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ties of molecular crystals are presented. The bibliographyties of molecular crystals are presented. The bibliography

includes 223 referencesincludes 223 references..

I. Introduction

Investigations of the electronic structure of crystals and

interfaces by the computational methods based on the

density functional theory (DFT) is the most important tool

of analysis of the properties of substances and materials.

Quantum chemical calculations with periodic boundary

conditions are usually carried out by researchers working

in the field of physics of condensed media. The number of

publications in this field is very high and shows a stable

trend towards further increase. Until recently, similar cal-

culations of structure of crystals within the framework of

DFT were mainly performed for rather simple inorganic

compounds and materials often treated as model systems.

However, modern level of development of theory and

computational tools allows one to go to quantum chemical

calculations of crystals of more complex (organic and

organoelement) compounds. This makes DFT calculations

more important in studies of the structure of molecular

compounds. It should be noted that such calculations (even

the simplest ones) are used rarely in crystal chemistry of

organic and organoelement compounds. Seemingly, they

could make it possible to study the molecular and electronic

structures of molecules in more detail compared to quantum

chemical calculations of isolated molecules or molecular

aggregates (clusters), especially when the effect of crystal

packing on the properties of matter is taken into account.

Nevertheless, for some reasons quantum chemical calcula-

tions of molecular crystals of organic and organoelement

compounds still remain of limited use.

This situation is to a great extent due to the lack of

experience by many crystallographers working in the field

of rapidly progressing computational solid state physics.

Also, this precludes active use of software and correct

interpretation of results. The available methodological

literature is mainly suitable for domain specialists in DFT.

Software packages developed to study molecular systems

without using periodic boundary conditions, i.e., to carry

out calculations of isolated molecules or their aggregates

(sometimes, with implicit inclusion of the effect of the

medium) rather than crystals, are much more user friendly.

However, in most cases this excludes the possibility of the

first-principle calculations of substances in the condensed

state and materials based on them.

Another reason consists in high system requirements

that should be met to provide stable operation of software.

Generally, such labour-consuming calculations require a

computer cluster or a multiprocessor system with a large

amount of random access memory and disc storage rather
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than a personal computer as in the studies of isolated

molecules. However, with the development of computer

hardware (in particular, better accessibility of supercom-

puters) the problem becomes less complicated. Modern

quantum chemical calculations of crystals can provide

information that is hard to obtain in theoretical studies of

isolated molecules or small molecular aggregates.

In this review we briefly outline the density functional

theory and methods of calculations of crystal structures.

The potential of DFT quantum chemical calculations with

periodic boundary conditions will be illustrated by relevant

examples and appropriate software will be characterized.

Examples are taken from publications reported during the

last decade and from our own studies. Crucial importance

of quantum chemical calculations of structural parameters

in studies of polymorphism will be shown.

II. DFT functionals, basis sets and
pseudopotentials

The development of the density functional theory is related

to the Hohenberg ± Kohn theorems from which, in partic-

ular, it follows that all properties of a system are completely

determined by the density distributions (r) for the constit-

uent particles. Based on this fact, Kohn and Sham assumed

that the r value for the ground state of a system of

interacting particles (e.g., atomic nuclei and electrons) is

equal to that for a system of noninteracting particles chosen

in some way.

The ground-state energy of a system of noninteracting

atomic nuclei and electrons (EKS) is a functional of r. It is
defined as follows:

EKS[r]=T [r ]+

�
drVext(r)r(r)+EH[r]+Enn+Exc[r], (1)

where T is the kinetic energy of the system of noninteracting

atomic nuclei and electrons

T � 1

2

X
s

XNs

i� 1

jcs
i j2 , (2)

cs
i are the one-electron wave eigenfunctions (index s indi-

cates the spin dependence of a particular value); Vext is the

external potential independent of electron spins (e.g., exter-

nal electric field or hydrostatic pressure); r(r) is the electron
density of the system of N (N=N:+N;) electrons with Ns

orbitals cs
i (symbols : and ; denote the directions of

electron spin),

r(r)=
X
s

r�r; s� �
X
s

XNs

i� 1

jcs
i j2 ; (3)

EH is the Coulomb energy characterizing the self-interaction

property of the electron density

EH�r� �
1

2

�
drdr 0

r�r�r�r 0�
jrÿ r

0 j , (4)

r and r 0 are the generalized coordinates, Enn is the energy of

the interaction between atomic nuclei, and Exc is the

exchange-correlation energy. The notation [r] means that

the value is a functional of the electron density and depends

on the spin s and generalized coordinate r.

Knowing the form of the functional Exc[r], the ground-

state energy can be calculated using the Kohn ± Sham

equation

�H s
KS ÿ e s

i �csi � 0, (5)

H s
KS is the Hamiltonian of the system and e si are the

eigenvalues of the Hamiltonian;

H s
KS � ÿ

1

2
H2 � V s

KS�r�. (6)

Here H2 is the Laplace operator, V s
KS is the potential of the

ground state of the system of interacting electrons

Vs
KS�r� � Vext�r� � VH�r� � Vs

xc�r� , (7)

where VH(r) is the Hartree potential and Vs
xc�r� is the

exchange-correlation potential.

The Kohn ± Sham equations are analogues of the one-

electron equations in the Hartree ± Fock method. The

potential, energy of the system and the electronic energy

can be calculated using the self-consistency procedure.

According to Kohn and Sham, the exchange-correlation

energy can be defined as the integral of the one-electron

exchange-correlation energy (i.e., the energy per electron at

the point r; it depends only on the electron density in the

vicinity of the point r)

Exc�r� �
�
drr�r�exc��r�; r�. (8)

Exact analytical form of the expression for Exc is

unknown. According to the local spin density approxima-

tion (LSDA), is it assumed that the value E LSDA
xc is equal to

the corresponding value for a homogeneous electron gas at

any point of the system

E LSDA
xc �r:; r;� � (9)

�
�
drr�r��ehomx �r:�r�;r;�r� � ehomc �r:�r�;r;�r��,

where ehomx and ehomc are the one-electron exchange energy

and the correlation energy of homogeneous electron gas,

respectively.

For a system with all electrons paired (local density

approximation, LDA), one has

r�r�: � r�r�; � r�r�
2

,

and the number of equations is halved.

Various analytical expressions for the one-electron

exchange energy of homogeneous electron gas are available.

The one-electron correlation energy can be calculated

numerically. Different analytical expressions to approxi-

mate ehomx were proposed by Perdew and Zunger,3 Vosko,

Wilks and Nusair,4 and also by Lee, Yang and Parr.5 The

LDA approximation quite correctly describes crystals in

which electrons can be treated as electron gas (e.g., crystals

of some metals), but works poorer for systems with local-

ized bound electrons.
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This drawback of the LDA gave an impetus to the

development of the generalized gradient approximation

(GGA). The quantity ehomx in the expression for the

exchange-correlation energy determined by the GGA

method is treated as a functional of not only the electron

density rs(r), but also its gradient Hrs�r�,

EGGA
xc �

�
drr�r�ehomx �r�Fxc�r:;r; ; jHr:j; jHr; j; :::�. (10)

Numerous expressions (functionals) were proposed for

the correction function Fxc. Most quantum chemical calcu-

lations of molecular crystals use the functionals BP or

BP88,6, 7 BLYP, PW91,8 PBE,9 and its modified version,

RPBE functional.

Description of the electron density as functional of not

only Hrs�r�, but also the Laplacian H2rs�r� and the kinetic

energy density allows one to formulate the meta-GGA

approximation. Compared to conventional GGA function-

als, the meta-GGA functionals are not so often used in

quantum chemical calculations. Most often, programmes

for calculations of crystals use PKZB,10 a modified PBE

functional.

Better results are obtained using the so-called hybrid

functionals which in essence represent combinations of the

exchange contributions determined by the Hartree ± Fock

method and using DFT functionals. An example is provided

by the PBE0 hybrid functional 9 which includes a 25%

contribution of the Hartree ± Fock (HF) exchange energy

(EHF
x ),

Exc � E LDA
xc � 1

4
�EHF

x ÿ E PBE
xc �, ( 11)

where the superscript (LDA, HF and PBE) denotes the

method of calculations of the exchange-correlation energy.

The contribution EHF
x is an empirical parameter.

Yet another hybrid functional incorporated into most

quantum chemical programmes for studies of crystals is

B3LYP 11 containing three empirical parameters. The

expressions for Exc in the most widely known DFT func-

tionals can be found not only in the original studies, but

also in Refs 12 and 13.

The GGA and meta-GGA functionals allow one to

successfully calculate the interatomic distances and force

constants for the ground state of most diatomic molecules,

the unit cell parameters and elastic moduli of many binary

compounds (oxides, carbides, nitrides). However, the for-

bidden gaps in semiconductors and conductors are often

calculated incorrectly. The choice of the GGA and meta-

GGA functionals to study excited states is also inappropri-

ate.

The results of quantum chemical calculations of the

band gaps using hybrid functionals much better agree with

experimental data, but they are more time-consuming

compared to the calculations using the GGA and meta-

GGA functionals.

To solve the Kohn ± Sham equations, one should have a

finite basis set that is large enough to describe the wave

function. Isolated molecules are often studied using basis

sets composed of localized atom-centred functions. This

type of functions can be either analytical or numerical.

When using analytical functions (as a rule, Gaussian ones),

all matrix elements can be expressed analytically. In essence,

the Gaussian functions are eigenfunctions of the harmonic

oscillator and, therefore, they can be obtained by solving

the SchroÈ dinger equation. But they are inconvenient in use

because their form differs from that of the radial functions

obtained in the solution of the SchroÈ dinger equation for

hydrogen-like atoms (atomic orbitals). Therefore, Gaussian

functions are usually transformed to a more convenient

form used in solving quantum chemical problems. Combin-

ing some Gaussian functions with fixed coefficients a makes

it possible to construct some functions called Gaussian-type

orbitals (GTO) or Slater-type orbitals (STO):

R�r� � a eÿar
2

, (12)

R�r� � a eÿar. (13)

As a rule, it is functions (12) and (13) that are used as

basis sets. Examples of the basis sets constructed from

Gaussian functions (usually called `primitive Gaussian

functions') are provided by the X ±YZG, X ±YZWG and

X ±YZWVG Pople basis sets.14, 15 Atomic orbitals corre-

sponding to core electrons are constructed using X (usually,

from 3 to 8) primitive basis functions. Atomic orbitals of

valence electrons are constructed using Gaussian functions

with different coefficients and pre-exponents. The number

of types of these functions varies from two (YZ) to four

(YZWV). The basis set can be augmented with some

functions to improve the description of regions distant

from atomic nuclei (diffuse functions) or with functions

that describe the electron density redistribution as a result

of formation of a molecule or a crystal (polarization

functions). It should be noted that the diffuse functions

are almost not used in studies of crystals because in this case

the computational cost significantly increases and the cal-

culations become much slower (see, e.g., a User's guide to

the CRYSTAL programme {). The Pople basis sets have a

very flexible structure and allow one to solve various tasks

with moderate computational cost.

The STO basis sets are much less convenient, especially

in studies of crystals because a larger number of primitive

Gaussian functions is required for constructing a basis set

of reasonable accuracy. Consequently, the computational

cost increases. Fortunately, the STO functions can be

obtained using the results of high-precision quantum calcu-

lations of isolated atoms (as is implemented in the

ADF/BAND programme;16 in this case, the basis set will

be much smaller than the Pople basis sets.14 A similar

procedure is used to obtain the radial functions (so-called

pseudoatomic orbitals ) which are then employed to con-

struct the basis sets (numerical STO NZ basis sets with

N=2, 3). A drawback of the GTO and STO basis sets (i.e.,

localized basis sets) is systematic overestimation of the

energy of loosely bound systems (including molecular crys-

tals) owing to the so-called basis set superposition error

(BSSE), viz., difference between the basis sets for the entire

system and for each individual molecule. The value of this

error depends on the size of the basis set. Usually, the

account of BSSE is made by the counterpoise method;

calculations are carried out for each molecule in the system

using the basis set for the entire system and assuming zero

atomic charges on other molecules in the system.

{ http://www.crystal.unito.it/Manuals/crystal09.pdf
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Plane waves represent another type of analytical func-

tions which can be used only in calculations with periodic

boundary conditions. This type of basis set was for the first

time proposed by Slater 17 (method of augmented plane

waves); numerous theoretical approaches based on his ideas

have been reported to date.12, 13 In performing quantum

chemical calculations of crystals one should take into

account their three-dimensional long-range order using

periodic boundary conditions. Any periodic wave function

can be expanded into a Fourier series. A one-electron wave

function can be represented by the sum of plane waves

ci�r� �
X

ci;G
1����
V
p e iGr, (14)

where ci,G are the expansion coefficients, V is the unit cell

volume and G is the reciprocal lattice vector.

Thus, plane waves form a complete orthonormalized

basis set used to solve the Kohn ± Sham equations. Plane

waves are not centred on atomic nuclei and the accuracy of

the description of a wave function using this type of basis

set will be the same at any point of the system. The

advantage of the plane wave approach is the lack of BSSE.

By increasing the number of plane waves in the basis set one

can improve the accuracy of calculations. However, in

practice the basis set for calculations is specified by the

kinetic energy cutoff rather than the number of plane waves.

Taking account of atomic core electrons whose wave

functions are characterized by oscillations in the vicinity of

a nucleus requires a very large number of plane waves in the

expansion over the basis set functions. Therefore, the core

electrons are described using pseudopotentials. Usually,

pseudopotentials are derived based on the results of solu-

tion of the SchroÈ dinger equation or relativistic Dirac

equation for isolated atoms. In the latter case, the relativ-

istic effects for core electrons (usually, spin ± orbit interac-

tion) are taken into account.

Quantum chemical calculations are carried out using

pseudopotentials with norm conservation (local pseudopo-

tentials) as well as pseudopotentials without norm conser-

vation (nonlocal or ultrasoft-pseudopotentials 18 or the

projected augmented wave technique 19, 20). An analysis of

published data showed that for the first type of pseudopo-

tentials the maximum kinetic energy is at least 900 eV. Of

course, this holds only for molecular crystals of organic and

organoelement compounds. Nonlocal pseudopotentials do

not require such a large basis set (the maximum kinetic

energy varies from 300 to 600 eV). This is attained by

augmentation with functions localized on the atomic

nucleus, or the so-called compensation charges. The wave-

function component corresponding to the pseudopotential

(pseudowave function) should be continuous and differ-

entiable. At distances longer than the radius of the pseudo-

potential (Rc), the pseudowave function matches the full-

electron wave function to an accuracy of the normalizing

factor. To take into account core electrons, some local

pseudopotentials are augmented with a constant contribu-

tion of the charge density in the vicinity of the atomic

nucleus (partial core correction). Unfortunately, in many

cases this causes the second derivative of the wave function

to undergo discontinuity in the vicinity of Rc;12 this makes

such pseudopotentials inappropriate for calculations of

many properties. Nonlocal pseudopotentials are free from

this drawback. General types of local and nonlocal pseudo-

potentials, as well as mathematical formalism used to

describe them are available from monographs. 12, 21

It should be noted that a basis set including localized

functions can also be used with pseudopotentials. This

makes it possible to reduce the computational cost and

take account of relativistic effects, which is particularly

important in the case of atoms of heavy elements (starting

from period IV elements), for which the development of

high-precision, small basis set is a serious problem .

III. The software: a brief survey

A large array of software for quantum chemical calculations

of crystals has been developed but consideration of all

programmes is senseless because most of them represent

open-code software written and supported by particular

research groups or enthusiasts. Nevertheless, there is also

commercially available software which can cost from a few

hundreds to a few tens of thousands US dollars (or euro).

However, the price does not indicate the quality or versa-

tility of functional possibilities because a high price is often

due to technical support or unique algorithms for solution

of complicated tasks.

The available software can conditionally be divided into

two groups depending on the basis set employed. The first

group includes programmes that use various types of

localized basis sets implemented in them while the second

group includes programmes with the plane wave basis set.

The first type of programmes is simpler in use for chemists

because the basis set used in them is much like that

employed in the popular programmes GAMESS-US (see

Ref. 22) or Gaussian.23

Programmes that use the plane wave basis set do not

explicitly include the effects of core electrons; nevertheless,

they can be used to, e.g., calculate the chemical shifts in the

NMR spectra of crystals.

There is considerable literature devoted to comparison

of the programmes that use different types of basis sets (see,

e.g., Refs 24 ± 29) but these studies revealed no decided

advantages of a particular type of basis set over other basis

sets. The results to a great extent depend on the efforts

made by the software development teams, namely, on the

timely incorporation of implementations of the newest

theoretical methods into programmes in order to overcome

the drawbacks of the LCAO-MO or plane wave approx-

imations. Programmes using both mixed plane wave basis

sets and Gaussian functions, e.g., CP2K,26 Quickstep,30 and

Wien2k 31 are also available. However, these programmes

were in fact used only in the study of inorganic compounds,

semiconductors and metals.

The characteristics of the most widely used software for

calculations of crystals are summarized in Table 1. The

programmes presented in Table 1 demonstrate a conven-

tional set of features including optimization of atomic

coordinates and unit cell vectors, calculations of vibrational

spectra, and energy band structure calculations. Also,

algorithms incorporated into these programmes (except

CRYSTAL) allow one to carry out the molecular dynamics

calculations.

The list of programmes (see Table 1) is far from being

complete, but it does include the programmes that are most

widely used in studies of molecular crystals by computa-

tional methods.
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IV. The accuracy of calculations, reproduction of
unit cell parameters and taking account of the van
der Waals correction

A main problem in DFT is related to difficulties in taking

account of the effect of weak (but, usually, multicentre)

interatomic interactions. In the case of molecular crystals,

this leads to significant differences between the calculated

and experimental values of interatomic distances that char-

acterize intermolecular interactions. As a consequence, the

optimized (calculated) and experimental values of the unit

cell parameters of crystals, as well as their enthalpies of

sublimation differ appreciably.

An example is provided by the PW91 exchange-correla-

tion functional (plane wave basis set). In this case, the

average relative deviation (DV ) of the calculated (V1) unit

cell volume from the experimentally determined value (V2)

DV � V1 ÿ V2

V1

appears to be 20% for a set including 29 structures of simple

organic substances 1 ± 29.42

It was found that the unit cell volume is systematically

overestimated. This is probably an indication of errors in

the description of mutual attraction of molecules in the

crystal. The root-mean-square deviation of the calculated

atomic coordinates relative to the experimental values is

0.045 �A. Errors obtained in calculations of the interatomic

distances in the crystals of nitromethane and some other

energetic materials using the PW91 functional 43 are of

nearly the same order of magnitude (0.037 �A for nitro-

methane). An increase of the kinetic energy cutoff from 330

to 700 eV did not improve the agreement between calcu-

lated and experimental data.

Modelling the effects of hydrostatic pressure on the

structure of energetic materials, such as HMX (30), hexogen

(31), hexanitrohexaazaisowurtzitane (32), triaminotrinitro-

benzene (33) and pentaerythritol tetranitrate (34) using the

PW91 and PBE functionals revealed systematic overestima-

Table 1. Characteristics of software used for calculations of crystals of organic and organoelement compounds.

Software name Distribution conditions Basis set (type of DFT methods Specific features Ref.
pseudopotential)

CASTEP (see a) see b PW (USPP, TM) L(S)DA, GGA NMR, EPR 33

Dmol3 (see a) no separate distribution numerical NZ-basis set (TM) L(S)DA, GGA 34

VASP Euro 3000/licence PW (PAW) L(S)DA, GGA taking account of the 35 ± 37

meta-GGA, van der Waals correction,

hybrid, MP2 NMR

CPMD free PW (TM, USPP) L(S)DA, GGA taking account of the 38

van der Waals correction,

NMR, EPR

CRYSTAL USD 900/licence GTO L(S)DA, GGA taking account of the 39

meta-GGA, van der Waals correction

hybrid, MP2 c

Quantum free PW (USPP, TM, PAW) L(S)DA, GGA taking account of the 40

ESPRESSO van der Waals correction,

NMR, EPR

SIESTA PW (TM) L(S)DA, GGA 41

Note. Notations are as follows: `NMR' and `EPR' denote calculations of NMR and EPR spectroscopic parameters, `hybrid' denotes hybrid

functionals, `PW' stands for plane waves, `USPP' stands for Vanderbilt ultrasoft pseudopotentials,18 `TM' stands for Troullier ±Martins

pseudopotentials,32 and `PAW' stands for the Projector Augmented Wave method.19, 20

a Part of the Material Studio software environment. b Free separate distribution only for academic institutions at the United Kingdom. c The

method is implemented in a particular version of the programme which is provided at extra charge.
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tion of the unit cell volume at pressures below 5 GPa.44

Further increase in pressure (to 10 GPa) led to better

agreement between the results of calculations and experi-

mental data. Such a `behaviour' of the PW91 functional

seems to be an indication of a common trend. For instance,

consider the case for tetrafluoro-p-benzoquinone (35).45 In

the crystal of compound 35, an important role is played by

stacking interactions as well as H_F and F_F interac-

tions. Here, the calculated value of the unit cell volume

remains larger than the experimental value at 120 K even as

the pressure increases to 4 GPa. For comparison,

MP2/6-31++G(d,p) calculations 46 of the a-phase of solid

methanol (atomic packing was modelled by a cluster) gave

good agreement with experimental data. The calculated unit

cell volume appeared to be only 2.5% smaller than the

experimental value.

Thus, the aforesaid suggests that overestimation of the

unit cell volume and, correspondingly, underestimation of

attractive intermolecular forces do not allow DFT (at least

the widespread PW91 and PBE functionals) to be used for

prediction of parameters of crystals (first of all, their

densities). However, this is not an unambiguous statement.

For instance, in the complexes of arenes with perfluoroar-

enes, electrostatic attraction through stacking interaction

and interactions involving fluorine atoms makes a more

than 90% contribution to the cohesive energy (sublimation

energy).47, 48 In spite of the differences between the calcu-

lated and experimental values of the unit cell volume, the

interatomic distances characteristic of intermolecular inter-

actions were determined with an acceptable accuracy

(PW91/400 eV, calculations with the plane wave basis set).

Examples of good agreement between the values

obtained by extrapolating experimental data to 0 K and

the calculated data on the cohesive energy at 0 K are

provided by the data for dibenzenechromium(III) (36) 49

(PBE/408 eV) and [2,20]-paracyclophane (37) 50 (HCTH/

120/300 eV) crystals. The calculated energies are 22.9 and

16.0 kcal mol71 [cf. experimental values of 23.0� 1.0

(Refs 51 and 52) and 18.7 kcal mol71 (Ref. 53), respec-

tively]. The experimental value of the sublimation energy

for the crystal of 1-phenyl-o-carborane (38) 54 is unknown,

but the results of its evaluation based on the results of

topological analysis of experimental electron density distri-

bution function and quantum chemical calculations

(PBE/340 eV) agree well with each other (17.0 and

16.4 kcal mol71, respectively).

A study 55 (LDA/300 eV) of a series of structurally

similar crystals of tris(pentafluorophenyl)silanes 39 ± 45

revealed a correlation between the sublimation energy and

the melting point. This result is interesting because, gener-

ally, such a correlation is not necessary and can be observed

only for groups of related compounds (e.g. , for homo-

logues). To estimate the calculated cohesive energies of

compounds 36 ± 45, the authors of Ref. 55 compared the

results obtained using different functionals and reported

only the results of those calculations that gave the molec-

ular geometry (atomic coordinates) and cohesive energy

values consistent with the experimental data.

The sublimation energy values of polynitro compounds

30 ± 33, 2,4,6-trinitrotoluene (46), 2,2-dinitroethene-1,1-dia-

mine (47), 2,6-diamino-3,5-dinitropyrazine 1-oxide (48) and

benzene derivatives obtained from PBE/DNP { calcula-

tions 56 differ from the corresponding experimental data.

Usually, the differences were at most 1.2 kcal mol71, but

for compounds 33 and 46 they appeared to be 4.6 and

76.2 kcal mol71, respectively. The large differences seem

to be due to specific features of the unusual approach used

in Ref. 56. Calculations were carried out using a simple

cubic cell with the parameter a=25 �A rather than the

experimental lattice constants and space group. During the

optimization procedure, positions of molecules could be

significantly changed owing to the lack of symmetry restric-

tions, which eventually led to differences between the

sublimation energy values.

When using the plane wave basis set, there is no need to

take into account the BSSE; however, this is not the case if a

localized basis set is employed. In particular, for a crystal of
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urea (18) the inclusion of BSSE leads to systematic under-

estimation of the enthalpy of sublimation. Calculations with

the hybrid functional B3LYP underestimate the enthalpy of

sublimation of urea crystal by 7.2 kcal mol71 irrespective of

the basis set.57

Difficulties in the reproduction of the experimental

values can be overcome using the `post-Hartree-Fock'

methods with inclusion of electron correlation (e.g., the

MP2 method); however, the computational cost appears to

be too high. Some software development teams prefer to

improve the DFT functionals. Considering software for

calculations of crystals, mention may be made of the

PBEsol 58 (reparameterization of PBE) and AM05 59 func-

tionals, which give better agreement between the results of

calculations and experimental data compared to the PBE or

PW91 functionals, even in the description of chemical

reactions.60 Unfortunately, the results of quantum chemical

calculations of crystals of organic or organoelement com-

pounds with these functionals were reported only for one

compound 49.61 Note that in this case, the PBEsol func-

tional was used in combination with the van der Waals

correction (see below).

Another strategy involves combining DFT and the force

field theory which describes long-range forces; in essence,

this means introducing empirical corrections. A drawback

of this approach consists in the need for calculating param-

eters of pair interactions between all types of atoms in the

crystal. Schemes of calculations of such parameters and the

results obtained are available in the literature (see, e.g., Refs

42 and 62 ± 65). A detailed description of this approach

taking calculations of isolated molecules and molecular

associates as examples can be found in a review by Hobza

and co-workers.66 Most programmes include a scheme

developed by Grimme.63 Within the framework of the

Grimme scheme, the total energy of a crystal is given by

EDFT � EKS � Edisp ,

where EKS and Edisp are the contributions due to solution of

the Kohn ± Sham equations and taking into account the

dispersion correction, respectively. The last term in the

expression can be calculated as the sum of pair empirical

potentials for any number of atoms N

Edisp � ÿs6
XNÿ1
i� 1

XN
j� i�1

C i j
6

R 6
i j

fdmp�Rij� , (15)

where s6 is the scale factor depending on the type of the

functional, C i j
6 are empirical coefficients determined from

the London relation, Rij is the interatomic distance; and the

damping function fdmp(Rij) is used to avoid singularities in

the vicinity of atoms.

Corrections introduced into the scheme of quantum

chemical calculations are called the van der Waals and

dispersion corrections. Taking account of these corrections

for compounds 1 ± 29 (see above) leads to a decrease in DV
values down to 1% on the average. A maximum DV value

equal to 3.2% was obtained for crystal 11.

The van der Waals correction introduced into calcula-

tions of crystal 14 led to a small (0.7%) increase in the unit

cell volume, whereas calculations without this correction

overestimated the unit cell volume by 12% (PW91/

700 eV).67 The introduction of empirical corrections made

it possible to reproduce the enthalpy of sublimation of

paracetamol (50) and acetanilide (51).68 Indeed, the calcu-

lated values are 28.9 (50) and 23.7 (51) kcal mol71

(cf. experimental values of 28.1� 0.2 and 23.8� 0.2 kcal

mol71, respectively). The difference obtained for phenace-

tin (52) is 0.5 kcal mol71. This value is somewhat larger

than for compounds 50 and 51 but lies within the limits of

measurement error (experimental value is 27.6� 0.6 kcal

mol71).69

Advances in reproduction of energy characteristics and

unit cell parameters of crystals using empirical corrections

suggest the possibility of analyzing rather subtle effects,

such as stabilization of eclipsed or staggered conformation

of methyl groups in methyllithium tetramers.70 It is cru-

cially important that this type of calculations offers pros-

pects for carrying out stability analysis of different

polymorphs and searching an answer to the question what

is the contribution of the thermodynamic factor to crystal-

ization of particular polymorphs. These studies are of great

importance for research on polymorphism of pharmaceut-

icals (see below).

V. Studies of the relative stability of polymorphs

In this Section, we will consider issues concerning quantum

chemical calculations of structural parameters and compar-

ison of the energies of polymorphs, which are of importance

for solution of industrial problems, especially problems in

pharmaceutical industry. Sometimes, crystallization leads

to formation of mixed crystals (co-crystals) and crystal

solvates (pseudopolymorphs). Stability prediction of such

crystalline polymorphs can be useful for the development of

optimal process conditions for industry. Therefore, rapid

progress in crystal chemistry studies of the polymorphism

and structure of co-crystals by computational methods

(usually, by empirical and semiempirical ones) 71, 72 is not

surprising.

If the structures of some polymorphs are unknown or a

test procedure is developed, the atomic coordinates can be

generated using the site ± site potentials and relevant soft-

ware.73 ± 75 Further optimization of structures can be done

by quantum chemistry methods. A very interesting study 76

is devoted to ab initio prediction (`blind' test) of the crystal

structures of three organic compounds (53 ± 55) and a co-

crystal of 2-methylbenzoic acid and 2-amino-4-methylpyr-

imidine (56).

The initial approximations were obtained using the

site ± site potentials and then the search for crystal struc-

tures was carried out. Calculations with a multiprocessor
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system (48 CPUs) took 4 months. A set of structures with

very close energies was generated; it included the exper-

imentally studied systems. Difficulties in prediction of the

thermodynamic stability of the polymorphs of conforma-

tionally flexible molecules are due to small energy differ-

ences between them. Then, the results obtained were used in

DFT calculations with inclusion of van der Waals correc-

tions. This allowed rejecting the energetically unfavourable

structures and thus reducing the number of the structures

under consideration. Eventually, three possible polymorphs

were chosen for each structure; the energy differences

between the polymorphs were at most 0.059 kcal mol71 a-

tom71. The experimental structures appeared to be the

most energetically favourable. This makes it possible to

use DFT calculations for comparing the thermodynamic

stabilities of polymorphs.

Yet another study 77 of polymorphism concerned acetic

acid polymorphs (BP/952 eV, with van der Waals correc-

tion). Only the orthorhombic polymorph can be grown

under standard conditions;78 the monoclinic polymorph

was obtained at a pressure of 0.2 GPa (Fig. 1).79 The

structure of this compound shows no dimerization through

O7H_O bonds both under standard conditions and at

elevated pressure. These bonds link molecules to form

chains. Indeed, the energies of all generated structures for

which dimerization is possible, are 0.2 ± 5.5 kcal mol71

higher than the energies of the experimental structures.

Numerical values of the van der Waals correction were

nearly equal for all polymorphs studied (12.7 ± 13.5 kcal

mol71).77 These corrections should be taken into account in

order to reproduce experimental unit cell parameters and to

obtain the most realistic interatomic distances. Moreover, it

was assumed 76 that the predictive power of quantum

chemical calculations can be improved by taking account

of zero-point vibrational enegy correction and the entropy

contribution, which are usually ignored.

At the same time, the introduction of all corrections into

the scheme of DFT calculations is a labour- and time-

consuming procedure (fortunately, tabulated sets of param-

eters are available for many programmes). Therefore, it is of

interest to establish whether one can reliably characterize

polymorphs using conventional (unmodified) functionals.

Now we will briefly outline some examples.

The energy difference between the monoclinic and

tetragonal polymorphs of trimethylborane BMe3 (PW91/

540 eV) is 0.4 kcal mol71 (Ref. 80). Indirect data 80 suggest

a lower stability of the tetragonal polymorph.

The amount of information on different polymorphs of

glycine (57) is much larger. Probably, this gave an impetus

to a number of thorough studies of this compound, which is

often considered as a model (test) system for various

calculations. Quantum chemical calculations of the a-, b-
and g-polymorphs of glycine (Fig. 2) were carried out using

the plane wave basis set (PW91, PBE and LDA functionals,

450 eV) 81 and the doubly split, localized DNP basis set

(BLYP functional).82 According to BLYP/DNP calcula-

tions, the energy of the a-polymorph of glycine is 0.55 and

0.48 kcal mol71 lower than those of the b- and g-poly-
morphs, respectively. The root-mean-square deviation of

the calculated atomic coordinates from experimental ones

was 0.21�A, which is due to differences in the location of

hydrogen atoms ( their positions are determined with

insufficient accuracy by X-ray diffraction analysis). Calcu-

lations by the LDA method and the plane wave basis set

give a smaller value of the unit cell volume (by 7%± 12%);

however, they correctly reproduce the order of the relative

stabilities of the polymorphs (g-polymorph is 0.3 and

0.6 kcal mol71 more stable than the a- and b-polymorphs,

respectively). Calculations using the PBE and PW91 func-

tionals give somewhat larger unit cell volume and predict

that the energy of the a-polymorph is 0.2 ± 0.3 kcal mol71

lower. A stability study 83 of the a- and g-polymorphs of

glycine with the DNP basis set and a very large number of

functionals showed the importance of taking into account

the zero-point vibrational energy correction and the vibra-

tional contribution to the enthalpy (i.e., corrections for the

temperature dependence of vibrational energy in the crys-

tal). Quantum chemical calculations using the BLYP, BOB

and RPBE functionals carried out ignoring these correc-

tions showed that the a-polymorph is more stable than the

g-polymorph (energy difference is 0.06 ± 0.12 kcal mol71).

Contrary to this, calculations with other functionals (BP,

PBE, PW91, VWNBP) showed the energy preferableness of

the g-polymorph. Taking account of zero-point vibrational

energy correction and vibrational contribution to the

enthalpy led to correct reproduction of the relative stability

order of the a- and g-polymorphs of compound 57 for all

functionals. The energy difference was in the range from

0.12 to 0.24 kcal mol71; the minimum and maximum values

were obtained for the BP and PBE functionals, respectively

(experimental value is 0.06 kcal mol71).83

Analogously, B3LYP/6-311G(d) calculations using the

hybrid functional with inclusion of corrections for zero-

point vibrational energy and the entropy contribution

allowed the energy difference between the polymorphs of

N,N 0-dimethylurea to increase from 0.05 to 0.1 kcal mol71

(Ref. 84).
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Figure 1. Chains formed through O7H_O bonds in the ortho-
rhombic (a) and monoclinic (b) polymorphs of acetic acid.
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Stability prediction of the polymorphs of p-diiodoben-

zene (58) within the framework of the DFT appeared to be a

complicated task.85 According to experimental data,86

b-polymorph is more stable than the a-polymorph (energy

difference between them is 2.21 kcal mol71). Among con-

ventional functionals, only LDA correctly reproduced the

relative energies of the polymorphs, which were overesti-

mated by 0.63 kcal mol71 compared to the experimental

stability of the b-polymorph. Calculations with the PW91

and PBE functionals showed that the a-polymorph is the

most stable, although the energy difference was small (0.67

and 0.58 kcal mol71, respectively). The hybrid functional

B3LYP led to even larger energy difference (1.57 kcal

mol71 in favour of the a-polymorph). Only when the van

der Waals correction to the B3LYP functional was applied,

the relative stabilities of the polymorphs of compounds 58

appeared to be estimated correctly; however, the b-poly-
morph was overestimated by 1.36 kcal mol71 compared to

experimental data. The best result was obtained using

quantum chemical Monte Carlo calculations, but in this

case the standard deviation was very large; this was asso-

ciated 85 with too small chain length in the calculations

(owing to specific features of the computational method).

Thus, when the van der Waals correction is ignored,

reproduction of the thermodynamic properties of poly-

morphs depends strongly on the functional chosen; note

that criteria for the choice of the functional are ambiguous.

Hybrid functionals seem to be inefficient because the

computing time increases. Apparently, the choice of a

functional requires test calculations of model crystals.

Polymer crystals represent more complex systems for

studies of polymorphism because data on their structures

are scarce. As an example, one can consider polymorphism

of poly(lactic acid) having three experimentally detected

polymorphs (a, b and g). Three structural types were

proposed for the a-form (space groups P�1 and P212121);

the other two forms crystallize in the groups P32 (b) and P21
(g). All these forms were studied using the PW91 functional

and the plane wave basis sets (340 eV) and DNP.87 It was

established that the three structural types proposed for the

most stable a-form have different packing types of the

macromolecule. Therefore, it is not surprising that the

calculated energies also differ by 0.5 ± 1.7 kcal mol71, the

differences being larger for the plane wave basis set.

According to PW91/340 eV calculations, the b- and g-poly-
morphs have nearly equal energies. Interestingly, the calcu-

lated stabilities of the polymorphs correlated with their

melting points.

VI. Studies of the electronic structure

Most molecular crystals of organic and organoelement

compounds are dielectrics whose properties depend only

slightly on the band gap.12 As a rule, DFT calculations with

GGA functionals underestimate the band gaps for semi-

conductors and dielectrics. In spite of this, analysis of the

electronic structure is of great importance for the search for

novel promising materials, in particular, for optoelec-

tronics. The main method of investigation of the electronic

structure is to analyze the density of states, the energy band

structure and the calculated absorption spectra in order to

determine the contributions of particular orbitals or func-

tional groups to these properties. This makes it possible to

assess the mechanism of optically induced charge transfer in

the crystal.

For a glycine/sodium nitrate mixed crystal, the calcu-

lated absorption edge is shifted by 20 ± 50 nm towards the

long-wavelength region compared to the experimental

data.88 Calculations using the PW91 functional give a larger

shift compared to the LDA functional. Both functionals

predict that the crystal under study is a semiconductor with

a band gap of 2.9 eV.

A complex of 4-hydroxypyridine-2,6-dicarboxylic acid

and Cu2(OH)2CO3 is a one-dimensional coordination poly-

mer (Fig. 3). The hydrogen bonds O7H_O link polymer

chains to form a three-dimensional network.89 Experiments
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Figure 2. General view of crystal packings of the a- (a), b- (b) and
g-polymorphs (c) of glycine: projections on the ac, ac and ab plane,
respectively.81, 82
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revealed that the material emits luminescence (a band at

379 nm) and has a band gap of 2.85 eV. Quantum chemical

calculations using the PBE functional gave a smaller band

gap value (1.89 eV). A band corresponding to electron

density transfer from the Cu 3d sublevel to C and O 2p

sublevels was localized at 374 nm, which differs from the

experimental value by merely 5 nm. An important role of

quantum chemical calculations of crystals was clearly dem-

onstrated in a study of the mechanism of electron transfer in

1,1,2,3,4,5-hexaphenylsilole (59) which can be used as

material for light-emitting substrates in organic light-emit-

ting diodes.

A total of nine variants of electron and hole transport

involving their local environment in the crystal were con-

sidered.90 A study of the energy band structure of com-

pound 59 showed that the highest mobility of holes should

be expected along the ab plane of the unit cell. Holes are

characterized by higher mobility than electrons. Quantum

molecular dynamics simulation with inclusion of the influ-

ence of temperature and pressure showed that 59 can be

most efficiently used in organic light-emitting diodes in the

temperature range from 243 to 343 K.

Considerable literature is devoted to the mechanism of

electron density transfer, in particular, to search for the

corresponding crystallographic direction. Often, these

directions are governed by motifs of crystal packings

formed through hydrogen bonds, stacking or other inter-

molecular interactions in crystals. For instance, such studies

were carried out for two polymorphs of compound 58,91

50,92 pentacene,93, 94 tetracene,94, 95 poly(3,4-ethylenedioxy-

thiophene),96 perylenediimide,97 a-2-methyl-1-nitroso-

thiourea,98 mixed crystals of copper(I) sulfites with organic

ligands,99 and hybrid organic-inorganic materials with the

perovskite structure.100 Almost all calculations were carried

out using conventional non-hybrid functionals (except

Ref. 95); however, the results obtained were in reasonable

agreement with experimental data.

A coordination polymer [Cu(HF2)(pyz)2]BF4 (pyz is

pyrazine), which exhibits the properties of an antiferromag-

net, appeared to be difficult to study.101 The superexchange

between copper atoms involves the HF2 groups. It is

believed that the superexchange can occur by either the

mechanism of spin polarization of H and F atoms or axial

overlap of Cu(:) ± Cu(;) states. The best fit to experimental

data was obtained using a hybrid functional with a contri-

bution of the `exact' (Hartree-Fock) exchange potential (Fx)

from 20% and 35%. In the latter case, not only the unit cell

parameters, but also the antiferromagnetic-to-paramagnetic

transition temperature and the superexchange constants

were reproduced more correctly. Calculations with

Fx=20% led to significant differences of the calculated

parameters from experimental values. It should be noted

that the Mulliken atomic charges and the forbidden gap

values differed insignificantly at both Fx values (20% and

35%).

Usually, software for analysis of the electron density

redistribution between atoms is only suitable for analysis

using the Mulliken scheme and analysis of the density of

states. Other schemes of calculations of charges in isolated

molecules [e.g., the Natural Bond Orbital (NBO)

scheme] 102, 103 are ignored. At the same time, it is possible

to carry out topological analysis of the electron density

distribution according to Bader's theory `Atoms in Mole-

cules' 104 using, e.g., software developed by independent

vendors not related to the programmer teams working on

software for quantum chemical calculations of crystals.

VII. Topological analysis of the calculated electron
density of crystals

Topological analysis of the electron density distribution

aimed to study the nature of chemical bonds in crystals

faces some difficulties. The software for topological analysis

of the electron density distribution was mainly developed

for work with analytical representation of the function r(r)
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Figure 3. Fragment of crystal packing of the complex of 4-hydroxypyridine-2,6-dicarboxylic acid with Cu2(OH)2CO3.89
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(programmes AIMPAC,105 AIM2000,106 MORPHY,107

TOPMOD,108 AIMALL,109 DENPROP 110) and does not

allow one to use periodic boundary conditions and/or plane

wave basis sets. Here, `analytical representation' means

knowledge of information on the orbitals in the crystal

(i.e., knowledge of all coefficients in the expression describ-

ing the molecular orbital). Probably, the only exception is

the TOPMOD programme 111 developed to manipulate the

output data of the programme CRYSTAL. The method

used in many studies based on quantum chemical calcula-

tions using various versions of the programme CRYSTAL

is as follows. First, the X-ray structural factors are calcu-

lated theoretically. Then, they are used in the refinement

procedure within the framework of the Hansen ±Coppens

multipole model 112 provided that relevant software, e.g.,

XD2006 (Ref. 113) is available. Usually, the results

obtained are compared with experimental X-ray diffraction

data on the electron density distribution. This approach is

inconvenient because some efforts should be made to trans-

form the calculated structural factors to a form suitable for

further multipole refinement. This requires additional data

that cannot be obtained by quantum chemical methods,

e.g., parameters of anisotropic atomic displacements (ther-

mal parameters) and the standard deviations of all struc-

tural factors. Mathematical tools for obtaining the

necessary values from neutron diffraction data were

reported by Brunning and Feil.114 Then, these tools were

used to study an urea crystal.115

Considering software using the plane wave basis sets and

pseudopotentials, the only possibility to carry out topolog-

ical analysis of the function r(r) is to represent it in a

numerical form as a discrete array of numbers related to the

cell coordinates. Files containing arrays of numerical data

can be extracted from any programme for quantum chem-

ical calculations. Software that can manipulate these data

include DGrid,116 AIM (a component of the ABINIT

software package),117 Bader (only calculations of

charges),118 InteGriTy,119 EXCUBO,120 GRID.121 The

results of calculations depend on the density of point

distribution in the array.

Yet another serious problem is associated with the

pseudopotentials per se. It is believed that the use of

pseudopotentials precludes a correct topological analysis

of the electron density distribution owing to the appearance

of `strange' critical points in the action range of the

pseudopotentials.122 ± 125 In other words, if position of a

(3,71) critical point falls within the action range of the

pseudopotential, either this critical point will not be located

or other types of critical points will be located. It was

assumed 122 ± 125 that the pseudopotential should be replaced

by the electron density preliminarily calculated for an

isolated atom, or the function r(r) should be reconstructed

from the pseudopotential. The first method is used in the

AIM programme for calculations of atomic charges; it can

be recommended for most pseudopotentials. Reconstruc-

tion of the function r(r) in the region of atomic core

electrons is implemented in the VASP programme (version

4.6.31 and higher). Carrying out topological analysis in a

most correct manner requires information on the type of

connection of the pseudowave function to the wave function

determined by plane waves. In the PAW formalism, the core

is described by a smooth pseudowave function and an

augmentation charge sphere of radius Raug (compensation

charge). The electron density inside the augmentation

sphere is equal to that for the sphere determined by the

full-electron wave function and can be obtained by integra-

tion. The main goal of this procedure is to calculate the

atomic charges. Unfortunately, such a `reconstructed' func-

tion r(r) incorrectly reproduces the electron density distri-

bution function.

Thus, if a (3,71) critical point is inside the augmenta-

tion charge sphere, it will probably not be located. At the

point Rc (pseudopotential cutoff), the value of a smooth

pseudowave function equals that of the full-electron wave

function (wave function determined by the plane wave basis

set). In the region between Raug and Rc, the wave function is

determined by three components, viz., a rapidly decreasing

function of the augmentation charge, a smooth pseudowave

function and the plane waves. In this region, a (3,71)

critical point will be located with certainty.

The problem of location of critical points of chemical

bonds and intermolecular contacts can be solved using a

pseudopotential with small Rc value (and, correspondingly,

Raug in the PAW formalism). The pseudopotential cutoff Rc

as well as the size of the basis set depend strongly on the

type of the pseudopotential used. When choosing a pseudo-

potential with small Rc, one should keep in mind that it

requires a large basis set. In any case, the PAW method

requires a smaller basis set than the pseudopotentials with

conservation of normalization. A rather large number of

programmes for generation of a necessary pseudopotential

is available from the Internet.} Nevertheless, it should be

noted that generation of a pseudopotential for heavy atoms

(especially, atoms of f-elements) is a nontrivial problem. In

addition, the (3,73) critical points corresponding to posi-

tions of atomic nuclei cannot be located in any cases. The

situation with the VASP programme is somewhat better.

The software development team provides a variety of

relativistic PAW pseudopotentials for almost all elements

of periodic system including those characterized by small Rc

values. Therefore, the VASP programme is used for quan-

tum topological analysis of the electron density in crystals.

An example of the approach in question is provided by

the results of topological analysis of the function r(r) for a
mixed crystal of tetrathiafulvalene and 2,5-dichloro-p-ben-

zoquinone (60) carried out using the PAW pseudopoten-

tials, the plane wave basis sets (680, 952, 1224 and 1360 eV)

and the programme InteGriTy (Fig. 4 a).119 The increment

between the points in the array of the r(r) values varied

from 0.07 to 0.0055 �A. To increase the accuracy of calcu-

lations, a cubic interpolation procedure was incorporated

into the programme InteGriTy. The absolute values of the

topological characteristics, namely, the electron density and

the Laplacian of the electron density at the (3,71) critical

point, depend only slightly on the size of the basis set and

differ in the third or fourth decimal digit. The smallest

variations were found for the topological parameters of

weak intermolecular interactions; variations at the (3,71)

critical points of single bonds are more pronounced. The

Laplacian of the electron density at the (3,71) critical point

of the double bond C=O shows the strongest dependence

(in the first decimal digit) on the size of the basis set and on

the increment between the points in the data array. In the

case of multiple bonds, convergence of results requires an

}More detailed information can be found at http://www.abinit.org/down-

loads/psp-links/pseudopotentials.
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increase in the increment to a maximum possible value

determined by the size of random access memory. By and

large, a maximum of kinetic energy of at most 680 eV is

sufficient for estimation of charge transfer from tetrathia-

fulvalene molecule to 2,5-dichloro-p-benzoquinone to an

accuracy of 0.02e while an increment of 0.05 �A is sufficient

to obtain topological characteristics with an acceptable

accuracy (Fig. 4 b).119 Thus, topological analysis of the

electron density distribution for molecular crystals does

not require a large basis set and a large array of numerical

values of the function r(r). The corresponding file sizes are

of the order of a few hundreds of megabytes and can be

processed in a rather short time.

The study by Souhassou and co-workers 119 is not the

only example of numerical computation of topological

characteristics of the electron density distribution for

organic and organoelement compounds. In particular,

topological analysis was carried out for crystals of 1-hydro-

silatrane (61),126 1-fluorosilatrane (62),127 two tris(penta-

fluorophenyl)silylamines (63 and 64),128 two cyclic

organylfluorosilanes (quasi-silatranes 65 and 66),129 molec-

ular complexes of o-phenylenemercury with ethanol and

tetrahydrofuran solvate molecules (67 and 68),130 two

rhodacarboranes (69 and 70),131 chloridobis[(2-oxoazocan-

1-yl)methyl]germanium(IV) trifluoromethanesulfonate

(71),132 three C,O-chelate complexes of germanium(IV)

(72 ± 74),133 complexes of tris(pentafluorophenyl)silanes

with Lewis bases (75 ± 78),134 (amidomethyl)dimethylsilanol

hydrohalides (79 and 80) 135 and a donor-acceptor complex

PPh3 .AuCl (81).136 Optimization was carried out using the

PBE functional, the maximum kinetic energy ranged from

400 to 680 eV, and points in the numerical data array were

separated by less than 0.04 �A. This functional was chosen

because a large number of transferable PAW pseudopoten-

tials with small Rc values are available. For all these crystal

structures, the energies of weak intermolecular interactions

and coordination bonds involving atoms of Group IVA

elements were estimated using the Espinosa ±Molins ± Le-

comte empirical correlation137 ± 139 which relates the poten-

tial energy density [V e(r)] at the (3,71) critical point to the

C7H_O, N7H_O and O7H_O interaction energies,

E= 313.75V e�r� [kcal mol71] . (16)

Relation (16) was applied 126 ± 136 to describe hydrogen

bonds of different strength (energy 415 kcal mol71), coor-

dination bonds involving metals atoms and atoms of Group

IVA elements, and to estimate the sublimation energy at

0 K as the total energy of all intermolecular interactions.

Note that the accuracy of the energy values obtained using

relation (16) and the applicability range of this relation are

unknown.

Crystals of compounds 66, 79 and 81 were studied by

not only quantum chemistry methods, but also by high-

precision X-ray diffraction analysis. Therefore, it is appro-

priate to compare the values of the electron density and the

Laplacian of the electron density at the (3,71) critical

points of the chemical bonds and intermolecular contacts

obtained from quantum chemical calculations with results

of multipole refinement. Differences may be due to at least

mismatch of the experimental and optimized atomic coor-

dinates. The largest differences (up to 60%) between the

values of the Laplacian of the electron density were

obtained for nonpolar covalent bonds; differences in the

electron density values are smaller (*2%± 10%).

The geometries of molecules 61 and 62 in the crystals are

noticeably different from those in the gas phase. In partic-

ular, the intramolecular coordination bond Si7N in the

crystals of the compounds is 0.25 �A shorter than in the gas

phase (according to gas-phase electron diffraction

data).140, 141 Topological analysis of the electron density

distribution revealed the onset of numerous intermolecular

interactions C7H_O in the crystal and the changes in the

atomic charges of oxygens. This leads to redistribution of

the electron density in the coordination site of silicon atom

and to a corresponding shortening of the Si7N bond. In

particular, the total energy of C7H_O intermolecular
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benzoquinone and tetrathiafulvalene fragment (b).119

116 A A Korlyukov, M Yu Antipin



interactions (hydrogen bonds) in the crystal of compound

61 is 55% of the sublimation energy.

The energies of the coordination bond Si7N in crystals

61, 62, 65 and 66 evaluated using relation (16) range from 18

to 29 kcal mol71. According to B3LYP/6-311G(d) calcu-

lations,142 the coordination bonds Si7N in crystals 61 and

62 are 10 ± 12 kcal mol71 stronger than in isolated mole-

cules.

In compounds 63 and 64, the structure-forming inter-

actions F_F are of the `hill ± valley' type.104 In other

words, they are characterized by orientation of the lone

electron pair of one fluorine atom towards the region of

electron density depletion of fluorine atom of the adjacent

molecule (Fig. 5). An important role is also played by the

stacking interactions between phenyl and pentafluoro-

phenyl groups. The crystal packing of compound 63 shows

no infinite stacking motif, thus being looser than that of 64

[according to X-ray diffraction data, the densities of the

silanes are 1.669 (63) and 1.805 (64) g cm73]. The looser

packing is characterized by a lower sublimation energy than

the more dense packing (10.9 and 17.8 kcal mol71, respec-

tively, as obtained from calculations).

In crystals 67 and 68, oxygen atoms of tetrahydrofuran

and ethanol solvent molecules participate in three interac-

tions with mercury atoms. Among them, only one interac-

tion can be considered as weak coordination bond [its

energy is 7.1 (67) and 7.6 (68) kcal mol71, and the Hg7O

interatomic distances are 2.910 (67) and 2.872 (68) �A], the

energies of other interactions being much lower (*1 kcal

mol71).130 Mercury atoms complete their coordination

spheres through a variety of weak intermolecular contacts

Hg_F and Hg_H with energies no higher than 1 kcal

mol71.

An analysis of the atomic charge values calculated for

two rhodacarboranes 69 and 70 according to Bader revealed

changes in the valence electron density distribution in the

metallacarborane cage. Cleavage of the C7C bond leads to

a decrease in the positive charge on rhodium atom by

0.07 e; this is accompanied by a significant increase in the

negative charges on carbon atoms of the carborane cage

(by 0.4 e).131

In crystal 71, the distance between the germanium atom

and the oxygen atom of triflate ion is 3.433(2) �A, being less

than the sum of the corresponding van der Waals radii

(from this point on, coordination bonds in the formulas of

compounds are shown as conventional single bonds).143 The

Ge7Cl bond lying opposite to triflate anion is somewhat

longer than the corresponding bonds in this class of com-

pounds. The aim of analysis of the calculated function r(r)
was to determine whether or not the Ge7O interatomic

distance corresponds to a weak coordination bond. Even-

tually, no coordination bond was revealed and it was

concluded that only C7H_O interactions with energies

0.9 ± 1.9 kcal mol71 occur between the cation and anion.132

In crystals of complexes 72 ± 74, the intramolecular

coordination bonds Ge7O are 0.08 ± 0.18 �A shorter than

in isolated molecules. Topological analysis of the calculated

electron density distrbution functions of these crystals

(PBE/400 eV) and isolated molecules showed that in the

solid phase the Ge7O bond is stronger than in the gas
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phase (its energy is 5 ± 11 kcal mol71 higher). Interestingly,

a noticeable contribution to the sublimation energy

(*20%) comes from intermolecular interaction between

the electron pair of chlorine atom and the antibonding

orbital of the C=O bond.

Evaluation of the energies of the coordination bonds in

crystals 75 ± 78 containing five-coordinate silicon atoms

showed that bonding in the O7Si7O and O7Si7X

[X=F, Cl, C6F5, O=P(NMe2)3] fragments corresponds

to the three-centre four-electron bond with the Si7O and

Si7Hal bonds having nearly equal energies. A similar

conclusion was drawn for salts 79 and 80.

In the case of crystal PPh3 .AuCl (81) the results of

topological analysis of the calculated electron distribution

function were compared with the results of high-precision

X-ray diffraction experiment.115 Calculations with the PBE

functional correctly reproduced the topological character-

istics of Au7Cl and Au7P bonds, the energy difference

being at most 2 kcal mol71. The calculated total energy of

all interactions involving the gold atom was almost equal to

the experimental value (cf. 3.4 and 3.3 kcal mol71, respec-

tively).

Reproduction of atomic charge values appeared to be a

more complicated task. The impossibility of taking into

account core electrons in explicit form may have a negative

effect on the results of integration of the function r(r).
Nevertheless, the results of calculations of a crystal of salt

81 appeared to be in reasonable agreement with the results

of multipole refinement of X-ray diffraction data, viz., the

atomic charges of Au, P and Cl were 0.045, 1.737 and

70.782 e, respectively (cf. the corresponding experimental

values of 0.003, 1.135 and 70.963 e).

Taking compounds 63 and 64 as examples, it was shown

that the type of a pseudopotential has no decisive effect on

the results of topological analysis of the function r(r) in the

case of Group I ± III elements. As to heavier elements,

topological analysis of the electron density distribution

was carried out for Au, Rh and Hg and satisfactory results

were obtained. Meanwhile, topological analysis using ana-

lytical form of the function r(r) is difficult because localized
full-electron basis sets for these elements, which correctly

describe the properties of corresponding organoelement

compounds, are available for a few software packages

(e.g., ADF).16

Topological analysis of the function r(r) was also

performed in order to explain an unexpectedly large

increase in the dipole moment of the molecule of 3,4-

bis(dimethylamino)cyclobut-3-ene-1,2-dione (82) 144 on

going from the gaseous to crystalline state (from 7.3 to

12.6 D). Quantum chemical calculations were carried out by

the Hartree ± Fock method with the 6-21G basis set; how-

ever, they played a supportive role and the results obtained

were not considered in detail.

Vener et al. 145 reported the results of a much more

representative B3LYP/6-31G(d,p) study of 26 molecular

crystals with strong hydrogen bonds. No structure optimi-

zation was done. The available structural data were used `as

is' without analyzing their quality. At the same time, the

results of quantum chemical calculations of isolated mole-

cules and ions with geometry optimization were also

reported. Since differences in the geometric parameters of

the fragments with strong hydrogen bonds O7H_O and

N7H_O in isolated molecules, ions and crystals are small,

the corresponding differences in the r(r) and H2r(r) values
are usually also small. This first of all indicates that the

differences are due to the influence of crystal packing and

possible experimental errors in the determination of posi-

tions of hydrogen atoms. A more reliable conclusion can be

done after optimization of atomic coordinates in the crystal

using different methods and basis sets. In addition, topo-

logical parameters can be compared with the results of

calculations for isolated molecules or clusters.

A more developed approach to analysis of the calculated

electron density distribution function described in the

beginning of this Section was used for the first time in a

study of urea crystal.115 Seemingly, it served as a base for

subsequent experimental and theoretical investigations of

crystals of two polymorphs of the dye coumarin 314 (83),146

2-methyl-5-nitroaniline (84),147 and p-complexes

(Z5-C5H5)Mn(CO)3 (85), (Z6-C6H6)Cr(CO)3 (86), (E )-{(Z5-

C5H4)CF=CF(Z5-C5H4)}(Z5-C5H5)2Fe2 (87) 148 and the

cluster Fe3(m-H)(m-COMe)(CO)10 (88).149 Emphasize that

the atomic coordinates in structures 83 ± 88 were not opti-

mized (experimental data were used).
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In a study 125 of two polymorphs of the dye 83, opti-

mization of atomic coordinates by the B3LYP/6-31G(d,p)

method led to shortening of the interatomic distances

corresponding to intermolecular contacts by 0.01 ± 0.05�A.

It is not surprising that the calculated values of their

energies estimated using relation (16) 137 ± 139 also appeared

to be much higher than the experimental values. Although

the calculated heats of sublimation (32 and 41.3 kcal

mol71) differ from experimental values (36.3 and 38.7 kcal

mol71, respectively), they are in qualitative agreement with

the order of the relative stabilities of the polymorphs. The

experimental topological parameters of compound 84 and

those obtained from HF/6-31G(d,p) calculations are also in

good agreement. Nevertheless, there has been a trend

towards an increase in the H2r(r) values and a decrease in

the ellipticity at the (3,71) critical points of covalent

bonds.

Quantum chemical calculations were used to confirm an

experimental model of chemical bonding in various transi-

tion metal p-complexes based on X-ray diffraction data.148

Crystals of the complexes 85 and 86 represented complex

objects for multipole refinement because their theoretical

and experimental connectivity graphs showed some mis-

match. This was explained by specific features of the

electron density distribution in the vicinity of Mn and Cr

atoms. A high-precision X-ray diffraction study of the

electron density distribution in the crystal of cluster 88

faced similar difficulties. Probably, the character of the

distribution in the vicinity of metal atoms [curvature of the

function r(r)] is strongly dependent on the refinement

procedure and correct reproduction of its features using

computational methods alone is impossible.

From the aforesaid it follows that the number of studies

on the topological analysis of the calculated function r(r) in
crystals of molecular compounds is not so large. Quantum

chemical calculations play a supportive role; they are

mainly carried out in order to confirm the results of high-

precision X-ray diffraction studies.

VIII. Estimates of NMR and EPR spectroscopic
characteristics

Would quantum chemical calculations be applied to com-

pute the magnetic shielding and quadrupole moment ten-

sors, solution of many problems related to the

interpretation of the NMR and EPR spectra of solids

could be essentially simplified. However, this is a compli-

cated problem. To reproduce the experimental chemical

shifts, one should describe as accurately as possible the

state of atomic core electrons and the component of the

wave function responsible for the `behaviour' of valence

electrons in the core region. These requirements are met by

the programme CRYSTAL which includes multiply split

full-electron basis sets for the period 1 to 5 elements.}

However, this programme, like all other programmes that

use localized basis sets, has no functional possibilities for

performing this type of calculations. As might appear, the

plane wave basis sets and pseudopotentials are inappropri-

ate for calculations of the magnetic shielding and quadru-

pole moment tensors. However, in practice only the

programmes with these basis sets are used for calculations

of NMR and EPR spectra.

The magnetic shielding of an atomic nucleus by elec-

trons (si) is a tensor quantity, i.e., it depends on the

orientation of a molecule or crystal relative to the direction

of external magnetic field. The chemical shift (di) can be

defined as the difference between the shielding for a refer-

ence compound (sref) and the shielding for the compound

under study (si)

di �
sref ÿ si
1ÿ sref

. (17)

Components of the magnetic shielding tensor sab can be

defined as partial derivatives of the total energy of a

molecule with respect to the magnetic field strength (B)

and to the intrinsic magnetic moment of the atomic nucle-

us (m)

sab �
q2E

qmaqBb
� q2E

qBba
6� q2E

bqBa
6� sba. (18)

Generally, the magnetic shielding tensor is asymmetric,

i.e., permutation of the indices a and b gives a different

result. The sab values are calculated using a perturbative

approach.150 When calculating the chemical shifts using

pseudopotentials, it is assumed that the amount of electron

density in the region described by the pseudowave function

is always constant. Then, one can assume that the contri-

bution of the pseudowave function is small and ignore it or

try to reconstruct the full-electron wave function from the

pseudowave function. Such a reconstruction was carried out

for the first time taking calculations of EPR spectra of

semiconductors as an example,151 because theoretical

approaches to calculation of the quadrupole moment tensor

and EPR spectroscopic parameters are similar to the case

for NMR. Thus, there are two general procedures for

calculations of the chemical shifts in NMR spectra.

The least efficient procedure is incorporated into the

CPMD programme in which the magnetic shielding and

quadrupole moment tensors are calculated ignoring core

electrons. The behaviour of the wave-function component

responsible for valence electrons in the core region is also

ignored. Therefore, the software development team { rec-

ommend to consider the results of calculations for atoms of

the period 3 ± 6 elements with care. By and large, calcula-

tions of the chemical shift require much larger basis sets

(maximum values of the kinetic energy) compared to those

used in the geometry optimization and in calculations of
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most other properties. For hydrogen atoms, a basis set of

the order of *1000 eV is large enough. Calculations of

d29Si require a maximum kinetic energy of at least

8000 eV.152

Detailed comparative results were obtained in a study 153

of amino acids and their hydrates. Very good agreement

with experimental data (at least 1.5 ppm) was obtained for

the hydrogen atoms involved in strong hydrogen bonds

N7H_O and O7H_O. The calculated signals (d) of the
hydrogen atoms of phenyl and methylene groups are shifted

to lower field by 1.6 ± 5.1 ppm (2 ppm on the average).

Interestingly, these differences were first of all explained

by the influence of thermal motions.153 The introduction of

the van der Waals correction did not lead to significant

changes in the chemical shifts. Analogous results were also

obtained and for a proton-conducting crystal of imidazole-

bis(ethylene oxide)-imidazole.154

The Gauge-Included Projected Augmented Wave (GI-

PAW) method 155 is an improved technique which takes

account of the behaviour of valence electrons in the core

region using some additional localized functions. This

allows one to reconstruct the full-electron wave function

and to correctly describe the shielding of the atomic

nucleus. Emphasize that this requires the use of specially

developed pseudopotentials. GI-PAW quantum chemical

calculations can be performed using the programmes

CASTEP and Quantum ESPRESSO (see Table 1). For

organic compounds Deviations of the 1H chemical shifts

from the experimental values (2.9 ppm, Ref. 156) are in fact

equal to those obtained using a less efficient algorithm

incorporated in the programme CPMD. These deviations

can be due to thermal motion of atoms in the crystal and to

mismatch of the optimized and experimental geometries of

the structures under study. An undoubtful advantage of the

GI-PAW method is the possibility to estimate with good

accuracy the chemical shifts of atoms of the second-period

elements and even heavier atoms. That is why GI-PAW is

very popular among the methods used for calculations of

crystals of various inorganic compounds.157

Obtaining d13C values with high accuracy requires

calculations of the chemical shifts using experimental struc-

tural data (neutron diffraction data are most appropriate)

as the initial approximation and optimization of atomic

coordinates. By comparing the calculated and experimental

chemical shift values one can establish the source of devia-

tions; the accuracy of calculations can be increased upon

subsequent statistical processing of data. The 13C chemical

shifts for fourteen carbohydrates and aromatic compounds

were calculated 158 and the results obtained were statistically

processed. Using neutron diffraction data as the initial

approximation without geometry optimization, the average

values of the root-mean-square deviations were 20.2 ppm

for carbohydrates and 16.8 ppm for aromatic compounds,

thus being at least two times better than the results obtained

in the calculations with the 6-31G(d,p) basis set. Using an

improved original procedure, the accuracy of calculations

was increased to 1 ppm.158 Further increase in accuracy can

be attained using the method of ab initio molecular dynam-

ics, namely, calculations of the chemical shifts followed by

averaging for configurations near the equilibrium state

allow the influence of thermal motion of atoms to be

taken into account. Taking dipeptide b-L-aspartyl-L-alanine
as an example,159 it was shown that the d13C values

obtained from conventional calculations and by the method

of molecular dynamics in the Born ±Oppenheimer approx-

imation can differ by a few ppm.

The difference between the calculated and experimental
19F chemical shift values obtained for crystal of fluorobi-

profen (89) was 2.9 ppm.160 The authors of that study

recommended to carry out optimization of atomic positions

regardless of the experimentally determined geometry. For

example, the calculated C=O bond length in compound 89

is 0.035 �A larger than the experimental value, while the

bond between C(1) and methyl carbon atoms is 0.033 �A
shorter. The influence of thermal motion of atoms on the

bond lengths can be strong enough even at 150 K (the

temperature at which the structure of 89 was studied). At

the same time, these differences can be to some extent due to

drawbacks of the PBE functional used for calculations.

Probably, this is the reason why only positions of hydrogen

atoms were optimized.160

A remarkable example is provided by investigations of

perfluoronaphthalene161 for which the difference between

the calculated and experimental chemical shift values was

about 2 ppm. However, calculations overestimate the differ-

ences between the d19F values for fluorine atoms at the Ca

and Cb atoms by 2 ± 4 ppm. Full optimization of atomic

positions did not significantly improve the agreement

between the experimental data and results of calculations.

Interpretation of experimental data using two-dimensional

(2D) NMR spectroscopy is also ambiguous, viz., signals of

fluorine atoms in different positions can hardly be distin-

guished even using 2D NMR spectra. The results of quan-

tum chemical calculations at least do not contradict the 2D

NMR spectra and the signals of fluorine atoms at adjacent

C atoms can be reliably identified by a combining these

methods.

Quantum chemical calculations of the chemical shifts

were used also in studies of the structures of oxybuprocaine

hydrochloride (90),162 thymol (91),163 uracil (92), 4-cyano-

4 0-ethynylbiphenyl (93), glycine hydrochloride (94),164, 165

valine (95), tyrosine (96), alanine (97),166 serine (98), aspar-

agine (99), leucine (100), isoleucine (101) and peptides based

on them,167 poly-L-lysine (102),168 maltose anomers

(103),169 and cyameluric acid (104).170 Not only did the

authors of these publications compare the experimental

data and the results of calculations of the 1H and 13C

chemical shifts, but also undertook attempts to construct

correlations between the components of the magnetic

shielding tensor and various structural parameters. The

calculated 17O and 15N chemical shifts were used to assign

the 2D NMR spectra. It should be noted that the calculated

and experimental values of the 17O and 15N chemical shifts

differ to nearly the same extent as the calculated and

experimental values of the 19F chemical shifts. The aim of

these publications was to determine the structures of com-

plex biological systems for which crystallographic data

cannot be obtained.
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Probably, one of the most interesting examples is pro-

vided by the use of quantum chemical calculations of

chemical shifts in order to search for polymorphs and to

analyze their structures. One can assume that application of

NMR spectroscopy will help to choose the most stable

polymorphs. The number of atomic configurations to be

studied is rather large; therefore, additional data obtained

by NMR spectroscopy can be useful. An attempt to use a

combination of these methods in a study of polymorphs of

4-methyl-2-nitroacetanilide (105) was reported.171

Two polymorphs of this substance are known, a white

and a yellow one. The latter contains two molecules in the

independent part of the unit cell. Using calculations of

isolated molecule 105 (6-311+G** basis set), the depend-

ences of the chemical shifts on the torsion angles were

plotted. The angles at which the calculated d13C values are

the closest to the experimental data can be used as addi-

tional parameters in the search for polymorphs. A compar-

ison of experimental data with the results of crystal

structure calculations showed that the 1H chemical shifts

in the two independent molecules of the yellow polymorph

differ by at most 0.3 ppm. In turn, the differences in the

calculated 1H chemical shifts for the white and yellow

polymorphs are in good agreement with the corresponding

experimental values, although the signals are somewhat

shifted to a lower field.

Calculations with inclusion of the van der Waals correc-

tion made it possible to choose 23 potential polymorphs of

compound 91 from a total of 10 000 test structures.172 For

all of them, the d1H and d13C values were found, the results

of calculations were compared with the powder diffraction

data and it was shown that the most stable structure does

not occur naturally.

Polymorphs of glutaminic acid were characterized 173 by

not only the 17O chemical shifts, but also by the calculated

components of the quadrupole moment tensor. This

allowed the orientations of these components to be deter-

mined without sophisticated experiments with large single

crystals and specific equipment. Note that the components

of the quadrupole moment tensor were calculated by the

GI-PAW method.

Exact quantum chemical calculations of the chemical

shifts for atomic nuclei of third-period and heavier elements

are more difficult-to-perform than calculations for lighter

elements. Nevertheless, for organosilsesquioxanes with the

cubane-type cage [RSiO1.5]8 (R=H, Me, CH=CH2) the

difference between the calculated and experimental d29Si
values and the components of the magnetic shielding tensor

appeared to be less than 1 ppm.174 Very close results were

also obtained for the 31P chemical shifts in phenylphos-

phonic acid.175 However, agreement between the calculated
35Cl chemical shifts in amino acid hydrochlorides 166 and

experimental data is poorer (differences range from 2 to

9 ppm.). Good agreement obtained for the d29Si and d31P
values is most probably due to the use of specially chosen

pseudopotentials. In the case of 35Cl nuclei, the differences

can arise from difficulties in reproduction of the experimen-

tal structure, especially hydrogen bonds. The influence of

hydrogen bonds involving chlorine atom on its chemical

shift can be noticeable.

Thus, calculations of NMR spectroscopic parameters

are useful when interpreting the experimental NMR spectra.

Interest in these studies is responsible for the emergence of

the so-called NMR crystallography.150

IX. Parameters of vibrational spectra

Almost all programmes for calculations of crystal structures

allow vibrational frequencies to be calculated. However,

only some of them have algorithms for automated analysis

of the symmetry of vibrations and for calculations of

vibration intensities. Main methods of calculations of vibra-

tional spectra include well-known methods of finite differ-

ences and linear response. There is also the `frozen' phonon

method { based on the Debye model; it is used to plot the

phonon dispersion curves. Eventually, the vibrational spec-

trum can be calculated using the molecular dynamics

methods which give the most accurate values of vibration

intensities.
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{ The method is practically implemented as a set of programmes

(e.g., PHONON programme).176 The CRYSTAL09 programme also

includes a correction for anharmonicity of vibrations; this allows one to

attain good agreement for the frequencies of vibrations involving hydro-

gen atoms.
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Numerous examples of calculations of parameters of

vibrational spectra are available in the literature and it is

impossible to make a detailed survey of these studies. In the

text below we will consider the most interesting examples of

the use of calculations for the interpretation of the IR

spectra and inelastic neutron scattering spectra as well as

the use of phonon dispersion curves. In addition, we will

outline calculations of Terahertz vibrational spectra that

became popular and on-demand recently.177 ± 179

First, it should be noted that almost all calculations are

carried out in the harmonic approximation and therefore

exact correspondence between vibrational frequencies can

not be attained. Despite the fact that calculations explicitly

include the effect of crystal packing, the influence of the

imperfection of the DFT functionals, thermal vibrations

and the use of harmonic approximation introduce notice-

able errors into the results of calculations. Nevertheless,

analysis of the symmetry of vibrations allows one to avoid

limitations intrinsic in the computational methods and

makes them a useful tool for the interpretation of exper-

imental data.

Most calculations of vibrational spectra were carried out

for crystals of small molecules including amino acids and

their salts, 2,6-diamino-3,5-dinitropyrazine,180 nucleosides

and DNA and RNA bases,181 salts of urea and phosphoric

acid,182 2,2-bithiophene salts,183, 184 compounds 4

(Ref. 185) and 31,186 parabanic acid,187 co-crystal of glycine

and sodium nitrate,188 cyclohexane-1,3-dione,188 aliphatic

amino acids,189 formic acid,28 and NMe4BF4.190 All these

studies were aimed to interpret the IR spectra, Raman

spectra or inelastic neutron scattering spectra; they include

a comparison of the results of crystal structure calculations

with the data for isolated molecules. Sometimes, the pro-

grammes that use localized basis sets and plane wave basis

sets are also compared. The best agreement between the

calculated and experimental vibrational frequencies was

found in the region from 500 to 1200 cm71. Consider in

more detail the crystal of 1-ethyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide (106) which is trans-

formed to an ionic liquid on melting.

Optimization of atomic positions in crystal 106 (PBE/

400 eV) 191 was followed by some shortening of the intera-

tomic distances corresponding to intermolecular contacts

and subsequent shift of the frequencies in the range

600 ± 1000 cm± 1 by a few reciprocal centimetres; the max-

imum decrease was about 20 cm71.

In fact, the vibrational frequencies obtained in the

crystal structure calculations were always in better agree-

ment with experimental data than the vibrational frequen-

cies of isolated molecules. At the same time, calculations of

vibrational spectra of crystals using localized basis sets and

the plane waves give close results.

For instance, in a study of some crystalline polymorphs

of polythiophene derivatives, namely, a-quaterthiophene
(107) and a-sexithiophene (108),192 using the programme

VASP (PBE/280 eV), all calculations were carried out for a

supercell obtained using a doubled minimal lattice constant.

This was done to reduce the dependence of vibrational

frequencies on the size of the unit cell. To make a compar-

ison of the experimental and calculated inelastic neutron

scattering spectra of compounds 107 and 108 the most

informative, the vibrational frequencies of compound 108

were normalized to a frequency of 593 cm71 at which the

influence of temperature and overtones on the experimental

frequencies is minimum. In this case, the vibrational fre-

quencies in the range 600 ± 900 cm71 can be treated as

`fingerprints'; the difference between the calculated values

for the two polymorphs of a-quaterthiophene was

10 ± 20 cm71.

Ab initio molecular dynamics calculations can be espe-

cially useful in those cases where the influence of temper-

ature on the properties of crystals should be taken into

account. Examples of such systems are provided by the

crystals with strong hydrogen bonds. Molecular dynamics is

used to calculate the average values for many-particle

systems. The equations of motion are specified for all

particles and the average values are obtained by integration

over a particular time interval. The principles of ab initio

molecular dynamics methods have been well documented in

a review.193 The trajectory of the motion of atoms is

calculated by quantum chemical methods (most often,

within the framework of the DFT); however, atomic nuclei

per se obey the classical equations of motion. The entire

system is in the ground state on the Born ±Oppenheimer

surface. Particular implementations of methods of ab initio

molecular dynamics can differ significantly in some details.

Nevertheless, in the course of recording of the trajectory

(taking into account the fact that the system is near the

equilibrium) one can obtain the average values of many

properties including those characterizing the changes in the

dipole moment. If the trajectory is rather long (at least a few

picoseconds), the vibrational spectrum obtained using the

Fourier transform of the autocorrelation function of accel-

eration is representative (free from the influence of random

fluctuations).

The experimental inelastic neutron scattering spectrum

and the results of molecular dynamics calculations of this

spectrum (BLYP/340 eV at 300 K) were compared for the

crystal of oxamide (109) with N7H_O hydrogen bonds.194

Calculations correctly reproduce broadening of the lines in

the range >900 cm71 and the splitting of the lines at nearly

450 cm71. However, an attempt to reproduce the range

from 1300 to 1800 cm71 in the spectrum of crystal 109

failed because proton was treated as a particle that obeys

the classical equations of motion.
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More subtle effects (electron ± phonon, phonon ± pho-

non interactions) and their influence on the spectral pattern

can be investigated using the phonon dispersion curves that

characterize the changes in the vibrational frequencies along

a specified direction of the reciprocal space (anisotropy). A

simple example is provided by benzoic acid (110).195 The

normal vibrational mode corresponds to deviation of car-

bonyl group from the plane and shows that dispersion of the

vibration is about 30 cm71 (Fig. 6). This allowed one to

analyze the lineshape in the experimental inelastic neutron

scattering spectrum and to consider the contributions of

various exciton components. The phonon dispersion curves

of various polymorphs of compounds 107 and 109

showed 192 a noticeable dispersion only for vibrations with

frequencies lower than 100 cm71, which is typical of non-

ionic molecular crystals. The phonon dispersion curves can

also be used to discuss the detonation processes in energetic

materials and to explain the mechanisms of electron trans-

port. Unfortunately, almost no studies of molecular crystals

in this field have been reported.

Recently, attention has been paid to absorption spectra

in the far IR region (10 ± 200 cm71) or THz spectra

(0.3 ± 6.0 THz) 177 ± 179 in connection with the development

of methods and techniques for detection of explosives,

narcotics and pharmaceuticals. This frequency range corre-

sponds to lattice vibrations and vibrations corresponding to

thermal motion of atoms and molecules in crystals. There-

fore, the pattern of the THz spectrum is highly sensitive to

the phase state of the substance (crystalline or amorphous;

different polymorphs and crystal solvates also have differ-

ent THz spectra). In addition, the THz spectral pattern is

temperature-dependent. Interpretation of corresponding

experimental data is intricate. Quantum chemical calcula-

tions of vibrational spectra correspond to T=0 K; there-

fore, one can expect the best agreement with the experiment

for the data obtained at the lowest temperature.

Differences in the crystal structures of the L- and

DL-forms of compound 98 logically led to different patterns

of their THz spectra,196 which were reproduced using the

B3LYP and PW91 functionals with the 6-31G(d,p) and

6-311G(d,p) basis set, respectively. The use of the extended

basis set 6-311G(d,p) improves agreement with experimen-

tal data; however, the computing time noticeably increases.

Experimental THz spectra of (S)-(+)-ketamine hydro-

chloride (111) were measured at 294 and 78 K.197 A com-

parison revealed redistribution of vibration intensities and

broadening of lines in the spectra obtained at 294 K.

Calculations were carried out with the 6-31G(d,p) basis set

and a number of functionals including hybrid ones (BLYP,

B3LYP, PW91 and PBE). The best agreement between the

results of calculations and experimental data was obtained

for the PW91 and PBE functionals. Calculations with the

hybrid functional B3LYP gave poorer results. The root-

mean-square deviation of peak positions was 3.5 (PW91)

and 5.1 (B3LYP) cm71. Reproduction of band intensities

by all functionals was not so good.

An analysis of the results obtained in a study of crystals

of compounds 111 ± 113 allows one to understand why

vibration intensities cannot be exactly reproduced.198 All

these crystals contain hydrogen bonds of moderate strength.

Quantum chemical calculations in order to obtain vibra-

tional spectra were carried out using a rather large basis set

(PW91/1200 eV). For the crystal of compound 110, the

dielectric permittivity and optical polarizability tensors

were also calculated. The results obtained suggest a strong

correlation between vibrations of the entire molecules and

vibrations corresponding to internal degrees of freedom.

One can assume that this leads to anharmonicity of vibra-

tional modes in the terahertz range. A similar study of the

THz spectrum of benzoic acid revealed the absence of the

allowed peak corresponding to rotation of the entire mole-

cule.199 The spectrum of isolated tetramer of 106 obtained

from B3LYP/6-311++G(d,p) calculations exhibited no

such peak. Thus suggested 198 that the most accurate repro-

duction of experimental THz spectra requires a full-electron

basis set, taking account of anharmonicity and calculations

using supercells (cells obtained using doubled or tripled

experimental parameters a, b and c). At present, these

requirements are in fact met only when using the CRYS-

TAL09 programme. Dependence of the results of calcula-

tions on the type of the pseudopotential was reported in a

study 200 of the crystal of compound 34. Probably, incor-

rectly generated pseudopotentials could deteriorate conver-

gence of the equations of the self-consistent field and thus

introduce errors into the results of calculations.

A study of 2-(6-methoxy-2-naphthyl)propionic acid

(114), or the drug naproxen, showed that the introduction

of the van der Waals correction has a pronounced effect on

the vibrational frequencies.201
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Figure 6. Dispersion curves for low-frequency vibrations of ben-
zoic acid molecules (a) and the scheme of points in the Brillouin
zone in the crystal of benzoic acid (b).195
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In spite of improved agreement between the calculated

[PBE/6-311G(d,p)] and experimental THz spectra upon

applying the van der Waals correction, the root-mean-

square deviation of the frequencies of the calculated vibra-

tional spectrum from the experimental values appeared to

be three times larger than in the case of uncorrected func-

tional PBE (3.8 vs. 9.9 cm71, respectively). The reason

consists in drawbacks of the Grimme scheme 63 (see above)

that are responsible for overestimation of the energy of

dispersion interactions. Because of this the calculated vol-

ume of the crystal of naproxen is 10.53% smaller than the

experimental value and the vibrational frequencies in the

range 490 cm71 are strongly overestimated. Drawbacks of

the Grimme scheme were to some extent eliminated using its

modification proposed by Civalleri et al.57 In this case, the

root-mean-square deviation of the frequencies in the calcu-

lated vibrational spectrum from experimental values halved.

Note that smaller deviation was obtained when calculations

were carried out without rather than with optimization

of the cell vectors (4.8 vs. 5.5%, respectively). Further

improvement can be attained provided thorough choice of

the scale factor s6.

Thus, carrying out test calculations before main calcu-

lations may appear to be useful.

X. Dynamic processes in crystals

Consider some examples of the use of quantum chemical

calculations to describe phenomena due to thermal motion

of atoms in crystals. Problems to be solved by computa-

tional methods are related to studies of the vibrational

dynamics of molecules and their fragments, dynamic disor-

dering and mechanisms of phase transitions in crystals.

However, in these cases the results of calculations should

not be treated as reference values because not only the

energy considerations, but also various crystallographic

characteristics and other properties of crystals (in particu-

lar, optical) should be taken into account. This problem is

particularly pointed for disordered crystals.

The crystal of 1-n-butyl-3-methylimidazolium p-tolu-

enesulfonate (115), a precursor of ionic liquid, exhibits

ionic conductivity (*1075 S cm2 at 20 8C);202 the band

gap is too wide for a conductor (2.8 eV at 0 K). This

suggested that the ionic conductivity originates from the

intense thermal motion of cations and anions at room

temperature. Disordering in the crystal of salt 115 is hard

to include using only static models for the crystal structure.

Among the variety of metallocenes, plumbocene Cp2Pb

(where Cp=Z5-C5H5) is the one and only for which crystal

structure calculations were carried out.203 Here, the cyclo-

pentadiene rings are disordered and construction of a

correct structural model for the crystal is a complicated

problem. The experimental structure is probably a super-

position of staggered and eclipsed conformations having

close energies. Calculations of different crystal models

(PW91/450 eV) with different mutual orientations of C5H5

fragments showed that the energy of the crystal structure

with molecules in the eclipsed conformation is 2.8 kcal

mol71 higher than the energy of this structure with mole-

cules in the staggered conformation. The authors cited 203

believe that the differences are due to intermolecular inter-

actions. Nevertheless, they did not report what is the nature

of disordering, namely, static (temperature-independent as,

e.g., in ferrocene) or dynamic (temperature-dependent as,

e.g., in vanadocene). Also, determination of the space group

of the crystal is difficult; in particular, for plumbocene it

can be either Pnma or Pna21. Depending on the choice of a

particular group the problem of disordering can be to some

extent solved. It should be noted that disordering of Cp- or

Cp*-ligands (Cp*=Z-C5Me5) in crystals was observed in

many other metallocenes 204 ± 207 which are also character-

ized by a variety of structural phase transitions associated

with rotation of rings.

Yet another almost classical example of how uncertainty

in the choice of the space group can complicate the

interpretation of experimental data and/or results of calcu-

lations is provided by potassium hydrogen maleate. Accord-

ing to X-ray diffraction data, this salt crystallizes in the

space group Pnma (the structure has been a subject of

numerous studies, the most accurate data can be found in

Ref. 208). However, a feature of this group is a symmetry

restriction imposed on position of the central hydrogen

atom which participates in the strong intramolecular hydro-

gen bond O_H_O and occupies a particular position

(plane m) at the midpoint of the O7O segment. On going

to a lower symmetry these restrictions are removed and now

the `disordered' hydrogen atom can occupy two positions

on both sides of the plane m (pseudoplane in the group

Pna21). This type of hydrogen bonds is well known (`sym-

metry restricted' bonds). Yet another known example is

acetylacetone crystal.209

Quantum chemical calculations 208 of the crystal of

potassium hydrogen maleate (PW91/495 eV) were carried

out using the orthorhombic unit cell determined by X-ray

diffraction and no symmetry operations (space group P1).

Contrary to this, B3LYP/6-31G(d) calculations 210 were

carried out using models with experimental values of the

unit cell parameters and the space groups Pnma and Pna21.

Both calculations gave the same results, viz., removal of

crystallographic plane m as a result of optimization led to

symmetric position of hydrogen atom. This is in good

agreement with a flat potential of the O7H_O bond. At

the same time, symmetric position of hydrogen atom in

isolated maleate anion corresponds to transition state.

Taking into account the anisotropy of the thermal ellipsoid

of the central hydrogen atom, one can assume its disorder-

ing or a larger amplitude of vibrations along the line of the

H-bond, which manifests itself as extended thermal ellip-

soid. The nature of disordering of the hydrogen atom can be

disclosed by carrying out calculations and experiments at

different temperatures.

An adduct of quadratic acid and 4,4 0-bipyridine is

characterized by asymmetric intermolecular hydrogen

bond O7H_N.211 At 453 K, yellow crystals of form I

(triclinic crystal system) undergo transition to red crystals

of form II (monoclinic crystal system, space group C2/c).

One more polymorph was obtained after cooling. It is

structurally similar to form I (monoclinic crystal system,

space group P21/n. The form I ± form II phase transition is

accompanied by transfer of hydrogen atom from quadratic

acid to bipyridine with the formation of doubly charged

anion and cation. Ab initio molecular dynamics calculations

(PBE/408 eV, T=180, 350 K) were carried out for a super-

cell obtained by triplication of the smallest lattice constant a

of form I. It was shown that the energy of the high-temper-
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ature form II is 1.1 kcal mol71 lower than that of form I

(triclinic polymorph). According to calculations, hydrogen

atom does not occupy a symmetric position at the specified

temperatures. The averaged O7H distance in form I was

1.27(3) �A, whereas the N7H distance in form II is

1.113(2) �A (numbers in parentheses denote the calculated

standard deviation obtained by averaging of the lengths of

corresponding bonds for all steps).

There is considerable literature on the dynamics of

hydrogen atom in crystals (see, e.g., Ref. 212). Other

examples of calculations of crystals of organic or organo-

element compounds include calculations of urea ± phos-

phoric acid salt.213 It should be noted that studies

involving molecular dynamics calculations carried out tak-

ing into account the anharmonicity of hydrogen atoms are

now available. According to calculations of 2-(1-methyl-

iminoethyl)-4-chlorophenol (116) 214 with the hydrogen

bond O7H_N, taking account of the anharmonicity

leads to significant changes in the location region of hydro-

gen atom H(1). In turn, the interval for the N7O bond

length (2.39 ± 2.65 �A) changed as compared to the N7O

bond length interval obtained ignoring ananharmonicity

(2.39 ± 2.73 �A).

Quantum chemical calculations by the Car ± Parinello

molecular dynamics method were carried out for solid

nitromethane 215 to determine the barrier to rotation of the

methyl group. A supercell obtained by doubling of one

lattice constant was then used for calculations (BP/476 eV,

T=300 K). The rotational potential of methyl group has a

conventional form

V�y� � 1

2
V3�1ÿ cos 3y� ,

where V3 is the barrier to rotation and y is the angle of

rotation.

The coefficient V3 corresponding to rotation of methyl

group by 608 at 0 K equals 0.54 kcal mol71. At 300 K, the

barrier increases to 0.86 kcal mol71. It is believed 215 this is

due to correlations between rotational motion of methyl

group and the temperature fluctuations of the environment.

A molecular dynamics study 216 on the decomposition

kinetics of pentaerythritol tetranitrate 34 showed 216 that

quantum chemical calculations can be used to investigate

fast nonequilibrium processes accompanied by rupture of

chemical bonds. PBE/DZ calculations were carried out for a

tetragonal cell corresponding to experimentally determined

parameters. During 500 fs after beginning of the process,

compound 34 completely decomposed. The collision rates

of molecules along different crystallographic directions

were calculated and the kinetic parameters of decomposi-

tion were obtained.

Decomposition of HMX 30 (d-phase with the lowest

density) was investigated using a new method 217 based on

DFT, namely, tight binding molecular dynamics approxi-

mation.218 Theoretical foundations of this method were

considered in, e.g., a monograph.12 A parameterized Ham-

iltonian was used for calculations. This made it possible to

accelerate the calculations by nearly an order of magnitude

compared with conventional quantum chemical pro-

grammes for calculations of crystals. By fast heating, the

periodic cell corresponding to the d-phase was transferred

to the so-called Chapman ± Jouget state, i.e., the state in the

front of a detonation wave. During recordng of trajectory

(55 ps) molecules 30 decomposed to H2O, CO2, CO and N2.

Not only the composition of products but also the kinetic

data on the decomposition process were obtained. Long

simulation time of the decomposition makes its study by

quantum chemical methods almost impossible. However,

the development of approximate methods of calculations

within the framework of DFT allows one to record trajec-

tories whose length is comparable with those obtained by

methods using empirical potentials.

Investigations of dynamic processes in crystals require a

large amount of computations; therefore, the development

of this research avenue is related to progress in hardware.

Modern quantum chemical calculations are now used to

study vibrational spectra and the nature of disordering of

molecules in crystals, as well as the nature of phase

transitions not only in simple model crystals, but also in

more complex molecular compounds. Quantum chemical

calculations of parameters of thermal vibrations are still of

limited use. An example of a pioneering study in this field is

provided by a priori quantum chemical calculations of

parameters of thermal vibrations in the crystal of deuterated

ammonia (ND3).219 One can expect that similar studies will

be used for increasingly wider class of molecular crystals

and the number of publications concerning dynamic proc-

esses in these systems will also increase.

XI. Refinement of structural models used in powder
X-ray diffraction

In the last decade, powder X-ray diffraction methods of

solution and refinement of the crystal structures of organic

and organoelement compounds have been widely used.

Unlike inorganic compounds, the structures of organic and

organoelement molecules solved and refined using powder

X-ray diffraction technique are much less accurate than

those determined by single-crystal X-ray diffraction. Struc-

tural studies of organic and organoelement compounds can

be performed with rigidly fixed geometry of particular

molecular fragments (e.g., benzene ring); however, the

technique is inapplicable to the coordination polyhedra of

metals or conformationally flexible molecules. Quantum

chemical calculations with inclusion of the influence of

crystal packing can help to refine either initial models

obtained during the structure solution process or positions

of specified atoms.

An example of refinement of the position of hydrogen

atom particpating in the formation of a strong hydrogen

bond was reported in the preceding Section (adduct of

quadratic acid and 4,4 0-bipyridine).211 Positions of hydro-

gen atoms were refined in order to calculate solid-state

NMR spectra. The structures of naphthalene-2,6-dicarb-

oxylate tetrahydrate salts of cobalt(II) and nickel(II) 220 and

terephthalic acid salts M(C8H4O4)(H2O)2 (M=Mg, Mn,

Fe, Co) 221 were refined analogously. Monte Carlo calcu-

lations of crystal structures were carried out using diffrac-

tion data collected with a synchrotron source. Usually, it is

impossible to locate positions of hydrogen atoms from
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powder diffraction data. Therefore, hydrogen atoms of

water molecules were placed in positions established from

the results of crystal packing analysis and refined (PW91

functional) with fixed positions of other atoms. Subsequent

full optimization 221 showed that the optimized structures

do not correspond to the initial models with idealized

geometry of molecular fragments. For instance, the coordi-

nation polyhedron of the metal atoms was assumed to be

structurally similar to an ideal octahedron, which in fact is

not the case.

In a study of a complex molecule of compound 117,

quantum chemical calculations (PBE/400 eV) were used to

refine the conformations of spirocyclic fragments of two

independent molecules in the crystal and to obtain param-

eters of the hydrogen bond N7H_S.222

Polymer structure of a benzotriazole complex of silver

(118) 223 was solved by the Monte Carlo method with some

restrictions imposed on the geometry of the benzotriazole

fragment. To take into account the influence of packing, the

initial model was optimized (programme VASP) and the

structure obtained was included in the refinement carried

out assuming that only some specified fragments can move

relative to one another. A comparison of the calculated

(DFT) and final (refined) structures of the complex 118

showed that differences between them are of the order of

experimental errors.

Application of quantum chemical calculations of crys-

tals to refinement of structural models used in powder

X-ray diffraction is a particular case of using computational

methods in structural analysis. However, one can also

calculate various properties and spectroscopic parameters

of the solved and refined structures, which cannot be done

in a different way.

* * *

In this review we considered the most important aspects and

applications of modern quantum chemical calculations with

periodic boundary conditions within the framework of DFT

in studies of the structure and properties of molecular

crystals of organic and organoelement compounds.

Recently, these calculations are increasingly frequently

used to solve various physicochemical and crystal chemical

problems. This became possible owing to the development

and intensive use of new software and high-performance

computing facilities whose potential continuously extends

to shorten the computing time necessary to perform labour-

consuming calculations. We also performed a comparative

analysis of the software for quantum chemical calculations

and pointed an important role of `correct' choice of the

functional in order to attain good agreement between the

experimentally determined and DFT-calculated properties

of molecules and crystals. Therefore, one can expect further

development of the density functional theory as applied to

research on molecular crystals in the nearest future.

The review has been written with the financial support

from the Division of Chemistry and Materials Science,

Russian Academy of Sciences (Programme OKh-01).
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