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1. INTRODUCTION

The a-priori determination of the distribution of molecules
in a crystal structure without resorting to experimental
data (or with a minimal use of such data) offers many
attractive possibilities. Firstly, the very fact that predic-
tion is possible confirms the validity of our views on the
fundamental aspects of crystal structure. Secondly, there
is now considerable practical interest in the theoretical
calculation of structures in cases (e.g. polymers, layered
polytypes) where X-ray diffraction cannot give full struc-
tural information but it can confirm a-priori calculations.
Thirdly, these calculations can be useful in computations of
approximate, model structures which can then be made more
precise by using X-ray diffraction data. Therefore it is
not surprising that the early theoretical calculations of the
spatial arrangements of molecules in crystals were followed
by a large number of publications on the same theme during
the past 25—30 years.

The aim of this review is to analyse the results of that
work and to assess the prospects of this field of science.
We shall examine very recent results, which were not avail-
able to previous reviewers'~. Furthermore previous
writers®~® have tended to ignore work other than their own.

11. GEOMETRIC AND ENERGY INTERPRETATION OF MOLEC-
ULAR PACKING

The problem of determining the optimum structure reduces
to finding the spatial distribution with a minimum energy.
There are at present two ways of formulating the problem.
One consists in finding the closest packing of particles, using
van der Waals radii. In the absence of directionally specific
interactions the tendency to give a close-packed structure
is a good guide to finding the arrangement with minimum
energy. The second (and stricter) approach is to calculate
the arrangement corresponding to a minimum in the inter-
molecular interaction energy.

In general the calculation of the closest packing of bodies

of arbitrary shape presents enormous mathematical difficulties.

However in many crystal-chemical problems we can introduce
substantial simplifications which allow us to reach a definite
solution.

One of these simplifications is to assume that the elementary
cell parameters are known. This variant of the problem was
solved by Kitaigorodskii® for 2,6-dimethylnaphthalene by
using a special apparatus (the "structure seeker"), and also
for several other crystals’”® by computation. The combina-
tion of the principle of closest packing with experimentally
measured lattice parameters forms the basis of the X-ray
method of determining crystal structures developed by
Gel'fand, Neigauz, and others®!! (the "gully" method).

Another simplification is possible in the case of polymeric
molecules. Since the axes of these molecules must be parallel,
one degree of freedom is lost. By virtue of this approxima-
tion the principle of closest packing allows us not only to
predict the arrangement of chains in the cell but also to
identify a very limited number of possible elementary cells.
Studies of polyethylene by this method were reported by
Kitaigorodskii'?’*® and by Segerman!®.

Zorkii and Porai-Koshits'>~!7 combine the principle of
closest packing with a quantitative calculation of the distribu-
tion of objects of arbitrary shape in a plane with the highest
reticular density (the streamline trajectory method). This
allows them to calculate the most compact type of packing of
long-chain molecule (or planar molecules) in a layer whose
plane coincides with the plane of the molecule. The crystal
structures of PdCl,, ® BeCl,,'® Ni dimethylglyoxime*’, and
Cu salicylalmethyliminate®® have been successfully determined
by the trajectory method.

The geometric approach continues to be an effective method
of interpreting molecular crystal structures. Its value has
been enhanced by the publication of an accurate set of
van der Waals radii’®»??, obtained by a statistical analysis of
a large amount of structural information. However, though
it remains a simple and useful tool for qualitative and semi-
quantitative estimates, the geometric model is not a serious
contender for the quantitative a-priori prediction of molecu-
lar packing, i.e. the problem to which this review is devoted.
The geometric approach is inferior to the energy approach
(in that its postulates are less strict and well founded)
without in any way making the calculation of the optimum
structure (using a computer) more straightforward. Hence
it is better to seek a solution of the molecular packing prob-
lem directly from calculations of the intermolecular interac-
tion energy. The atom—atom approximation, which is dis-
cussed in detail in the next Section, offers a concrete method
of calculating this energy.
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The energy of a crystal structure consisting of rigid mole-
cules can be expressed as a function of a series of structure
parameters:

Ua, b, ¢, o, B, v, Xi, Y, Zi, @i, 64, 1),

where a, b, ¢, o, B, Y are the lattice parameters, X;, Y;, Z;
are the coordinates of the centres of gravity of the symmetri-
cal, independent molecules, and ¢;, 6;, yi are the Euler
angles which characterise the orientation of these molecules.
In special cases the number of independent parameters cam be
less: thus the energy of rhombic benzene is a function of
six parameters only (U(a,b, ¢, ¢, 0, ¥)). On the other hand
the angles which characterise the conformation must be
included among the parameters if the molecule cannot be
treated as rigid.

By minimising the energy U we can find the structure
parameters which offer the optimum molecular packing: in
principle this should correspond to the crystal structure
experimentally observed. Minimisation is usually applied
to the potential energy of the structure. Thus we are in
fact examining the structure of the crystal at a temperature
close to the absolute zero. However we know experimentally
that the vast majority of molecular crystals do not suffer
phase transformations over a wide range of temperature (up
to room temperature), and their geometric characteristics
change very little. Hence the optimum structure for the
absolute zero is often also the optimum for room temperature.
However a strict formulation of the problem requires calcu-
lation of the free energy F of the crystal structure.

Consideration of the simplest model structure, consisting
of an assembly of independent oscillators located at lattice
sites, shows?" that the free energy can be expressed as the
sum of the following terms:

F=U,+E,+E—TS,

where U, is the potential energy of the structure at 0 K,
and E, and ET are the zero-point vibration and the thermal
vibration energy respectively. The free energy of all
molecular crystals is usually assumed to consist of these
terms.

Molecular crystals are distinguished by a very large differ—
ence between the energies of their intramolecular and inter-
molecular interactions. For this reason Kitaigorodskii sug-
gested? expressing the thermodynamic functions of molecular
crystals as the sum of two terms: a “"molecular" term and
a "crystalline" term. The former is related to the structure
of the molecules and to their internal vibrations, the latter
to the relative position of the molecules and to their external
vibrations:

U= Uintra + Uinter’

S = Smol + Scryst,
Er = Eintra+ E ext

Using these expressions the free energy of a molecular crys-
tal can be written

F= Eo+ (Ui""" +E;nua_Tsmol) + (Uinter +E;xt
— Eo+ Pmol+ Fcryst'
Our main interest lies in the evaluation of the term FCrYst,
In the case of rigid molecules the minimum of the function
Feryst coincides with the minimum of the full free energy
function.

Two specific ways of calculating F are known at present.
The first, described in detail in Ref.26, includes a calcula-
tion of the full set of frequencies from the differentials of
the potential energy with respect to the structure parameters
(expressing the energy U in the atom—atom approximation).
The standard free expressions in terms of the frequency

_.TS"Y“) =
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distribution function (or density of states function) are then
applied. Typical of this approach is a calculation?’ of the
equilibrium parameters of the elementary cells of three hydro-
carbons at different temperatures.

The second method of calculating the energy F is based on
statistical mechanics, and involves a calculation®® of the
configurational integral

mg] - o (- L

where N is the number of molecules in the system, U(qy,....qN)
is the potential energy, and Q is the volume in configura-
tional phase space occupied by the system. In the calcula-
tion the configurations qg ) q(l) are randomly generated
in phase space (Monte Carlo method) and the corresponding
values of the integrand are averaged. Concrete calculations
of this type have been reported for crystals of the intert
gases?®%" N,,% and CO,. 3% However this approach is too
cumbersome for large (or even moderately large) molecules.

Excessive use of computer time can be avoided by using
the cell model®®, whose application to the calculation of the
thermodynamic functions of molecular crystals is discussed
by Holt and coworkers®. According to this model the volume
occupied by the system is divided into N cells whose centres
form the lattice. Each cell contains one molecule whose posi-
tion and orientation are described by the six-dimensional
vector q (which includes three translational and three
rotational components). The motion of each molecule is
assumed to be independent of the motion of molecules in
neighbouring cells. The quantity U(q) is the interaction
energy of a given molecule with its neighbours at the centres
of their respective cells. If the equilibrium positions of
the molecules in the crystal are taken as the centres of the
cells, and denoted by @, then the quantity U(g)/2 is the
energy of the crystal structure.

The use of the cell model simplifies the calculation of the
configurational integral, which in this case is written

- _U@y oy
Q=[ep {—G8} V]
In this expression Vi is the "free volume":

Vi= S%p{_M{Fl”—q)}dq’
A

where A is the cell volume.

This approach, together with the atom—atom potential
method 3**%, was used by Pertsin and Kitaigorodskii to calcu-
lated the optimum structure and to interpret the polymorphic
transitions in benzene®’ and adamantane®®. We shall discuss
this work more fully in a later Section of this review.

The identification of the deepest minima in a multidimen-
sional energy surface constructed from the structure parame-
ters involves calculations as cumbersome as those required
by the search for the closest packing. Hence various sim-
plifying assumptions are usually made, and in particular the
structure class (the symmetry space group and the type
of equivalent positions available to the molecule) is assumed
to be known. Thus the reported calculations of molecular
structure cannot be claimed to be fully a-priori.

The latter difficulty can be largely overcome by the poten-
tial function symmetry method developed in Refs.17, 39, and
40. This method allows us to find the structure class most
likely to apply to molecules or polymer chains of a given
symmetry, and to evaluate the relative probabilities of alter-
native classes*’»*2. In the calculation of the chain struc-
tures of PdCl, and BeCl, crystals®'® the potential function
symmetry method allowed the optimum configuration of the
chains to be identified without using an experimental infor-
mation on the packing of the chains.

» qN)
X }d¢h .daw,
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Iil. THE ATOM—ATOM APPROXIMATION AS A METHOD OF
CALCULATING THE ENERGY OF ZERO-VALENT INTER-
ACTIONS

Van der Waals (zero-valent) interaction is a quantum
effect: in principle it can be described by the standard
meihods of quantum mechanics. However the difficulties
encountered in attempting to solve the Schroedinger equation
for systems containing a large number of atoms and molecules
are still unsurmountable. Therefore empirical and semi-
empirical approaches are almost universally used in concrete
calculations of zero-valent interaction energies.

It is usually assumed that the van der Waals interaction
consists of several, qualitatively different contributions.
Though a strict quantum-mechanical interpretation does not
support this assumption, in most cases good agreement
between calculation and experiment is obtained by treating
the van der Waals forces as consisting of the following terms:
1) an attraction due to dispersion interaction, 2) a repulsion
resulting from the close approach of the electron clouds of
atoms not bound by valency forces, 3) the electrostatic
interaction of the fixed charge distributions, and 4) specific
intermolecular interactions such as hydrogen bonds.

Numerous and varied investigations during the last 30 years
have shown that all these contributions can be described with
adequate precision by assuming additivity of the interaction
energy of multi-atomic molecules with respect to the interac-
tion energies of their constituent atoms. This approxima-
tion allows us to express the interaction energy of two
molecules (in the absence of specific bonding forces) as the
sum

U= —;‘Z (@i ~+ Vi),
i

where ¢;; are the atom—atom potentials describing the first
two of the above contributions, and yjj are terms allowing
for the interaction of the effective charges on the atoms (the
atoms i and j being part of different molecules).

The van der Waals interaction energy within a single mole-
cule can be described in a similar way. If the method of
evaluating ¢;; and bij is known, the conformation of the mole-
cules can be calculated (including the orientation of groups
able to rotate round an ordinary bond, and perturbations
caused by steric hindrance). Indeed, the first successful
application of the atom—atom approximation was in the solu-
tion of conformational problems. This approach was pion-
eered by Hill**»"** and Barton"“®, who worked with compounds
in which the effective charges on the atoms were so small
that only the repulsion energy and the attraction from dis-
persion interaction needed to be considered. A detailed
description of the many conformational calculations made by
the atom—atom approximation is given in Dashevskii's mono-
graph",

Summation over the molecules in pairs (i.e. calculation of
the energy of interaction of one molecule, taken as the
central molecule, with the whole of its surroundings) allows
us to express the potential energy of the molecular crystal
(Us) in the atom—atom approximation. This quantity is
approximately equal to the heat of sublimation extrapolated
to the absolute zero (assuming that sublimation does not
produce significant changes in the conformation of the mole-
cules or in the energy of intramolecular vibrations). By
minimising the quantity Uy, treated as a function of the
parameters which characterise the relative position of the
molecules, the structure of a molecular crystal can (in
principle) be calculated theoretically, as stated above.

The ¢;j potentials are usually approximated by the
Lennard-Jones "6—12" potential®” or by the modified Buck-
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ingham "6—exp" potential*®:
@iy = — Aumnr} + Bunr 712,

Qij = — Amnry} + Bun€Xp (— opariy),

where the first term describes the attraction and the second
the repulsion, the subscripts m and n refer to the types of
atom, A, B, and a are empirical parameters, and rjj is the
interatomic distance.

In Ref.49 the atom—~atom potentials are expressed in a more
general form (as "6—exp, D" potentials):

9ij = Aexp (— Bry)/rh — Cirk,.

If D =0 this reduces to the "6—exp" potential, and if B=10
and D =12 it reduces to the "6—12" potential.

Recent papers often refer to a "repulsion potential”, which
we shall denote by "d—d,". This potential, first proposed
by Williams®?, is defined as

Vi=w(d,—d;)? for d;<<d,; V=0 for d;;>d..

Here djj is the interatomic distance, and d and w are parame-
ters depending on the nature of the interacting atoms. The
use of this potential greatly simplifies the minimisation pro-
cedure by allowing the method of least squares to be used.
The main shortcoming of the "d—d," potential is that the

quantity z Vij is not the energy of the structure: it can-

i
not be comg)ared with real physical quantities such as the
heat of sublimation. Calculations by the "d—d " potential
occupy a position intermediate between the geometric and the
energy approach.

The method of selecting the appropriate parameters is
very important in the application of atom—atom potentials.
The usual selection criterion is good agreement between cal-
culation and experiment for several model compounds and
several quantities (various thermodynamic functions such as
heats of sublimation, compressibility coefficients, components
of the elasticity tensor, etc.). The chosen values of the
parameters are then applied to other substances, not too
different from the model substances. One of the most
reliable and widely used methods of choosing the parameters
relies on fitting the calculated crystal structure to the experi-
mentally observed structure. This method is discussed in
the next Section. The frequencies of intramolecular and
intermolecular vibrations in crystals?® have been used in
recent work for optimising the parameters of atom—atom
potentials.

Approximate quantum-mechanical formulae are occasionally
used in parallel with the purely empirical approach. This is
specially true of the parameters A, which can be calculated
by the London formula®! or by the Slater—Kirkwood formula®?,
as in Refs.53—55. In that work the repulsion parameters
were found by minimising the potential at the equilibrium
distance, which was selected empirically.

The first systematic selection of the parameters of the
"6—~exp" atom—atom potential in crystal chemistry is due to
Kitaigorodskii and Mirskaya®®’°?. Since the parameters A,
B, and o have no clear physical significance, these workers
used formulae including characteristics of the potential
curve such as r, (the equilibrium distance), ¢ (the depth
of the potential well), and D (the second differential at the
minimum). The advantage of this aproach is that the
quantities ry, €, and D vary only within narrow limits, and
they are sensitive to several specific properties (r, to the
geometric parameters of the structure, € to the heat of sub-
limation, and D to the vibration frequencies and to the
elasticity tensor).
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A unique feature of Kitaigorodskii's and Mirskaya's
approach is their use of the "universal" curve

@iy=—0.119 (r/r,)*+4.2.10*exp(—13.6 r/r,),

obtained by assuming identical potential wells of —0.067 kcal
mole™ for the three main types of atom—atom interaction in
organic crystals (C...C, C...H, and H..H). The expression
also assumes that ro0=13.6. If the equilibrium distances are
known (and they are taken to be 3.8, 3.3, and 2.8 R for
C...C, C...H, and H...H respectively) the parameters A and
a can easily be calculated. The parameter B is found to be
constant for the three types of interaction.

Table 1. Parameters of the "6—exp" potential used by

Kitaigorodskii et al.
Type of kcal 1033, o
interaction | % mole’ A% keal mole-! @ A=t |References
C...C 358 42.0 3.58 59
C...0 313.2 57.1 3.85 59
0..0 259.4 77.7 4.18 89
S...S 2346 235.0 3.49 60
S...C 847 99.4 3.5 60
N...N 259 42.0 3.78 61
N...0 256 57.0 3.98 61
C..C 421 71.6 3.68 %0
C..H 118 18.6 3.9 90
H..H 29 4.9 4.29 %

Even these "universal" parameters gave an acceptable
level of agreement between the calculated energy of the
structure and the measured heat of sublimation. However
subsequent work led the authors®® to conclude that the best
agreement with experiment is obtained by using atom—atom
potential curves with minima of different depth (~0.067,
—-0.057, and —0.048 kecal mole™® for C...C, C...H, and H...H
respectively). The final values of the parameters obtained
by Kitaigorodskii and coworkers for these three types of
interaction are listed in Table 1 together with their later
results®®~%! for interactions involving N, O, and S atoms.

Various combination rules are used to obtain the parameters
of interactions between unlike atoms. Thus Scott and
Scheraga®®, Hendrickson®?, and Kitaigorodskii and coworkers®
obtained the parameter amn by the formula onn = (opman) */2
Dashevskii and coworkers®® relied on another empirical
expression: amn =2amon/(om +an). Similar combination
rules were used by these workers for the parameters Amn
and By in the equation for the "6—exp" potential. Theor-
etical justifications of the combination rules are given in
Refs.64—66.

Whereas early workers tended to ignore electrostatic inter-
actions in crystals, arguing that their contribution to the
energy of the structure was negligibly small®’~¢%, in more
recent work this term is almost invariably included (albeit
in different forms).

In principle there are two possible ways of calculating
Uel, which characterises the electrostatic interaction of two
molecules. The first consist in expanding the energy Uel
in a series with respect to multipoles:

Uel‘= Ute qﬂ+U(q. n)+ Ut Q)+_ R .U(n, u)+ Ut Q)+. .

where q is the net charge of the molecules, u is the dipole
moment, and @ is the quadrupole moment. The quantity q
is finite in charge-transfer molecular complexes, whereas for
homomolecular crystals (i.e. crystals composed of identical
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molecules) q =0 and the corresponding terms in the formula
also vanish. For practical purposes the multipole expansion
is used relatively rarely: on the one hand, the values of
the higher-order multipoles are usually unknown, and on the
other hand it is not easy to ascribe to point multipoles (and
in particular dipoles) a definite position and orientation with
respect to a molecule.

The second method of calculating Ug] relies on the atom—
atom approximation. The continuous distribution of electron
density is replaced by a discrete distribution, and an effec-
tive point charge (localised near the nucleus) is assigned to
each atom in the molecule. Then we can write

Ug= 5_“ q:q5(T
1)

The effective charges can be calculated by various quan-
tum-mechanical methods. Some workers’®”’? use the
simplest computational scheme, in which the effective atomic
charge is treated as the sum of the 7 and o-charges (the
former calculated by the simple Hiickel method, the latter by
the Del Re method’*). Other workers have used more com-
plex quantum-mechanical approximations®®75. As an alter-
native, the charges (as well as other parameters of the
intermolecular interaction potentials) can be evaluated by
fitting the optimum structure to the experimentally determined
structure’®77,

The components of the intermolecular interaction listed
above contribute (though to varying extents) to the struc-
ture of all molecular crystals. In addition, we sometime
meet specific intermolecular forces, which are always associ-
ated with the presence in the molecule of some particular
atoms or atomic groups. These forces include hydrogen
bonds, bonds of the metal-metal and metal-oxygen type,
and other bonds found in crystals of some inner complex
compounds. The energy of these interactions is quite diffi-
cult to calculate: a successful method of calculation has
been developed (so far) only for the hydrogen bond.

Various procedures have been described for evaluating
the hydrogen bond energy. Some workers®®:’®7° have
used the "6—exp", "10—12", and "6—12" atom—atom poten-
tials, assigning specially chosen parameters to the atoms
taking part in the hydrogen bond, and allowing for the part
of the hydrogen bond energy which appears as interaction
between effective atomic charges. Other workers have
used special empirical and semi-empirical functions: Stock-
mayer potentials®®~%!, and Lippincott—Shroeder??:®3 or
Morse®* potentials.

Afonina and coworkers®® have used all the above methods
of allowing for the energy of the hydrogen bond in their
calculation of the heats of sublimation of various organic
compounds. The best agreement with experimental data
was obtained by using the last two potentials.

One of the most interesting approaches in the current
development of the atom—atom potential method is the work
of Scheraga and coworkers®®~%%, who treat the interaction
between electrons and nuclei by assigning positive charges
(located in the nucleus) of 1, 4, 5, and 6e to the H, C, N,
and O atom respectively, while the electrons are placed in
the bonds or in the directions occupied by unshared pairs.
The distances between electrons and nuclei are used as the
parameters of the model. The potential energy consists of
coulombic terms of the qiqj/rij type, describing the inter-
actions between electrons and nuclei, and terms which
allow for the attraction and repulsion between electrons in
terms of the "6-exp" potential. The parameters of these
potential functions are chosen by least squares from a large
fund of experimental data on various properties of the
molecules and of the molecular crystals (dipole moments,
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barriers to internal rotation, difference in energy of con-
formational isomers, lattice energies and lattice constants,
etc.). The main advantage of this model is that special
potentials are not needed to allow for H-bonds, and the
barriers to internal rotation can be described without intro-
ducing torsional potentials*®.

1V. SELECTION OF THE ATOM—ATOM POTENTIAL PARAME-
TERS FROM CRYSTALLOGRAPHIC DATA

The parameters of the atom—atom interaction potentials
can be determined from data on the molecular packing in the
crystal by two methods. The first consists in finding the
optimum packing for different values of the parameters
(i.e. the packing corresponding to minimum energy). The
best choice of parameters is taken to be the set which gives
a calculated structure as nearly as possible identical to the
experimentally observed structure. The second method
relies on the following considerations. The experimental
structure is assumed to be identical to the equilibrium struc-
ture. Hence the differentials of the energy at the experi-
mental point should vanish, and therefore the parameters
of the potential are chosen so as to keep the differentials of
the potential equal to zero. This method of selection
avoids the repetitive calculation of lattice sums+t and thus
offers a substantial saving in computer time.

The first of these approaches is used by Kitaigorodskii
and coworkers, and also by Giglio, Liquori, and others.

As was mentioned in the previous Section, Kitaigorodskii
uses a universal potential curve for C...C, C...H, and H...H
interactions®®. The parameters of this curve have been
progressively modified in successive papers®®®%°°, One-
dimensional and multi-dimensional sections of the energy
surface (U) were drawn for different values of the parame-
ters of the potential curve for methane®®, adamantane®’,
benzene®®, etc., and the best values of the parameters (for
which the position of the energy minimum corresponds to
the real structure) were identified in this way. The depth
of the minimum was corrected in accordance with the known
heat of sublimation. The set of parameters ultimately
chosen gave excellent results in the calculation of the opti-
mum packing in crystals of coronene®’, biphenyl®?, diben-
zyl®%, and others.

The parameters of the potential functions describing
interactions with oxygen®?, sulphur®’, and nitrogen®' atoms
were established in a similar way from data on the structure
and heat of sublimation of CO,, Sy, and N,0. Numerical
values of all the parameters recommended by Kitaigorodskii's
team are listed in Table 1.

Giglio, Liquori, and others used a different approach:
they did not vary the parameters of the potential to search
for the optimum packing, but they adopted sets of parame-
ters previously suggested by various workers (in particular,
for conformational analysis). The best values of the
parameters for the "6—exp,D" potential are given in Table 2.

In the course of this work it was shown that the position
of the minimum of the atom—atom potential curve plays an
essential role in the search for the optimum packing: the
other characteristics of the potential are relatively unimport-
ant. However this conclusion cannot be extended uncriti-
cally to other physicochemical properties.

93—97

+The lattice sums are expressions of the type

‘Zii/rg’., lzi.i/rg, izlilr“ etc., in which the summation is taken

over all the atoms in the structure.
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The second of the above methods of selecting the parame-
ters of C...C, C...H, and H...H interactions was first
applied by Williams in the case of the "6—exp" potential.
The experimental data used as a basis for the optimisation
were the structures, heats of sublimation, and other con-
stants of nine aromatic®® and nine aliphatic and condensed
hydrocarbons®®,  Using these data he wrote approximately
100 expressions equating the Uy values to heats of sublima-
tion, the first differentials of energy to zero, and the
second differentials to the elastic constants.

Table 2. Parameters of the potential used by Giglio et al. *>
9'4,56,97’108
1034,
i:ti?:cggn FE . B, A~ G ﬂ . A6 p
mole mole
C...C 301.0 0.0 327.0 12
C...H 48.8 2.040 125.0 6
H...H 6.6 4.080 49.2 0
S...S 220.8 3.62 1430.0 0
C...N 340.0 0.0 340.0 12
N...N 387.0 0.0 354.0 12
C...Cl 239.0 3.970 653 0
cl...Cl 220.8 3.620 1430 0
H...Br 25.6 3.557 366.7 0
C...Br 149.0 1.517 945.8 6
N...Br 165.2 1.517 983.8 6
O...Br 140.9 1.517 989.3 6
Me...Br 133.5 3.181 2836.0 0
S...Br 123.0 3.327 1977.2 0
Br...Br 65.8 3.033 2733.8 0
H...I 43.4 3.540 527.8 0
C...1 246.0 1.500 1361.0 6
N...I 272.7 1.500 1415.6 6
0...1 232.6 1.500 1423.6 6
Me...I 219.9 3.164 4081.0 0
S...1 206.8 3.310 2845.2 0
Br...I 107.6 3.048 3934.0 0
I...I 174.2 2.999 5661.0 0
0...0 105.7 4.608 125.4 0
0...H 19.8 3.840 497.6 0
0...C 178.5 2.304 202.2 6
0...Me 170.2 3.969 796.2 6
Me...Me 273.9 3.329 2942.0 0
Me...C 287.9 1.665 1235.0 6
Me...H 31.9 3.200 2089.0 0
Me...0 170.2 3.969 796.2 6

By using least squares Willams selected several sets of the
A and B parameters most consistent with these equations.
For convenience in the minimisation procedure the o parame-
ters were not varied in the calculation of the lattice sums.
The parameter aCcC was taken to be 3.60 &~ from calculations
of the compressibility of graphite®, and the parameter oHH
was taken to be 3.74 8! from a quantum-chemical calculation
of the repulsion between two hydrogen molecules®®. The
sets of parameters were obtained independently for the
aromatic and the non-aromatic hydrocarbons: four for each
of these two series of compounds. The difference between
the sets was that the parameters Acy and Bgy (either
singly or jointly) were either treated as independent or
calculated by the combination rules. The best of these
sets was chosen by calculating lattice constants and molec-
ular packing arrangements for different sets of parameters
in several aromatic or aliphatic hydrocarbons. It was found
that all the hydrocarbon crystals examined could be
described satisfactorily by a single set of parameters (listed
in Table 3).

In his more recent work Williams has selected and tested
a new set of parameters for the "6—exp" potential which
allows for the electrostatic component’®:°° (following Warshel
and Lifson”’, who first demonstrated the need to allow for
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electrostatic interaction in hydrocarbons). The charges on
the atoms were treated as parameters of the potential funec-
tion, and were evaluated by the above method together with
other parameters of the same series of compounds. The
numerical values obtained are shown in Table 3. The con-
tribution of the electrostatic component in the different
hydrocarbons varies from 0 (for n-pentane) to 29% (for
benzene). Only by allowing for the Ugy term was Williams
able to account for the polymorphic transition in benzene?°.
This suggests that even in hydrocarbons electrostatic forces
are far from negligible. On the other hand the contribu-
tion of the electrostatic component to the energy of the
benzene structure seems too high to be acceptable.

Table 3. Parameters of the "6—exp" potential used by
Williams.
Type of Keal 1038,
pe o keal 2 kcal 2-
interaction A'mole Ae ;ZE «, At References
C...C 568 83.630 3.60 68
C..H 125 8.766 3.67 68
H..H 27.3 2.654 3.74 68
C...C 449 71.430 3.60 76
C.H 134.2 14.310 3.67 76
H..H 40.1 2.867 3.74 76
Notes: in Ref.76 the parameters are given in kJ mole™;

qg =qc =0.179 e.s.u. 78

Scheraga and coworkers used both the first and the sec-
ond approach in their search for the parameters of the poten-
tial functions. They found a set of parameters describing
the interaction of hydrocarbon molecules by the method of
Williams, using as their experimental basis the heats of
sublimation and structures of benzene measured at three
temperatures!®.

More recently Scheraga and coworkers®® used a wide
range of compounds (including hydrocarbons, carboxylic
acids, amines, and amides) to select and test a system of
parameters to be used in calculations of the conformation of
polypeptides and proteins. The energy of zero-valent
interactions was calculated by using the "6—12" potential,
the hydrogen bond energy by the "10-12" potential, and
the Ug] energy by Coulomb's law. The A coefficient,
which characterises the attraction forces, was calculated by
the Kirkwood—Miiller formula in the "6—12" potential and by
a quantum-mechanical formula in the "10—12" potential.
The charges were calculated by the CNDO/2 method.
only the B parameter was varied, i.e. the parameter
describing the repulsion between atoms not joined by valence
bonds, and in particular between atoms taking part in hydro-
gen bonds.

The criterion for the validity of the parameters was the
quantity o, defined as

Thus

N %
o= [(wv) s (tf"““—tf"‘”‘y] ,
=1
where lj=a, b, ¢, o, B, Y are the lattice parameters and N
is the number of these parameters. The search procedure
included two independent (but interrelated) minimisations:
1) minimising the energy by varying the lattice parameters,
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and 2) minimising the ¢ value obtained in the previous cal-
culation by varying the B coefficients, using the formula

i {[aexl’er_.acalclz 4+ ...+ WeXper _vcalc]2} =0,
0B

Different parameters were selected for different types of
nearest-neighbour environment: thus, H atoms bound to an
aromatic ring, to an aliphatic chain, to the nitrogen of an
amino group, to the oxygen of a hydroxyl group, etc. were
considered to be different.

Table 4. Parameters of the "6—12" potential used by
Momany, Scheraga, et al.

cal 1038,

. . cal o kcal

Type of interaction " mols A ole * Al2
H...H (aliph.) 45.5 14.10
H...H (amino, amido) 45.5 8.43
H...H (arom.) 45.5 14.39
H...H (carboxy, carbonyl) 45.5 11.69
C...C (aliph.) 370.5 906.03
C...C (carboxy, carbonyl) 766.6 1048.98
C...C (atom.) 370.5 475.30
N...N (amido) 363.1 732.54
N...N (in H bond) 401.0 374.94
0...0 (carbonyl, carboxy) 369.0 170.19
0...0 (hydroxyl) 217.2 125.63
S...S (heterocyclic, sulpho group) 249.0 363.18

The parameters thus obtained (Table 4) were tested by
calculating the packing and the energy of the structure for
crystals of monomeric'®? and of polymeric amino-acids®%1%%,
The authors stress that the results given by these parame-
ters are satisfactory only if the charges on the atoms are
calculated in the CNDO/2 approximation.

The two possible approaches to the selection of the atom—
atom potential parameters are compared in a paper by Hagler
and Lifson!®®. A serious drawback of the second approach
is shown to be the non-equivalence of the optimisation of the
potential parameters from the differentials of the energy and
from the experimentally observed structure. Thus in the
case of points on gently sloping regions of the potential
energy surface the differentials can be small, and yet the
distance from the minimum may still be large. For this
reason these workers proposed a method’’® in which the
exact values of the parameters are obtained directly from the
structure whilst avoiding the need for repetitive calculations
of lattice sums.

The authors®® explain their method by defining the vector
a whose components are the structure parameters. The
special feature of the method is that the quantity Aa =acglc —
Gexper is obtained directly, by the Newton—Raphson method,
of calculating aegle: A@ =-F(@exper)VqU(Gexper), where
F is the matrix of the second differentials Fyg = azUlaaaaag,
VaqU is a vector whose components are the differentials
3U/3y, and the numerical values of the differentials corre-
spond to the experimentally determined structure.

The parameters of the potential, represented by the vector
p, are obtained by solving the equation

opi = pi— pt = [(Z'Z) 1 Z' Ayl

iteratively by least squares. In this equation Z = JFEWU/3p
is a matrix of the differentials of the deviations of the struc-
ture parameters (with respect to the parameters of the poten-
tial), and Ay is a vector of the deviation of the calculated
from the experimental structure parameters.
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In the first variant of the calculation the energy of the
structure was described!’® by the formula

QUy=—3A[r+ ZB/rm+2qq’Ir+2Uy,

where m was taken to be 9 or 12. This formula includes a
contribution from the hydrogen bonds (UH), which was
expressed by the Morse potential. However it was later
shown that the hydrogen bond is adequately accounted for
by the first three terms if the parameters of the potential
and the charges are chosen for atoms taking part in hydrogen
bond formation. The experimental material used in this
calculation was a selection of structure data for eight amides,
but heats of sublimation and dipole moments were also used

in the minimisation procedure.

Table 5. Parameters of the potential used by Hagler,
Lifson, et al.0®

1038, 1035,
Type of interaction|4, << 34 keal 413 | 4 esw** 4, Ec—alifx' kel gy | g esur
mole mole * ’A mole mole”
«6-12» «6-9»
H...H (att. to O) 32.9 1.15 0.10 15.0 0.445 0.11
0...0 502 275 —0.38 1410 45.8 —0.46
N...N 1230 2271 —0.28* 2020 86.9 —0.26™
—0.83** ~0.82%*
c.C 532 1811 — 1230 38.9 —
C...C (in amides)| 1340 3022 0.38 3585 12.5 0.46
H...H(att. to N} 0 0 0.28* 0 0 0.26*
0.41%* 0.41**

*In NH group; ** in NH, group, ***the CO, NH, NH,, and
CH, groups are assumed to be neutral.

The parameters of the potential functions selected in
Ref.106 are listed in Table 5: we note that the "6~9" and
the "6—12" potentials give equally good results in the calcu-
lation of equilibrium structures. The charges on the atoms
obtained as parameters of the intermolecular interaction func-
tion were compared!’® with the charges found by quantum-
mechanical calculations (ab initio, CNDO/2, and the Del Re
method). The best agreement was obtained with the charges
given by ab initio calculation.

The validity of the parameters thus obtained was tested
by calculating the packing of molecules in ten crystalline
amides'®’. For three of these the energy minimum was
sought by varying every possible geometric parameter: only
the number of molecules in the elementary cell was treated
as known. The authors stress that this is the first reported
calculation of this type.

Mirskaya and coworkers®® compared the parameters of the
potentials recommended by different authors for calculating
the properties of ¢rystalline hydrocarbons. Only those
parameters having a clear physical significance were com-
pared: the equilibrium distance r;, the depth of the poten-
tial well €, and the quantity A =ry, which characterises
the steepness of the slopes towards the minimum for the
"6—exp" potential. The authors point out®® that the failure
to ensure physical significance of the atom—atom potentials
often leads to unrealistic potential curves. Thus the
parameter riH = 3,37 obtained by Williams®®:®° is too high
(when compared with the sum of the van der Waals radii).

516

The values of €CC and r'g:H obtained in Ref.77 are clearly

too high. Momany and coworkers!® obtained a curve for

the C...C interaction without a minimum, and curves for

the C...H and H...H interaction with excessively deep minima.

Table 6. Comparison of the characteristics of the potential
curves proposed by various authors for hydrocarbon

crystals®® (e in keal mole™, rq in R).
c..C C...H H..H
Refs.

e ro A e ro , A e Iy A
0.080 | 3.80 | 14.0 0.049 | 3.30 13.0 0.030 2.80 12.0 90
0.067|3.80 | 13.6 | 0.067 [3.30| 13.6 | 0.067 | 2.80 | 136 | 89
0.005(3.88| 1397 | 0048 |3.31] 121 | 0010 { 3.37 | 126 | 68,69

. * T 1e642> | 0.259 |2.73 ] «B12» | 0.423 | 2.61 | «6-12» | 101
0.185 | 3.62 | «6-9» = = 0.003 | 3.55 | «6:9» 77

*No minimum.

Subsequently®®:*% these same workers’’’'%! reconsidered

their recommended potential parameters and compared r, and
e values (Tables 7 and 8) as had been done in Ref.90. We
see from these Tables that the discrepancy between the ry
values for the curves proposed by different authors is much
smaller than the discrepancy between the € values. One
reason for the large differences between the € values is that
the overall energy of the intermolecular interaction (which
alone can be compared directly with experiment) depends
not only on € but also on the effective charges on the atoms,
which vary quite markedly according to the method of calcu-
lation and are even ignored altogether in some cases. It
follows that the methods of calculating the component of the
energy which is determined by the "6—exp", "6—12", etc.
potentials, and the method of calculating the electrostatic
component, should be mutually consistent.

Table 7. Comparison of the characteristics of the potential
curves proposed in Refs.106, 109, and 110 (¢ in kcal mole™
re in ).

e o Refs. e o Refs. 2 o Refs.
H...H (attached to C) C...C(in amides) N...N

0.0025 3.54 106 0.042 3.75 106 0.164 4.01 106
0.038 2.75 106 0.148 4.06 106 0.167 3.93 106
0.122 2.4 109 0.14 3.4 109 0.20 34 109
0.076 2.6 110 0.138 3.6 110 0.212 3.3 110

C...C 0...0 H...H (attached to N)
0.184 3.62 106 0.198 3.65 106 0.0 0.0 106
0.039 4.35 106 0.228 3.2 106 0.0 0.0 106
0.11 3.4 109 0.23 3.04 109 0.122 2.4 109
0.138 3.6 110 0.172 3.2 110 0.076 0.26 110

V. TABULATION OF THEORETICAL CALCULATIONS OF
MOLECULAR PACKING

In this Section we shall try to present as fully as possible,
in tabular form (Tables 9—16), all the results obtained in
theoretical calculations of crystal structures using atom—
atom potentials. These investigations began in 1961, when
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Kitaigorodskii proposed this method of identifying the energy
minimum in a crystal. Since then, and up to 1977, the
number of papers published on this topic has risen to 180.

Table 8. Comparison of the characteristics of the potential
cuxges proposed by various authors (e in keal mole™, r,
in A).

Russian Chemical Reviews, 49 (6), 1980

number of publications appeared in 1974—-1975. Whereas the
early papers dealt with erystals consisting of molecules con-
taining a small number of atoms (halogens, methane, ben-
zene), and a limited number (one or two) of types of atom,
the scope of the more recent papers has become much wider.

2 re Refs. € ro Refs. e re Refs.
H...H (aliph.) C...C (aliph)) 0...0 (carbonyl, carboxyl)
0.037 2.92 55 0.038 | 4.12 55 || 0.200 3.12 55
0.0045 | 2.936 111 0.196 | 4.228 111 0.230%5|  3.00 111
0.0025 | 3.548 77 0.185 | 3.616 77 0.325 3.10 261
0.033 3.36 261 0.049 4.6 261 0.124%9 3.25 262
0.060 2.80 262 0.060 | 3.80 262 0.106 3.32 263
0.010 3.37 68 0.095 3.88 68 .
0.027 3.08 263 5...S N...N (amino)
C...C (arom) 0.043 | 3.78 55 | 0407 1 3.5 55
0,361 301 261 0.194 3.60 11
0.073 3.70 55 03330 30 563 0.165 | 3.52 261
0.095 3.90 261 - . 0.076 3.80 263
0.095 3.88 68 0.081 3.60 264
Table 9. Publications by Kitaigorodskii and coworkers on

molecular packing calculations.

Year Compound p’:f::::g‘: Refs. Remarks
1961 |Methane2 a 56 —
1961 |Methane, adamantane a 57 —
1964 [|Hydrocarbons (6 compounds)d a, ¢ 89 AH
1968 |Benzene® a, $ 112 —_
1969 |Naphthalene, anthracene a, P 113 a(t°)
1969 |Naphthalene P, X 114 v (t°)
1969 [CO a 59
1970 ([Coronene a, P 91 AH
1971 phthalene, anthracene, bipheny! P, X 115 v, v (£°)
1971 |Sg(zhombic), CS§ a ¥ 60 AH
1970, 1971) C(Ph)4,8i(Ph)4, Sn(Ph)4, a, P, @ 116, 117 —
Pb(Ph)§
1972 IN20, o~N7, hexamethylene- a, ¢ 61 Q, AH
tetramine®
1972 |3,6-Diphenyl-s-tetrazine P, @ 118 AH
1972 (Biphenyl, dibenzyl a b 92 Al
1972 Diethynylbenzene P 119 Xsa
1974 {Naphthalene2 — 90 AH, el. const.
1975 |A hthene, tolane, biphenyl* sC a, p, X 120 -
1975 {Benzene P, X 41 A
1976 |Adamantane P, X 38 A, polymorph.
1976  |Coumarin a, P, X 121 AH
1976 |Naphthalene, anthracene P, X 42 A
1976 |Binary acenaphthene-o- P, X, @ 122 —
nitronaphthalene system

*The "6—12" potential was used in this calculation, the
"6—exp" in all the others. New parameters used for:
(a) C, H, (b) O, (e) S, (d) Si, Sn, Pb, (e) N.

The most important contributions to this area of research
came from the teams of Kitaigorodskii, Williams, Giglio,
Simonetti, Scheraga, Lifson, Sarko, and Zugenmaier. The
work of these groups accounts for more than 50% of the
published material, and is presented in Tables 9—15. Pub-
lications from other laboratories are listed in chronological
order in Table 16.

It is clear from the Tables that the number of papers
dealing with this topic has risen steeply in recent years:
approximately 60 papers between 1961 and 1970, as compared
with over 100 papers between 1971 and 1977. The greatest

Table 10. Publications by Williams and coworkers on molec-
ular packing calculations.
Adjustable
Y
ear Compound parameters Refs. Remarks
1966 Aromatic hydrocarbons (9 compounds)2
69 -
1966 Dibenzoylmethane* P, X 8 Xsa
1967 n-Hexane, n-pentane, and other hydro- P, X 68 —
carbons (9 compounds)@
1968 Benzene, naphthalene, phenanthrenea® P 123 —
1969 3,4-Dihydro-2,4,6-triphenyl-s- tetrazin- P, X 124 Xsa
1,2(2H)-y1*
1969 Aromatic hydrocarbons (4 compounds)* P, X, ¢ 50 —
1972 | p,p"-Bitolyl P, X, ¢ 125 q
1973 2,4,6-Triphenylverdazil* v, X, 9 126 Xsa
1974 18 hydrocarbons? a 76 q
1975 Benzene (2 modifications) a, g, X 100 |9, polymorphic
1977 18 hydrocarbons?a P, X 127 q

*"d—d," potential:
potential was used.

in all the other calculations the "6—exp"

3New parameters used for C and H.

Table 11. Publications by Giglio and coworkers on molecula:
packing calculations.

Year Compound ::::rr:;l; Refs. Remarks
1967 Hexamethylbenzene ") 128 -
1967 S-a-Androstan-3,17-dione PpX 129 —
1968 Adamantane a, P 93 —
1968 | S8(thombic)*d a 94 _
1969 (803)n a, ¢ 95 -
1969 Dimethylglyoxime** P 80 H-b
1970 Ethylene, deutero-ethylene* P, X, @ 130 v
1970 Ny, dicy. octachlorocyclobutane a 96 —
1970 Diketopiperazine** ¥ 131 Hb
1970 Hexabromomethylbenzene, iodoformd a, P 97 —
1971 N,N'-Dicyclohexylurea* ¥ X, 9 132 H-b, Xsa
1972 N-Methylacetamide P, X 133 H-b
1972 Bromoform sCa, ¥, X 134 1%
1972 Complexes of desoxycholinic acid with

p-diiodobenzene and phenanthrene ¥, X, ¢ 135 Xsa
1973 S-a-Androstan-3,17-dione* P, X 108 Xsa
1974 | Poly(fluoroethylene), polyethylene* SC Y, @ 136 —
1974 | Coumarin* Y, X 137 Xsa
1977 Benzene, naphthalene, anthracene,

phenanthrene? a, P, X 138 AH

*The "6—exp,D" potential was used, **"6-—12" potential
(in all other calculations the "6—exp" potential was used).
New parameters used for: (a) C, H, (b) S, (¢) C, N, Cl,
(d) Br, I.

At present most of the workers in this field are concerned
with amides, mono- and poly(amino-acids), and other com-
pounds of relevance to developing methods of calculation for
complex, biologically important substances such as poly-
peptides and proteins. At the same time metal-organic

and inorganic substances are beginning to be studied by the
atom—atom potential method.
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As the range of compounds being studied becomes wider,
suitable parameters of the potentials have to be chosen.
Papers dealing with this problem are mentioned in the Notes
of the Tables.

Table 12. Publications by Simonetti and coworkers on molec-

ular packing calculations.

Year Compound Adjustable Refs. Remarks

parameters

1967 ; 2-Bromo-1,1-diphenylprop-1-ene*** [ 139 vfree

1967 | 2-Bromo-1,1-ditolylethylene [ 140 —_

1968 | Biphenyl P, ¢ 141 —

1969 | p.p’-Bitolyt v, @ 142 -

1971 | 1,1-Di(p-nitrophenyl)ethylene* @ 143 9, efree

1971 | Polyethylene* a, ¢ 75 q, ¥free

1971 | 11,11-Difluoro-1,6-methano[10] annulene*”, X 144 Xsa

1972 | 1,6: 8, 13-Butan-1,4-diylidene[ 14] P 145, 146] 4, ofree, Xsa
annulene*

1972 | 1,6: 8,13-Propan-1,3-diylidene[ 14] ) 147 9, free, Xsa
annulene*

1973 | p-Nitrobiphenyl* v, @ 148 9, pfree

1973 { Naphthalene, anthracene, pyrene, etc. P, X 149 v
(9 compounds) _

1975 | Anthracene, adamantane, dibenzo-1,4- a 27 Av
cycloocta-3,7-diene**

1975 | Hydrocarbons, molecules containing N ¥, X 150 reorient.
and O (25 compounds) |

1976 | F-substituted aromatic compounds P, X 151 AH, v
(5 compounds)a

#"6—-12" and "6—exp" potentials used; **a special potential
was used in this calculation, the "6—exp" potential in all
other calculations; ***form of the potential not stated.

New parameter for the potential of F.

Table 13. Publications by Scheraga and coworkers on
molecular packing calculations.
Year Compound g;'l:;ﬁzl:s Refs. Remarks
1968 | Benzene® a 101 a ()
1971 | Poly(L-alanine), poly(g-benzyl-L- a, §, ¢ 103 q
aspartate)
1974 Amino-acids (14 compounds)b a, ¢ 102 q
1974 Hydrocarbons, carboxylic acids, amines, a 55 q
amides (14 compounds)
1974 | Poly{g-(p-chlorobenzyl)-L-aspartate] a, 4, X, 104 q, A
1975 Hydrocarbons, alcohols, amines, ice a, ¢ 86 q, U, Vv
(8 c;ompcumis)'c
1975 n-Hexane, n-octane, methylamine, a, ¢ 88 q
methanol,
a-D-glucose*
1975 | Acetic and formic acid a, @ 152 q, e

*The "6—exp" potential was used in the approximation of the
electron—nucleus interaction model; in all other calculations
the "6—12" potential was used.

New parameters for the potentials of:
0,8, (¢)C, H, N, O,

(a) C, H, (b) C, H, N,

It is clear from Tables 9—16 that the "6—exp" and "6—12"
potentials have been used most frequently. The "6—exp,D"
potential often appears in the papers from Giglio's laboratory.
More recently some workers have successfully used the
"d—d," potential proposed by Williams. All these types of
potential are described in Section III. Special potentials
of a non-standard type are only rarely used.

The complexity of the calculations reported can be judged
by the column headed "Adjustable Parameters" in the Tables.
Most of the authors have treated the space group, the
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number of molecules in the cell, and the type of position
taken up by the molecules in the cell as known (from experi-
mental data) when seeking to optimise the packing of the
structure: in other words, they have assumed a given
structure class. However some workers have considered
different structure classes: this is indicated by the abbre-
viation SC in the Adjustable Parameters column. The follow-
ing abbreviations are also used in that column to indicate

the structure parameters which were varied during the
optimisation procedure: a—the parameters of the elementary
cell, y—the Euler angles which characterise the orientation
of the molecules, X—the coordinates of the centres of
gravity of the molecules, and ¢—parameters describing the
conformation of the molecules (usually the angular rotations
about single bonds).

Table 14. Publications by Lifson and coworkers on molecular
packing calculations.

Year Substance Potential Adjustable Ref. Remarks

parameters

1969 | o-N, 6-12 P, X 153 v

1970 | o-Ng 6-12,6-exp P X, @ 154 Qv
1970 |Alkanes (13 compounds)b 6-12,6-9,6-exp | a, ¥, X, ¢ 77 g, AH, v
4971 |n-Hexane 6-9,6-12,6-exp * P, X 155 q, v
1974 |Benzene, biphenyl, 9,10-trans{ 6-12,6-9,6-exp | SC a, P, X, ¢| 156 v

| g-ionylidene~y-crotonic acid

1974 | Chalcones (4 compounds) 6-exp a, ¢ 157 —

1974 | Amides (6 compounds)¢ 6-9 a, ¢ X 105 q

1974 t Amides (9 compounds)© 6-9,6-12 a 106 g, p, Hb , AH
1974 | Amides (10 compounds) 6-9,6-12 SC a, P, X 107 q

1975 | Naphthalene, benzene 6-exp a, P, X 158 v

1975 | a-N,, v :N? 6-12 P, X, ¢ 159 | AH, v, v (%)
1975 | Urea, formamide, adi- 6-9,6-12 a, P, X 160 g, Hb , v

pamide
1976 | Ice (hexagonal) dified 6- a P, X 161
1976 | V-Methylamide, amides, mo.- le‘. P SC, a,wu), X, ¢ 162 i
peptides

New parameters for the potentials of (a) N, (b) CH, (e) C,
H, N, O.

Table 15. Publications by Sarko, Zugenmaier, and
coworkers on molecular packing calculations.
Adjustable
Year Compound par]:;:ters Refs. Remarks
1972 | 6-monosaccharides (« and g P, X 163 | Hb
glucose, etc.)
1973 | B-Amylose.Hy0 SC a, 9, X, ¢ 164 | H-b, Xsa
1974 | Cellulose 1 SC a, P, X, ¢ 165 | H-b
1974 | Mannan P, X, @ 166 | —
1974 | Dpimethylsulphoxide- P, X 167 | Xsa
amylose complex
1976 | Cellulose 11 a, P, X, ¢ 168 | H-b, Xsa
1976 | Cellulose 111} a, P, ¢ 169 | Hb
1976 | V-Amylose P, X 170 | H-b, Xsa, pfree
1977 | B-D-Glucone acetate P, X 171 Xsa, ofree
*New parameters for the potentials of C, H, O. The

"d—d " potential was used in all calculations.

In the early work the number of adjustable parameters
was usually small, but as computer techniques become more
generally available the complexity of the calculations
increased. The record for the number of parameters varied
in the calculations is held by Scheraga's group, who treated
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all the parameters listed above as adjustable and took only
the number of molecules in the cell as given.

Table 16.
Substance Adjustable Refs. Remarks
parameters
1 2 3 4
1962
Chlorine, iodinel SC a, ¢ 172 —
1964
Methane SC a, ¢, @ 173 q
Chlorine! SC a, 174 Q
1965
Naphthalene P 175 w Q
1966
Polyethylene a, 176 —
8,6-Dimethyladipic acid P 9 —
1967
Chlorinel SC a, ¢ 177 q
BenzenelV.a ¥ 178 v
Naphthalene, anthracene P, X 179,180,181 v
1968
(CH20), P 182 v
Chlorine, fluorinel SC a, 183 7, Q
(CH0)2 a P 184 _
BenzeneV a 185 Q
CoNb ¥, X 186 Q v
1969
1,3,5,7-Tetramethylocta- P 187 -
1,3,5,7-tetraene
Ethylenel ¥, X 188 v
Benzene P 189 v
BenzenelV P, X 190 v
Chlorinel.IV ¥ 191 q, v
Chlorine P 192 —
1970
Benzene, deuterobenzene P 193 v
a-Nj P, X 194 q, v
Acenaphthene ¥ 63,195 v
Deutero-anthracene P, X 196 v
Naphthalene P, X 197 v
Formic acidIV;b — 198 q
Anthracene ¥, X 199 v
Polyethylene a, ¢ 200 —
1971
p-Dichlorobenzene, ¥ 201 _
p—dibromobenzene"
Acetylenel V ¥ 202 Q
Methane SC ¢, X 203 AH, polyn})orph.
a-07, -0 P, ¢ 204 Q, v ()
o, y-Np; a-, y-COLIV SC a, ¢ 205 Q, w» v, polymorph.
coz® ¥, X 206 v ()
Adamantane a, P 207 AH ,reorient., polymorph.
1972
Cyclobutane SC a 208 -
Planar molecules P, X 209 q
lodoform, chloroform, SC 210 W, Xsa
bromoform N
Biphenyl ¥, X 211 )
Trans-dichloroethane P 212
1972
Polyethylene Via a, ¥ 213 .
&-Chitin!1! Y, X, ¢ 214 Xsa
Benzene, naphthalene P, X 245 v
1973
Chloro-substituted benzenes P, X 216,217 AH, v
(3 compounds)’
Benzene, deuterobenzene P, X 218,219 W, v
Triphenylphosphine ) 220 Pfree
EthyleneV] SC ¢ 221 v
Hexamethylenetetramine V. @ 222 v
Acenaphthylene P 223 —
Benzene, SO2 P 224 q
N-Methylacetamide P, X 225 g, Hb
Mucondinitrile and 8 organic " 226 reorient.
complexesII
1974
Hexachlorobenzenel a, 227 a, v
Aromatic compounds 228 AH, reorient.
(8 compounds)
Tetraphenylsilanel ¥, @ 229 q, AH, v
Cly, Bx&v‘w P, X 230 v, v (£%)
H), N2, 0, Fy, Clg, Brg, 1h SCa, ¥, X 231 Q
03 SC ¥, X 232 —
oNg, N3 a 233 v
Methane SCa, VP 234 v
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Table 16 (contd.).

Substance }},?I‘;;t;l:l;s Refs. Remarks
1 2 3 . 4
1975
CHg, CO2, CgHg, C¢HsNO2 a, ¢, X 235 q, AH
n-Butane a, ¢, X 236 v
Pyridazine derivatives P 237 q, u
(2 compounds)
Durol P, ¢ 238 v, AH
1976
Imidazole, pyrazine, urea, P, X 239 v
cyanuric acid!
Biphenylene a, ¢ 240 v, AH
Adrenaline a P, X, ¢ 241 q, Hb, ofree
Anthracene SC a, ¥ 242 reorient.
Hydroquinone clathratest P, X 243
Hexax;\ethylenetetramim, P 244 reorient.
(o, 8
«-COLe v, X, ¢ 245 Qv
Hexachlorobenzene P, X 246 [T
€02, N, CgHgLIV a, P 247 Q. AH
Methane, adamantane, 2,2-para- a, P 248 {a ({°) reorient., polymorph.
cyclophane, 3,3-paracyclophane
Benzene P, X, @ 249 v
Hexapheny triphenylt a, ¢ 250 Pfree
triphenyltriazine
PhenoselenazineV b, X, ¢ 251
1977
n-Alkanes (S compounds) P, X 2592 AH, reorient., polymorph
Sb(Ph)s, P(Ph)s, As(Ph)s SC W, ¢ 253,254 q
1977
M(Ph)5.%CgH12 (M =P, As, Sb) SC a, ¢y, X 255 q
Acetic acid SC ¢ 256 q, Hb
TCNQM-phenanthroline!! W 257 reorient., Xsa
2-Methyl-5,8-dihy droxy- P, X, ¢ 258 Xsa
1,4-naphthaquinonelil
I XVFe
N3 v, X 259 Q v, v ()
Formic acid ¥ 260 9, Q

Notes. The following potentials were used: (I) "6~—12",
(II) "6—exp,D", (III) "d—d,", (IV) a specially defined
potential, (V) "6—exp" and "d—d,", (VI) "6—exp"” and
"6~12" (in all other cases the "6—exp" potential was used).
New parameters for the potentials of: (a) C, H, (b) C,
H, 0, (¢)C, 0, (d) C, H, Cl, (e) N, (f) C, H,N.

The column headed "Remarks" gives some additional
information on the method of calculation or on the purpose
of the investigation. The following abbreviations are
used: g, u, and @ denote allowance for the electrostatic
interactions in the monopole, dipole—dipole, and quadrupole—
quadrupole approximation respectively, ¢ denotes allowance
for the dielectric constant in the calculation of the electro-
static component, H-b shows that the energy of the hydrogen
bond has been allowed for, AH that the calculated results
have been compared with the experimental heat of sublima-
tion, el.const. that the results have been compared with the
experimental elastic constants of the crystal, reorient.
that the reorientation of molecules in the erystals has been
considered, Xsa that the optimum structure was calculated
in the course of an X-ray structural analysis, polymorph.
that the work was aimed at interpreting a polymorphic trans-
formation, ¢free that the conformation of the molecule in the
crystal has been compared with the calculated conformation
of the free molecules, a(t°) that the temperature dependence
of the lattice parameters has been calculated, A that the
thermodynamic functions have been calculated, v that the
vibration frequencies in the crystals have been calculated,
and v(t°) that the temperature dependence of the frequency
has been calculated.

We note that a discussion of calculated frequencies of
internal and external molecular vibrations lies outside the
scope of this review. Special review articles have appeared
on this topic®®?®®,  Work on the calculation of frequencies
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is included in the Tables only in so far as it involves mini-
misation of the intermolecular interaction energy by varying
the structure parameters.

In most of the work listed in Tables 9—16 the structure
class of the crystals under study is taken from X-ray dif-
fraction data, i.e. the problem of optimising the packing of
the molecules is solved for a given structure class. How-
ever some workers have formulated the problem more widely,
and have treated the structure class as a variable. A
brief outline of publications in which packing arrangements
for different structure classes are compared is given below.

Brock and Ibers?532%* tried to account for the square-
pyramidal coordination of antimony in Sb(C¢Hs)s (structure
class P1, Z=2(1)) as compared with the trigonal-bipyramid
coordination found in P(C¢Hs)s and As(C¢Hs)s (structure
class Cc, Z=4(1)). For each of the three compounds the
potential energy of the crystal structure was minimised for
a coordination polyhedron taken either as a tetragonal pyra-
mid in the class P1, Z=2(1), or as a trigonal bipyramid in
the class Cc, Z=4(1). The calculation was satisfactorily
consistent with experiment, but only after allowing for the
electrostatic component.

Kitaigorodskii and coworkers!?’ studied acenaphthene
(structure class Pcm2,, Z =4(m,m)), biphenylene (P2,/a, Z =
6(1,1)), and tolane (P2,/a, Z =4(1,1)) to explain the exist-
ence of quasi-heteromolecular crystal structures, in which
identical molecules can occupy more than one system of equiv-
alent positions. To this end they calculated the optimum
packing of acenaphthene molecules in the P2,/a, Z = 4(1)
structure class, and of biphenylene and tolane in the
P2,/a, Z=2(1) structure class, i.e. they examined the
normal packing arrangements in which all the molecules are
symmetrically equivalent. Only in the case of acenaphthene
was the potential energy of the real structure lower than the
energy of the hypothetical packing arrangement. For
biphenylene and tolane the energies of the real and the
hypothetical packing were found to be almost identical.

The aim of Derissen and Smit?°® was to explain the specific
behaviour of acetic acid during crystallisation. Unlike most
of the other carboxylic acids, acetic acid forms a structure
(structure class Pna2;, Z =4(1)) in which the molecules are
connected by hydrogen bonds in infinite chains (rather than
in dimers). The most likely alternative to the real struc-
ture of acetic acid was taken to be that of fluoroacetic acid
(P2,/c, Z=4(1)). Minimisation of the potential energy for
this structure class gave two minima of similar depth. Their
energy was practically identical to that of the real structure.
Thus the authors?*® could not reach any firm conclusion on
the reasons for the anomalous structure of crystalline acetic
acid. However they correctly point out2®®, like other
workers®??, that this type of problem cannot be finally
resolved without calculating the free energy. In all proba-
bility the lack of success of a number of investigations?2:17%
177,183 4f the crystal structure of chlorine is also due to the
use of the potential energy (instead of the free energy) of
the structure in the minimisation procedure.

We shall now turn to a more detailed discussion of some
special aspects of the calculation of the energy of molecular
packing, noted in the "Remarks" column of Tables 9-16.

0

1. Comparison of the Conformation of the Free Molecule and
the Conformation of the Molecule in the Crystal

If the molecule contains atomic groups able to rotate about
an ordinary bond the crystal field may be sufficient to affect
the conformation when such a molecule is introduced into a
crystal. This effect has along been recognised in compari-
sons of X-ray diffraction results with the results of analytical
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methods sensitive to the geometry of "free" molecules
(electron diffraction of vapours, and microwave spectroscopy).

Minimisation of the energy of zero-valent interactions in
the atom—atom approximation allows us to interpret and to
predict the influence of a erystal field on molecular conforma-
tion. The classical work in this area was contributed by
various authors?®?1*125 who calculated the conformation of
biphenyl molecules in the vapour and in the crystalline phase.
In complete agreement with experiment, the calculations
indicated a planar structure for the molecule in the crystal
and a non-planar conformation (with an angle between the
phenyl rings between 30° and 42° according to different
authors) in the free state.

In a more recent paper of this type25® the energy of the
free molecule and the energy of the crystal structure are
calculated as a function of the angle of rotation of the phenyl
rings about the ordinary bond for hexaphenylbenzene,
1,3,5-triphenylbenzene, and 1,3,5-triphenyltriazine. The
result of the calculation is that the isolated molecule has a
higher symmetry, and that the rotation angles of the phenyl
rings are slightly altered (by less than 10°) when the mole-
cules are introduced into a crystal.

Calculations of molecular conformation in a crystal can be
used to establish the location of atoms or atomic groups not
detected with sufficient precision by X-ray diffraction.

The calculation of the coordinates of hydrogen atoms in
methyl groups is an example of this type of work6%:267,

2. Application of Optimum Packing Calculations in X-ray
Diffraction Analysis

In this work an initial model of the molecule is usually
assumed, based on standard bond lengths and bond angles,
and supplemented if necessary by conformational analysis.
Data on the structure class and on the elementary cell
parameters are obtained from X-ray diffraction. The
distribution of the molecules within the cell corresponding
to a minimum energy is obtained from that information. If
more than one distribution is found to be possible the
R-factor is calculated in each case, and the structure corre-
sponding to the lowest R-factor is identified by the standard
methods of X-ray analysis. This method has been used,
for example, in Williams' calculations of the structure of
organic compounds containing nitrogen heterocyclic rings
Simonetta and coworkers!**~1*’  having calculated the confor-
mation of several derivatives of annulene, established their
packing in the crystal to within R = 5—8%. Similarly, Giglio
and coworkers identified the structures of N,N'-dicyclo-
hexylurea®??, 5a-androstan-3,17-dione?®, coumarin®®’, and
other compounds. The second structure in this list could
not be determined by conventional methods of X-ray analysis.

The search for optimum packing as a means of determining
structure is particularly valuable in the case of polymers.
Perfect crystals, suitable for X-ray structural analysis, are
seldom formed by polymers. By minimising the energy of
the crystal structure we can build a model of the polymer
which is then modified or confirmed by X-ray diffraction
results.

A good example of this method of evaluating polymer
crystal structures is given by the work of Sarko, Zugenmaijer,
and others (Table 15) on the crystal structure of carbo-
hydrates and polysaccharides. These workers used the
"d—d," potential (see above), with parameters chosen on the
basis of six model monosaccharides'®®. This potential allowed
them to calculate the effect of hydrogen bonds as well as
ordinary intermolecular interactions. The packing of two
model chains was considered in the work on the structure of

124,126
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mannans’®®: these models gave very similar energy terms,

and only by interpreting i.r. spectral data could one of them
be chosen as the more likely.

The structure of different modifications of a material as
important as cellulose could not be established until calcula-
tions of packing were applied to the problem. The first step
in this type of work is a conformational analysis of the free
molecule. Choosing the most probable conformations, and
using experimental data on the space group and on the param-
eters of the elementary cell, 185 initial models were assembled.
Minimisation of the energy reduced this number to 24 vari-
ants, from which the packing arrangements with the largest
number of hydrogen bonds were chosen. The model was
further refined by using experimental values of the struc-
ture amplitudes. It was shown that cellulose I consists of
parallel chains and has a triclinic (and not monoclinic, as
previously thought) unit cell. The R-factor of this struc-
ture was 29%. The modification known as cellulose II was
characterised to an R value of 15.1%: it consists of anti-
parallel chains and contains a greater number of hydrogen
bonds, which explains is greater stability. For the cellu-
lose III modification the R-factor was 20.3%: in this modifi-
cation the chains are parallel, as in modification I. Thus
the polymorphic transformations in cellulose are now fully
characterised.

3. Calculation of Thermodynamic Functions and Interpreta-
tion of Polymorphism

Methods of identifying the optimum packing by minimising
the free energy were described in Section II. The problem
of evaluating the thermodynamic functions is often encoun-
tered in various aspects of this type of work (not only in
the calculation of the optimum structure). Several workers
have calculeted thermodynamic quantities through the fre-
quency distribution functions. Thus in a study of crystal-
line benzene!?® the zero-point vibration energy and the
specific heat for the range 60—220 K are calculated; the
heat of sublimation at 0 K has also been obtained’” from
calculations of the optimum crystal structure, of the vibra-
tion frequencies, and of the molecular conformation in the
gas and the crystalline phase.

Thermodynamic functions have also been calculated®®%
through the configuration integral on the basis of the cell
model. Thus the free energy, the specific heat, and the
entropy at different temperatures have been obtained for
naphthalene, benzene, and anthracene crystals.

One of the most important and interesting applications of
the calculation of thermodynamic quantities is the explanation
and prediction of polymorphism in molecular crystals. The
simplest way of interpreting polymorphism is to demonstrate
the presence of two minima, of similar depth, in the potential
energy surface. Various attempts have been made??’>??* to
account for polymorphism in this way, often successfully.
Nevertheless the method is not universal because several
minima of comparable depth can be found on the potential
surface, and not all of these correspond to real modifications.

A strict interpretation of polymorphism requires calcula-
tion of the free energy. Pertsin and Kitaigorodskii®’>?
used the atom—atom potential method and the cell model to
calculate the entropy and the free energy of benzene and
adamantane as a function of temperature and pressure. At
each point the free energy was minimised with respect to
the structure parameters. The calculation was carried out
for two modifications of each compound (treating the struc-
ture class as known): the intersection of the two free energy
curves thus obtained gave the polymorphic transformation.
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In this way the phase transition temperature of adamantane
was obtained, in excellent agreement with experiment. In the
case of benzene the free energy isotherms intersected in

the negative pressure region: the authors point out that the
change in free energy with pressure is small, and comparable
with the error of the calculation. However it is important

to note that even in this case it was possible to obtain at
least a qualitative prediction of the polymorphic transforma-
tion induced by changes in pressure.

4. Molecular Reorientation and Orientational Disorder

The symmetry or pseudo-symmetry present in some mole-
cules can produce minima of identical (or similar) depth in
the potential energy surface of the crystal for different
values of the Euler angles. If the barriers separating
these minima are low, reorientation is possible in the crystal
(a sudden rotation of the molecule with a negligibly small
effect on the position of the centre of gravity). On the
other hand if the barrier is fairly high, and the molecule
lies in substantially different positions before and after the
change in orientation, orientational disorder can occur with
molecules of suitable shape.

Reorientation can be observed experimentally through the
NMR spectra, from which the height of the barrier can also
be calculated. Orientational disorder is detected from
X-ray diffraction data. However it should be noted that
dynamic reorientation and static orientational disorder are
almost impossible to distinguish by X-ray diffraction.
Therefore published reports of orientational disorder should
be accepted with caution.

This uncertainty can often be avoided by calculating the
height of the reorientation barrier. In the case of planar
molecules the simplest method of calculating the barrier
height is the following. The molecule is rotated about an
axis passing through its centre of gravity and normal to
the plane of the molecule. The other molecules are con-
sidered to be rigidly fixed in the positions indicated by
X-ray structural analysis. The plot of intermolecular inter-
action energy against angle of rotation gives the most
favourable orientations and the height of the barrier oppo-
sing the orientational transitions.

Calculations of this type have been reported for benzene®’,

for polycyclic aromatic molecules (naphthalene, coronene,
pyrene, etc.)??®, and for a group of planar molecules inclu-
ding derivatives of benzene and naphthalene and some
heterocycles'®’. The authors'*® point out the difference
between: 1) crystals in which reorientation is easy (benzene,
hexamethylbenzene, thiophen), 2) crystals in which reorien-
tation is hindered (hexachlorobenzene), and 3) crystals in
which reorientation is impossible (2-bromonaphthalene).
This classification correctly reflects the qualitative conclu-
sions obtained from NMR spectra. However not all the cal-
culated reorientation barriers agree quantitatively with the
experimental values.

Similar calculations have been carried out for organic
molecular complexes®?%2%7, put unfortunately no allowance
was made for the electrostatic component, which in this
case can be expected to play an important role.

Calculations??® on the TCE—naphthalene and TCE-para-
cyclophane complexes (where TCE is tetracyanoethylene)
have shown the existence of the TCE molecule in two positions
of similar energy differing by a 90° rotation of the molecule
in its own plane. The barrier between these positions is
unsurmountable in practice. This suggests the possibility
of orientational disorder in these complexes, a conclusion
which is consistent with X-ray diffraction data for the latter
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complex?®®, in whose crystals 25% of the molecules occupy one

of the possible positions and 75% the other. However in
the case of the TCE—naphthalene complex X-ray diffraction
gives no evidence of orientational disorder?®®.

The energy curve describing the rotation of the naphth-
alene molecule (in its own plane) in the naphthalene~TCE
and naphthalene—TCB complexes (where TCB is tetracyano-
benzene) has two minima separated by an angle of ~35° and
by a barrier whose height (3 kcal mole™) is much lower
than the corresponding barrier for the TCE molecule.
X-ray diffraction studies?®®~2"! have indicated the presence
of disorder in these crystals, corresponding exactly to the
calculated disorder, but with a lower barrier, which
therefore does not exclude the possibility of dynamic reorien-
tation.

The plots of energy against rotation angle for anthracene
molecules in complexes with TCB and tetracyanoquinone-
dimethane show only one minimum. However this minimum
is quite broad, and the molecules can perform large-
amplitude librations in their own plane. This conclusion
is consistent with X-ray results.

A calculation®** of the reorientation barriers in crystals
of adamantane (o and B modifications) and of hexamethylene-
tetramine was complicated by the absence of a direction
which could be identified with the axis of rotation of the
molecule. The authors considered two possible directions
as the axis of rotation, corresponding to the diad and triad
symmetry axes of the molecule, and two possible positions
of the neighbouring molecules. The reorientation barrier
of the molecules in the B modification was found to be higher
than in the high-temperature (o) modification. Molecular
rotation in hexamethylenetetramine crystals is strongly
hindered by the intermolecular hydrogen bonds.

REFERENCES

1. R.Mason, in "Perspectives in Structural Chemistry",
Vol.3 (J.D.Dunitz and J.A.Ibers, Editors), Wiley,
New York, 1970, p.58.

2. A.l.Kitaigorodsky and K.V.Mirskaya, Materials
Res.Bull., 7, 1271 (1972).

3. M.Simonetta, Acc.Chem.Res., 7, 345 (1974).

4. H.A.Scheraga, "Peptides, Polypeptides and Proteins”,
Symposium Proceedings, Israel, New York, 1974,
p.47.

5. A.I.Kitaigorodskii, Uspekhi Fiz.Nauk, 127, 391
(1979).

6. A.l.Kitaigorodskii, "Organicheskaya Kristallokhimiya"

(Organic Crystal Chemistry), Izd.Akad.Nauk SSSR,

Moscow, 1955.

D.E.Williams, Science, 147, 605 (1965).

D.E.Williams, Acta Cryst., 21, 340 (1966).

9. G.Avitabile, P.Corradini, P.Ganis, and
E.Martuscelli, Ricerca Scient., 36, 681 (1966).

10. I.M.Gel'fand, E.B.Vul, S.L.Ginzburg, and
Yu.G.Fedorov, "Metod Ovragov v Zadachakh
Rentgenostrukturnogo Analiza" (The Gully Method
in Problems of X-ray Structural Analysis), Izd.
Nauka, Moscow, 1966.

11. S.L.Ginzburg and M.G.Neigauz, Zhur.Strukturnoi
Khim., 10, 877 (1969).

12. A.I.Kitaigorodskii, Kristallografiya, 2, 456 (1957).

13.  A.l.Kitaigorodskii, Kristallografiya, 2, 646 (1957).

14. E.Segerman, Acta Cryst., 19, 789 (1965).

15. P.M.Zorkii and M.A.Porai-Koshits, Kristallografiya,
6, 655 (1961).

16. P.M.Zorkii and M.A.Porai-Koshits, Kristallografiya,
12, 989 (1967).

0 =3

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.
42.
43.
45.
46.

47.

521

P.M.Zorkii and M.A.Porai-Koshits, Symposium
"Sovremennye Problemy Fizicheskoi Khimii" (Modern
Problems in Physical Chemistry), Vol.1, Izd.Moskov.
Univ., 1968, p.98.

P.M.Zorkii, M.A.Porai-Koshits, L.M.Prezman, and
G.P.Murav'eva, Zhur.Strukturnoi Khim., 10, 633
(1969).

L.M.Prezman and P.M.Zorkii, Zhur.Strukturnoi
Khim., 12, 1044 (1971).

P.M. Zorkii, M.A.Porai-Koshits, and V.S.Psalidas,
Zhur.Strukturnoi Khim., 7, 577 (1966).

P.M.Zorkii, M.A.Porai-Koshits, and S.N.Sveshnikova,
Zhur.Strukturnoi Khim., 7, 752 (1966).

Yu.V.Zefirov and P.M.Zorkii, Zhur.Strukturnoi Khim.,
15, 118 (1974).

Yu.V.Zefirov and P.M.Zorkii, Zhur.Strukturnoi Khim.,
17, 745 (1976).

M.Born and K.Huang, "Dynamical Theory of Crystal
Lattices" (Translated into Russian), Moscow, 1958.
A.l.Kitaigorodskii, Kristallografiya, 7, 195 (1962).
N.N.Afonina and P.M.Zorkii, "Itogi Nauki i
Tekhniki, Seriya Kristallokhimiya" (Advances in
Science and Technology. Crystal Chemistry Series),
Izd.VINITI Akad.Nauk SSSR, Moscow, 1974, p.149.
G.Filippini, C.M.Gramaccioli, and M.Simonetta,
Chem.Phys.Letters, 35, 17 (1975).

1.Z.Fisher, "Statisticheskaya Teoriya Zhidkostei"”
(Statistical Theory of Liquids), Fizmatgiz, Moscow,
1961.

M.L.Klein and R.D.Murphy, Phys.Rev., 6, 2433
(1972).

T.G.Gibbons, M.L.Klein, and R.D.Murphy, Chem.
Phys.Letters, 18, 325 (1973).

M.L.Klein and R.D.Murphy, Chem.Phys.Letters, 29,
463 (1974).

T.G.Gibbons and M.L.Klein, J.Chem.Phys., 60, 112
(1974).

J.A.Barker, "Lattice Theories of the Liquid State",
Pergamon, Oxford-London~New York—Paris, 1963.
A.C.Holt, W.G.Hoover, S.G.Gray, and D.R.Shortle,
Phys. (Utr.), 49, 61 (1970).

A.J.Pertsin, V.V.Nauchitel, and A.Il.Kitaigorodsky,
Mol.Cryst.Liquid Cryst., 31, 205 (1975).
A.l.Pertsin and A.I.Kitaigorodskii, Kristallografiya,
21, 287 (1976).

A.I.Pertsin and A.I.Kitaigorodskii, "Tezisy Dokladov
Tretego Simpoziuma Mezhmolekulyarnoe Vzaimodeistvie
i Konformatsii Molekul" (Extended Abstracts of the
Third Symposium on Intermolecular Interaction and
Conformation of Molecules), Pushchino, 1976, p.17.
A.J.Pertsin and A.I.Kitaigorodsky, Molecular Phys.,
32, 1781 (1976).

P.M.Zorkii, Kristallografiya, 13, 26 (1968).
P.M.Zorkii and V.K.Bel'skii, Symposium "Sovremen-
nye Problemy Fizicheskoi Khimii" (Modern Problems
in Physical Chemistry), Vol.4, 1zd.Moskov.Univ.,
1970, p.379.

P.M.Zorkii and V.K.Bel'skii, Zhur.Strukturnoi
Khim., 13, 305 (1972).

V.K.Bel'skii and A.V.Dzyavchenko, Zhur.Struk-
turnoi Khim., 16, 437 (1975).

T.L.Hill, J.Chem.Phys., 14, 465 (1946).

T.L.Hill, J.Chem.Phys., 16, 399 (1948).
D.H.Barton, J.Chem.Soc., 340 (1948).
V.G.Dashevskii, "Konformatsii Organicheskikh
Molekul" (Conformations of Organic Molecules),

Izd .Khimiya, Moscow, 1974.

J.E.Lennard-Jones, Proc.Roy.Soc., A106, 441, 463,
709 (1924).



522

48.

55.
56.
57.
58.
59.
60.
61.

62.
63.

64.
65.

66.
67.

68.
69.
70.

71.

73.
74.
76.
77.

78.

79.
80.
81.
82.
83.
84.

85.

J.0.Hirschfelder, C.F.Curtiss, and R.B.Bird,
"The Molecular Theory of Gases and Liquids"
(Translated into Russian), Inostr.Lit., 1961.

J.L.De Coen, G.Elefabte, A.M.Liquori, and

A .Damiani, Nature, 216, 910 (1967).

D.E.Williams, Acta Cryst., A25, 464 (1969).
F.London, Z.phys.Chem., B11, 222, 236 (1930).
J.Slater and J.Kirkwood, Phys.Rev., 37, 682 (1931).
V.I.Poltev and B.I.Sukhoriukov, Zhur.Strukturnoi
Khim., 9, 298 (1968).

R.A.Scott and H.A.Scheraga, J.Chem.Phys., 42
2209 (1965).

F.A.Momany, L.M.Carruthers, R.F.McGuire, and
H.A.Scheraga, J.Phys.Chem., 78, 1595 (1974).
A.I.Kitaigorodskii, Dokl.Akad.Nauk SSSR, 137, 116
(1961).

A.I.Kitaigorodskii and K.V.Mirskaya, Kristallografiya,
6, 507 (1961).

A.I.Kitaigorodskii, K.V.Mirskaya, and A.B.Tovbis,
Kristallografiya, 13, 255 (1968).

A.I.Kitaigorodskii, K.V.Mirskaya, and V.V.Nauchi-
tel', Kristallografiya, 14, 900 (1969).

V.V.Nauchitel' and K.V.Mirskaya, Kristallografiya,
16, 1025 (1971).

K.V.Mirskaya and V.V.Nauchitel', Kristallografiya,
17, 73 (1972).

J.B.Hendrickson, J.Amer.Chem.Soc., 83, 4537 (1961).
V.G.Dashevskii, Yu.T.Struchkov, and Z.A.Akopyan,
Zhur.Strukturnoi Khim., 7, 594 (1966).

H.L.Kramer and D.R.Herschbach, J.Chem.Phys.,

53, 2792 (1970).
P.T.Sicora, J.Phys.B:
(1970).

K.V.Mirskaya, Tetrahedron, 29, 679 (1973).
A.I.Kitaigorodskii, "Molekulyarnye Kristally"
(Molecular Crystals), Izd.Nauka, Moscow, 1971.
D.E.Williams, J.Chem.Phys., 47, 4680 (1967).
D.E.Williams, J.Chem.Phys., 45, 3770 (1966).

1.A .Il'icheva and V.I.Poltev, Zhur.Strukturnoi
Khim., 16, 375 (1975).

H.De Voe and I.Tinoco, J.Molec.Biol., 4, 500 (1962).
Yu.V.Zefirov, P.M.Zorkii, and S.G.Lazareva,
Zhur.Fiz.Khim., 45, 460 (1971)[Russ.J.Phys.Chem.,
No.2 (1971)].

P.M.Zorkii, S.G.Lazareva, and Yu.V.Zefirov,
Kristallografiya, 15, 698 (1970).

G.Del Re, J.Chem.Soc., 4031 (1958).

G.Morosi and M.Simonetta, Chem.Phys.Letters, 8,
358 (1971).

D.E.Williams, Acta Cryst., A30, 71 (1974).
A.Warshel and S.Lifson, J.Chem.Phys., 53, 582
(1970).

V.I.Poltev, "Tezisy Dokladov Pervogo Vsesoyuznogo
Soveshchaniya po Organicheskoi Kristallokhimii"
(Extended Abstracts of the First All-Union Confer-
ence on Organic Crystal Chemistry), Riga, 1975,
p.107.

D.Poland and H.A.Scheraga, Biochemistry, 6, 3791
(1967).

W.H.Stockmayer, J.Chem.Phys., 9, 398 (1941).
E.Giglio, Nature, 222, 339 (1969).

E.R.Lippincott and R.Shroeder, J.Chem.Phys., 23,
1099 (1955).

R.Shroeder and E.R.Lippincott, J.Phys.Chem.,

6, 921 (1957).

E.M.Popov, V.G.Dashevskii, G.M.Lipkind, and
S.F.Arkhipova, Molek.Biologiya, 2, 612 (1968).
N.N.Afonina, L.N.Kuleshova, and P.M.Zorkii,
Vestnik Moskov.Univ., Dep.No.1372-78 (1978).

Ed

Atom.Molec.Phys., 3, 1457

86.

87.

88.

90.

91.

92.

93.
94.
95.
96.
97.
98.
99.
100.
101.
102.

103.

104.

105.

106.

107.

108.

109,

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

Russian Chemical Reviews, 49 (6), 1980

L.L.Shipman, A.W.Burgess, and H.A.Scheraga,
Proc.Nat.Acad.Sci.USA, 72, 534 (1975),
A.W.Burgess, L.L.Shipman, R.A.Nemenoff,

and H.A.Scheraga, J.Amer.Chem.Soc., 98, 23
(1976).

A.W.Burgess, L.L.Shipman, and H.A.Scheraga,
Proc.Nat.Acad.Sci.USA, 72, 854 (1975).
A.lI.Kitaigorodskii and K.V.Mirskaya, Kristallo-
grafiya, 9, 174 (1964).

K.V.Mirskaya, I.E.Kozlova, and V.F.Bereznitskaya,
Phys.Status Solidi, 62, 291 (1974).
A.I.Kitaigorodskii, K.V.Mirskaya, and V.F.Bereznit-
skaya, Kristallografiya, 15, 405 (1970).
V.F.Bereznitskaya, A.l.Kitaigorodskii, V.M.Kozhin,
I.E.Kozlova, and K.V.Mirskaya, Zhur.Fiz.Khim.,
46, 2492 (1972)[Russ.d.Phys.Chem., No.10 (1972)].
A.M.Liguori, E.Giglio, and L.Mazzarella, Nuovo
Cimento, 55B, 476 (1968).

E.Giglio, A.M.Liquori, and L.Mazzarella, Nuovo
Cimento, 56B, 57 (1968).

E.Giglio, A.M.Liquori, and L.Mazzarella, Nuovo
Cimento, Ser.I, 1, 135 (1969).

A.Di Nola and E.Giglio, Acta Cryst., A26, 144
(1970).

E.Giglio, Z.Kristallogr., 131, 385 (1970).
A.D.Crowell, J.Chem.Phys., 29, 44 (1958).
D.E.Williams, J.Chem.Phys., 43, 4424 (1965).
D.Hall and D.E.Williams, Acta Cryst., A31, 56
(1975).

F.A .Momany, G.Vandercooi, and H.A.Scheraga,
Proc.Nat.Acad.Sci.USA, 61, 429 (1968).
F.A.Momany, L.M.Carruthers, and H.A.Scheraga,
J.Phys.Chem., 78, 1621 (1974).

R.F.McGuire, G.Vandercooi, F.A.Momany,
R.T.Ingwall, G.M.Crippen, N.Lotan, R.W.Tuttle,
K.L.Kashuba, and H.A.Scheraga, Macromolecules,
4, 112 (1971).

Yi-Chang Fu, R.F.McGuire, and H.A.Scheraga,
Macromolecules, 7, 468 (1974).

A.T.Hagler and S.Lifson, Acta Cryst., B30, 1336
(1974).

A.T.Hagler, E.Huler, and S.Lifson, J.Amer.Chem.
Soc., 96, 5319 (1974).

A.T .Hagler and S.Lifson, J.Amer.Chem.Soc., 96,
5327 (1974).

V.M. Coiro, E.Giglio, A.Lucano, and R.Puliti,

Acta Cryst., B29, 1404 (1973).

H.A.Scheraga, Adv.Phys.Org.Chem., 6, 103
(1968).

D.A.Brant, W.G.Miller, and P.J.Flory, J.Mol.Biol.,
23, 47 (1967).

S.Lifson and A.Warshel, J.Chem.Phys., 49, 5116
(1968).

A.l.Kitaigorodskii, K.V.Mirskaya, and A.B.Tovbis,
Kristallografiya, 13, 225 (1968).

K.V.Mirskaya and I.E.Kozlova, Kristallografiya,
14, 412 (1969).

A.I.Kitaigorodskii and E.I.Mukhtarov, Kristallograf+
iya, 14, 784 (1969).

A.l.Kitaigorodskii and E.I.Mukhtarov, Optika i
Spektrosk., 31, 706 (1971).

N.A.Ahmed, A.I.Kitaigorodskii, and K.V .Mirskaya,
Acta Cryst., B27, 867 (1971).

N.A.Akhmed and G.G.Aleksandrov, Zhur.Struk-
turnoi Khim., 11, 891 (1970).

N.A.Ahmed and A.I.Kitaigorodsky, Acta Cryst.,
B28, 738 (1972).

N.A.Ahmed, A.I.Kitaigorodsky, and M.I.Sirota,
Acta Cryst., B28, 2875 (1972).



Russian Chemical Reviews, 49 (6), 1980

120.
121,
122,
123.
124.
125,
126.
127,

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147,

148.

149.

150.

151.

152.

153.

154.

A.l1.Kitaigorodskii, A.I.Pertsin, and I.E.Kozlova,
Kristallografiya, 20, 1035 (1975).
A.I.Kitaigorodskii, R.M.Myasnikova, I.E.Kozlova,
and A.l.Pershin, Kristallografiya, 21, 511 (1976).
.M.Myasnikova, I.E.Kozlova, A.I.Pertsin, and
.G.Radchenko, Kristallografiya, 21, 964 (1976).
.E.Williams, Science, 159, 645 (1968).

.E.Williams, J.Amer.Chem.Soc., 91, 1243 (1969).
.E.Williams, Acta Cryst., A28, 629 (1972).
.E.Williams, Acta Cryst., B29, 96 (1973).
.L.Starr and D.E.Williams, Acta Cryst., A133,
771 (1977).

E.Giglio and A .M.Liquori, Acta Cryst., 22, 437 (1967).
A .Damiani, E.Giglio, A.M.Liquori, and
L.Mazzarella, Nature, 215, 1167 (1967).

G.Taddei and E.Giglio, J.Chem.Phys., 53, 2768
(1970).

P.Giacomello and E.Giglio, Acta Cryst., A26, 324
(1970).

V.M.Coiro, P.Giacomello, and E.Giglio, Acta Cryst.,
B27, 2112 (1971).

M.Dentini, P.De Santis, S.Morosetti, and
P.Piantonida, Z.Kristallogr., 136, 305 (1972).
V.M.Coiro, E.Giglio, and C.Quagliata, Acta Cryst.,
B29, 3601 (1972).

S.C.De Sanctis, E.Giglio, V.Pavel, and
C.Quagliata, Acta Cryst., B28, 3656 (1972).
L.D.Hario and E.Giglio, Acta Cryst., B30, 372
(1974).

E.Gavuzzo, E.Mazza, and E.Giglio, Acta Cryst.,
B30, 1351 (1974).

G.Taddei, R.Righini, and P.Manzelli, Acta Cryst.,
A33, 626 (1977).

G.L.Casalone, C.Mariani, A.Mugnoli, and
M.Simonetta, Theor.Chim.Acta, 8, 228 (1967).
G.L.Casalone, C.Mariani, A.Mugnoli, and
Simonetta, Acta Cryst., 22, 228 (1967).
G.L.Casalone, C.Mariani, A.Mugnoli, and
M.Simonetta, Mol.Phys., 15, 339 (1968).
G.L.Casalone, C.Mariani, A.Mugnoli, and
M.Simonetta, Acta Cryst., B25, 1741 (1969).
G.L.Casalone and M.Simonetta, J.Chem.Soc.B, 1180
(1971).

C.M.Gramaccioli and M.Simonetta, Acta Cryst., B27,
2231 (1971).

C.M.Gramaccioli, A.Mugnoli, and M.Simonetta,
Chem.Comm., 973 (1971).

C.M.Gramaceioli, A.Mugnoli, T.Pilati, M.Raimondi,
and M.Simonetta, Acta Cryst., B28, 2365 (1972).
A.Gavezzotti, A.Mugnoli, M.Raimondi, and
M.Simonetta, J.Chem.Soc.Perkins Trans.lI, 425
(1972).

G.Casalone, A.Gavezzotti, and M.Simonetta, J.Chem,
Soc.Perkins Trans.II, 342 (1973).

G.Filippini, C.M.Gramaccioli, M.Simonetta, and
G.B.Suffritti, J.Chem.Phys., 59, 5088 (1973).
A.Gavezzotti and M.Simonetta, Acta Cryst., A3l,
645 (1975).

G.Filippini, C.M.Gramaccioli, M.Simonetta,
C.B.Suffritti, and O.Sala, Chem.Phys.Letters, 39,
14 (1976).

F.A.Momany, "Environment Effects on Molecular
Structure and Properties”, Proc.VIII Symp.,
Jerusalem, 1975, Dordrecht—Boston, 1976, p.437.
O.Schepp and A.Ron, Discuss.Faraday Soc., 26,
1353 (1969).

T.S.Kuan, A.Warshel, and O.Schepp, J.Chem.Phys.,
52, 3012 (1970).

A.Warshel, J.Chem.Phys., 54, 5324 (1971).

Houoootr

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.
167.

168.

169.

170.

171.

172.
173.

174.
175.

176.
177.
178.
179.
180.
181.
182.

183.
184.

185.

186.

187.

188.

189.

190.

191.

192.

193.
194.

523

E.Huler and A.Warshel, Acta Cryst., B30, 1822
(1974).

A .Warshel, E.Huler, D.Rabinovich, and
Z.Shakkea, J.Mol.Struct., 23, 175 (1974).
E.Huler and A.Warshel, J.Chem.Phys., 8, 239
(1975).

E.Huler and A.Zunger, Phys.Rev.B:
12, 5878 (1975).

E.Huler, Chem.Phys.Letters, 33, 566 (1975).
E.Huler and A.Zunger, J.Chem.Phys., 13, 433
(1976).

A.T.Hagler, L.Leiserowitz, and M.Tuval, J.Amer.
Chem.Soc., 98, 4600 (1976).

P.Zugenmaier and A.Sarko, Acta Cryst., B28, 3158
(1972).

P.Zugenmaier and A.Sarko, Biopolymers, 12, 435
(1973).

A.Sarko and R.Muggli, Macromolecules, 7, 486
(1974).

P.Zugenmaier, Biopolymers, 13, 1127 (1974).
N.T.Winter and A.Sarko, Biopolymers, 13, 1461
(1974).

A.Sarko and J.Southwick, Macromolecules, 9,

851 (1976).

A.Sarko and J.Southwick, Macromolecules, 9,

957 (1976).

T.L.Bluhm and A.Sarko, Biopolymers, 16, 2067
(1977).

P.Zugenmaier and A.Sarko, Biopolymers, 15, 2121
(1976).

K.Jamasaki, J.Phys.Soc.Japan, 17, 1262 (1962).
S.Kimel, A.Ron, and D.F.Horning, J.Chem.Phys.,
40, 3351 (1964).

S.C.Nyburg, J.Chem.Phys., 40, 2493 (1964).
D.P.Craig, R.Mason, P.Pauling, and

D.P.Santry, Proc.Roy.Soc., A286, 98 (1965).
A.Adajima and T.Maeda, J.Polymer Sci., C-15,

55 (1966).

J.H.Hiller and S.A.Rice, J.Chem.Phys., 46, 3881
(1967).

I.Harada and T.Simanouchi, J.Chem.Phys., 46,
2708 (1967).

G.S.Pawley, Phys.Status Solidi, 20, 347 (1967).
P.Weulersse, Compt.rend., B264, 327 (1976).
P.Weulersse, Compt.rend., B268, 1440 (1969).
V.Z.Kompaniets, E.F.Oleinik, and N.S.Enikolopyan,
Zhur.Strukturnoi Khim., 9, 322 (1968).
S.C.Nyburg, J.Chem.Phys., 48, 4890 (1968).
C.Corradini and G.Avitabile, Europ.Polymer J.,

4, 385 (1968).

A.I.Rae and R.Mason, Proc.Roy.Soc., A304, 487
(1968).

P.M.Richardson and E.R.Nixon, J.Chem.Phys.,
49, 4276 (1968).

G.Avitabile, P.Ganis, and V.Petraccone, J.Chem.
Phys., 73, 2378 (1969).

M.Brith and A.Ron, J.Chem.Phys., 50, 3053
(1969).

D.A.Oliver and S.H.Walmsley, Mol.Phys., 17, 617
(1969).

M.Nakamura and T.Miyazawa, J.Chem.Phys., 51,
3146 (1969).

M.Suzuki, T.Yokoyama, and M.Ito, J.Chem.Phys.,
50, 3392 (1969).

R.Weyland and O.Dideberg, Bull.Soc.roy.Sci.
Liége, 38, 533 (1969).

E.R.Bernstein, J.Chem.Phys., 52, 4701 (1970).
M.C.Donkersloot and S.H.Walmsley, Mol,Phys.,
19, 183 (1970).

Solid State,



524

195.

196.
197.
198.

199.
200.

201.
202.
203.
204.
205.
206.
207.
208.

209.

210.

211.
212.

213.
214.
215.

216.

217.
218.
219.
220.
221.
222.

223.
224.

225,
226.
227.

228.

T.Luty, J.A.Janik, A.Bajorek, J.Matkaniec,
J.Domoslawsky, and J.M.Janik [Rept] Inst.fiz.jadr.
Krakwie, No.724 (1970).

U.A.Lutz and W.Halg, Solid State Comm., 8, 165
(1970).

G.S.Pawley and S.J.Cyrin, J.Chem.Phys., 52, 4073
(1970).

W.P.Miniccozzi and M.T.Stroot, J.Compt.Phys., 6,
95 (1970).

P.Weulersse, Acta Cryst., A26, 628 (1970).
G.Wobster and S.Blasenbrey, Kolloid-Z.u.Z.Poly~
mere, 241, 985 (1970).

G.Bandoli, D.A.Clemente, U.Croatto, and
C.Panatoni, Gazzetta, 101, 99 (1971).

M.Hashimoto, M.Hashimoto, and T .Isobe, Bull.Chem.
Soc.Japan, 44, 649 (1971).

M.Hashimoto and M.Hashimoto, Bull.Chem.Soc.Japan,
44, 2272 (1971).

J.C.Laufer and C.E.Leroi, J.Chem.Phys., 55, 993
(1971).

J.C.Raich and R.L.Mills, J.Chem.Phys., 55, 1811
(1971).

M.Suzuki and O.Schnepp, J.Chem.Phys., 55, 5349
(1971).

P.-J.Wu, L.Hsu, and D.A.Dows, J.Chem.Phys., 54,
2714 (1971).

E.Castellucei, M.G.Mugliorini, and P.Manzelli,

Acta Cryst., A28, 432 (1972).

F.Cser, "Hungarian Diffraction Conference,
Abstracts of Contributed Papers" 6, Siéfok,
Hungary, 1972.

T.Kawaguchi, K.Takashina, T.Tanaka, and

T .Wotanabé, Acta Cryst., B28, 967 (1972).

T.Luty, Mol.Cryst.Liquid Cryst., 17, 327 (1972).
P.Mancelli and G.Taddei, Chem.Phys.Letters, 13,
132 (1972).

R.L.McCullough and P.H.Zindermeyer, Kolloid-Z.u.
Z.Polymer, 250, 440 (1972).

P.Nageshwar and C.Eamakrishnan, Indian J.Pure
Appl.Phys., 10, 501 (1972).

G.Taddei, H.Bonadeo, and S.Califano, Chem.Phys.
Letters, 13, 136 (1972).

H.Bonadeo and E.D'Alessio, "Rendiconto Scientifico
Internazionale "Enrico Fermi"", Varenna sul Lago
di Como, 1972, New York—London, 1975, p.136.
H.Bonadeo and E.D'Alessio, Chem.Phys.Letters, 19,
117 (1973).

H.Bonadeo and G.Taddei, J.Chem.Phys., 58, 979
(1973).

G.Taddei, H.Bonadeo, M.P.Marzocchi, and
S.Califano, J.Chem.Phys., 28, 966 (1973).
C.P.Brock and J.A.Ibers, Acta Cryst., B29, 2426
(1973).

G.R.Eliot and G.E.Leroi, J.Chem.Phys., 59, 1217
(1973).

G.Dolling, G.S.Pawley, and B.M.Powell, Proc.Roy.
Soc., A333, 363 (1973).

J.M.Morris, Austral.J.Chem., 26, 649 (1973).
G.N.Ramachandran, K.P.Sarathy, and A.S.Kolaskar,
Z.Kristallogr., 138, 299 (1973).

G.N.Ramachandran, K.P.Sarathy, and A.S.Kolaskar,
Z .Naturforsch., 28a, 643 (1973).

U.Shumueli and I.Goldberg, Acta Cryst., B29, 2466
(1973).

J.B.Bates and W.R.Busing, J.Chem.Phys., 60, 2414
(1974).

P.K.Boyd, C.A.Fyfe, and D.A.Wright, J.Phys.
Chem.Solids, 35, 1355 (1974).

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243.
244.

245.

246.

247.

248.
249.

250.

251.

252.

253.
254,

255.
256.

257.

258.

259.
260.

262.

263.

Russian Chemical Reviews, 49 (6), 1980

F.Cser, L.Pdrkényi, and P.Hencsei, Magyar Kém.
Folydirat, 80, 259 (1974).

G.G.Dumas, F.Vovelle, and J.-P.Viennot, Mol.
Phys., 28, 1345 (1974).

C.A.English and J.A.Venables, Proc.Roy.Soc., A340,
57 (1974).

C.A.English and J.A.Venables, Proc.Roy.Soc., A340,
81 (1974).

T.Luty and G.S.Pawley, Chem.Phys.Letters, 28,
593 (1974).

T .Wasiutynsky and T.Luty, Acta Phys.Polon., A45,
561 (1974).

J.Caillet and P.Claverie, Acta Cryst., A31, 448
(1975).

M.L.Cangeloni and V.Schettino, Mol.Cryst.Liquid
Cryst., 31, 219 (1975).

L.Fanfani, M.Tomassini, P.F.Zanazzi, and
A.R.Zanzari, Acta Cryst., B31, 1740 (1975).
M.Sanguer and J.C.Messager, Mol.Cryst.Liquid
Cryst., 29, 285 (1975).

S.Besnainou and D.L.Cummings, J.Mol.Struct., 34,
131 (1976).

E.Burgos, H.Bonadeo, and E.D'Alessio, J.Chem.
Phys., 65, 2460 (1976).

J.Caillet, P.Claverie, and B.Pullman, Acta Cryst.,
B32, 2740 (1976).

D.P.Craig, J.F.Ogilvie, and P.A.Reynolds, J.Chem.
Soc., Faraday Trans.II, 1603 (1976).

P.Dansas and P.Sixou, Mol.Phys., 31, 1297 (1976).
C.A.Fyfe and D.Harold-Smith, Canad.J.Chem., 54,
769 (1976).

B.0O.Hall and H.M.James, Phys.Rev.B:
13, 3590 (1976).

T.Luty and A.Mierzejensky, "Proceedings of the
Fifth International Conference on Raman Spectroscopy
Freiburg, 1976", Freiburg—Breisgau, 1976, p.518.
T.B.MacRury, W.A.Stelle, and B.J.Berne, J.Chem.
Phys., 64, 1288 (1976).

K.Mirsky, Acta Cryst., A32, 199 (1976).

N.Neto, G.Taddei, S.Califano, and S.H.Walmsley,
Mol.Phys., 31, 457 (1976).

Vasantha Pattabhi, Pramana J.Phys., 6, 299

(1976).

P.Villares, R.Jimenez-Gray, A.Conole, and
R.Marguez, Acta Cryst., B32, 2293 (1976).
D.H.Bonsor and D.Bloor, J.Materials Sci., 12, 1552
(1977).

C.P.Brock, Acta Cryst., A33, 193 (1977).
C.P.Brock and J.A.Ibers, Acta Cryst., A32, 38
(1976).

C.P.Brock, Acta Cryst., A33, 898 (1977).
J.L.Derissen and P.H.Smit, Acta Cryst., A33, 230
(1977).

1.Goldberg and U.Shmueli, Acta Cryst., B33, 2189
(1977).

P.D.Cradwick, D.Hall, and M.K.Wood, Acta Cryst.,
B33, 2380 (1977).

S.Romano, Z.Naturforsch., 32a, 485 (1977).
P.H.Smit, J.L.Derissen, and F.B.van Duijmeveldt,
J.Chem.Phys., 67, 274 (1977).

D.R.Ferro and J.Hermans, Biopolymers, 11, 105
(1972).

A.I.Kitaigorodskii, Symposium "Advances in Struc-
ture Research by Diffraction Methods, Brunswock",
Vol.3 (R.Brill and R.Masson, Editors), Braunshweigh,
1970, p.173.

M.Oobatake and T.Ooi, Progr.Theor.Phys., 48,
2132 (1972).

Solid State,



Russian Chemical Reviews, 49 (6), 1980

264.

265.

266.
267.

268.

269.

N.C.Parsonage and R.C.Pemberton, Trans.Faraday
Soc., 63, 311 (1967).

A.Warshel, M.Levitt, and S.Lifson, J.Mol.Spectrosc.,
33, 84 (1970).

T.Luty, Post.fiz., 24, 435 (1973).

N.N.Afonina and P.M.Zorkii, Zhur.Strukturnoi
Khim., 17, 18 (1976). ‘

J.Bernstein and K.N.Trueblood, Acta Cryst., B27,
2078 (1971).

R.M.Williams and S.C.Wallwork, Acta Cryst., 22,
899 (1967).

270.

271.

525

F.H.Herbstein, "Perspectives in Structural Chemis~
try", Vol.4, New York, 1971, pp.166~—395.
S.Kumakura, F.Ivasaki, and Y.Saito, Bull.Chem.
Soc.Japan, 40, 1826 (1967).

Lomonosov Moscow State University
Chemistry Faculty

Institute of Element—Organic
Compounds of the USSR Academy
of Sciences



