite-like
module B).

5. The difference in composition between bafertisite andastrophyllite and
between astrophyllite and nafertisite is roughly the same, and corresponds
to (A, O)(Y, O);[Siy0,0](OH, O),. This difference is comparable to the
composition of micas, in which A and Y represent interlayer alkaline or
alkaline-earth cations and octahedral cations of the O sheet (see above),
respectively.

6. (dogo)n: = 10.94 A matches the thickness of one structural layer in both
bafertisite and astrophyllite.

The structural model of nafertisite was obtained on doubling the mica-like module
M in the HOH layer of astrophyllite.

The Polysomatic Series of the Heterophyllosilicates

The successful modelling of the crystal structure of nafertisite, according to the
principles of modular crystallography, indicated [25, 31, 32] to correlate via a
polysomatic series the group of titanium silicates of which the structures are based



RECURRENT COMPLEX MODULES 377

Figure 17-10. Orthogonal projection of a phyllosilicate TOT layer (a) and of HOH layers typical of
bafertisite (b) astrophyllite (c) and nafertisite (d); M and B modules are shown

on TOT-like layers and to introduce the term heterophyllosilicate. In the members
of the heterophyllosilicate polysomatic series, a row of Ti polyhedra (or replacing
cations, e.g. Nb; hereafter, Ti only is used for short) periodically substitutes a row
of disilicate tetrahedra within the 7T tetrahedral sheet of a mica TOT layer; the octa-
hedral O sheet is instead maintained (Figure 17-10). HOH layers are thus obtained
in which H stands for hetero to indicate the presence of rows of 5- or 6-coordinated
Ti in the modified T sheet. The slice of mica-derived structure, which contains
Ti polyhedra and has composition B = A,Y,[Ti,(0),Si,0,4](O, OH),, is conven-
tionally called bafertisite-type B module, as mentioned above. The unmodified part
of the TOT layer comprises modules M = AY;[Si,O,,](O, OH),, each being one
silicate chain wide. The resulting polysomatic series is formally represented with
the formula B, M,,.

The B,,M, heterophyllosilicate polysomatic series has a chemical composition
Ay 0 Ya 3 [Ti2(0')245S1414n 01441001 (0”) 212y In this formula, atoms belonging,
even in part, to the H sheet are shown in brackets. A and Y represent large
(alkali) interlayer cations and octahedral cations of the O sheet, respectively; O’
(bonded to Ti) and O” (belonging to the octahedral sheet only) can be oxygen,
OH, F or H,O0; the 14+ 10n oxygen atoms are bonded to Si. The value of p
(0, 1, 2) depends on the configuration around Ti, which can be either five- or
six-coordinate.
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Except the case n = 0, which corresponds to micas, HOH layers of the following
three types are known [24, 32] (Figure 17-10).

(HOH)y Bafertisite-Type Layer

Bafertisite represents the member B, M|, of the B, M, polysomatic series. The cor-
responding (HOH) layer is the most versatile among the known HOH layers, being
able to sandwich a various more or less complex interlayer contents; an updated
list of more than 30 minerals containing this layer is given elsewhere [33].

(HOH), Astrophyllite-Type Layer

Relative to the (HOH)g layer, in a (HOH), astrophyllite-type layer an M module
is present between two B modules. The titanosilicates based on a (HOH), layer
represent the members B; M, of the heterophyllosilicate B, M, polysomatic series
and differ from each other only by polytypy (i.e. stacking of the layers) and the
chemical nature of the A and Y cations [34, 35].

(HOH)y Nafertisite-Type Layer

Relative to the (HOH)g layer, in a (HOH)y nafertisite-type layer two M modules
are present between two B modules. Nafertisite and caryochroite [36] are the only
two known titanosilicates based on the (HOH)y layer and that correspond to the
members B, M, of the heterophyllosilicate B, M, polysomatic series; they differ
from each other mainly by the chemical composition of the O sheet and the water
content in the interlayer.

The Bafertisite Mero-Plesiotype Series

(HOH)g-bearing compounds are known in two groups: the gotzenite group [37], in
which Ca is at the centre of the hetero-polyhedra and the HOH layers are strongly
interlinked, and the complex bafertisite series [32] in which the (HOH)y layer alter-
nates with diverse interlayer contents. The bafertisite series is represented by the
general formula A, {Y,[Ti,(0'),4,51404](0"),} W, in which: [Ti,(0"),.,S1404]
and {¥,[Ti,(0'),4,5140, 4](0”),}97 are two complex anions that correspond to the
H sheet and the HOH layer, respectively. Besides the already defined A, Y, O/, O”
and p symbols, W represents further interlayer content.

In terms of merotypy and plesiotypy, the bafertisite-type structures belong to a
mero-plesiotype series [38]. This series is merotype because the HOH module is
constantly present in the crystal structure of all members, whereas a second module,
namely the interlayer content, is peculiar to each member. The series has also a
plesiotype character because the (i) chemical nature and coordination number of the
Ti and Y cations and (ii) the linkage between the H and O sheets are variable. The
two H sheets sandwiching an O sheet either face each other via the same type of
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Figure 17-11. Perspective view along [100] of the crystal structure of vuonnemite

polyhedra (i.e. the heteropolyhedra face each other) or show a relative shift (i.e. a
heteropolyhedron faces a tetrahedron) [39, 40], thus realizing two topologies. The
HOH layer of two kinds occurring in vuonnemite, (HOH)y, (Figure 17-11), and in
bafertisite, (HOH)g (Figure 17-9), are considered [41] typical examples of the two
topologies. Besides, as mentioned above, the coordination number of the Ti cations
can be either five (square pyramid) or six (octahedron).

Perspectives of Technological Applications

Because of the structural parallelism described above, in principle the HOH layers
of the heterophyllosilicates could serve like the TOT layers of the phyllosilicates
to synthesize mesoporous pillared materials and, in general, layered materials, a
perspective that has been recently investigated but not yet realized [33, 42].

MODELLING BORNEMANITE

Electron diffraction data obtained along two orientations enabled the X-ray pow-
der diffraction (XRPD) pattern of bornemanite to be indexed and the following
crystal data to be obtained: space group I11b; lattice parameters a = 5.498,
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b =17.120, c =47.95A, y = 88.4° [43]. Ideally the formula of bornemanite is
BaNa,{(Na, Ti),[(Ti, Nb),0,Si,0,,](F, OH),}PO, [44].

The values of the cell parameters and the presence of the complex anion
[(Ti,Nb),0,Si,0,4] in the chemical formula support a strong analogy between
bornemanite and members of the bafertisite series. A comparison of the cell
parameters shows that ¢/2 (23.97 A) of bornemanite corresponds to the sum in
thickness of one lomonosovite-like module (14.5A) [45] and one seidozerite-
like module (8.9A) [46] (Figure 17-12). Disregarding isomorphic substitutions
(such as Ba for Na and Nb for Ti), half the sum of the crystal-chemical formu-
lae of lomonosovite and seidozerite, [Nag{(Na,Ti,)[Ti,0,Si,0,4](0, F),}(PO,), +
Na,{(Na, Mn, Ti),[(Na, Ti, Zr),0,Si,0,4]F,}]/2, corresponds well to the simpli-
fied crystal-chemical formula of bornemanite given above. On the basis of these
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Figure 17-12. Perspective view along [100] of crystal structures of seidozerite (a) lomonosovite (b) and
bornemanite (c); in bornemanite the interlayer cations are not shown
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indications, a structure model for bornemanite has been built based on alternat-
ing seidozerite-like and lomonosovite-like modules (Figure 17-12). In practice, the
structure of bornemanite is describable as a [001] stack of bafertisite-type hetero-
phyllosilicate layers in which the lomonosovite and seidozerite interlayer contents
alternate.

Modelling Kalifersite

The chemical composition and crystal data of kalifersite [47] {(K, Na)s(Fe¥™),[Si,,
05,](OH)4.12H,0; P1, a = 14.86, b =20.54, c=5.29A, ¢ =95.6, 3=92.3, y =
94.4°} are comparable to those of the following microporous clay minerals: sepi-
olite [48] {Mgg[Si}»050](OH),.12H,0; Pncn, a = 13.40, b = 26.80, ¢ = 5.28 A};
palygorskite [49, 50] {Mgs[SigO,,](OH),.8H,0; two polytypes are known: C2/m,
a=13.337,b=17.879, c =5.264 A, B =105.27°; Pbmn, a = 12.672, b = 17.875,
¢ =5.236 A}. The structures of sepiolite and palygorskite (Figure 17-13) are based
on a framework of chessboard-connected TOT ribbons that correspond to slabs of the
TOT layer of the phyllosilicates (Figure 17-1). These ribbons develop along [001]
and delimit [001] channels. Along the [010] direction, the (TOT)g ribbon of sepio-
lite is one chain wider than that, (TOT)p, of palygorskite. This feature requires for
sepiolite a value of b about 9 A longer than that of palygorskite, i.e. about 4.5 A
per added T chain.

A model of the crystal structure of kalifersite has been obtained [47]
(Figure 17-13) after realizing the following modular relationships with sepiolite
and palygorskite.

(i) Kalifersite, sepiolite and palygorskite have similar values of their parameters
a and c; the parameter c is along the fibrous direction of these silicates and
its value corresponds to the periodicity of a pyroxene chain.

(ii) The b value of kalifersite is intermediate between that of palygorskite and
sepiolite.

(iii) The {[SiyOs0](OH)s}?°" silicate anion of kalifersite corresponds to the sum of
those of sepiolite, {[Si;,03,](OH),%, and palygorskite, {[SigO,,](OH),}'*".

A satisfactory structure model for kalifersite was conclusively based on a 1:1
chessboard arrangement of (TOT)p and (TOT)g [001] ribbons.

The Polysomatic Series of Palysepioles and Related Structures

Palygorskite (P), and sepiolite (S) are the end members of a modular series named
palysepiole (palygorskite + sepiolite) polysomatic series P,S, [47]; kalifersite is the
P,S; member. Falcondoite [51] and loughlinite [52] differ from sepiolite only in
the composition of the O sheet in the TOT ribbons; the same situation holds for
yofortierite [53] and tuperssuatsiaite [54] in comparison to palygorskite.

Raite [55]{Na3Mn;Ti( »5[SigO50](OH),.10H,0; C2/m, a=15.1, b=17.6,
¢=5.290 A, B =100.5°} has a crystal structure that consists of a palygorskite-like
framework, but the channel content differs substantially from that of palygorskite



382 CHAPTER 17

] L) S ‘k :" Ak
o U M k';f{-"_'_‘" --‘ M) Se b

A . 1y Ar_." _' -,'.- v -l. r‘\v

‘:mmmm —aA

— -y a A
(R Yo \
K - v _r.'

il& "I«s:;sil

R ~-A o

Figure 17-13. Perspective view along [100] of crystal structures of sepiolite (a) palygorskite (b) and
kalifersite (c). The content of the channels is not shown

in the O sheet not being interrupted. Thus, raite and palygorskite share only
the TOT building ribbon and are in a merotype relationship. In the structure of
intersilite [56] {(Na,K)Mn(Ti, Nb)Nas (O, OH)(OH),[Si,00,3(0,0H),].4H,0; 12/m,
a=13.033, b=18.717, c =12.264 A, B = 99.62°}, sepiolite-like ribbons partially
overlap along [010] because of tetrahedral inversions within the same ribbon.
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Because the sepiolite framework is substantially modified, intersilite is in a
plesiotype relationship with the palysepiole polysomatic series.

A Three-Module Series

A description of the palysepiole polysomatic series and related structures offers the
opportunity to mention the main members of the lintisite series of which the crystal
structures are based on three building modules. One of these modules is a cut of sili-
naite [57] (NaLiSi,O5.2H,0; C2/c, a = 14.383, b=8.334, c =5.061 A, B =96.6°),
a crystal structure that shows a chess-board arrangement of channels and ribbons
comparable with that of palysepioles. Modules of silinaite (S) have been used [58]
as one of three modules needed to describe the modularity in the lintisite group (Fig-
ure 17-14). The other two modules are slabs (L) of the structures of lorenzenite [59]
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Figure 17-14. Perspective view along [001] of the crystal structure of lintisite. The content of the
channels is not shown
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{Na,Ti,(Si,04),04; Pnca, a = 14.487, b =8.713, c =45.233 A} and of the hypo-
thetic zeolite-like phase (Na,K)Si;AlOg.2H,O (Z) [60]. Besides the three struc-
tures mentioned above, the members LS lintisite [61] [Na;LiTi,(Si,0¢),0,.2H,0;
C2/c, a=28.583, b=8.600, c=5219A, B=96.6"] and LZ vinogradovite [62]
{Na,LiTi,(Si,0¢),[(Si, Al)40,0]0,.(H,0, Na,K);; C2/c,a = 24.50, b = 8.662,
¢ =5.211A, 8=100.15°} have been recognized [58] to be components of a family
based on the modules L, S and Z.

MODELLING SEIDITE-(CE) - THE RHODESITE MERO-PLESIOTYPE
SERIES

The first input to modelling the microporous crystal structure of seidite-
(Ce) [63] (Figure 17-15) {Na,(Ce, Sr),{Ti(OH),(SigO,3)}(O, OH, F),.5H,0;
C2lc, a=24.61, b=1723, c=1453A, B = 94.6°} came on comparing
its chemical composition and crystal data with those of miserite [64]
[KCas(Si,0,)(Sig0,5s)(OH)F; P1,a=10.100, b = 16.014, c =7.377A, A, a =
96.41, B = 111.15, y = 76.57°] and noting that the cell parameters of miserite
(m) and seidite-(Ce) (s) are related as follows: a, = 2a,,, ¢, = b, b, = c,,. Seidite-
(Ce) was discovered to share its silicate module with rhodesite [65] (Figure 17-15)
{K,Ca,[Sig0,5(OH)],.12H,0; Pmam, a = 23.416, b = 6.555, ¢ = 7.050 A} and
related structures (see below) with which it forms a mero-plesiotype series. The
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Figure 17-15. Perspective view along [010] of crystal structures of seidite-(Ce) (a) and rhodesite (b). The
content of the channels is not shown
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following description of this series clarifies also the modular concepts that inspired
the modelling of the structure of seidite-(Ce).

The (100) layer comprising eight-membered channels delimited by corner-sharing
Si-tetrahedra that occurs in seidite-(Ce) is present also in the following structures,
besides rhodesite: macdonaldite [66] {Na,(Ce,Sr),{Ti(OH),(SigO,5)}(O,0H,F),.
5H,0; Cmcm, a=14.081, b=13.109, c¢=23.560A}; delhayelite [67]
{K;Na;Cas[Si;AlO;g], F,Cly; Pmmn, a=24.86, b=17.07, ¢ =6.53 A}; hydrodel-
hayelite [68] {K,Ca,[Si;AlO;; (OH),],.6H,0; Pnm2,, a=6.648, b=23.846,
¢ =7.073 A}; monteregianite-(Y) [69] {K,Na,Y,[SigOo],.10H,0; P2,/n, a =9.512,
bh=23.956, c=9.617A, B =93.85°}; AV-9 [70] {K,Na,Eu,[Siz0;s],.10H,0:;
C2/m; a=23.973, b =14.040, ¢ = 6.567 A, B =90.35°}. In all these compounds,
the silicate double layer alternates with a sheet of cations that show mainly an
octahedral coordination. The various octahedral sheets are shown in Figure 17-16.
In seidite-(Ce) the octahedral sheet consists of isolated octahedra (Figure 17-15).

In conclusion, seidite-(Ce) and the mentioned rhodesite-like compounds form
a mero-plesiotype series. Nearly the same (plesiotype aspect) double silicate
layer occurs in all members and alternates with a variable octahedral module
(merotype aspect).

MODELLING TUNGUSITE - THE REYERITE MEROTYPE SERIES

The crystal structure of tungusite[71] {[Ca;4(OH)g](SigOy0)(SigOq0),[(Fe*t),

(OH),,)]: P1,a=9.714,b=9.721, ¢ =22.09 A, « =90.13, B = 98.3, y = 120.0°}

was modelled by comparison with the crystal structures (Figure 17-17) of

reyerite [72] [Ca,,(Na, K),Si,,Al,0s3(OH)g.6H,0; P3, a = 9.765, ¢ = 19.067 A]

and gyrolite [73] [Ca,¢NaSi,; AlOg,(OH)g.14H,0; P1, a =b=9.74, c =22.40 A,

a =957, B =915 y=120.0°]. In particular, the following aspects were

considered.

1. The difference (Ca,Na)O,.8H,0 between the chemical compositions of reyerite
and gyrolite is accounted for by the presence in gyrolite of a partially filled
(001) octahedral X sheet that is sandwiched between two centrosymmetrically
related (001) S,08S, layers [72, 73]. The O sheet consists of edge-sharing Ca-
octahedra; the S; and S, sheets are built as six-membered rings of tetrahedra
pointing upwards and downwards in the ratios 1:1 and 3:1 for S; and S,,
respectively.

2. The ideal composition of tungusite differs from that of gyrolite by the presence
of six divalent cations, which complete the (001) X sheet of which the dimen-
sions (a ~ b ~9.72 A, y = 120°, thickness about 2.8 A) correspond to those of
a 3 x 3 trioctahedral sheet.

Fedorite [73] [K,(CasNa,)Si;¢035(OH.F),.H,0; P1, a = b=9.67, c =12.67 A,
a=102.2, B= 71.2, y=120.0°] is also based on O and S, modules (Figure 17-17).
Reyerite, gyrolite and tungusite contain the same module OS, that, instead, stands
alone in the crystal structure of fedorite. These minerals, together with other
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Figure 17-16. Orthogonal projection on (001) of the “octahedral” sheets of rhodesite
(a) monteregianite-Y (b) delhayelaite (c) and AV-9 (d)
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Figure 17-17. Perspective view of crystal structures of reyerite (a) gyrolite (and tungusite) (b) and
fedorite (c)

phases [2], are describable as members of a merotype series of which the fixed
module OS, might either stand alone or be intercalated by one or more modules.
The case of only one intercalated module is represented by the presence of §; in
reyerite; the case of two intercalated modules (S, and X) is represented by gyrolite
and tungusite. The members of the reyerite merotype series might show a complex

polytypy [73, 74].

CONCLUSIONS

Between molecular and non-molecular crystal structures (practically the totality of
inorganic crystalline materials), there is a strong configurational asymmetry con-
sisting in the lack of molecules as natural building units in structures of the second
type. To overcome this asymmetry, which is a drawback both to describe and,
even more, to model inorganic structures, the branch of modular crystallography
has evolved recently [2] on systematically considering, among other features, the
recurrence of some complex modules in various structures. A complex module is
based on several traditional coordination polyhedra that, since the beginning of
inorganic structural science, have served to describe crystal structures. The struc-
tures based, either completely or partially, on the same modules can be correlated
to form series in which features such as collinear variation of chemical composition
and cell parameters are observed. These features are exploitable in processes such
as modelling unknown structures that show the same characteristics and synthe-
sizing new members of a series in search of enhanced useful properties (materials
engineering).

The utility of considering, when applicable, crystal structures as based on com-
plex modules that occur in varied structures, has been demonstrated on describing
inorganic materials in several series. In particular, the method has been applied to
modelling unknown modular crystal structures. The method is useful when a direct
solution of the crystal structure is impracticable, e.g. because suitable single crystals
are not available and because information from the powder diffraction pattern is



388 CHAPTER 17

poor relative to the complexity of the crystal structure. The low crystallinity of the
modelled structures added further problems to the use of the XRPD patterns even
to refine moderately the structural model. The only possible refinement has been
based on the distance least-square (DLS) program [75] that allows one to optimize
distances and angles of a structural model.

The validation of the modelled structures has been achieved on comparing
calculated and observed XRPD patterns, besides matching the calculated and experi-
mental chemical compositions and crystal data, including the space group. To initiate
a search for known crystal structures that show structural features comparable to
those of the unknown structure, the latter data are already indispensable.
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CHAPTER 18

MODELS FOR ISOMERIC BISPIDINE
COMPLEXES - ACCURATE PREDICTION VERSUS
THOROUGH UNDERSTANDING

PETER COMBA AND MARION KERSCHER

Abstract: Bispidine transition-metal complexes possess several unique properties. We suggest these
to be derived primarily from the rigid ligand backbone, which enforces specific geometries
on the metal center and also produces a large elasticity in the coordination geometries. The
unexpected trend of complex stabilities along the series of the first transition-metal row,
isomerism of various types and the reactivities of the iron systems towards oxygen activa-
tion are reviewed on the basis of the structures enforced by the bispidine ligands; various
computational approaches are discussed, which might assist a thorough understanding of
the various molecular properties

Key words: molecular mechanics, DFT, ligand-field theory, oxygen activation, Jahn-Teller distortion,
distortional isomer

INTRODUCTION

Bispidine-derived ligands (bispidine = 3,7-diazabicyclo[3.3.1]nonane; the ligands
discussed here are shown in Chart 1) are rigid and, with respect to the two tertiary
amine donors, highly preorganized. Additional donors at C2 and C4, and at N3 and
N7, (see Chart 1 for nomenclature) lead to tetra-, penta- and hexadentate as well
as to dinucleating ligands with the rigid diazabicyclic bispidine and various less
preorganized and more flexible pendant donor groups. Several experimentally deter-
mined structures of metal-free ligands are given in Figure 18-1. Rearrangement of
the pendant donor groups is generally a low-energy process; L!° in Figure 18-1 is an
example that supports this assumption and is the only highly preorganized multiden-
tate bispidine-type ligand [1]. The synthesis and properties of many bispidine-type
ligands [2] and their transition-metal complexes have been described [3]. Appli-
cations of bispidine complexes range from metal ion selectivity, [4, 5] nuclear
medicinal chemistry [6] and molecular magnetism, [7] to mechanistic biomimetic
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Figure 18-1. Plots of the X-ray structures of bispidone ligands (a) L!, (b) L2, (c) L!!, (d) L%, and (e),
(f) LlO

chemistry, [8-11] bleaching [12, 13] and oxidation catalysis [14-20]. All these
applications are based on the specific structural properties of bispidine transition-
metal complexes, enforced by the rigid bispidine backbone, the shape of the
potential-energy surface of the complexes, and the resulting electronic properties
of the complexes [3].

The main features of bispidine complexes are (i) the coordination geometries
that are derived from cis-octahedral with two sterically and electronically distinct
sites for the binding of substrates, which in pentadentate ligand systems generate
isomeric complexes with disparate properties (Figure 18-2), [3, 21] and (ii) nearly
flat potential-energy surfaces of the complexes with various shallow minima; i.e.
whereas the ligands are rigid, the coordination geometries are elastic and typically
there are various nearly degenerate isomers with strikingly disparate properties [21].
Three unique examples of isomerism observed in bispidine complexes are given in
Figure 18-3.

An interesting example of a molecular property derived from the structure of
the complexes and therefore enforced by the bispidine ligands is that of the com-
plex stabilities reported in Table 18-1. [5] The copper(Il) stability constant of the
tetradentate ligand L' is about 107 times that of the methylated tetradentate ligand
L. This effect has been explained with a change of structure (coligand trans to N3
(L") vs. trans to N7 (L?) and a concomitant change of the Jahn-Teller axis with
the result of a partial quenching of the elongation due to the tight five-membered



394 CHAPTER 18

@)

Figure 18-2. Plots of the structures of bispidine metal complexes with the tetradentate ligand L' (a)
with two sterically and electronically different sites for substrate coordination, and with the isomeric
pentadentate ligands L* (b) and L (c), which have one of those sites blocked by a pendant pyridine

©

Figure 18-3. Three types of isomerism with bispidine complexes (a) The variation of the metal ion
site in the bispidine cavity, [25] (b) Jahn-Teller isomerism, [22] and (c) distortional isomerism of the
copper(I) complexes [39]

chelate rings, which involve the pendant pyridine groups) and is paralleled by a
difference in the reduction potential about 300 mV (this correlation is due to similar
stability constants of the copper(I) complexes) [5]. With an additional pyridine
donor the pentadentate ligand L* leads, as expected, to a copper(II) complex stabil-
ity, which is about 100 times that of L'. However, the isomeric pentadentate ligand
L’ has a less stable copper(II) complex by about 0.001, and is even less stable than
the complex with the tetradentate ligand L'. The unexpected changes in copper(II)
stability along the series of ligands have been interpreted with a change of the
direction of the Jahn-Teller elongation (see Figure 18-3b) [22-24]. The interesting
observation, therefore, is that the complex stabilities with cobalt(Il), nickel(I) and
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Table 18-1. Complex stabilities (logKyy ) of metal ion bispidine complexes in aqueous solution or
acetonitrile, u = 0.1 M (KCl) [5]

logKir, L! L? L L3 Lo

Cu(l) a) 5.614+0.32 5.4840.32 5.6940.22 6.29+0.43 4.97+0.52
b) 9.5 8.9 9.6 8.8 79

Cu(Il) 16.56+0.05 9.6040.07 18.31£0.12 15.66+0.03 16.28+0.10
c) 125 7.1 153 14.5 16.2

Co(ID) 5.46+0.05 - 6.234+0.05 13.69+0.05 7.3040.06

Ni(II) - 7.5040.09 6.1040.08 9.5440.06 5.0240.07

Zn(I1) 11.3740.01 - 8.2840.05 13.57+0.04 9.1840.05

Li(I) d) 2.740.09 3.940.10 - 3.65+0.09 3.70+0.08

a) by NMR titration, in MeCN.

. Kes  ESnF
b) calculated in H,O <1n chull =2 )
c) calculated in CH;CN, see b).

d) by UV-V is titration.

zinc(IT) also fail to follow the naively expected trends (see Table 18-1). A possible
interpretation is that similar structural distortions are observed for all metal ions,
i.e. the “Jahn-Teller effects” mentioned above are not primarily electronic effects
but are enforced by the ligand; this interpretation is supported experimentally by
structural data of bispidine-zinc(IT) complexes (d'?) [5].

The aim of the present communication is to discuss possible reasons for these and
other distortions and to describe models with which one can predict the correspond-
ing structures. The correlation of the ensuing structures with molecular properties
is also discussed, and answers are sought to the question whether an accurate struc-
tural prediction might help to understand specific distortions. In addition, some
fascinating properties and applications of bispidine complexes are presented and
models are discussed, which assist their thorough understanding.

STRUCTURAL ANALYSES

The rigidity of the bispidine ligands and the elasticity of the coordination spheres
of these complexes are demonstrated in Figure 18-4 [25]. Whereas the ligand back-
bone, apart from small changes of the torsional angle about the C2,C4—Cigine
bond, has a constant shape (Figure 18-4a), the metal ions adopt various positions in
the bispidine cavity. From experimental structures it appears that there are positions
of two types, one with M-N7>M-N3 and the other with M-N7<M-N3; see Fig-
ure 18-4b,c (the third structure (black metal center, Cu™") also has M-N7>M-N3 and
is due to an additional electronic perturbation, i.e. a pseudo-Jahn-Teller distortion).

A molecular-mechanics scan of the potential-energy surface of [M(L')]"* indi-
cates that the two distortional isomers (M-N7<>M-N3) are nearly degenerate for
cobalt(IT) (see Figure 18-5); this effect emerges also from experimental structural
studies [25]. The lower-energy, nearly flat curve in Figure 18-5 indicates that the
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Figure 18-4. (a) Overlay plot of the ligand portion of 40 X-ray structures of complexes with ligand L';
(b), (c) average structure of (a) with three metal centers (Cu'": dark, Cu': middle, Mn'': light) included
in their crystallographically determined sites [25]
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Figure 18-5. Cavity shape and size (hole size) curves of L! (lowest energy curve, no metal-donor
interaction terms included), and of the two isomers of [Co(L!)]** with the cobalt-bispidine interaction
terms included; the arrows are averaged sums of observed M—L bond distances [25]

ligand is unselective with respect to the metal ion size. Except for small metal ions,
there is little strain induced in the ligand when a metal ion becomes coordinated,
and for the larger metal ions (M-N > 2.05 A) the steric energy is nearly independent
of the metal ion.

Similar effects are observed for penta- and hexadentate bispidine ligands, and
the shape of the corresponding potential-energy surfaces is essentially identical, i.e.
flat and with a steep rise of energy for small metal ions [4]. A thorough molecular
mechanics analysis has been made for complexes of ligand L®; the experimental
and computed structural data together with an analysis of the cavity shape (hole
size calculations, Figure 18-6) have been used to interpret the complex stabilities
(see also Table 18-1 above) [4]. The interesting observation is that the stability
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Figure 18-6. Cavity shape and size (hole size) curves of bispidine ligands (molecular mechanics, no
metal center dependent energy terms included; broken lines are with sum constraints, solid lines are
with an approach with individual, asymmetric variations of all six M—N bonds) of (a) L!, (b) L*, (c)
L’ and (d) L°

of the cobalt(IT) complex is larger than that of nickel(Il), in contrast to expecta-
tions derived from the Irving-Williams series behavior [26, 27]. Similar trends are
observed with the tetra- and pentadentate bispidine ligands [5]. Whereas molecular
mechanics accurately reproduces the structures and allows one to understand quali-
tatively the stability constants, a thorough interpretation must include also electronic
effects; this has not yet been achieved.

Of particular interest are the structural effects (pseudo-Jahn-Teller distortions)
of the copper(II) complexes. For tetragonal copper(Il) complexes the theoretical
basis might be visualized with a Mexican-hat potential (see Figure 18-7) [28, 29].
The stabilization (E;r, Figure 18-7a) due to an elongation might occur along one
of three molecular axes, which produces three isomeric structures of disparate
stability (Figure 18-7b). The first examples of such ‘Jahn-Teller isomers’ were
recently isolated and structurally characterized [22-24]. Some available experi-
mental structures are presented in Figure 18-8. All these structures are accurately
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Figure 18-7. (a) The Mexican hat potential energy surface for copper(II) in an octahedral ligand field,
and (b) a cross section through the warped rim (dotted line in (a)) of the Mexican hat potential [28]

reproduced or predicted with molecular mechanics [30] (the model used (LFT-MM)
involves a parameterization scheme that, in addition to the conventional bonded and
non-bonded interactions, includes a ligand-field-based term) [31, 32].

The structure of the copper(Il) complex of L7 is also accurately predicted
(Figure 18-8g). This structure has long bonds to ql (2.311 A) and q2 (2.269 A)
and short bonds to N3 (1.953 A), N7 (2.095 A) and py (1.927 A); viz. the elon-
gation is along q;-Cu-q, and there is a ligand missing trans to N7, in the plane
of the strongly bound ligands, perpendicular to the Jahn-Teller axis [23]. Although
this unique structure is accurately predicted, the computational result (molecular
mechanics) does not help to understand the fundamental reason behind it. A possi-
ble qualitative interpretation is that the bispidine ligand enforces a geometry on the
complex, which leads to an electronic configuration on copper(II) that destabilizes
the bonding on the N7-Cu-X,, axis (stabilization of the corresponding d orbital; X,
is the coligand trans to N7). The six-membered chelate ring involving N7 and py
for some reason compresses the Cu—N7 bond, and the bond trans to N7 is therefore
weakened (“trans-influence”; holohedrized symmetry [28]).

This interpretation is supported, qualitatively again, by the experimental structure
of the similar cobalt(IIT) complex of L (Figure 18-9), which provides a rare exam-
ple of a pentacoordinate, square-pyramidal high-spin cobalt(III) complex [33]. Our
preliminary interpretation of this structure is that effects similar to those described
above for the copper(Il) complexes produce a low-energy d.» orbital in the hexaco-
ordinate precursor of the cobalt(IlI) complex shown in Figure 18-9; this structure
presumably has a low-spin electronic ground state and, due to the small ligand field
and the low-lying d_. orbital, has a small energy barrier to a high-spin excited state.
The latter is Jahn-Teller active and, due to the ligand-enforced small Co-N7 distance,
dissociates the ligand trans to N7 for reasons similar to those given above for the
copper(Il) complex (holohedrized symmetry). All these qualitative interpretations
obviously require a thorough study of the electronic structures. Preliminary DFT
and LF-DFT calculations (ligand-field analysis by DFT calculations, see Chapter
by M. Atanasov, P. Comba, C. Daul, and F. Neese) support this idea [34].
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Figure 18-8. Structural plots of bispidine-copper(II) complexes with various directions of the Jahn-
Teller elongation (given in brackets; hydrogen atoms and substituents at C1, C5 and C9 omitted)
(a)~(d) [Cu(L*)(NCCH;)]**and derivatives (a) (pyl-Cu-py2), (b) (N7-Cu-py3), (c) (N7-Cu-py3), (d)
(N7-Cu-py3), (e) overlay plot of the chromophores of (a) and (d), (f) {Fe(CN)s[Cu(L*)],}* (pyl-Cu-
py2), (2) [Cu(L")]**(q1-Cu-q2), (h) [Cu(L*)(NCCH3)]**(Cu-N7), (i) [Cu(L*)(CD]*(Cu-N3) and (k)
[Cu(L?)(NO3)]* (pyl-Cu-py2)
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Figure 18-9. Plot of the X-ray structure of [Co(L?)]>* (one of the two ester groups of the ligand is
hydrolyzed)

An important feature in the quantum-mechanical analysis [34] is a misdirection
of the M—N7 bond. This effect is due to the tight five-membered chelate rings
involving N3, the pyridine (or quinoline) groups and the metal ion, and is also
due to the constant and small N3...N7 distance (~2.9 A) of the rigid bispidine
backbone, [3, 25] i.e. there is decreased overlap between the N7 lone pair and the
metal d,» orbital. There is hence a ligand-induced elongation along M—N7 and
therefore a high degree of complementarity of these ligands for copper(Il); this
effect provides a reason for the large copper(Il) stability constants (in particular
with L', see Table 18-1 above). Why then are there isomeric structures with short
Cu—N7 bonds and an elongation along the pyridine groups (see Figure 18-8 above,
structures a, f, g, k)? An interesting observation is that in those structures the angu-
lar geometry about C2 and C4 is unstrained in both isomers (nearly ideal tetrahedral
angles). The conversion from one isomer to the other is best described by a tilt
about the C2- - - C4 axis, followed by a rearrangement of the torsional angles about
C2, C4—C,,,igin. (see Figure 18-10). The two isomers are thus expected to have
similar energies.

DYNAMICS

The copper(I) complexes of the tetradentate ligands L' and L? occur in three struc-
tural forms; two have been characterized by single-crystal X-ray diffraction and are
distortional isomers (bond-stretch isomers [35-37], see Figure 18-11) [3, 38, 39].
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Figure 18-10. Overlay plot of the molecular cations [Cu(L’)(NCCH;)]** and [Cu(L®)(CD)]*
(Jahn-Teller elongation along pyl-Cu-py2 and N7-Cu-py3, respectively)

Figure 18-11. Plots of the complex cations of various isomers of bispidine-copper(I) com-
plexes, determined by X-ray crystallography (hydrogen atoms omitted (a) [Cu(L!)(NCCH;)]*, (b)
[Cu(L!)(NCCH3)]* and (c) [Cu(L?)(NCCH3)]*[39]

With L' both isomers have been crystallized; the tetracoordinate compound is yel-
low, the pentacoordinate is red (Figure 18-11a,b). The fact that both are observed
indicates that they have similar energies, and in solution fluxionality is expected
and observed through "H-NMR spectra. An interesting structural detail is that the
rotation of the pendant pyridine rings differs in the two reported structures of
the tetracoordinate forms with L! and L?. The structure of the complex with L2
(Figure 18-11c) seems to represent an intermediate between the tetra- and pentacoor-
dinate forms, isolated and characterized for the L!-based complex (Figure 18-11a,b)
with the pyridine group still partially bonded.

From the 'H-NMR spectra it follows that the solution behav-
ior of [Cu(L')(NCCH,)]* differs from that of [Cu(L?)(NCCH;)]* (see
Figure 18-12) [39]. With L! the spectra indicate a symmetrical five-coordinate
structure up to ambient temperature. The line broadening at higher temperatures
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Figure 18-12. "H-NMR spectra (200 MHz, CD;CN) of the isomeric copper(I) complexes of the tetraden-
tate bispidine ligands L' and L? (a) temperature dependent spectra of [Cu(L!)(NCCH3)]*, (b) ambient
temperature spectrum of the unsymmetrical four-coordinate form of [Cu(L?)(NCCHj5)]* and (c) ambient
temperature spectrum of [Cu(L?)]*[39]
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indicates that the two enantiomeric four-coordinate forms are in a rapid equilibrium
(Figure 18-11a). From the spectrum at ambient temperature of the L>~based com-
plex (Figure 18-12b) it emerges that the four-coordinate complex is more stable
with the methylated ligand. Figure 18-12c shows a second form of the L2-derived
complex, which is assigned to a highly symmetrical four-coordinate structure [39].

The interconversion between the various structural forms involves bond making
and bond breaking which molecular mechanics is unable to model, but the entire
behaviour of both complexes is satisfactorily simulated with DFT calculations [39].
Both the computed structures and energetics agree with the solid-state structural
and the solution '"H-NMR experimental data (see Table 18-2). For L! the five-
coordinate complex is slightly more stable and for L? the four-coordinate structure
is preferred. Also, for the L?-based system a four-coordinate structure with both
pyridine groups coordinated to copper(I) (see the structure proposed on the basis of
the NMR spectra, Figure 18-12c) is optimized and is only about 5 kJ/mol less stable
than the unsymmetrical four-coordinate species with an acetonitrile donor coordi-
nated to the copper(I) center. For L! the corresponding structure is approximately
15 kJ/mol less stable.

Table 18-2. Selected calculated and experimental geometric parameters for the [Cu(L")(CH;CN)]™
complexes, n = 1, 2. Experimental values are given in italics, * indicates that the structure is a transition
state, ** is the 4-coordinate complex without NCCHj3 [39]

Ligand L! L2
Parameters 5-coord 5-coord 4-coord d4-coord 5-coord* 4-coord 4-coord 4-coord*™*
Cu-N3 2.418 2.292 2.228 2.203 2.166 2.223  2.203 2217
Cu-N7 2.288 2.188 2.234  2.160 2.203 2.224  2.184 2.200
Cu-Npyl 2.249 2.169 2.225  2.066 2.632 2.186  2.096 2.019
Cu-Npy2 2.249 2.247 2.745  3.118 2.632 3.188 2.897 2.019
Cu-NCCH; 1.993 1.936 1.935 1.873 1.918 1.920 1.900 -
angles(°®)
N7-Cu-N3 82.46 83.15 84.58 83.77 86.56 84.91 83.63 86.59
N3-Cu-Nac 160.71 154.95 146.85 134.16 147.05 139.64  150.09 -
torsions
angles (°)

N3-C-C-Npyl 37.26 38.39 39.69 41.53 46.58 41.18 35.69 37.29
N3-C-C-Npy2  -37.26 -39.94 4454 -61.15 46.58 -55.60 —45.44 37.29
Relative
energies
(kJ/mol)

Solvated by 0.00 - 1.98 - 3.08 0.00 - 5.05
MeCN
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REACTIVITY

There is a rich bispidine-iron chemistry that involves applications of the iron(II)
complexes as bleaching catalysts, [12, 13] of L" / Fe!' / H,0, systems (n=1,4,5)
in non-heme iron oxidation catalysis [14, 16-18, 20, 40] and as a mechanistic
model for the Fenton reaction [15]. Based on much published data on iron systems
with other ligands [41-47], metastable iron(Ill) and iron(IV) intermediates with
bispidine ligands have been characterized spectroscopically (UV-vis-NIR, EPR,
Raman, Mdssbauer); the interconversion between the various forms has been stud-
ied with time-dependent spectroscopy (stopped-flow experiments), and catalytic
organic transformations (primarily the oxidation of cyclooctene to the correspond-
ing epoxide and 1,2-diol products) have been investigated by product analyses and
extensive '80-labelling experiments [14, 15, 20]. All putative oxidants, which have
been found in systems with various other ligands, have been identified in the iron
bispidine chemistry [14, 15]. An interesting feature is that the two pentadentate lig-
ands have disparate reactivities. Whereas the L3-based complex has stable iron(III)
and iron(IV) intermediates, the L*-based system is catalytically much more active;
however, mechanistically and in terms of product distributions the two systems
are similar [14, 20]. The catalyst with the tetradentate bispidine ligand L' shows
a separate behavior. No high-valent iron species were detected spectroscopically
(except in reactions with alkyl peroxides [40]), and the different product distribution
indicates another catalytic mechanism [48]. An exciting result with the pentadentate
ligand L3-based iron complex is that the reaction with H,O, in aqueous solution
directly and without an iron(IIl) intermediate produces the iron(IV) oxo complex,
which is stable in aqueous solution [15]. This result is relevant to the still disputed
mechanism for the Fenton reaction. The resulting mechanistic scenario involving
the iron-based chemistry without addition of a substrate is presented in Chart 2.
With cyclooctene as the substrate, the pentadentate ligand-based systems yield
epoxide and diol products in ratios that depend strongly on the reaction conditions.

Chart 2
1l

LFe+H,0,

)

-«---C

1] + base i _o
LFe/O\O/H +=H+ LFei|

hs
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The more active L*-based catalyst that is among the most active iron-based systems
is unique for several reasons: e.g. dependence of the product distribution on the
atmosphere (ambient or argon), formation of diol products with pentadentate ligand
systems, formation of cis and trans diol products. The novel mechanism shown
in Chart 3 was proposed on the basis of the experimental data (except for the
direct reactions from iron(IT) to iron(IV) and the reaction from the oxo-iron(IV)
complex to the epoxide product; these are small modifications reflecting the theo-
retical studies, see below) [20]. The L'-based catalyst belongs to the most active
iron-based catalyst systems and has unique properties, i.e. both oxygen atoms in
the diol product, which is selectively cis-configurated, arise directly from H,0,.
The mechanistic implications of this result appear in Chart 4 [48, 49].
Computational methods were used to support the various mechanisms derived
from experiment, and to obtain detailed information about the series of intermedi-
ates and transition states; these studies are primarily based on DFT calculations. All
possible pathways and all possible spin states of the intermediates and transition
states have been considered [16-18, 48, 49]. As an example, Figure 18-13 shows
the major results related to the oxidation of cyclooctene by [(L*) Fe=0]>* (see also
Chart 3) [17]. In summary, the computational methods have been used to study
the structures and electronic properties of the iron(II) intermediates, [14] and of

Chart 3
H
[(LS)Fellx]2+ 202 [(LS)FeIIIO_OH]2+

|

[(L5)Fe'V=0]?* 'OH

|

2+
Fe(Lfﬂ ,"OH
O,

O
2N

0 OH OH 0 y
Chart 4
+H,0 V=
(L)—Fe”_x —»2 2 (L)—FE“ —0 e (L)-Fe¥=0

“OH OH
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Figure 18-13. The reaction profile (DFT) of the oxygenation of cyclooctene by [(L*) Fe=0]** (see
Chart 2) [17]

the ferryl products [18]. The structure of the high-spin peroxo iron(IIl) complex of
the pentadentate ligands L* and L> was found to be seven-coordinate on the basis
of the experimentally observed and the computed Raman transitions [14]. From
the thorough analysis of the ferryl complexes of L!, L* and L it emerges that the
bispidine-ligand-enforced structure (see section on the structural aspects above),
the trans influence of the Fe=0O bond and Jahn-Teller effects in the high-spin
iron(IV) electronic configuration are in a subtle equilibrium and are three major
effects that determine the structure and electronic properties of these highly reactive
oxidants [18]. The study of the oxidation reaction with H,O,of the bispidine-iron(II)
complexes with the pentadentate ligands L* and L revealed that the question
whether there is a direct conversion to the ferryl complexes (O—O heterolysis vs.
homolysis) depends strongly on the spin state. [16] In a similar study with the
tetradentate bispidine L' a dihydroxo iron(IV) complex was found as an initial
product (see also Chart 4), [49] which was subsequently established to be relevant
to the oxidation of alkenes [48].

CONCLUSION

We have shown that bispidine coordination chemistry is exceptionally rich with
many unique properties of the complexes, and with possible applications in
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various areas. We attribute the specific and unique properties of the bispi-
dine transition-metal complexes to the rigid diazaadamantane-derived bispidine
backbone and the asymmetry with respect to the tertiary amines N3 and N7,
due to the pendant donors at C2 and C4, producing cis-octahedral coordina-
tion geometries with two sterically and electronically distinct sites for substrate
coordination. Important features are the rigid and highly preorganized bispi-
dine backbone (Figure 18-4) and the elasticity of the coordination geometry
(Figures 18-4 and 18-6). The basic conclusion of the observations and inter-
pretations discussed here is that the rigid bispidine ligands enforce specific
geometries on the transition-metal sites, which therefore adopt specific electronic
configurations, and these configurations might lead to additional structural per-
turbations. The resulting geometric and electronic structures are the basis for
the observed unique thermodynamic properties, reactivities and spectra of the
bispidine complexes. A combination of steric and electronic effects and the dif-
ficulty to separate them makes some molecular properties difficult to understand
thoroughly.

The discussion of the data reviewed here indicates that some observations are best
interpreted, at least qualitatively, on the basis of the experimental structural data.
The modeling of structural features is generally accurate with approaches based
on molecular mechanics. This success includes systems in which electronic effects
obviously contribute to the specific distortions as these are generally included in
the parameterization of the force fields, [50] especially in electronically doped
molecular-mechanics approaches (see section on the modeling with LFT-MM). A
thorough interpretation of observed structures, accurately simulated with force-field
methods, might need, however, a quantum-mechanical approach to achieve a funda-
mental understanding of the specific distortions (see Figures 18-8 and 18-9). Molec-
ular properties might be interpreted on the basis of simple correlations with structural
data and, if these are not available from experimental data, molecular mechanics
might yield accurate structural models. For a thorough interpretation of reaction
mechanisms, in which bond making and bond breaking are important, quantum-
mechanical approaches are required (see sections on dynamics and reactivity).
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CHAPTER 19

THE LIGAND-FIELD PARADIGM
Insight into Electronic Properties of Transition-metal Complexes
Based on Calculations of Electronic Structure

MIHAIL ATANASOV, PETER COMBA, CLAUDE A. DAUL
AND FRANK NEESE

Abstract: An overview and a critical comparison of contemporary models to describe and to predict
electronic multiplet structures and the spectroscopic behavior of transition-metal com-
plexes with open d-shells is given in relation to experimental data including d-d absorption
and ESR spectra. A ligand-field density-functional theory (LFDFT) predicts these prop-
erties with a success similar to ab initio approaches, such as the spectroscopy oriented
configuration-interaction method, and better than time-dependent density-functional the-
ory applied to open shell systems. Using well characterized systems, from classical
coordination compounds [FeO,*~, CrX>~ (X=F.,Cl), CoL{(z=—3, L=CN~; z=2
and 3, L =H,0)] to Fe!¥ macrocyclic compounds with biochemical and catalytic activity,
it is shown that LFDFT is able also to characterize larger systems and subtle effects such
as those from surrounding influences and the second coordination sphere

INTRODUCTION

An intrinsic feature of transition-metal ions is the localized character of their 3d elec-
trons; this property is preserved to a great extent in their complexes, but modified
by covalency. One can hence formulate a metal-ligand interaction in these com-
pounds as being mainly ionic and interpret a metal-ligand bond as a donor-acceptor
bond. In simple terms, a ligand donates electrons into the empty valence shell of
the transition-metal ion — the partly filled 3d and the empty 4s and 4p shells, which
leads to metal-centred antibonding and ligand-centred bonding molecular orbitals
(MO) (except for the case of metal-ligand 7r-backbonding where the metal-based
ty,-orbitals in an octahedral complex are bonding with the ligands), but these inter-
actions are supposed to be weak enough to be treated with perturbation theory.
Electronic transitions associated with absorption and emission spectra in the visible
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region are located within the many-electron states that originate from a well defined
d"-configuration of the transition-metal ion. Ligand-to-metal (LMCT) as well as
metal-to-ligand (MLCT) charge transfer transitions are not comprised in this mani-
fold and need a different treatment. All these features, which are mostly consistent
with the interpretation of experiment, define what we call a Werner-type complex.

An approach broadly used to interpret the properties of these complexes has been
ligand-field theory (LFT), i.e. various models beginning with classical crystal-field
theory (CFT) and extending to the angular-overlap-model parameterization of the
ligand field [1, 2]. Various extensions of the latter model, such as the cellular-
ligand-field (CLF) formulation [1] include effects of low symmetry, such as s-d
mixing, orbital-phase coupling and misdirected ligand fields due to bent bonds;
these concepts have found applications to various transition-metal complexes and
their structural and electronic properties [1, 2].

With the development of current theories of electronic structure, such as multi-
reference ab initio approaches and in particular density-functional theory (DFT), the
appealing ligand-field approach became displaced by these approaches theoretically
well justified but chemically less transparent and less readily analyzed and inter-
preted (but see Ref. [3]* as an exception). In contrast, the parametric structure of
ligand-field theory and the need of experimental data to allow adjustment of these
parameters makes this model a tool for interpretation rather than for predictions
of electronic properties of transition-metal complexes. A proposed DFT-supported
ligand-field theory (LFDFT) enables one to base the determination of LF parameters
solely on DFT calculations from first principle [3—6]. This approach is equally suit-
able to predict electronic transitions [4] and, with appropriate account of spin-orbit
coupling [5], one is able to calculate with satisfactory accuracy g- and A-tensor
parameters [6].

In this review we focus on applications of the LFDFT method to complexes
of 3d metals and compare these with both spectral data from well documented
sources [1, 2] and other theoretical methods, such as the spectroscopically ori-
ented CI (SORCI) method [7] and time-dependent density-functional theory
(TDDFT) [8-17]. In particular we intend to emphasize applications to systems with
atypical electronic properties of interest for bio-inorganic chemistry and homo-
geneous catalysis. These systems include macrocyclic amines of Fe in various
oxidation states, which are of interest for enzymatic and catalytic reactivity both
for redox and bond-breaking reactions.

Under the second topic of ‘Ligand-field Theory and its Extensions’ we describe
the basic concepts behind the various versions of LFT — the angular-overlap
model (AOM) and its extensions. In the section named ‘The physical background:
conditions for the applicability of the ligand-field approach’ we sketch briefly
the theoretical foundation and limits of applicability of the effective-hamiltonian
approach with special attention to electronic multiplets. In the ‘theory’ section, we
describe various approaches in current calculations of electronic structure, such
as LFDFT, SORCI and TDDFT, with the various ‘applications’ detailed in the
following section, before an outlook for further developments.
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LIGAND-FIELD THEORY AND ITS EXTENSIONS

LFT originated as a purely electrostatic model — crystal-field theory (CFT) [18], in
which d-electronic multiplets of transition metals are perturbed by ligands as point
charges or point dipoles. The CF operator (Equation 1) acts within the space of
Slater determinants (SD) composed of purely d-spin-orbitals in which two-electron
energies are taken into account with the Coulomb operator and one-electron ener-
gies with a crystal-field potential (vcp), the first and second terms in Equation 1,
respectively.

ey Hep =) 1/rj+vep

i<j

Explicit use of these operators, involving bond lengths and ligand charges (dipoles)
(for v ) and a basis set for d or f orbitals was made, but the approach was unable
to account for the spectrochemical series and the nephelauxetic effect. In two sem-
inal papers [19, 20] Van Vleck showed that metal-ligand covalency yields leading
contributions to the multiplet splittings in a transition-metal complex and governs
their optical and magnetic properties; he proposed LFT as isomorphous to CFT in
which the operators of the LF hamiltonian,

() Hyp =) G(@i.j)+vr

i<j

are taken as effective, and ligand-field splittings are described in terms of param-
eters adjusted from experiment. In Equation 2, G(i,j) is an effective, or screened,
Coulomb operator, and v; ¢ is an effective ligand-field operator, represented within
a basis of d or f orbitals by 5 x5 or 7 x 7 LF matrices, respectively.

From CFT to LFT, one proceeds from free-ion two-electron energies, expressed
in terms of Racah parameters B, and C,,, to screened parameters B < B, and C < C,,,
which take into account the nephelauxetic effect.

In contrast to the more general LFT approach that defines global (i.e. symmetry-
adapted) parameters, the angular-overlap model (AOM) [21-24] uses local con-
tributions to the LF potential that arise from interactions of the metal d orbitals
with valence orbitals of the individual ligating atoms (ligators). For each properly
aligned metal-ligand pair, possessing linear local symmetry, the AOM introduces
two d-orbital energy parameters — e, for a o (dz>— p.) and e, for a 7 (d,,— py,
dy,— py) bond. Contributions from all ligands in the coordination sphere of the metal
are added to yield a 5 x 5, generally off-diagonal (in the case of low-symmetry),

ligand-field matrix Vj;, which thus represents an additive potential:

Ny
(3) Vij = Z Z (0,5 ¢4 l!fz)F/\j(oz’ e Pen

=1 A\=0,7
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F)i and F); are described with eulerian angles 6;, ¢; and ¢;, accounting for the
geometry (position) of each ligand /. A generalization of the AOM by Gerloch
et al - the cellular-ligand-field model [25-27] — was based on an assumption that
metal-ligand covalent bonding is due mainly to metal 4s, 4p and ligand p and s
functions. Thus, according to the CLF one presupposes that 3d orbitals (electrons)
are spectators (probes) of the electron density due to the remaining electrons in
the bonding and non-bonding orbitals (lone pairs, ). By spherically averaging the
potential V due to this density — <V>, one arrives at mean ‘d’ orbitals and mean
‘d’-orbital energies. In a second step, the deviation of V from spherical symmetry,
V' =V — <V>, serves to define e, as

“) ey~<dy|H|d)y>+) <d\|H |xy,>< x\|H'|d)\ > /(e;—€))
A

in which H =V +T and H' = V'+T, with T the kinetic energy operator; &4 and &,
are the energies of orbitals d and y, respectively. The first term (Equation 4), called
the static term, is formally analogous to the electrostatic matrix element in CFT.
The second term is called the dynamic contribution to e,;. Arguments have shown
that the dynamic term is larger than the static one, especially when A = 7 relative
to A = o [26]. Extensive reviews on the application of CLF theory as a rationale
for AOM have been published [1, 27], but calculations following the recipes of
the CLF are still lacking. DFT calculations show that metal d orbitals in Werner-
type complexes are strongly involved in bonding, in most cases considerably more
strongly than the metal 4s and 4p orbitals [28]. Thus, whereas interpretations based
on CLF must be corrected because of these new circumstances, the basic message
of Equation 4 is still vital, as has been shown by further developments [3].

The Physical Background: Conditions for the Applicability
of the Ligand-Field Approach

We focus here on systems comprising atoms of transition metals and ligands, which
can be bridging or terminal. In calculations of electronic structure, one directly rec-
ognizes antibonding molecular orbitals as being dominated by metal d or f functions,
which are partly filled, and bonding orbitals dominated by ligand AO, which are
fully occupied. Following Lowdin [29] we write the Schrodinger equation Hiy=Eys
in a discrete representation based on the use of a complete orthonormal set ®={d, },
and introduce the hamiltonian matrix H = {Hy} and the column vector ¢ = {c,}
using the relations:

5) Hy = (P [ H[D)), ¢ = (P | V),

(6) V=D ccd
k

7 Hc=ElIlc

I - the identity matrix.
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We subdivide the system into two parts, one built from metal nd orbitals (d)
and another composed of valence metal (n+ 1)s and (n+ 1)p and ligand func-
tions (v). Then the eigenvalue problem (Equation 7) can be represented in
the form of the pseudo-eigenvalue Equation 8, completely restricted to the d-
subspace, with the explicit form of Hgq' given by Equation 9. Hyy is a Ny x Ny
matrix. Thus, for a d* system, for instance, Ny = 45. Hy, (H,q) are rectangular
Ny x Ny (N, x N;) matrices, where N, is, in principle, infinite. No approxima-
tion is inherent in Equations 8-10. Solution of the secular determinant equation
(Equation 10) yields N; eigenvalues of Equation 7 with eigenvectors expressed
as (finite) combinations of the sub-basis ® = {®,}. The representation given by
Equations 8-10

(8) H, cq = Elgcq
(9) H;id/ = Hdd’ + Hdv (EIV - va’)_led

(10) My —Elgg| =0

provides the physical background of ligand-field theory. The matrix Hgq represents
the purely electrostatic effect on the metal d orbitals by the surrounding ligand
nuclei and the valence-electron distribution excluding the d electrons, subject to the
conventional description in terms of a crystal-field theory applied to TM impurities
in crystals. As orbitals of subsystems d and v are orthogonal to each other, the
Hyq matrix also incorporates important exchange (Pauli) repulsion terms, which
have been shown to be proportional to squares of the corresponding overlap inte-
grals, allowing formulation of the ligand field as a pseudopotential [30, 31]. The
second term in Equation 9 is energy dependent. For diagonal Hj, , perturbation
expansions (presupposing that |H,,—H,,| >> |H,,|) allow one to identify E with
the corresponding diagonal element of Hgyq . The second term in Equation 9 reflects
metal-ligand covalency (charge transfer) and is the subject of parameterization
according to the angular overlap model [2]. Earlier analysis based on Equation 9
(Equation 4) was purely theoretical, attempting to place a correct context and lim-
its of applicability of the ligand-field approach within the main body of quantum
chemistry [25]. In the section titled The LFDFT — an attempt to revive LFT, we
describe a practical scheme to deduce the matrix Hyq" from DFT and to apply it
directly to the calculation of d”-electronic multiplets.

The effective hamiltonian representation of equations [8—10] is readily extensi-
ble to systems with more than one TM. The H;ld, matrix for such cases contains
terms that account for d-electron delocalization (via the second term in Equa-
tion 9) from one metal to another — indirectly via the bridging ligands or directly
via the corresponding off-diagonal terms of Hgq [33]. This interaction produces
magnetic-exchange coupling, which is reviewed elsewhere [34, 35].

Equation 9 is applicable both within a sub-space of one-electron states (orbitals)
and to the many-electron states resulting from the redistribution of all d electrons
within the active d-orbital subspace. Their treatment requires both two-electron
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repulsion and one-electron integrals. The general scheme described below allows
one to deduce also these integrals from DFT.

Theory

We present three new developments that we compare critically against experi-
mental data — LFDFT [3, 4, 36, 40], SORCI [7] and TDDFT for spin-open-shell
transition-metal complexes [14].

The LFDFT — an attempt to revive LFT

According to the third topic of this article, ‘The physical background: conditions
for the applicability of the ligand-field approach’ one can in principle reduce the
complicated many-electron problem of a TM complex to the subspace of configu-
rations built from electron replacements within MO dominated by TM d functions
without approximation. As follows from Equation 9, the general matrix element
for such a hamiltonian differs, however, for each electronic state, being dependent
on energy (E). If d-d electron states are well separated from charge-transfer states
one can substitute for a given d-electronic state (i) the variable energy E in Equa-
tion 9 by its diagonal element (Hg;4;) and use perturbation theory to various orders.
Being parametric, LFT implies a separate parameter set for each state within the
LF domain, but it is an intrinsic feature of LFT to use the same set of parameters —
B, C and the 5 x 5 LF matrix — for each state belonging to the manifold of a given
d” configuration. Accordingly, averaging of one and two-electron matrix elements
must be conducted beforehand to make this condition possible. A second feature of
LFT is that, different from SCF theories — HF or Kohn-Sham (KS) DFT, electron
repulsion between d electrons is treated explicitly, implying the need to define and
to calculate average d orbitals in a common set in terms of which matrix elements
of both G(i,j) and v p (Equation 2) become evaluated. There occurs in LFT no
such evaluation, but parameters are introduced that must be fitted from experiment.
In principle, having common orbitals, matrix elements of G(i,j) and v g can be
explicitly calculated and used in a further step for configuration interaction within
the subspace of SD belonging to the d” configuration (complete active space, CAS).
One can then obtain expectation values of all operators, including vibronic coupling,
but this result has not yet been achieved. Instead, we proposed a general and user-
oriented recipe [2, 3] based on DFT, comprising the following steps. Rather than
presenting a general theory (see [3, 4] for details), we take as an example tetrahedral
FeO,>~ with FeV! in a d” configuration. The geometry adopted in such a calculation
is crucial. As the method is based on DFT, it is reasonable to take a DFT-optimized
geometry, but GGA functionals that are more suitable for energy calculations yield
TM—L bonds that are too long compared with experiment. We thus recommend
use of the simple LDA-VWN functional when optimizing the geometries of such
complexes, or one can simply adopt the experimental geometry. In a second step,
one identifies from a preliminary DFT calculation the MO dominated by d orbitals
that we call here LF orbitals (LFO). This step can be immediately done, and, if
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‘d MO’ are recognizable as being prevailed by d functions, one can proceed. ‘d
orbitals’ must be well separated from ligand orbitals for LFT to work, implying that,
beginning with an ionic d” configuration, the intermixing of CT states is weak. A
spin-restricted (with same orbitals for different spins) SCF-DFT calculation of the
average d”" configuration (AOC) is made, on specifying an equal occupation n/5 on
each LFO. The KS orbitals using this AOC are best suited for a treatment in which
interelectronic repulsion is — as in LFT — approximated by screened atomic-like
Racah parameters B and C for spherical symmetry; we thus assign any energetic
effect due to deviation of the LF orbitals from this symmetry to contributions to the
one-electron matrix vyg = {%,,} (4, v =1 to 5). From these LFO, the energies of
all 45 SD are calculated on maintaining the electron density frozen (without SCF,
spin-unrestricted). This recipe is also consistent with the prerequisites of the LF
approach; here orbital relaxation is taken into account only at the level of averaging
the electron density to provide proper LF orbitals, whereas all SD energies for
subsequent LF treatment are calculated without SCF iterations. In this respect the
proposed procedure differs from a MCSCF or CASSCF Ansatz. The energies of
all 45 SD for the bare FeO42‘ are listed in Table 19-1, with expressions for the
energy of every SD in terms of parameters B, C and 10 Dg. We thus obtain a
system of 45 linear equations with three unknown parameters. An arbitrary shift
of all DFT energies compared to the LF ones for each SD energy must be con-
sidered because of varied gauge origins. This shift is effected on introducing an
additional regression coefficient to yield a system of 45 over-determined linear
equations (Equation 11), in which X stores LF parameters, E the energies of the
SD, and A the coefficients of the linear relation between E and X. This system
is solved in a least-square sense (Equation 12) to obtain B, C and 10 Dgq. For
the bare FeO,%~ anion we obtain B =285, C = 1533 and 10 Dg= 11369 cm~!.
A comparison

(11) E=AX
(12)  X=(ATA)'ATE

between the SD energies calculated using these values of B, C and 10 Dg with
DFT data shows a remarkable consistency between the DFT formalism and the LFT
parameterization (Figure 19-1). This comparison also shows that 10 Dg obtained
in this way is near (within an error less than 2%) the KS orbital energy difference
e85(t)) — X5 (e).

When all LF parameters are evaluated, they can be introduced into a favoured
LF program [37-39] to yield all multiplet energies and expectation values of all
operators for comparison with experiment. In the case of d? FeO,”~ with tetrahedral
symmetry, energy matrices can be written explicitly (Table 19-2); the role of single
excitation (for the ' T, and 3T, terms) and double excitations (for 'A,, 'E, ' T, and
3T,) is important — we return to this point when we look at applications later in
the article. According to this procedure, both dynamical correlation (via the DFT



Table 19-1. DFT values for energies/eV of all 45 Slater determinants (SD) due to the d? configuration of Fe in tetrahedral FeO,>~ and their ligand-field expressions
in terms of interelectronic repulsion B and C and the cubic ligand-field splitting parameter 10 Dg

Energy SD expression Energy SD expression Energy SD expression
—1.20944 22% 72~ 12B+3C —0.55996 727 xy*t 4B+C+10Dq 1.56350 yzt yz~ 12B+3C+20Dq
—2.25626 721 x2-y2t 0 —0.83723 727 Xy~ 10Dq 0.66546 yzt xz*t 3B+20Dq
—2.02183 22T x2-y2~ 4B+C —1.21542 x2-y2Tx2-y2~ 12B+43C 0.92390 yzt xz~ 6B+C+20Dq
—0.52452 2% yz+ 9B+10Dq —0.73462 x2-y2*t yzt 3B+10Dq 0.66546 yzT xy™ 3B+20Dq
—0.35645 22% yz~ 10B+C+10Dq —0.49523 x2-y2F yz~ 6B+C+10Dq 0.92390 yzt xy~ 6B+C+20Dq
—0.52452 2% xz+ 9B+10Dq —0.73462 x2-y2*t xzT 3B+10Dq 0.92390 yz~ xz*t 6B+C+20Dq
—0.35645 22F xz~ 10B+C+10Dq —0.49523 x2-y2F xz~ 6B+C+10Dq 0.66546 yz© Xz~ 3B+20Dq
—0.83723 2% xy*t 10Dq —0.42621 x2-y2* xy™ 12B+10Dq 0.92390 yz~ xyT 6B+C+20Dq
—0.55996 22 xy~ 4B+C+10Dq —0.29169 x2-y2t xy~ 12B+C+10Dgq 0.66546 yz©— Xy~ 3B+20Dq
—2.02183 727 x2-y2+ 4B+C —0.49523 X2-y2~ yz+ 6B+C+10Dq 1.56350 xzT xz~ 12B+3C+-20Dq
—2.25626 727 x2-y2~ 0 —0.73462 x2-y2~ yz~ 3B+10Dq 0.66546 xzt xy™ 3B+20Dq
—0.35645 727 yz+ 10B+C+10Dq —0.49524 x2-y2~ xz*t 6B+C+10Dq 0.92390 xzT xy~ 6B+C+20Dq
—0.52452 727 yz© 9B+10Dq —0.73463 X2-y2~ xz~ 3B+10Dq 0.92390 xz~ xy" 6B+C+20Dq
—0.35645 227 xz+ 10B+C+10Dq —0.29169 x2-y2~ xy*t 12B+C+10Dgq 0.66546 Xz~ Xy~ 3B+20Dq
—0.52452 727 Xz~ 9B+10Dq —0.42622 X2-y2~ Xy~ 12B+10Dq 1.56350 xyt xy~ 12B+-3C+-20Dq
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Table 19-2. Matrices for the energies of multiplets of a tetrahedral d> complex®

dZ
'A,(1G,'s) 'E ('D,'G)

t} e? t} e?
10B+5C+20Dg  +/6(2B +C) B+2C+20Dq —2+3B
V6(2B +C) 8B +4C —2v3B 2C

IT,('D,'G) 3T, CE2P)
t,2 t 5e 1,2 e
B+2C+20Dq 2/3B —5B+420Dq 6B
2./3B 2C+10Dq 6B 4B +10Dq

t?e 'T,('G) 4B4+2C+10Dq
t2e 3T, (*°F) —8B+10Dq
e 3A,(F) -8B

¢ Multiplets of transition-metal ions in crystals, S.Sugano,Y.Tanabe, H.Kamimura, Aca-
demic Press, NY USA, 1970; J.S.Griffith, The Theory of Transition-Metal Ions, Cambridge,
University Press, 1971.

419

Figure 19-1. Calculated (DFT-LDA, stars) and reproduced (using best fit B=285cm~!; C = 1533 cm™!
and 10 Dg = 11369cm™!, circles) energies of all 45 Slater determinants of bare tetrahedral
FeO,> [R(Fe—0) = 1.675 A]
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functional) and non-dynamical correlation (via CI) are taken into account. Results
for FeO,"~ are listed in Table 19-3.

We consider the general case of a d" complex without symmetry. For such
a complex the LF matrix is off-diagonal with 15 independent matrix ele-
ments and the values of B and C. These quantities are evaluated as follows.
The energies of SD from the DFT calculation, E(®;) (I = 1,..., Ngp), are
given by

(13) E(®f%) = (P |H|D[®) = a;, 8470 + a;, 6570 + a3 857 +ay, 570

+a5&50 + ;B +a;;C +agg

The energies of LFO, denoted by &,f° (i=1,...5), B, C, and the parameter ajg
absorbing the arbitrariness of the gauge origin are obtained from a least-square fit
(Equations 11, 12) as already described. To obtain the 5 x 5 matrix vy we use the
fact that &F° are near the corresponding KS-orbital energies £5° (i=1,...5).
We then use the corresponding KS eigenvectors to reconstruct matrix vip from
g0 (i=1,...,5). From the components of the eigenvector matrix V (Equa-
tion 14) built from such columns one takes only the components corresponding to
the d functions. We denote the square matrix composed of these column vectors by
U. As U is neither normalized nor orthogonal, we introduce an overlap matrix S
defined in Equation 15 and use Lowdin’s symmetric orthogonalization scheme to

Table 19-3. Comparison between theoretical and experimental wavenumbers/cm ™' of d-d transitions of
FCO42—a

Transition LFDFT SORCI? TDDFT exp.
bare? solv.¢ bare solv. LDA-VWN SAOP
3A, >'E 5304 5227 7678 7822 4904 9484 6215¢
3, — 1A, 9666 9473 11548 11512 8888 13041 9118°
3A, =T, 11369 11365 11505 11368 12412 14872 12940¢
3A, 3T 14468 14145 13918 13782 13493 15735 17700¢
MUSE 1566 1618 2278 2363 1569 2772 -
MUSECA, -3 1) 2402 2565 2608 2745 2368 1948 -
MUSECA, —' I 730 672 1946 1981 770 3596 -

4R(Fe—0)=1.675 A from LDA (COSMO) geometry optimization.

bB =285, C=1533, 10Dg=11369cm™".

¢B=252; C=1622, 10Dq=11365 cm™'.

4 CAS(6,5) reference; a fit of B,C and 10Dq to this values yields B =204(202), C=2703(2731),
10Dq = 11505(11368) cm™! without(with) solvent.

¢ values taken from Brunold TC, Hauser A, Guedel HU (1994) J.Lumin. 59:321.
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obtain an equivalent set of orthogonal eigenvectors (C, Equation 16). We identify
these vectors with eigenfunctions of the effective LF

les 82Ks SBKS 84Ks SSKS
dxy Uy Uy, Us Uy Us
dyz Uy Uy Uy Uy Uy

(14) V= dz2 Uyy Us, Uz Uy Uss
d,, Uy Up Uy Uy U

(15) S=UTU
(16) C=US"'?

hamiltonian vy that we seek as
5
(17) b = Z Cp.id/.L (l = 1_5)
pu=1

and the corresponding eigenvalues (¢;|Vg|¢;) with eFF0 (i=1,...5):

(18) S%FO = (@i viel®;)

The 5 x 5 matrix V is then given by

nii

(19)  Vip=CE.C' ={v,,}={3 cuec,}

E is the diagonal matrix built from eM0; E = diag{aiKS}. The matrix V| y is obtained
in a general form with no assumption (such as in CFT or AOM); it is particularly
suitable in cases in which application of CFT or AOM is hindered because of the
high level of parameterization.

Within the same formalism we have shown how to derive spin-orbit coupling
energies [5], g-tensors, hyperfine-coupling tensors [6] and zero-field splittings [40].

The LFDFT formalism has been implemented with the aid of the Amsterdam
density-functional (ADF) package [41] that allows one to define precisely orbital
occupation and thus to calculate all energies needed. Diverse exchange-correlation
functionals have been used and tested. Numerical details are given elsewhere [3-6]
(see also ‘Applications’).



422 CHAPTER 19

The SORCI method

The SORCI method has been developed in Refs. [7, 42] and a detailed description
together with an evaluation of its performance for the prediction of d-d multi-
plets in transition metal hexaquo complexes has been provided in ref [3]*. Briefly,
SORCI is a simplified multireference ab initio CI variant which combines the con-
cepts of variation/perturbation theory, difference dedicated CI [43, 44], individual
selection [45] and natural orbitals in an attempt to provide a balanced and unbiased
description of a number of low-lying excited states of interest. Here we provide
additional evidence that this is indeed the case by computing the multiplet energies
of a number of anionic transition metal complexes. The results for cationic, octa-
hedral hexaquo complexes have been quite encouraging with average errors in the
transition energies of 2000cm™! and less [3].2

All computations in this section have been performed using the ORCA program
package [46], a DFT BP86 functional and a basis set of triple zeta quality (TZV(P)).
In all MRCI computations the Ty, Ty, and T, tresholds were set to 1076, 10~*
and 1073 Eh, respectively which are the default values of the method. A CAS(n,5)
has been chosen in all cases, unless otherwise specified. This choice is motivated,
of course, by ligand field theory and provides a suitable model space over which
the many-particle wavefunctions are expanded.

TDDFT for open-shell systems

TDDFT [47], [8] has had great success in calculation of excitation energies in
closed-shell systems in many organic and inorganic molecules [10, 11, 48, 54] and
even in molecules containing transition metals [54-56]. Except for systems with
long-range charge-transfer excitations [57], it has been efficient and satisfactorily
accurate. Its extension to open-shell systems developed [58-60] to include spin [14]
and space [17] open shells in transition-metal complexes. The theorem of Runge
and Gross [47] provided a theoretical basis of TDDFT on considering the time
evolution of electron density p(r,,f) under the influence of an external potential
Veyt(r,2). Given a wave function W(xy,X,, ... .Xn.t), X;=[r;,8;] at time ¢ = 0, at all
subsequent times ¢ > 0 the density p(r,,t) determines the potential uniquely up to an
additive function that depends purely on time. In turn v,,(r;,f) uniquely determines
W(Xq,X3, - .. ,Xn.f), Which can therefore be considered to be a functional of the time
dependent density W([p].r). Hence a unique mapping is established

20)  p(r. 1) © Ve (ry, 1) & WX, X, -, XN, 1)

Most implementations of TDDFT to an open-shell system use an spin-unrestricted
approach, because orbital-energy differences concerned with partially occupied
orbitals are generally too small in a spin-restricted approach, and the orbital-
energy difference in DFT is the leading term in the electron-excitation energy.
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The master equations of the TDDFT method for open-shells follow (see [13] for a
derivation):

(22) Qia(r,jhr = 80’781' ‘8ah(8a(r - sio')2 + 2\/ Eao — 8i0'Kia(r,th/\/ Epr — sz
(23) K, =KCol 4 KXC

iao,jbr — Maio,bjr aio,bjt

(24)  KG = [ dr [ vy, (0 (0) 5t ¥, (1) (1)
(25) K;(lg' bjr — = fdl‘fdl‘/lll (r)d/m'(r) (r I' w)S(r—r/)gl/bT(r/)t,[/ﬂ(r)

with f77.(r,1’, w) denoting the exchange-correlation kernel :

ovge(r,w) 8?Eyxc

8p-(r' @) py(r, w)dp,(r', )

26)  fre(r.r,o)=

Within the adiabatic approximation fy.(r,1’, w) is substituted by the frequency-

independent derivative fy.(r) = %’;;‘(i,r)) ; in Equations 22-26, a,b and i,j are indices
for virtual and occupied orbitals, ;espectively, o, 7 denote the spin, and & and
¢ are KS orbital energies and MO. Spin-unrestricted TDDFT has been imple-
mented in the response module of the ADF program package [41, 61], consistent
with earlier implementations for closed systems. The Davidson algorithm [62]
serves to calculate the lowest excitation energies as the lowest eigenvalues w? of
Equation 21. ADF makes full use of symmetry, decreasing significantly the com-
putational effort and assisting an interpretation of the results. In the calculation
of excitation energies, the adiabatic LDA (ALDA) approach has been used with
the LDA-VWN functional and, alternatively, of the statistical average of orbital
potentials (SAOP) model potential. In calculating energies of spin-flip transitions
we applied the Tamm-Dancoff approximation [52]. Note that the equations given
above are only valid in the case that no nonlocal potentials enter into the DFT
equations. In the presence of, e.g. Hartree-Fock exchange, the equations to be
solved are somewhat more complex [11]® but can be approached along the same
lines.

Applications

Classical coordination compounds

Electronic transitions in Fe0,>~ Tetrahedral FeO,>~ is characterized by a e’

ground-state configuration producing *A, (the ground state) and 'E and 'A,(spin-
flip) excited states. These states interact with states of the same symmetry stemming
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from the t,> doubly excited configuration. The singly excited e't,! configuration
gives rise to 3T, and *T, states, and the latter can interact with one more 3T, state
from the doubly excited t,> configuration. The electronic spectrum (Table 19-3)
displays two sharp lines at 6215 and 9118 cm™! corresponding to the 'E and 'A,
transitions from the ground state and two broad bands centered at 12940 and
17700 cm™! due to spin-allowed transitions to the 3T, and T, excited states. All
these features are well reproduced by LFDFT for both bare and charge-compensated
species, and the same is valid for the SORCI method; mean unsigned errors (MUSE
given separately for the spin-allowed, for spin-forbidden and for both in Table 19-3)
are comparable for the two methods, being slightly in favor of the LFDFT result.
There is a bias for the LFDFT and SORCI methods, correspondingly to underes-
timate (overestimate) energies of spin-forbidden transitions. This effect is easily
understood in terms of LFT showing (cf. Table 19-2) a stronger dependence of
these transitions on B and particularly on C (see Table 19-2); the latter becomes
calculated smaller in DFT but greater in SORCI relative to the value obtained
using a direct fit of LFT expressions (Table 19-2) to the spectrum (B = 375,
C = 1388 cm™!; compare with Table 19-3). In the case of SORCI the main reason
for the overestimation must be blamed on basis set deficiencies. Since the low-spin
states have, in general, larger contributions from dynamic electron correlation it
would be necessary to use much more extensively polarized basis sets in order to
obtain more accurate results than the ones presented here. Nevertheless, the agree-
ment one obtains with experiment, even with these very small basis sets used here
and that can easily be used in studies on larger molecules, might be considered
as remarkable and is associated with the focus of the method on energy differ-
ences rather than total energies. For the sake of comparison in Table 19-3, we
included TDDFT values for the four transition wavenumbers using two functionals.
The comparison with experiment is worse than for LFDFT and SORCI, but still
acceptable, in particular when using the simple LDA-VWN functional, although
large deviations for the spin-forbidden transitions are encountered with the SAOP
functional.

Transition-metal cyanide complexes LFDFT (LDA-VWN) calculations of electronic
transitions of red Fe(CN)s*~ and yellow Co(CN)>~ have been published [4]. Here
we reproduce the results for Co(CN)s>~ and compare these from SORCI and
TDDFT in Table19-4. From the t,,® closed-shell ' A, ground state, the spin-allowed
th," = ty, "¢y transitions to 'Ty, and 'T,, are observed at 31950 and 38600 cm™',
respectively. SORCI impressively reproduces the wavenumbers of these transitions,
but LFDFT less satisfactorily, the values of 10 Dg and the transition wavenum-
ber to 3Tlg being exaggerated by about 4000-5000cm~!. The wavenumber of the
latter transition is less by 2254cm™' in SORCI than from experiment, but there
is a large discrepancy with experiment in the TDDFT calculation; deviations are
extreme — as large as 10097 cm~! for the 1Alg —>3T2g transition — when using the
SAOP functional.
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Table 19-4. Comparison between theoretical and experimental wavenumbers/cm ™! of d-d transitions of
Co(CN)3~¢

Transition LFDFT? SORCI¢ TDDFT exp.
LDA-VWN SAOP

1A =T, 35107 31014 34792 39317 319504

1A =Ty, 40900 38874 37333 41680 386007

1A, =3T, 29845 23716 31542 36067 25970°

1A, =Ty, 32721 28191 31615 36123 -

MUSE 3110 1155 3227 5224

MUSE('T — 'T) 2728 605 2054 6848

MUSE('T — 3T 3875 2254 5572 10097

4R(Co—C)=1.899 A R(C-N)=1.172 A in all calculations.

bB =387, C=2573, 10 Dq=37180 cm~"'.

¢ CAS(6,5) reference.

4 values adopted from Alexander J J, Gray H B (1968) J.Am. Chem. Soc. 90: 4260 as averages over band
energy maxima measured in K;Co(CN)g (32100, 38500 cm™!) and n-Bu,NCo(CN)g4 (31800, 38700).
¢ value reported from Miskowski, VM; Gray HB, Wilson RB, Solomon EI, Inorg.Chem. (1979), 18, 1410.

Electronic transitions in CrFg>~ and CrCl i~  Optical spectra of CrF¢3~ and CrClg3~
anions with a 4A2g(t2g3) ground-state configuration are characterized by broad bands
due to spin-allowed transitions to the *T,, and *T, (t,,%¢,') and the *T,,(ty,e,%)
excited states, and sharp lines due to spin-forbidden (spin-flip) transitions — 2Eg,
T, ¢ and 2T2g belonging to the ground-state configuration. Experimental transition
wavenumbers as deduced from band maxima and wavenumbers of sharp lines for
CrF¢*~ and CrClg>~ are listed in Tables 19-5 and 19-6, respectively, with computed
values. Focusing on the LFDFT data, we notice a large increase of the wavenumber
of 4A2g —>4T2g from a bare to a charge-compensated CrF¢*~ species, thus improv-
ing the agreement with experiment. This effect is less pronounced for the less ionic
CrClg*~ complex. Not only 10 Dq but also the values of B and to a less extent
C are affected by the solvent. As follows from MUSE values, both LFDFT and
SORCI give similar results, but deviations of spin-forbidden transitions deviate in
opposite directions relative to experiment, being smaller and larger for the two
methods respectively. The same comments concerning the basis set as in the case
of FeO,>~ apply here. For the TDDFT results we state a total failure to describe
the spectrum of CrF¢>~ and, to a lesser extent, for CrClg3>~ - wavenumbers of
spin-allowed transitions are calculated here much greater than experimental values;
TDDFT predicts only one of the two ‘A, —* T}, transitions at roughly half the
transition wavenumber between the T (a) and *T,(b) states. The underlying rea-
son is that these two transitions correspond to nominal t2g3 —>t2gze}; and t2g3 —
tzgleé excitations, and strongly admix via Coulomb-repulsion terms. The second
transition corresponds to a double excitation from the ground state and is ignored
with TDDFT.
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Table 19-5. Comparison between theoretical and experimental wavenumbers/cm ™! of d-d transitions of

CrF27 a
Transition LFDFT* SORCI? TDDFT¢ exp.”
bare” solvated®

 Ang(tag?) 0 0 0 0 0
Tou(trg ey’ 13569 15480 15629 25550 15200
4T (g2, ") 19443 21949 22338 27953 21800
AT (0 e %) 30339 34346 35105 - 35000
2Ey(thy*) 12497 13002 18254 34720 16300
2T4(to") 13044 13601 18988 34792 16300
2Tog(tag”) 18628 19568 25392 42656 23000
MUSE(total) 3347 1752 1351 14614 -
MUSE(*A,, —*T},) 2883 361 357 8252 -
MUSE(*A,, =2 T}) 3810 3143 2345 18856 -

4R(Cr—F)=1.957 A from LDA (COSMO) geometry optimization.
b B =605; C=2694, 10 Dq= 13569 cm™".

¢B =657, C=2731, 10 Dq= 15480 cm~!.

d CAS(6,5) reference, COSMO solvent model.
¢ SAOP functional, all-electron calculation, COSMO; spin-flip transitions have been calculated within
the Tamm-Dancoff approximation.
/ taken from Allen GC; El-Sharkawy AM, Warren KD (1971) Inorg.Chem. 10:2538.

Table 19-6. Comparison between theoretical and experimental d-d transition wavenumbers/cm™! of

CrClg3¢
Transition LEDFT¢ SORCI? TDDFT¢ (SAOP) exp.”
bare” solvated®

*Agy(tag?) 0 0 0 0 0
Toq(tage, ") 13023 13599 14054 21154 12800
4T (tag%eg ") 18018 18480 19366 22517 18200
4T (g ' ep%) 28445 29412 31834 - ~ 29000
“Ey(ty,) 10887 10790 17224 12420 14430
2T () 11308 11182 17671 12460 15010
ITyy(tay”) 16402 16345 23000 19316 20600
MUSE(total) 320 497 2185 3703 -
MUSE(*A,, —*T}) 3814 3908 1751 6336 -
MUSE(*A,, -2 T,) 2067 2202 2618 1948 -

aR(Cr—Cl) =2.335 A — from a LDA(COSMO) geometry optimization.
b B =493; C=2406, 10 Dq=13022cm™".

¢B =473, C=2412, 10 Dq=13600 cm~".

4 CAS(6,5) reference, COSMO solvent model.
¢ SAOP functional, all-electron calculation, COSMO; spin-flip transitions have been calculated within
the Tamm-Dancoff approximation.
f taken from Schwartz RW (1976) Inorg.Chem. 15:2817.
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Table 19-7. Comparison between wavenumbers/cm™! of d-d transitions of low-spin Co(HZO)gJr
calculated with various approaches (bare cation, and explicit solvent, LFDFT, see Figure) and with
experiment

Electronic Co(H,0)6* [Co(H,0)¢3+][H,0],, exp. /
state?
LFDFT? SORCI¢ TDDFT¢ LFDFT*

'Al, 0 0 0 0 -
Ty, 15370 15670 16528 15669 16600
Ty, 24537 23600 22017 24726 24900
3Ty, 9212 5257 9156 10271 -
3Ty, 13782 10779 9380 14798 -
Ty, 9660 - 12649 -
MUSE 796 1115 1478 552

¢ symmetry notations are given in Oy,.

b this work, R(Co—0)=1.873 A from LDA geometry optimization; PW91 functional was taken for the
calculations of the energy multiplets; 10 Dq= 16994, B =775, C=2781cm™!.

¢Neese F, Petrenko T, Ganyushin D, Olbrich G, Coord.Chem.Rev. 251 (2007) 288-327, CAS(6,5)
reference space, addopted treshold values for the natural orbital populations (T, ), multireference per-
turbation theory (Ty.) and reference space (Tpre) selections are 1075, 107 and 10—, respectively.

4 SAOP model functional used; extended model cluster with geometry speciefied in Figure 19-2.
¢R(Co—0)=1.896 A; 10Dq = 17102, B =750, C =2415cm™", this work.

/taken from C.K. Jgrgensen, Absorption Spectra and Chemical Bonding, Pergamon Press, Oxford
UK,1962.

Electronic transitions in Hexa-Aqua Complexes of Co(Ill) and Co(Il) The blue com-
plex Co(H,0)¢*" has a low-spin 1Alg(tzgé) ground state. From the many possible
transitions only the spin-allowed ones to 1T1g and 1T2g (t2g5 egl) are observed in the
spectrum (Table 19-7, Figure 19-2). The wavenumbers of two transitions are well

Co'-0 1.8734 ) |
Don co'-0 2.097A D, Co'-01.806 4

Figure 19-2. Co(HzO)é+ (z=3,2) and {[Co(H,0)¢]12H,0}** model clusters for LEDFT calculation
of energies of d-d transitions; Co—O bond lengths are given (from LDA-VWN) (see color plate section)
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reproduced with all three methods compared here. As expected for a closed-shell
system, the TDDFT method works satisfactorily in this case. We studied also with
LFDFT the effect of solvent water, which we took into account using COSMO
(not shown in Table 19-7) and an explicit solvent adopting an extended-cluster
model with 12 additional H,O molecules completing a second coordination sphere
(Figure 19-2). Except the spin-forbidden transition (not observed) and in contrast
to CrF63‘, no essential solvent effect was established.

The pink high-spin complex Co(H,0)s>* possesses a 4T1g(a) ground state.
The spectrum shows three bands at 8100, 16000 and, split, 19400-21550 cm™!
corresponding to 4T2g, 4A2g and 4T1g(b) excited states; a further sharp line at
11300cm™" has been assigned to *Tj,(a)—>E,. Neglecting the possible trigo-
nal splitting (vibronic activity) of the 4Tlg ground state (but notice a splitting
by 2000cm™! of the third spin-allowed band), we calculated the wavenumbers
of electronic transitions using LFDFT and compare them with the SORCI result
in Table 19-8. Because of the both space- and spin-open-shell character of the
4T1g ground state of Co(H,0),", a TDDFT calculation was impracticable. A seri-
ous attempt was made to extend the TDDFT method to such cases [17]. Both
the LFDFT and SORCI results reproduce the experimental spin-allowed transi-
tions (Table 19-8), but, if the assignment of the only observed spin-forbidden
transition is correct, its wavenumber is reproduced less satisfactorily by theory —
as expected, it is calculated too large (small) by the SORCI (LFDFT) methods
(Table 19-8).

Table 19-8. Comparison between wavenumbers/cm~! of d-d transitions of high-spin Co(H,0)¢>"
calculated with various approaches and with experiment

Electronic state® LFDFT? SORCI® exp.¢
4Tlg 0 0 _
oy 7755 6630 8100
*Ag, 16617 14313 16000
T, 19548 19970 19400

21550
’E, 6224 13130 11300
MUSE 1546 1389 -

MUSE(*T, —*T}) 370 1242 -

MUSE(*T;, —*E,) 5076 1830

¢ symmetry notations are given in Oy,.

b this work, R(Co—0) =2.097 A from LDA geometry optimization; PW91 functional was taken for the
calculations of the energy multiplets; 10 Dg = 8862, B =860, C = 3013 emL.

¢F. Neese, T. Petrenko, D. Ganyushin, G. Olbrich, Coord. Chem. Rev. 251(2007) 288-327, CAS(6,5)
reference space, addopted treshold values for the natural orbital populations (T,,), multireference per-
turbation theory (T,,;) and reference space (Tpre) selections are 1073, 107% and 10~*, respectively.
dtaken from C.K. Jgrgensen, Absorption Spectra and Chemical Bonding, Pergamon Press,
Oxford UK, 1962.
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Special cases

In focusing on the d-localized states and presenting the LF potential as an additive
quantity, classical LFT is approximate and thus must be regarded as a model rather
than as a genuine theory. Cases were thereby encountered that were not reproduced
(explained). These cases are essentially s-d mixing, bent (misdirected) metal-ligand
bonds and phase-coupled ligators. For cases such as these, extensions of the conven-
tional theory have been made [2]. Even in situations in which LF fails, it was used
diagnostically, thus leading one to create essential chemical concepts. As LFDTF is
free from the assumption of the additivity of the LF potential and provides the LF
matrix as it is, it is readily extensible to include not only d but other metal-centered
orbitals. We can thus apply the method to discuss once more, at a higher level, all
these concepts.

s-d Mixing in square planar complexes Cu(Il) forms tetragonal amine CuN,XY
complexes with coplanar CuN, moieties and distant X, Y ligands consistent with
its Jahn-Teller unstable ground state. As follows from AOM energy expressions
(Equation 27), Cu(Il) possesses a ZBlg ground state, assuming D, symmetry,

(27.1)  e(by,) = 3e,(N)

(27.2)  e(a)y) =e,(N) +e,(X) +e,(Y)
(27.3)  e(by,) =4e,(N)

(27.4) e(e,) =2e,(N) +e,(X) +e,(Y)

with 2A, o 2B2g and 2Eg excited states arising from electronic transitions from
the alg(dzz), by,(dyy) and ey(dxz,yz) to the blg(dxz—yz) orbital, respectively. For
the compound Na,[Cu(NH;),][Cu(S,05),], which represents the closest approach
to a CuN, square planar chromophore [63], we neglect contributions from X
and Y in Equation 27; as N possesses no orbital of 7-symmetry in the plane,
one obtains for the wavenumbers of the °B;, —?A;, and *B,, —’E,, *B,,
transitions 2e,(N) and 3e, (N). We compare these with the values reported
experimentally, i.e. 18400 and 19200 cm ~!, respectively [63]. According to the
AOM, the ratio of these transitions should be 2/3, which should further increase
if weak coordination to X and Y is taken into account. It follows that the
energy of d,, is calculated anomalously small by the AOM. In D, symmetry
the d,, and 4s orbitals of Cu have the same symmetry and can thus mix. To
account for this mixing, Smith introduced one additional negative energy term
(-4ey) in Equation 27.2 [64, 65] with the following expression as given by
second-order perturbation theory:

. (3d|h|4s)?

28
( ) Csd E4s _ E3d
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Accordingly, the spectrum was fitted, yielding values e, (N)=6400 and
e, = 1400 cm™! for the two parameters. Since then, using this approach one is able
to rationalize the spectra of many square-planar Cu(II) complexes [1]. Hyperfine-
coupling tensors due to the 3/2 nuclear spin of Cu subsequently supported this
interpretation; ESR spectra of tetragonally compressed octahedral Cu(Il) complexes
unambigously manifested direct spin density at the nuclei of Cu due to d_,—4s mix-
ing via the Fermi contact contributions to the A-tensor [66]. Computed energies of
the d-d transition wavenumbers of Cu(NH;),>* with various methods are compared
with experiment in Table 19-9. Both LFDFT and the SORCI method, as well as the
direct ASCF calculation, are mutually consistent; they compare satisfactorily with
experiment. Theoretical values are systematically larger than experimental ones;
probably the effect of a weak axial coordination in the solid cannot be excluded. As
seen from Equations 27, a small axial perturbation can affect significantly the d-d
transitions — the wavenumbers of both d,, —d,, ,, and d,, ,, —d,,_, transitions
are expected to decrease. In support of this, wavenumbers of band maxima in the
spectrum of the aqueous solution are red-shifted relative to the solid. One can read-
ily translate the d-d transition wavenumbers into e, (N), e(N) and e, parameter
values, included in Table 19-9. Parameter e (N) has a non-zero value; its origin
has been discussed previously [65]. d-d transitions calculated using TDDFT show

Table 19-9. Theoretical and experimental (solid and aqueous solution) wavenumbers/cm~! of d-d
transitions in Cu(NHj; )§+

Electron LFDFT  DFT-ASCF SORCI TDDFT exp.
transition®
CAS CAS LDA  SAOP solid® aqueous ¢
(17,10 (9,5) VWN solution

’B, —»2B, 17477 16370 18469 17340 34341 39494 - 14033
2B, —2A; 20727 19431 20566 20082 32744 37768 18400 16533
2B, —»2E 19840 19009 21130 20324 34220 39744 19200 17501
MUSE” 1484 611 2048 1403 14682 19956 - -
ex(N) 7401 7216 7930 7769 11366 13331 6400 -
e-(N) 1182 1320 1330 1492 -60 125 1400 -
e 1481 1250 1176 1136 2503 2776 - -

@ symmetry notations in the C4, point group with a hole on dx’>-y?, dz?, dxz,yz and dxy leading to
ground 2B and the excited 2A,, 2E and 2B, states, respectively; R(Cu— N) =2.049 A from LDA-VWN
geometry optimization.

b energies corresponding to band maxima in the solid state spectrum is taken as reference.

¢ reported in Nay[Cu(NH3),4][Cu(S,03),].H,O which represents the closest approach to a genuine CuNy
square planar chromophore, see Hathaway BJ, Stephens FS, J Chem Soc (A) 884(1970).

4 from Neese F, Magn.Res.in Chem.2004, 42, S187-S198 and cited references; other data not listed in the
table are: 2B, —2E ligand-to-metal charge transfer transition at 44196cm™!, gL =2.047. g|| =2.241;
Al|®*(MHz) (-) 586, ALC*(MHz) —(68) A||N(MHz) (+)39.1 A1LN(MHz) (+) 31.7.

¢in addition to the 9 — 5d and the 4 (e+b;+a,) orbitals the 4s on the metal has been included in the
active space; Tyy = 1075 Ty = 1073,
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a strong deviation from experiment with both the LDA-VWN functional and the
SAOP model potential; d-d transition wavenumbers exceed experimental values by
as much as 15000 cm ~' and 20000 cm !, respectively. This result is common for
TDDFT on application to complexes of Cu(Il) [67].

Bent bonds (misdirected valency) A common practice in AOM considerations,
mainly for the sake of simplicity, is to assume that metal(M)—ligand(L) bonds
are classified of o- and 7r-types in a linear (C,,) M—L molecule (L=F or Cl, for
example); this pseudo-symmetry is preserved in a ML, complex. One thus pos-
tulates that the LF matrix is diagonal in the local frame with two parameters e,
and e, characterizing each M—L bond— (6-bonding is ignored, Equation 29). This
situation can alter greatly for composite ligands such as macrocyclic amines, in
which carbon atoms attached to each N ligator can affect its lone pairs, to prevent
them from being optimally aligned for o bonding with the metal. In the simplest
case of a local pseudo-symmetry C,, (Figure 19-3, Equation 29),

_ dz2 dxz dyz
e, 0 O
| 0 e,
_ dzZ dxz dyz
e e 0
29 =VC)=| & "™
( ) ( ) 60'77)6 e7TX O
| 0 0 en
dz2 dxz dyz
:> V(C]) — ee(f eeo")TX :(J”)Ty
oTX mX TXTY
_eo"rr_v emm'y eﬂ'y

¢ R
X d"z

Figure 19-3. Model for rigid bent bonding; the ligand atom forms strong bonds to R but weaker ones to
a transition metal. The figure illustrates how bent o and 7 bonds between the metal (M) and donor atoms
(L) require a local ligand-field matrix element connecting the d,,(dz?) and the d7(d,,) orbitals. The bent
geometry implies a positive (negative) e, when the o-lone pair points towards the negative(positive)
quadrant of the xz plane
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this condition affects the nominal values of e, and e, and creates an off-diagonal
matrix element e, that accounts for the o(dz?)-m(d,,) mixing. Liehr [68] discov-
ered this phenomenon and Gerloch et al. [69-71] introduced it into the LFT for-
malism and applied this extended model to rationalize spectra and bonding in many
TM complexes [72]. A problem of applying broadly this concept was the numer-
ous model parameters thereby introduced; thus the general case of a M—L bond
with no symmetry yields six independent parameters (V(C,,) — V(C,) —V(C)),
Equation 29). This concept is worthy of reconsideration using LFDFT, being free
from any assumption in constructing the LF matrix. We take again as example
Cu(NH;),>" and let the trigonal axis of each NH; ligand deviate from the Cu—
N bond direction. We introduce the angle («) for the tilting of each of the four
NH; ligands in such a way that the C,, symmetry is conserved (Figure 19-4). In
doing so, we eliminate mixing between o(b,,, a,,) and 7(e,) orbitals (the e, term
in V(C,), Equation 29). This allows us to analyze the effect of the bent bonds on
only the diagonal terms. The dependence of the wavenumbers of d-d transitions
is depicted in Figure 19-5. A parameterization using Equation 27, but setting zero
values for energies due to X and Y, allows one to quantify the effect of bending
as reflected by the dependence of e, e, and ey on the angle « (Figure 19-6). The
wavenumbers of all transitions decrease with increasing « (Figure 19-5), which is
mainly due to a reduced M—L o-overlap.

Gro-

o
\H

Figure 19-4. Model for Cu(NH3),* taken to illustrate the effect of bent bonding; no bending (left); an
extreme case of bent bonding (a = 45°) (right). Note that (see caption to Figure 19-3) the o — 77 mixing
caused by each pair of trans NH; ligands cancel; there is no o(by, a;) — 7(e) mixing in C4, symmetry
(see color plate section)
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Figure 19-5. The dependence of the energies of d-d transitions in Cu(NH;),>" on the geometric
parameter o quantifying the concerted bending of all four NH;3 ligands with conservation of the Cy,
symmetry
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Figure 19-6. Dependence of the AOM parameters e,, e, and ey on the geometric parame-

ter a quantifying the concerted bending of all four NH; ligands with conservation of the Cy,
symmetry
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For angles o < 20°, the e, parameter increases, whereas e, and e, decrease
with increasing « (Figure 19-6). To diminish the number of parameters, approxi-
mations were used — Equation 30, e’.- the o-antibonding energy for ideally aligned
orbitals — expressing e, €, and e, in terms of the angle « estimated from structural
data and assuming a given hybridization on the donor

_ 2 0
ey, =COs” a.ey

(30) e, =sin’ a.e’

€yy = SiDacos e

atom (rigid model - Figure 19-3) [73]. A closer look at Figure 19-6 and the numer-
ical values of e, e, (Table 19-9) shows that their dependence on « is less steep
than expected based on Equations 30; apparently a re-hybridization on the donor
atoms occurs on bending to maximize metal-ligand overlap.

Formation of bent bonds is also reflected in diagrams of orbital contours using
the spin density as a probe (Figure 19-4); spin density accumulates on H — one of
each NH; that becomes more coplanar with the MN, plane. The transfer of spin
density from the metal to atoms from the second coordination sphere, induced by
bent bonding, might have important consequences for the reactivity in macrocyclic
compounds.

Orbital phase coupling (Orgel effect) in complexes with m-conjugate bis-bidentate
ligands Frontier orbitals in chelate ligands are part of an extended network. In
such cases perturbation from bonding and antibonding delocalized ligand 7-MO,
rather than separate and independent ligand functions, governs the respective LF
potential and LF splittings. Orgel predicted [74] this effect, which Ceulemans

Co(acacen)

H2C=CH2
HSC\ / \ /CH3
/C=N /N=C '
HC e NRLCY)

N S o—d

—C,
H3C,/ X(2') \CH3

N,N’-ethylenebis(acetylacetoneiminato)cobalt(ll)
Figure 19-7. Coordinate orientation (x',y’,z' — ADF and x,y,z — adopted in the discussion) and schematic
geometry of the Coacacen complex; the geometry taken for the calculation is that given by X-ray crys-
tallographic data, reported by F.Cariati, F.Morazzoni, C.Busetto, G.Del Piero, A.Zazzetta, J.Chem.Soc.
Dalton Trans. (1976) 342
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et al [75-77] later incorporated in AOM. We consider here as an example the
planar complex Coacacen, acacen = N,N’-ethylenebis (acetylacetoneiminato), with
a d’ configuration on Co(Il) (Figure 19-7). For this complex, and assuming a
square-planar geometry, d,, and dy,are expected not to split, being both affected
(destabilized - L—M m-donation or stabilized - M—L -back donation) due to
mr-overlap with the ligand to the same extent (2e,). Inspection of the electronic
structure of the free ligand shows that its HOMO 7 orbital is in phase, whereas its
LUMO 7* is out of phase. According to the coordinate orientation of Figure 19-7
and C,,(y) symmetry, the b, () ligand orbital causes a destabilization of d, (7-
donation), whereas the a, (7*) ligand orbital causes a stabilization of the d,, orbital
(7r-back donation). The parameters e, and e, quantify the effect (Figure 19-8).
A DFT calculation lends full support to this splitting pattern. In Figure 19-9 we
present the energies of the five d-orbitals, as calculated using LFDFT, and their
contour plots as well as AOM expressions. Based solely on the AOM, as many as
six parameters are required to compute the orbital splitting, but there are only four
splitting energies: the parameters e, and e’ cannot be determined independently,
and the s-d mixing accounted for by the ey energy can not be neglected. The large
degree of parameterization prevents use of the model for predictive purposes, but it
assists an interpretation of the results. The parameters from a full LFDFT calcula-
tion (Table 19-10) have been used to calculate all multiplets, the lowest ones being
listed in Table 19-11, in satisfactory agreement with experimental data. Using a

Figure 19-8. Orbital-energy diagram showing the interaction between the out-of-plane d-orbitals d,, ,,
and the HOMO and LUMO of a five-membered double-bonded bidentate ligand. Symmetry labels a,
and b, refer to the C,,(y) point group, i.e.

C(y) ou(xy) oy(yz)
a(d,) +1 -1 -1
by(dy,) -1 -1 +1
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Figure 19-9. MO energy diagram for the d-based orbitals of Coacacen as determined by LFDFT (see
color plate section)

Table 19-10. Non-empirically determined parameters used in the
calculation of the ESR parameters and multiplet structure of

Co(acacen)

B 512453 cm™!
C 31184+225cm™!
X'y hye[x"y") —10714407 cm™!
(y'7'|hyly'z’) 6308 £407 cm™!
(22'|hy¢|22") 5052 +£407 cm™!
(x'2-y'2|hy¢|x'2-y'2) 3731 +407 cm™!
(22'|hyg|x'2-y'2) 2771 £407 cm™!
(X'Z |hyg|x'2") —24003 £407 cm™!
4 460cm™!
k 0.77

formalism elaborated elsewhere [6], we calculated also the g-tensor values, com-
pared with those from a ZORA calculation and experimental ones in Table 19-12.
A large in-plane anisotropy with g, > g,, was measured and reproduced in both
independent calculations. This anisotropy stems from the large splitting between the
dy, and d,, orbitals because of the Orgel effect. An alternative explanation of this
anisotropy was based on the mechanism of bent bonding [69], which the present
results fail to support.
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Table 19-11. Mutiplet splitting energies determined by the LFDFT
method (GGA functional, frozen core approximation)

LFDFT exp.
2A, 0.0 -
2A, 4665 -
’B, 7036 4000
2A, 10885 8000
“B, 13021 -
‘A, 12835 -
‘B, 14694 -

Table 19-12. g-tensor values of [Co(acacen)] determined by
LFDFT and spin-orbit restricted ZORA calculation and compared
with experiment

ZORA LFDFT-GGA Exp.

LDA GGA A B
i 2.85 2.76 321 2.80 2.92/3.26
2y 1.89 1.93 1.87 1.94 1.9040.03
i 1.91 1.92 1.87 2.11 2.00£0.02
o 222 2.20 228 2.32

A: two states model 97% | dyz'dxy?,2A, > +3%]|dz? 'dxy?2A| >.
B: full calculation, gy, = (gxx+8yy+8,,)/3.

Exp.values: range of values, because of strong dependence on the
host lattice.

Complexes of Biological and Catalytic Interest:Fe(IV) oxo-complexes

High-valent iron-oxo intermediates are commonly invoked in catalytic cycles of
mononuclear iron enzymes that activate O, to effect metabolically important oxida-
tive transformations. Catalytic pathways of many mononuclear non-heme iron
enzymes are proposed to involve high-valent iron-oxo intermediates as the active
oxidizing species. Two isomeric pentadentate bispidine Fe(II) complexes (bispi-
dine = 3,7 — diazabicyclo 1,3,3,nonane) in the presence of H,0, are catalytically
active for the epoxidation and 1,2-dihydroxylation of cyclooctene [78, 79]. Spectral
and mechanistic studies indicate that in all these cases a Fe(IV) = O intermediate
is responsible for the catalytic process [80].

A Fe(IV)=0 oxo complex [Fe(IV)O(TMC)(NCCH;)]** (complex I,
Figure 19-10) has been isolated and characterized by X-ray crystallography, Moss-
bauer measurements [81] and MCD spectra [82]. The X-ray structure shows that Fe
is hexacoordinate forming a strong Fe=0 bond and weaker bonds to four equatorial
amine N-donors and to the terminal N from CH;CN (Figure 19-10). Spectral data
have been interpreted in terms of a ground state with S =1 and a large zero-field
splitting D =29 (3)cm~! has been reported [81]. As theoretical methods based on
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o Ro Ry Rye
S=1 165 2.14%0.02 2.11 165 2.14+0.02 2.11
S=2 165 224+0.03 2.08

Figure 19-10. Fe(IV) = O complexes studied in this work: [FeO(TCM)(CH;CN)]** (complex I, left) -
the geometry of the S = 1 species has been adopted from a BP86 geometry optimization, Ref. [82]; the
geometry of the S = 2 species is given for comparison, note that R, and Ry alter little, but bond lengths
to equatorial ligands Ry strongly increase on going from S = 1 to S = 2; [FeO(NH3)4(CH;CN)]>* (com-
plex II, right) — the geometry of the first coordination sphere was taken from complex I (S =1) but N
have been saturated by H — atoms (see color plate section)

DFT and ab initio are used in all mechanistic investigations aiming to understand
reaction mechanisms, it is tempting to use this complex to test these approaches.
To this end, we undertook a LFDFT calculation of the d-d spectral transitions; the
results are compared with those from SORCI and TDDFT in Table 19-13. Using
LFDFT and a DFT geometry-optimized structure (LDA of VWN plus gradient cor-
rections, Becke88 for exchange, and Perdew 86 for correlation) we reproduced the
observed d-d transitions. A MO-energy diagram for the MO dominated by Fe(IV)
3d functions appears in Figure 19-11.

The d,, and d,, ,, orbitals are strongly destabilized by o and 7 Fe=O anti-
bonding, leading to a b,%e? ground-state configuration and two unpaired electrons
on the 7-antibonding d,, and d, orbitals. The d,,_,, orbital forms weaker sigma
bonds with the equatorial amines; it is calculated to lie about 22000 cm~! above
the lowest by(d,,) orbital. Thus the large stabilization of the A, high-spin state by
exchange forces (~22000cm ™) is nearly completely canceled by the dypyo—dyy
orbital-energy difference when promoting one electron from d,, to the empty d,, ,
orbital. As a result, the two states A, and A, are found to have similar energy.
With the parameter set provided by LFDFT and using the § = 1 optimized geome-
try, >A, is calculated to be about 1000 cm~! below *A,. Already a small downward
energy shift of d,,_,, due to elongation of the equatorial Fe—N bonds, can yield a
change to a >A, ground state (compare with Figure 19-10, S =2 geometry) [83].
As expected, simple ASCF calculations as well as TDDFT tolerate the 3A, ground
state, whereas SORCI, which was found generally to exaggerate the values of
B and C, produces the opposite effect — a A, ground term is calculated with
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Table 19-13. Theoretical and experimental term energies/cm™! (D, symmetry notation) of the § = 1
form of trans-Fe(O)(NCCH;)TMC?* (I) and LEDFT values for the Fe(O)(NCCH;)(NH;),2* (IT) model
complex

Electr. LFDFT¢ SORCI ASCF TDDFT  Assignmment exp(polariz.)
state (SAOP) @
) am @ @ @

3A, 0 1264 3226 0 0 xy2xz! yz!e -
A 911 0 0 6488 8146 Xy — x2—y? -
B, 10036 10233 — 6170 spin-flip? -
3B, 10629 11645 — 13759 Xy — 72 -
'B, 10979 11968 — 6314 spin-flip? -
E 11968 12323 - 10486 9472 Xy = X2,z ~10500(xy)
’E 15680 15441 - 12668 13726 Xz,yz — 7%, x>=y? ¢ 13000(xy)
A, 16924 17241 10484 11589 spin-flip¢ -
3A 19347 17575 - 12570 18372 Xy = x2—y? 17000(z)
SE 19359 17837 - - xy(xz, yz) — 7%, x>—y? ¢ -
'E 20360 20284 9436 13070 Xy = Xz, yz, x>—y* ¢ -
3B, 22012 21157 - I xy—x2-y? -
’E 22184 21884 — 17848 18739 xz,yz — 7%, x*>—y* 4 -
3B, 22599 23380 — 19662 Xy — x2-y? -
3A, 23799 23897 - - Xy — x2—y? -
3A, 26525 25955 — 23948 - Xy — 72, x2—y2 4 25000(z)

¢ ground state configuration.

b spin-change within the ground state configuration.

¢ spin-change within the ground state configuration with significant contributions from excited statecon-
figurations.

4 _ substantial multiconfigurational character.

¢ - two-electron transition.

/ not found in the energy range below the ligand-to-metal - charge transfer excitations.

8 calculated using the reported S = 1 DFT geometry optimized structure (A. Decker, J.-U. Rohde;
L. Que, Jr., EIL Solomon, J. Am. Chem. Soc. 2004, 126, 5378, see also Supporting Information)
showing negligible deviation from a D, symmetry; (I) diagonal ligand field (v) matrix elements
<22|v|z*>, <x® —y?|v|x® —y?>, <xz|v|xz> = <yz|v|yz> and <xy|v|xy>, and B and C values /cm~!
are 31678, 21960, 13230, 0, 786, 3485 (I) and 33237, 20005, 14732, 0, 1071, 3250 (II).

this method. With a BP8-optimized structure, the equatorial ligand field must be
somewhat underestimated as the length of the Fe=O bond is predicted accurately,
whereas the Fe—N(eq) bonds are calculated to be longer than from experiment, thus
underestimating the o-interaction and the energy of the o-antibonding b, (dx*~y?)
orbital. Equatorial Fe—N(eq) bonds appear shorter with a LDA geometry, similar
to the X-ray structure; thus b, (dx*~y?) is calculated higher in energy, and, as the
splitting of the by(dxy) and b, (dx*~y?) MO determines the position of the A,
state relative to 3A,, the SORCI calculations give a more realistic result with such
a geometry: SA; A, = —564 (LDA) and —968 (X-ray) cm~!, respectively [84].
The order relative to experiment remains reversed. As expected, the B3LYP value,
3065cm™! (not listed in Table 19-13), for the splitting between >A,; and *A,, using



440 CHAPTER 19

E(cm™)
35000 - LFDFT KS-MO's
a(z?) 31678 32523 %
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Figure 19-11. MO energy diagram for complex I (Figure 19-10) calculated with LFDFT; the energies
of LFDFT orbitals are compared with those resulting from the average-of-configuration KS calculation.
Orbital contours (pertaining to values of the density of 0.05 a.u.) are plotted, but atoms are omitted for
clarity (see color plate section)

a BP86 or B3-LYP optimized structure, is smaller than the BP86 one, 4516 cm™!,
after geometry relaxation, to be compared also with the value without relaxation —
6488cm™! — in Table 19-13.

Comparing the results of Table 19-13, we state that both LFDFT and TDDFT and
the simple ASCF calculation yield results of satisfactory quality relative to experi-
ment. Initial SORCI calculations have been attempted but based on the results of
Ref. [83] on a small model as well as our preliminary results the entire system
indicate that the size of basis set, what would be needed in order to obtain the
quintet-triplet ordering correctly, is too extensive for the calculation to be fea-
sible with the present implementation of the SORCI method. Thus algorithmic
improvements are necessary in order to routinely tackle molecules of the size of
[Fe(IV)O(TMC)(NCCH;)]*+.

In Table 19-13 we list the calculations for the cluster, in which, without altering
the geometry (complex I, BP86), we saturated each amine N donor with protons.
Such a cluster has been used in model calculations previously [83]. >A, is stabi-
lized here by 1264 cm™! with respect to 3A,, as expected for NH; being a weaker
donor than amine N (but a SORCI calculation yields a much larger stabilization,
5348 cm™!). One can conclude that for a realistic model one should take the actual
geometry of complex I into account.

To test the LFDFT results, we have also calculated the zero-field splitting
(ZFS) D. Using standard ligand-field arguments the following equation has been
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derived [83, 84]

1 anel, oy
D(SA ) Eg%[_ Y ) + 2,2
@31) 2 3APA (b, — b)) A['Ai(e— )]
+l a%z,yzazzcy azzcz,yzafﬂfﬂ 3a)2rz.yza§2
4\APE(, —~e)] APE(e—b))] APE(e— a))]

in which £, is the Fe**(3d) spin-orbit coupling parameter (ZORA value, 629cm™"),
«; represents the fractional iron character in the Fe-3d based MO i and A are tran-
sition wavenumbers to the indicated excited states. The excited states that enter
Equation 31 are defined with

PAy) = |b3b;y e}

PE(b, — )) = |by exexeyl byelere;|

(32)

|3E(e—> ap) b+bze atl; |b+bze al

2 €x ;rb+|

)=
)
’E(e > b))) = b by e b |; |y by e by |
)
)

A (b, — b))

'Avle— ) = —=(Ib by et e; |+ i by e e )

V2
Furthermore, from our LFDFT analysis we estimate

(33) =0.955; a7, . =0.588; a3, _,, =0.611; a2, =0.678

XZ,yZ

and for the average spin-orbit parameter in the complex,
1 -
(4 {=5(ed+2  ad ,+ad)l, = 0684, = 430cm 1

With these data a LFDFT full-CI calculation yields D (*A,) = 26.cm ™! in agreement
with the experimental value (29cm™! [81]). As follows from Equation 31-33, the
largest contribution to D (80%) results from the mixing of the *A, ground term
with the nearest A, state.

CONCLUSIONS AND OUTLOOK

We have compared three approaches — LFDFT, SORCI ab initio and purely DFT
methods (mostly TDDFT and ASCF) — for their ability to reproduce multiplet
structures of ten transition-metal complexes with open d-shells and well docu-
mented optical d-d spectra. We found that in most cases the former two theories



442 CHAPTER 19

work comparably well, whereas TDDFT for open-shells was deficient, yielding
wavenumbers of electronic transitions that considerably exceed experimental ones.
Although both LFDFT and SORCI yield energies of spin-allowed transitions in
agreement with experiment, there is an essential bias concerning spin-forbidden
transitions — LEFDFT underestimates but SORCI overestimates of their energies — at
least as long as one does not use extensive basis sets. Seeking an explanation, we
state that DFT exaggerates metal-ligand covalency and thus yields smaller B and C
values, whereas SORCI in combination with small basis sets turns the effect in an
opposite direction. In the case of close electronic states of different spin multiplic-
ity, the LFDFT and SORCI methods thus tend to tolerate low- and high-spin states
respectively.

The applicability of LFDFT, like LFT itself, is rooted in an effective hamiltonian
theory that states that, in principle, it is possible to define precisely a hamiltonian
for a sub-system such as the levels of a transition metal in a transition-metal com-
plex or a solid. This condition is possible, because in Werner-type complexes the
metal-ligand bond is mostly ionic and as such allows one to take a spectroscopically
justified preponderant electronic d” or f” configuration as well defined; ligand-to-
metal and metal-to-ligand charge-transfer states are well separated from excitations
within this configuration.

We placed most emphasis on LFDFT, which is a non-empirical approach to
a theory (LFT) regarded as borne out by experiment. It is thus a simple model
rather than a theory, in which atomic-like quantities, such as parameters of inter-
electronic repulsion — there are two such, B and C, for nd-transition metals, or three
—(F,, Fy4, Fg) for rare earths and actinides — and the spin-orbit coupling energy are
treated in spherical symmetry as atomic-like quantities implying an averaging over
the d"” or f" configuration. All chemical aspects are then considered on a one-
electron basis and are hidden in the matrix elements of the 5 x 5 (3d) or 7 x 7 (4f or
5f) ligand-field potential. These matrix elements and their orbital-energy splittings
after application of the many-electron treatment as described under ‘The LFDFT
— an attempt to revive LFT’ ( i.e. when taking the £/ in Equation 19) are near
those that result from just substituting the Kohn-Sham energies £X5in Equation 19.
A simple average-of-configuration DFT calculation thus gives a clue about the
structure of the ligand field and the energy splittings of the d- or f-orbitals. Keep-
ing in mind that LFDFT values of B and C are underestimated with current DFT
exchange-correlation potentials and that they vary less strongly from one complex
to another being affected by nephelauxetic reduction in a well known way [85],
one can take more realistic values for these parameters, either calculating them
explicitly (using explicitly LF orbitals) or adopting them from those of the free
ion after a proper nephelauxetic reduction. A similar approach to LFT has been
proposed [86, 87]. No such restrictions apply to SORCI which is a general purpose
method and performs as well on small molecules or conjugated pi-systems as on
d-d multiplet energies. Its performance for charge-transfer transitions in transitions
metal complexes has, however, not been assessed.
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The approach to the parameters of the ligand field is not restricted to the DFT
method. The procedure in ‘The LFDFT — an attempt to revive LFT’ can instead be
combined with any method for electronic structure, supposing that it is able to yield
(after some averaging) reasonable LF orbitals and effective LF matrix elements.
Thus DFT failed badly for rare earths [32, 88, 89]. For that purpose we applied
a spectroscopically adjusted extended Hiickel model [90]. Alternatively, one can
proceed beyond LFT and take average natural atomic orbitals resulting from an
average multi-configurational procedure, such as SORCI, and calculate all matrix
elements of both one- and two-electron operators.

The LFDFT procedure for single nuclear complexes is readily extensible to
polynuclear magnetic clusters, as has been already shown in calculations of isotropic
exchange-coupling energies in exchange-bridged dimers [34, 35]. The approach has
been applied to calculate and to predict anisotropic exchange-coupling parameters in
cyanide-bridged transition-metal complexes [91]. This approach has great predictive
power in molecular magnetism.
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CHAPTER 20

THE HOLISTIC MOLECULE

JAN C.A. BOEYENS

Abstract:

The quantum and classical views of a molecule are worlds apart, and only the latter has
gained popularity in the chemical community. The classical model considers a molecule
as a set of atoms connected through electron-pair bonds, structured according to simple
valence rules. What is widely considered to be a quantum-mechanical molecular model
is defined by electron-pair bonds directed by hybrid orbitals. By showing that orbital
hybridization amounts to a simple rotation of coordinate axes and that a linear combina-
tion of hybrid orbitals violates the exclusion principle, all LCAO models are shown to
reduce to the classical. The familiar classical concepts that feature in theories of chemical
bonding have no operational meaning in quantum theory. Grafting these variables on a
quantum-mechanical description of a molecule amounts to an abstraction that irreversibly
breaks the holistic symmetry and conceals the molecule’s quantum properties. A molecule
is defined quantum-mechanically with a molecular wave function, a quantum potential
and quantum torque. The observables associated with these functions are electron density
(the unit operator), total energy, electronegativity and orbital angular momentum. No
other derived concepts are needed to characterize a molecule or rationalize its chemi-
cal and physical properties. The universally valid holistic nature of quantum theory has
the important implication that non-local interactions, mediated by the quantum potential,
pervade the entire fabric of a molecule. Once this property is recognized, the mysterious
attributes of molecules disappear. In principle, quantum potential plays a significant role
elucidating chemical reactions, intramolecular rearrangements, crystal growth, polymor-
phism, polytypism, quasi-crystallinity, enzyme catalysis, allosteric effects, protein folding
and the magic of DNA

INTRODUCTION

When Avogadro first mooted the notion of molecule there was no evidence for
molecular structure or directed chemical bonding. Molecules, not atoms, were iden-
tified as the particles that feature in the various gas laws, without reference to
internal structure, and assumed to be spherical.
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When he suggested that the liaison between atoms that constitute a molecule
could be formulated in terms of directed bonds, van’t Hoff encountered serious
opposition. It is all the more remarkable how his ideas later became so firmly
embedded in chemical thinking that even the mighty quantum theory has so far
failed to have a visible impact on this classical model. In fact, van’t Hoff’s model,
although largely incompatible with quantum theory, managed to entrench itself in
a guise that resembles that theory.

Quantum-mechanical analysis of a molecular system calls for the solution of a
wave equation

) Hy = EY

in which the molecular Hamiltonian operator, H, is a function of all electron and
nuclear masses and coordinates only, as in an ideal gas. In this instance the Hamil-
tonian operator and its eigenfunctions are spherically symmetrical. Solutions that
reflect a structured arrangement of the nuclei, as required by the van’t Hoff model,
can occur only under boundary conditions of broken symmetry, induced by an
external field, such as a crystal field. The effect of an external field is alignment
of eigenvectors in the field direction to reveal the symmetry that remains hidden
in the field-free situation. This effect, commonly referred to as symmetry breaking,
enables the observation of a three-dimensional molecular structure of the van’t
Hoff type. It is important to note that the eigenvalues of the Hamiltonian operator
consist of the three quantities, energy, orbital angular momentum and the compo-
nents of angular momentum in a three-dimensional coordinate system. Only the
latter of these is affected by the external field. The components of angular momen-
tum therefore represent the only quantum-mechanically defined molecular vectorial
quantities fixed by a three-dimensional nuclear framework of a molecule. In partic-
ular, an observed three-dimensional structure is not necessarily a minimum-energy
arrangement, but arises from the alignment of vectors to minimize resultant orbital
angular momentum. Complete quenching of orbital angular momentum requires a
symmetrical arrangement of atoms. When this cannot be achieved the result is a
chiral, optically active molecule.

There is no quantum-mechanical evidence for spatially directed bonds between
the atoms in a molecule. Directed valency is an assumption, made in analogy
with the classical definition of molecular frameworks, stabilized by rigid links
between atoms. Attempts to rationalize the occurrence of these presumed covalent
bonds resulted in the notion of orbital hybridization, probably the single most mis-
leading concept of theoretical chemistry. As chemistry is traditionally introduced
at the elementary level by medium of atomic orbitals, chemists are conditioned
to equate molecular shape with orbital hybridization, and reluctant to consider
alternative models. Here is another attempt to reconsider the issue in balanced
perspective.

Chemical readers with uncertain demand of mathematics, may decide at this
point to skip the analysis of history, physics and mathematics of hybridization, and
proceed directly to the summary that restates the mathematical results in words.
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HYBRIDIZATION

The universally accepted argument that explains the structure of methane in terms
of the well known scheme of sp? orbital hybridization derives from several state-
ments and postulates originally formulated by Linus Pauling [1]. Some of these
statements are repeated verbatim below.

1.

There are three p orbitals (with [ = 1) in each shell (beginning with the L shell)
corresponding to the values —1, 0 and +1 for the magnetic quantum number
m,. [Henceforth represented by m.]

The Pauli exclusion principle can be expressed in the following way: there
cannot exist an atom in such a quantum state that two electrons within it have
the same set of quantum numbers.

There is one s orbital in each electron shell, with a given value of the total
quantum number #n; three p orbitals, corresponding to m = —1, 0, and +1, in
each shell beginning with the L shell;

. In other words, for the formation of an electron-pair bond two electrons with

opposed spins and a stable orbital of each of the two bonded atoms are needed.
The carbon atom, nitrogen atom, and other first row atoms are limited to four
covalent bonds using the four orbitals of the L shell.

. the three p orbitals are directed along the three Cartesian axes and will
tend to form bonds in these directions. [my italics.]
From the foregoing discussion it may be inferred that the quadrivalent carbon
atom would form three bonds at right angles to one another and a fourth weaker
bond (using the s orbital) in some arbitrary direction. This is, of course, not
so; and, instead, it is found on quantum-mechanical study of the problem [my
italics] that the four bonds of carbon are equivalent and directed toward the
corners of a regular tetrahedron, as had been inferred from the facts of organic
chemistry.

. There are four orbitals in the valence shell of the carbon atom. We have

described these as the 2s and the three 2p orbitals, . ... These, are however, not
the orbitals used directly in bond formation by the atom. (They are especially
suited to the description of the free carbon atom; if quantum theory had been
developed by the chemist rather than the spectroscopist it is probable that the
tetrahedral orbitals described below would play the fundamental role in the
theory, in place of the s and p orbitals.)

We assume that the radial parts of the wave functions ¢, and ¢, , ¢, , i, , are
so closely similar that their differences can be neglected. The angular parts are

s=1
Dy = ﬁsin@cosd)
pyz«/gsinesincﬁ
2 =+/3cos 0

0 and ¢ being the angles used in spherical polar coordinates.
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10. An equivalent set of tetrahedral bond orbitals, differing from these in
orientation only, is

1
= E(S‘f‘l’x +py+p,)

1
tlﬁ = E(s—i_px_py_pz)

1
tili = E(S_px +p)_pz)

1

fif) = E(S—Px—pyﬂ%)

In sofar as these statements refer to single particles, most of them make quantum-
mechanical sense. However, confusion sets in as soon as simultaneous reference is
made to the behaviour of more than one electron. Statements 6-10 are typical of
this kind. It is intended to assess the validity of these statements that together make
the case for sp hybridization, but first a brief summary of the degenerate set of
wave functions that feature in the analysis.

The Wave Function (2, 1, m)

The simplest form of sp’ hybridization as generally postulated occurs for the car-
bon atom with the assumed 2s>2p? electronic configuration. This notation derives
from the solution of Schrodinger’s equation for the hydrogen electron in the central
field of a nuclear proton. The set of one-electron wave functions that occurs as
the solution of the differential equation is characterized by the quantum numbers
n=1,2,...,1=0,1,...,(n—1),m=—I, ..., +1. Each wave function, ys(n, [, m),
generally referred to as an orbital, describes the electron in one of two stationary
states characterized by a further quantum number m, = :i:%. The orbital is an eigen-
function of the motion with definite eigenvalues of total energy, total orbital angular
momentum and orbital angular momentum in projection on an arbitrary direction,
fixed in space, specified by integral values of the quantum numbers n, [ and m.
In hydrogen the electron may occur in any eigenstate, defined by a specific set
of allowed quantum numbers n, [, m and m,. It is mathematically convenient to
formulate the central-field wave equation in spherical polar coordinates, as defined
with reference to Figure 20-1 by

z=rcosf p=rsinf

2) x=rsinfcos ¢ y=rsinfsin ¢
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Figure 20-1. Transformation from Cartesian to spherical polar coordinates
The allowed normalized eigenfunctions and eigenvalues are given by:
(€) Yul(d) =" f(0,1) L. =mh
4) Wi (0, d) = Pl (cos 0)e™® L2 =I(1+1)k>
wet 1

) Yuim (1, 0, $) = R,y ()P} (cos )™ E = TR (dmeg) 2

For n =2 the angular momentum functions are

6 1201 Yoo(h)=

vam
/3
@) [=1: Y, o(o) = i(;050: 22
’ 47 47 r

/3 ; [3 x+i
@) Y, 41 (y) =F/ o= sin fetit = [ —. XEY
’ 8 8 r

Angular momentum

The three components of classical angular momentum are
©) L,=yp.—zp,
(10)  Ly=zp,—xp,
(11) Lz:xpy_ypx

The product of any two components gives an expression that can be rearranged to
show that, for instance

L.Ly,= (yp,—zp,)(zpx —xp;)

= (zpy — xp.)(yP, — 2py)
=L,L,
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The two components are said to commute. Quantum-mechanically the components
of linear momentum are represented by differential operators, such as p — —ihd/dx,
to give operators

A0 f]
(12) L.=7% (y§ —za—y)
(13)  L,=2(z
A9 f]
14 L=1(x-v2)
In this case a commutator such as (L,, Ly) is non-zero, in which

(Ly,L,)=L,L,~L,L,

) 0 a d 0 a 0 ad d
dz 8y 3x 8z ox Hz 0z 8y
Because x, y and z directions are mutually orthogonal all mixed derivatives such
as dx/dy are equal to zero, and hence

(15) QWL)——WP——x] ihL,

By cyclic permutation, (L,, L,) =ihL,, (L,, L,) =ihL,. The three components of
angular momentum therefore do not commute.

The absolute value of the angular momentum (the total angular momentum) |L|
is defined by the relation

(16) L*=L +L2+1L?
The commutation relations of L? with the components can be calculated directly, e.g.

(L L) = (L’L,—L.L*) = (L;+ L)L, — L (L3 +L3)
=ih(L,Ly+L,L,~L,L,~L.L)=0

The same calculation, repeated for (L2, L,); (L2, L,), shows that L> commutes with
all components L,, L, and L_ individually and it is therefore possible to measure
simultaneously L? and any single component of L. However, as these components
do not commute amongst themselves, not more than one of these can be specified
independently at a time. If L, is considered known, L, and L, remain undefined
within the limitation

17 L+ 1% =L*—m*K?
X Yy
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Figure 20-2. The orbital angular momentum vectors for various values of m. The vector L precesses
about the Z-axis, so that L, stays constant, but L, and Ly are variable

The vector model The total angular momentum can be represented by a vector
of length L/h = /I(I+ 1) with components m, up to £/, in the z-direction. The
possible projections of L = +/2k for [ = 1, are shown in Figure 20-2. As L, and
L, are undefined the angular momentum vector should be considered as randomly
distributed over all possible allowed values of the azimuthal angle, consistent with
the known projected value on the Z-axis, covering a cone with a vector angle
given by cos§ = m/./I(I+ 1). Although the component of angular momentum is
quantized in only one direction, the direction of this chosen axis has no physical
significance.

Rotation of axes

To prove the previous statement it is necessary to show that the same function is
obtained by working in a coordinate system in which the axes have been rotated
by an arbitrary amount [2]. As an illustration, consider the effect on the vector
r=L/h, for [ =1, of the rotation through an arbitrary angle 8 about the y-axis.
The transformed coordinates are

7 =rcos(0+ )

(18) =zcosB—xsinfB

x' =rsin(60+ B)
(19) =xcosf3+zsinf3
20)  y=y

(21) r=r
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Figure 20-3. Rotation of a vector through an arbitrary angle 8

From (7) and (8) the transformed wave functions for arbitrary 8 and for 8 = 90°
follow as:

(22) W = /%(xcosﬁ—jsmﬁﬂy)_) %(—z:—iJ’>

(23) W= izcos,B—xsinB_) i(—_x)

dqr r 47 \ r

(24) W= /ixcosﬁ—zsinﬁ—iy_) 3 (—z—iy
- 8 r 8 r

The coordinates expressed in terms of the eigenfunctions are

(25) x_;(dll"i_l»[/—l)

- 2J/3/87
. r
(26) iy= N W —¥_y)
(27) z= %lﬂo

Substituting back into (22)—(24) shows that the transformed wave functions are
linear combinations of the eigenfunctions of L:

1 1 1
(28) %11/1Z—Elﬂl(cosﬁ—l)—ﬁ%smﬁ—5‘1’-1(00534‘1)
29 = %w] sinﬁ+¢ocos/3+%¢_l sin B

L
V2

These transformations show that a particle with eigenfunction s, i.e. L, =0 in the
old system may have eigenvalues +1, 0, or —1 after transformation.

(0) WLy = —3Un(eosBH )+ =t sinB— 1y (cos B 1)
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In summary, when an atom has a definite value of L_, it has indefinite values
of L, and Ly, but it has the latent ability to develop a definite, but completely
unpredictable, value of either L, or L, provided, for example, that it interacts
with a suitably oriented Stern-Gerlach apparatus. In such a process, it would,
of course, develop an indefinite value for L,. As a generalization of this result,
as equations (28-30) show, on arbitrary rotation!, any given spherical harmonic
Y/"(0, ¢), becomes a linear combination of spherical harmonics with the same /,
and coefficients that depend on the angle and direction of rotation.

The degenerate state

Theories of chemical bonding based on the properties of degenerate states with
fixed ! assume independent behaviour of the electrons in these states. In particular,
for three electrons in the three-fold degenerate p-state with [ = 1, they are assumed
to have distinct values of m, without mutual interference. To make this distinction it
is necessary to identify some preferred direction in which the components of angu-
lar momentum are quantized. By convention this direction is labeled as Cartesian
Z. If the electrons share the degenerate p-state with parallel spins, they must share
the same direction of quantization. This being the case, only one of the electrons
can have the quantum number m = 0, characteristic of the real function (7).

The eigenfunctions for the other two electrons constitute a two-dimensional com-
plex pair? (8). Any linear combination of these functions results in an equivalent
set of three new orthogonal eigenfunctions of orbital angular momentum quantized
in a new direction that depends on the transformation coefficient matrix, once again
consisting of one real function and a complex pair. Polar plots of the probabil-
ity distributions |Y1’"|2 are commonly shown as in Figure 20-4, which is a gross
exaggeration of the density distribution.

The functions Y;", in spherical polar coordinates, appear as solutions to Laplace’s
equation of degree [

Vi=r'Y"(6.¢), Y"=P'(cosB)e™

IRotation about the Y-axis is readily generalized to arbitrary rotations and larger values of / [3].
2 A solution of Laplace’s equation

(31) V2V, =0,
separated in Cartesian coordinates has the form

(32) V, = (ax+by+cz)!
(33) with a2+ +c2=0

Because of (33) the three numbers a, b and ¢ cannot be simultaneously real.
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Im/=1
Figure 20-4. Textbook examples of the degenerate p-functions shown as polar plots. These plots are
to be imagined as having rotational symmetry about the Z-axis. For Iml = 1 the resulting distribution
resembles a torus
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Figure 20-5. Spherical surface harmonics for / = 1, m = =1 (left) and m = 0

For r =1, V; =Y" so that ¥;" is the value of the solid harmonic in the surface of
the unit sphere at points defined by the coordinates 6 and ¢, and hence are known
as surface harmonics of degree I. The associated Legendre polynomials P}"(cos 6)
have [ — m roots. Each of them defines a nodal cone that intersects a constant sphere
in a circle. These nodes, as shown in Figure 20-5, are in the surface of the sphere
and not at » = 0 as assumed in the definition of atomic orbitals. Surface harmonics
are obviously undefined for r = 0. The linear combinations ¢, £ ¢_; define one real
and one imaginary function directed along the X and Y Cartesian axes respectively,
but these functions (denoted p, and ip,) are no longer eigenfunctions of L, but of
L, or L, instead.

The question whether two real functions such as p, and p, can be defined simul-
taneously may appear not to be answered explicitly by the fact that L, and L, do
not commute. The answer however, comes from the complementarity of angular
momentum and rotation angle, of the same kind as the complementarity between lin-
ear momentum and position®. An electron can have definite angular momentum [2]

3Direct comparison [3] shows that, for given I, corresponding matrix components of position and
momentum operators with respect to ¥;" have the same dependence on m.
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only when its wave function has the appropriate dependence on angle, i.e. Y"(0, ¢),
analogous to the fact that it can have a definite momentum only when its wave
function has an appropriate dependence on position, i.e. exp(ipx/h). The uncertain
rotation angle for electrons with m = %1 therefore disallows rotation in a fixed plane
perpendicular to either X or Y. The uncertainty nowhere implies that the angular
dependence of electron density on m is any different from the m-dependence of
angular momentum. It is inferred that the vectors p,, p,, p,, like L , L, and L, do
not commute and cannot be simultaneous solutions to (4) )

Fact or Fiction?

The reason that all the arguments of the previous section are consistently ignored
by chemists lies with the number of undergraduate textbooks that repeat the Pauling
model as scientific fact. After fifty years, a tradition, established over generations
of chemists, is no longer subject to scrutiny. It may therefore help to re-examine
some of the original assumptions.

1. The "orbital” concept is not precisely defined and according to Coulson [4] is a
relic from the Bohr-Rutherford planetary model of the atom:

The wave function may be said to describe the motion of the electron. In a rather loose way we could
speak of it as describing an orbit, though of course we have now abandoned the hopeless attempt to
follow the electron in its path; in fact we believe that even the idea of a path has no meaning. But on
account of its relationship to the distribution of the electron we call it an atomic orbital a.o. For example,
there are three p-type a.o.’s in which the boundary surface consists of two regions together resembling a
"dumb-bell”. There is a very marked directional character in these orbitals, which we exhibit by means
of a suffix py, py, p,.

Chemistry teachers are encouraged to accept this vague picture at face value and to
believe that p,, p,, p, occurs as a three-fold degenerate solution of Schrodinger’s
equation for the H electron. It does not.

3. Reading this statement together with 9 may create the impression of a one-to-one
relationship between the so-called p,, p, and p, orbitals and the three allowed val-
ues of m. Although Pauling [1] never makes this identification, authors of numerous
textbooks fall into the trap. One author [5], after correctly defining the angular wave
functions for m =0 and m = %1 as (3/4m)"/?>cos @ and (3/8)'/?sin O exp(Li¢)
respectively, proceeds to state without further proof:

There are actually three degenerate p wave functions, distinguished by their m values. They all have
the same orbital shape but their symmetry axes are mutually at right angles to each other — hence
their designation p,, p, and p, according to whether their lobes are symmetrical about the x, y or z
reference axis. There are only three linearly independent p-type orbitals — any similar orbital, pointing
in a different direction, may be regarded as the superposition of certain amounts of p,, p, and p,. This
is done vectorially so that we may write V

p=ap,+bp,+cp,

where a, b, and c are the direction cosines of the angles between p,, p, and p, respectively and the
new orbital p.
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As shown already, the linear combinations that define p, and p, are simple rotations
of the coordinate axes, as, for instance, defined by (25). It follows that the functions
p, and p, are both characterized by the quantum number m = O that defines zero
component of angular momentum, now directed along the Cartesian X and Y axes
respectively.

4. In conjunction with 7 this statement infers that p_, p, and p_ act simultaneously
to form covalent bonds. These ”orbitals” can never occur together. As soon as D
is rotated into p, or p, the remaining two transform into an orthogonal complex
pair. (Compare 22-24).

5-7. These statements are all based on the same false premises that the pair of real
functions, p, and p,, are equivalent to the complex pair exp(+i¢).

8. The statement in parentheses reflects a complete misreading of the hydrogen
model. In a central (Coulomb) field the only angle-dependent solutions to the wave
equation are the spherical harmonics. The only way in which to generate ”tetrahedral
orbitals” is by introducing boundary conditions that define an external field with
tetrahedral symmetry. Such a procedure was outlined by Jahn and Teller [6] but
has never been fully developed. It is not a derivation of molecular geometry, but
requires prior knowledge of the molecular symmetry of interest.

10. As the labels imply, the #’s provide the geometric definition of the four half
body-diagonals of a cube, which define a tetrahedron. When the definitions of 9 are
compared with Equation (2) the symbols p, and p, are seen to be the identification
of Cartesian axes in polar coordinates. The sp® linear combination is thereby iden-
tified as a geometrical, rather than a quantum-mechanical, definition of the four
assumed tetrahedral bonds of methane in polar coordinates.

Some of the statements are vague and misleading. Even apart from the fact that
the three real p functions cannot be defined in a single coordinate system for the
purpose of linear combination, a more serious objection is that each of them has
the same magnetic quantum number m = 0. In addition they also have n =2 and
I =1. The assumption therefore violates the Pauli exclusion principle, emphasized
in statement 2. However, the sp3 carbon has three electrons with n =2, [ =1 and
m =0, and there are only two possible spin values, m, = :l:%. The exclusion prin-
ciple is widely recognized to be as ruthless as the second law of thermodynamics.
The idea of sp* hybridization is therefore as ludicrous as perpetual motion.

Tetrahedral carbon

Orbital hybridization, like the Bohr model of the hydrogen atom in its ground state,
is an effort to dress up a defective classical model by the assumption ad hoc of
quantum features. The effort fails in both cases because the quantum-mechanics of
angular momentum is applied incorrectly. The Bohr model assumes a unit of quan-
tized angular momentum for the electron which is presumed to orbit the nucleus in
a classical sense. Quantum-mechanically however, it has no orbital angular momen-
tum. The hybridization model, in turn, spurns the commutation rules of quantized
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angular momenta and assumes the superposition of classical cartesian components
in a quantum-like sense. This assumption violates the strictest of quantum rules and
the end result is purely classical as demonstrated for methane.

Each of the three functions p,, py, p, is a linear combination of the eigenfunctions
of L. Linear combinations of the three functions themselves must therefore also be
linear combinations of these same eigenfunctions and solutions of (4). Howsoever
physically inappropriate, it is still of interest to examine the mathematics of these
linear combinations.

The functions p, and p, are defined as linear combinations of the ¢, and ¢_; of
(8), i.e.

3 . . 3
(34) PO+ =— [ —sinf(e’ +e7?) = — [ —sinfcos
87 21
3 . : _ 13 .
(35) Dy X —p_ = —sinf(e'® —e®) =i,/ —sinfsin ¢
7 8 2T

and

/3 3
(36) P, Xy =/ ——cosf =+/2,/ ——cosf
4 2

The widely accepted forms of these functions therefore correspond to:

(37) PxZSiHHCOS(ﬁ:—\/?(%"“p—l)

2
(38)  py=sinfsing =i\ = (4~ )

1 2
(39) p.=cosf = ﬁ,/?ﬂ%

These equations allow calculation of the linear combination

(40) P =p.+ Py + p, =sin6(cos ¢ +sin ¢) +cos 0

a  =-F [+ +a-iu, —%%}

The vector p® defines a new quantization direction (40) of angular momentum as a
linear combination (41) of the eigenfunctions ¢, and ¢, which is equivalent to a
rotation of the axes (28-30). The s contribution has no effect on the direction.

To interpret this result it is important to note that by (26) the y-coordinate is
complex and hence the angle of rotation, 8 of Equations (28-30), refers to a rota-
tion with respect to the complex XY plane. When the coefficients of the equivalent
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linear combinations (29) and (41) are compared, it is seen that only ¢/, has a real
coefficient, which specifies the rotation angle of the Z-axis with respect to the
complex plane that contains Y; cos 8 = 1/+/2, B = 45°. The absolute direction of
p? (40) depends on the value of ¢, as fixed by the direction of the Y-axis, which
remains undefined in a complex plane. The linear combination therefore defines a
vector that rotates at an azimuthal angle of 45° with respect to old Z, as Y rotates
in the XY-plane. It may be fixed at any value of ¢ to define a new Z-direction, in
terms of which, the degenerate set of p* functions satisfies (7) and (8). Nothing is
gained. The vector p* simply specifies a new arbitrary direction of the polar axis.
The original Z-direction is no longer defined.

Given this situation, it is almost trite to point out that the four ¢ vectors of sp?
belong to four equivalent, but different, linear combinations, each of them a member
of a different set of three degenerate functions, and they never occur together as
simultaneous solutions of (4) in a single coordinate system. A linear combination
of these ¢ functions, once more, is a solution of (4) and defines a quantization
direction along the original Z-axis.

New solutions can be generated indefinitely by new linear combinations, amount-
ing to an endless number of axial rotations without any progress beyond the defini-
tion and rotation of the three-fold degenerate set, defined by (7) and (8). In the solid
angle of 47 the polar axis (Z) can be directed in infinitely many directions, each
representing a linear combination of ¢, ¥, and _, of (7) and (8). In a chemical
context the bottom line is that each linear combination ( e.g. #,;,) defines a specific
orientation of the polar axis*. With this choice of axes there is no second polar axis
and no other linear combination (e.g. £,77) that solves (4) in the same coordinate
system. The tetrahedral carbon atom remains quantum-mechanically undefined.

The prescription [7], which defines the set of four tetrahedral orbitals, consists
in writing the product states sp,p,p, as a Slater determinant:

s()  p(1) py(1)  p(1)
s2) p(2) py(2) p.(2)
s(3) p3) p,3) p.(3)
s@) p.(4) py4) p.(4)

The purpose of this formulation is to obtain an anti-symmetric wave function for the
four carbon valence electrons. The determinant, and hence the total wave function,
changes sign with the interchange of any two electrons, as required. However, each
of the individual product states, such as s(1)p,(2)p,(3)p,(4), is symmetrical and
hence forbidden; i.e. nonexistent. The prescription would be valid in a classical
environment, albeit with obscure meaning.

4There is nothing 'tetrahedral’ about this direction, which is only defined with respect to an arbitrary Z.
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The thermodynamic problem

The carbon atom is assumed here to be structured according to the one-electron
Schrodinger solution for hydrogen. The L-shell with its four electrons therefore
consists of the eigenstates defined by Y! = ¥), Y], Y, Y , ie. 255, 2py. 2p;,
and 2p_,. The p-functions occur as a degenerate set, with components of angular
momentum, L, = mh. Consequently, excitation of a carbon atom from the ground
state to the first excited state

2522p* — 25'2p°

requires not only energy, but also angular momentum. The transition could be
effected by absorption of a photon with an angular momentum component 7 [8]
and the selection rule A/ = %1, but not by thermal excitation. In hybridization the-
ory this conservation of angular momentum is ignored. Despite the large difference
in energy of the s and p-states, linear combinations of the four eigenfunctions are
nevertheless assumed to produce alternative solutions to the wave equation, which
define the allowed geometries of carbon compounds. This act of faith is not sup-
ported by the laws of physics nor the mathematical model. As long as a central-field
potential applies, ANY linear combination of the relevant eigenfunctions redefines
the SAME eigenfunctions as before, but with rotated coordinate axes. The only
way to obtain a wave function for tetrahedral carbon is by formulating the differ-
ential equation with the appropriate potential and boundary conditions that define
a tetrahedral ligand field’. To achieve this, the molecular geometry still has to
be assumed, rather than predicted, and the electron density would not necessarily
appear as four Lewis pairs.

Summary

The Schrodinger wave equation that describes the motion of an electron in an
isolated hydrogen atom is a second-order linear differential equation that may be
solved after specification of suitable boundary conditions, based on physical con-
siderations. The solution to the equation, known as a wave function provides an
exhaustive description of the dynamic variables associated with electronic motion
in the central Coulomb field of the proton.

Solution of the equation is achieved by a standard mathematical procedure,
known as separation of variables, such that the total wave function is obtained as
the product of three sets of eigenfunctions with associated eigenvalues of energy

3The linear combination of atomic orbitals (LCAO) used as an interpolation method to derive the sym-
metry properties of energy bands in crystals [9] has as coefficients the values of plane waves, exp(ik.R),
at the positions R of atoms in the unit cell. Rather than a LCAO the derived wave function therefore is
a linear combination of Bloch sums with the full space-group symmetry of the crystal. Atomic orbitals,
by contrast, are modes in a spherically symmetrical central Coulomb field.
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and orbital angular momentum®, quantified by three quantum numbers. A further
variable, called spin, remains hidden, unless special care is exercised to ensure the
correct transformation properties of the system [10]. It is quantified by two further
quantum numbers.

The terminology and symbolism used to specify the various quantum numbers
are not too informative. The numbers are known as the principal (n), azimuthal (1),
magnetic (m;), spin (s) and magnetic spin (m,), quantum numbers. The first three
are integers, such that, for one set of eigenfunctions, n is a positive number, [ is
always less than n and m; has a total of (2/+ 1) allowed values, clustered about
zero. For n =2 and [ =1 it follows that m; has the three possible values +1, 0
and —1. The quantum numbers s and m  have half-integer values. All electrons have
s=% andmszj:%.

The total-energy eigenvalues of the electron are inversely proportional to the
square of n. Each value of n is said to specify an energy level, and the energy of
the electron remains the same while it stays at the same energy level, irrespective
of the values of the other quantum numbers. Sub-levels with the same energy are
known as degenerate states of the electron.

The allowed values of the various quantum numbers determine that each energy
level has a fixed number of sub-levels. At the first level (n = 1) there is only one
allowed state, known as an s state; in this case ls, having both [ and m; equal
to zero. For n =2 there are two possibilities, [ =0 or [ = 1. In the first case the
condition / = m; = 0 defines the 2s state. The sub-level with [ =1 has (2/+1) =3
possible states, known as p-states and is three-fold degenerate with m; =1, 0 or —1.

The quantum number [ specifies the angular momentum of the electron in units of
P (h bar), known as Planck’s constant. In the presence of an applied magnetic field
the component of angular momentum in the direction of the field is quantified by
m; as L, = m;h. The subscript z refers to the convention of defining a right-handed
set of Cartesian laboratory axes such that Z coincides with the direction of the
magnetic field.

It is worth noting that the square of total angular momentum of the electron is
a scalar quantity whereas L, is a vector. For [ =0, in any s-state, including the 1s
ground state of hydrogen, the electron has zero angular momentum. It is a curious
fact that an electron in the p-state with m; = 0 has non-zero angular momentum,
L =.,/I(I+1)-h = +/2h, but zero component in the direction of an applied field
(compare Figure 20-2). The only possible explanation [11] of this phenomenon is
that the total angular momentum does not arise from rotation about an axis, but
from another kind of rotation in a spherical mode.

An important property of quantum-mechanical angular momentum is the predic-
tion and demonstration that the Cartesian components thereof do not commute ’.
This property is responsible for the fact that two components, such as L, and L,

SWhen the term angular momentum is used in the following without qualification, it always refers to
orbital angular momentum.
TFor non-commuting variables, a and b, the product ab # ba.
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cannot be measured simultaneously. In order to measure L it is necessary to apply
a magnetic field in the X-direction, which destroys all previous knowledge of L_.
It is the same property, exhibited by visible light, which can be polarized in only
one direction at a time.

The square of an electronic eigenfunction has the same physical meaning as the
intensity of a light beam and is interpreted as a measure of charge density. The
angular distribution of the density depends on the spherical harmonic eigenfunc-
tions of the angular momentum. A polar plot of such a function (Figure 20-4) for
m; =0 is assumed to show extension of electron density in the direction of Z,
whereas the functions m, = 1 describe identical® density distributions. In reality
these charge distributions respectively resemble oblate and prolate ellipsoids cen-
tred in the XY-plane, and are shown schematically in Figure 20-5. There is no
reason that the magnetic field should not line up with the laboratory X or Y axes.
This choice has no effect on the charge distribution, except that the direction of
elongation would be labeled X (or Y) and the ellipsoid defined in the YZ (or ZX)
plane. It has become general practice in chemistry to refer to the presumed polar
density distribution for m; = 0, shown in Figure 20-4, as a p_-orbital. Should the
coordinate axes be relabeled, this entity should also be relabeled as either p, or p,.
It is physically meaningless to specify two of these orbitals at the same time.

The power of quantum mechanics is revealed by experimental confirmation of
the predicted spectroscopic properties of atomic hydrogen. The reasonable expec-
tation of successfully extending the method to many-electron atoms and molecules
has been thwarted by mathematical complexity. It has never been possible to solve
the wave equation for the motion of more than one particle. The most complex
chemical system that has been solved (numerically) is for the single electron in the
field of two protons, clamped in place, to define the molecular ion Hy. In order
to apply the methods of quantum mechanics to any atom or molecule, apart from
H and HJ, it is necessary to apply approximation methods or introduce additional
assumptions based on chemical intuition.

The first, reasonable assumption to be made, was that the energy and angular
momentum eigenfunctions obtained in the hydrogen problem, could serve as a
guideline to find approximate solutions for more complex atoms. As for hydro-
gen, it may therefore be assumed that, the lowest energy state would occur when
all electrons of the atom are concentrated in the lowest 1s state. This assumption
could soon be demonstrated by spectroscopic analysis to be unwarranted. A better
assumption that predicts the distribution of electrons among energy levels of the
hydrogen type, was formulated on the hand of what became known as Pauli’s
exclusion principle.

The way in which the exclusion principle determines the order of hydrogen-like
energy-level occupation in many-electron atoms is by dictating a unique set of
quantum numbers, 7, [, m; and m, for each electron in the atom. Application of

8The two eigenfunctions only differ in the sense of the rotation that defines the direction of the angular
momentum vector.
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this rule shows that the sub-levels with / =0, 1, 2 can accommodate no more
than 2, 6, 10 electrons respectively. In particular, no more than two electrons with
m, = j:%, can share the same value of m,;. The idea of having three electrons of
a carbon atom in so-called p,, Dy and p,_ orbitals, each with m; =0, is therefore
forbidden by the exclusion principle.

Despite the fact that the physics of atomic structure therefore militates against
a p,p,p, set of electrons on the same atom, it may be (and often is) argued that,
since each of the three eigenfunctions, separately, solves the atomic wave equation,
a linear combination of the three must likewise be a solution of the same equa-
tion®. Formation of such a linear combination is a purely mathematical procedure
without any reference to electrons. It simply is a manipulation of three one-electron
eigenfunctions and it is of interest to examine what physical meaning attached to
the operation.

As each of the three functions p,, p, and p, is a linear combination of the
three eigenfunctions with m; = 1,0, —1, their linear combination is just another
linear combination of these same eigenfunctions, only with different coefficients.
Representing the eigenfunctions by the symbol F, the final linear combination of
Px» Dy P, therefore has the algebraic structure

(42) LC:aF]+bF0+CF_l

Analysis of this type of expression shows that LC is just another one-electron
function with m; = 0 or +£1, directed at a special angle, that depends on the coeffi-
cients a, b and c. An infinite number of such linear combinations is possible, each
defining another one-electron eigenfunction directed at one of an infinite number
of angles, measured with respect to the original laboratory coordinate system. The
important conclusion is that each linear combination corresponds to a new choice
of axes. Selection of the polar axis along any Z always leaves p, and p, undefined
as separate entities. In particular, there is no hope ever to simulate the tetrahedral
structure of methane in terms of a linear combination of carbon electron eigen-
functions. That requires four linear combinations, each with a different polar axis,
which is physically impossible.

CHEMICAL COHESION

The fact that molecular dissociation energies can be modelled in terms of inter-
acting point charges does not imply that intramolecular interactions obey the laws
of classical electrostatics. Assuming an equilibrium structure for Hj as shown, the
electrostatic interaction energy follows as

3¢2 42x10°

= kJ mol™!
4meyr r

(43)

9This is a mathematical property of any linear second-order differential equation.
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Equating this quantity with the measured dissociation energy 269 kJ mol~!, predicts
an interatomic distance 16 A, an order of magnitude too large. On closer approach
between the nuclei, the calculated energy increases without bound. The classical
model therefore fails disastrously.

By comparison, numerical solution of the one-electron Schrodinger equation for
clamped nuclei, predicts the correct dissociation energy and interatomic distance for
H; . These calculations show that the electrostatic interaction which stabilizes the
molecule arises from quantum-mechanical charge distributions. Classical models,
such as the Lewis or van’t Hoff models, can therefore be rejected at the outset. Semi-
classical models such as LCAO, are of the same kind, in view of the demonstrated
classical nature of hybridization.

If HJ is to serve as a model for quantum-mechanical simulation of chemical
cohesion in general, certain aspects need more careful consideration. In order to
find the minimum-energy interatomic distance it is necessary to repeat the calcu-
lation at a series of preselected values of r. The resulting binding-energy curve
has a minimum at the observed interatomic distance. This is also the best result
that can be anticipated for more complex molecules, i.e. a minimum-energy sepa-
ration between all atoms, considered pairwise, without distinction between first
and second nearest neighbours. For example, the ethane molecule, C,Hg will be
modelled in terms of 1 C—C, 12 C—H and 120 H—H interactions. The final result
is not a three-dimensional structure, but a radial distribution of nuclear density.
This conclusion is consistent with the fact that minimization of energy, which
is a scalar quantity, cannot generate conformational information. It is standard
practice to call on chemical intuition at this point, in the form of an assumed
classical, van’t Hoff type, structure. This assumption corrupts the results of the
calculation by forcing preconceived notions into the model. From there on the
calculation has no theoretical value, apart from confirming the assumed classical
structure.

The useful information generated by the H calculation is that optimal nearest-
neighbour separation relates to minimization of the energy of interaction between
an electron and two nuclei. The interaction between the nuclei is said to be
mediated by the exchange of an electron'’. This electron exchange is a non-
classical process, and the resulting structure has nothing in common with the
assumed linear arrangement. It is important to realize that the idea of clamped
nuclei is equivalent to the assumption of a classical linear molecule. Quantum-
mechanically however, nuclear positions are defined as a probability density
and at the optimal internuclear distance the molecular structure approximates
a spherical shell of positive density within a negative charge cloud, shown in

0By analogy, electromagnetic interaction is said to be mediated by the exchange of a virtual photon.
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Figure 20-6. Spherical contours of charge densities

Figure 20-6 as a contour map of positive (solid lines) and negative densities. The
two-dimensional diametrical section resembles the electron density for clamped
nuclei.

For this 1s electron angular momentum plays no part '! in the reconstruction. As
a matter of fact, all homonuclear diatomic molecules probably have such spherical
structures, assuming angular momentum vectors to cancel.

Non-local Interaction

If the charge distribution of Figure 20-6 appears bizarre, it is probably because
protons are intuitively, but erroneously, considered to be less quantum mechanical
than electrons. However, the interaction between electrons and nuclei in atoms,
is the same as in molecules. The extranuclear electrons in atoms are prevented
from penetrating into the nucleus under the influence of Coulombic attraction, by
a repulsive force due to the quantum potential'?, [12],

A% oV
44 F=—2—_"—"
(44) g ar or

Such a force balance is also responsible for establishing stationary states for
molecules.

Separation of the variables to enable solution of the electronic wave equation of H;’ requires clamping
of the nuclei and hence imposing cylindrical symmetry on the system. The calculated angular momen-
tum eigenfunctions are artefacts of this approximation and do not reflect the full symmetry of the
quantum-mechanical molecule.

12The wave equation for continuous classical systems is non-linear. It differs from the Schrodinger
equation in the appearance of the quantum-potential term, which linearizes the equation. All of the
non-classical features of quantum-mechanics, such as linear superpositions, therefore arise from the
quantum potential.
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The quantum potential of a many-particle molecule is defined in terms of the
radial wave function, R, as

n 2
@s) v, = _R (E)

st 2R m;

and is seen to depend on the quantum state of the entire system. Whereas R occurs
in both numerator and denominator the quantum potential does not necessarily
decay with distance. A non-local connection is said to exist between all particles
in the system. If the system is disturbed in a localized region of three-dimensional
space, the configuration space wave as a whole will respond and consequently all
the particles making up the system are affected instantaneously.

The quantum potential connects all particles summed over in (45). In principle,
the sum combines all particles in the universe into a single whole, and the cor-
responding wave function is said to be holistic. The holistic connection is broken
whenever the wave function may be factorized as a product state. If the factorizable
wave function is written in polar form,

(46) df(xj’ X)) = RS/ = l//A(xj)l//B(xk)
the phase and amplitude functions are given by

(47) S(xja xp) = SA(xj) + Sp(x;)
(48) R(xj7 xp) = RA(xj)RB(xk)

The quantum potentials are

(49) V,=VAHx) +VE(x)

2 2R
(50) VA = _ W ViR
9 2RA j ij
5 _ViRy
(51) Vi=e——y =
4 2RB k ka

If these summands overlap the wave function is nonfactorizable and said to be
entangled. It means that the motion of the two sectors, j and k, are correlated and
this happens because they are physically connected by some classical interaction.

The individual sectors of a factorizable product-state system are partially holistic
and appropriate to describe molecules. Each sector of this type has a characteristic
quantum potential that keeps it together by balancing the classical potential. A
molecule may therefore be viewed as a chemical entity made up of particles that
move under the influence of a common quantum potential.
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MOLECULAR CONFORMATION

Quantum-mechanical energy relationships that drive chemical interactions must
inevitably lead to an unstructured probability distribution of matter. Neither can
the total orbital angular momentum, which is observed as a squared quantity, dic-
tate the three-dimensional conformation of a molecule. The components of angular
momentum, however, are quantized in the direction of a polar molecular axis. As
molecular fragments join up during chemical reaction, these components add vecto-
rially, and any arrangement that minimizes the resultant angular momentum vector
is favoured. The argument that this interaction is responsible for the symmetry
breaking that generates molecular structure is supported by the demonstration that
it correctly predicts the occurrence of geometrical and optical isomerism. Isomers
of these types are stabilized by torsional barriers to rotation and molecular chirality
respectively.

Torsional Rigidity

In the absence of a magnetic field, the polar axis for angular momentum on a
free atom may be chosen in any direction without loss of generality. Interaction
with another atom by electron exchange immediately changes this situation and the
Z-direction for the diatomic system is established along the interatomic axis. In the
case of a carbon atom interacting with a hydrogen atom, the electron density on
carbon is polarized as shown in Figure 20-7 (a).

When two carbon atoms with residual angular momentum interact, coupling
between the associated magnetic moments leads to an alignment which defines
the polar axis in two possible ways, as shown in Figure 20-7 (b), both of them
equally effective to quench the orbital angular momentum. If the two hydrogen
atoms of a CH, molecule are assumed equivalent, the most likely distribution of
hydrogen atoms is in the XY-plane, coincident with the concentration of the elec-
tron density, (C2522p{2p£1), that quenches the angular momentum, as shown in
Figure 20-7(c,d).

When two CH, molecules combine, it seems reasonable to assume the superpo-
sition of two identical charge distributions of this kind, with a common Z-axis. An
alternative is to assume that the two carbon atoms line up with respective electronic
configurations of C(p.p,;) and C(p.p_;) as in 7(b)E. The azimuthal distribution
of the angular momentum vectors of such a pair is in opposite sense as shown in
Figure 20-7(e). The actual distribution of electron density in the ethylene molecule
is conjectural. The obvious guess that anti-parallel 2p,_ solutions quench the angular
momentum, is favoured, but not confirmed, by chemical intuition.

Ethylene exhibits a non-steric barrier to rotation about the molecular axis. The
conventional explanation ascribes this effect to the lateral 7 overlap of parallel p,
orbitals with spin pairing. The triple bond in acetylene is conventionally defined in
terms of one sp o-bond and two 7-bonds at right angles to each other. Triple bonds
should therefore be torsionally even more rigid than double bonds. The curious fact
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is that in dimetal systems, with the same type of triple bond as in acetylene, there
are no geometrical isomers due to torsional rigidity [13].

The torsional barrier in ethylene is accounted for more logically by the energy
required to twist the angular momentum vectors, which are anti-parallel in the
planar arrangement, out of this alignment. In the case of acetylene, Figure 20-7(f),
two CH molecules line up with the molecular axis along Z and electron pairs with
respectice quantum numbers m; = £1 on the two carbon atoms according to 7(b)A.
No torsional barrier is predicted.

S @+@\ \

a o SO0,

o(@e (5 )

(© (d)
m(Cp)=+1
2CH2 » 0
) @
m;(Cg)=-1
®

2CH ——=

® ©)

Figure 20-7. Diagrams to show the orientation of angular momentum vectors in CH, CH,, C,H,, C,H,
and CH, molecules
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Stereoisomerism

Optical activity is one of the best known, but least understood, phenomena of organic
chemistry. Coupling between a polarized photon field and a molecule requires that
the molecule has a magnetic moment, and hence residual angular momentum. The
recognition that normal optical activity is always associated with chiral molecules,
indicates that chirality is also characterized by non-zero angular momentum. Achiral
molecules become optically active in an applied magnetic field, which confirms that
an induced magnetic moment is responsible for this so-called Faraday effect. The
demonstration that dissymmetric tetrahedral chiral molecules have non-zero angular
momentum follows from an analysis of the structure of methane [11], shown in
Figure 20-7(g).

The structure is obtained by assuming the four hydrogen atoms to be equivalent.
If Z is defined by any H—C direction, the angular momentum is quenched only
when two charges are seen to rotate in opposite sense on parallel planes, perpen-
dicular to Z, (m; = £1). By this argument four sets of parallel planes are finally
required to surround the central carbon atom in a symmetrical fashion, because any
of the four choices of Z must produce the same charge distribution. The eight planes
intersect at the midpoints of the six lines that connect pairs of hydrogen atoms,
to define a regular tetrahedron. When successive hydrogen atoms are replaced by
different atoms, such as F, Cl or Br the octahedron becomes distorted, but the
angular momentum remains quenched until all ligands are different and produce a
chiral arrangement. Optical activity is fully accounted for [14].

CHEMICAL REACTION

To understand why and how chemical reactions happen it is necessary to consider
also intermolecular interactions. It is only in the hypothetical case of an ideal
gas that intermolecular interactions are totally absent. In all other systems they
represent an important factor that affects molecular conformation, reactivity and
stability. Whenever molecules co-exist in equilibrium it means that intermolecular
forces are not sufficient to pull the molecules apart or together into larger aggre-
gates. Equilibrium implies a balance of thermodynamic factors, and when these
factors change, intermolecular interactions may overcome the integrity of a par-
tially holistic molecule, and lead on to chemical reaction. Onset of the reaction is
said to be controlled by an activation energy barrier. This barrier must clearly be
closely allied to the quantum potential of the molecule.

Activation Energy

The link between activation energy and quantum potential is revealed by an atom

under pressure. Uniform compression of an atom is simulated numerically by

studying the energy eigenvalues as a function of the radial boundary condition
lim Y (r) =0

r—r
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for ry < oco. As r, decreases (interpreted as increasing pressure) all energy
eigenvalues move to higher levels until the ground-state level coincides with the
ionization level. At this point an electron becomes decoupled from the nucleus and
finds itself in a hollow sphere. It is the point at which the classical potential has
been overcome by the quantum potential. The electron has scaled the activation
barrier and is said to be in the valence state.

Each atom has a characteristic ionization radius [15] and a characteristic value
of valence-state quantum potential, identified with electronegativity [11]. It is only
the artificial compression barrier that keeps the activated electron confined. In the
real world an activated electron is free to interact with its environment and initiate
chemical reaction. The activation is rarely caused by uniform compression and,
more typically, is due to thermal, collisional, or catalytic activation.

The situation with molecules is no different. When a molecule enters the valence
state it interacts with its environment. It is no longer the former partially holistic
unit, and its quantum potential is redefined in the changing context. The molecule
either breaks down into smaller wholes or it combines with other species to estab-
lish a larger whole. The two processes often occur concurrently to produce several
reaction products.

In less violent encounters, such as crystallization, intermolecular interaction is
just sufficient to establish a more extended whole, without completely destroying
the partial molecular wholes. In a case such as this, interactions separate into strong
intramolecular and weaker intermolecular interactions.

Intramolecular Rearrangement

The Beckmann rearrangement of ketoximes into acid amides, represented by the
scheme:

R R’.

C=N —= \C:N/é \C—NHR

g

consists of the trans interchange of a hydroxyl group with an aryl or alkyl group,
also with retention of chirality [16]. No conceivable mechanism, based on the con-
ventional view of covalent bonding, can possibly account for these observations,
without breaking or making bonds. The accepted mechanism [17] simply states that

The migrating group does not become free but always remains connected in some way to the substrate.

To understand this, and other intramolecular rearrangements, it is necessary to give
up the naive notion of Lewis-type electron-pair bonds. The alternative is to view all
interaction within a partially holistic molecule as mediated by its quantum potential
and quantum torque. Both of these quantities are specified by the total molecular
wave function. The necessary theory for this approach has not been worked out,
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and probably will not be, for as long as chemists cling to their outdated classical
models.

There is no immediate need to abandon the conventional use of structural formu-
lae as graphical models of molecular shape, provided it carries no connotation of
electron pairs or hybrid orbitals. The extensive use of LCAO methods to simulate
electron densities in molecules may be even harder to give up, but is also more
misleading than the naive model of localized Lewis pairs.

CONDENSED MATTER

Molecular quantum potential and non-local interaction depend on molecular size
and the nature of intramolecular cohesion. Macromolecular assemblies such as poly-
mers, biopolymers, liquids, glasses, crystals and quasicrystals are different forms
of condensed matter with characteristic quantum potentials. The one property they
have in common is non-local long-range interaction, albeit of different intensity.
Without enquiring into the mechanism of their formation, various forms of con-
densed matter are considered to have well-defined electronic potential energies that
depend on the nuclear framework. A regular array of nuclei in a structure such as
diamond maximizes cohesive interaction between nuclei and electrons, precisely
balanced by the quantum potential, almost as in an atom.

Band theory provides a picture of electron distribution in crystalline solids. The
theory is based on nearly-free-electron models, which distinguish between conduc-
tors, insulators and semi-conductors. These models have much in common with
the description of electrons confined in compressed atoms. The distinction between
different types of condensed matter could, in principle, therefore also be related
to quantum potential. This conjecture has never been followed up by theoretical
analysis, and further discussion, which follows, is purely speculative.

Macromolecules

The mysterious behaviour of bio-macromolecules is one of the outstanding prob-
lems of molecular biology. The folding of proteins and the replication of DNA
transcend all classical mechanisms. At this stage, non-local interaction within such
holistic molecules appears as the only reasonable explanation of these phenomena.
It is important to note that, whereas proteins are made up of many partially holistic
amino-acid units, DNA consists of essentially two complementary strands. Non-
local interaction in DNA is therefore seen as more prominent, than for proteins.
Non-local effects in proteins are sufficient to ensure concerted response to the polar-
ity and pH of suspension media, and hence to direct tertiary folding. The induced
fit of substrates to catalytic enzymes could be promoted in the same way. Future
analysis of enzyme catalysis, allosteric effects and protein folding should therefore
be, more ambitiously, based on an understanding of molecular shape as a quantum
potential response. The function of DNA depends even more critically on non-local
effects.
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Crystals

The properties of a crystal depend on its history. Factors such as chemical compo-
sition and connectivity, thermodynamic conditions and crystallization medium, all
contribute to the eventual morphology and the likelihood of polymorphism, poly-
typism, twinning and other secondary interactions to occur. Different modifications
of the crystalline material will be characterized by different values of quantum
potential and relate to each other in the same way as isomeric molecules.

The process of crystal nucleation and growth is equivalent to a phase transition.
The initial phase might be a gas, liquid, solution or solid (e.g. glass or another
crystal) and the final phase need not be a crystal as traditionally defined. It could
be a liquid crystal, a quasi-crystal, a polytype or some other defect solid. The phase
transition proceeds via a critical state, which is intermediate between the two phases
of the transition and holds the key to the understanding of crystal growth.

Seen as the spontaneous appearance of subcritical embryos, nucleation seems to
defy the laws of thermodynamics which require an inverse relationship between
solubility and cluster size. For the same reason, crystal growth in the absence of
dislocations appears equally mysterious. Both of these processes are made intelligi-
ble by viewing the critical state as a state of hidden symmetry [11]. It is implied that
supercritical clusters with long-range order exist in mother liquors at concentrations
below critical. The mysterious agent that induces long-range order in fluids, solu-
tions, plasmas, glasses and other defect solids, is most likely the quantum potential.
Despite the absence of formal translational symmetry in these non-crystalline states,
long-range order does occur as a result of non-local interaction, carried by the radial
wave function as defined before in paragraph 3.1.

Polytypism

The same arguments may be used to simplify the logic behind the formation of crys-
tals with complicated translational symmetry patterns, such as polytypes. Successive
unit cells in a given crystallographic direction are found displaced from the sites
predicted by normal symmetry translation. In the simple example of Figure 20-8
all of the orthorhombic unit cells (abc) are shifted by b/3 between adjacent layers.
The primitive cell of the 30 polytype has a’ = 3a, as shown in bold outline. The
standard explanation to account for the long-range order in polytypes ascribes their
formation to the operation of screw dislocations. This explanation is not without
problems. If a given crystal develops around a single dislocation, it is hard to under-
stand how cocrystallization of the large number of possible SiC polytypes are, for
instance, prevented and why all embryos in a given batch should contain identical
dislocations. The alternative of long-range forces is therefore not precluded and the
only sensible long-range force probably arises from the quantum potential. More-
over, if the quantum potential is sensitive to the exact thermodynamic conditions
of the critical state, a single polytype could well be expected to crystallize during
any specific experiment.
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/3

b

Figure 20-8. Unit cell of a 30 polytype based on regular displacement of the elementary orthorhombic
cell of dimensions a x b x ¢

Quasicrystals

The long-range order found in quasicrystals is even more mysterious as it occurs
independent of translational symmetry. A one-dimensional Fibonacci chain [18]
illustrates non-periodic long-range order of the type observed in quasicrystals. The
chain contains two types of interval, long (L), and short (S):

L |S| L | L |S]|et

It starts with S and L and grows by adding the previous (shorter) chain to the
current one to produce the next:

S L LS LSL LSLLS LSLLSLSL LSLLSLSLLSLLS
It is the same algorithm that generates the numerical Fibonacci series
0,1,1,2,3,5,8,13,21 ...

The ratio of adjacent terms ie. 1/1,2/1,/3/2,... converges to the irrational
golden ratio, ® = (1 ++/5)/2 = 1.618034. .., which features prominently in the
geometrical description of icosahedral quasicrystals.

When defined as a continued fraction

1
x:l—i—#:l—l—;, ie.x=®

1
s

1+

the golden ratio exhibits the important property of self-similarity, best known from
fractal structures, and also responsible for the long-range order in dodecahedral
quasicrystals. This observation leads to the interesting conclusion that in the case
of quasicrystals the quantum potential reveals the attribute of self-similarity in
common with topology of space-time. Unpublished work of the author provides
evidence that all long-range order and non-local interaction have their origin in this
commonality.
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Figure 1-1. Mars: the epitome of the Indaba five theme — mystery, models, magic and molecules



Figure 1-2. Mars Oasis, Antarctica; a terrestrial niche for the survival of endolithic cyanobacteria in a
“limits of life” situation; a translucent Beacon sandstone outcrop containing endolithic microbial commu-
nities on top of a dolerite sill. Dr David Wynn-Williams, Head of Antarctic Astrobiology at the British
Antarctic Survey, Cambridge, is prospecting for endoliths. Reproduced from the book Astrobiology:
The Quest for the conditions of Life, Eds: Gerda Horneck, Christa Baumstark-Khan, 2003, Springer.
With kind permission of Springer Science and Business Media



0.011

0.010
f

0.009
L
T

Raman units
00!
I}
T

0.007
|

0.006
L
T

0.005
1
T

T T T T T T Y T T T T T T T T
1700 1600 1500 1400 1300 1200 1100 1000 S00 800 700 600 3500 400 300 200 100
Wavenumber (em™!)

Figure 1-5. Chasmolith in feldspar, Lake Hoare, Antarctica: with the Raman spectrum of calcite, quartz
and feldspar from the cyanobacterial colonisation zone
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Figure 1-12. Novel endolith in a vacuole in a volcanic basalt lava matrix, Svalbard, Spitsbergen,
Norwegian Arctic, showing two different carotenoids in admixture. Accessory photopigments are also
identified in this system (not shown here)
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Figure 1-13. Salda Golu Lake, Turkey: hydromagnesite colonised stromatolites in a saltern. The
FT-Raman spectrum of the cyanobacterial colonised zone in a stromatolite is shown



Figure 1-14. Juventus Chasmae, potential stromatolite region, on Mars. Reproduced from the Journal
of the Geological Society, 156, Michael J. Russell et al., Search for signs of ancient life on Mars:
expectations from hydromagnesite microbialites, Salda Lake, Turkey, 1999, with permission from the
Geological Society

“The SearGhifor Tracesof Past an PeSertL ife on
Marsand to I'dentify. Sur faceHazards to
Future Human Missions’

Figure 1-20. AURORA: the European Space Agency/NASA programme, incuding the ESA ExoMars
mission



Figure 1-22. Symbolic depiction of the Mars mission phases, 2007—2033, involving a revisitation of
manned lunar exploration before embarking upon the manned missions to Mars



Figure 2-1. The application of electroluminescence in lighting the display in this watch. An electric
signal, caused by pressing the “light” button on the watch, excites the molecules in the display medium
that cause luminescence upon their relaxation

Figure 2-2. A non-linear optical material, ammonium dihydrogen phosphate, displaying second-
harmonic generation, the frequency doubling of light (infrared to blue). The origin of this physical
phenomenon is entirely dependent on ionic displacement or molecular charge-transfer



Figure 2-5. A “photo-difference” map showing the ground state (already modelled) depicted by the
black lines together with the electron density associated with the light-induced [Ru(SO,)(NH,),Cl]Cl
complex[10, 11]. In this example, SO, is the photo-active ligand, undergoing a 1'-SO, (end-on) to
1%-SO, (side-bound) photoisomerisation. The sulfur atom and one oxygen of the 7>-SO, bound ligand
are evident in this Fourier-difference map as the green feature and more diffuse green area, respectively,
on the left of the figure (the other oxygen is not visible here as it lies out of the plane shown)
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Figure 3-9. (a) Powder XRD of crystalline dimethyl fuschone 6 shows a mixture « (80%), B (18%)
and vy forms (2%) at 30°C



Figure 5-21. (a) Crystal structure of form II. The two azido groups are faced at the inversion center

Figure 5-21. (b) molecular structure after the irradiation
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Figure 5-22. Excited molecules produced in the crystalline lattice. (a) at the early stage, (b) at the
equilibrium state
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Figure 5-27. Elongation of V=0 and V—O bonds at the excited state



Figure 8-1. (a) The natural blue coloration of the shell of lobster Homarus gammarus (b) the colour of
cooked lobster. From Dr P Zagalsky with permission

Figure 8-3. (a) ASX in hexane at a dilution similar to that in lobster crustacyanin (left) (b) beta-
crustacyanin (right). From Dr P Zagalsky with permission
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Figure 8-4. (a) Blue crystals of the protein 8-CR (grown by Prof Naomi Chayen of Imperial College
London; figure reproduced from Chayen (1998) with permission of the author and of IUCr Journals)
and for comparison those of several unbound carotenoids (Bartalucci et al 2007) (b) chloroform sol-
vate of ASX (c) pyridine solvate of ASX (d) unsolvated form of ASX (e) canthaxathin (f) zeaxanthin

(g) B,B-carotene



Figure 8-5. The structure of the B-CR at 3.2A elucidated using X-ray crystallography. From Cianci
et al 2002, with the permission of PNAS

Figure 8-6. A Velella velella (approx lcm across) whose velallacyanin confers the distinctive blue
colour on this sea creature (Zagalsky, 1985)
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Figure 8-7. The Australian Western Rock lobster has a red phase (top) and a white phase (middle);
reprinted from Comparative Biochemistry and Physiology, Part B 141 authors Wade et al (2005) entitled
“Esterified astaxanthin levels in lobster epithelia correlate with shell colour intensity: Potential role in
crustacean shell colour formation” pp. 307-313 Copyright (2005), with permission from Elsevier and
the authors. The bottom schematic shows the life cycle; Figure from Wade 2005 with the permission of
Dr. N. Wade and originally from the Western Australian Fisheries website http://www.fish.wa.gov.au/



Figure 8-9. Conformation of unbound ASX-CI (red) best overlay against protein bound ASX (blue);
top is the view perpendicular to the plane of the polyene chain and bottom is the view edge on to the
polyene chain. From Bartalucci et al (2007) with permission of IUCr Journals
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Figure 12-3. (left) A Bergman (B) and (right) a Mackay (Mc) polyhedron as an atomic decoration of
the icosahedral tiling 7*P) in the model M (7*?) (see Ref.?). The standard length along the twofold
directions is @, 77'@ =2.96 A, and along the threefold direction is @, 1@ =257A, = (x/§+ 1)/2.
By convention, twofold directions are presented in blue, threefold in yellow. A cut of B with a fivefold
plane from Figure 12-18 is a pentagon, of edge length @ =4.77 A and a cut of Mc with the same plane
is a decagon, of edge length 77'@ = 2.96 A. Both polygons are marked with dark blue thick lines

acute obtuse
rhombohedron | rhombohedron

Figure 12-5. The tiling 7" can be derived from the F-phase tiling 7*2f) upon replacing the two
tetrahedra F* and G* by the acute and obtuse rhombohedra [6] respectively. By convention, fivefold
directions are in red, twofold in blue
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Figure 12-15. (left) 25 x 25nm?> STM image of a twofold terrace-stepped surface of i-AIPdMn.
(right) Height profile measurement along the solid red line (N. B. the red line in this figure is NOT
related to a fivefold direction) in the (left) image with the corresponding step heights. A single pit of
3.9 A is detected



Figure 12-17. STM simulations of a fivefold surface on candidates for the bulk-terminating layers
(top-left) on a (b,q,(a).q,b)-layer at z=47.96 A in the patch of M (T*2) (see Ref.), (top-right) on
a (g,b,b,q)-layer at z = 50.00 A in the patch of M(T*2M) (see Ref3). Both images are 80 x 80 A2;
the vertical range is 1.5 A. (bottom) An STM image of the real fivefold clean surface of i-AlIPdMn,
80 x 80 A2; the vertical range is 1.5 A I= 100pA, U =300meV. The candidates for the observed fivefold
symmetric local configurations, “white flower” (wF) and the “dark star” (dS) are marked on simulations
of layers of both kinds. By convention, twofold directions are marked in blue. The wF and the dS are
not marked on the STM image in this Figure, (bortom); these are marked in Figure 12-18 (right). The
same local configurations were observed on the STM images of the fivefold surface of i-AlCuFe; see
Figure 4(a) in Ref. [19]



Figure 12-18. (leffy An STM simulation of the fivefold termination 50 x 50 A2 large, taken from
Figure 12-17 (top-right); (right) An STM image of the real surface 50 x 50 A2 large, taken from Fig-
ure 12-17 (bottom). By convention, twofold directions are in blue. The intersection of a Bergman
polyhedron by the fivefold surface (right) and by the termination (left) are framed with a pentagon of
edge length @ = 4.77 A, marked in dark blue. The intersection of a Mackay polyhedron is a decagon of
edge length 7'®@ =2.96 A (7 = (v/5+1)/2), marked in dark blue. Compare the shape and the scale
of the intersection to Figure 12-3

Figure 12-19. Bergman (B) and Mackay (Mc) polyhedra. On each an equator, orthogonal to a twofold
direction, is marked. 77'® =2.96A, @ = 4.80A, 1@ =7.76A, 77'® =2.57A, ® =4.56A. By
convention, if marked in color, fivefold directions are in red, twofold in blue, threefold in yellow
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Figure 12-20. (top-left) Experimental STM image of the twofold surface of i-AIPdMn, 80 x 80 A? large,
with 2.5 A vertical range (the corrugation on the surface has a range 2.5 A) and I =100 pA and U = 300
meV. (top-right) STM simulation with gaussian convolution filter of the “sphere model”, 80 x 80 A? large
on a twofold termination in the model M (7*(2P) at x =49.3818 A (see Ref.?) with vertical range 2.5 A.
(bottom-left) The “sphere model” STM simulation of the terminating layer at x = 49.3818 A (see Ref.?)
50 x 50 A2. On it we mark in colour a Bergman (B) and a Mackay (Mc) cluster, cut by the termination
on the equator (compare the shape and the scale to Figure 12-19). By convention, if marked in color,
fivefold directions are in red, twofold in blue, threefold in yellow. (bottom right) STM simulation with
gaussian convolution filter of the “sphere model” on a twofold termination in the model M(’T*QF)) at
x=49.3818 A, 50 x 50 A2 large with vertical range 1.5 A



Figure 14-1. Atomic structure and reduced representation in terms of a graph of peaks of a protein chain
(PDB file: 1B69). The peaks are colour-coded per amino-acid type. Visualizations of the atomic and
reduced representations were obtained on combining the Swiss PDB Viewer (http://www.expasy.org/
spdbv) and the ray-tracing POV-Ray (http://www.povray.org) programs

1ECM

Figure 14-5. Ca trace superimpositions of the native solutions (blue and yellow) and the best candi-
dates obtained with the GA in its 3000 / 200 / 60.0 / 0.1 configuration (green), for five complexes that
composed our parameterization set — laks, Icgj, 1dok, 1ecm, and lubs. Vizualizations were obtained
on combining the Swiss PDB Viewer (http://www.expasy.org/spdbv) and the ray-tracing POV-Ray
(http://www.povray.org) programs
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Figure 14-6. Ca trace superimpositions of native solutions (blue and yellow) and the best candidates
obtained with the GA in its 3000 / 200 / 60.0 / 0.1 configuration (green), for four complexes that
composed our validation set — 1brs (A and D chains), 1udi, ligc, and 1gla. Vizualizations were obtained
on combining the Swiss PDB Viewer (http://www.expasy.org/spdbv) and the ray-tracing POV-Ray
(http://www.povray.org) programs
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Figure 14-7. Ribbon representation (front and top views) of one proposed structure (/ecm) for which
the interface with the partner (blue) is satisfactorily recognized by our GA (green), but which shows
increasing divergence in the higher parts when compared with the crystalline structure (yellow). Distance
calculations were performed on three amino acids, i.e. Asn5, His67, and His95, which present rmsd
values 2.15, 2.82, and 10.59 A, respectively. Vizualizations were obtained on combining the Swiss PDB
Viewer (http://www.expasy.org/spdbv) and the ray-tracing POV-Ray (http://www.povray.org) programs
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Figure 19-2. CO(HZO)g+ (z=3,2) and {[Co(H,0)s]12H,0}>* model clusters for LFDFT calculation
of energies of d-d transitions; Co—O bond lengths are given (from LDA-VWN)

Figure 19-4. Model for Cu(NH;),>* taken to illustrate the effect of bent bonding; no bending (left); an
extreme case of bent bonding (a = 45°) (right). Note that (see caption to Figure 19-3) the o — 7 mixing
caused by each pair of trans NHj ligands cancel; there is no (b, a;) — m(e) mixing in Cy4, symmetry
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Figure 19-9. MO energy diagram for the d-based orbitals of Coacacen as determined by LFDFT

Ro Ry Rne Ro Ry Rye
S=1 165 2.14%0.02 2.1 165 2.14%0.02 2.11
S=2 165 2.24+0.03 2.08

Figure 19-10. Fe(IV) = O complexes studied in this work: [FeO(TCM)(CH;CN)]>* (complex I, left) -
the geometry of the S = 1 species has been adopted from a BP86 geometry optimization, Ref.[82]; the
geometry of the S = 2 species is given for comparison, note that R, and Ry alter little, but bond lengths
to equatorial ligands Ry strongly increase on going from S = 1 to S = 2; [FeO(NH;)4(CH;CN)J>* (com-
plex II, right) — the geometry of the first coordination sphere was taken from complex I (S =1) but N
have been saturated by H — atoms
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Figure 19-11. MO energy diagram for complex I (Figure 19-10) calculated with LFDFT; the energies
of LFDFT orbitals are compared with those resulting from the average-of-configuration KS calculation.
Orbital contours (pertaining to values of the density of 0.05 a.u.) are plotted, but atoms are omitted for
clarity



