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Abstract

This thesis develops the use o f lattice dynamical methods for organic molecular crystals. Rigid 

molecule lattice dynamics have been implemented for anisotropic atom-atom models and applied to 

polymorphic systems and crystal structure prediction.

Test sets o f crystals were used to determine the accuracy o f the elastic constant and phonon 

calculations in the context o f approximations in the theory and experimental errors. An anisotropic 

atom-atom description o f  the electrostatic interactions between molecules can be important for 

modelling structures and lattice energies. Here, distributed multipole models are applied to second 

derivative property calculations. Accurate electrostatics offer important improvements over isotropic 

atom models in the phonon spectra of some polar crystals, while the effect is less pronounced for the 

elastic stiffness tensor.

The usual empirical fitting of the repulsion and dispersion parameters incorporates average 

thermal effects and limits the possible accuracy o f  thermodynamical calculations. Hence, a non- 

empirical model potential has been developed for a series o f chlorobenzenes, where anisotropy o f the 

repulsive wall around the chlorine atoms is important. The ability o f this non-empirical model to 

reproduce structural, lattice dynamical, and thermodynamic properties is assessed.

Several other molecules that are known to be polymorphic were studied and the relative 

vibrational free energies between forms are non-negligible. Hence, the vibrational energy is included 

in searches for additional polymorphs o f these molecules, as well as in a blind search for the crystal 

structure o f  a small, rigid organic molecule. The differences in mechanical stability and crystal 

growth rates were also helpful in assessing whether energetically feasible structures are likely to be 

observed.

This work demonstrates the usefulness o f lattice dynamical calculations in modelling molecular 

organic crystals and the possibilities for use in polymorph prediction. While limitations o f some o f 

the theoretical and practical approximations have been found, the necessary developments are mostly 

understood and represent possible future work.
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1 Overview
Polymorphism, where there is a plurality of crystal structures o f a given molecule, and crystal 

structure prediction are closely linked strands o f research. Prediction studies o f the possible crystal 

structures o f a molecule repeatedly generate many more distinct structures than are ever expected to 

be found.H-^'^l Most o f these "virtual" polymorphs never exist outside the computer, but real 

polymorphism is now recognised as w i d e s p r e a d . I n  fact, it is now common practice for industries 

to screen for polymorphism to anticipate and avoid the problems that a new polymorphic form could 

present. Almost any property o f a crystal can be different between polymorphs - some o f the more 

spectacular ramifications are the increased sensitivity o f an explosive to d e t o n a t i o n , ^ c h a n g e s  in 

colour o f a p i g m e n t , a n d  the bioavailability of a drug.t^ -^’^̂ 1 A further driving force for research 

is the potential implication o f polymorphism for patenting .!^ -5]

Computational modelling o f molecular crystal structures and polymorphs, both real and 

hypothetical, has been advancing since Kitaigorodskii's^ 1 11,12] quantification o f close packing. 

Some o f  the aspects o f the modelling o f crystal structures, including their prediction from first 

principles, are introduced in Chapter 2. In Section 2.3.4, we illustrate crystal structure prediction 

methods, including the use o f lattice dynamics and morphology calculations to distinguish between 

energetically competitive structures, using two examples where I have collaborated in such a study. 

One o f  the most important factors in the success or failure o f a crystal structure prediction or the 

modelling o f  a known crystal is the representation o f the intermolecular forces. Chapter 3 summarises 

the main contributions to the interactions between molecules, and their representation in modelling 

studies.

In this thesis, we focus on lattice dynamics studies o f molecular organic crystals, whose theoretical 

background is presented in Chapter 4. Lattice dynamics relates the curvature o f  the potential energy 

surface to the crystal's elastic constants and vibrational frequencies. Both of these properties are o f 

interest for known and predicted crystal structures. Calculations on existing structures can help 

explain known physical properties and behaviour, as well as test existing model potentials. The 

harmonic lattice dynamics o f predicted structures improves the thermodynamic foundation o f the 

ranking o f  predicted structures and, along with attachment energy calculations o f crystal growth rates.
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elastic constant calculations can be used to assess the relative growth rates and mechanical stabilities 

o f the many low energy hypothetical crystals.

Elastic constant and phonon frequency calculations were implemented within the crystal modelling 

program D M A R E L J'- '^ ’^^I allowing the use o f accurate, anisotropic atom-atom model potentials. 

Chapters 5 & 6  present the results o f elastic constant and phonon frequency calculations, respectively, 

for test sets o f molecules chosen to cover a range of strengths and types o f intermolecular interactions. 

These studies examine the sensitivity o f the calculations to the model potential and other 

approximations in the methods to establish the typical magnitude o f the errors for organic molecular 

crystals. Expressions for the thermodynamic functions of crystals are developed in Chapter 4 from the 

k = 0 phonon frequencies and the Debye-Einstein modelI^-^^1 for phonon dispersion; the accuracy o f 

these calculations is examined in Chapter 6 .

A major problem with any method o f explicitly including temperature effects is that model 

interatomic potentials for organic molecules are almost exclusively empirically derived. The 

parameters describing atom-atom interaction energies are normally fitted to structures, energies, and 

properties at ambient conditions. A consequence o f empirical fitting to room temperature observables 

is that the resulting model potentials do not provide a true T = OK reference potential energy surface. 

Hence, the temperature o f simulations is poorly defined. To be theoretically rigorous, we need a 

model potential that describes the classical, T = OK energy surface. Empirical parameterisation o f 

such a potential is not possible, so potentials used in lattice dynamical simulations are best derived by 

non-empirical methods - directly from the wavefunction o f the molecule.

One approach for the development of a non-empirical model potential has been explored in 

Chapters 7 & 8 for the series o f chlorobenzene molecular crystals. The chlorobenzenes are an 

interesting case study because empirical model potentials have proved to be inadequate, mostly due to 

the isotropic atom-atom form that is assumed.t^-^^1 Here, we relate the repulsion between molecules 

to the charge density o v e r l a p l *  -1^-19] the derivation o f a non-empirical model potential. In Chapter 

7, an anisotropic, transferable, atom-atom model for charge density overlap between chlorobenzenes 

is developed from the monomer wavefunctions o f mono- and 1,2,3-trichlorobenzene. This model for 

the overlap is used as a basis for the repulsion model in anisotropic exp-6 atom-atom model potentials 

(Chapter 8). Different assumptions o f the relationship between overlap and repulsion are tested, along 

with several models for the dispersion energy and the calculated structures, energies, and optical

Lattice Dynamical Studies o f  M olecular Crystals G raem e M. Day
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spectra were used to evaluate the different models. Thermodynamic properties o f several o f the 

chlorobenzenes are then calculated with the final model potential.

The final three chapters present case studies in polymorph modelling and crystal structure 

prediction. The conformational polymorphism of o-acetamidobenzamide appears to be a case o f an 

extreme energy difference between p o l y m o r p h s . ^ -20] We have re-examined this system (Chapter 9) 

using high quality ab initio studies o f intramolecular energies and an accurate intermolecular model 

potential, with the electrostatics described by atomic multipoles, and vibrational contributions to the 

energies are included.

A crystal structure prediction (CSP) study is presented in Chapter 10 as part o f  the 2001 CCDC 

blind test o f CSP, and some of the properties introduced in Chapters 4 - 6  are calculated, along with 

growth morphology estimates of relative crystal growth rates, to evaluate the low energy polymorphs. 

Finally, the model potential derived in Chapters 7 & 8 is used in the systematic search for low energy 

crystal structures o f the polymorphic /?-dichlorobenzene (Chapter 11). These two studies, along with 

the examples in Chapter 2, illustrate the progress being made towards completing the theoretically 

satisfying path from molecular connectivity to crystal structures and properties, with little empirical 

input:

molecule

I
wavefunction

i
intermolecular 

model potential

/  \  /
predicted ___^  crystal
structures properties

known crystal 
structures

Lattice Dynamical Studies o f  M olecular Crystals
with Application to Polymorphism and Structure Prediction

G raem e M . Day
2003



Chapter 2. Modelling and Prediction of Molecular Crystals________________________________________ L5

2 Modelling and Prediction of Molecular 

Crystals

2.1 Introduction

An examination of the factors that determine molecular crystal structures starts with the understanding 

o f the close packing o f molecules, about which many o f the basic ideas were developed by 

Kitaigorodskii.[^-^"^J Qualitatively, the projections of a molecule fit into the hollows o f its neighbours to 

minimise free volume in the crystal and "the mutual orientation o f molecules in a crystal is conditioned by 

the shortest distances between the atoms of adjacent molecules" Kitaigorodskii's quantification o f the 

principles o f close packing started with the determination of volume increments for common functional 

groups (e.g. on average, a methyl group adds 23.5 to the volume per molecule o f a crystalt^-^l) and 

average intermolecular (or van der Waals) atomic radii in crystals. Using these parameters, Kitaigorodskii 

found that the packing coefficient of the overwhelming majority of organic molecular crystals falls in the 

range o f 0.65 - The idea o f describing molecules in crystals by their atomic radii and o f

analysing the packing of molecules in terms o f atomic contacts naturally leads to the atom-atom approach 

in the computational modelling o f molecular crystals, which we describe in Section 3.2.1. Much o f the 

early development of the atom-atom approach was summarised in 1987 by Pertsin and Kitaigorodskii.

Since these early ideas were laid down as the foundation for understanding crystal packing, the power 

o f computers has made possible some tasks that were thought to be unmanageable. Particularly, while 

describing the many possibilities for close packing in molecular crystals in his 1973 monograph, 

Kitaigorodskii stated that "It would not, o f course, be feasible to carry out one-by-one examination o f all 

possible packings of molecules for unit cells o f different symmetries and different dimensions."t^-^i In a 

way, this task is now carried out by desktop computers in studies aimed at predicting the crystal structure 

o f a molecule. The 'examination' is normally a computation of some scoring function, usually the lattice 

energy. Current methodologies and progress in crystal structure prediction are described in Section 2.3.

Lattice Dynamical Studies o f  M olecular Crystals Graeme M. Day
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While 'the' crystal structure is often searched for as the lowest energy close packed structure, a 

complicating factor is the existence and, in fact, common occurrence, o f polymorphs - different crystal 

structures o f a given molecule. The importance o f polymorphism in molecular crystals, as well as their 

relationships and properties, is discussed in great detail in Bernstein's recent monographt^-^1 and we 

introduce some o f the fundamentals in Section 2.2.

2.2 Polymorphism

Polymorphism, where a molecule can crystallise in several distinct crystal forms with different packing 

arrangements, is increasingly being seen as an important issue in chemistry and materials science. Many 

physical properties can be quite different for distinct polymorphs o f a given molecule, such as the non

linear activity of optical materials, the sensitivity to detonation of explosives, the colour o f pigments and 

dyes, and many properties (e.g. solubility, compressibility, and shelf-life) o f pharmaceutically relevant 

molecular crystals.t^-^'^1 The occurrence of a new, more stable, form can have considerable ramifications 

for processing and sometimes the metastable form can never be crystallised again - a phenomenon known 

as disappearing polymorphism.l^-^^l An example of the disastrous implications o f such an occurrence is 

the disappearance of a polymorph of an HIV drug, R i t o n a v i r , t 2 - 8 , 9 ]  the new form had a drastically 

reduced bio-availability. Another driving force for research in polymorphism and crystal structure 

prediction is the legal implication for patents and the associated financial ramifications.[^^]

As they do for molecules, isomerism and reactions, improvements in theory and computing offer a 

better and more accurate understanding o f the energetic relationships between crystals and polymorphs.

2.2.1 Thermodynamics

As a starting point, we need an understanding o f the thermodynamic relations between polymorphs. 

The thermodynamically favoured modification is the structure with the lowest free energy, which, under 

normal laboratory conditions of constant pressure, is the Gibbs free energy. However, the density 

difference between polymorphs is usually small enough that the /*AKcontribution to energy differences is 

negligible at normal pressures, so the enthalpy can be replaced by the internal energy, [/, o f  the crystal and 

we can compare the Helmholtz free energies, À.
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Chapter 2. Modelling and Prediction of Molecular Crystals 17

A = V - T S  (2.1)

The internal energy is weakly temperature dependent and the difference in the heat capacities (and,

thus, thermal contributions to U) between two polymorphs is normally very s m a l l . T h e r e f o r e ,  the

internal energy difference is nearly constant at all temperatures (Figure 2-1). Entropy differences between

polymorphic modifications are more important because differences in packing mostly affect the low

energy vibrations, which contribute most to the vibrational entropy. A computational study o f 204 pairs o f

polymorphst^-^ found that, in the harmonic approximation, the lattice vibrational entropy is normally in

the range from 85 to 130 J/mol K (at T = BOOK) and that differences between polymorphs never exceed 15

J/mol K. Internal energy differences between polymorphs are typically less than 10%t^ *^l and usually

between 0 and 10 kJ/mol,t^-^’^^>^ l̂ with an upper limit o f about 25 kJ/mol.t^-^’^̂ 1 If  the internal energy

difference, AC/, between polymorphs is at the low end o f this range, then the difference /A S might exceed

AC/ at some temperature below the melting point, r„„ in which case, heating changes the order o f stability

before melting the crystal (Figure 2-1, left). Such a pair o f polymorphs is called enantiotropic. The other

possibility, a monotropic pair o f polymorphs, is when 7A5" is always less than AC/ for temperatures below

Tm, so that one form is always metastable (Figure 2-1, right).

Figure 2-1. Thermodynamic relations between enantiotropic (left) and monotropic (right) polymorphs, 
after Grunenberg.l^-^^l T„ is the melting point and Tj.>jj is the transition temperature between forms I and 
II.

Tem perature

t/ii

Ui I

T em perature r,.>ii Tr

a
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2.2.2 Conformational polymorphism

For rigid molecules, differences in mre/Tnolecular energies are enough to compare crystals because the 

/«rmmolecular energy is a constant. Modelling conformational polymorphs, where the molecular 

geometry differs in the different crystal forms, is more problematic because there is a balance between 

inter- and intramolecular energies. There have been several theoretical investigations o f the total energy 

differences between conformational polymorphs^^^' 14,15] ^nd a recurring conclusion is that 

computational methods o f  predicting the inter- and intramolecular energies are not well enough balanced 

to give trustworthy predictions o f total energy differences. Improvements are needed in the computational 

treatment o f conformational polymorphism and, in Chapter 9, we have applied accurate methods to the 

computation o f the energy differences between the two forms o f o-acetamidobenzamide, which appear to 

have an usually large static energy difference.t^-^l

2.2.3 Vibrational energy contributions

Computational studies of crystals normally concentrate on static lattice energies, which, ignoring zero- 

point effects, correspond to the T = OK internal energy. The occurrence o f phase transitions between 

enantiotropic polymorphs is evidence that lattice energy modelling is not always sufficient for elucidating 

the relative stability o f competing crystal structures. Harmonic lattice dynamical calculations, as 

described in Chapter 4, provide a correction for vibrational zero-point and thermal contributions to the 

energy at low temperatures, where anharmonicity is unimportant. Pertsin and Kitaigorodskiit^-^1 

summarised many o f the early lattice dynamical studies o f molecular crystals, mostly crystals o f unusually 

high symmetry (e.g. hexamethylenetetramine^^- ̂ o r  with simple intermolecular interactions (mostly 

rigid hydrocarbons and their derivativest^-^^'^^l). Many of the more recent calculations continue to focus 

on the same types o f molecular crystals,[^-^^"^^l but organic molecules of biological or materials interest 

have a wider range o f intermolecular interactions, including hydrogen bonding. Filippini and Gavezzotti 

performed lattice dynamical calculations on a range o f crystalst^-^^l to test their very simple exp-6 model 

potential (UNI, which is described in Chapter 3). While the results were reasonable for hydrocarbons, 

many o f the more polar molecules had frequencies in error by ±20-30 cm"' or more. Lattice frequencies 

generally only cover a small range from about 10-150 cm"', so errors of this magnitude are important.
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The same model potential was later used to calculate vibrational contributions to the energy differences 

between p o l y m o r p h s , w i t h o u t  much attention to the possible errors in thermodynamic calculations 

resulting from large uncertainties in the calculated frequencies. What is needed is an analysis o f the 

expected accuracy o f lattice dynamical calculations, including the effects o f the model potential, for a 

wide range o f molecular crystals. We have looked at a small test set in Chapter 6 as a start to 

understanding the errors in lattice dynamical calculations o f vibrational frequencies and energies for 

crystals with different types and strengths o f intermolecular interactions. Most calculations use empirical 

model potentials, which are normally parameterised to structural and energetic data at or near room 

temperature. Therefore, the atom-atom potential parameters absorb average thermal effects, so the 

calculated static lattice energy does not describe the T = OK energy surface. The reference potential 

energy surface for lattice dynamical calculations is better described by non-empirical model potentials that 

are developed from the charge density o f the molecule. We have developed a nearly non-empirical model 

potential for chlorinated benzene molecules (Chapters 8 & 9) and calculated a range o f thermodynamic 

quantities using this model potential.

Molecular dynamics simulations can also provide the dynamical contributions to the energy o f a 

crystal, including all anharmonic effects. Molecular dynamics studies of real (e.g. succinic 

anhydridet^-^^1) and predicted (e.g. acetic acidt^-^^]) molecular organic crystals are beginning to appear in 

the literature and, as well as the vibrational energy, these simulations provide insight into transformations 

between crystal forms and other temperature effects, such as thermal expansion and melting behaviour.

2.2.4 Property differences between polymorphs

To take advantage of polymorphism, we also need to understand the differences in properties of 

polymorphs, such as solubility, bio-availability, crystal habit, and compressibility. Ideally, we would be 

able to predict properties o f interest to compare known and postulated forms. There have been few studies 

on the influence o f polymorphism on the mechanical properties o f crystals, but for molecules of 

pharmaceutical interest, e.g. phenobarbital,l^-^^l paracetamol,t^-^^‘^^l carbamazepine, sulfathiazole, and 

sulfanilamide,[2-^^l the differences are potentially important for processing and tabletting. The 

mechanical properties o f crystal aggregates and powders are largely dictated by the elastic constants o f the
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single c r y s t a l , w h i c h  can be calculated by lattice dynamical methods (Chapter 4). We examine the 

errors in these calculations for a test set o f molecules in Chapter 5.

Besides their use for known crystals, we have also been using elastic constant calculations to determine 

the mechanical strength of hypothetical structures in crystal structure prediction. The use of elastic 

constant calculations to explain property differences between known polymorphs and to evaluate the 

stability o f  hypothetical forms is illustrated in our study o f paracetamol (Section 2.3.4.1).

2.3 Crystal structure prediction

Crystal structure prediction (CSP) is the process o f generating the likely crystal structures starting from 

the connectivity o f the atoms in a molecule. Predicting crystal structures before the time and money has 

been spent in growing a single crystal suitable for structure solution, or even before synthesising the 

molecule itself, is a goal that could have major implications for industries such as materials design. 

Knowing when polymorphism is likely is important for patenting and the predicted properties o f potential 

polymorphs could help avoid future processing problems. The field o f predicting crystal structures of 

organic molecules has developed rapidly over the course of my Ph.D. and CSP has changed from a 

peripheral to a fairly central theme of my research (Section 2.3.4 and Chapters 10 & 11).

2.3.1 Structure prediction methods

There are two major parts o f a search for the crystal structures o f a given molecule. The first task is to 

generate all possible crystal packings o f a molecule and the second task is to assess the probability of 

observing these structures and to identify the most favourable candidates. The most common approach to 

the first task is to search for all o f the local minima on the lattice energy surface.' There are several types 

o f search procedure for generating hypothetical crystal structures and these have been reviewed by Verwer 

and Leusen,i^-^^1 as well as in the report o f the first crystal structure prediction blind test.ï^-^^l The 

common methods include:

' Most o f the programs rank generated structures by energy, but sometimes other cost functions, based on 

statistics of observed interatomic contacts, are used instead {e.g. Rancel,t^ '^ ’̂̂ ^l PackStar,t^-^^l and 

FlexCrystt -̂ '̂ ’̂̂ ]̂).

Lattice Dynamical Studies o f  M olecular Crystals Graeme M. Day
with Application to Polymorphism and Structure Prediction 2003



Chapter 2. Modelling and Prediction of Molecular Crystals 21

•  finding small stable molecular clusters and imposing translational sym m etry to generate crystals {e.g. 

PROMET^-47,48] ^nd FlexCrystt^-44,45])

• grid {e.g. UPACK^^ 49]) other systematic searches {e.g. MOLPAKC^-^^J and ICE9p-^^J) o f  

conformational space

•  genetic algorithms {e.g. Rancelt^-41,42])

•  random {e.g. CRYSCAt^-^^’̂ ^l) and Monte Carlo (MPA^^-^4,55]) searches

• simulated annealing {e.g. MSI Polymorph Predictort^-^^’̂ 1̂ and PackStart^-43]) 

and

• extracting low energy configurations from molecular dynamics {e.g. MDCt^-^^J)

Generally, thousands o f  initial structures are generated and relaxed to minimise the energy or cost 

function, with clustering algorithms used at the final or intermediate stages to remove identical structures 

and save computing time. The results o f  such a search are often summarised as a plot o f  lattice energy 

against density or the volume per molecule in the crystal, as in Figure 2-2 - the search for crystal structures 

o f pyridine.P-^^]

Figure 2-2. A plot o f  energies against cell volumes o f  the known (red open circle) and 
MOLPAK/DMAREL (filled symbols) pyridine structures.
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In the second task - selecting those from the list that are likely to be realised - the computational issues 

are much the same as investigations o f known polymorphs. Most successful structure predictions have 

been based on the assumption that the thermodynamically most stable structures are the most likely to be 

o b s e r v e d . T h e  structures are ranked by lattice energy, ignoring vibrational contributions to the 

energy, and success in such lattice energy searches has been reviewed by Beyer et al. [2-60] T^vo blind tests 

o f crystal structure prediction (Section 2.3.2), organised by the Cambridge Crystallographic Data Centre, 

provide an objective evaluation of the success o f  current methodologies used in the search and evaluation 

o f hypothetical crystal structures.

2.3.2 Blind tests of crystal structure prediction

The crystal structure predictions that are found in the literature are probably biased by the success of 

the searches. It is not an easy task to write a paper about a failed computer experiment, let alone to have it 

published. Furthermore, readers are understandably sceptical of'predictions' o f structures that are already 

known. Therefore, in 1999, the Cambridge Crystallographic Data Centre (CCDC) organised a blind 

testt^ '^^1 as an honest and objective assessment o f the current ability to predict crystal structures from first 

principles. The chemical diagrams o f three molecules (Figure 2-3, molecules I - III), whose crystal 

structures had been recently determined, were sent to 11 research groups while the crystal structures were 

held back from publication. The groups were allowed several months to submit three guesses at the 

crystal structure for each molecule, after which all o f the predictions were compared to the observed 

structures. A similar test was organised in 2001 for molecules IV - VI in Figure 2-3. Our participation in 

the 2001 blind test (for molecule IV o f Figure 2-3) is described in Chapter 10 and the overall results are 

summarised in Table 2-1.

An encouraging view of the results (Table 2-1) is that, by the rules of the blind test (three guesses per 

molecule), there were successful predictions for all but molecule VI. Less encouraging is the rate o f 

success, which is highest for molecule I (36%), a small rigid organic molecule with common atom types 

for atomistic modelling. Molecule I is, in fact, polymorphic, though this was unknown to the participants 

until after the blind test. All o f the successful predictions were for the metastable form, and, if it had not 

been found, the results o f the blind test would appear much less encouraging. There is, o f course, the
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possibility o f finding new polymorphs o f any of the molecules, which might match some o f the other 

guesses and improve the success rate.

Figure 2-3. Molecules in the two CCDC blind tests o f crystal structure prediction.t^-^^’̂ ^1

II

III

O

OH

N'

IV

VI

NH

NH,

1999 [2.43] 2001 [2 61]

Table 2 - 1 . Summary o f  the crystal structure prediction blind test r e s u l t s . [ 2 - 4 3 , 6 1 ]

molecule participating groups ranked T* ranked 2 "“ or 3'“

r 11 3 1

11 8 0 1

III 11 1 0

IV 16^ 1 2

V 15 2 ( + n I

VI 11 0 0

and results for one o f the participants (Sarma and D e s i r a j u [ 2 - 6 2 ] )  are published separately from the 

CSP2001 p u b l i c a t i o n . [ 2  61] This search was the only one to rank the observed crystal structure first o f the 

three guesses. One o f the results (B.P. van Eijck) had large discrepancies due to errors in the molecular 

conformation, but the crystal packing was correct.
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All o f the successes from the 1999 test were results o f lattice energy searches for the global minimum, 

and all but two of the 2001 successful predictions also used this as their sole criterion. Therefore, much o f 

the variation in success between the participants must be down to who used the most appropriate model 

for the intermolecular energies. The importance o f accurate force fields is clear. One of the successes for 

molecule V was based on free energy calculations at each o f the local minima in lattice energy. It is 

questionable whether the success o f finding the observed structure as the global minimum was a result o f 

including vibrational energy contributions because the errors in the molecular structure used by this 

participant are likely to cause errors in calculated energy which are as large as the vibrational 

contributions. Sarma and Desiraju'sl^-^^l prediction for molecule IV was essentially a re-ranking of 

Leusen's (one o f the other successful participants) lattice energy search, using information from known 

crystal structures of similar molecules. Over the two blind tests, there was only one success for a flexible 

molecule (molecules III and VI). There are problems with balancing inter- and intramolecular 

contributions to the total energy, as discussed in Chapter 9, but a major challenge is the efficient searching 

o f  the whole o f conformational space (intramolecular flexibility + crystal packing). In fact, post-analysis 

o f  all o f the blind test results showed that several of the failures for rigid and flexible molecules resulted 

from incomplete searches for all possible structures, not the actual ranking of the final structures. Though 

much o f the focus o f crystal structure prediction is on improving the final ranking, the first step - 

generating all possible structures - is crucial,

2.3.3 Additional criteria in the evaluation of hypothetical structures

The major obstacle to finding the most likely crystal structure is that the number of structures within a 

reasonable energy range for polymorphism is usually very high (e.g. Figure 2-2). Hence, small errors in 

calculated lattice energies can lead to important uncertainties in the tiny energy differences. For this 

reason, flexible molecules present a major problem because o f the required high accuracy and balance 

between inter- and intramolecular energies.

Attempts to improve the thermodynamic basis for the ranking o f proposed structures, by including the 

effects o f lattice vibrations, have been even less common than such studies o f  known polymorphs. 

Recently, van Eijckt^-^^1 showed that improving the thermodynamic basis o f structure prediction can be
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worthwhile. Crystal structure predictions were performed for glycol and glycerolt^-^^l and the known 

structures ranked close to the global minimum in lattice energy; 3"̂  (1.2 kJ/mol above the global 

minimum) for glycol and 2"̂ * (1.5 kJ/mol above the global minimum). Using the adaptation of

the CHARMM force field,P-^^l he calculated several vibrational contributions to the energies o f the 

lowest energy structures.l^-^^] Both zero-point and entropy contributions to energy differences were found 

to be significant. On free energy, glycol was the global minimum at the crystallisation temperature, while 

glycerol's ranking remained unchanged from the lattice energy calculations. We have explored the use of 

harmonic free energy estimates of relative stabilities in several other crystal structure predictions (Section

2.3.4 and Chapters 10 & 11).

However, even with a perfect thermodynamic ranking o f the structures, there are other controlling 

factors in crystallisation - kinetics of nucléation and crystal growth, and stability of the growing 

crystallites. Because o f the large number o f hypothetical structures in a small (lattice or free) energy range, 

we have started using other criteria for highlighting likely or unlikely structures, based on simple models 

o f  mechanical stability (from elastic stiffness constants) and crystal growth kinetics (through attachment 

energy calculations o f  crystal morphologies). The usefulness o f such calculations is introduced for two 

examples in Section 2.3.4.

2.3.4 Example structure prediction studies

Besides the two cases that are presented later in this thesis (Chapters 10 & 11), I have collaborated on

several other crystal structure prediction studies,t^-^^’̂ ^’̂ ^l and the results o f two o f these make a good 

introduction to the use of lattice dynamics and morphology calculations in CSP and are a motivation for 

much of the work in this thesis.

2.3.4.1 Paracetamol

Paracetamol is a widely used pain killer and fever suppressant, with an annual production o f about 3 

billion t a b l e t s . [ 2 . 6 8 ]  polymorphs have been characterised and a third crystal form o f has been 

observed,t^-^^’̂ ^l but is too elusive and unstable to have been fully characterised. The evidence for a 

third polymorph of paracetamolt^-^^’̂ ^1 prompted a systematic search for likely crystal structures.
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Details o f the search methods are similar to those presented for the blind test molecule in Chapter 10 and 

only the results are summarised here (Table 2-2).

The search, conducted by Theresa Beyer as part o f her Ph.D. research,P-^^’̂ ^l was successful in 

finding the two known polymorphs as the global minimum (form I, P2\lc) and second lowest (form II, 

Pbca) in lattice energy. These were found as the MOLPAK/DMAREL structures AM30 and CB47, 

respectively, named by the MOLPAK coordination group and structure number within that group. The 

structures were reproduced to within a few percent in lattice vectors and the lattice energy difference 

between the known forms (3.6 kJ/mol) is reasonable - form II is observed to be metastable with respect to 

form I.[2.72,73] therefore, have confidence in the intermolecular model potential (FIT exp-6 + DMA, 

see Chapter 3).

Table 2-2. Observed and low energy MOLPAK/DMAREL paracetamol crystal structures and 

properties.[2 -66]

Crystal 
Structure and 
Space Group

Lattice
Energy
kJ/mol

Free Energy 
(298K) 
kJ/mol

Smallest 
shear Q\ 

GPa

Smallest Ea» 
and Face 
kJ/mol

Comments and hydrogen 
bonded motif

AM30, P2,/c - 110.1 -123.7 C44 =5.3 -15.5(110) KNOW N zigzag sheets

CB47, Pbca -106.5 - 120.8 Cs5 = 0.7 -15.9 (020) KNOW N flat sheets

AI22, P2,/c -105.6 -119.4 C66~ 0.9 - 8 .2 (110) H-bonded chains

AY8 , Pcfl2 , -105.4 - 120.0 Cô6 ~ 3 .1 -14.4 (200) 3D hydrogen bonding network

CCI 9, P2,/c -103.3 -120.3 Cô6 — 3.4 -1.3 (001) UNLIKELY H-bonded chains

AQ6 , P2,2,2, - 102.8 -117.3 Ce6 ~ 2.5 -13.2(110) H-bonded chains

AK6 , P2,/c -101.9 -118.5 C66=3.3 -2.9(100) UNLIKELY dimer structure

AQ14, P2,2,2, - 101.8 -117.1 C%= 0.9 -15.8(110) H-bonded chains

CB9, Pbca -101.4 -116.4 C55 = 0.6 - 10 .0 (200 ) UNLIKELY -  facile 
transformation to form II

CC8 , P2,/c - 101.0 -116.3 Cs5 = 0.2 -9 .0  (002) UNLIKELY H-bonded chains

AK22, P l j c - 100.2 -117.5 C66=3.3 -2.3 (100) UNLIKELY Chains o f dimers

AI 16, 7^2,/c - 100.2 -115.0 Côô = 1.0 -6 .9(100) H-bonded chains

AM4, P2,/c - 100.1 -115.7 C44=2.3 -11.5(002) H-bonded chains

AK4, Plytc - 100.0 -117.1 C66~ 3.5 -1.4(100) UNLIKELY Chains o f dimers
Properties that make the structure unlikely to be observed are in italics.

A reasonable energy window (10 kJ/mol) was chosen for analysis o f other possible polymorphs, based 

on normal energy differences between polymorphs and restricted by the number o f structures that can be
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analysed. Besides the two known polymorphs, the search found 12 more structures (Table 2-2) in this 

energy range above the global minimum (form I). There is a variety o f hydrogen-bonding motifs (mostly 

chains, but also sheet and 3-dimension networks) within these possible polymorphs. The small energy 

differences between hypothetical structures prompted the use o f other properties - elastic constants and 

growth morphologies - to distinguish the structures.

The elastic constants o f the two known forms (calculated using the methodology introduced in Chapter 

4) are o f interest in their own right because of the effect o f polymorphism on mechanical properties o f the 

crystal is paracetamol; the two characterised polymorphic modifications have greatly different compaction 

p r o p e r t i e s , [ 2 - 3 6 - 3 8 ]  having potential implications for t a b l e t t i n g . [ 2  3 6 , 3 7 ]  yhe desirable tablettability o f 

form II is explained by a weak shear elastic constant (Css = 0.8 GPa), corresponding to slippage o f the 

hydrogen bonded sheets in the ab plane along a, while the calculated shear elastic constants (Cn, i = 4,5,6) 

o f form I are all greater that 5 G P a , [ 2  66] agreement with the observed stiffness to d e f b r m a t i o n . [ 2  24] 

There is a variation o f the calculated elastic constants among the other low energy structures and one of 

these (CCS, Css = 0.2 GPa) has an even lower resistance to shear than the very deformable form II. 

Although all o f the crystal structures are strictly mechanically stable (by Born's criteria o f a positive 

definite elastic stiffness tensor, ref [ 2 . 7 5 ]  and references therein), one with such a low diagonal element o f 

the elastic constant matrix is only just mechanically stable. Small shearing forces during crystallisation 

would make the growth of CCS into a single crystal suitable for structure determination unlikely, 

especially in competition with structures o f similar thermodynamic stability. Furthermore, the calculated 

values correspond to T = OK and elastic constants decrease rapidly with temperature (Chapter 5), so 

thermal effects could make this structure strictly unstable at temperatures of interest.

The growth morphologies of all o f the low energy structures were calculated from the attachment 

energy m o d e l , [ 2  26] which assumes that the growth rate o f a crystal face is proportional to its attachment 

energy, Ea„ (the energy released on attaching a pre-formed growth layer to the crystal face). This simple 

model reproduces the known morphologies o f forms 1 & II quite well[2 66] and we extended the 

comparison to estimate relative growth rates o f faces on different crystals. The attachment energies to the 

morphologically dominant (slowest growing) face (Table 2-2) suggest that the two known forms are not 

only thermodynamically favoured, but are also among the fastest growing crystals. By comparison, four
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of the hypothetical polymorphs (CCI9, AK6 , AK22, and AK4) have very small attachment energies to 

their slowest growing face, which dominates their plate-like morphologies. We proposedl^-^ô] that these 

four structures are unlikely to be found, as they are kinetically disfavoured as well as thermodynamically 

metastable. Visual inspection found that one structure (CB9) has nearly identical hydrogen bonded sheets 

to form II, but these sheets are slipped with respect to the observed form. We ruled out this structure as 

unlikely to exist as a distinct form because of a facile transformation to the lower energy form II. This left 

six likely candidates for form III.

Recently, a high-throughput robotic search found the third form o f paracetamol and obtained an X-ray 

powder diffraction p a t t e r n . T h e  powder pattern was compared to our search results (available as 

supplementary information to ref [2 .66]) and found a close match to structure AK6 . Though we judged 

this structure as unlikely because o f a slow growth rate, Peterson et did find evidence o f  only

short-range order in the predicted direction o f slowest growth. Thus, the predicted slow growth rate and 

observed loss o f order could be related.

Since the completion and publicationt^-^^1 of this work, the vibrational contributions to the free energy 

were calculated using methods described in Chapter 4. The calculated harmonic entropies at 298K range 

from 96.6 to 108.6 J/mol K and the total vibrational free energies (Table 2-2) shuffle the ranking o f the 

structures. The two known forms remain ranked 1®‘ and 2"**, but the total energy range for the 14 structures 

is condensed to under 9 kJ/mol. Structure AK6 , the proposed match to the powder pattern o f form III, 

which was 8 kJ/mol above the global minimum in lattice energy, is only 5 kJ/mol above form I on free 

energy.

1.3.4.2 Pyridine

Alex Anghel performed a similar search for the low energy crystal structures o f pyridine,[^-^^l as part 

o f her undergraduate MSci research project.t^-^^>^^l The search was prompted by the unusual complexity 

(Z' = 4) o f the known crystal structure of pyridine.l^-^^1 Only Z' = 1 structures were searched, to find if 

there are energetically competitive, simpler crystal structures. We found 28 structures with equal or lower 

lattice energies than the known form, which is 5.79 kJ/mol above the global minimum (the open red circle 

on Figure 2-2). Three o f the hypothetical structures were ruled out as having very slow growth rates
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(judged by the attachment energy to their morphologically dominant faces), a further three as having very 

weak shear planes, and three because of facile transformations to lower energy structures. There remain 

19 structures lower in lattice energy than the observed form. The vibrational contributions to the free 

energy at 231K (the melting point o f the known form) re-rank the structures, with differences in entropy o f 

up to 10 J/mol K. The vibrational energies change the global minimum structure, bringing the Z' = 4 

structure to within approximately 4 kJ/mol of the global minimum (below five more o f the remaining 

hypothetical structures). The preference for this complex crystal packing is still unclear, but, as with 

paracetamol, the known structure has the highest attachment energy to its morphologically dominant face, 

hinting that it may be kinetically favoured.

A satisfying part o f the study is that it prompted an extensive experimental search for further pyridine 

polymorphs,[^'^^] and a new form for perdeutero-pyridine was found, with Z' = 1. We were disappointed 

to find that this structure had not been located by the MOLPAK/DMAREL search, though its lattice 

energy (0.5 kJ/mol below the older form on lattice energy, 0.2 kJ/mol less stable on free energy at 23IK) 

was in the range that we examined c l o s e l y . D e s p i t e  this failure o f the MOLPAKt^-^^1 search method, 

we were encouraged to find that the attachment energy calculations predicted an even faster growth rate 

than the Z' = 4 polymorph, with an attachment energy to its largest face about 35% higher than the fastest 

growing low energy hypothetical structure.

2.4 Discussion

Since the introduction o f the close packing p r i n c i p l e , a n d  the analysis o f crystal structures by 

atom-atom interactions, the study o f crystal structures has taken off thanks to computational methods. We 

are most interested in the relative stability and likelihood of known and hypothetical structures and, while 

lattice energy studies are an important starting point, there are other important contributions. Lattice 

dynamics are an efficient way to improve thermodynamic studies, providing a harmonic estimate o f the 

vibrational contribution to free energies.

The prediction o f crystal structures is a major test for our modelling and understanding o f molecular 

crystals. In two blind testsï^-^^’̂ *! o f crystal structure prediction, the success rate is modest, but there has 

been encouraging progress. Most successful predictions have been based on lattice energy searches and
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free energy ranking has been shown to be important in some cases. Additional criteria for the evaluation of 

hypothetical polymorphs are required when there are many predicted structures within the energy range of 

possible polymorphism and when energy differences are within the error bounds o f the intermolecular 

potential.

Prediction o f the properties o f hypothetical polymorphs can be useful for knowing how a new form 

might affect processing, shelf life, etc. We have also tried using predicted properties in addition to lattice 

and free energies for evaluating the probability o f observing predicted structures. Elastic constants can 

provide insight into the mechanical stability of structures and growth morphology calculations sometimes 

hint at kinetic preferences for certain crystal packings. Results from the latter calculations, using the 

attachment energy model, have shown promise by ranking the known structures o f p a r a c e t a m o l a n d  

pyridinel^-^^l amongst the kinetically most favourable. The attachment energy model is strictly only 

applicable to vapour grown crystals, with flat faces growing by a layer growth mechanismt^-^'l and, while 

successful for many molecular organic c r y s t a l s , t 2 . 8 2 ]  model cannot predict the effects o f other growth 

mechanisms or the solvent. More experience is necessary to determine whether the encouraging results 

are physically meaningful or coincidental.

In the rest o f this thesis, we explore issues related to these calculations, associated errors, and their 

usefulness. As the results o f any energy or property calculation on a molecular crystal are dependent on 

an accurate representation o f intermolecular interactions, we start in Chapter 3 with a description o f the 

interactions between molecules and their representation in computational studies.
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3 Theory and Modelling of 

Intermolecular Forces
Any computational study o f a system o f two or more molecules requires a model for the 

intermolecular potential as a fundamental input, and the reliability o f the simulation is dependent on 

this model providing an accurate description o f  the interaction energies. The importance o f accurate 

energies in crystal structure prediction was emphasised in Chapter 2. Although the intermolecular 

forces between inert gas atoms are known extremely a c c u r a t e l y a n d  considerable progress has 

been made for small polyatomic m o l e c u l e s , t h e  model potentials for organic molecules are still 

rather empirical.t^-^1 In this chapter, we overview the basic theory describing the interactions between 

atoms and molecules (Section 3.1), then introduce the common methods for describing these 

interactions in modelling studies (Section 3.2), emphasising the assumptions and approximations 

made in current model potentials for organic molecules.

3.1 Theory

The interaction energy, between two molecules (M  and N) can be formally defined as the 

difference between the total energy o f the system o f two molecules at a given intermolecular 

separation, R, and relative orientation, Q, and the sum o f the energies o f the two individual molecules 

at infinite separation.

~ ~ (3-1)

A rigorous account of the theory describing intermolecular forces, and the decomposition into

different physical terms, is given in several t e x t s . [3.1,2,4] Here, we describe the main contributions to 

these interactions, which can be divided into long- and short-range contributions. The long-range 

forces are those acting between molecules whose separation is large enough that any overlap o f the 

charge densities is negligible. Short-range interactions are those which only exist when there is 

significant overlap o f  the electron densities o f the two species.

3.1.1 Long-range contributions to intermolecular forces

There are three important long-range interactions between the types o f molecules studied in this 

thesis. These are the electrostatic, induction, and dispersion forces, which can be derived from the
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perturbation expansion o f the interaction between non-overlapping molecules; the unperturbed 

Hamiltonian is the sum o f the Hamiltonians for the individual molecules: The energy

to zeroth order is thus the sum o f the energies o f the individual molecules, = Em Efj. The 

perturbation to the system of infinitely separated molecules is the electrostatic interaction o f the 

charge densities

/ / '  = (3.2)
J Ane^\r-r\

where p '^  ( r )  is an operator defining the position o f all electrons and nuclei in molecule 

Perturbations to the total energy, can be expanded as sums over //'opera ting  on the wavefunctions 

o f the molecules in their ground and excited states. We use the Dirac notation, \m n), for the total

waveflinction with molecule M  in the m"' and molecule N  in the electronic states and is the

energy o f molecule M  in its m*'’ electronic state. At long range, where exchange can be ignored, | mri)

is simply a product o f  the individual wavefunctions o f the isolated molecules. Rayleigh-SchOdinger

perturbation theory for the system in its ground state gives the energy o f the system as

Emn = (isolated molecular energies)

+ (OOI//'I OO) (electrostatic energy)

- Y ,  (induction energy, distortion o fM  by N)  (3.3)
m *0 ~  ^ 0

,^ ( 0 0 |/ / i0 « ) ( 0 /7 |/ / ' |0 0 )  ^ _
- > -— ■— — ■— -  (induction energy, distortion o f N  by M)

^  (0 0 |/ / '|m « )(m « |// '|0 0 )

Resonance and magnetic effects also contribute to the intermolecular forces at long range. 

However, these forces are only o f importance for molecules in degenerate or open shell electronic 

configurations, so are not important for most organic molecules.

3.1.1.1 E lectrostatic  energy

The electrostatic forces are the classical Coulombic interactions acting between the electronic and

nuclear charge densities o f the two molecules in their ground states. This interaction energy between 

two ground state charge densities, and is described by the first order perturbation energy (the 

second line in the expansion (3.3))

Lattice D ynamical S tudies o f  M olecular Crystals Graem e M. Day
with A pplication to  Polym orphism  and Structure Prediction 2003



Chapter 3. Theory and Modelling o f Intermolecular Forces_____________________________________^

= (0 0 |/ / '|0 0 > =  (3.4)
 ̂ A n sQ \r-r \

where Sq is the permittivity o f vacuum. The electrostatic interaction is defined by the charge densities 

o f the isolated molecules, and so is strictly pairwise additive. In the long-range limit, the integral in

equation (3.4) can be expanded in a multipole series and, for non-centrosymmetric neutral molecules,

the first non-vanishing term is the dipole-dipole interaction:

(3-3)

whose orientational dependence is described by /(Q ), which varies between -2  and +2. Similarly, for 

non-polar molecules, the first non-vanishing term between molecular quadrupoles varies as R~^. For 

molecules in close contact, a central multipole expansion is not satisfactory and more accurate models 

are needed (Section 3.2.1.2). Because o f its slow R~" decay, the electrostatic contribution to 

intermolecular interactions is usually significant even at large intermolecular separations. Also, 

because the interaction energy can be attractive or repulsive, depending on the molecules' mutual 

orientation, the electrostatic contribution to intermolecular forces is the most orientation-dependent 

interaction. Hence, the electrostatics often govern the geometry o f molecular dimers and, along with 

close packing, the arrangement o f molecules in crystals.

3.1.1.2 Induction energy

The other purely classical long-range force results from the reorganisation o f a molecule's charge

density due to the electric field arising from another molecule, or, in a condensed state, all other 

molecules. The additional Coulombic energy resulting from the interaction of the induced multipoles 

with the field is called the induction (or polarisation) energy and is described by the first two second 

order terms in the perturbation expansion (3.3). The electron density always distorts to lower the 

energy, so the induction energy must be attractive.

Unlike electrostatic interactions, the induction energy is not pairwise additive. For example, if  a 

molecule interacts with two neighbours in a centrosymmetric environment, the electric field vanishes 

and the dipole-induced dipole contributions cancel. However, if  the electric fields o f  neighbouring 

molecules do not cancel, the induction is not a sum o f pairwise effects because the induction energy is 

quadratic in the total electric field. A further complicating factor is that the electric moments on the 

surrounding molecules are also polarised by all o f their surrounding molecules - the induced dipole on
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molecule M  depends on the dipole on molecule N, which is, itself, polarised by molecule M. This 

circular dependence leads to a system o f molecular moments that must be solved self-consistently.

The non-pairwise additivity o f the induction energy makes it difficult to include in simulations, 

and so it is often ignored in the modelling o f organic molecular crystals. Fortunately, good theoretical 

estimates[^-^l o f induction energies for neutral molecules suggest that they are small, with little effect 

on the structure of hydrogen bonded dimers. Also, in the high symmetry environments o f crystal 

lattices, the net electric field may be low, further reducing the induction energy. Some polarisation 

effects may also be absorbed in empirically fitted pairwise additive potentials.

3.1.1.3 Dispersion energy

Dispersion, the third long-range contribution to Umn(R ,^), is the universal attractive interaction 

that acts between any pair o f molecules. In the absence of strong electrostatic interactions, such as for 

rare gas atoms and saturated hydrocarbons, dispersion is the only significant attractive force keeping 

the molecules together, so is responsible for the existence o f a condensed phase. As opposed to the 

classical electrostatic and induction energies, dispersion interactions are purely quantum mechanical 

in nature and result from the correlated motions o f electrons in the interacting molecules.

The quantum-mechanical expression for the dispersion energy is given by the final term in (3.3). 

By expanding the perturbation operator (3.2) in a multipole series, the dispersion energy between two 

atoms or centrosymmetric molecules can be written as a power series:

(3.6)

Non-centrosymmetric molecules also have contributions from odd terms in the series {e.g. C?), which 

have a spherical average o f zero.

The term in R~^ results from instantaneous, correlated dipoles in the two molecules and is the most 

important dispersion term. A common simplification was proposed by Londonl^-^’̂ 1 and uses the 

Unsold, or mean excitation energy, approximationt^-^1 for the excitation energies ( ), which

are all replaced by an average excitation energy, AE^. From this approximation,

J]  ?______________________ n \

where is the dipole polarisability o f an atom or the mean dipole polarisability o f a molecule, for 

which (3.7) gives the spherical average o f the Cg dispersion energy. The relationship needs a
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definition for the energy AE*/ and the London formula is often written with set to the ionisation 

energy, 1^. Another sensible approximation is the first excitation energy, which provides a lower 

bound to the dispersion energy described by (3.7). We use the Slater-Kirkwood f o r m u l a , w h e r e  

AE^ = j a ^  , in our systematic development o f an intermolecular potential for the

chlorobenzenes (Chapter 8). Here, Nm is a parameter defining an 'effective number o f electrons', 

which can be set from the number o f valence electrons, from empirical rules, or by fitting to 

experimental binding energies.

Similar formulae, involving dipole-quadrupole and higher polarisabilities, describe the higher 

dispersion coefficients. Although these higher terms contribute successively smaller energies, their 

contributions to the total binding energy between molecules can be important at moderate 

intermolecular separations, but decay more rapidly than the Cs dispersion. The higher dispersion 

terms are generally absorbed into the term in intermolecular potential models.

3.1.2 Short-range contributions to intermolecular forces

The perturbation expansion (3.3) is only the complete interaction energy at long range, where

exchange can be ignored and the total wavefunction, \m n), is a simple product o f  the individual

molecular wavefunctions. At intermolecular separations where the charge density overlap is 

significant, exchange becomes important and the theory is complicated by the need to antisymmetrise 

the total wavefunction. The exchange-repulsion is the dominant short range interaction energy,

while there are additional contributions from penetration, charge-transfer, and damping, which are 

essentially corrections to the long-range electrostatic, induction, and dispersion energies, respectively.

3.1.2.1 Exchange-repulsion energy

When charge densities overlap, there is a redistribution o f  electrons because the Pauli principle

does not allow electrons o f like spin to occupy the same space. This results in a strong repulsive force

between molecules. A smaller, stabilising energy arises from the antisymmetry o f the supermolecule

wavefunction at short intermolecular separations and the resulting exchange o f electrons between

monomer wavefunctions. The exchange and repulsion contributions to the intermolecular interaction

energy are approximately additive at typical intermolecular distances found in crystals and are

normally combined into one term in model potentials. The exchange-repulsion energy, U^r, can be
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modelled by the product o f a slowly varying polynomial, y(R), and an exponential decay. The 

polynomial is normally approximated by a constant, A, in intermolecular force fields.

U,r = f (R )e x p ( -B R )  « A exp i-B R )  (3.8)

3.1.2.2 Other short-range contributions

The less important short-range contributions to the intermolecular interaction energy arise from

penetration, charge-transfer, and damping. Charge-transfer is the transfer o f electrons from high lying 

occupied orbitals o f  one (donor) molecule to the lowest energy virtual orbitals o f  an acceptor 

molecule. The energy must be stabilising and the effects are non-additive. Therefore, charge-transfer 

cannot be adequately modelled using the pair potential approximation. However, if the donor- 

acceptor interactions are significant in a particular molecular system, it may not be appropriate to treat 

the effect as a perturbation to the non-interacting wavefunctions. In these cases, the electronic 

structure o f the entire system should be modelled explicitly.

At short range, there is a correction to the multipole expansion o f the electrostatic energy (3.4). 

This is called the penetration energy and is always attractive, except sometimes at very short range. 

The contribution is pairwise additive and decays exponentially with intermolecular separation, so can 

easily be absorbed into the modelling o f exchange-repulsion. There are similar short-range 

corrections to the multipolar expansions o f the induction and dispersion interactions. These are called 

damping corrections and are often modelled by multiplying the long-range expansions by functions 

whose form ensures that the long-range expressions converge when the overlap is significant.

3.2 Modelling

Here, we describe the most common methods for modelling the intermolecular interactions 

described in the first half o f this chapter. This section is split in two, first describing force-field, or 

atomistic, methods (Section 3.2.1) that describe the energy contributions by functions that are 

parameterised to describe the true interaction energy to some degree o f accuracy. Methods treating 

the electronic structure explicitly are described in Section 3.2.2. Such calculations are much more 

computationally demanding than atomistic modelling, but provide an alternative to experimental data 

for parameterising force-fields.
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We focus on the modelling of m/ermolecular energies because, besides the study o f 

conformational polymorphism in Chapter 9, all o f the calculations in this thesis only treat 

intermolecular degrees o f freedom.

3.2.1 Force-field methods

The total intermolecular energy of an assembly of molecules is often calculated as a sum o f 

pairwise potentials.

N.
^ to ta l -  ^K4N  (3-9)

M<N

This pairwise additive approximation is made for computational efficiency, and ignores the many- 

body energetic contributions, such as the difference between the true energy o f  a trio o f  molecules and 

the sum o f  their pair potentials. The magnitude of many-body effects increases with the density o f the 

system, being negligible in gases and differing between the liquid and solid phases. Pair potentials are 

normally empirically parameterised so that the small many-body effects are, in an averaged way, 

absorbed into the empirical parameters of the two-body potential. When modelling molecular crystals 

using empirically derived force-fields, it is, thus, important to use model intermolecular potentials that 

have been derived from, or at least validated for their ability to reproduce the properties o f the same 

state.

The most common approach to describe intermolecular interactions is to treat the interaction 

energy as a sum o f interactions between the constituent atoms, / and k.

~  ^  ^ik (3.10)
ieM ,keN

This atom-atom approach has been very successful for modelling a variety o f static and dynamic 

properties o f many different types o f molecules. In most models, each atom-atom pair is assigned a 

spherical potential. As the van der Waals radii o f atoms are greater than the covalent radii, molecules 

are therefore described by a set o f overlapping spheres. The functional form o f  the atom-atom 

interaction potentials typically consists o f van der Waals (exchange-repulsion + dispersion) and 

electrostatic terms and these are discussed in turn. Applications to the organic molecular solid state 

have been reviewed in detail by Pertsin and Kitaigorodskii.t^-^^l
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3.2.1.1 Repulsion-dispersion models

In Section 3.1.2, we saw that the dominant short-range repulsion varies approximately as an 

exponential decay (equation (3.8)). Therefore, the repulsion between atoms is commonly modelled as

U „^{R) = A e-‘”< (3.11)

whose form was first proposed by Bom and M ayer. ^ H The parameters o f the exponential model are 

generally assumed to absorb the effects from the less important short-range contributions to the 

interaction energy. To describe the dispersion attraction, model potentials normally include only R~^ 

terms in their functional form and the parameterisation of the dispersion coefficient to experimental 

data absorbs effects from the higher order, more complicated charge density fluctuations. 

Furthermore, the atom-atom distribution o f Cg interactions is related to atomic dipole-dipole 

fluctuations, whose combination picks up some of the higher order molecular fluctuations and, so, 

some o f  the higher (Cg, etc.) dispersion contributions to the molecule-molecule interactions.

Hence, the atom-atom exchange-repulsion and dispersion contributions to the intermolecular 

energy are modelled by combining the Bom-Mayer repulsion with a Cs dispersion term, in a form 

normally referred to as a Buckingham potential. The atom-atom approach then gives the total 

intermolecular interaction energy as

^rep-JispMN ~ ^  r̂cp-tlixp,ik i^ ik ) ~ ^  (3-12)
i e M . k e N  i e M , k e N  ^ i k

where i and k  are the constituent atoms o f molecules M and N, respectively, and the subscripts i and k 

identify the atom types o f atoms i and k. An older functional form, called a Lennard-Jones potential, 

uses an form for the repulsion. The Lennard-Jones functional form was popular because o f  the 

smaller computational expense o f evaluating R~^  ̂than the more realistic but is less common than 

the exp-6 form in modem potential models. Where a spherical description o f the repulsion-dispersion 

interaction between atoms in a molecule is unsatisfactory, anisotropic terms can be treated as a 

perturbation to the radial dependence o f either the repulsion or dispersion terms. An example o f 

where anisotropy in the repulsive wall is important is for chlorine-chlorine interactions, which are 

addressed in Chapters 7 & 8 .

The exp-6 model depends on three parameters. A, B, and C, to describe the interaction between 

each type o f atom pair. The atom types are normally chosen according to element and sometimes 

further subdivided by their bonding environment. The parameters are often fitted to experimental data 

{e.g. virial coefficients, crystal structures, lattice energies), with all o f the parameters varied
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simultaneously. To reduce the number o f parameters, interactions between different atom types are 

often described using combining rules to describe the interaction in terms o f the parameters for like 

atoms:

A„ = C „ = V c „ c „  (3.13)

Some examples o f such empirical parameterisations are presented in the Section 3.2.1.3.

3.2.1.2 E lectrostatic models

Section 3.1.1.1 hinted at a multipolar expansion of the electrostatic contribution to intermolecular

interactions, starting with a dipole-dipole term for neutral molecules. However, if  we define a sphere 

for each molecule, enclosing all o f the nuclei, it has been shownt^ *^’*^! that the molecule-centred 

multipole series for the electrostatics only converges when the spheres o f the interacting molecules do 

not overlap. For example, the radius o f a sphere containing all nuclei in p-dichlorobenzene must be 

about 3.1Â, but the molecules are packed in the room temperature (a )  modification with molecular 

planes only about 3.5Â apart, much less than the sum o f convergence radii. Clearly, a molecule- 

centred expansion of the electrostatic interaction does not converge at the separations sampled by 

nearest neighbours in crystals. The most common solution is to distribute the multipolar expansion to 

the atomic sites and the resulting expansion is convergent for typical intermolecular contacts.

Because o f the effort in dealing with non-central forces and the associated computational expense, 

most model potentials truncate the atom-centred series at charges. There are many methods of 

assigning atomic charges and these have been reviewed and compared by Wiberg and Rablent^-^^1 

and more recently, by Sigfridsson and Ryde.t^ ^^l Charges that are fitted to the molecular electrostatic 

potential are probably the most appropriate for intermolecular interactions. Along with an isotropic 

atom-atom functional form for the repulsion-dispersion, the intermolecular energy only depends on 

the interatomic separations.

While point changes give a reasonable approximation to the molecular electrostatic field and are 

enough to reproduce some o f the molecular moments, we know from simple bonding considerations 

that the valence electron distribution around atoms is not spherical. The rearrangement o f valence 

electrons upon bond formation results in localised lone pairs and 7t-electron density, which cannot be 

adequately described by a spherical atom model. Hence, improvements on the atomic charge model 

are often required. Simple methods for introducing anisotropy into the atom-atom electrostatic
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interactions include introducing additional point charges at bond centres and at chemically sensible

lone pair positions, such as on nitrogen atoms.t^ ^^l A more rigorous approach is to include higher 

multipoles, Qik, in the atom-centred expansion. The subscript / defines the rank o f the multipole {e.g. I 

= 0 describes a charge, / = 1 a dipole, / = 2 a quadrupole, etc.). If  the atomic site has no symmetry, 

then a multipole o f rank / has (2 / + 1) independent nonzero components, denoted by the index k {e.g. a 

dipole has three components, indexed by k = - 1, 0, +1). Clearly, a multipole expansion quickly 

increases the number of parameters describing each atom.

As atomic multipoles are not physical observables, there is not a unique way to assign their values 

and several approaches have been suggested. [3.12,13,17-21 ] ^^Q ^se Stone and Alderton's distributed 

multipole analysis which optimises the convergence o f the multipole description.

The distributed multipole analysis takes advantage of the fact that the wavefunction o f a molecule is 

usually calculated as a linear combination o f atomic orbitals (LCAO), the atomic orbitals normally 

being described by a basis set o f Gaussian functions. The resulting charge density is a sum over 

products of basis functions, weighted by the density matrix, M.

= (3.M )
u

Here, a basis function, ^  ( r - a ,  ) , centred at the point a; (usually a nucleus) is a product o f a 

regular spherical harmonic of rank /, /?/„„ and a Gaussian function

^J,.(r-a,.) = /? ,„ ( r - a , . ) e x p [ - a ( r - a ,) ^ j  (3.15)

To evaluate the density in (3.14), we need the form of the product o f basis functions. It is trivial to 

show that the product o f Gaussian functions centred on a-, and aj gives a new Gaussian centred at a 

point p on the line from a; to aj. The regular spherical harmonic R ,^ { r -a j)  can be moved to p, 

where it gives a linear combination o f regular spherical harmonics up to rank / and is then multiplied 

by the linear combination resulting from the relocated to give a series up to rank (/+/')•

The product o f this series with the Gaussian function centred on p gives multipole moments, Qi,„, from 

rank 0 to (/+/'). For example, the product o f p  atomic orbitals (/ = 1) leads to a charge, dipole, and 

quadrupole at a point somewhere between the two nuclei. Therefore, the LCAO description o f the 

charge density leads to a set o f distributed multipoles. Because o f the number o f basis functions 

normally used to describe the wavefunction, and the different exponents, a, used for different basis 

functions, the number o f multipole sites is generally unmanageable and the multipoles are all moved
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to a limited number o f sites, normally at each atom. Moving a multipole o f rank / from the point p to 

an atomic site a distance r away generates higher multipoles o f rank k >  I weighted by r ' '  and these 

must be truncated at a chosen rank. To minimise the truncation error, the distributed multipole 

analysis moves all multipoles from the expansion o f (3.14) to the nearest site.f^-'^l In this thesis, the 

DMA is always truncated to / = 4 (hexadecapole) on every atomic site. Using this expansion, the 

accuracy of the intermolecular electrostatic interactions is essentially only limited by the accuracy of 

the calculated charge density, though penetration effects are not included.

3.2.1.3 Examples o f interm olecular force fields

In chapters 5 and 6 , three o f the many available sets o f general, transferable exp-6  parameters 

developed for modelling organic crystals (Table 3-1) are investigated for their ability to reproduce 

observed elastic constants and lattice frequencies. Here, we introduce the approach taken in the 

parameterisation o f  each and summarise their parameters in Table 3-1.

Williams and parameterised a model (W81), in conjunction with atomic and off-

nuclear point charges, to a large set o f crystal structures of oxohydrocarbons.t^-^^1 Nitrogen 

parameters were added later by fitting to a set o f azahydrocarbon crystals and we call this set 

W84.f^-^^1 The commonly accepted set o f combining rules (3.13) were used to describe heteroatomic 

interactions between the four atom types (C, He, O, N) in terms o f the homoatomic parameters. The 

W81 and W84 sets o f parameters were later supplemented by exp-6 parameters for polar hydrogen 

atoms (H n , H o ) by fitting to a large set o f  hydrogen-bonded organic molecules using a DMA 

electrostatic m o d e l . W e  refer to this expanded potential as FIT. Williamsl^-^^‘^^1 later 

parameterised an improved set o f parameters, W99, which distinguish atom types based on bonding 

environment as well as atomic number. These were parameterised, in conjunction with a multi-centre 

point-charge electrostatic model, to a larger collection o f h y d r o c a r b o n ,-25] azahydrocarbon, 

and oxohydrocarbon,t^-2^] crystal structures and lattice energies. Furthermore, to provide a good 

representation o f hydrogen atom contacts, the centre o f the exp-6  potential for all H's was shifted away 

from the nucleus, 0 .1Â along the bond with the heavy atom, closer to the maximum in charge density.

The parameterisation of the FIT and W99 model potentials result in exp-6 parameters that absorb, 

in an average way, all intermolecular interactions except for the electrostatics. These exp-6 

parameters are, therefore, assumed to be independent o f the electrostatic model, so can be combined
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with either point-charge or distributed multipole based electrostatic models, as described in Section

3.2.1.2.

Table 3-1. Buckingham {exp-6) potential parameters, .

potential ® atom pair A
(kJ/mol)

B
(A-')

C
(A^kJ/mol) (A)*’

£
(kJ/mol)'’

FIT
C C 

(W8 1)13-22,28] 369743 3.60 2439.8 3.90 0.398

N --N (W84)[3-16] 254529 3.78 1378.4 3.66 0.324

0 -0 (W 8 1 )[3 -2 2 ] 230064 3.96 1123.6 3.41 0.400

He Hc(W84) [3.28] 11971 3.74 136.4 3.31 0.053

Hn-  Hn (FIT)[3-23] 5030 4.66 21.5 2.48 0.044

H o--H o (FIT)[3-24] 2263 4.66 21.5 1.94 0.135

W99
[3.25-27]

C (4)--C (4) 131571 3.60 978.36 3.83 0.175

C (3 )-C (3 ) 270363 3.60 1701.73 3.92 0.268

H (l) - H (I)(H c ) ' 12680 3.56 278.37 3.23 0.117

H(2) •H (2)(H o)‘= 361.3 3.56 0.0 - -

H(4) •H(4) (Hn) ' 764.9 3.56 0 .0 - -

N(2) -N(2) 102369 3.48 1398.15 3.72 0.283

N(3) -N(3) 191935 3.48 2376.55 3.78 0.443

N (4)--N (4) 405341 3.48 5629.82 3.71 1.157

0 ( 1)" 0 ( 1) 241042 3.96 1260.73 3.37 0.475

0 (2 ) 0 (2 ) 284623 3.96 1285.87 3.45 0.431

UNI
[3.29,30]

C - C 226145 3.47 2418.4 3.89 0.387

N '- 'N 365263 3.65 2891.1 3.70 0.629

0  0 195309 3.74 1334.7 3.61 0.336

H - H 24158 4.01 109.2 3.36 0.042

C - N 491494 3.86 2790.7 3.49 0.851

C O 393087 3.74 2681.9 3.61 0.674

C - H 120792 4.10 472.8 3.29 0.205

N" " 0 268571 3.86 1523.0 3.50 0.464

N -H 228279 4.52 502.1 2.98 0.394

(O-)H --O (alcohol) 18868777 7.78 1246.8 1.80 21.03

(N -)H -'N 7547601 7.37 690.4 1.90 8.42
® The W 81, W84, and W99 parameters were fitted in combination with an atomic point charge model, 
the additional FIT parameters with a DMA model, and the UNI parameters with no electrostatic 
model. In W99, C(3) and C(4) represent three- and four-coordinated carbon atoms, H (l)  is bonded to 
carbon, H(2) is an alcoholic hydrogen and H(4) is bonded to nitrogen, N(2) has no bonded hydrogen 
atoms, N(3) has one bonded hydrogen, and N(4) has two or more bonded hydrogen atoms, 0 (1 ) is 
bonded to one atom and 0 (2 ) is bonded to two other atoms.
** /?e is the exp-6 potential minimum and s  is the potential well depth.
'  The centre o f the potential is shifted off the nuclear sites for hydrogen atoms, 0.1Â towards the 
heavy atom to which it is bonded.
** A 15 A cutoff is used for exp-6 interactions throughout this work.
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Because o f  its poor convergence, the electrostatic part o f the interaction energies is by far the most 

computationally expensive part o f the intermolecular potential. This led Filippini and 

Gavezzottit^-^^’̂ ®] to develop a simpler model potential by allowing the exp-6 parameters to absorb 

all contributions to the intermolecular interaction, including the electrostatics. The model, which they 

call UNI, was parameterised to the structures and sublimation energies o f a large dataset o f 

monofunctional organic molecular crystals. The atom types are mostly defined only by the element, 

but specific parameters were fitted for hydrogen bonding atom pairs.t^-^^] The combining rules for 

heteroatomic interactions were abandoned while parameterising the UNI model, which allowed the 

electrostatic effects to be absorbed as efficiently as possible into the exp-6 parameters. The resulting 

exp-6  functions have vastly different well depths, e, and equilibrium distances, R^, (Table 3-1) from 

the models derived with an explicit electrostatic model.

3.2.2 Electronic structure calculations

An alternative to using model potentials is to calculate interaction energies directly by ab initio 

methods, where Schrôdinger's equation is solved for the electronic structure o f the system. The 

equations are not, in general, exactly soluble and there are many types and levels o f approximations 

that are made to solve the equations numerically. These details are discussed extensively elsewhere, 

e.g. by Szabo and Ostlund,[^-^*l as well as in several recent r e v i e w s ! ^ d e a l i n g  specifically with 

intermolecular energies.

Monomer calculations can be used in the development o f intermolecular model potentials, 

providing the electrostatic term, e.g. from a DMA, and, as in Chapters 7 & 8 , repulsion models can be 

developed from calculating overlap o f monomer wavefunctions. The basis ab initio method is the 

Hartree-Fock, or SCF, calculation, where each electron moves in the fixed field o f all other electrons 

and nuclei. The approach is very powerful, but is known to be unsatisfactory for describing 

conjugated or aromatic molecules, and also exaggerates charge separation in polar molecules.l^-^^’^^1 

Treating the effects o f electron correlation (the specific electron-electron interactions) in the 

calculation improves the description o f electron delocalisation and gives better electric moments. 

There are many methods o f treating electron correlation and, in all calculations in this thesis, we use 

the Moller-Plesset t r e a t m e n t , w h e r e  the electron correlation is included as a perturbation, 

truncated at second order (MP2).
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Solving the relevant equations in the simulation of extended systems, such as crystals, is feasible, 

but still severely limited by the associated computational expense. The inclusion o f adequate electron 

correlation is an important problem because it is required for a correct representation o f  dispersion 

energy. We do not address such studies here, but introduce ab initio methods as a tool for evaluating 

and calibrating atomistic approaches. As an example, intermolecular perturbation theory (IMPT) 

calculations are used in Chapter 8 to calibrate the repulsion model for the interaction between 

chlorinated benzene molecules. The ideas used in IMPT calculations are introduced in Section

3.2.2.2. To place these calculations in context, we also briefly introduce the use o f another ab initio 

approaches to intermolecular energies, normally called supermolecule calculations (Section 3.2.2.1).

3.2.2.1 Supermolecule calculations

Probably the simplest ab initio method is to calculate the energy of an entire system, Emn o f two 

molecules, as well as the energies of the isolated molecules, Em and E^. By (3.1), the interaction 

energy, Umn, is simply the difference between the dimer and the sum o f monomer energies. There are 

many programs available for such calculations and the only required input is the list o f atomic 

coordinates and a specification of the approximations {i.e. basis set and level o f theory) to use in 

solving for the wavefunction. The calculation for the dimer is not treated differently from a single 

molecule calculation, so is termed a supermolecule calculation. Most ab initio calculations are 

variational, meaning that the calculated energy o f  the system is always an upper bound for the 

system's true ground state energy. Because o f the variational principal, if  a change is made that 

lowers the calculated energy, then the calculation is in some way better. In this way, the true ground 

state energy can be approached systematically. The problem is that the variational principle says 

nothing about the quality o f energy differences. Even if  the energies Emn, Em, and E ^  are all 

improved, for example by using a bigger basis set, there is no guarantee that the resulting interaction 

energy is closer to the true value. Besides the non-variational nature o f the energy differences, the 

technical difficulties with the supermolecule approach are basis set superposition error and size 

consistency.

Basis set superposition error (BSSE) is a result o f using a linear combination o f a finite {i.e. 

incomplete) set o f  functions to describe the wavefunction. Essentially, when the two molecules are 

brought together, the basis functions on molecule M  are available to molecule N  to variationally lower 

its energy and vice versa, leading to an erroneously low energy for the supermolecule and an
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exaggerated binding energy. There are corrections for this e r r o r , s o  BSSE simply complicates 

the calculation. A more serious problem is with the size consistency o f computational methods, which 

affects some methods for including electron correlation in ab initio calculations. One of the most 

common correlated methods is configuration interaction, where excited configurations o f the 

wavefunction are mixed into the SCF ground state configuration. Unless all possible configurations 

are included, then the energy of a pair o f molecules at infinite separation is not equal to the sum of 

monomer energies. This is a serious hindrance to calculating interaction energies. Thankfully, other 

methods for including electron correlation, such as Moller-Plesset perturbation theory {e.g. MP2 

calculations) do not suffer from this problem.

The technical problems with supermolecule calculations for the intermolecular interaction energy 

can be overcome and more and more accurate calculations are becoming accessible with increasing 

computer speed and memory. However, the number o f geometries that must be sampled to fit a model 

potential to such calculations is normally very high to sample all relative orientations o f the 

molecules. One last drawback is that the calculation gives a value for the energy that is not broken 

down into the constituent contributions {e.g. repulsion, dispersion, electrostatic, etc.) to the 

interaction, so cannot be used to calibrate terms in a model potential separately. Morokuma and 

Kitaurat^ -^^‘^^1 suggested an approach to the decomposition o f the interaction energy, but it runs into 

problems o f basis set superposition error.

3.2.2.2 P ertu rba tion  methods

Another approach for the computation o f the interaction energy uses perturbation theory, as

introduced in Section 3.1. For a general method that is applicable at both long- and short-range, the 

problem o f  antisymmetrisation o f the product wavefunction |/nn) must be addressed - the simple

product o f individual wavefunctions that we used in Section 3.1 is not antisymmetric with respect to 

exchange o f  electrons and this is important at short range. Two general approaches have been used in 

place o f the standard Rayleigh-Schrôdinger perturbation theory - 'symmetric' and 'symmetry adapted' 

perturbation theories.

In the former, the unperturbed state is the set o f antisymmetrised products o f the individual 

wavefunctions. These are non-orthogonal, so cannot be eigenstates o f any Hermitian operator, i.e. 

there can be no zeroth order Hamiltonian that has these antisymmetrised products as eigenstates. One 

formalism, called intermolecular perturbation theory (IMPT), has been developed by Hayes and
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Stonet^-^2’̂ ^1 for using this non-orthogonal basis in perturbation theory, expanding the perturbation 

about the leading diagonal o f the Hamiltonian and giving the interaction between SCF wavefunctions. 

In the other approach, symmetry adapted perturbation theory (SAPT), the unperturbed states are taken 

as the simple products o f the monomer states (as in the long-range treatment, Section 3.1.1), without 

antisymmetrisation, essentially assigning each electron to one o f the molecules in the unperturbed 

state. The antisymmetrisation is then applied at each order o f perturbation theory. The approach can 

be more accurate because the monomer wavefunctions can include electron correlation.

The first order energy for all perturbation theories is the energy difference between the zeroth 

order energy and the expectation value o f the Hamiltonian for the antisymmetrised wavefunction 

without excitations | mn) = | OO) ; this is the electrostatic (including penetration) plus exchange- 

repulsion energy. The separation o f the latter into exchange and repulsion is somewhat a choice o f the 

method and, in Hayes and Stone's symmetric intermolecular perturbation theory (IMPT) scheme,[^-^^l 

the exchange energy is taken as the additive attractive component, while the repulsion energy is the 

energy contribution that is always repulsive and has an explicit overlap dependence (and is, therefore, 

non-additive).

The energy at second order is dependent on the perturbation approach because different expansions 

and choices o f the unperturbed state lead to different distributions o f the energy contributions at 

different orders o f perturbation. We focus on the IMPT scheme o f Hayes and Stonel^ -^^1 because this 

is what we use to calibrate model potentials in Chapter 8 . The scheme has been implemented to 

second order including only single and double excitations. Using a finite basis set, molecular orbitals 

can be unambiguously assigned to one o f the two interacting molecules, which allows a convenient 

separation of energy contributions. The single excitations are classified as polarisation if  the occupied 

and virtual orbitals belong to the same molecule and charge-transfer if  the electron is excited from one 

molecule to the other. In the limit o f a complete basis set, the basis functions o f molecule M  can 

completely describe the wavefunction o f molecule N  and vice versa, so all single excitations can be 

described as polarisation and the charge-transfer term becomes zero. Thus, the split o f  induction and 

charge-transfer energies is basis set dependent. The latter is seriously contaminated by basis set 

superposition error, but can be corrected to be virtually free o f BSSE e f f e c t s . E n e r g y  terms 

involving double excitations give contributions to the dispersion energy, a 'charge-transfer correlation'
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and /«rromolecular correlation energy, the last o f which hardly contribute to the interaction energy

after correction for BSSE.t^-^^1

3.3 Conclusions

The main contributions to intermolecular interaction energies are introduced and approaches to 

their modelling are described. These can be classified as atomistic, using force fields, or ab initio, 

which rely on calculating the electronic structure of the monomers and interacting molecules from 

first principles. A complete discussion o f modelling approaches is the topic o f entire books {e.g. refs 

[3.1,2,4]) so this introduction has mainly focussed on methods used later in this thesis. Empirical 

atom-atom model potentials are widely used because of the success o f very simple functional forms 

and the associated computational efficiency. The parameterisation o f  model potentials requires 

certain approximations and decisions to balance simplicity and accuracy. Therefore, there is a wide 

variety o f parameter sets available. Although the use o f empirical model potentials has contributed to 

the understanding o f the behaviour of many types o f system, empirical fitting is restricted to simple 

functional forms, so the possible accuracy of such models is limited.

With increEising computing speed and power, ab initio calculations o f high enough quality are now 

available to determine model potential parameters without recourse to empirical fitting. Perturbation 

approaches to intermolecular energy calculations are particularly well suited to the parameterisation o f 

model potentials because o f the natural partitioning o f the interaction energy into the different types o f 

contribution. The IMPT method of Hayes and Stonet^-^^1 has been introduced here as background to 

its use in Chapter 8 , where such calculations have been used in the development o f  a  nearly non- 

empirical model potential for chlorinated benzene molecules.
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4 Lattice Dynamics of Molecular 

Crystals

4.1 Introduction

The basic theory for the lattice dynamics o f  atomic or molecular crystals is outlined, with specific 

details for the case o f rigid molecules with rotational as well as translational degrees o f freedom. The 

theory leads to the equations necessary for the computation o f harmonic phonon modes and 

frequencies (Section 4.2), which can be used to approximate thermodynamical properties (Section 

4.3). These calculations have been implemented in our software for the modelling o f  rigid molecular 

crystals. The behaviour of the acoustic modes in the long wavelength limit is related to the behaviour 

o f  the crystal under macroscopic stress, so the elastic constants o f the single crystal can be calculated 

from the phonons (Section 4.4.2.1). A second approach to the computation o f elastic constants, 

analytically relating the stiffness tensor to the curvature o f the potential energy surface, is also 

outlined (Section 4.4.2.2) and implemented for our studies o f molecular crystals.

4.2 Lattice dynamics for phonon calculations

As a starting point for a dynamical theory o f molecular crystals, we give a brief overview o f the 

lattice dynamical theory as given by Bom and H u a n g , u s i n g  their notation throughout. This will 

then be extended to the lattice dynamics o f  rigid molecular crystals, in the form that we have 

implemented the calculations within DMAREL,l‘̂ -^» î̂ our software for modelling molecular crystals. 

The lattice energy, O, is expanded as a Taylor series in the Cartesian atomic displacements from

equilibrium,
v v

ila jl'Pila

f t ro
"a  . +

v J

where is the lattice energy at the stationary point and
rn i\

+  ... (4.1)

are first and second

derivatives with respect to a displacement o f atom / or j  in unit cell / in the Cartesian directions a  and 

P, evaluated at the equilibrium lattice geometry, i.e.
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d o

du„
(4.2)

\ / / o

0
i r

J J . aw,
V \ v

aw

(4.3)

/ / o

A t the equilibrium structure, the first derivatives must vanish and the zero o f the potential energy 

may be set as = 0. In the harmonic approximation, all derivatives higher than quadratic in the 

atom ic displacements are ignored. Thus, equation (4.1) reduces to

ila jrp
' 0 Up (4.4)

T o avoid divergence o f (4.4), we define blocks o f the crystal containing N=Na^NbxNç unit cells 

(w here Nx is the number of unit cells in the direction of the lattice vector X, and N  is the total number 

o f  unit cells in the crystal) and impose periodic boundary conditions such that

(4.5)

w here the unit cells labelled by / and /’ occupy equivalent positions in different blocks o f the crystal. 

From  the form of the lattice energy in equation (4.4), the equations o f motion can be solved in the 

form o f a travelling wave

r / "
Ua

J ' y

= Up (y )® x p { /[k  • r ( / ')  -  t y (k ) t ] } (4.6)

w here r(/) is the position o f unit cell /. Because o f the lattice symmetry, the displacement vector is 

now  only dependent on j .  The wave is treated as a quasi-particle, called a phonon, with wavevector k. 

The wavevector can take on values defined by

- î-a » + _ t-b * + -£ -ck  =  2 #

w here tx  takes on values from 1 to Nx and a*, b* and c* are the reciprocal lattice vectors:

(4.7)

a* = ̂ ( b x c ) ;  b* = -^ (cx a ); c* = ̂ ( a x b ) (4.8)

and V is the volume o f the unit cell.
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From the periodic boundary conditions, there are N  distinct values o f k. If  we add a reciprocal 

lattice vector to any o f these values o f k, the equation of motion for the wave is unchanged, so this set 

o f k-values contains all necessary information - like the unit cell in reciprocal space. This range for k 

is called the first Brillouin zone and is defined with the zone boundaries lying half-way between 

reciprocal lattice points and with planes normal to the lines connecting the lattice points as the 

boundary. The Brillouin zone is defined as the minimum volume that is enclosed by such boundary 

planes,

Now, writing equation (4.4) in terms o f this solution and simplifying yields

f k )
=  ...

PJ } J )
(4.9)

Here, ( /)  is a mass-weighted Cartesian displacement, (/) = 7m~«a ( / ) ,  and is

the mass-weighted dynamical matrix, whose elements are defined as

1 /  r\n\
a ap

\
■ r(f))

U J r k U J
(4.10)

where m, is the mass o f atom /.

Non-trivial solutions o f equation (4.9) exist when the determinantal equations

=  0
k^

^a p -û )^{k )ô ^p ô ,j (4.11)

are satisfied, i.e. the eigenvalues o f the mass-weighted dynamical matrix are the squares o f the phonon 

frequencies for a particular wave vector. The determinant does not refer to any unit cell, /, so the 

number o f lattice frequencies does not depend on the block of unit cells, N, that were chosen in 

defining k. For a unit cell containing n  atoms, there are 3« modes o f  vibration at each value o f k  and 

3nN  in total.

4.2.1 Optic and acoustic modes

In the long wavelength limit, as |k| ->  0, the exponential in equation (4.10) becomes unity and

f o r ^
a ap

k = 0
=  ^ Y j ^ a p \ 7 . (4.12)

\ U  J

The matrix defined by (4.12) and (4.3) is singular - three o f the eigenvalues, are zero. 

Physically, this is because the three corresponding vibrational modes describe a translation o f all o f 

the atoms in the unit cell in the same direction. When k = 0, all o f the unit cells vibrate in phase, so
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these three modes describe bulk translations o f the entire crystal. In the absence o f external fields, the 

energy change related to this motion is zero and the corresponding frequencies vanish at k = 0 (Figure 

4-1).

Figure 4-1. Optic and acoustic modes near k = 0.

CO 4

(3» - 3)
optic

modes

3 acoustic 
modes

Because o f their relation to the velocity o f sound through a crystal (as described in Section

4.3.1.2, equation (4.30)), these modes are referred to as acoustic. The remaining (3n -  3) modes are 

called optic because, as |k| 0 , the frequencies are in the optic (infrared) part o f the spectrum.

4.2.2 The rigid molecule approximation

If all atoms in a molecule are allowed to vibrate, molecular crystals could be treated in the same 

way as above. However, the equations must be adapted slightly when the rigid molecule 

approximation is used, so that only intermolecular lattice vibrations are treated.

The derivation for molecular crystals is similar to that leading to Equations (4.10) and (4.11), but 

the atomic motions are restricted such that the molecular geometry is held rigid. Unlike the point 

masses in the preceding theory, rigid molecular units have rotational as well as translational degrees o f 

freedom. To describe the molecular degrees o f freedom, we introduce internal coordinates for 

molecules; a  molecule-fixed axis system is assigned to each molecule, with the origin at the centre of 

mass and the axes pointing along the principal inertial axes. The 3« degrees of freedom of a molecule 

can then be separated into three translational degree o f freedom o f  the molecular centre o f  mass, three 

rotations about the inertial axes and (3« -  6 ) internal modes describing intramolecular motion. The 

choice o f coordinates to describe the translational and rotational motion o f  rigid molecules is 

discussed in detail by Walmsleyl'^-^l and Califano, Schettino and Neto.t^-^1 For rigid molecules, in
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contrast to individual atoms, the dynamical matrix (4.10) refers to molecular motions, i.e. translations 

and librations and becomes

£>^.(k) = (M ,,,M ,.,.) '22 ]0":(y )exp(ik -r'') (4.13)
r

(4.14)
/od u l{ i)d u 'X j)

where the molecular displacements, « ^ (0  correspond to translations for r =  1 , 2 , 3  and librations for

r  = 4, 5, 6 . The matrix is weighted by the masses and moments o f inertia o f the rigid molecules 

according to

and the eigenvalue problem becomes

=  0 . (4.16)
JJy

Equations (4.11) to (4.16) allow the evaluation o f the modes o f vibration o f the crystal. A unit 

cell containing m rigid molecules has 6m vibrational modes at each value o f k. The internal vibrations 

o f the molecules are separated from the translations and librations. We make this rigid body 

approximation now and assess its applicability in the following chapters.

Because o f the long-range nature o f  Coulombic interactions in crystals, evaluation o f (k  • r )  in 

equation (4,13) can be the most problematic part o f calculating phonon frequencies. Because o f  their 

conditional convergence, the electrostatic sums up to dipole-dipole are treated by the Ewald 

summation techniquet'^-^1 in our modelling software, DMAREL.t'^-^] However, the Ewald sum must 

be adapted to account for the exp (/k -r)in  (4.10). The procedure for this summation has been

described by Bom and H u a n g , U  but the implementation and testing o f  these calculations for 

multipolar electrostatics has, unfortunately, been beyond the scope of this thesis. However, the 

exponential term disappears at k = 0 , so the zone-centre frequencies are, computationally, the easiest 

to evaluate. At k = 0, the acoustic modes vanish and there are (6 m -  3) modes o f vibration. These 

calculations have been implemented in DMAREL and are evaluated and discussed for a range o f 

molecular crystals in Chapter 6 .

Lattice D ynam ical Studies o f  M olecular Crystals Graem e M . Day
w ith A pplication to  Polymorphism and Structure Prediction 2003



Chapter 4. Lattice Dynamics of Molecular Crystals____________________________________________^

4.2.3 Anharmonicity and the quasi-harmonic approximation

Many important effects cannot be explained in the harmonic approximation because the lattice 

structure and phonon frequencies are invariant with temperature. Anharmonic corrections can be 

made by including higher order terms in the Taylor series expansion o f the lattice energy (4.1) but 

their computation quickly becomes very complex. Many approximate methods for introducing the 

anharmonic corrections have been suggested and these have been summarised in great detail.[^-^>^î 

The temperature dependence o f phonon frequencies in a perfect crystal originates from two effects - 

multi-phonon processes, which are described by the higher terms in the Taylor series, and the indirect 

effect o f  thermal expansion of the crystal lattice. A crystal normally expands with increasing 

temperature, so the intermolecular contacts are expanded and the effective force constants weaken.

We have not been able to study the effects o f anharmonicity in detail and have only used one o f 

the simplest approaches to include some o f  its effects, the quasi-harmonic (QH) approximation (see, 

e.g. refs [4.8,9] for a more detailed discussion). The approximation simply ignores interactions 

between phonons, but allows the phonon frequencies to change with temperature. Thermal expansion 

can be modelled in the quasi-harmonic approximation by varying the lattice parameters to minimise 

the quasi-harmonic free energy, <E> + Fvib (the expressions for Fyjb are derived in the following section). 

The lattice expands with temperature because o f the balance between 0  and Fvib- Expansion of the 

lattice moves the structure away from the minimum in lattice energy, but the normal mode vibrations 

now have different equilibrium distances and, so different force constants. Hence, expansion lowers 

the frequencies, which then contribute more to the entropy. In Chapter 6 , we use the quasi-harmonic 

approximation to compare calculated phonon frequencies to measured spectra at different 

temperatures, but, instead o f calculating the equilibrium structure by minimising the free energy, we 

take the temperature dependence o f  the lattice constants from experiment.

4.3 Thermodynamics of molecular crystals

Phonon calculations give access to the vibrational energy o f the crystal, which allows comparison 

o f  crystal energetics at finite temperatures and pressures. Such calculations have mainly been 

performed for simple aromatic hydrocarbons and their derivatives. Some examples are Pertsin's study 

o f naphthalenel^-^^1, Della Valle, Venuti and Brillante's calculations o f the phase diagrams o f 

naphthalenel^-^ and benzene,t'^-'^l as well as studies of the chlorobenzenes,l^-^^l and of pressure-
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induced phase transitions in anthracene derivativest^-^^'^^1 Examples and applications o f these 

calculations are described in later chapters, but first we review the thermodynamics o f crystals, a topic 

which has been described in detail elsewhere {e.g. refs [4.1,6,18]).

The partition function is central to the definition o f most important thermodynamic functions, so 

we m ust find the appropriate form for a crystal. Treating the lattice (with N  unit cells, each containing 

n atoms) as a very large polyatomic molecule, the partition function o f a single vibration in the 

harmonic oscillator approximation is

^ (ü  + V2)hû)^

u=0 k T
(4.17)

where the sum is over all vibrational levels, v.

A t temperatures o f interest here {i.e. below the crystal melting point), the vibrational levels are 

not close enough together to allow the infinite summation in (4.17) to be replaced by integration, but

the sum can be treated as a geometric series in J » ^h ich  converges to

exp -

^vih

Yihco

1 - e x p
ha>

(4.18)

Now, taking the total vibrational energy o f the crystal as a sum o f vibrational energies of the 

individual normal modes, the total partition function becomes a product o f terms with the form o f 

equation (4 .18), leading to

/=!
exp

Vihcj^

k T

■inNn
i=\

1 - e x p
hcOi

-1

(4.19)

Here, the sum is strictly only over {^nN  -  6 ) modes o f vibration because three correspond to bulk 

translations and three to bulk rotations of the crystal, which have no restoring force and vanishing 

frequencies. However, as N  will be on the order of 10"^, the six bulk modes o f the crystal are 

negligible, so we take the summation over "InN modes.

For many thermodynamic functions, we need the natural logarithm o f the partition function, 

which we can now write as

ho): ^
l - e x p  -

k T
(4.20)
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All information on the (harmonic) normal modes of a lattice is contained in the first Brillouin zone of 

the reciprocal lattice. There are N  allowed values o f k in the first Brillouin zone, so the 3nN  normal 

modes correspond to j  (= 3«) vibrations at each point, k. Sums o f the form that we find in (4.20) can

be rewritten accordingly
InNI - I

V '=1 k, y
, which is convenient in formulating some common

approximations that are discussed in Section 4.3.1.2.

For comparing crystal energies at finite temperatures, the free energy must be known. Using 

(4.20) and assuming that other contributions {e.g. electronic) to the partition function are negligible, 

the Gibbs free energy can be written as

1 IcT
G  = < D -Â :n n Z  + P F  =  0  + — Y / 2éü ,(k )  + — T i n

2 N . i t  ’  N . i t
1 - e x p

h (ù j{V )

k T
+  P F (4 .2 1 )

'Ar k/ ly

where is the number o f k-points.

Since P V  will normally be negligible compared to the other terms at ambient pressures, we drop 

this term for now and will ordinarily consider the Helmholtz free energy, A.

hcOj ( k )1 IcT
^  = - y t r in  Z  = O  + — y  ( k ) + — y  in 1 - e x p

k T
(4.22)

It is trivial to reintroduce the pressure-volume contribution if  high pressure behaviour is o f 

interest. For the rest o f the chapter, the focus is on the second and third terms of (4.22), which depend 

on the normal mode frequencies o f the crystal. These terms correspond to the vibrational zero-point 

energy and vibrational thermal energy, respectively and we will refer to them together as F,,,/,.

2 N ,
1 - e x p

ho)j ( k )

k T
(4.23)

'k m k m

From equation (4.22) the other thermodynamic functions are readily derived, e.g. the entropy, S.

hcûj ( k )

1 - e x p
hcoj ( k )

k T

exp
k T

1 - e x p
hcOj ( k )

k T

(4.24)

Because o f the large number o f vibrational modes, the summations above are not practicable and 

we should, instead, consider the vibrational distribution function, g(£u), such that g{co)doj is the

number o f modes in some frequency range from œ  to  (0 + d(0 , which must be normalised such that
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jg (û ))d û )  = 3 n N . (4.25)
0

The expression (4.23) can be rewritten as

-  CO CO

fvih = -  \hû )g{cû )dœ  + k T ^ \n2
0 0 L

. (  hû)
1 - e x p g{cû)dû} (4.26)

k T

The remaining task is to calculate the phonon density o f states across the first Brillouin zone, 

which we discuss in the following section.

4.3.1 Evaluating the phonon density of states

4.3.1.1 Numerical integration methods

Calculations o f the thermodynamic functions rely on a knowledge o f the distribution o f

frequencies, as described by the vibrational distribution function, g(û>). In practice, this can be 

evaluated by calculating the frequencies at a suitable grid in k-space. Symmetry o f the reciprocal 

lattice {i.e. the Laue group) can be used to cut down on the area that must be integrated. Furthermore, 

techniques are available for choosing the best points and weighting schemes for this numerical 

integration, minimising the number o f k-points necessary with as little loss o f accuracy as

possible.[4 19,20]

4.3.1.2 Approximate models

As already mentioned in Section 4.2.2, we have only implemented zone-centre (k  = 0) phonon 

calculations in our software. From these frequencies, there are simplified, but rather successful, 

models to approximate the density o f states. The simplest are the Einstein (Section 4.3.1.2.1) and 

Debye (Section 4.3.1.2.2) models, which are best suited to the optic and acoustic vibrations, 

respectively. Hence, we will use a combined model, the Debye-Einstein approximation, in our 

thermodynamical calculations. This model, and the resulting thermodynamic functions, is presented 

in Section 4.3.1.2.3.
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Figure 4-2. Approximate models. Dispersion curves, ûj(k), and frequency distribution functions, g(o)), 
o f  a Z = 1 crystal, after Bruësch.t^-^1 a) Einstein model, b) Debye model, c) Debye-Einstein hybrid 
model. ZB = first Brillouin zone boundary

a)

b)

c )

g(G)l

ZB
g(®).

k►
ZB k,

CO

k►
ZB k

4.3.1.2.1 Einstein model

In the simplest approximation, the Einstein model, we assume that all particles vibrate

independently o f one another and with the same frequency, , at all values o f k. This is shown

pictorially in Figure 4-2a where the resulting distribution function takes on the form o f  a delta

function normalised to the total number o f modes,

gpXcû) = 'inN ô{cù-C ûj:) (4.27)

The Einstein temperature is defined as
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0 / ; = - ^ -  (4.28)

and the statistical mechanics can be written in terms of this parameter, starting from the resulting 

partition function

^ 0, ^
I n Z „ , , = - ^ - 3 i V l n 1 - e x p

\

' E

T
(4.29)

The simplicity o f the Einstein model is attractive, but, to treat all o f the lattice vibrations using 

this model, there is no obvious choice o f 6)^ or 0 £, except to fit it to experimentally measured 

quantities. With a fitted Einstein temperature {e.g. to heat capacity data), the behaviour o f simple 

solids can be understood with this model,M  ̂] but it is not satisfactory for our purposes, where we 

must be able to treat hypothetical structures with the same rigor as known and well-understood 

systems.

One adaptation that allows the use o f this model without fitting the Einstein frequency to 

experiment is to remove the restriction that all modes vibrate with the same frequency. The dispersion 

curves are still taken as horizontal from the assumption that the vibrations are independent o f  one 

another. The simplest way to assign these frequencies is from calculations at k = 0 because o f the

simplification to (4.13) with the exponential term reducing to unity.

The Einstein model seems most realistic for the vibrations within a molecule because it assumes 

that these frequencies are unaffected by the crystal environment and do not interact with other 

molecules in the lattice. This behaviour is implicit in the rigid molecule approximation, so we expect 

that, when other properties o f the crystal can be treated by the rigid molecule assumption, the 

intramolecular vibrations have negligible dispersion and can be treated satisfactorily within the 

framework o f the Einstein model. Therefore, the intramolecular frequencies can be determined from 

gas phase ab initio calculations on the isolated molecule.

4.3.1.2.2 Debye model

The next simplest approximation for g(û?) is due to D ebye. Here, we replace all o f the lattice 

modes by a linear dispersion (Figure 4-2b) with the slope taken as the tangent to the acoustic mode at

k = 0. This slope corresponds to the sound velocity through the crystal

k^O

dcû

sM (4.30)
k=0
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where j  indexes the three acoustic phonons. The derivative o f the frequency with respect to k is 

termed the group velocity, while the ratio o f frequency to wavevector magnitude is the phase velocity 

and these are equal as k  tends to 0 .

O f the three acoustic branches along any wavevector, one will correspond to waves propagating 

along k (in the ideal case o f an isotropic solid), while the directions o f wave propagation o f the other 

two are orthogonal to this first mode. These are referred to as (quasi-)longitudinal and (quasi-) 

transverse waves, respectively, and the sound velocity along each o f these directions will, in the 

absence o f symmetry constraints, be different. In the Debye model, the entire frequency spectrum 

(optic and acoustic) is replaced by these three branches following

6;, =L>,k; / = 1,2,3 (4.31)

These dispersion relations must be cut o ff at a finite frequency or the total number o f vibrations,

given in Equation (4.25), would become infinite. The model is normally simplified by taking one 

maximum frequency, denoted cOp (called the Debye frequency) to describe all three branches. 

(This is sometimes formulated (e.g. ref [4.8]) as setting the group velocities along all three branches 

equal to some average velocity. The approaches are equivalent.) This defines a sphere o f constant 

frequency in reciprocal space with radius \ko\ = coo/o, replacing the Brillouin zone boundary (Figure 

4-2b). This simplification ignores the anisotropy o f interactions in the crystal, but a careful choice of 

the Debye frequency can be made to average over the different directions.

The linear dispersion in this model, with a single maximum cutoff value for the lattice 

frequencies, leads to a distribution function o f the following form

=  M  (4.32)
[ 0  fO Tû)> û)p

From the normalisation conditions, equation (4.25), it is trivial to show that C = 9 n N co ÿ . The 

dispersion curve and vibrational distribution function are depicted in Figure 4-2b.

4.3.1.2.3 H ybrid  Debye-Einstein model

The two simplified models above each imitate different parts o f the phonon spectrum

satisfactorily. As already mentioned, the Einstein model gives a reasonable approximation o f  the

optic modes, while the Debye model most adequately describes the dispersion behaviour o f the 

acoustic branches. A hybrid model (Figure 4-2c) can combine the strengths o f the two models, 

treating the acoustic branches (o>i, /=1,2,3) by the Debye approximation and using the Einstein model
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for the optic modes (o; ,̂ />3). This model was introduced by Zunger and Huler for the a  and y phases

o f solid and later applied to more typical molecular crystals by Bonadeo et

In this model, the contributions to the free energy from the optical spectrum are straightforward. 

As described above, instead of choosing a single to treat the entire optical spectrum, each mode 

can be separately fixed at its k = 0 frequency. The vibrational free energy is expressed as summations 

over these Einstein frequencies, coĵ

^  /> 3  i >3

1 - e x p
kT

(4.33)

For the acoustic contributions, we now have g{ctS) given by (4.32), normalised to the three 

acoustic modes with C = 96)]^. The Debye contribution to the first term (the zero-point energy) in 

(4.26) is

— \hcûg{cû)dœ \^ ^ d û )  = —hû)Q (4.34)

Similarly, the Debye contribution to the thermal energy can be found by integration by parts 

9
^vib ,acoustic  g  hCÛQ  +  kT Jlfl l - e x p l  - - g{co)d(o = ...

= —hû)jj +3kT\n 
8

where D(x) is the Debye function

Y
-kTTt (h & o \

/_ I kT J

acoustic modes (4.35)

3 >  rdt 
j e x p ( r ) - l

(4.36)

which has no closed form solution, so must be integrated numerically. (This expression for the 

free energy was given by Bonadeo et Expressions for the entropy and heat capacity have not

been reported, so are derived in full in Appendix A.)

Now the total vibrational energy has the form

K i b -  + -hcOi^ + k T ^ \ n
^  i>3 °  i>3

+3kT\n 1 - e x p  -
kT

1 - e x p

- k T D

kT

I kT

(4.37)

and other thermodynamical properties have related forms, such as the entropy
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d Rvih

ar =
;>3

1 - e x p
k T ^  i>3

exp
k T

1 - e x p
^ h û ^  

' k T
(4.38)

-3 / :  In 1 - e x p
k T

and heat capacity

exp IVJ- 1

+ 12( . D I ^  
k„T

9ho)r exp - 1 (4.39)

The acoustic modes have a; =  0 at the zone centre and we need to find the sound velocities for 

equation (4.31) and also choose a suitable frequency cutoff, (Ug . Fortunately, the appropriate relations 

for the sound velocities are easily derived from continuum elasticity theory, where the Christoffel 

equation describes the motion o f elastic (acoustic) waves propagating through a crystalline solid.

r(k)-pu^(k)I =0 (4.40)

Here, p  is the density of the crystal, u (k )  is the velocity o f the elastic wave in the direction given

by the wavevector k and I is the 3 x 3 identity matrix. The matrix F(k) may be viewed as the 

macroscopic analogue o f the dynamical matrix from lattice dynamical theory, D(k). Its elements are 

given by

Ty =  ^  K  (4.41 )
k,i

where k,„ is the direction cosine o f the wave vector with the reference (optical) axis m and the Cikji are 

the elastic constants written in fourth rank tensor notation. The elastic constants are readily calculated 

at a stress free crystal structure (see Section 4.4), so the sound velocities are available along any 

wavevector. We can use this slope to calculate a reasonable Debye frequency for vibrational energy 

calculations in the Debye-Einstein approximation. The simplest model extrapolates Equation (4.31) 

to the edge o f the Brillouin zone and takes the value at the boundary as 6?^ . To test this method, we 

have extrapolated experimental dispersion curves linearly from low wavevector data points for three 

molecular crystals.
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Table 4-1. Experimental mean acoustic frequencies at the Brillouin zone boundary, compared to 
extrapolated values from the sound velocities.

crystal direction

mean acoustic 

frequency at zone 

boundary

mean from 

linear 

extrapolation

mean from 

sinusoidal 

extrapolation

naphthalene 

(perdeuterated) ®
Koo] 45 cm*' 61 c m ' 39 cm*'

urea (perdeuterated) [^^0 ] 64 cm ' 98 cm ' 63 cm*'

hexamethylenetetramine 

(perdeuterated) ®
[0 0^] 46 cm ' 123 cm*' 79 cm*'

from Sheka et from Lefebvre et from Dolling and Powellt^-^^l

For all three crystals (Table 4-1), the mean value from the linear extrapolation is much higher 

than the actual mean o f the zone boundary acoustic velocities. This is because the dispersion o f 

acoustic modes in molecular crystals is rarely linear along k, but is normally concave down, as 

illustrated in Figure 4-2. The consequence is that frequencies extrapolated from equation (4.31) 

overestimate the range o f  the acoustic contribution to g(tu). This effect can be accounted for my 

looking at a simplified model o f lattice dynamics, the one-dimensional chain. This model is useful 

because it leads to simple analytic relations. In the one-dimensional chain with only nearest 

neighbour interactions are considered, it is trivial to show (see e.g. re f [4.18]) that the dispersion 

behaves sinusoidally as

^ k a
0){k) =  (Ô sin (4.42)

Here, a  is the inter-particle separation along the periodic linear chain and is the maximum 

frequency, at ^  > and has a value o f “  2yjK?n~^ , where m is the particle mass and K is the

inter-particle force constant. If  we take this as a model for the dispersion in a three-dimensional 

crystal, we can replace ^  by k at the zone boundary, k^y, for the wavevector direction o f  interest. The 

group velocity vanishes at the zone boundary and has a value u  at k = 0 .

6 )(k ) =  6)max

dcj

sm
J

a|k|
dû)

= u;
k = 0

a|k|

7T

2

=  0
k=k.

2 u k ZB

K
(4.43)
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This sinusoidal extrapolation for the Debye frequency reduces the cutoff value in Equation (4.32)

by a factor o f 1 , which gives a better match to the actual zone boundary mean acoustic frequency

(Table 4-1). Due to the anisotropy o f molecular crystals, we should sample several wavevector 

directions and take the mean for the Debye frequency. We will use this sinusoidal extrapolation, 

averaged over several high symmetry directions, in the thermodynamical calculations in Chapters 6  & 

8- 11.

4.4 Elastic constants

A second important property that can be calculated by lattice dynamical methods is the elasticity 

o f a crystal, as described by the elastic stiffness or compliance tensor. We will start with a brief 

introduction to the meaning o f the elastic constants (Section 4.4.1), then provide details o f methods 

for their computation (Section 4.4.2).

4.4.1 Introduction to elastic constants

The elastic constants define the proportionality between external stresses on a crystal and the 

resulting deformations, or strains. The strain parameters are a measure o f the deformation o f a 

macroscopic body, which we can treated as follows. Let us denote how an arbitrary point in the body 

is disturbed from its equilibrium position by

( x , y , z ) - ^ [ x  + u ^ ,y  + Uy,z + u ,)  (4.44)

In the limit o f infinitesimal deformations, we can assume that the deformation, Ua, is linear in the 

position, i.e.

^  = e„y,a,/3 = x ,y ,z  (4.45)
OXp

where ec^ is a constant. We can easily picture this in one dimension (Figure 4-3). Take two points, A 

(at position x) and B (at x + Ax) along the x-axis. Before the deformation, the points are separated by 

a distance Ax and when the string is deformed {e.g. stretched), point A is moved a distance and the 

AB separation changes by an amount txuŷ . We are not concerned with the absolute change in

positions o f the points, but more in their relative change in positions, , which, if  the distortion is
Ax

infinitesimal, is equal to our (dimensionless) strain, .
dx
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Figure 4-3. Deformation o f a one-dimensional object, (after Lovettt'^-^^l) 

Before deformation

O X A Ax B

After deformation

O X  +  u A Ax + Am. B

A two dimensional example provides more Insight because we see that the direction o f the 

distortion is not restricted to the axis along which we move our first point. For example, if the line 

connecting A and B is along the x axis and a third point, C, lies along the y-axis from A, then, before 

deformation, we have a rectangle (Figure 4-4). However, upon homogeneous deformation, the area o f 

interest need no longer be rectangular.

Now, e^x and eyy measure the extension o f AB and AC in the x  and y  directions, respectively. 

These strain constants measure the change in size o f the area ABC. The cross-terms measure the 

distortion o f the shape; e^y is a measure of the angle that A’B' forms with the original AB and eyx has a 

similar meaning. The extension to three dimensions is trivial, but difficult to present in one figure.

Figure 4-4. Strains in two dimensions, (after LovettM-^^l)

C

BA

The tensor defined by eap does not strictly vanish if  there is no distortion o f the object. The off- 

diagonal terms can describe a pure rotation. For this reason, we split eap into an antisymmetrical 

tensor

1
(4.46)

which describes a rotation o f the infinitesimal volume without change o f  shape, and a symmetrical 

tensor
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(4.47)

which describes the actual strain - the change in size and shape o f the volume. Defined in this way, 

there are only six independent strain parameters in the three dimensional case.

The stress tensor, (Tap, is a description o f the mechanical forces acting on the body. The elements 

o f  (7 can be most easily visualised on the surface o f an infinitesimally small cube o f  the crystal (Figure

4-5). As long as the stresses are homogeneous, the actual position o f this cube in the crystal is 

irrelevant. As shown, the element (Jap is the magnitude o f stress on face p exerted in the a  direction. 

Diagonal elements represent normal stresses, while off-diagonal elements {e.g. CTxy) are shearing 

stresses.

Figure 4-5. Stresses on the surface o f an infinitesimal cube.

zz

zx

X

The left side of Figure 4-5 only shows the elements o f stress on three o f the six faces o f the cube, 

but, taking the cube to be stationary with no rotation, we can find relationships between stress 

components to define the stresses on the hidden faces. For example, looking down the x-axis (right 

side o f  Figure 4-5), for the condition o f no overall torque, we see that the stresses must satisfy 

= a,y. In general, we must have cjap = (Jpa-

Finally, if the strain exerted on a body is of a small enough magnitude, the resulting strain 

components are linearly proportional to the stress components

^ap -^ ^ a p y S ^ y S  (4.48)
yS
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where the proportionality coefficients, Sapys, are the elastic compliances. The relationship can be

reversed to relate a certain stress component to the strains via the elastic stiffness constants, Capys

^aO ~ 'y'.^aBrô^yS (4.49)
rs

Because o f the symmetry o f both the strain and the stress tensors, the fourth rank stiffness and 

compliance tensors can be contracted to 6 x6  matrices following the convention o f  replacing the 

double subscripts as follows (called Voigt notation)

XX -> l,>{y ->  2,zz -> 3,}/z -> 4,xz -> 5^xy ->  6  (4.50)

For example, Cxxxx (the stiffness o f stress towards E;cr strain) becomes C ,,. It can be shown

that the 6 x6  stiffness and compliance matrices are symmetric to interchange o f the subscripts, so there 

are a maximum o f 21 independent constants for any particular crystal. This number is normally 

reduced by the symmetry o f the crystal itself.

4.4.2 Elastic constant calculations

Elastic constant calculations may be divided into two types o f methods -  ‘static’ and ‘dynamical’.

We have implemented a 'static' methodology in our crystal modelling software, D M A R E L , t h a t  

takes advantage o f direct relationships between energy second derivatives (i.e. force constants) and 

elastic properties. These calculations are described in Section 4.4.2.2. First (Section 4.4.2,1), we 

describe an alternate methodology, which we describe as 'dynamical' because the calculations involve 

the computation o f phonon modes, from which sound velocities are calculated and related to the 

elastic constants through the Christoffel equation (4.40). A final methodology (Section 4.4.2.3) uses 

the known relations between stress, strain, lattice energy, and elastic constants to obtain numerical 

fitted values.

4.4.2.1 Dynamical methods

As we have seen (Section 4.3), the elastic constants o f a crystal are closely related to the 

behaviour o f  the acoustic phonons near the zone centre. The relation is given by Christoffel's equation 

(4.40), which describes the motion o f elastic (acoustic) waves propagating through a crystalline solid.

Although the Christoffel equation is often used to determine sound wave velocities from the 

elastic constants o f crystals, we are interested in the reverse procedure. Sound wave velocities can be 

calculated in any direction through a crystal by solving the lattice dynamical equations for the phonon 

dispersion curves and calculating the slopes o f the acoustic branches near the Brillouin zone centre.
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Once the wave velocities are known, there are two common approaches used to solve for the elastic 

constants from Christoffel’s eigenvalue equation. The methods are essentially the same as if one had 

experimental wave velocity data. The most commonly used approach involves expanding the Ty 

matrix elements and using the symmetry to determine which elastic constants must vanish. With 

knowledge o f the eigenvalues (i.e. p \^ )  for specific directions of sound propagation, one can then 

solve for the elastic stiffness constants.

An example o f this method is provided by the calculations o f He and Welberryt^-^^J for the 

elastic constants o f acenaphthylene (CigHg) in its low temperature (< 120 K) form. Acenaphthylene 

crystallises in the orthorhombic Plymn  space group, in which there are no cross terms between shear 

components (Cy = 0, i^j=A,5,6) and the shear (/ = 4,5,6) and axial (/=1,2,3) components do not couple. 

Hence, the elastic stiffness matrix takes on the following form

C =

C„ C,2 C.3 0 0 0

C,2 C22 C23 0 0 0

C,3 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 Qs 0
0 0 0 0 0 Q6_

(4.51)

and the components o f Tÿ (equation (4.41)) expand as

F] ] —kyCyy + k2 Cgg + C55

‘■1 '- '6 6 12 ̂ 22 ^  ''3 '-44

r„ = 4- + klc. (4.52)3 3  -  /V , ^ 5 5  - r  a -2  V.-44  - r  n .3  v . 3 3

F i2 =kyk2(Cy2 + Q e )

F ,3 =kyk^(C]2 +^*55)

^23 ~  ^2^3 (^23 ^44 )

For the longitudinal wave velocity in the [100] direction, the direction cosines A; and ks vanish 

and it is trivial to solve for C |,. Similarly, the longitudinal wave velocities in the [010] and [001] 

directions can be used to solve for C22 and C33, respectively. From the corresponding transverse wave 

velocities and the values for the first three diagonal components, the diagonal shear components (i.e. 

C44, C55 and Cee) can be determined. Sound velocities in directions that are not parallel to any o f the 

optical axes (i.e. the unit cell vectors for an orthorhombic crystal) are needed to generate solutions for 

the three remaining (off-diagonal) stiffness constants. A logical choice for these three propagation 

directions are the face-diagonals [110], [101] and [011]. He and Welberry['*^^] calculated the sound 

velocities in these six directions (three longitudinal and three face-diagonal) by solving the dynamical
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equations for the acoustic phonon frequencies at 40 points near the Brillouin zone centre {i.e. in the

range 0 < |k| < k^ax, taking k^ax as 0.005 x 2n  Â"' for the axial directions and 0.005 x 1tv4i  for the

diagonal directions). The sound velocities were then fitted linearly using equation (4.30).

Unfortunately, no experimental elastic constants have been published for the acenaphthylene 

crystal. This is probably due to the high degree o f disorder in the crystal, even at 80 K, which is well 

below the known structural transition t e m p e r a t u r e . T h e  calculated elastic constants do, 

however, agree fairly well with the experimentally determined room temperature stiffness constants 

for acenaphthene (CiaHio),^^-^^^ which has similar molecular and crystal structures.

He and Welberryt'^-^^l point out that the calculation from all necessary wavevector directions 

overdetermines all but the first three diagonal elements o f the stiffness matrix {i.e. there are more 

equations from the Christoffel relation than unknown elastic constants), which allows an estimate o f  

the internal consistency o f the solutions.

The preceding example was chosen because o f the simplifications imposed by the orthorhombic 

symmetry. The same method has been used to calculate the elastic constants o f the adamantane 

crystal,t^-^^l whose cubic structure further simplifies the solution. Orthorhombic and cubic crystals, 

respectively, make up approximately 28% and 0.2% o f molecular organic crystal structures. The 

majority o f organic crystalline systems are found in less symmetric crystal systems, i.e. monoclinic 

(55%) and triclinic (14%), which complicates the calculations and can lead to numerical instability in 

the method and multiple solutions.

Eckhardt and co-workerst^-^^’̂ ^  ̂ have pointed out that, since this method solves (4.40) for the 

elastic constants progressively {i.e. calculated axial diagonal elements are used in the determination o f 

the shear constants, which are then used in evaluating the off-diagonal matrix components) errors in 

the calculated sound velocities propagate and the margin o f  error on the last off-diagonal elements to 

be calculated could, therefore, be large.

To address these concerns, an alternative approach to the determination o f elastic constants from 

calculated acoustic velocities has been used. This method has been applied to inorganic cubic crystals 

o f  argon alloys with molecular nitrogen and o x y g e n , b u t  has been extended to lower symmetry 

crystallographic systems such as 7,7,8,8-tetracyanoquinodimethane (monocIinic),t'^-^^i phenanthrene 

( m o n o c l in ic ) ,a - p h e n a z in e  (monoclinic),!^-^^! and hexakis(phenylthio)benzene (triclinic).l'^-^^l 

Whereas Christoffel’s equation is o f the eigenvalue type, it is much easier to calculate the eigenvalues
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from a given F-matrix than to work backwards from the eigenvalues to the matrix elements and then 

solving for the elastic constants from the resulting set o f linear equations. Thus, this alternate method 

involves calculating sound velocities in many arbitrary directions, then following an iterative scheme 

as follows.

The elastic constant matrix is given an initial value, either arbitrarily or by comparison to a 

similar crystal for which the elastic constants are known. From this initial guess, the matrix F  is built 

up and the determinants are solved, giving the eigenvalues for all directions in which the sound 

velocities were calculated. The sum-of-squares difference between these and the observed (i.e. from 

lattice dynamics calculations) eigenvalues is then minimised by iteratively varying the matrix o f 

stiffness constants until the solutions are self-consistent. The errors in the self-consistently 

determined set o f stiffness constants are equally distributed among the diagonal and off-diagonal 

elements.

Pawleyt‘̂ -^^1 used a similar method to calculate the elastic constants o f the naphthalene crystal. 

Non-linear least-squares fitting was applied to the eigenvalue equations, starting with experimental 

values o f the elastic constant matrix.

4.4.2.2 Static methods of calculation

‘Static’ elastic constant calculations differ from the above methods by eliminating the need to 

solve the dynamical equations for sound velocities. Instead, direct analytic expressions relating the 

derivatives o f the potential energy surface and the elastic constants are used. Several formulations o f 

such expressions have been presented by Walmsley,^^'^®! Pavlides,t^-^*1 and Catti.I^-^^1 These 

equivalent presentations of the method differ only in what form o f intermolecular potential (atom- 

atom or molecule-molecule) is assumed. We present a general form following the derivation given by 

Walmsley.t^-^®’̂ ^̂ !

In deriving expressions relating the elastic constants to second derivatives o f the energy with 

respect to structural variables, we consider a homogeneous deformation of the crystal and the resulting 

change in energy density (energy per unit volume), 4 .̂ A homogeneous deformation changes the 

variables describing the crystal structure, but a unit cell in the unstrained crystal must remain a unit 

cell after the deformation, i.e. the lattice’s translational symmetry is not destroyed. Such a 

deformation may be described by the external strains applied to a crystal. These external strains, Sa^
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(a , ^ = X, y,  z)  are identical to those o f elastic theory and determine the deformation o f the unit cell. 

As a result o f the external strains, molecules in the unit cell rearrange so as to minimise the energy 

density. The parameters describing such molecular rearrangements are referred to as internal strains, 

u^{k) where r  = 1, 2, 3 refers to displacements along x-, y-, and z-directions and r =  4, 5, 6  refer to 

changes in orientation, while k  indexes the molecules within the unit cell. (For example, in P2\/c 

crystals with one molecule in the asymmetric unit, k  runs from 1 to 4.)

Using a model intermolecular pair potential U(R,Q), we denote the interaction between molecule

( I V \
k in unit cell /  with molecule k ’ in unit cell /  ’ as 1̂ J ’ give the total lattice energy o f  a crystal

o f jV unit cells, each containing m molecules.

y m N (  7/1 \  

^  k,k' /,/' y
(4.53)

Because o f  the periodicity o f  a crystal lattice, the energy o f  each unit cell is equal and (4.53) may 

be rewritten as

III N y 0 / '^1 III n  ( I ) / '

2  k,k' r y
(4.54)

where the summation now gives the energy o f  an arbitrarily chosen unit cell. The sum over / ’ is 

formally taken over all unit cells, but computationally only summed to convergence in the lattice 

energy.

The energy density can now be written as

0 ( 7 / )  1 0 /*'^
(4.55)

where V is the volume o f the unit cell. The increase in energy density, AT, caused by a homogeneous 

deformation may be expanded in terms o f internal and external strains and truncated at quadratic 

expressions {i.e. the harmonic approximation). Additionally, at the equilibrium structure, first 

derivatives with respect to internal, and external, strains vanish and

A 'ï'=
kXa,p

a^0 (Æ )

d u ^{k )d u p {k ')
u ^ {k )u p {k ')

a ,P  S,y k ,a  P,y

(4.56)
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The first term on the right-hand side o f (4.56) is the contribution to the increase in energy density 

caused by internal strains. The coefficients o f the second term, describing the contribution from 

external strains, are symmetrised combinations (equation (4.57)) o f weighted second derivatives with 

respect to the molecular displacements induced by the homogeneous deformation given by equation 

(4.58).

WafirS  -  {^aflyS  +  ^aflSy +  ^fiayS ^/3aây )  ’ (4.57)

where

d^U

= Z
k,k'

In equation (4.58),

tk ! jd u ,( k ') Ô u ,( k ')
x ^

, k k \
\ a ,  1 ,2 ,3 (4.58)

y k k 'j
is the p (= X, y, z )  component o f the distance between the centres o f

mass o f molecule k  in unit cell I and molecule k ’ in the unit cell 0 arbitrarily chosen as the origin. 

Here, the internal strains are restricted to displacements o f the centres o f mass o f the molecules (a , y = 

1, 2, 3) because the external strains only directly change relative displacements o f molecules in the 

unit cells and not relative orientations.

Changes in orientations o f the rigid molecules occur as a result o f internal relaxation and are 

described in the final term o f equation (4.56). This cross term describes energetic contributions 

arising from the interaction between external and internal strains {i.e. relaxation o f  internal strains 

under the influence of the external strains). The coefficients of this term are symmetric (with respect 

to the external strains) combinations (equation (4.59)) o f expansion terms describing these mixed 

contributions (equation (4.60)).

(4.59)

where

d^U

By

^ 1 0 ^

y k k 'j '1 0 '^

ykJc'j

P , y  = 1 ,2 ,3

OC — \y ..., 6
(4.60)

Here, p and y, which index both internal and external strains, are restricted to values of 1, 2, or 3 

{i.e. translational coordinates), while a  (= 1, ..., 6 ) can describe either translational or rotational 

components of the internal relaxation o f molecular strains.
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We want to relate the expansion in equation (4.56) with the corresponding relation from 

macroscopic elastic theory

in Voigt notation (4.61)
^ a , p  r , 6  ^  i j

To do so, we must relate the internal strains, U y ( k ) ,  to the external strains, 8ap. This is achieved by

differentiating equation (4.56) once with respect to an internal strain and noting that this derivative

must vanish because the molecules in the unit cell relax their positions and orientations so as to

minimise the energy.

— = o = T f  
t k '

- 1

d u ^{k )d u p {k ')  _

which can be rearranged to express the internal strains in terms o f external strains, as

—  - 1 - 1

4 s { k ') s ^ 5  (4.63)
d u ^{k )d u p {k ')

The matrix o f second derivatives with respect to internal strains is singular because the energy is 

unaffected by translations of the entire crystal. The matrix is, thus, o f order 6m, but rank (6 m -  3), 

where m is number o f molecules in the unit cell. To invert this matrix, as required in equation (4.63), 

the three translational degrees o f freedom must be removed. This is accomplished by setting the 

origin in each unit cell as the centre o f mass o f  one o f the molecules {i.e. we fix the position o f one 

molecule in the unit cell). All motions are referred to this origin. The rows and columns o f the force 

constant matrix corresponding to translations o f  this molecule are then eliminated prior to inversion. 

The reduction o f the force constants is indicated by the bar over the second derivative in equation 

(4.63).

By substituting (4.63) into (4.56) and comparing with (4.61), we have the following expression 

for the elastic constants in terms o f  second derivatives o f the energy density with respect to internal 

and external strain parameters.

^afiyS ~  ^aPyS ^ ^ J a p  (k )

—z----------- -i-l

(4.64)

where X and p are dummy indices running over all internal strains.

The elastic constants in equation (4.64) are given in full tensor notation, but can be reduced to 

Voigt notation using the usual conventions. These analytic expressions are convenient because the
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required force constants are normally easily accessible after the structural parameters o f a crystal are 

minimised with respect to the potential energy. Indeed, some minimisation methods use these second 

derivatives in locating the equilibrium structure.

The above equations can be generalised to any type o f intermolecular pair potential and Pavlides 

et gives the full expressions for use with atom-atom potential models.

4.4.2.3 Calculations from numerical stress-strain curves

A class o f  numerical methods fall between what we have termed ‘static’ and ‘dynamical’ elastic 

constant calculations. These numerical methods do not require the calculation o f phonon frequencies, 

but, in contrast to the ‘static’ calculations, use information away from the static zero-pressure 

equilibrium structure. These calculations rely on applying specific strains or stresses to the crystal and 

calculating the response. These numerical methods depend on the relations given in equations (4.61) 

and (4.65).

-Vc (4.65)
€j -  ^S jjC T j

j

where crand gare elements o f the stress and strain tensors (written in Voigt notation).

One type o f  numerical method was used by Pavlides et a/M 44] for calculating the elastic 

constants o f (cubic) carbon dioxide, (tetragonal) urea, and (orthorhombic) benzene. The crystal 

structure was first minimised at zero pressure with respect to all degrees o f freedom (molecular 

position, orientation, and unit cell parameters) then a series o f axial and shear strains were applied to 

the lattice. The relations between applied strain and the lattice parameters are given in eq. (4.66), 

where the subscript s  and 0 refer to the parameters of the strained and unstrained lattice, respectively, 

and the asterisk indicates the reciprocal lattice parameter. The right-handed Cartesian axis system has 

been chosen with x parallel to a.

The strains are computationally applied by varying the unit cell dimensions and, at each applied 

strain, the internal degrees of freedom (molecular orientation and position) are relaxed to the 

equilibrium structure and the energy is calculated. Strains were imposed at equal numbers o f  points 

about the equilibrium (zero strain) structure and quadratic functions were fit to the energy-strain 

curves to calculate the stiffness matrix from equation (4.61).
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Sj = - ^ - 1
a

bosm ro  

^  _ c , s i n / ? , s i n g /  ^

 ̂ CoSiny^oSin(%o *

^  6 , sin  cos Æq * c , sin coscr, *

Z>o sin /o  sin «g * sin P q sin Œq *

(4.66)

COSCKg *
5 . *

sm  «0

6 , c o s r ,  q.ycosro
_6oSin/o a g s in /o

avCOSy^O C,COS)g,
ûfg sin P q sin * Cg sin >0g sin  «g *

^6 =
_ 6 ,(X )sy, a ,c o sy g  

ègS in /g  agS in /g

Pavlides et noted that there is good agreement between the calculated elastic constants for

carbon dioxide using this method and their analytic, static calculations. The extra source o f  error 

included in the numerical calculations results from the accuracy o f the energy minimisation procedure 

at each applied stress or strain.

An analogous type o f  calculation involves applying a range o f axial and shear stresses, (jj, to the 

equilibrium structure o f  a crystal. The crystal structure is then energy minimised, including external 

relaxation (lattice constants) and internal molecular relaxation. Resulting components o f the strain are 

then given by the resulting lattice constants through equation (4.66). The linear relationship given in 

(4.65) may then be used to calculate the elastic compliance matrix.

When using either o f the above methods, care must be taken to ensure that the stresses or strains 

remain within the elastic limit, which depends on the molecular system being studied. Deformations 

beyond the elastic limit can be detected by deviations from linearity at high stress or strain in the 

relations given by (4.65).

It is worth noting that all three methods (dynamical, static, and numerical) should, in principle, 

give the same results for the same model potential.t^-^^1 In practice, each method is affected by 

numerical errors in different ways. Provided proper attention is paid to this, the choice o f  method is a 

matter o f  convenience. As all o f the first derivatives (and some o f the second derivatives) o f the 

lattice energy with respect to molecular displacements, rotations, and strains have been implemented 

analyticallyt'^-^l in our program DMAREL, the static calculations described in Section 4.4.2.2 should 

have low numerical error and are the most computationally efficient. Hence, this method has been
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implementedt^-^J and the calculations are validated on a test set o f molecular organic crystals in 

Chapter 5.
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5 A Test Set for Elastic Constant 

Calculations

5.1 Introduction

There is a considerable interest in the mechanical properties o f the organic solid state. The elastic 

constants o f  molecular organic crystals are fundamental to the tabletting properties o f 

pharmaceuticalst^-^'^] and the assessment o f novel {e.g. non-linear optically active) materials for 

industrial use.t^ *̂ "̂ ! As well as the pragmatic interests in predicting elastic properties o f industrially 

important materials, elastic constants are also needed for the interpretation o f accurate X-ray 

determined electron densitiest^-^"^ and provide insight into the forces between molecules.

As a consequence o f difficulties in growing crystals o f adequate size and quality, the 

predominance o f low symmetry space groups o f molecular crystals (which increases the number o f 

independent elastic constants to be determined), and measurement problems resulting from the 

relative softness of intermolecular interactions, there is a scarcity o f experimentally determined elastic 

constants for molecular organic crystals.I^-^^l There is, therefore, a need to assess computational 

methods for predicting elastic constants o f such crystals.

In this chapter, we examine the sensitivity o f a potentially routine method o f  calculating elastic 

constants to the approximations involved in the computation.

Elastic properties are determined by the forces between molecules, and so the choice o f 

intermolecular potential is a key factor in the accuracy o f such calculations. The computation o f 

elastic properties o f crystals has even been used in the refinement o f model intermolecular 

potentialst^-^^’^^1 and is useful for evaluating existing models.

We have calculated the elastic constants using a range o f model potentials for a test set o f 

molecules (Table 5-1), chosen to cover a range o f intermolecular interactions. Thus, the sensitivity of 

elastic constant calculations to variations in the model potential, and other approximations, can be 

assessed for different types o f molecular crystals.
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Table 5-1. Test set o f molecules studied, experimental crystal structures, and observed elastic 
constants.

Crystal Structure and 

CSD Refcode
Molecular Structure

Space

Group

Optical

Axes

Experimental Elastic 

Constants

durene 

REF; DURENE 

X-Ray structuret^-^^1 

Room Temp.

H,C CH,

#
H3C CH3

f 2 ,/c

x / / a *  

z / /  c 

y 1  xz-plane

Brillouin Scattering 

Room Temp.tS-16]

m-dinitrobenzene 

REF: DNBENZIO 

X-Ray structuret^-*^] 

Room Temp.

N = 0

P brill

X  11 c 

y // b 

z / /  a

Brillouin Scattering 

Room Temp.[S.18]

Room Temp.fS. 19]

(P) resorcinol 

REF: RESORA09 

Neutron structurels-20] 

T = 4 K

0 — H

Pbali

X // a 

y // b 

z / / c

Room Temp.[S 21] 

Method not reported

pentaerythritol 

REF: PERYTOlO

Neutron structurels 22]

Room Temp.

X  OH
y

HO

14

X // a 

y // b 

z / /  c

Diffuse X-Ray 

Scattering 

Room Temp.tS.23,24]

Wave

TransmissiontS.25]

T = 303 K

Brillouin Scattering 

T = 296 K [S-26]

urea 

REF: UREA

Neutron structuretS.27]

T =  12K

À
HjN NH2

P42^m
x / / a  

y II h 

z l l  c

Wave Transmission 

Room Temp.[S.28]

Brillouin Scattering 

Room Temp.[S.29]

Room Temp.tS-30]

hexamethylenetetramine 

REF: HXMTAMIO

Neutron structurels 31]

T =  15K

f ' l /43m

X // a 

y II h 

z l l  c

Wave Transmission 

T = 295 K [S-32]

Diffuse X-Ray 

Scattering 

Room Temp.[S 33]
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5.2 Test set for elastic constant calculations

5.2.1 Choice of molecules

Six molecular crystals were chosen (Table 5-1), within the limitations o f  the most recent

compilation o f experimental elastic c o n s t a n t s , t o  sample a range o f strengths of intermolecular 

interactions. The first three molecules were chosen because of their geometrical similarities - both in 

molecular shape and crystal packing. Durene (1,2,4,5-tetramethylbenzene) is a weak, van der Waals 

crystal, where the electrostatic contribution to the interactions is small. Meta-dinitrobenzene packs in 

a very similar herringbone m otif to durene, but the polar substituents increase the importance of 

electrostatics relative to the repulsion-dispersion interactions. Finally, the p polymorph o f  resorcinol 

also forms a similar crystal structure, but with strong hydrogen bonding within buckled molecular 

sheets in the crystal. Hydrogen bonding is so important in organic molecular crystals that, to sample 

different hydrogen bonding motifs, we include calculations on pentaerythritol and urea. 

Pentaerythritol also allows us to evaluate the effects o f molecular flexibility on the elastic stiffiiess. 

The final molecular crystal is the highly symmetric hexamethylenetetramine, which is nearly spherical 

and has a similar packing to ionic or atomic crystals.

5.2.2 Computational details

For small organic molecules, there is often a considerable frequency difference between inter- 

and intramolecular vibrations, which can therefore be treated as uncoupled. When the two types o f 

force are sufficiently separated, the molecule can be treated as a rigid building block o f the crystal. In 

all o f  the calculations, we have made this rigid body approximation, using the crystallographically 

determined molecular structures. Because o f the inaccuracies in hydrogen atom positions from X-ray 

diffraction experiments, bond lengths to hydrogen atoms in X-ray determined crystal structures 

(durene and m-dinitrobenzene) were adjusted to standard lengths, rc-H = 1.08Â.t^-^^î

The reliability o f any molecular simulation depends, not only on the validity o f the theoretical 

approximations, but also on the quality of the description o f interaction energies -  how well the form 

and parameterisation o f the model potential reproduces the real interactions in the system. The 

common forms for pairwise atom-atom model potentials are described in Chapter 3.

Here, three o f the many available sets o f general, transferable exp-6 parameters developed for 

modelling crystalline organic are investigated: FIT, W99, and UNI. These three models differ in
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complexity and functional form, and their parameterisation is described in Chapter 3. One aim o f the 

current study is to highlight what aspects o f the different models lead to better overall modelling o f 

the properties of molecular crystals.

The FIT and W99 parameters differ by their atom typing. In the former, atom types are defined 

by atomic number only, except for hydrogen atoms, whose description depends on their bonding 

atom. In the parameterisation o f the W99 model, atom types for all common elements are 

distinguished by bonding environment as well. For example, aliphatic and aromatic carbon atoms are 

described by different parameters. Furthermore, to improve the representation o f hydrogen atom 

contacts, the centre o f the W99 exp-6 potential for all hydrogen atoms was shifted away from the 

nucleus, 0 .1A along the bond with the heavy atom, closer to the maximum in charge density.

Both the FIT and W99 model potentials were parameterised with an accurate electrostatic model, 

so the parameters absorb, in an average way, all intermolecular interactions except for the 

electrostatics. These exp-6 parameters are assumed to be independent o f  the electrostatic model, for 

which we test two forms, both derived from an MP2(full)/6-3 1G(û?,/7) wavefunction o f  the isolated 

molecule (calculated within the Gaussian98 suite o f electronic structure programst^-^^i). Second- 

order Moller-Plesset perturbation t h e o r y d e s c r i b e s  electron correlation well enough to avoid the 

exaggerated charge separation that is characteristic o f self-consistent field wavefunctions.[^-^^>^^l The 

polarised split valence basis set provides sufficient angular and radial flexibility in the basis functions 

to adequately describe the charge density in polar organic molecules.t^-^®"'^^!

Atomic point-charges are the simplest, least computationally expensive electrostatic model. 

There are many methods o f assigning atomic charges.t^ '̂ '̂ ’̂ ^1 Electrostatic potential (ESP) derived 

charges are chosen here, determined via  the CHeIpGt^-^^1 algorithm, as implemented in 

Gaussian98,[^-^^1 and constrained to reproduce the molecular dipole moment and preserve any 

molecular symmetry.

While point changes give a reasonable approximation to the molecular electrostatic field, there 

are some features, such as localised lone pairs and 7i-electron density that cannot be adequately 

described by a spherical atom model. The anisotropy in electron density can be described by atom- 

centred multipoles, e.g. a charge, dipole, quadrupole, etc. at each nucleus. Hence, a distributed 

multipole analysis (DMA)t^-^^’̂ ^î (see Section 3.2.1.2) o f the MP2 wavefunction was calculated 

within the program GDMA.t^-^^1 This more complicated electrostatic model now depends on the
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relative orientations o f the atoms as well as the interatomic separation and the mechanics o f  these

interactionst^-^^’^^1 are programmed into the program DMARELt^-^^'^^1 for modelling molecular 

crystals. The increased complexity o f the DMA representation is justified by the improved accuracy 

in reproducing the structures o f many molecular c r y s t a l s , e s p e c i a l l y  where hydrogen bonding is 

important; the electrostatic interaction between the polar hydrogen and the localised lone pair usually 

determines the optimal orientation o f these interactions. The electrostatic contributions to the lattice 

energy were evaluated by the Ewald summation techniquet^-^^1 for charge-charge, charge-dipole, and 

dipole-dipole terms. All higher order electrostatic interactions, up to Rjjf in the multipole expansion, 

were summed to a 15Â cutoff between the centres of mass o f the molecules.

The UNI potential was parameterised using a different approach (Section 3.2.1.3). Filippini and 

Gavezzotti parameterised the model with no explicit electrostatics, allowing all contributions to the 

intermolecular interaction to be absorbed into the exp-6 parameters.t^-^^’̂ ^1 The usual combining 

rules for heteroatomic interactions were abandoned to allow the electrostatic effects to be absorbed as 

efficiently as possible into the exp-6 parameters and the resulting potentials have vastly different well 

depths, e, and equilibrium distances, Rc, (see Table 3-1, Chapter 3) from potentials derived with an 

explicit electrostatic model.

The theory behind the computation o f elastic constants for rigid molecular crystals is outlined in 

Chapter 4. For each molecule, the experimental crystal structure was used as a starting point and a 

modified Newton-Raphson procedure was used, utilising analytical forces, rigid body torques, and 

strain derivatives o f the unit cell,t^-^^3 to locate a stationary point on the potential energy surface. The 

minimisation path was constrained to the observed symmetry of the crystal and the unit cell was 

varied within the minimisation procedure until molecular forces, torques, and strain derivatives 

vanished. The Hessian was then evaluated numerically from the analytic gradientsl^-^^1 and its 

eigenvalues were used to confirm that a minimum on the energy surface had been found.

5.2.3 Results

5.2.3.1 Durene (1,2,4,5-tetramethylbenzene), C6 H2 (CH3 ) 4

Because o f the validity o f the rigid body approximation and the simplicity o f the required model 

potential, there have been many calculations o f the elastic constants o f aromatic hydrocarbons, such as
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b e n z e n e , n a p h t h a l e n e , a n d  a n t h r a c e n e . E a r l y  calculations ignored the 

electrostatic contribution to intermolecular interactions, which, for unsubstituted hydrocarbons, is a 

minor contribution relative to the van der Waals (exchange-repulsion and dispersion) energies. In 

fact, using the W 99 + DM A potential model, w e estimate that electrostatic interactions account for 

less than 12% o f  the total lattice energy o f  durene.

The crystal structure o f  durene is typical o f  unsubstituted aromatic hydrocarbons. The m olecule  

crystallises in the m onoclinic space group P2\!c (Z = 2) with h a lf a m olecule in the asym metric unit. 

The m olecules form a herringbone m otif with close contacts between approximately perpendicular 

m olecules in the [100] and [010] directions (Figure 5-1). Hence, the closest contacts are between  

methyl hydrogen and aromatic carbon atoms. This arrangement is stabilised by the dispersive CH^ Tt 

interactions. There are layers stacked in the c-direction, where the only close contacts are between  

methyl and aromatic hydrogen atoms.

Figure 5-1. The crystal structure o f  durene, show ing crystallographic and optical axes. Figures have 
been prepared using the Cerius2 s o f t w a r e . -^2]

a) ab-plane a) ac-plane

X = X = a

z = c

All o f  the m odel potentials reproduce the structure o f  the durene crystal moderately well (Table

5-2), with RMS errors in the lattice parameters o f  less than four percent. The enhancement o f  the 

electrostatic model (replacing ESP charges with multipoles) offers no improvement in the structure, 

and the sim plest UHl potential model performs as well as the rest. Changes in the exp-6  parameters
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have a greater effect on the equilibrium structure, especially in the a direction, where the methyl-7i 

interactions are most important.

Table 5-2. Experimental and calculated structures and lattice energies o f durene.

Structure -Olatt'
(kJ/mol)

a
(Â)

b
(A)

c
(A)

P
(degrees)

Volume
(A')

RMS
error**

Expt.t^-^^1 71.7 ±0 .3 11.59 5.74 7.04 112.8 431.8 -

UNI 73.72 11.78
(+1.61%)

5.43 6.97
(-1.03%)

114.51
(+1.52%)

405.03
(-6.19% )

3.36%

W81 
+ ESP 71.96 12.10

(+4.37%)
5.55

(-3.25%,)
6.93

(-1.60%)
114.11

(+1.16%)
424.7

(-1.62% ) 3.28%

W99 
+ ESP 63.15 11.81

(+1.89%)
5.52

(-3.79%)
6.88

(-2.20% )
113.49

(+0.61%)
411.8

(-4.62% )
2.76%

W81 
+ DMA 78.24 12.14

(+4.71%)
5.47

(-4.66%)
6.94

(-1.39%)
114.24

(+1.28%)
420.4

(-2.64% )
3.91%

W99 
+ DMA 68.85 11.82

(+2.04%)
5.43

(-5.45%)
6.90

(-2.05%)
113.54

(+0.66%)
405.7

(-6.03% ) 3.56%

" The experimental value is 
Root mean square error in

estimated by -AH°sub, taken from Sabbah 
lengths o f lattice vectors a, b and c.

The measured stifftiess constants show that the crystal is nearly isotropic to compression {i.e. Cn 

w C22 »  C33), while the diagonal shear constants (C44, C55) indicate a weakness to shearing 

perpendicular to the e-axis. All o f the parameter sets reproduce these qualitative aspects o f the elastic 

stiffness constants fairly well. Sanquer and Ecolivet’s calculationsl^-'^l used the exp-6 potential 

parameterised to hydrocarbons by Williams with no explicit Coulombic term. Their

results agree with the experimentally determined elastic constants reasonably well, but the stiffness to 

compression in the b- and c-directions is significantly underestimated. All other potential models 

overestimate the stiffness to compression.

Among our calculations, the change in potential that results in the most noticeable improvement 

is the distinction between three- and four-coordinated carbon atoms in the W99 exp-6 

parameterisation. This change lowers most o f the calculated stiffness constants by about 10%, 

independent o f the electrostatic model. The overestimate o f  elastic constants is worse using a DMA 

than ESP charges, but this is due to the overall shrinking in cell volume using these models. This may 

be a true temperature effect, reflecting the thermal expansion from T = OK to room temperature. 

Sanquer and Ecolivett^-^^1 also suggested that thermal motion o f the methyl hydrogen atoms may 

account for much o f the discrepancy between calculated and observed elastic constants.
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Chapter 5. A Test Set for Elastic Constant Calculations

Table 5-3. Experimental and calculated elastic constants o f  crystalline durene.

84

C ,,(G Pa) C22(GPa) C33(GPa) C44 (GPa) C55 (GPa) C66 (GPa)

Expt. [5 16] 9.08 10.00 10.03 1.84 2.17 7.27

W67 [516] 9.2 7.3 6.6 2.0 4.3 10.7

UNI 12.43 14.27 13.72 2.57 5.09 13.38

W81 +E SP 10.82 11.66 12.26 2.17 4.92 11.44

W99 + ESP 9.48 10.36 11.67 1.84 4.21 9.77

W8 I +D M A 12.00 13.42 13.77 3.05 4.97 12.74

W99 + DMA 10.96 12.53 13.58 2.92 4.28 11.32

C i2 (GPa) C n(G Pa) C23(GPa) C,s(GPa) C2s(GPa) CsstGPa) C46(GPa)

Expt. [516] 7.75 2.57 3.19 0.11 1.04 -0 .13 0.13

W67 [5 16] 4.5 2.4 1.0 —0.8 0.4 - 0.0 0.4

UNI 10.57 8.60 6.23 0.45 -2 .4 2.41 -3 .08

W81 + ESP 8 4 5 8.20 6.09 0.44 - 2.2 2.53 -2 .73

W99 + ESP 7.35 7.47 5.11 0 58 -1.89 2.38 -2 .29

W8 I + DMA 9.67 7.75 6.15 0.52 -2 .24 2.28 -2 .62

W99 f  DMA 8.07 6.94 5.18 0.72 - 2.02 2.17 -2 .15

S.2.3.2 A/^ra-dinitrobenzene, C6H4(N02>2

Figure 5-2. Crystal structure o f  m-dinitrobenzene, showing crystallographic and optical axes. Figures 
have been prepared using the Cerius2 software.

a) ab-plane 

y =b

t k

V J

b) bc-plane

X = c

y = b
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initrobenzene, which crystallises in the orthorhombic space group Pbn2\ (Z = 4), is a 

molecule o f similar size and shape to durene. A/g^a-dinitrobenzene also forms a similar herringbone 

m otif and the dominant contacts in the bc-plane are the edge-to-face contacts. Here, the nitro groups 

point into the 7t-charge density o f  the neighbouring molecule (Figure 5-2), similar to durene's methyl- 

71 interactions. We estimate that the repulsion-dispersion contributions to the lattice energies o f  the 

two crystals are very close (64.3 kJ/mol and 60.5 kJ/mol for w-dinitrobenzene and durene with the 

W99+DMA potential). However, due to the local polarity o f the nitro substituents, the electrostatic 

contribution to the lattice energy o f the m-dinitrobenzene crystal is approximately double that in 

durene.

Therefore, the use of an explicit electrostatic model, even in its simplest point-charge form, 

reduces the RMS % error in the lattice constants by half, while also bringing the lattice energy into 

much better agreement with the experimental heat o f sublimation (Table 5-4). The distributed 

multipole model gives a further improvement o f the calculated lattice, resulting in an RMS error o f 

about 1% with either set o f exp-6 parameters. The W84 and W99 results are very similar, with the 

former performing very slightly better than the newer model.

Table 5-4. Experimental and calculated structures and lattice energies o f m-dinitrobenzene.

structure -O latt'
(kJ/mol)

a (A) b(A) c(A ) Vol (A3) RMS error

Expt. 81 .2+ 1 .7 13.26 14.05 3.81 708.8 -

UNI 105.38 12.91
(-2.63%)

13.97
(-0.54%)

3.65
(-4.08%)

658.5
(-7.10%)

2.82%

W84 + ESP 82.97
13.12

(-1.05%)
13.80

(-1.73% )
3.85

(+1.06%)
696.5

(-1.73%)
1.32%

W99 + ESP 80.09
13.06

(-1.48% )
13.77

(-1.94% )
3.84

(+0.93%)
691.1

(-2.49%) 1.51%

W84 + DMA 84.38
13.14

(-0.87% )
13.91

(-0.98% )
3.80

(-0.13%)
694.8

(-1.97%) 0.76%

W99 + DMA 81.59
13.08

(-1.29%)
13.86

(-1.33%)
3.80

(-0.21%)
688.9

(-2.81% ) 1.08%

® The experimental value is estimated by -AH°sub*^ '̂^^^
 ̂Root mean square error in lengths o f lattice vectors a, b and c.

Because of the similarity in crystal structure, the stiffness in the x- and y-directions (C n , C22, and 

C 12) are similar to those in durene (Table 5-5). However, the interaction of the local dipoles o f  the 

nitro groups, as well as close N-O - H-C contacts, results in a uniaxial stiffness constant, C33, double
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that o f durene in the z-direction, orthogonal to the edge-to-face contacts. The shear constants in the 

m-dinitrobenzene crystal are o f approximately the same magnitude as in durene, and their anisotropy 

is reproduced quite well with most o f the model potentials. All o f the potential models reproduce the 

relative values o f elastic constants, but the UNI model greatly overestimates the stiffness to 

compression. The W84 and W99 models overestimate the stiffness constants less, by about 40%, as 

for durene. The differences between W84 and W99 calculations are insignificant except along the a- 

axis (Cn), where compression is softened with the latter model. Similarly, the electrostatic model has 

very little effect, except for the resistance towards xz-shearing (C55). The UNI model is very soft to 

this deformation, which is improved progressively with increasing accuracy o f  the electrostatic model 

(UNI -> exp-6 + ESP -> exp-6 + DMA) and there is reasonable agreement with experiment for the 

DMA models.

Table 5-5. Experimental and calculated elastic constants o f crystalline m-dinitrobenzene.

C „(G Pa) C22(GPa) C33(GPa) C44(GPa) Cs5 (GPa) C66(GPa)

Expérimentait^- ̂ 10.70 11.30 20.27 4.37 2.04 5.31

Expérimentait^ 1 14.8 12.7 18.1 - - -

UNI 19.88 26.46 37.80 9.10 0.35 7.96

W84 + ESP 13.24 16.87 28.22 5.98 1.10 6.75

W99 + ESP 11.94 17.13 28.43 5.94 1.08 6 .68

W84 + DMA 13.90 16.71 28.44 6.32 1.51 6.88

W99 + DMA 12.65 17.14 28.95 6.37 1.51 7.00

Expérimentait^

C n(G Pa) C ,3 (GPa) C23(GPa)

6.30 1.95 3.19

UNI 15.22 10.55 14.41

W84 + ESP 10.75 6.03 7.75

W99 + ESP 10.35 5.91 7.74

W84 + DMA 10.45 5.83 7.11

W99 + DMA 10.18 5.69 7.04

S.2.3.3 Resorcinol (P form), C6H4 (OH) 2

The p polymorph o f resorcinol (m-dihydroxybenzene) forms a similar crystal structure to durene 

and m-dinitrobenzene, in the orthorhombic space group Pna2\ (Figure 5-3). However, resorcinol 

molecules have strong hydrogen bond donor and acceptor sites, leading to a network o f intramolecular
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hydrogen bonding. While there are weak hydrogen bonding interactions in the a-direction, between 

the buckled molecular sheets, the major components o f  these interactions are oriented in the b- and c- 

directions. From our calculations, electrostatic interactions account for approximately two thirds o f  

the lattice energy.

Figure 5-3. Crystal structure o f  (3 resorcinol, showing crystallographic and optical axes. Hydrogen 
bonds are shown with fine dashed lines. Figures have been prepared using the Cerius2 software.

a) ab-plane

X = a

y = b

b) ac-plane

z = c

The relaxed structures (Table 5-6) demonstrate that the UNI model gives the worst overall 

reproduction o f  the experimental crystal structure, particularly in the spacing between the sheets in the 

a-direction, where the hydrogen bonding is exaggerated and the lattice vector contracts. However, the 

point-charge models do not perform significantly better, underestimating the strength o f  the hydrogen 

bonds along a, as well as distorting the molecular sheets. Only the calculations using distributed 

multipoles reproduce the crystal structure satisfactorily, with RMS errors o f  1-2% in the lattice 

vectors. There is no consistent improvement on exchanging the FIT for W99 exp-6  parameters.

A similar trend is observed in the calculated elastic constants (Table 5-7). As with durene and m- 

dinitrobenzene, the UNI potential results in unacceptable errors, with the stiffness constants generally 

overestimated. The FIT and W99 calculations are in better agreement with experiment, in all but the 

C33 and C23 constants, which are much too soft in the ESP models and stiffened slightly with DMA  

electrostatics. Overall, the differences between DMA and ESP calculated elastic constants do not 

reflect the large differences in equilibrium crystal structures.

[.attice Dynamical Studies o f Molecular Crystals
with Application to Polymorphism and Structure Prediction

G raem e M. Day
2003



Chapter 5. A Test Set for Elastic Constant Calculations 8 8

Table 5-6. Experimental and calculated structures and lattice energies o f P-resorcinol.

Structure
(kJ/mol) *

a (A) b(A) c (A ) V (A ')
RMS 

Error ^

Exptt^-^^l 87.5 ±0.5 7.81 12.62 5.43 534.7 -

UNI 108.94 6.85
(-12.27%)

12.71
(+0.74%)

5.74
(+5.75%)

499.8
(-6.54%)

7.84%

FIT + ESP 86.26 8.62
(+10.37%)

12.93
(+2.46%)

4.99
(-7.99% )

556.4
(+4.04%) 7.69%

W99 + ESP 77.78 8.58
(+9.90%)

12.84
(+1.76%)

5.06
(-6.75% )

557.7
(+4.28%>) 6.99%

FIT + DMA 93.76
7.78

(-0.37%)
12.87

(+1.98%)
5.46

(+0.57%)
546.5

(+2.19%) 1.2 1 %

W99 + DMA 86.95 8.02
(+2.72%)

12.59
(-0.21%)

5.45
(+0.33%)

550.0
(+2.85%) 1.59%

® The experimental lattice energy, is approximated by -AH°sub for the a  polymorph, 
 ̂RMS o f percentage errors in a, b, and c.

5.66]

Table 5-7. Experimental and calculated elastic constants o f crystalline P resorcinol.

C m (GPa) C22(GPa) C33(GPa) C44(GPa) C ;,(G Pa) C66(GPa)

ExptI^-2^1 8.6 28.8 19.5 3.26 4.35 4.00

UNI 17.91 42.11 25.86 21.27 8.21 2.90

FIT + ESP 12.03 34.66 11.47 5.96 7.52 2.73

W99 + ESP 10.55 30.24 9.38 5.10 6.25 2 .68

FIT + DMA 9.93 35.22 14.98 9.83 7.79 3.54

W99 + DMA 10.61 31.83 11.38 8.92 8.17 3.55

Exptt^-^^l

C ,2(GPa) C,3 (GPa) C23(GPa)

9.5 7.5 19.1

UNI 13.32 18.03 19.89

FIT + ESP 12.17 11.16 8.84

W99 + ESP 9.10 8.51 7.35

FIT + DMA 9.63 10.60 11.00

W99 + DMA 6.99 7.60 9.53

5.2.3.4 Pentaerythritol, C(CH20H)4

Pentaerythritol crystallises in a body-centred tetragonal space group, ( 7 4 ,  Z=2) with hydrogen 

bonding extending in the ab-plane (Figure 5-4). Each molecule accepts and donates a hydrogen bond 

to each o f its four nearest neighbours in the molecular sheets. Hence, each molecule is held in place 

by a total o f eight hydrogen bonds. The strengths o f interactions in the ab-plane are, thus, much
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stronger than in the c-direction, perpendicular to the molecular sheets, in which the closest contacts 

between the molecules are CH2 H2C steric interactions.

Figure 5-4. Crystal structure o f  pentaerythritol, showing crystallographic and optical axes. Hydrogen 
bonds are shown with fine dashed lines. Figures have been prepared using the Cerius2 software.

a) ab-plane

y = b

X = a

b) ac-plane

z = c
K

The a and b lattice parameters are reproduced very well by all o f  the potential models, allowing 

the unit cell to expand by less than 1.5% in these equivalent directions (Table 5-8). The dominant

interactions in this crystal plane are the hydrogen bonds, whose equilibrium ( 0  - Hp) lengths are 2.9% 

and 3.1% too long for FIT and W99 + DMA, compared to 4.7% and 3.3% for FIT and W99 + ESP, 

and 3.1% for UNI.

The length o f  the unit cell in the c-direction is mainly dictated by inter-layer CH2 H2C van der 

Waals interactions. All o f  the potentials allow this lattice parameter to contract when the stresses and 

forces are relaxed, and this effect is most pronounced in the final UNI structure, where the distance 

between molecular sheets has decreased by more than 10% relative to the experimental structure. The 

FIT potentials reproduce the cell length in the c-direction more satisfactorily, with errors o f  less than 

4% and the W 99 models show the least contraction, by about 2.5%.

The two more recent experimental determinations o f  the stiffness matrix are in good accord, 

while the values presented by Srivastava and Chakraborty,[^-^^'^'^J determined from the intensity o f  

diffuse X-ray reflections, are in gross disagreement. The five general, transferable model potentials 

severely overestimate the stiffness to uniaxial stress in the ab-plane, described by Cn. The UNI
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potential predicts a value almost an order o f magnitude higher than the experimental results, the FIT 

models give a three-fold exaggeration, and the W99 potentials predict a stiffness double that observed 

in the three most recent experiments (Table 5-9). The magnitude of the overestimate is greater than 

for any o f the other molecular crystals considered in this study and, as with the other crystals, the 

stiffness to uniaxial stress is hardly affected by the electrostatic model.

Table 5-8. Experimental and calculated structures and lattice energies o f pentaerythritol.

structure - ‘I’latt
(kJ/mol)® a = b (A) c(A ) V (A ') RMS Error **

Expt.t^-^^1 163 6.079 8.745 323.2 -

UNI 162.88 6.14
(+0.97%)

7.83
(-10.41%)

295.2
(-8.66%)

6.06%

FIT + ESP 133.41 6.17
(+1.47%)

8.42
(-3.71%)

320.4
(-0.85%)

2.32%

W99 + ESP 109.02 6.14
(+1.05%)

8.53 321.9
(-0.38% )

1.65%

FIT + DMA 142.42 6.14
(+0.94%)

8.44
(-3.50%)

317.7
(-1.69%)

2.16%

W99 + DMA 107.1 6.14
(+0.98%>)

8.53
(-2.49%)

321.3
(-0.56%) 1.65%

® The experimental lattice energy, Oiatt, is approximated by 
 ̂RMS o f percentage errors in a, b, and c.

In contrast, the calculated values using a specifically developed potentiaIÏ^-^^1 are in excellent 

agreement with experiment. Morse potentials and empirically fitted atomic charges were used to 

describe the inter- and intramolecular interactions in the pentaerythritol crystal, thus allowing for 

molecular flexibility in the calculations. This 34-parameter model was successfully parameterised to 

reproduce the infrared and Raman vibrational spectrum o f the pentaerythritol crystal to within 4 -  8% 

in intramolecular (CH2 scissoring and OH torsional) modes and 2% in all other frequencies. 

Considering the close relationship between elastic constants and zone centre vibrations (see Section 

4.4.2.1), the success o f the stiffness constant calculations is not surprising when parameters have been 

optimised to reproduce experimental frequencies. These results suggest that intramolecular flexibility 

plays an important role in the elastic behaviour o f pentaerythritol. In fact, the Raman, 

inffared,t^-^*î and (k = 0) calculatedt^-^^1 vibrational spectra o f the pentaerythritol crystal all have 

several low energy (165 -  425 cm"') vibrations that have been assigned to C-C-0 motions. These low
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energy intramolecular modes cannot be treated as uncoupled from the highest energy lattice vibrations 

at approximately 75 cm"'. Hence, the rigid body approximation is not appropriate for this crystal.

Table 5-9. Experimental and calculated elastic constants o f crystalline pentaerythritol.

C „(G Pa) C33(GPa) C44(GPa) C66(GPa)

Expt.I^-^^’^^1 6.1 (±4%) 8.0 (±4%) 3.5 (±4%) 4.6 (±4%)

Expt.t^-^^î 40.5 (±1%) 13.9 (±1%) 2.74 (±1%) 2.52 (±1%)

Expt.t^-^^1 39.4 (±0.25%) 13.3 (±1.5%) 4.4 (±7%) -

C a l c . [ 5 - 6 8 ] 39.95 13.67 2.58 2.49

UNI 317.14 31.06 15.57 9.38

FIT + ESP 110.82 16.98 8.00 8.92

W99 + ESP 81.59 15.12 5.10 8.28

FIT + DMA 117.88 17.43 9.56 13.92

W99 + DMA 78.50 14.96 5.98 11.23

Expt.t^-^^’̂ ^1

C ,2 (GPa) C ,3 (GPa) C ,6 (GPa) 2C66 + C |2

-2 .50  (±6 %) 0.50 (±6%) -0 .39  (±4%) 6.7 (±8%)

Expt. 26.6 (±8%) 10.5 (±2.5%) 3.13 (±76%) 31.6 (±7%)

Expt.f^-^^J - 7.6 (±4%) 0.0 (±0.5 GPa) 5.13 (±0.6%)

C a l c . [ 5 - 6 8 ] 24.82 9.13 1.97 29.8

UNI 0.93 9.23 -2.71 32.07

FIT + ESP -0.91 6 .88 1.58 16.93

W99 + ESP - 2 .66 5.19 3.85 13.89

FIT + DMA -0.43 7.91 1.22 27.41

W99 + DMA -1.08 5.37 2.16 21.37

The large errors in our elastic constant calculations are consistent with the expected molecular 

flexibility. Allowing angle bending and C-C-O-H torsional distortion in the simulations would 

decrease the stiffness o f the crystal in the a- and b-directions, as well as softening the crystal to 

shearing forces, which are also badly modelled in the rigid molecule approximation (particularly Ces)- 

The only stiffness constant that is relatively unaffected by C -C -0 flexibility is the C33 uniaxial 

constant, describing stiffness to changes in the spacing between molecular sheets. While the value o f 

this stiffness constant is seriously overestimated by the UNI potential, the FIT model potentials both 

give only a modest overestimate and the W99 calculations are in quite good agreement with the 

observed values.
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5.2.3.S U rea, O C N 2H4

While the crystal structures o f  resorcinol and pentaerythritol are characterised by O-H O 

hydrogen bonds that extend mainly in two dimensions, urea crystallises such that it forms a strong

three-dimensional array o f  N-H O hydrogen bonds. The polar molecules align so that there are, in 

fact, four hydrogen bonds to each carbonyl oxygen, resulting in a particularly stiff molecular organic 

crystal.

Figure 5-5. Crystal structure o f  urea, showing crystallographic and optical axes. Hydrogen bonds are 
shown with fine dashed lines. Figures have been prepared using the Cerius2 software.

a) ab-plane

y = b

z = c

The urea molecule adopts Cjy  symmetry in the tetragonal ( P42^ m ) crystal structure (Figure 5-5). 

There have been several previous computational studies o f  the elastic and vibrational properties o f  

urea.[5.58,72,73] Pavlides et and George et used the same intermolecular potential in

their calculations -  a Lennard-Jones 12-6 plus point-charge model parameterised to several amide 

crystal s t r u c t u r e s .G e o r g e  et supplemented the intermolecular potential by empirical

functions describing harmonic bond stretching, angle bending, and torsions. Although an analysis o f  

X-ray thermal p a r a m e te r s '^ su g g e s te d  considerable deformations o f  urea's amine groups, the 

relaxed structures (Table 5-10) and calculated stifftiess constants (Table 5-11) o f  Georget^-^^l and 

PavlidesI^-^^1 are in excellent agreement, which suggests that the rigid molecule approximation does 

not introduce serious errors in these calculations.
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Table 5-10. Experimental and calculated structures and lattice energies o f urea.

structure ~^latt
(kJ/mol) *

a (A) b(A) c(A ) V (A ') RMS 
Error ^

Expt.l^-27] 98.6 5.56 5.56 4.68 145.1 -

Calc.[5.72] -
5.55

(-0.18%)
5.55 4.70

(+0.4%)
144.8

(-0.20% )
0.29%

Calc.t^-^^1 -
5.546

(-0.18%)
5.551

(-0.18%)
4.79

(+2.35%)
147.5

(+1.65%) 1.36%

UNI 112.56 5.31 4.91
(-11.85%)

4.48
(^ .4 1 % )

116.6
(-19.63% )

7.77%

FIT + ESP 86.11
5.18

(-6.88%)
5.39

(-3.12%)
4.78

(+2.15%)
133.7

(-7.84%) 4.53%

W99 + ESP 83.50
5.53

(-0.55%)
5.79

(+4.07%)
4.85

(+3.44%)
155.3

(+7.06%) 3.10%

FIT + DMA 85.80
4.97

(-10.73%)
5.59

(+0.43%)
4.73

(+1.00%)
131.3

(-9.46% )
6.23%

W99 + DMA 83.09
5.33

(-4.12%)
6.01

(+8.03%)
4.79

(+2.35%)
153.8

(+6.02%,) 5.44%

® The experimental lattice energy, is approximated by 
RMS o f percentage errors in a, b, and c.

However, lattice energy minimisation does have problems in reproducing the tetragonal structure 

o f urea. The equilibrium structure reported by Pavlides and co-workerst^-^^1 shows slight deviations 

from the observed tetragonal symmetry and, while stationary points in tetragonal symmetry were 

located on all five o f our potential energy surfaces (UNI, FIT + ESP, FIT + DMA, W99 + ESP and 

W99 + DMA), analysis o f the Hessian matrix characterised these as transition structures between two 

symmetry equivalent minima. The imaginary frequency corresponds to rotation o f  the urea molecule 

around its principal axis, breaking the equivalence between the a- and b-directions and resulting in 

distortion to an orthorhombic subgroup of the experimental symmetry. Although the geometrical 

effect is significant, the resulting lowering o f lattice energy is negligible (e.g. 1.4 kJ/mol on the FIT + 

DMA potential surface and only 0.1 kJ/mol with W99 + DMA), indicating a very flat potential 

energy. As further evidence for this observation, the stiffness matrix given by George et has

one eigenvalue numerically equal to zero (as indicated by Cn = C 12), corresponding to a vanishing 

gradient along the path describing the tetragonal to orthorhombic distortion. Subsequent 

calculationst^-^^i have shown that their model potential does give a stable tetragonal structure, but 

with one soft mode. These observations are consistent with the soft acoustic mode in the [110] 

direction near the Brillouin zone centre of urea, calculated by Pari inski and Chapuist^-^^1 using the 

Dreiding inter- and intramolecular force field.[^^^] This consistency over so many potential models
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suggests that the problem is not in the parameterisation o f  the atom-atom model potential, but 

assumptions in form o f  the intermolecular potential or in the method o f  calculation.

Hartree-Fock calculations have estimated that the induction energy accounts for approxim ately  

9% o f  the lattice energy,[^-^^l suggesting limitations o f  the pairwise additive approximation for 

crystalline urea. (A lthough the structural and vibrational properties o f  crystalline urea have been  

studied using periodic Hartree-Fock and density functional t h e o r y , t h e s e  calculations assumed  

the experim ental sym m etry.) Alternatively, the calculated sym metry breaking could be a result o f  the 

classical, T = OK nature o f  the simulations. Because o f  the sm all energy change corresponding to the 

orthorhombic distortion, zero-point m otions could average over the sym m etrically equivalent, 

distorted minima, resulting in the experim entally observed tetragonal symmetry (Figure 5-6). In fact, 

the zero-point energy calculated from the (W 99 + DM A) k = 0 intermolecular phonon frequencies is 

3.8 kJ/mol, much larger than the calculated tetragonal/orthorhombic energy difference. Thus, 

correctly representing the experimental tetragonal structure o f  urea may be beyond the limits o f  

traditional static lattice energy modelling.

Figure 5-6. Energy schem atic for tetragonal to orthorhombic distortion.

sym m etrically  equivalent 
o rthorhom bic structures

observed
tetragonal
structure

c<u

zero-po in t
energy

tetragonal to orthorhom bic d istortion

Despite breaking o f  the symmetry, the main features o f  the calculated and experim ental stiffness 

matrices can still be reasonably compared (Table 5-11). There is good agreement betw een the 

experim ental values o f  C n, C53, and C44, but discrepancies in the biaxial constants, C,? and Cp,, 

suggest that the uncertainties are much larger than the quoted experimental error bars. The two sets o f  

experimental elastic constants describe surprisingly little stiffness to xy-shearing (Côô), but an
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incomplete set o f elastic constants reported by Kretchetovt^-^^1 gave a value o f 8.44 GPa for Côô, 

which is more in line with all of the calculated values.

All o f  the hydrogen bonds have a large component in the c-direction, parallel to the dipole 

moment o f the urea molecule, and this strong intermolecular bonding contributes to the large axial 

stiffness constant C33. The observed value o f C33 is reproduced quite well by most o f the model 

potentials, except the UNI potential, which predicts a stiffness more than three times the observed 

value.

Table 5-11. Experimental and calculated elastic constants o f crystalline urea.

C ,,(G Pa) C33(GPa) C44(GPa) C66(GPa) C ,2 (GPa) C ,3 (GPa)

Exptt^-^^3 21.7 (±2%) 53.2 (±1%) 6.26 (± 1%) 0.45 (±4%) 8.9 (+21%) 24.0 (±17%)

Exptt^-^^1 23.5 (±2%) 51.0 (±2%) 6.2  (±2%) 0.50 (±10%) -0 .5  (±10%) 7.5 (±11%)

Calcl5-72] 17.1 68.7 5.1 22 .2 17.1 11.6

Calc[5 58]»

i)
ii)

18.19 63.90 5.15 23.61 17.71 12.87

18.42 61.65 5.12 23.65 17.52 12.58

UNI
C,, = 39.40 
C22 — 39.96

182.81 C44= 10.02 
C55 ~ 13.70 25.26 32.33 0 ,3 =  16.76 

€ 23= 12.76

FIT 
+ ESP

C] 1 ~  8.22 
C22= 11.92 50.29 C44 =7.13 

C55 = 5.69 12.00 7.88 € ,3 = 5 .2 5  
€23 — 10.00

W99 
+ ESP

C „ = 6.45 
C22 —11.62

37.67 C44 = 5.47 
C55 = 4.89 13.05 8.18 € ,3  = 4.63 

€23 = 7.81

FIT 
+ DMA

C „ =  15.59 
C22= 14.02

55.47 C44 = 7.44 
C55 = 4.49 8.74 8.43 € ,3 = 4.25 

€23 = 10.45

W99 
+ DMA

C „ = 7.32 
Ci2~  10.52

39.09 C44 = 6.58
€55 = 4.91

12.44 7.21 € ,3  = 2.81 
€23 = 5.14

® Calculated from numerical 
i) Strain varied in the region

stress-strain relationships (see Section 4.4.2.3).
-0 .03 < 8 < +0.03. ii) Strain varied in the region -0 .008 < 8 < +0.008.

5.2.36 Hexamethylenetetramine, C6N4H 12

Hexamethylenetetramine is an unusual molecular crystal because o f its very high molecular {Tj)

and crystal symmetry (1 4 3 m , Z = 2), Figure 5-7. According to a 1995 survey,(^^^] only 0.2% o f 

homomolecular organic crystals are found in cubic space groups. Hence, there are only three 

independent elastic constants and this high symmetry is one reason why hexamethylenetetramine was 

one o f the first molecular organic crystals whose elastic properties were measured.l^-^^’̂ ^1

As with other crystals with no directional intermolecular interactions, the UNI potential 

reproduces the structural parameters o f the hexamethylenetetramine crystal very well (Table 5-12). 

Furthermore, the minimised structure is only slightly improved when an explicit electrostatic model is
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introduced, though the calculated lattice energy is brought in better agreement with the experimental 

heat o f  sublimation. Replacing the W84 potential parameters with the newer W99 set leads to the 

greatest improvement, now reproducing the I5K structure to within the limits o f  static lattice energy 

modelling.

Figure 5-7. Crystal structure o f  hexamethylenetetramine, showing crystallographic and optical axes. 
Figures have been prepared using the Cerius2 sofhvare.l^-^^J

a) ab-plane

y = b

b) (lll)-p la n e

y = b

Table 5-12. Experimental and calculated structures and lattice energies o f  hexamethylenetetramine.

structure -Oiatt (kJ/mol)' a = b = c (A) V (A ')

Expérimentait^-^ * 1 74.9 ± 2.9 6.927 332.4

UNI 96.57 6.83 3 18 .1 M .3 2 9 ^

W84 + ESP 78.87 7.01 (+1.25% ) 345.0 r+2.769^

W99 + ESP 76.44 6.93 (+0.13% ) 333.8 r+0.409^

W84 + DMA 84.08 7.01 345.1 r+^.<y29^

W99 + DMA 81.59 6.94 (+0.229^ 334.6 (+0.66% )

® The experimental lattice energy, Oiatt, is approximated by

Predictably by now, the UNI potential overestimates the stiffness o f  the hexamethylenetetramine 

crystal significantly; all three stiffness constants are double the observed values (Table 5-13). The 

W84 and W99 calculations overestimate the stiffness by about 50% and 40%, respectively, but the 

form o f  the electrostatic model has little effect. Despite the large discrepancies in absolute values, all 

o f  the calculations give the correct relative values o f  the independent elastic constants. Differences
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between the W84 and W99 potential parameters mostly affect the biaxial (C 12) and shear (C44) 

constants - both are closer to the measured values using the more recent W99 model.

Table 5-13. Experimental and calculated elastic constants o f crystalline hexamethylenetetramine.

C „(G Pa) C n(G Pa) C44(GPa)

Experimentalt^-^^1 15. 3. 7.

Experimentalt^-^^l 16.43 (±0.3% ) 4.33 (±2.5% ) 5.15 (± 1%)

UNI 41.01 7.68 10.36

W84 + ESP 25.71 6.12 7.81

W99 + ESP 25.63 5.30 6.85

W84 + DMA 26.51 6.60 7.80

W99 + DMA 26.21 5.83 6.73

5.3 Discussion

We have calculated the elastic constants for six molecular crystals, with a variety o f model 

potentials. The neglect o f temperature effects may lead to errors comparable with thermal expansion, 

which is typically a few percent in the cell lengths for organic crystals. The many approximations 

involved in comparing lattice energies with enthalpies o f sublimation mean that differences o f around 

8 - 1 0  kJ/mol are no cause for concern (see Chapter 8 for a more complete discussion). Apart from (3 

resorcinol and urea, all o f the models give reasonable reproductions of the crystal structures and lattice 

energies, within these expected limitations o f lattice energy minimisation. (3 Resorcinol's hydrogen 

bonding requires the best electrostatic model to reproduce the crystal structure acceptably, while urea 

highlights problems with static lattice energy minimisation.

We now have an idea o f  the expected accuracy o f elastic constant calculations. It is necessary to 

discuss how these observed variations in the calculated elastic constants with model potential, and 

their deviations from the experimental values, are determined by the various approximations in the 

calculations.

5.3.1 Variations in the model potential

This validation study shows that variations in the functional form o f the model potential, as well 

as the parameterisation used, can have significant effects on the calculated elastic properties of 

molecular organic crystals. Most obviously, the form o f the model potential is important. In 

calculating elastic constants, it is necessary to treat repulsion-dispersion and electrostatic contributions
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by separate terms in the model potential. The UNI potential, which absorbs average electrostatic 

effects into the exp-6 model, was developed specifically to provide a cost-effective method o f 

modelling crystal structures and lattice energies, which it does remarkably well. However, the 

potential fails to reproduce the elastic properties of molecular crystals satisfactorily. Over this set o f 

diverse molecular crystals, the stiffness constants are consistently badly overestimated, particularly in 

the crystallographic directions where the electrostatic component o f the interaction is dominant {e.g. 

along the c-axis o f urea, C33). These observations indicate that, while the UNI model reproduces 

satisfactory well depths and equilibrium distances, the exp-6 functional form cannot correctly describe 

the curvature o f the potential energy surface in the vicinity o f the equilibrium structures. This is 

consistent with the model potential decaying as R"*̂ , whereas electrostatic interactions decay more 

slowly. Thus, elastic constant calculations clearly demonstrate the problems o f using empirically 

fitted model potentials with simplified functional forms. By using the wrong functional form to 

represent an important contribution to intermolecular interactions, the shape o f the potential energy 

surface must be deformed to empirically fit to a set o f properties, at the expense o f other aspects o f the 

energy surface (here, the curvature). Thus, the model cannot be extended to the modelling o f  second 

derivative and, presumably, higher order properties.

The improvement in the calculated elastic constants through using a more realistic functional 

form with an explicit electrostatic model definitely justifies the increase in computational expense and 

complexity. Molecular crystal structure modelling for all but the saturated hydrocarbons requires a 

reasonably realistic electrostatic model. The more rigorous electrostatic models used in the present 

work are designed to accurately reproduce the electrostatic potential at typical intermolecular contacts. 

The added complexity o f replacing the ESP point-charges with the DMA anisotropic atom-atom 

potential normally improves the agreement o f the relaxed structural parameters with the experimental 

structure. The increased accuracy in the calculated elastic constants is much less pronounced, but is 

noticeable for some individual elastic constants {e.g. the shearing, C55, of m-dinitrobenzene), where 

the directionality o f electrostatic atom-atom interactions is important.

Overall, when a contribution to model intermolecular potential becomes more theoretically 

justified, there is an improvement in the elastic constants in the crystal directions where this 

contribution is significant. This is seen both in the increasing realism o f  the electrostatic models, from 

no explicit electrostatic model to ESP atomic charges and, sometimes, to distributed multipoles, and in
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the improved parameterisation o f the repulsion-dispersion model (e.g. differentiating between 

aromatic and aliphatic carbons for durene).

However, even the most realistic model potentials are systematically overestimating the elastic 

constants o f all the molecular crystals considered, to a degree (-25-50% ) that cannot be due only to 

the remaining approximations in the potential model. Therefore, some assessment o f the likely errors 

resulting from other approximations in the theory and comparison with experiment is necessary for 

interpreting these results.

5.3.2 Neglect of temperature and zero-point motion

The calculations presented in this work use second derivatives o f the potential energy surface and 

neglect zero-point and thermal motion. Hence, they strictly only describe the classical, T  = OK 

properties o f the crystal. The anharmonicity o f a crystal's potential energy surfaces leads to thermal 

expansion and a softening o f the crystal. Temperature effects may be responsible for differences o f  a 

few percent between the experimental and lattice energy minimised cell lengths. However, the effect 

o f  temperature on the elastic constants is considerably greater.

In one o f  the few studies of the temperature dependence o f the elastic properties o f molecular 

crystals, the stiffness constants o f naphthalene have been measured at several points between 100 K 

and 300 These values were extrapolated to absolute zerot^-^^1 to give Cn = 13.6 GPa, C22 =

14.7 GPa, and C33 = 20,6 GPa, which, compared to the room the temperature values o f C,, = 7.8 GPa, 

C22 = 10.2 GPa, and C33 = 11.9 GPa,[^-^^l give an estimate the mean increase in the stiffness constants 

as approximately 65% on cooling the naphthalene crystal from room temperature to absolute zero. 

We study the lattice vibrations o f naphthalene in the following chapter and also calculate the elastic 

constants for comparison. The values o f C n  = 11.07 GPa, C22 = 14.59 GPa, and C33 = 20.81 GPa 

calculated with the W81+DMA potential model agree very well with the observed values extrapolated 

to OK. The W99+DMA values (C n  = 9.54 GPa, C22 = 12.82 GPa, and C33 = 16.59 GPa) are actually 

too soft, but we see that our calculated values are in reasonable agreement when compared to low 

temperature experiments. Unfortunately, low temperature studies are even less common than those at 

ambient conditions, so we need to be able to estimate the effects o f  temperature on the elastic 

constants.

The effect o f thermal softening on the elastic constants is related to the strength o f  interactions in 

the crystal. As a contrast to the 65% softening o f naphthalene, the effect in ionic and metallic crystals
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is minimal; the axial constants of sodium chloridet^-^^J and coppert^-^'^î increase by only 18% and 

4%  from room temperature to 4 K, respectively. The simplest measure o f the strength o f interactions 

in a crystal is the melting point. The melting point o f naphthalene is 353.5Kt^-^^l and durene (MP =

352.2 melts at approximately the same temperature, so we should expect that the effects o f

thermal softening are approximately the same. The hydrogen bonded crystals, P resorcinol (MP = 384 

j,^[5.90])^ pentaerythritol (MP = 542 and urea (MP = 408 should soften significantly

less than naphthalene, but nevertheless an overestimate of 40-60% would not be unreasonable from 

comparison with metallic and ionic crystals. Hexamethylenetetramine does not melt, but sublimes, so 

cannot be compared in this manner.

The average overestimates o f the diagonal constants, about 50-60% for durene, 40% m- 

dinitrobenzene, 30% resorcinol, 25% urea, and 30% hexamethylenetetramine, are slightly smaller than 

the naphthalene results would suggest, but are in line with the relative melting points o f the crystals. 

Although lattice dynamical theory can be used to calculate temperature derivatives o f  the elastic 

c o n s t a n t s , ! ^ t h e s e  assume that the model potential accurately describes the T = OK energy 

surface. Performing such costly calculations using a model potential parameterised to room 

temperature observables seems unwarranted. Furthermore, parameterising model potentials to room 

temperature elastic constants is not advisable. To have a true T = OK model potential, we need a 

systematic way to derive the parameters non-empirically. Although the electrostatic contribution to 

the potential is readily derived from the molecular wavefunction, the theory for deriving non- 

empirical repulsion and dispersion functions from isolated molecule calculations is still in its early 

development,[^-^2 ’̂ ^‘ ^^^l let alone the problems in representing other minor contributions to the 

intermolecular potential. (An example o f a current approach to non-empirical potentials is applied to 

the chlorobenzene crystals in Chapters 7 & 8 .) Similarly, the development o f methods to incorporate 

temperature effects into elastic constant calculations requires further experimental measurements for 

validation over a range o f organic systems.

5.3.3 Rigid-body approximation

The rigid body approximation leads to a gross overestimate of the elastic constants o f 

pentaerythritol in the directions where the molecular flexibility is expected to soften the crystal. The 

overestimate o f the stiffness to compression where the flexibility is most important is at least 100%,
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while we attribute an exaggeration of at most 50% to thermal effects (probable closer to 25%, by

comparison with resorcinol and urea). The other five molecules are all fairly rigid because o f  the n- 

electron delocalisation in durene, m-dinitrobenzene, resorcinol and urea, and the cage structure o f 

hexamethylenetetramine. While low energy rotation and torsion o f the methyl, amine, and nitro 

groups in these molecules surely contribute to the computational errors, this appears to be a much 

smaller effect. Uncertainties in the intramolecular potentials and modelling o f such motions, or 

uncertainties in the placement of hydrogen atoms in a rigid model, inevitably introduce some errors in 

the calculated elastic constants.

5.3.4 Experimental errors

Although the possible errors due to temperature effects are large, they have to be considered in 

the context o f the errors in the experimental determination. For both urea and pentaerythritol, elastic 

constants measured at the same (i.e. ambient) temperature differ by more than the combined 

experimental error estimates. This is especially true for the off-diagonal elements and is indicative o f 

the problems involved with both the experimental measurements and the reduction o f raw data 

(usually either Brillouin scattering or ultrasonic wave velocities) to elastic constants. Some o f the 

problems involved with reducing raw experimental data to elastic constants have been discussed 

elsewhere.t^-*®^"^^^! For comparisons with computed values, we should remember that the 

experimental values may well be in error by more than the reported error estimates, especially for the 

off-diagonal constants. However, these errors are probably small compared to the temperature effects 

discussed above.

5.4 Conclusions

We have implemented a method for calculating the elastic constants o f rigid molecular crystals 

analytically from the second-derivatives o f the potential energy surfacet^-^*^^! within the crystal 

structure modelling program DMAREL.t^-^^î This has allowed us to compare the calculated stiffness 

constants for a test set o f six molecules using a range o f model potentials, including the use of 

anisotropic atom-atom potentials. This workt^ '^^1 addresses, for the first time, the dependence o f the 

predicted stiffness constants o f molecular crystals on systematic variations in the model potential.

We find that, for polar molecules, the electrostatic terms in the model potential must be 

represented explicitly. An atomic point-charge model is satisfactory in most cases, but occasionally
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the use o f a more accurate, distributed multipole model gives small improvements. The close contacts 

determine the stiffness o f a crystal structure, so an accurate representation o f the repulsion and 

dispersion interactions is most important. The W99 potential was parameterised with different exp-6  

parameters for atoms in different bonding environments and the resulting atom-atom potentials differ 

quite markedly from the older sets (Table 3-1, Chapter 3). For example, aliphatic and aromatic carbon 

atoms have significantly different well depths and equilibrium distances in this parameter set and they 

both differ from the universal carbon atom in the W84 potential. This can have a large effect on the 

elastic constants, but the resulting calculated values from the newer potential model do not actually 

give consistently better results than the older set.

However, when accurate potential models are used, the elastic constants are generally 

overestimated, which is mostly due to neglect o f thermal softening for rigid molecules. The 

temperature dependence o f elastic constants is much more significant for molecular crystals than other 

materials because o f the relative weakness of the intermolecular interactions. The effect seems to be 

about 30-60% when comparing our T = OK calculations to room temperature experiments. For durene 

and m-dinitrobenzene, these overestimates are consistent with the observed temperature dependence 

o f naphthalene's elastic constants. The stiffness o f the other hydrogen bonded crystals is 

overestimated by a smaller amount, and the thermal softening is expected to be less important for 

these more strongly bound, higher melting point crystals. The errors for pentaerythritol are much 

higher, but the rigid body approximation for this molecule is inappropriate. An accurate flexible 

molecule force-field is required for such molecules. The problems in balancing inter- and 

intramolecular terms in modelling flexible molecules are explored in Chapter 9.

Despite all o f the sources o f  error, the overall comparison with the sparse experimental data 

shows that these calculations could be used to provide useful insight into the mechanical properties o f 

organic crystals, perhaps with an empirical scaling to account for thermal softening. The melting 

point seems to be a reasonable parameter to determine a scaling parameter, but more temperature- 

dependent experimental work is required to determine the usefulness this idea.
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6 Validation of Phonon and 

Thermodynamical Calculations

6.1 Introduction

The vibrational properties o f crystals are responsible for most o f their thermal behaviour, such as 

expansion, phase transitions, and, eventually, melting. Understanding the thermodynamics o f crystals 

is fundamental to crystallographers working in the areas o f crystal engineering and polymorphism. 

More pragmatically, pharmaceutical and material scientists need an understanding o f  how their 

crystals behave at a range o f temperatures and pressures, as thermal expansion or phase changes might 

affect the shelf properties o f pharmaceutical compactions or almost any property o f a novel material.

Phonon frequencies, and their corresponding motions, are determined by the forces between 

molecules, and hence the choice o f intermolecular potential is a key factor in the accuracy o f 

calculations. Indeed, while the ability o f a given potential to model the solid state is often judged on 

how well structural parameters and lattice energies are reproduced, the computation o f vibrational 

properties o f crystals has sometimes been used in the refinement o f  model intermolecular 

p o t e n t i a l s ' ^ - a n d  is useful for evaluating existing models. In Chapter 5, we examined how 

calculations o f a related property, the elastic constants o f a crystal, are affected by changes in the 

intermolecular potential. Here, the sensitivity o f phonon calculations to the model intermolecular 

potential is examined. Combined, the elastic and vibrational properties probe the curvature o f the 

intermolecular potential and, along with structure and lattice energy, can be used to form an overall 

opinion o f the quality o f a model potential and o f the approximations used in the calculations.

We proceed in a similar way to the previous chapter; zone centre (k  = 0) phonons were calculated 

using a range o f model potentials for a test set o f molecules (Table 6-1), chosen to cover a range o f 

intermolecular interactions. Thus, the sensitivity o f vibrational calculations to variations in the model 

potential, and other approximations, can be assessed for different types o f molecular crystals. The 

main motivation for the lattice frequency calculations is to study the vibrational contributions to the 

crystal's energy and to examine the effects on the relative energies o f polymorphs. Hence,
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contributions o f the k = 0 vibrations to the crystals' energies have been calculated to determine the 

sensitivity o f these statistical properties to the details o f the spectrum.

6.2 Test set for (1^= 0) optic mode frequencies

6.2.1 Choice of molecules

Table 6-1. Molecules studied, experimental crystal structures and observed lattice frequencies.

Molecule, Crystal Structure, 

and CSD REFCODE
Molecular Structure

Space

Group

Experimental Spectra and 

Number o f  Optic Modes

naphthalene

REF: NAPHTHA 14 [63]

T  = 12K, Neutron 00 F 2 ,/c 

(Z ' =  'A)

9 modes 

T = 6 K, perdeuterated[6^] 

(INS)

pyrazine 

REF: PYRAZI[63] 

Room Temp. 

REF: PYRAZI01[6-6]

T =  184K, X-Ray

\ — /
Pmnn

( Z ' =%)

9 modes 

T = 77K[6-7] (i r )

T = 4.2, 3 0 0 K[6-8] (Raman) 

Room Temp.,

perdeuterated[6 9] (INS)

hexamethylenetetramine

REF: HXMTAM10[630]

T = 15 K, Neutron

/43m 

(Z '=  Vn)

3 (degenerate) modes 

T =  lOOK, 298K[631](fNS)

imidazole 

REF: IMAZOL06[632] 

T== 103K 

Neutron

H

H H

P2,!c

(Z’= l )

21 modes 

T  =  9 3 K [ 6 3 3 ] ( i r )

T = 100K[634] (Raman)

pentaerythritol

REF: PERYT010[635]

Room Temp. 

Neutron

OH

HO

14 

(Z ' =  %)

3 modes 

T = 80K, 298K[616] 

(Raman)

a-glycine 

REF: GLYCIN05[617]

T = 295K 

Neutron

P I,In  

(Z' = l)

21 modes 

Room T e m p .  [63 8,19] 

(Raman and IR)

IR = Infrared, INS = Inelastic Neutron Scattering

Lattice D ynam ical Studies o f  M olecular Crystals
w ith A pplication to Polymorphism and Structure Prediction

Graeme M. Day
2 0 0 3



Chapter 6. Validation of Phonon and Thermodynamical Calculations___________________________ 105

The test set o f six representative molecules (Table 6-1) was chosen from those where a low 

frequency spectrum o f sufficient quality could be found in the literature. Therefore, this set 

necessarily differs from that used in previous chapter.

Naphthalene was chosen as an example of a weak, van der Waals crystal, where the electrostatic 

contribution to the lattice energy is relatively small. The pyrazine and hexamethylenetetramine 

crystals are, again, dominated by the weak van der Waals interactions, but local polarity in the 

molecules increases the importance o f the electrostatic interactions. Many important molecular 

organic crystals are held together in hydrogen bonding networks, so we have chosen three molecular 

crystals with different hydrogen bonding strengths and patterns - imidazole, pentaerythritol and a -  

glycine. The last o f these is zwitterionic in the crystalline phase, so the non-bonded interactions are 

unusually strong.

6.2.2 Computational details

The same model potentials as in the previous chapter (Section 5.2.2) are used in the study o f 

phonon calculations. As in the elastic constant calculations, the rigid-body approximation is used 

with the molecular geometry fixed from the experimentally determined crystal structure. For elastic 

constant calculations, the errors introduced by this approximation were difficult to evaluate because 

they are small compared to other approximations, except for pentaerythritol, which is included in this 

chapter to compare the effect on calculated frequencies. Small errors in hydrogen atom positions can 

have large effects on calculated structures and properties, so the molecular structures were taken from 

neutron diffraction studies, where available. For the pyrazine crystal, only X-ray structures were 

available and, because o f the errors in hydrogen positions derived from X-ray data, the C-H bonds 

were adjusted to standard lengths o f  l.OSA.t^-^^l

The theory behind the computation o f phonon frequencies for rigid molecular crystals is outlined 

in Chapter 4. For stress-free phonon calculations, the unit cell was varied within the minimisation 

procedure until strain derivatives vanished. Quasi-harmonic phonon calculations were also 

performed, where the unit cell was fixed at the experimental structure and only internal degrees o f

freedom {i.e. molecular displacements and rotations) were relaxed. The Hessian, 0^^ ,(yA:) (equation 

(4.14)), was then evaluated numerically from the analytic gradients and its eigenvalues were used to 

confirm that a minimum on the energy surface had been found. From the numerical Hessian, the
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dynamical matrix, (equation (4 .13)), was calculated for k = 0. LO/TO splitting o f  the zone-

centre modes is ignored here because it is expected to be small for charge neutral m olecules and 

comparisons are made to experimental observations where the crystal orientation is often not 

specified.

A full density o f  states across the reciprocal lattice may be necessary for som e thermodynamical 

calculations, but w e initially need to determine the errors in calculated frequencies, which w ill be 

evident from zone-centre calculations. As w ell as the frequencies, the eigenvectors from equation 

(4 .16) were also calculated to determine the symmetry o f  each m ode and to analyse the corresponding 

molecular m otions. A program RUDOLPh (Rigid Units D isplay O f Lattice Phonons) was written to 

visualise the vibrational modes from the DM AREL output. Details o f  this program are given in 

A ppendix B.

6.2.3 Results

6.2.3.1 N a p h th a le n e , CjoHs

Figure 6-1. Crystal structure o f  naphthalene. Figures have been prepared using the Cerius2 

software.

a) ab-plane b) ac-plane
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Naphthalene is a weak, van der Waals crystal, where the electrostatic contribution to the lattice 

energy is relatively small. Because o f the relative simplicity of the necessary model potential, the 

vibrational spectrum o f naphthalene has been studied extensively by computational methods (e.g. see 

refs [6.22-25]). The intermolecular interactions are dominated by the van der Waals forces and our 

calculations with the DMA electrostatic model estimate that the electrostatic contribution is 11-13% 

of the total lattice energy. Several potentialst^-^^’̂ ^’̂ ^1 have been developed and parameterised 

specifically for naphthalene and have completely ignored the electrostatic component to the lattice 

energy; electrostatic interactions o f this magnitude are easily absorbed into the exp-6  parameters for a 

specific molecular crystal.

Naphthalene crystallises with the molecules on crystallographic inversion centres, so the 

translational and librational motions cannot mix in the vibrational modes and are only active in the 

infrared and Raman spectra, respectively. The structure and spectra have been measured across a 

range o f pressures and temperaturesI^-^’^^1 and the most recent low temperature dataI^-^1 on fully 

deuterated naphthalene is chosen for comparison.

Table 6-2a, Measured and calculated cell constants for naphthalene. Errors in lattice vectors are 
relative to the 12K experimental structure.

Structure -Olatt"
(kJ/mol) a (A) b(A) c(A) (3

(degrees) Vol (A^) RMS 
error^

Expt
239k [6.29]

72.3 ± 2
8.21 5.97 8.68 123.4 355.3 -

Expt
I2Kt^-3] 8.10 5.94 8.65 124.6 342.3 -

MKB74 52.55 8.15
(+0.69%)

5.69
(-4.27%o)

8.97
(+3.70%)

114.4
(-8.23%)

378.7
(+10.65%) 3.29%

MPD77 55.29 8.07
(-0.32%)

6.26
(+5.42%)

8.66
(+0.14%)

121.7 372.5
(+8.84%)

3.14%

UNI 73.42 7.78
(-3.95%)

5.93
(-0.15%)

8.56
(-1.03%)

119.5
(-4.15%)

343.8
(+0.45%) 2.36%

W81+ESP 70.15 8.08 6.11
(+2.92%)

8.72
(+0.89%)

122.2
(-1.95%)

364.8
(+6.59%) 1.77%

W99+ESP 64.68 8.13
(+0.38%)

6.06
(+1.98%)

8.71
(+0.73%)

122.4
(-1.75%)

362.0
(+5.77%) 1.24%

W81+DMA 73.84 8.37
(+3.44%)

5.93
(-0.13%)

8.75
(+1.17%>)

123.2
(-1.17%)

363.9
(+6.33%) 2 .10%

W99+DMA 68.78 8.47
(+4.63%)

5.84
(-1.62%)

8.74
(+1.12%)

123.5
(-0.88%)

360.9
(+5.44%>) 2.90%

“ The experimental value is 
 ̂Root mean square error in

-AHsub, averaged over 10 
lengths o f lattice vectors

measurements 
a, b and c.

at 298K.[6 30-37]
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As well as the UNI, FIT, and W99 potentials, two exp-6 potentials parameterised specifically to 

the structure and lattice dynamics o f naphthalene are included for comparison. One set o f potential 

parameters (MKB74), derived by Mirskaya, Kozlova, and Bereznitskaya,t^-^^1 was fitted specifically 

to naphthalene and used the first three diagonal elements o f the elastic stifftiess matrix (extrapolated to 

T = OK) in the parameterisation. These elastic constants describe the compressibility o f  the crystal 

and were included to fix the steepness o f  the potential at the equilibrium structure. A second model 

(MPD77) was parameterised by Mackenzie, Pawley, and D i e t r i c h , m i n i m i s i n g  errors in phonon 

frequencies at the zone-centre and three other points in the first Brillouin zone. The frequencies used 

in their work were measured at 77K, so some temperature effects are absorbed into the parameters.

Equilibrium cell parameters o f  the fully relaxed structures are compared to the observed lattice 

parameters at 12K and 239K (Table 6-2a). Since the phonon frequencies are sensitive to the 

molecular orientation in this lattice, the molecular translations and rotations away from the 

experimental structure are also reported (Table 6-2b). The value o f in Table 6-2b is calculated

as

f  = (A%)'+(lOAxy+ Y. (lOOÂ )\ Y (6.1)
T=a,h,c x = (x ,p ,r

where A9 is the rigid-body rotation (in degrees) on lattice energy minimisation. Ax is the rigid-body 

translation (A), and Ax and A% are the changes in the lattice parameters. The factors !4, 10, and 100

bring the errors into the same range. This mixed unit quantity was developed by Williamst^-^^1 to 

give an overall measure o f the deviation between relaxed and experimental crystal structures and has 

been used in the parameterisation o f model potentials by Gavezzotti and Pilippini.t^-^^Al]

Table 6-2b. Molecular displacements o f naphthalene during lattice energy relaxation. Displacements 
are relative to the 12K experimental structure.

Fully relaxed | Fixed cell

RMS 
translation (A)

RMS rotation 
(deg.)

F RMS 
translation (A)

RMS rotation 
(deg.)

MKB74 9.70 0.24 167.11 0.07 1.64

MPD77 4.67 0.13 45.60 0.04 2.80

UNI 0.15 5.12 52.29 0.03 2 .2 0

W81+ESP 3.27 0.08 18.57 0.03 2.39

W99+ESP 2.57 0.19 14.49 0.07 2.05

W81+DMA 1.94 0.11 17.63 0.03 1.98

W99+DMA 2.51 0.14 30.13 0.04 1.57
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Besides the MKB74 and MPD77 models, the calculated lattice energies agree with the observed 

enthalpy o f sublimation at 298K, within expected differences (see discussion in Chapter 8 ). The 

lower lattice energies in the W99 models reflect the shallower well depths for the carbon atom 

interactions (Table 3-1, Chapter 3). The structures are also reasonably well reproduced, with a small 

overall expansion o f  the unit cell, mainly due to a decrease in p. Based on the RMS errors in cell 

lengths, the four models with explicit electrostatics perform slightly better than the pure exp-6  

potentials. Errors in the molecular positions and orientations (Table 6-2b) confirm this observation. 

All but the MKB74 potential were parameterised to experimental observations near room temperature, 

so, despite the T = OK nature of lattice energy minimisation, there is slightly better agreement with the 

higher temperature structure for most o f  the models.

The models with point charge electrostatics are a definite improvement over those with no 

explicit electrostatic term, while the distributed multipole representation o f the electrostatics does not 

noticeably improve the structure. Previous studies have shown the importance o f  the molecular 

quadrupole in modelling crystalline n a p h t h a l e n e t ^ - 2 2 , 4 2 ]  g îd the atomic point charges are enough to 

reproduce this molecular moment adequately.

The nine optic, zone-centre phonons, calculated at the fully relaxed structures, are described in 

Table 6-3, along with the corresponding calculated and observed (T = 6K)[^-^3 frequencies (Table 

6-4a). In the naphthalene crystal, molecules are packed with tilted edge-to-face contacts (Figure 6-1),

so the C-H •••71 interactions are very important and the different modes can be distinguished by how 

they distort these interactions. The lowest frequency translational modes V9) are dominated by 

shearing motions o f the (C)-H across the face of the naphthalene rings, while the remaining 

translational mode (vg) and lowest energy librational Ag/Bg pair (v,, V4) stretch these edge-to-face

contacts. The middle Bg mode (v;) combines stretching and shearing o f the C-H  ̂ interaction and 

the highest frequency Ag/Bg librations (V3, v^) rotate the molecules around their long axes, changing 

the edge-to-face tilt angle. In the remaining Ag mode (V2), the edge-to-face interactions are almost

undistorted and the stretching of H  ̂ H contacts between neighbours along the c axis is most 

important.

The RMS errors in frequencies are nearly the same for all the potentials, except for MKB74, 

which, despite having been fitted to elastic properties of naphthalene, is worst at reproducing phonon
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frequencies. Errors in the individual modes vary significantly between model potentials, which is a 

combined effect o f explicit errors in the curvature o f the potential and indirect errors resulting from 

changes in the structure on relaxing the external strains. For this reason, the frequencies have also 

been calculated in the fixed unit cell (Table 6-4b). This is one form o f  the quasi-harmonic 

approximation (Section 4,2.3), where the anharmonic effects from thermal expansion o f  the unit cell 

are taken into account.

Table 6-3. Qualitative description o f the normal modes of naphthalene, using RUDOLPh.

symmetry mode description

Vi
symmetric libration of each molecule about an axis approximately 

perpendicular to its molecular plane

V2
symmetric libration o f each molecule about an axis in its molecular plane, 

approximately along the short molecular axis

V3
symmetric libration o f each molecule about an axis in its molecular plane, 

approximately along the long molecular axis

Bg

V4
anti- symmetric libration of each molecules about an axis approximately 

perpendicular to its molecular plane

V5
anti- symmetric libration o f each molecule about an axis in its molecular plane, 

approximately along the short molecular axis

Ve
anti- symmetric libration o f each molecule about an axis in its molecular plane, 

approximately along the long molecular axis

Au

V7
out-of-phase translation o f  each molecule along c, approximately along the 

long molecular axis

Vg
out-of-phase translation o f each molecule perpendicular to its molecular plane, 

approximately in the a direction

Bu V9
out-of-phase translation o f each molecule along b, approximately along the 

short molecular axis

The DMA models represent the 7t-electrons most realistically and show a slight improvement 

over the rest in the low energy part o f the spectrum, where the motions shear the edge-to-face 

contacts. The high frequency modes are affected most by the exp-6  parameterisation and the W99

potential improves agreement with experiment, particularly for the H H stretch (V2), where the shift 

o f  the exp-6 site away from the hydrogen nuclei softens the mode significantly. The Bg/Ag split 

between the highest frequency librational modes (V3, v^) is poorly reproduced in the fully relaxed 

structures and four o f the seven potentials reverse the order o f these modes, whose assignments have
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been checked carefully against calculated scattering intensities.t^-^^1 In the fixed experimental unit 

cell, both V3 and are shifted too high, but most o f the models now predict the correct order o f the 

two highest modes. Like the elastic constant calculations for durene, the LTNl model calculations have 

only slightly larger errors than those with explicit electrostatic models and the MKB74 and MPD77 

potentials, whose fitting included second derivative properties, give equal or worse agreement with 

experiment than the rest.

Table 6-4a. Harmonic k = 0 phonon frequencies calculated for CioDg at the minimum in 0 ,,». 
Frequencies in cm ''.

mode
Expt

(6K)
MKB74 MPD77 UNI W81 

+ ESP
W99 

+ ESP
W81 

+ DMA
W99 

+ DMA

Translational modes

V7 (Au) 57.7 36.5 43.0 46.9 46.5 45.4 50.5 49.3

v , ( B u ) ' - 60.1 52.7 63.1 58.8 57.3 66.5 65.5

(Hg, 4.7K) 79 62.0 54.3 65.1 60.7 59.1 68 .6 67.5

Vg (Au) 107.1 99.4 101.6 120.0 112.9 105.8 111.2 104.4

Librational modes

V4 (Bg) 54.0 39.4 51.8 52.6 51.6 47.6 45.5 41.6

v i (Ag) 64.4 52.7 56.3 63.9 52.2 51.6 51.2 46.2

V5 (Bg) 79.4 78.5 73.5 87.71 77.4 71.3 77.4 71.8

V2 (Ag) 83.7 79.6 93.0 99.6 92.0 86.1 94.1 89.0

^3 (Ag) 112.4 155.6 120.2 147.2 137.0 126.5 143.7 133.9

V6 (Bg) 130.1 139.2 123.6 144.9 139.6 129.0 140.4 132.0

RMS error 2 2 .2 % 15.2% 16.2% 14.7% 14.5% 15.0% 15.8%

" The zone-centre frequency of the (vg) mode was not reported by Sheka et al, so the 4.7K 
frequency for is included, along with the calculated vg frequencies for the undeuterated
crystal.

Overall, the errors in the quasi-harmonic frequencies are larger than when the external strains are 

relaxed. This is especially pronounced for the MKB74 potential, whose calculated quasi-harmonic 

frequencies are seriously overestimated. With the rest o f the potentials, the large errors are mostly in 

the highest four or five modes, which are all overestimated by about the same relative shift. While 

larger, the errors in the quasi-harmonic calculations are more systematic than in the fully relaxed 

lattice, which is advantageous if  calculations are performed to aid in the characterisation of 

experimental spectra. Another advantage o f the quasi-harmonic model is that, if  the temperature or 

pressure dependence of the cell constants is known, then the frequency shifts can also be predicted.
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For example, we calculated the naphthalene lattice frequencies with the W99+DMA model (Figure 

6-2) using observed lattice constants from 12K to 239K[^-^’̂ ^1 and these show a similar temperature 

dependence to that observed experimentally.t^ ' î̂ The lowest frequency modes agree very well across 

the entire temperature range, while the frequencies that are too high in the calculations also have 

exaggerated temperature shifts.

Table 6-4b. Quasi-harmonic k = 0 phonon frequencies calculated for CioDg using fixed (experimental, 
12KI^-^1) lattice vectors. Frequencies in cm '.

Mode
Expt

(6K)
MKB74 MPD77 UNI W81

+ ESP
W99 

+ ESP
W81 

+ DMA
W99 

+ DMA

Translational modes

V? (Au) 57.7 72.2 64.5 54.3 62.3 57.1 63.5 59.8

v ,(B u ) ' - 108.2 80.4 69.5 77.1 71.5 79.9 74.4

(Hg,4.7K) 79 111.6 82.9 71.7 79.5 73.7 82.4 76.7

Vg (Au) 107.1 154.1 144.6 119.4 142.6 131.0 145.1 133.8

Librational modes

V4 (Bg) 54.0 69.8 66.3 53.9 65.0 59.6 62.8 57.5

V, (Ag) 64.4 91.8 76.5 65.1 71.0 63.2 67.0 58.2

V5 (Bg) 79.4 181.7 102.5 89.4 96.8 87.1 97.5 87.4

V2 (Ag) 83.7 196.8 126.6 108.3 119.6 108.8 122.3 111.4

V3 (Ag) 112.4 208.8 176.3 143.3 170.3 153.6 171.2 153.1

V6 (Bg) 130.1 207.3 174.3 144.6 172.6 157.8 175.1 159.8

RMS error 76.5% 33.5% 15.5% 29.3% 19.6% 30.3% 20.6%

“ The zone-centre frequency o f the Bu (vg) mode was not reported by Sheka et al, so the 4.7K 
frequency for CioHgt^ '^^i is included, along with the calculated Vg frequencies for the undeuterated 
crystal.

Figure 6-2. Variation of frequencies with temperature. Solid symbols from quasi-harmonic 
calculations using the W99+DMA potential. Open symbols from experiment.
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6.2.3.2 Pyrazine, C 4 N2 H4

Figure 6-3. Crystal structure o f  pyrazine. Figures have been prepared using the Cerius2 software.t^-^*

a) ab-plane b) bc-plane

...............................

..... ---------------------

...............................

While the structure and dynamics o f  aromatic hydrocarbons have been extensively studied and 

the intermolecular interactions can be modelled quite successfully using simple model potentials, the 

usefulness o f  pure exp-6 models is limited for polar interactions. Pyrazine is a non-polar azabenzene, 

but the local polarity around the nitrogen atoms gives a different character to the intermolecular
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interactions than in hydrocarbons. Pyrazine crystallises with the N-N axis o f all the molecules aligned 

along the longest unit cell axis, a, and the planes of molecules offset by a/2 form a 47° angle (Figure 

6-3). There are two major electrostatic interactions - offset ti-tt stacking approximately along b, and

C-H "N  interactions with their major component along a. As well as these electrostatic interactions,

there are also fairly short C-H H-C contacts between molecules translated along c.

As with naphthalene, the symmetry o f  this molecular crystal offers advantages for experimental 

and computational studies. There are two molecules in the unit cell, so only nine optic modes in the 

vibrational spectrum (Ag, Au, B,u, 2xB|g, B]», 2xB2g, Bsg) and, with the pyrazine molecules on 

crystallographic inversion centres, mixing o f the translational and rotational vibrational motions is 

forbidden. Hence, the analysis o f the calculated eigenvectors and characterisation o f  the experimental 

spectra is simplified.

Table 6-5a. Observed and calculated cell constants for pyrazine.

Structure -^latt
(kJ/mol)

a (A) b(A) c(A ) Vol (A^) RMS error ®

Expt (RT)t6-5] 56.3 
± 0.5 [6.47]

9.32 3.82 5.91 210.1 -
Expt

(184K)[6-6] 9.32 3.73 5.85 203.6 -

UNI 61.3 9.50
(+1.86%)

3.70
(-0.82%)

5.38
(-8.08%)

189.0 4 .81% ”

W84+ESP 53.2 7.53
(-19.27%)

3.69
(-1.17%)

7.56
(+29.23%)

208.0
(+2.14%) 20.22% ”

W99+ESP 49.5 • 8.43 3.81
(+2.21%)

6.62
(+13.11%)

204.6
(+0.45%) 9.45% ”

W84+DMA 54.3 9.67
(+3.67%)

3.76
(+0.77%)

5.70 207.5
(+1.88%) 2.60%

W99+DMA A 1 9.54
1 (+2.32%)

3.83
(+2.60%>)

5.53 202.2
(-0.72%) 3.72%

" Root mean square error in lengths o f lattice vectors a, b 
 ̂The original symmetry is lost and final (P2\!c) structure 

(W84+ESP), a  = 73.89° (W99+ESP)

and c, compared to 184K structure, 
has a  = 87.73° (UNI), a  = 82.21°

The relaxed structures (Table 6-5a & b) show the importance o f the electrostatic interactions in 

determining the structure of this crystal. Using the DMA based potentials, electrostatic interactions 

account for 35-40% of the total lattice energy (about 20 kJ/mol) and over two thirds o f  this results 

from anisotropic terms in the potential (charge-dipole and higher). All but the models using 

distributed multipole electrostatics fail to reproduce the lattice structure satisfactorily, with large 

errors in the a and c lattice vectors and significant molecular reorientations, destroying much o f the
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crystal's symmetry. The distributed multipole potentials reproduce the tc-tc stacking distance o f  2.33 

A to within 0.32 A (W84+DMA) and 0.13 A (W99+DMA), while the others expand this interaction 

by 0.9 - 1.2 A. The point-charge models also fail to reproduce the orientation o f  the C-H-- N

interaction -  the W84+DMA and W99+DMA models reproduce the experimental C- H-  N angle o f 

153° to within 3°, while the angle becomes much more acute with the ESP models (106° with 

W84+ESP, 137° with W99+ESP). The UNI potential reproduces the weak hydrogen bond 

adequately, but fails to model the K~n interaction properly.

Table 6-5b. Molecular displacements of pyrazine during lattice energy relaxation.

Fully relaxed I Fixed cell

RMS 

translation (A)

RMS rotation 

(deg.)
F

1 RMS 

I translation (A)

RMS rotation 

(deg.)

UNI 0.20 15.25 136.6 0.00 17.28

W84+ESP 0.84 47.87 1931.6 0 .00 18.84

W99+ESP 0.58 61.81 1517.0 0.00 43.35

W84+DMA 0.13 2.07 23.1 0.00 1.89

W99+DMA 0.14 5.14 50.2 0 .00 0.37

Frequencies calculated at the lattice energy minima for the DMA models are compared to the 

lowest temperature observed spectra (Table 6-7). The far-infrared spectrum was measured at 77K by 

Gerbaux and Hadnit^-^1 and both By frequencies were identified. The Raman spectrum has been 

studied more e x t e n s i v e l y l ^ - ^ A 8 - 5 0 ]  g^d the full characterisation o f the librational frequencies, using 

isotope shifts and polarisation measurements, was reported by Hieida and c o - w o r k e r s , w h o  

measured frequencies down to 4.2K. To our knowledge, the optically inactive A„ mode has not been 

observed experimentally, even in inelastic neutron scattering experiments.I^-^ï

The modes calculated from the simpler potentials cannot be directly compared to experiment 

because o f the large distortions o f the lattice and molecular rearrangements. Quasi-harmonic 

calculations, using the 300K lattice constants, were performed for all o f the model potentials and these 

are compared to room temperature spectra (Table 6-7b). By enforcing the Pmnn symmetry, the 

structure relaxed to second order transition points with the simpler models. At these structures, the 

eigenvectors are comparable to those o f the true minima (W84+DMA, W99+DMA) and the 

calculations show the instability to molecular rotation (V2, V4).
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Table 6 -6 . Qualitative description of the normal modes of pyrazine, using RUDOLPh.t^-^'^1

symmetry mode description

V | symmetric libration o f all molecules about their N-N axes

B]g

V 2
symmetric libration o f all molecules about an axis approximately 2 0 ° out 

o f the molecular plane, perpendicular to the N-N axis

V 3
symmetric libration o f all molecules about an axis perpendicular to that in 

V2 (roughly perpendicular to the molecular plane)

B2g

V 4
anti-symmetric libration o f all molecules about an axis approximately 2 0 ° 

out o f the molecular plane, perpendicular to the N-N axis

V 5
anti-symmetric libration of all molecules about an axis perpendicular to 

that in V4 (roughly perpendicular to the molecular plane)

Bsg V 6 anti-symmetric libration o f all molecules about their N-N axes

A« V 7
out-of-phase translation o f each molecule along a, in the direction o f the 

N-N molecular axes

Biu Vg
out-of-phase translation o f each molecule along c, roughly perpendicular to 

the molecular planes

Biu V9 out-of-phase translation o f each molecule along b

The lowest frequency Bzg (V4) mode bends the C-H -N interaction out o f  the plane o f the ring, 

with almost no change in the N H separation. Thus, the restoring force is almost entirely due to the 

orientational dependence o f the interaction. The lowest B,g vibration (V2) is also a C-H N bending

mode, while also shearing the close C-H --H-C contacts. Like V4, V; is unstable without anisotropic 

electrostatics, indicating that the higher order Coulomb interactions contribute an important part o f the 

restoring force. The higher frequency pair o f B,g and B2g motions (vg, V5) distort the hydrogen

bonding in the plane o f  the ring. In the translational modes (V 7, V g, V 9) ,  both the n-n  and C-H H-C 

contacts are unchanged, so distortions o f the weak C-H- -N hydrogen bonds are essentially isolated. 

However, unlike the librational motions, these modes also change the (C)-H---N separation. The Ag 

(vi) and B]g (v^) librations about the molecular N-N axes stretch the (C-)H---H(-C) close contact 

distances and distort the face-to-face ring contacts.
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Table 6-7a. Harmonic k = 0 phonon frequencies calculated for pyrazine at the minimum in 
Frequencies in cm '.

Mode Expt. (Low T) W84+DMA W99+DMA

Translational modes (77 K)

V? (Au) not observed 123.3 123.0

Vg (Biu) 54 (IR) 52.2 54.8

Vg (Bzu) 79 (IR) 65.0 69.8

Librational modes (4.2K, Raman)

V1 ( Ag) 128 147.3 145.4

V2(B|g) 57 54.2 64.8

V] (Big) 88 76.8 73.6

V4 (B^g) 58 48.1 51.1

V5 (Bzg) 98 111.3 117.1

V6 (Bag) 136 161.1 161.3

RMS error 13.9% 14.4%

Table 6-7b. Quasi-harmonic k = 0 phonon frequencies calculated for pyrazine at the fixed room 
temperature lattice. Frequencies in cm '.

Mode
Expt “ 

(room temp.)
UNI W84+ESP W99+ESP W84+DMA W99+DMA

Translational modes

V? (Au) not observed 120.8 (d4) 137.0 (d4) 119.5 (d4) 141.5 (d4) 122.1(d4)

Vg (Biu) 48 53. 8 (d4) 64.7 (d4) 62.5 (d4) 69.1 (d4) 61.4 (d4)

Vg (B%u) 68 67.8 (d4) 75.7 (d4) 64.8 (d4) 70.1 (d4) 64.7(d4)

Librational modes

Vi(Ag) 104 103.2 86.8 104.0 111.1 101.1

V2 (Big) 46 -62.4 -60 .0 -73.7 26.8 58.6

V3 (Big) 72 97.1 82.7 104.2 90.4 67.4

V4 (Bag) 47 -36.4 -30.4 -41.7 10.2 27.6

V5 (B2g) 78 34.0 63.1 59.3 113.6 117.2

V6 (Bag) 115 115.6 106.9 122.7 138.7 129.4

RMS error 27.5% " 19.4%" 24.1% " 40.3% 27.4%

“ Room temperature IR experimental frequencies from [6.7], 300K Raman frequencies from [6 .8].
 ̂Excluding unstable modes.

These results support earlier computational studies of the pyrazine crystal,[^-^’^^’̂ ^l which found 

that C-H "N  dipole-dipole interactions were necessary to describe the structuret^-^^1 and
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vibrationst^-^’̂ ^l satisfactorily. Gamba and Bonadeol^-^'l also calculated the relative importance of

each part o f the model potential to the dynamical matrix, (k  =  0 ) ,  and found that the electrostatic

contribution is most important for the lower frequency librational B,g (vz) and Bzg (V4) modes, which 

we find are unstable without anisotropic atom-atom electrostatics. Using the DMA models, both o f 

these modes are quite well described at the minimum in lattice energy, but, in the QH approximation,

all but the W99+DMA B|g frequency are much too soft. In our calculations, the N - H-C charge- 

charge attractive energy lessens when the lattice is relaxed, while the higher multipole interactions 

strengthen significantly compared to the QH structure. So, in the relaxed lattice, the directionality o f 

the interaction is optimised, but the fixed unit cell hinders optimal orientation o f the weak hydrogen 

bonds in the QH calculations.

The higher frequency Big/Bzg pair (V3 V5) are fairly well reproduced with distributed multipoles, 

but V5 is far too soft with the isotropic potentials, indicating that the higher order electrostatics are 

important for in-plane bending as well. The B„ modes (vg Vg), are reproduced very well with all 

models, showing that, with the stretching as well as bending component, atom-atom anisotropy is 

much less important. The fully relaxed DMA models reproduce the low temperature v, and v& 

frequencies well and the softening o f these modes in the QH approximation gives very good 

agreement with the room temperature observations. The exp-6 contributions to the dynamical matrix 

are dominant for this (C)-H H-(C) stretching model^-^'l and the W99 model gives noticeably better 

results than the W84 model, due to the improved aromatic carbon parameters and shift o f the 

hydrogen repulsion along the C-H bonds.

6.2.3.3 Hexamethylenetetramine(-'di2))

The elastic constants o f hexamethylenetetramine (Figure 5-7, Chapter 5) were studied in the 

previous chapter. As with pyrazine, the molecule has local polarity, but no net dipole moment and no 

strong hydrogen bond donors. The shortest intermolecular contacts are (C-)H-- H(-C) at just under 

2.7Â and C-H N at about 2.8 A. These are both longer that the sum o f the van der Waals radii, so 

neither is expected to be particularly strong. The body-centred cubic packing suggests that 

hexamethylenetetramine behaves as if it were spherical, but the sum o f the weak interactions provides 

enough anisotropy in the molecule-molecule interactions to keep the crystal orientationally ordered up
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to at least 340K, above which there is significant broadening of the librational mode in the neutron 

scattering spectrum.t^ *

Unlike pyrazine, the structure is reproduced satisfactorily using simple potentials (Table 5-13, 

Chapter 5), raising the question o f whether accurate potentials are needed to reproduce the dynamical 

properties. In the study o f the effect o f model potential on elastic constants (Section S.2.3.6), the UNI 

potential seriously exaggerated the stiffness o f the crystal, while the W84 and W99 potentials gave 

errors which are more typical o f those resulting from thermal effects. As with the structure, the elastic 

stiffness is nearly unaffected by replacing atomic charges with distributed multipoles.

Due to the high symmetry, there is only one (triply degenerate) optic intermolecular mode, at 

approximately 60cm '% which is inactive in both the IR and Raman spectra. Dolling and Powellt^-^^1 

have measured the dispersion curves o f all o f the intermolecular modes via coherent inelastic neutron 

scattering at lOOK and 298K (Table 6-8). The large gap between the frequency o f this librational 

mode and our lowest calculated intramolecular mode (as 375.6cm '', MP2/6-31G(ûf,/7)) justifies our use 

o f the rigid body formalism.

Table 6-8. Harmonic and quasi-harmonic (lOOK and 298K) k = 0 librational lattice frequency o f  
hexamethylenetetramine. Frequencies in cm '.

Exptt^'^ n UNI W84+ESP W99+ESP W84+DMA W99+DMA

lOOK 

63.7 (±2)

Fully relaxed lattice

95.3 78.8 74.1 66.4 56.6

lOOK fixed lattice (a = 6.949Â)

74.1 87.0 72.7 73.7 56.1

298K 

58.4 (±2)

298K fixed lattice (a = 7.024Â)

62.8 77.0 64.9 64.9 50.2

While the frequency calculated with the UNI potential is about 50% too large (Table 6-8), 

consistent with the elastic stiffness, those models using explicit electrostatics are in good agreement 

with the observed frequency. The improvement when point charges are replaced with distributed 

multipoles is slightly greater than that associated with changing the exp-6 parameters. However, some 

of these effects are due to the differences in relaxed lattice parameters. Although these differences in 

lattice parameters are only about 1%, they are on the same magnitude as observed changes in the 

lattice structure over a large temperature range. The equilibrium lattice of the W84 models nearly 

corresponds to room temperature (a = 7.024Â), while the W99 parameter corresponds approximately

Lattice D ynam ical Studies o f  M olecular Crystals
with Application to  Polym orphism  and Structure Prediction

Graeme M. Day
20 0 3



Chapter 6. Validation o f  Phonon and Thermodynamical Calculations 120

with 50K observations (a = 6.934Â). As the lattice frequency increases by almost 8% from room 

temperature to lOOK, the effects o f  small changes in the lattice seem to be significant.

Quasi-harmonic frequencies are presented for both temperatures where experimental frequencies 

are available (Table 6-8). The room temperature lattice was taken from Stevens and Hopet^-^^1 and 

the lOOK lattice parameter was approximated by interpolating between Kampemann et a ts  six 

structures covering the range from 15K to 200K.I^-^®3 At both temperatures, the effects o f  the exp-6 

parameters and the electrostatic model are comparable. Exchanging W 84 for W99 or point charges 

for a DMA decreases the frequency by approximately 15 cm ' at both temperatures and both changes 

generally improve the fit with experiment. The UNI frequency is much better than in the relaxed 

lattice and gives results comparable to the W99+ESP model, indicating that most o f  the improvements 

in using an explicit electrostatic model are associated with the anisotropy o f  atom-atom interactions. 

The W99+DMA potential is the best overall model and is the only one that reproduces the 

temperature shift (about 5cm ' from lOOK to room temperature) accurately. Although the frequencies 

are slightly too soft at both temperatures, this model gives the correct progression in frequencies from 

the lattice energy minimum to lOOK and up to room temperature, which indicates that the 

anharmonicity o f  the potential energy is reasonably well represented.

6.2.3.4 Im idazole, C 3N2H 4

Figure 6-4. Crystal structure o f  imidazole. Hydrogen bonds are shown with fine dashed lines. Figures 
have been prepared using the Cerius2 s o f t w a r e . * 1

a) ab-plane b) ac-plane

b

1 ^  Y i - 7 - V i \  ^
k  Œ  à

'  ^
K  ̂  A  '\  V

Imidazole is a small rigid molecule but, unlike pyrazine and hexamethylenetetramine, there are 

polar hydrogen atoms to donate hydrogen bonds to the lone pairs on the nitrogen. The molecules 

form hydrogen bonded chains along the c axis o f  the monoclinic (P2\lc, Z = 4) lattice (Figure 6-4).
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Adjacent molecules in the chains are twisted by about 60° with respect to each other and these chains

are joined by short (C-)H- -N contacts o f 2.6Â. With these weak and strong hydrogen bonds forming 

a network through the crystal, the electrostatic interactions are expected to be dominant. Indeed, our 

calculations estimate that the electrostatic interactions make up about 60% of the total lattice energy. 

Studying the dynamics o f such a crystal, with weak and strong hydrogen bonding in nearly orthogonal 

directions should show how the potentials model such directional interactions.

Table 6-9a. Observed and calculated cell constants for imidazole.

-^latt
(kJ/mol)*

a (A) b(A) c(A ) P
(degrees)

Vol (A") RMS 
error ̂

Expt 83.1 ± 0 .2 7.57 5.37 9.78 119.1 347.3 -

UNI
59.07 7.62

(+0.69%)
5.17

(-8.70%,)
10.01

(+2.82%)
124.1

(+4.19%)
326.6

(-5.96%)
2.55%

FIT
+

ESP
61.89 7.78

(+2.78%)
5.30

(-1.25%)
10.03

(+2.49%)
119.8

(+0.61%)
358.7

(+8.28%) 2.27%

W99
+

ESP
59.25 7.87

(+8.98%)
5.24 9.98

(+2.01%)
118.4 361.6

(+4.12%) 2.91%

FIT
+

DMA
78.38 7.72

(+1.96%,)
5.46

(+1.78%)
9.81

(+0.80%)
120.6

(+1.28%)
356.0

(+2.51%) 1.54%

W99
+

DMA
79.32 7.60

(+0.88%)
5.50

(+2.47%)
9.52

(-2.66%)
117.4

(-1.42%)
353.3

(+1.72%) 2.11%

® Experimental lattice energy taken as 
** Root mean square error in lengths o f lattice vectors a, b and c.

Table 6-9b. Molecular displacements o f imidazole during lattice energy relaxation.

Fully relaxed Fixed cell

RMS 

translation (A)

RMS rotation 

(deg.)

F RMS translation

(A)

RMS rotation 

(deg.)

UNI 0.35 3.90 60.53 0.44 10.83

FIT+ESP 0.17 3.61 22.24 0.23 5.08

W99+ESP 0.23 2.64 33.04 0.17 3.08

FIT+DMA 0.13 4.08 15.32 0.14 3.87

W99+DMA 0.16 4.92 24.79 0.18 4.73

The structures are reasonably well reproduced by all o f the model potentials (Table 6-9a and 

Table 6-9b). The FIT+DMA potential gives the best results and reproduces the length and

directionality o f the N-H- -N contacts to within 0.01 A and 3°. However, hydrogen bonding with the
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W99+DMA potential is exaggerated, shortening the strong hydrogen bond by 0.17Â. The ESP 

models both elongate the hydrogen bond with respect to their DMA counterparts and also bend the 

nearly linear interaction significantly. While the UNI model retains the linearity, it also elongates this

intermolecular contact. All five models reproduce the length and direction o f the weaker C-H N 

reasonably well.

Table 6-10. Qualitative description o f the normal modes of imidazole, using RUDOLPh.t^-^^1

symmetry mode description

V| out-of-phase translation of chains along c (in direction o f  H-bonding)

V2 librations causing bend/twist o f H-bonded chains

V3 out-of-phase translation of chains along a (perpendicular to H-bonds)

V4 translations causing breathing o f chains perpendicular to H-bonds

V5 librations causing out-of-phase twist o f H-bonded chains

V6 librational bending o f H-bonded chains

Bg

V7 translation o f chains along b (perpendicular to H-bonding)

Vs transi ./librations bend and twist o f chains

V9 librational bend and twist o f  chains

Vio translations along c, stretching H-bonds

V11 in-phase twist o f H-bonded chains

V12 librational bending o f H-bonded chains

Au

Vt3 out-of-phase librational bend and twist o f H-bonded chains

VJ4 out-of-phase librational rotation o f H-bonded chains

Vl5 translations/librations bending and stretching H-bonded chains

V16 translations/librations stretching H-bonded chains

V|7 librational H-bond bending

Bu

Vis librational H-bond bending

Vi9 out-of-phase transl./librational bend and twist o f chains

V20 out-of-phase transl./librational chain twisting

V21 librational H-bonded chain bending

Calculated frequencies (Table 6-1 la  & b) are compared to the observed frequencies at the lowest 

available temperatures (lOOK Raman and 93K IR). Errors in the hydrogen bond geometry have a

strong influence on many o f  the modes that involve distortions o f the N-H- -N chains, bending, 

twisting, or stretching the hydrogen bonds. At the fully relaxed structures, the W99+DMA model 

exaggerates the stretching (v,o, vi^) and high frequency bending frequencies (vg, v ,2, v,?, V21) because
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o f the shortening o f the hydrogen bonds. However, in the quasi-harmonic calculations, the chain 

length is fixed and agreement with experiment is excellent. Many o f the low energy bending modes 

(v2, V 4 , V g , V 9, V |3, V |g )  are too soft with ESP charges and the stabilisation with distributed multipoles 

shows the importance o f  the anisotropy in the hydrogen bond potential. However, the success o f  the 

simple exp-6  model (UNI) shows that the right parameterisation o f an isotropic atom-atom potential 

can give good results.

Table 6-1 la . Harmonic k = 0 lattice frequencies o f imidazole calculated at the minimum in Oiatt- 
Frequencies in cm"'.

Mode Expt®
(100K,93K) UNI FIT+ESP W99+ESP FIT+DMA W99+DMA

Vl 54.5 44.5 41.2 36.1 45.7 40.3

V2 79.0 62.6 60.0 60.3 79.3 82.5

Ag
V3 86.5 63.4 70.1 66 .0 98.8 106.3

V4 100.5 106.4 104.6 98.8 111.7 119.4

V5 112.0 162.3 119.7 121.5 141.7 137.1

V6 158.0 168.4 131.6 123.6 213.4 272.9

V7 62.5 64.3 57.6 53.8 54.8 53.6

Vg 74.0 72.5 70.4 66.7 86.5 88.4

B„
V9 109.0 110.7 87.8 84.2 108.0 108.0

e
V |0 128.0 133.7 111.2 106.0 157.0 169.5

v ,| 163.0 169.8 139.8 132.5 184.1 177.5

V ,2 181.0 183.5 152.0 144.7 206.2 254.0

V,3 - 74.4 64.2 63.8 74.1 74.0

V|4 113.0 100.3 83.8 91.7 111.6 104.2

Au Vl5 - 129.7 113.3 104.9 141.3 161.2

V16 151.0 154.4 126.0 119.0 185.3 172.4

V|7 188.0 183.6 148.3 133.5 198.2 247.9

V18 70.0 57.4 44.8 49.4 61.5 69.2

Bu
V]9 97.0 79.1 76.2 73.2 102.3 114.8

V20 128.0 105.0 93.1 89.7 149.9 150.5

V21 - 177.0 142.3 136.0 209.2 269.4

RMS Error 16.3% 19.5% 2 2 .0 % 16.4% 26.5%

Raman (Ag, Bg) measured at lOOK, IR (A„, B J  at 93K.
Our characterisation (Table 6-10) o f the experimental IR modes is based on agreement with our best 
models (UNI and DMA models in the QH approximation) and is used consistently throughout. 
However, the number o f missing frequencies and the small frequency differences makes this a best 
estimate rather than a confident assignment.
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Table 6 -11b. Quasi-harmonic k = 0 frequencies o f imidazole in the 123K fixed unit cell. 
Frequencies in cm '.

Mode
Expt*

(100K,93K)
UNI FIT+ESP W99+ESP FIT+DMA W99+DMA

Vi 54.5 36.7 41.1 35.4 44.6 43.8

V2 79.0 74.5 61.9 57.2 83.9 79.5

Ag
V3 86.5 102.0 68.7 61.9 94.5 98.7

V4 100.5 113.2 104.5 97.4 126.3 111.4

Vs 112.0 140.0 133.7 106.5 147.8 137.0

V6 158.0 166.8 143.5 130.7 208.9 217.4

V? 62.5 20.4 59.4 58.9 61.6 58.0

Vg 74.0 58.0 76.1 70.0 83.6 90.3

Ba
Vg 109.0 92.4 92.7 83.1 116.7 106.8

s
V|0 128.0 117.4 117.3 103.2 165.8 127.5

Vli 163.0 170.2 155.6 132.3 182.6 152.6

V,2 181.0 188.1 184.9 145.4 205.6 202.2

V|3 - 50.6 60.4 57.5 81.0 73.1

Vj4 113.0 78.6 90.0 88.8 117.8 114.5

Au Vis - 124.2 120.1 102.2 151.1 128.7

Vl6 151.0 157.9 129.7 108.6 186.8 145.0

Vl7 188.0 180.5 182.9 144.8 202.4 193.0

V|8 70.0 57.8 42.4 42.0 63.1 70.7

Bu
V|9 97.0 63.2 82.6 72.8 104.1 101.5

V20 128.0 131.9 100.1 88.7 158.8 141.4

V21 - 143.5 155.2 126.8 210.0 211.8

RMS Error 16.3% 19.5% 22.0% 16.4% 26.5%

Raman (Ag, Bg) measured at lOOK, IR (A„, B») at 93K.
Our characterisation (Table 6-10) o f the experimental IR modes is based on agreement with our best 
models (UNI and DMA models in the QH approximation) and is used consistently throughout. 
However, the number of missing frequencies and the small frequency differences makes this a best 
estimate rather than a confident assignment.

The molecules twist about the axis o f the N- H- - N bond in the V|, and v^o modes, with minimal

distortion o f the inter-chain, edge-to-face contacts. As with the N-H --N bends and stretches, 

anisotropy in the atom-atom electrostatic interaction increases the calculated frequency significantly. 

In the QH calculations, the only structural differences are small molecular reorientations (1-2°
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rotations and translations < 0.1 A), so the differences in frequencies calculated with ESP and DMA 

models indicate an important non-spherically symmetric aspect to the hydrogen bond potential.

The remaining vibrations do not affect the bonding in the molecular chains and can be 

characterised by their effect on the edge-to-face contacts. The lowest frequency modes correspond to 

slipping of these contacts, either along (v,) or perpendicular (v?) to the edge-to-face contact. At the 

lattice energy minimum, these frequencies are insensitive to the model potential and are generally 

about 10 cm ' too low. The fit is improved in the QH approximation, except with the UNI model, 

where these motions become very soft, indicating that the 3.7% compression o f the b direction is 

important for stabilising the inter-chain interactions. Stretching (V3) and bending (V5, v ,;, v,g) o f  the

edge-to-face C-H - N contacts are generally too soft with the ESP models and the DMA stabilises 

these interactions, again showing the importance o f the electrostatic component to the weaker 

contacts.

6 .2 .3 .5  P e n ta e ry th r i to l ,  C (C H ]O H )4

The elastic constants o f pentaerythritol were examined (Section 5.2.3.4) to evaluate the effect o f 

molecular flexibility on such calculations and the lattice frequencies are calculated here for the same 

purpose. The lattice modes are strongly influenced by the intermolecular hydrogen bonding and the 

(CH2OH) groups that partake in these hydrogen bonds are quite flexible. Several low energy (165 -  

425 cm"') internal modes have been assigned to CCOH motions,t^-^^l which are likely to couple with 

the lattice modes.

Table 6-12. Average errors in cell constants and molecular reorientations for pentaerythritol."

RMS Error in lattice vectors Molecular rotations F

UNI 6.06% 1.38° 60.90

FIT + ESP 2.32% 1.87° 27.24

W99 +ESP 1.65% 1.16° 8.54

FIT + DMA 2.16% 1.15° 14.37

W99 +DMA 1.65% 0.77° 8.27

" With respect to the structure of Semmingsen.t^- *

Besides the inter-layer CH2- HzC van der Waals interactions with the UNI model, the structure is 

reproduced very well (Table 6-12). In general, the structure is improved with the accuracy o f  the 

electrostatic model and improved exp-6 parameterisation o f the W99 potential.

Lattice D ynamical Studies o f  M olecular Crystals
with Application to Polymorphism and Structure Prediction

Graeme M. Day
2003



Chapter 6. Validation o f Phonon and Thermodynamical Calculations 126

Table 6-13. Harmonic and quasi-harmonic k = 0 phonon frequencies calculated for pentaerythritol at 
the minimum in 0,,» and in the fixed 294K lattice. Frequencies in cm ''.

symm. Exptt^-'^l UNI FIT+ESP W99+ESP FIT+DMA W99+DMA

80K Fully relaxed lattice

A - 81.7 132.3 145.2 174.5 161.4

E 80 ± 2 120.1 100.3 105.1 103.9 94.5

298K 294K fixed lattice

A - 89.0 125.4 148.4 176.3 166.7

E 77 ± 2 48.1 73.6 98.5 88.8 92.4

Due to the high symmetry o f the crystal lattice, there are only two lattice phonon frequencies 

(both librational, one of A symmetry and a doubly degenerate E  mode). As with 

hexamethylenetetramine, the small number o f modes simplifies the comparison o f  calculated and 

experimental frequencies. The degenerate E  mode, a bending o f the hydrogen bonded sheets, has 

been observed in both the R a m a n t ^ - and IR[6 56] spectra. Harmonic calculations are compared 

(Table 6-13) to McLauchlan and Carter’st^-^ 80K Raman spectrum and 294K quasi-harmonic

calculations were performed for comparison with the room temperature spectrum. At the lattice 

energy minimum, the frequency o f the E  mode is overestimated by 18% to 50%, part o f which may be 

due to temperature effects. Agreement is better in the quasi-harmonic approximation to room 

temperature and it is obvious that the effect o f  molecular flexibility is much less important for this 

hydrogen-bond bending vibration than for the elastic stiffness in the ab-plane, which was 

overestimated by at least 100% (Table 5-9, Chapter 5).

Unfortunately, the A mode, which shears the hydrogen bonds in the plane o f the molecular sheets, 

has not, to our knowledge, been observed. Thus, our calculated A mode can only be compared to 

previous calculations. Calculated in a fixed room temperature lattice with a fully flexible force 

f i e l d , t h i s  lattice mode has a frequency o f  46.4 cm '. This model was parameterised to reproduce 

the entire (inter- and intramolecular) spectrum with typical errors o f about 2%, so this lattice 

frequency is probably reliable and, in comparison with our calculations, shows that intramolecular 

flexibility is as important here as for the elastic stiffness calculations.

6.2.3.6 a-Glycine, C2NO2H5

Glycine crystallises as a zwitterion, with a cationic quaternary nitrogen at one end and an anionic 

carboxyl group at the other. Three polymorphic modifications o f glycine are known, but the stable
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form at room temperature is the monoclinic ( P l j n )  alpha form (Figure 6-5). The molecules form

sheets in the crystal, with a network o f  N-H 0 = C  hydrogen bonds binding molecules together in 

layers parallel to the ac-plane. Within eaeh layer, the molecules are dipole aligned, but pairs o f  these 

sheets are arranged antiparallel to each other with further hydrogen bonds joining them. Each 

hydrogen on the NH3 group hydrogen bonds to a carbonyl oxygen. To satisfy the hydrogen bonding 

capacity o f  the molecule, both oxygen atoms accept two hydrogen bonds and one o f  the hydrogen 

bonds is bifurcated. There are no strong directional contacts between the double layers.

Figure 6-5. Crystal structure o f  a-glycine. Hydrogen bonds are shown with fine dashed lines. Figures 
prepared using the Cerius2 sofhvare.t^-^^1

a) ab-plane b) bc-plane

4 .
1 t Y "  I

-'rr>"Y--V-'hv

%

All model potentials reproduce the room temperature neutron structuret^ * !̂ very well (Table 

6 -14a and b) and, apart from the UNI model, the calculated lattice energies are in reasonable 

agreement with experiment, which was corrected for rearrangement o f  the molecular structure to the 

classical form in the gas p h a s e . T a k i n g  into account the molecular orientation as well as the 

lattice constants, the DMA models perform noticeably better than point charge representations o f  the 

electrostatics and the W 99+DM A model gives the best results.

Polarised Raman and infrared vibrational spectra have been measuredt^ * !̂ and isotope shifts o f  

the frequencies, along with lattice dynamical calculations, were used to characterise the lattice 

modes.t^ * ’̂* !̂ The lowest intramolecular modes occur at around 200 cm ' and correspond to COO
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torsional motions, so the rigid body approximation probably affects the higher frequency lattice 

modes, especially those where deformation o f the hydrogen bonds is important. In fact, many o f the 

calculated frequencies o f hydrogen-bond bending modes are too high (Table 6-16a & b).

Table 6 -14a. Experimental and calculated crystal structures o f a-glycine.

~^Iatt
(kJ/mol)

a (A) b(A) c(A ) P
(degrees)

Vol. (A") RMS
error'’

Exptt^- ̂ 21816.57] a 5.10 11.97 5.46 111.7 309.7 -

UNI 116.30 4.92
(-3.59%)

11.87
(-0.82%)

5.53
(+1.25%,)

114.9
(+2.90%)

292.6
(-5.51%) 2.25%

FIT+ESP 201.00
5.21

(+2.16%)
12.03

(+0.46%)
5.56

(+1.94%)
113.2

(+1.32%)
320.6

(+3.51%) 1.70%

W99+ESP 190.76 5.30
(+3.94%)

11.91
(-0.54%)

5.59
(+2.49%)

111.2
(-0.41%)

329.2
(+6.31%) 2.72%

FIT+DMA 219.06 5.06
(-0.71%)

12.16
(+1.59%)

5.53
(+1.35%)

112.9
(+1.06%)

313.9
(+1.36%) 1.27%

W99+DMA 206.98 5.13
(+0.52%)

12.09
(+1.03%)

5.55
(+1.76%)

111.7
(+0.01%)

320.0
(+3.34%,) 1.22%

® The experimental lattice energy is estimated by the sublimation enthalpy, corrected by the ab initio 
energy difference between the classical and zwitterionic gas phase structures.
^ RMS error on lattice constants.

Table 6-14b. Molecular displacements o f during lattice energy relaxation o f a-glycine.

Fully relaxed Fixed cell

RMS 

translation (A)

RMS rotation 

(degrees)
F

RMS 

translation (A)

RMS rotation 

(degrees)

UNI 0.24 4.62 36.69 0.31 “ 5.99*

FIT+ESP 3.71 0.20 18.42 0.21 5.04

W99+ESP 2.88 0.16 27.09 0.12 3.75

FIT+DMA 2.68 0.25 14.34 0.21 2.87

W99+DMA 2.78 0.14 8.43 0.11 2.79

“ First order saddle point.

In the lowest two A„ modes (v ,3 and v^), the double layers shear across each other, parallel to the 

ac-plane, while the lowest Bu mode (v,g) stretches this interaction. There are no dominant atom-atom 

interactions between the layers and the resistance to this motion is fairly independent o f the model 

potential. The stretching frequency is described very well, but the shearing, which is largely 

dependent on the orientational dependence o f these weak interactions, is too soft with all models. The 

rest o f the modes involve deformations of the hydrogen bond network, so are more sensitive to the
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electrostatics. Shearing o f the hydrogen-bonded sheets (v,, vj, V 7, and V g) is quite well reproduced 

and, surprisingly, changes in the exp-6 parameters affect these frequencies more than improvements to 

the electrostatic model. Stretching o f the interlayer hydrogen bonds (V3, V4, V5, V9 and V12) is more 

dependent on the electrostatic model, but is too stiff in all o f our calculations.

Table 6-15. Qualitative description o f the normal modes o f a-glycine, using RUDOLPh.l^'^'^1

symm. & mode description

Ag

V | translations approximately along a, shearing H-bonds between sheets

V2 translations approximately along c, shearing H-bonds between sheets

V3 translations along b, stretching H-bonds between sheets

V4 translation/librations stretch + bend of H-bonds between sheets

V s translational/1 ibrational stretch + bend o f H-bonds between sheets

V6 librational shearing between double sheets + H-bond stretch within sheets

Bg

V ? translational shearing o f H-bonds between H-bonded sheets

Vg translational/librational shearing o f H-bonds between sheets

V9 translational stretch o f H-bonds between sheets

V |0 librations stretching H-bonds between sheets + bending o f  H-bonds within sheets

V | | librational bending o f H-bonds within sheets

V |2 librations stretching H-bonds between sheets + bending o f  H-bonds within sheets

A„

V,3 translations approximately along c, shearing interactions between double sheets

V,4 translations approximately along a, shearing interactions between double sheets

V is librations bending H-bonds between and within sheets

V16

librations bending H-bonds between sheets 

+ stretching o f H-bonds within sheets

V|7 librational bending of H-bonds within sheets

Bu

V |8 translations along b, stretching interactions between double sheets

V |9

librations bending H-bonds between sheets 

+ stretching o f H-bonds within sheets

V 20 librations bending H-bonds between and within sheets

V21
librations bending H-bonds between sheets 

+ stretching o f H-bonds within sheets
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Table 6 -16a. Harmonic k = 0 lattice frequencies o f a-glycine at the minimum in lattice energy. 
Frequencies in cm '.

mode expt® UNI FIT+ESP W99+ESP FIT+DMA W99+DMA

Vi 52 94.8 67.6 56.8 72.9 52.8

V2 72 58.5 82.4 73.3 79.6 79.8

Ag
V3 109 140.8 125.4 122.6 155.9 153.7

V4 155 154.9 135.7 134.1 184.0 179.5

Vs 178 276.0 162.6 162.3 192.0 187.7

V6 / P 4 “ 208.8 180.5 171.5 233.0 219.6

V? 52 61.9 83.9 82.2 93.9 86.3

Vg 73 110.4 91.5 86.5 95.7 94.9

V9 84 134.1 111.1 109.2 146.3 132.7
s

V|0 109 162.8 133.2 126.8 173.1 168.6

V|| 162 184.5 165.5 157.4 200.1 204.3

V,2 178 274.1 174.1 178.4 231.6 219.2

V|3 91 37.2 49.2 49.7 47.1 50.3

V|4 91 73.0 56.6 72.2 70.4 70.7

A .M Vj5 - (133)
109.1

(104.4)

80.1

(78.4)

92.0

(87.6)

103.2

(98.4)

125.3

(119.1)

V|6 - (165)
199.4

(192.8)

141.8

(136.7)

137.1

(131.6)

198.8

(193.1)

190.6

(185.1)

Vl7 226^ 279.5 178.6 160.7 235.3 216.2

V|g 91 104.3 84.8 90.5 90.4 95.2

V,9 140 183.2 139.1 136.3 159.1 166.6

B. V20 175 138.2 157.4 150.6 224.1 213.4

V21
not

observed
279.9 209.2 197.8 239.3 223.5

RMS error 38.7% 26.1% 23.3% 36.8% 30.5%

Characterisation o f the frequencies in italics as lattice modes was uncertain.t^ '^ ’^̂ 1 
’ Frequencies give in parentheses are for the N-deuterated crystal.

In general the DMA models give higher frequencies for the distortions o f hydrogen bonds within 

the sheets - the anisotropic atom-atom electrostatics stabilise the hydrogen bond networks, as we 

found for the other molecular crystals. The overestimates o f these frequencies are not due to our 

calculations corresponding to T = OK because the crystal actually expands when the unit cell is
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relaxed and the harmonic frequencies are actually lower than the quasi-harmonic 295K calculations. 

Therefore the errors are more likely due to the assumed rigidity around the COO functional groups.

Table 6 -16b. Quasi-harmonic k = 0 lattice frequencies o f a-glycine at the fixed room temperature 
lattice. Frequencies in cm '.

mode expt “ UNI FIT+ESP W99+ESP FIT+DMA W99+DMA

Vi 52 44.1 72.4 66.6 73.3 57.1

V2 72 62.5 86.0 77.8 77.4 81.5

Ag
V3 109 148.4 130.5 125.3 157.3 162.8

V4 155 170.8 144.1 158.2 184.8 182.6

Vs 178 211.2 163.8 164.6 192.9 192.3

V6 194^ 253.8 187.8 189.6 226.2 230.2

V7 52 71.6 87.9 86.5 93.3 94.8

Vs 73 79.5 89.1 87.2 102.0 97.2

V9 84 125.1 119.2 116.3 150.6 139.7

V |0 109 160.2 140.0 145.9 172.0 173.0

V|| 162 176.7 167.6 172.7 197.2 206.1

V12 178 252.2 175.3 182.9 222.6 229.5

V,3 91 -77.1 51.9 51.7 49.6 51.8

V,4 91 48.3 70.5 80.9 78.2 78.8

Vis
- 58.5 84.9 97.9 103.8 130.3

Au (133) (57.2) (83.3) (93.5) (99.0) (123.7)

V16

- 93.5 146.3 147.5 192.4 193.8

(165) (89.0) (141.3) (142.8) (187.1) (188.4)

V|7 2 2 5 “ 186.0 183.0 184.0 228.1 227.8

V|8 91 87.0 95.5 104.6 97.7 * 106.8

V|9 140 207.7 150.2 148.0 166.5 174.8

Bu V20 175 252.1 167.4 179.7 213.2 219.5

V2 I
not

observed
272.7 212.3 202.9 234.8 229.7

RMS error 35.0% " 27.1% 24.9% 36.8% 35.4%

“Characterisation o f the frequencies in italics as lattice modes was uncertain.t^-'*’^^] 
Frequencies give in parentheses are for the N-deuterated crystal.
RMS error excluding imaginary frequency.

Calculations using the UNI model potential are included, though the potential, with no explicit 

electrostatics, is not intended for such systems. The errors in the lattice parameters are about on par 

with the point charge models, but the molecules rearrange significantly (Table 6 -14b). One
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translational mode is unstable in the quasi-harmonic approximation and, though the average errors in 

the remaining calculated frequencies are only slightly higher than with the other models, the errors are 

less systematic, with the order o f several o f the modes reversed.

6.3 Discussion

A method for calculating the lattice frequencies at k  = 0 for rigid molecules has been 

implemented in the program DMAREL,t^-^^’^^] so that the calculations can be performed using 

anisotropic atom-atom model potentials. Zone-centre phonon frequencies were calculated for six 

molecular crystals covering a range of types and strengths o f intermolecular interactions. Except for 

pyrazine, the crystal structures are reproduced reasonably well with all model potentials used and the 

errors are mostly within the expected limits o f static lattice energy minimisation.l^-^^1 Errors in the 

calculated lattice frequencies are a combination o f several approximations in the calculations and, 

though the effects cannot be completely separated, they are discussed in turn.

6.3.1 Variations in the model potential

The study demonstrates that differences in functional form and parameterisation o f the model 

potential can have significant effects on calculated lattice frequencies o f molecular organic crystals. 

Changes in the model potential affect the lattice vibrations in two ways - directly, through changing 

the restoring force to the vibrational motion and indirectly, through changes in the equilibrium 

structure. Ideally, frequencies calculated at the minimum in the lattice energy, with strains on the 

lattice parameters relaxed, correspond to the T = OK spectra. However, the model potentials are often 

parameterised to ambient temperatures properties (usually the structure and sublimation enthalpy). 

Hence, the errors in the relaxed structures do not necessarily correspond to thermal effects. When the 

errors in lattice constants are small (less than 5%), they are not normally considered serious for 

modelling the structure, but the effects on lattice vibrations can be important. This is best exemplified 

with the high symmetry hexamethylenetetramine crystal, where a 1% change in the lattice vector 

(form lOOK to 298K) results in changes o f more than 10% in the lattice frequency.

Assumptions made in the parameterisation o f the repulsion-dispersion interactions have important 

effects on the calculated properties. However, although phonon frequencies and elastic constants are 

both properties o f the curvature of the potential energy surface, their sensitivity to different aspects o f 

the model potential are different. Different approximations in the model potentials affect specific
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modes differently and there is a correlation between changes in the calculated frequencies and the type 

o f molecular motions in the vibration. The W99 and UNI potentials both improve on the fitting o f 

other exp-6 potentials in different ways. In developing the UNI parameters, the usual combining rules 

(equation (3.13), Chapter 3) were not used so that heteroatomic interactions could absorb electrostatic 

effects in polar interactions. Allowing the heteroatomic and homoatomic parameters to vary 

independently adds flexibility to the model potential, even for non-polar interactions. For example,

the UNI C H parameters are very different from the averaged C C and H H parameters, though 

electrostatic contributions to H C interactions are usually small. The vibrational properties o f 

molecular crystals are sensitive to the shape o f the repulsive wall and, because the combining rules are 

approximate and not theoretically well founded,t^-^^l their use limits the accuracy o f such 

calculations. The added flexibility in the UNI model parameterisation is probably one reason for 

some o f the impressive results achieved with the simple potential form.

The W99 model potential retains the combining rules, but increases its flexibility by allowing 

parameters to vary with bonding environment as well as atomic number. The main improvement for 

this set o f molecules is for aromatic carbon atoms, whose van der Waals parameters were allowed to 

vary independently o f aliphatic carbon parameters. This improves the modelling o f interactions with 

the faces o f aromatic rings, as found for the edge-to-face interactions in naphthalene and the vibrations 

that shear the ti-u  interactions in pyrazine. The second difference is that, in our implementation of 

the FIT and W99 models we shift the interaction site on hydrogen atoms away from the nucleus in the 

later, closer to the actual maximum in charge density. Although the interaction sites were moved 

away from the nuclear site, the masses were kept at the nucleus to avoid errors from changes in the 

moments of inertia. This shift in interaction site results in noticeable improvements for vibrations that 

affect close contacts between non-polar hydrogen atoms {e.g. naphthalene and pyrazine), but might 

contribute to the exaggerated strength of some hydrogen bonds, such as those in the imidazole crystal.

With the more polar crystals, the better electrostatic models generally reproduce the structures 

more accurately. The most extreme example o f this is the pyrazine crystal, where anisotropic atom- 

atom interactions are so important that atomic multipoles are required to maintain the packing m otif o f

the crystal. For the pure C-H - N bending modes, almost the entire restoring force is due to the 

orientational dependence o f  the interaction energy and so atom-atom anisotropy is crucial. Even for 

hexamethylenetetramine, where the crystal structure and elastic propertiest^-^^l are mainly determined
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by the repulsion-dispersion exp-6 parameters, because of the local polarity around the nitrogen atoms, 

a multipole description of the electrostatics improves the description o f the vibrational properties 

significantly. The point charge models are often much softer than the distributed multipole models for 

hydrogen bond bending and stretching motions. Distributed multipoles stabilise these modes by 

describing the electrostatic part o f the interaction more accurately, but the specific hydrogen-bond 

parameters in the UNI potential have a comparable effect {e.g. imidazole and a-glycine). Overall, 

anisotropy in the atom-atom model potential seems to be most important for the weaker polar 

interactions and interactions with Ti-electrons and is more important for shearing and bending motions 

than for stretching o f the main intermolecular contacts.

6.3.2 Harmonic approximation

Besides the limitations of each model potential, the harmonic approximation is another source of 

error in the calculated phonon spectra. Anharmonic effects could be important, especially for the 

more weakly bound crystals such as naphthalene, especially when comparing to higher temperature 

observations. The phonon anharmonicity in naphthalene has been studied both computationallyt^-^^1 

and e x p e r i m e n t a l l y , ^ ^ b y  measuring the frequency shifts with temperature and pressure. These 

studies show that the shift varies considerably between modes and that, at T = 0 K, the anharmonicity 

increases the frequencies of the intermolecular phonons by less than 3 cm'V The anharmonic effects 

are expected to be smaller for the polar molecules, where the binding energies are stronger, so these 

errors are small compared to differences between model potentials.

The quasi-harmonic approximation assumes that anharmonic effects on lattice modes are a result 

o f  changes in the crystal lattice, ignoring multi-phonon interactions, which are the other contributor 

from the anharmonicity. In the form that the quasi-harmonic calculations are implemented here, the 

lattice has been fixed at experimentally observed values, which also has the effect o f  minimising 

variations due to errors in the fully relaxed lattices. Hence, the frequencies calculated in the quasi

harmonic approximation are less sensitive to the model potential than at the fiilly relaxed, minimum 

lattice energy structure.

The effect o f varying the lattice is most easily understood for the more symmetrical crystals, such 

as hexamethylenetetramine. Here, the frequency shift from lOOK to room temperature is reproduced 

very well in the quasi-harmonic approximation and, where the low temperature structure is reproduced 

very well {e.g. W99+DMA), the frequency difference between the fully relaxed and lOOK quasi-
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harmonic calculations are probably a good approximation for the real difference between OK and 

lOOK frequencies. With the less symmetrical crystals, the differences between frequencies calculated 

in the fully relaxed and fixed lattice structures are less straightforward. However, it is apparent in 

some cases that small changes in the lattice constants are needed to optimise the close contacts 

between the molecules, so some modes are poorly reproduced in the quasi-harmonic approximation.

This is most apparent for pyrazine, where the C-H - N contacts are important, and, even with the 

DMA electrostatics, the two lowest librational modes are very soft in the fixed room temperature 

lattice. There is a similar effect in the imidazole calculations with the UNI model, where the edge-to- 

face interactions contract significantly when the lattice is relaxed and, fixing the unit cell to keep the 

interactions farther apart, the shearing of these contacts become soft.

Besides these cases, the quasi-harmonic approximation often improves the agreement with 

experiment and suggests that both calculations may often be necessary for predicting or characterising 

spectra. The biggest advantage of the QH calculations is the ability to estimate temperature shifts o f 

the phonon frequencies. This has been shown with the simple hexamethylenetetramine crystal and 

also for naphthalene, where the variation o f frequencies over even a large temperature range can be 

reproduced satisfactorily if  the corresponding lattice vectors are known.

6.3.3 Rigid body approximation

Most o f the molecules were chosen because o f  the applicability o f the rigid body approximation. 

The cage structure in hexamethylenetetramine and tr-delocalisation in naphthalene, pyrazine, and 

imidazole give rigidity to these molecules. The effects o f intramolecular deformation on the lattice 

frequencies are likely to be similar for all o f these molecules. Pawley and Cyvint^-^^l have performed 

calculations to determine the effects o f molecular deformations on the calculated frequencies o f 

naphthalene and found that molecular deformations lower the frequencies by 5 - 10 cm '. This error is 

significant and o f a similar magnitude to the effect o f small changes in the intermolecular potential. 

Pentaerythritol was chosen to study the effect o f intramolecular flexibility on lattice frequencies and 

the effect for the only observed hydrogen bond bending mode is smaller than encountered in elastic 

constant c a l c u l a t i o n s . H o w e v e r ,  flexible molecule calculated estimates of the missing frequency, 

which has hydrogen bond stretching character, suggest that errors are much larger for this vibrational
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mode. Glycine is also expected to be somewhat flexible and low energy torsions o f the COO group 

are a likely source of errors in the high energy deformations o f the hydrogen bond network.

6.4 Thermodynamical calculations

We have calculated k = 0 vibrational contributions to the crystals' free energies (Section 4.3) to 

examine the uncertainties in these calculations. For the high symmetry crystals o f 

hexamethylenetetramine and pentaerythritol, the effects o f variations in the calculated frequencies on 

the contributions to the energy are obvious. However, these contributions are statistical in nature, so 

for the more complex molecular crystals, they are not so sensitive to reasonable errors in individual 

modes. More important is the overall 'shape', or spread, o f  the calculated spectrum. To study the 

effects o f model potentials on these calculations, two quantities are calculated from each spectrum. At 

low temperatures, the zero-point motions are important. The zero-point vibrational energy is a sum 

over all frequencies (the first term in equation (4.23)), so the sums o f calculated and observed 

frequencies are compared to estimate errors in the k = 0 contribution to the zero-point energy (Table 

6-17). Errors from non-zone centre contributions should be similar.

Most thermodynamical functions, such as entropy, are calculated from the partition function 

(equation (4.19)). The thermal contributions to the free energy are dependent on the logarithm o f the 

partition function (equation (4.37)) and the vibrational contribution

In [ l  -  exp (-An), (k = 0) / AT)] (6.2)
i

has been calculated at the temperature of the observed spectrum for most o f the molecular crystals 

(Table 6-18).

In general, because o f cancellation o f error, errors in the zero-point energy sum are less than the 

average errors in the individual frequencies and, with any choice o f these model potentials, the 

vibrational zero-point energy can be estimated to within 20%. This sum is dominated by the higher 

frequencies, so, for example, the quasi-harmonic models o f naphthalene, that exaggerate the higher 

frequencies, have larger errors than at the lattice energy minimum. For the other crystals, the errors in 

neither the fully relaxed or quasi-harmonic calculations are consistently better.
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Table 6-17. Comparison of estimates of the zero-point vibrations — = 0) in kJ/mol.®

expt UM FIT+ESP W99+ESP FIT+DMA W99+DMA

naphthalene, 6K ’’

2.30

fully
relaxed

2.48
(+7.9%)

2.30 2.16 2.34
(+1.9%)

2.20

QH
2.54

(+10.7%)
2.93

(+27.6%)
2.67

(+16.2%)
2.95

(+28.5%)
2.69

(+16.9%)

pyrazine

2.09, LowT" fully
relaxed - - - 2.14

(+2.5%)
2.17

(+3.9%)

1.73, RT" QH - - -
1.88

(+9.0%)
1.88

(+8.5%)

imidazole, lOOK

3.07

ftilly
relaxed

3.02
(-1.6%)

2.57
(-16.4%)

2.47
(-19.7%)

3.43
(+11.7%)

3.69
(+20.1%)

QH
2.92

(-5.1%)
2.79

(-9.1%)
2.47

(-19.8%)
3.52

(+14.6%)
3.28

(+6.6%)

a-glycine, RT '

3.78

fully
relaxed - 3.58 3.50

(-7.5%)
4.45

(+17.6%,)
4.33

(+14.5%)

QH - 3.75
(-0.9%)

3.83
(+1.1%)

4.44
(+17.4%)

4.51
(+19.3%)

“ The frequencies that are missing from the experimental spectrum are also left out o f the sums for the 
calculated spectra.  ̂The experimental (4.7K) and calculated values for the undeuterated B„ frequency 
are included in the sum. The IR and Raman were measured at different temperatures, but we have 
included them in the same sum for comparison with our calculations. ** The room temperature IR 
spectrum was only available for the fully deuterated crystal, so the experimental and calculated values 
o f the h4 translational mode frequencies are included in the sum. '  Calculated frequencies for the N- 
deuterated crystal are used for the two A„ modes for which there is only experimental data for the N- 
deuterated crystal.

The vibrational contribution to the partition function is temperature dependent and, while the 

lowest frequencies are the most important in the sum, the effect o f the higher frequencies increases 

with temperature. At very low temperatures, this sum is nearly zero and the vibrational contribution 

to the energy is negligible compared to zero-point effects. To judge the quality o f the naphthalene and 

pyrazine low temperature spectra, the sums were calculated at 50K using the low temperature 

frequencies. This ignores the temperature dependence o f the frequencies, but allows a reasonable 

comparison between models. Generally, the errors in these calculations are smaller than in the zero- 

point energy calculations.
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Table 6-18. Vibrational contribution to the partition function, In [l -  exp( -A(Uy (k = 0)/A T )]

expt UNI FIT+ESP W99+ESP FIT+DMA W99+DMA

naphthalene, 50K *’

1.04
fully relaxed 1.09 1.27

(+22.1%)
1.39

(+33.7%)
1.25

(+20.2%)
1.41

(+35.6%)

QH
0.97 0.72

(-30.8%)
0.89

(-14.4%)
0.73

(-29.8%)
0.90

(-13.5%)

pyrazine

0.96 
(50 K")

fully relaxed - - - 1.13
(+17.2%)

0.99
(+3.4%)

10.22 
(298K ‘') QH - - -

11.15
(+9.1%)

10.00

hexamethylenetetramine

0.51 
(100 K)

fully relaxed
0.29 0.39

(-24%)
0.42

(:779^
0.49 0.59

(+15%)

QH
0.42 0.34 0.43

(-15%)
0.43

(-17%)
0.59

(+16%)

1.40 
(298 K) QH

1.34
(-4.5%)

1.17
(-17%)

1.31
(-6.5%)

1.31
(-6.5%)

1.54
r+p.4%^

imidazole, lOOK'

4.79
fully relaxed 5.38

(+12.3%)
6.38

(+33.2%)
6.68

(+39.5%>)
4.49

(-6.3%)
4.35

(-9.2%)

QH
6.46

(+34.9%)
5.98

(+24.8%)
6.76

(+41.3%)
4.28

(-10.6%)
4.58

(-4.4%)

a-glycine, Room Temperature ^

17.32
fully relaxed - 17.83

(+2.9%)
18.05

(+4.2%)
15.32

(-11.5%)
15.67

QH - 17.01
(-1.8%)

16.78
(-3.1%)

15.15
(-12.5%)

15.00
(-13.4%)

* The frequencies that are missing from the experimental spectrum are also left out o f the sums for the 
calculated spectra.  ̂Calculated using the 6K experimental and calculated frequencies. ® Calculated at 
50K using the low temperature spectra (Raman measured at 4.2K, IR at 77K) and the mode with no 
experimental observation was left out o f  the calculation. ** The room temperature IR spectrum is only 
available for the fully deuterated crystal, so the experimental and calculated values o f  the h4 
translational mode frequencies are included in the sum. '  The IR and Raman frequencies are measured 
at different temperatures (93K and lOOK, respectively), but we have included them in the same sum 
and used lOOK in the calculations.  ̂Calculated frequencies for the N-deuterated crystal are used for 
the two Au modes for which there is only experimental data for the N-deuterated crystal.

Besides naphthalene, the best model for each crystal predicts the sum in (6.2) to within 5-10%. 

For naphthalene, the UNI potential gives the best results and, with the W99 models, the low frequency 

vibrations are improved in the QH approximation, so the errors are decreased. For pyrazine, the 

W99+DMA model gives very good agreement with experiment at low temperature and in the quasi
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harmonic approximation to room temperature. The advantage o f the DMA models is again apparent 

in the imidazole results, where the zero-point and partition function sums are improved significantly 

over the UNI and ESP models.

Ignoring molecular flexibility for a-glycine raises the calculated frequencies, increasing the zero- 

point energy and decreasing the vibrational partition function. This is apparent in the DMA model 

calculations. The weaker bonding in the ESP models partly balances this effect, resulting in small 

errors, especially with the QH calculations.

To give an idea of the thermal energy, one unit o f the sum in Table 6-18 contributes

approximately ^8.3x10 ^ j k J /m o l  K.to the entropy or the free energy at room

temperature, so the typical errors are on the order o f 1 kJ/mol at room temperature.

6.4.1 Effect of unit cell size and Z

As we will be comparing vibrational contributions to the energy o f polymorphs where lattice 

structures may differ significantly, we need to evaluate the magnitude of errors in making these 

comparisons. One source o f error is from using k = 0 phonons only and the Debye-Einstein (Section 

4.3.1.2.3) model o f the density o f states, g(co). I f  polymorphs differ in the number o f molecules in the 

unit cell, then the balance o f the Debye and Einstein contributions to the vibrational energy 

calculations changes because the number o f optic and acoustic modes per molecule changes. For

example, a unit cell with Z = 4 has 21 optic modes (5.25/molecule) and 3 acoustic modes

(0.75/molecule), while a Z = 2 lattice has 9 optic modes (4.5/molecule) and 3 acoustic modes

(1.5/molecule). Since the Debye-Einstein model treats the optic and acoustic parts o f the spectra by 

different approximations, errors are introduced because different proportions o f the frequency 

distribution are treated by the Debye and Einstein parts o f the model. Therefore we must check that 

this does not introduce significant errors for comparisons o f such systems.

To test the effect o f unit cell size on calculations o f  the vibrational free energy, we have made 

some test calculations on two molecular crystals -  pyrazine (see Section 6.2.3.2), and (a )  o- 

acetamidobenzamide, which we consider in Chapter 9. Pyrazine crystallises in the orthorhombic 

space group, Pmnn, with two molecules in the unit cell. The structure and optical spectrum is well 

reproduced with the W84+DMA model potential. We have calculated the contributions to the 

vibrational free energy for the crystal and crystals where we have redefined the unit cell to give
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structures with Z = 4 by doubling the original unit cell along one of the lattice vectors. Three such 

supercells were set up and denoted 211, 121 and 112 to denote which of a, b, or c was doubled. These 

three lattices have identical structures to the original, so the real vibrational contribution to the energy 

is identical and calculated differences are results o f errors in the model.

Doubling the unit cell in one direction doubles one component o f /  in Equation (4.13) and 

rescales the wavevector k (Equations (4.7) and (4.8)). This has the effect o f folding the dispersion 

curves in this direction back onto the redefined reciprocal space, as depicted (Figure 6-6) and the new 

frequencies at k = 0 in the supercell correspond roughly to the modes of the real unit cell at the 

Brillouin zone boundary. So, such a calculation, which allows molecules in two unit cells (along the 

direction that the cell has been doubled) to vibrate out o f phase, reveals the magnitude o f phonon 

dispersion. The greater the dispersion, the less well the Einstein model performs.

Figure 6-6. Dispersion curves along b* for a unit cell (solid lines) and its 121 supercell (solid and 
dashed lines).

0 )

b*/2 b* k

We can classify the k  = 0 frequencies calculated within these supercells as the k = 0 and k  = ZB 

(zone boundary) frequencies referred to the original unit cell. By making these classifications, we 

have calculated (Table 6-19) the vibrational energy (equation (4.23)) as a sum o f eight contributions, 

four to each o f the zero-point and thermal parts (equation (6.3)). Doubling the unit cell increases the 

zero-point and entropie contributions from the Einstein part o f the calculation and this must be 

balanced by a decrease in the contributions from the Debye part o f the model. Because o f the 

increased unit cell dimensions, the Debye frequency decreases (see Equations (4.7), (4.8), (4.43)) and 

the Debye model contribution (T ' term in equation (6.3)) to the zero-point energy is more than halved
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in the supercell calculations. However, the contribution from the acoustic modes at k = ZB brings the 

total acoustic contribution to the VZPE to within 0.05 kJ/mol in each o f the supercell definitions 

(Table 6-19a). Similarly, the total acoustic thermal energy (terms 5 and 6 in equation (6.3)) in each of 

the supercells is within 0.7 kJ/mol o f that calculated in the original unit cell definition. Therefore, the 

total acoustic part o f the vibrational free energy varies by less than 0.75 kJ/mol (-13% ) across the 

different unit cell definitions. These results show that the Debye and Einstein parts o f the model are 

reasonably well balanced.
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(6.3)

The variation in optic contributions to the energies measures the performance o f  the Einstein 

approximation. If  the Einstein approximation were exact, then the 3'̂ '" and 4'*' terms in equation (6.3), 

as well as the 7“’ and 8*'\ would be identical. Variations o f these contributions over the supercell 

definitions is a result o f dispersion o f the optic modes, which leads to variations in the zero-point 

energy o f up to 0.27 kJ/mol and 1.25 kJ/mol in the optic part o f the thermal energy. Hence, the total 

optic mode vibrational energies vary by up to approximately 1.5 kJ/mol over the unit cell definitions. 

Therefore, the uncertainty resulting from partitioning the calculation in Debye and Einstein parts is 

about 0.75 kJ/mol and, from the Einstein approximation itself, is about 1.5 kJ/mol. The two variations 

partly cancel and the variation in total vibrational energy at 298K is ca. 1.4 kJ/mol. These values give 

us an idea o f the errors that are intrinsic to the calculation when comparing polymorphs when one has 

Z = 2 and the other Z = 4.
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Table 6-19a. Vibrational zero-point energy (VZPE) o f the pyrazine crystal from different unit cell 

definitions using the Debye-Einstein model. All energies in kJ/mol.

Acoustic Optic
TotalUnit cell 

definition
(Od

(cm ')
VZPE

(Debye)
VZPE 

(k = ZB)
VZPE 
(k = 0)

VZPE 
(k = ZB)

Original (Z=2) 63.42 0.43 - 2.51 - 2.94

211 57.20 0.19 0.19 1.25 1.19 2.83
(-3.7%)

121 54.98 0.18 0.21 1.25 1.28 2.93
(-0.3%)

112 49.60 0.17 0.24 1.25 1.53 3.20
(+8.8%)

Mean (Z = 4) 53.93 0.18 0.21 1.25 1.33 2.98

Mean Supercell 
-  Original

-9 .49
(-15.0%)

-0 .03
(-7.6% )

+0.08
(+3.1%)

+0.04
(+1.6%)

Table 6 -19b. Vibrational thermal energy -  VZPE) energy, T = 298K, o f the pyrazine crystal from
different unit cell definitions using the Debye-Einstein model. All in kJ/mol.

Acoustic Optic
Total Total F wa

Unit cell 
definition

Debye (k = ZB) (k = 0) (k = ZB) 298K

Original (Z=2) -6 .16 - -12.39 - -18.44 -15.50

211 -3.26 -3.60 -6 .19 -6 .49 -19.49
-16.66
r-7 .J9 ^

121 -3.29 -3.01 -6 .19 -5 .70 -18.17 -15.24
(+2.7%)

112 -3.49 -2 .74 -6 .19 -4 .96 -17.33 -14.13
(+8.8%)

Mean (Z = 4) -3.35 -3.12 -6 .19 -5 .72 -18.33 -15.34

Mean Supercell -0.30 +0.48 +0.17 +0.16
-  Original (-4.9%) (+3.9%) (-0.9% ) (+1.0%)

The (a )  o-acetamidobenzamide calculations were performed to see if the uncertainties that we 

saw for pyrazine are dependent on the size o f the original unit cell. Here, there are Z = 4 molecules in 

the unit cell and calculations were performed on this original and the three Z = 8 supercells (Table

6-20a & b). The results are almost the same as for pyrazine. There is a variation o f up to 0.05 kJ/mol 

in VZPE between cell definitions, 0.27 kJ/mol in thermal energy, and about 0.7 kJ/mol in total 

acoustic contribution to the vibrational free energy. The variations in the optic part o f the model are 

0.27 kJ/mol in VZPE, 1.35 kJ/mol in thermal energy, so approximately 1.6 kJ/moI in total. The 

variation o f the total Fv,* from the value calculated in the original unit cell is about 1 kJ/mol.
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Table 6-20a. Vibrational zero-point energy (VZPE) of the (a )  o-acetamidobenzamide crystal from 
different unit cell definitions using the Debye-Einstein model. All energies in kJ/mol.

Acoustic Optic
TotalUnit cell 

definition
(Od

(cm ')
VZPE

(Debye)
VZPE 

(k = ZB)
VZPE 
(k = 0)

VZPE
(k = Z B )

Original (Z = 4) 46.16 0.16 - 2.55 - 2.71

211 43.57 0.05 0.06 1.28 1.54 2.93
(+8.1%)

121 43.35 0.07 0.04 1.28 1.28 2.66
(-1.8% )

112 30.39 0.07 0.05 1.28 1.27
2.67

(-1.5% )

Mean (Z = 8) 39.10 0.07 0.05 1.28 1.36 2.75

Mean Supercell 
-  Original

-7 .06
(-15.3%)

-0 .04 +0.09
(+3.4%)

+0.04
(+1.8%)

Table 6-20b. Vibrational thermal energy (Fw/, -  VZPE) energy, T = 298K, o f the (a ) o- 
acetamidobenzamide crystal from different unit cell definitions using the Debye-Einstein model. All 
in kJ/mol.

Acoustic Optic
Total Total Fyih 

298KUnit cell 
definition Debye (k = ZB) (k = 0) (k = ZB)

Original (Z = 4) -3.56 - -16.07 - 19.63 -16 .92

211 -2.14 -1.97 -8.03 -6.69 18.83 -15.90
(+6.0%)

121 -1.83 -2.39 -8.03 -8.03 20.29 -17.63

112 -1.83 -2.07 -8.03 -8.09 20.03 -17 .36

Mean (Z = 8) -1.94 -2.14 -8.03 -7.60 19.72 -16.96

Mean Supercell 
-  Original

-0.52 0.43
r+2.79^

+0.09
(+0.4%>)

-0 .04
(-0.3%>)

These supercell calculations all expand the unit cell only in one direction, but the mean o f the 

supercell values in Table 6-19(a & b) and Table 6-20(a & b) is closest to an isotropic expansion o f the 

unit cell (and include contributions from all three k = ZB points in g(co)). These values show the 

smallest deviation from those calculated using the original unit cell definition; the total vibrational 

free energies are within 0.16 and 0.04 kJ/mol for pyrazine and o-acetamidobenzamide, respectively. It 

seems that the errors in comparing crystals with different numbers o f molecules in the unit cell may be
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largest when the difference in unit cell dimensions is mostly in one direction - changing the shape as 

well as size o f the unit cell and Brillouin zone.

6.5 Conclusions

Several aspects o f the thermodynamical calculations for molecular crystals have been examined. 

Comparing calculated and observed k = 0 frequencies, we find that the zone-centre contributions to 

the zero-point energy and thermal part o f the vibrational free energy (the 2"^ term in equation (4.26)) 

are calculated to within about 0.4 -  0.6 kJ/mol and 1 kJ/mol (at room temperature), respectively, using 

the best o f  the empirical model potentials examined. In addition to these errors, from errors in the 

frequencies themselves, the Debye-Einstein model for the phonon density o f states (Section 4.3.1.2.3) 

also introduces uncertainties in the calculated thermodynamics.

We have used supercell calculations on two molecular crystals, pyrazine and o- 

acetamidobenzamide, to examine the uncertainties involved in the Debye-Einstein model. From 

variations in the acoustic contributions to the vibrational free energy, we found that errors resulting 

from the partitioning o f  the density o f states between Debye and Einstein parts o f the model are 

approximately 0.75 kJ/mol (at room temperature) when comparing crystals with Z ~ m  and Z  = 2m. 

The magnitude o f  this effect is important for our comparisons o f polymorphs because the structures 

(real and hypothetical) often differ in the number o f molecules in the unit cell. When this is the case, 

different proportions o f the density o f states are represented by the Debye and Einstein 

approximations, so the resulting uncertainties must be considered.

Variations in the optic contributions to the vibrational energy showed that the Einstein 

approximation, ignoring dispersion o f the optic modes, leads to uncertainties in the room temperature 

vibrational free energy o f up to approximately 1.5 kJ/mol. However, when the change in the Brillouin 

zone is isotropic (estimated from the mean o f the three supercell calculations), the resulting energies 

are within 0.2 kJ/mol o f that calculated from the Debye-Einstein model. Whether the errors from 

ignoring dispersion o f the optic modes cancel between polymorphs is unknown. To put these 

uncertainties in context, in our studies o f p y r i d i n e , p a r a c e t a m o l , t ^ - ^ ^ l  and a blind test crystal 

structure prediction (Chapter 10) the range o f vibrational free energies among the known and 

hypothetical polymorphs was approximately 3-4 kJ/mol.
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7 Chlorobenzenes I - A Model for 

Charge Density Overlap between 

Molecules

7.1 Introduction

The interactions between chlorine atoms have been a subject o f interest for quite some time, 

stemming from the observation that close contacts between chlorine atoms, as well as the heavier 

halogens, seem to have a preferred orientation. A survey o f the Cambridge Structural Database (CSD) 

by Nyburg and Faermant^-^1 showed that chlorine atoms bonded to carbon typically make shorter 

contacts when the C-Cl Cl approach angle is nearly linear, while the effective atomic radius 

perpendicular to the C-Cl bond is close to the normally assumed isotropic value o f  1.76Â. From this 

study, Nyburg and Faerman suggested effective atomic radii o f 1.58Â along the bond and 1.78À for 

side-on interactions. While investigating the nature o f Cl Cl interactions, Price et performed

an updated search, only including chlorinated hydrocarbons, so that the distribution o f contacts could 

not be distorted by other strong directional interactions. Although this later search revealed very few 

perpendicular interactions, the inner surface of their polar plot o f interatomic separation against angle 

o f  contact follows that o f Nyburg and Faerman reasonably well. As well as these statistical studies, 

detailed investigations o f specific systems also highlight the importance of anisotropic chlorine 

interactions. Polymorphic systems are very useful for such studies, because the chemical environment 

o f the atoms is unchanged between crystalline forms, but interactions are sampled at more than one 

orientation. A particularly good system for study is p-dichlorobenzene, which has three characterised 

polymorphs (a , P, y), which can all be studied at the same temperature because o f the sluggish nature 

o f the phase c h a n g e s . W h e e l e r  and Colsont^-^î analysed the three polymorphic modifications 

and discussed the importance of Cl Cl anisotropy in their crystal packing. They found that the a  and 

P forms have minimum thermal expansion in the direction o f Cl Cl contacts, indicating that these are 

important, attractive interactions. An analysis o f the observed thermal ellipsoids o f chlorine atoms in 

the three polymorphs at lOOK indicated a decrease in vibrational freedom o f the atom from P -> a  ->

Lattice D ynamical Studies o f  M olecular Crystals Graem e M. Day
w ith A pplication to Polym orphism  and Structure Prediction 2003



Chapter 7. Chlorobenzenes I 147

y, while the shortest Cl Cl separation increases along this series. This is opposite to what is expected 

from spherically symmetric atom-atom repulsion and provides further evidence o f the anisotropy in 

the interatomic forces.

The nature of preferred orientation o f the halogen...halogen interactions has been a subject o f 

debate over the last couple of decades (see e.g. refs. [7.2,6,7]), with differing views on the existence o f 

a specific Cl Cl attractive interaction. One proposal for such a specific attraction and rationalisation 

for the anisotropy o f Cl Cl contacts is the existence of orientationally dependent HOMO-LUMO 

i n t e r a c t i o n s . T h e  arguments for a specific attraction rely almost entirely on the observed relative 

orientations of atoms in close contact. For example, Desiraju and Parthasarathyl^-^l compared the 

number o f observed close X R (X = Cl, Br and R = C, H, X) contacts with estimated relative surface 

areas o f the atoms in molecular crystals and concluded that halogen... halogen interactions are a result 

o f a specific attractive force and not Just close packing. However, Pricet^-^l pointed out that the 

method o f weighting used by Desiraju and Parthasarathy underestimates the number o f close 

halogen...halogen contacts expected from simple close packing, so the results are inconclusive. In 

fact, structural observations alone cannot distinguish between the effect o f specific attraction or o f the 

close packing of anisotropic atoms - both are expected to have similar geometrical consequences. 

Hence, Price and co-workers studied the nature of these interactions through intermolecular 

perturbation theory (IMPT) calculations.l^-^1 IMPT calculations on chloromethane dimers were used 

to calculate the contributions to the interaction energies at a range o f Cl Cl separations and 

orientations. Charge-transfer contributions were found to be small, so the HOMO-LUMO explanation 

o f  the anisotropy seems inappropriate. Furthermore, the calculations demonstrated that there is no 

need to invoke any weak intermolecular bonding arguments, as the interaction is dominated by 

exchange-repulsion, electrostatic, and dispersion contributions, the first two o f which contribute most 

to the orientational anisotropy.

An understanding o f the physics o f Cl Cl interactions is necessary for accurate modelling studies 

o f  chlorine-containing compounds and, while the nature of the interaction was not clear, several early 

approaches were used to model chlorine containing crystals. Work by Williams in the early 

1980st^-^’̂ l favoured the use of a weak bonding function between nearest neighbour chlorine atoms, 

arguing that an anisotropic model for the repulsion requires too many empirically fitted parameters. 

Crystalline CI2 was modelled successfully using exp-6 parameters fit to chlorohydrocarbon crystals.
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supplemented by an attractive exponential function for Cl Cl at short distance. Contrasting this

approach, Wheatley and Pricet^-^^1 derived an anisotropic model with no added bonding term, but 

avoided having to fit large numbers of empirical parameters by deriving the electrostatic and repulsion 

contributions from the monomer wavefunction and Cô dispersion from distributed polarisabilities over 

a pair o f molecules.

Such strongly orientationally dependent interactions cannot be derived from empirical fits to 

crystal structures because not enough orientations are sampled. This was illustrated in Munowitz, 

Wheeler, and Colson's study o f the jo-dichlorobenzene polymorphs.t^-^'l Effects o f the point-charge 

model and isotropic exp-6 parameters were examined by fitting model potentials to each o f the three 

forms separately. Increasing the magnitude o f  C and Cl point charges had opposite effects on the a  

and P forms, while having little effect on modelling the y structure and optimum charges were very 

different for each form. Similarly, isotropic exp-6 parameters for the a  and y forms were quite 

similar, but very different from those optimised to the p structure. Transferability was tested by fitting 

a model simultaneously to all three forms, but the resulting model was quite unsatisfactory when the 

parameters were tested for hexachlorobenzene. The authors concluded that the isotropic exp-6 + point 

charges is the incorrect functional form to describe the intermolecular forces in chlorobenzene 

crystals, so cannot result in a generally transferable model. Thus, empirically derived model 

potentials can have no general predictive ability for Cl containing compounds. An advantage of 

minimising the empirical nature o f model potentials is that there is no reason why the model will be 

weaker in modelling contacts and orientations not sampled in the specific system for which it is 

developed. In fact, the model for CI2 developed by Wheatley and Pricel^-^^1 was successfully 

extrapolated to the liquid state, where a wider range o f contacts are sampled than in the crystalline 

state.

A series o f  molecules that presents a challenge for modelling via model intermolecular potentials 

are the chlorobenzenes. The chlorine atom is accessible at a range o f orientations in these molecules, 

so the orientational dependence o f its close interactions is important. The crystal structures o f ten 

chloro-substituted benzene molecules have been determined by X-ray or neutron diffraction (Table 

7-1). These observed structures tell us where the forces and torques on the molecules disappear, so 

the range o f structures tests this feature o f the potential energy surfaces. The depth o f minima on the 

energy surface can be compared to enthalpies o f sublimation, which are known for most o f the
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crystals. Finally, phonon frequencies and elastic constants relate to the curvature o f the energy 

surface.

Table 7-1. Experimental crystal structures for the chloro-substituted benzenes.

molecule crystal structure determination and CSDt^-'^l refcode

monochlorobenzene, Pbcn 93K, X-ray (lattice constants only), MCBENZ02t^ * l̂ 

120K, X-ray (lattice constants only), MCBENZOl [714,15] 

208K, X-ray, (lattice constants o n l y ) [ 7  16]

393K, 14.2 kbar. X-ray, MCBENZ[715]

or//îD-dichlorobenzene, P2\ln 223K, X-ray, ABUMIT[717]

wefa-dichlorobenzene 

P 2 ,/c (Z ' = 2)

220K, X-ray, ABUM 0Z[7 17]

a  pcira^dichlorobenzene 

f2 , /a (Z ' = 14)

80K and 295K, neutron (lattice constants only)[7 18]

1OOK, X-ray, DCLBEN07, and lattice constants at 5 more 

temperatures up to 300K[7-^]

133K, X-ray, DCLBENl l[7-19]

293 K, X-ray, DCLBEN0l[7-2O]

293K, X-ray (lattice constants only), DCLBEN08[7-21]

Room Temp., X-ray, DCLBEN09(lattice constants only) [7-22]

P para-dichlorobenzene 

P \{Z ' = V2)

80K and 295K, neutron (lattice constants only)[718] 

lOOK and 300K, X-ray, D CLBEN 06 and DCLBEN05[7-5] 

293K, X-ray, DCLBEN02[7-23]

y para-dichlorobenzene 

f2 ,/c (Z ' = 14)

lOOK, X-ray, DCLBEN03[2-5]

260K, X-ray, DCLBEN04[7-24]

Room Temperature, 0.3 GPa, X-ray, DCLBENIO (lattice constants 

only) [7 22]

1,2,3-trichlorobenzene 

F 2 ,/c (Z ’ = 2)

158K and 295K, neutron, TCBENZ02 and TCBENZ03[7-25] 

173K, X-ray, TCBENZ0l[7 26]

Room Temperature, neutron, TCBENZ[7 27]

1,3,5-trichlorobenzene f2 ,2 ,2 | 90K and 293K, X-ray, TCHLBZOl and TCHLBZ [2 28] 

Room Temperature, X-ray (lattice constants only), 
TCHLBZ02[7-29]

1,2,3,5-tetrachlorobenzene 

f2 ,/c (Z ' = 2)

Room Temperature, X-ray, TCLBZN[7-30]

(p) 1,2,4,5-tetrachlorobenzene 

P 2 ,/a (Z ’ = ’/2)*

173K, X-ray, TCLBEN02[2-31]

Room Temperature, X-ray (lattice constants o n l y ) [ 7  32] 

300K, X-ray (lattice constants o n l y ) [ 7  33]

pentachlorobenzene, Pca2] Room Temperature, X-ray, PNCLBZ[7-34]

hexachlorobenzene 

f2 ,/c (Z ' = K)

7  temps from 124 to 293K, X-ray (lattice constants o n l y ) [ 7  35] 

Room Temperature, X-ray, H C L B N Z [ 7  3 6 ]

296.5K, X-ray, HCLBNZl l[7-37]

grows as twinned crystals and only the lattice parameters have been determined.

Lattice Dynamical Studies o f  M olecular Crystals
w ith Application to  Polymorphism and Structure Prediction

G raem e M. Day
2003



Chapter 7. Chlorobenzenes I 150

Lattice frequencies are known for several o f the crystals, as well as some measured heat capacities, 

entropies, elastic constants, and sound velocities. This wealth o f information about the potential 

energy surface makes the series of chlorobenzenes an attractive target for research into developing a 

non-empirical anisotropic potential.

Furthermore, the polymorphism of p-dichlorobenzene, with small enthalpies of transition between 

the three forms, makes this system a challenging target for crystal structure prediction methods. An 

accurate model potential is an important element o f such structure searches, so an improvement over 

unsatisfactory empirical models is the first step in such a study. The uncharacterised polymorph o f 

1,2,4,5-tetrachlorobenzenet^-^^’̂ ^l is another obvious target for structure prediction. Boese et 

performed such crystal structure searches for para-, as well as ortho- and wg/a-dichlorobenzene using 

the very simple model potential and the search program Zip-Promet.t^-^^J They based their

most likely structures solely on energy, correcting their lattice energies with an entropy contribution 

from the lattice modes at 295K. This study had limited success - neither of the ortho- or meta- 

dichlorobenzene structures were found in the search and, using the UNI potential, the experimental 

structures were higher in lattice energy than those generated in the search. For the para  isomer, their 

search was limited to centrosymmetric space groups and their seven lowest energy predicted 

structures are listed in Table 5 of reference [7.17]. The |3 and y forms were both present in this list - y 

as third in lattice energy and P as fourth, but the a  form was not found in the search, van Eijck[^-^*1 

also performed a search for the low energy crystal structures o f all but monochlorobenzene, with 

mixed results, predicting (P) p-dichlorobenzene and 1,2,4,5-tetrachlorobenzene as the global minima 

in lattice energy, but ranking the rest o f the known structures between 9* (o-dichlorobenzene) and 

419* (pentachlorobenzene).

Previous modelling studies on the chlorobenzene crystals are examined in the following chapter. 

The majority o f these studies are limited to an isotropic functional form for atom-atom interactions 

and their results show that the isotropic model is unsatisfactory. One recent attempt at introducing 

anisotropy into the chlorine atoms' repulsive wall[^-^^l shows promise for this approach, with good 

results for the hexachlorobenzene crystal, but the shape parameters appear to be empirical and so their 

transferability is questionably. In the present chapter, a model for the shape of the repulsive wall 

around the atoms in the chlorobenzenes is developed from the charge density overlap in dimers. 

Price's[^-^1 IMPT calculations on chloromethane and tetrachloromethane showed that most anisotropy
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around the chlorine atoms is in electrostatic and exchange-repulsion contributions to the energy, while 

the dispersion is only weakly orientationally dependent. So, with a distributed multipole description 

o f the electrostatics, it is worth putting the effort into an accurate model for the repulsive wall.

7.2 Non-empirical model potentials

Non-empirical atom-atom model potentials for the interaction between chlorobenzene molecules 

have been developed based on a modified Born-Mayer repulsion, a C& dispersion and multipolar 

electrostatics derived from a distributed multipole analysis o f the molecular wavefunction

Ci

JeM .keN  _ /  ^ i k
(7.1)

i e M ,k s N

where and Cî^ n are the separation and relative orientation o f  the interacting molecules M  and N, 

Rjk and Q,* are the interatomic separation and orientation between atoms / and k  o f type i and k in 

molecules M  and N, respectively. The model differs from standard model potentials in the anisotropy 

o f  the electrostatic and the anisotropic terms, p(Q.ik), modifying the exponential decay o f  the 

interatomic repulsion energy.

The distributed multipoles were derived from an MF2/6-3lG{d,p) wavefunction for each 

molecule, the repulsion model was derived from the overlap model (Section 7.2.1) and several 

methods were used for estimating dispersion coefficients (Section 8.3.1). In this chapter, a model for 

the charge-density overlap between molecules is developed. This is related to the repulsive part o f  the 

model potential via the overlap model (Section 7.2.1). The relevant proportionality constants, along 

with several models for the dispersion interactions and applications o f the model potentials are 

addressed in Chapter 8.

7.2.1 The overlap model for intermolecular repulsion

The overlap model, in its simplest form, makes the simple assumption that the repulsion energy 

between molecules is proportional to the overlap o f their charge densities

(7.2)

where Sp is calculated by integrating the (undistorted) charge densities over all spatial coordinates, r

= \ P M ( r ) p A ’- V ' -  (7 3 )

The relationship in (7.2) has no rigorous theoretical basis, but can be partly justified in terms o f the 

Pauli principal - electrons o f like spin must be kept apart. As the charge density overlap increases, the
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necessary electronic rearrangement to satisfy the Pauli repulsion is increased, raising the energy o f the 

system. The relationship was first proposed from observations on the repulsion between rare gas 

atoms and spherical ions,t^ ‘̂ ^l in rare gas d i m e r s , a n d  has subsequently been tested on a range o f 

systems, from simple diatomic dimers^Cb, N2, to simple organic molecules such as N-H O

hydrogen-bonded molecules.t^ '̂ ^̂  The approximation has been applied to developing models for the 

interaction between molecules in a range of systems, including ion-water c l u s t e r s , t h e  solid 

and liquid phases of molecular chlorine,[^-^^l and the crystal structures o f a m i d e s , o x a l i c  

acid,[^-^^l and cyanuric chloride (CaNsCb).!^^-^^! The overlap model has also been used do develop 

model potentials used in the crystal structure prediction of chlorothalonil (Cl4C6(CN)2)t^-^^’̂ ^5 and an 

oxyboryl derivative.

For practical application, an atom-atom form for the repulsion energy is required, so the 

intermolecular overlap is partitioned into atom-atom contributions. This is made possible by first re

expressing the molecular charge distribution in terms o f atomic contributions, taking advantage o f the 

fact that the molecular wavefunction is calculated using an atomic basis set o f Gaussian functions. 

Hence, the charge density is a sum over their products, weighted by the density matrix, M.

i j

Each atomic orbital, is a sum o f Gaussian functions, centred at the atomic nuclei, r,. A product of 

two Gaussians centred at r, and r, is also a Gaussian, centred at a point r* on the connecting line (r, - 

r,). Thus, the molecular charge density (7.4) can be expanded as a finite series o f Gaussian functions 

at a number o f  sites, mainly on nuclei and along bonds. This form is impractical because o f the size of 

basis sets needed for an accurate wavefunction (134 functions for the smallest molecule in our series, 

monochlorobenzene, using a standard basis set, 6-3\G(d,p)). Thus, all Gaussians at sites other than 

nuclei are moved to atomic sites in a manner analogous to that used in a Distributed Multipole 

Analysis (Section 3.2.1.2).

The distributed charge density is now expressed as a sum o f Gaussian functions centred at sites Fp 

= (Xp, Vp, Zp) as follows:

Pjis,nhu,eJ [ y - y p T  (7  5 )
n  »' ' -
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where A,,, is a constant for Gaussian w resulting from a product o f contraction coefficients and 

normalisation constants. The total overlap between charge densities on molecules M  and N  then takes 

the form

~ S  S  (7 -^)
r̂ ,eM,r̂ eN

where is the overlap between Gaussians Wp and w^, centred at rp and r^.

This analysis can be performed within the program and the intermolecular

overlap, (7.3), is thus partitioned into atomic contributions, S°p , represented by a set o f atom-

centred Gaussian multipoles, whose form gives an analytic expression for the orientational

dependence o f each atom-atom overlap.

(n) (7.7)

where the coefficients describe the radial dependence o f the overlap between atoms a  and b, and

th e  orientational d ep en d en ce  is d escr ib ed  by  the n o n -n o rm a lised  orien tation  fu n ction s , ,

d e v e lo p e d  b y  S ton e  and co-w orkerst^-^^’^^l (w ith  S %  =  1 ). T he ex p a n s io n  (7.7) d o es  not d istin g u ish  

b etw een  inter- and intram olecu lar reg io n s , so  th is analytica l ex p a n s io n  is p o o r ly  co n v erg en t and not  

su ited  for u se  in d escr ib in g  in term olecu lar o v erlap  w ith  a rea son ab le  nu m ber o f  t e r m s . [7 46] H o w ev er , 

th e  iso tro p ic  c o e ff ic ie n t , {=  C %  ) ,  h as p rev io u sly  been  u sed  to  d eterm in e  th e  ex p on en tia l d eca y ,

Q [7.46,49-51,53,54] the m o d el o f  o v er la p  and, h en ce , rep u lsion  (eq u a tio n  (7.1)). T his proced u re  is  

d escr ib ed  in S ec tio n  7.3.2. T h e a n iso trop y  o f  atom -atom  o v erlap  is better determ ined  b y  fitt in g  an  

e x p ress io n  to  ca lcu la ted  atom -atom  over la p s at m a n y  d im er o r ien ta tion s (S e c tio n  7.3.3). From  th e  

ex p a n s io n  (7.6) centred at a tom ic  sites , th ese  ca lcu la tio n s are q u ite  rapid and, in com p arison  w ith  ab  

initio  d im er ca lcu la tio n s, th is procedure is  re la tiv e ly  in e x p e n s iv e  in  term s o f  com putationa l tim e. 

H en ce , the orientational d ep en d en ce  o f  th e  overlap  can be sa m p led  at m an y  m ore g eo m etr ie s  than are 

fe a s ib le  for  su p erm o lecu le  ca lcu la tio n s. T hu s, i f  a su itab le  e x p r ess io n  can  b e  fitted  to  the overlap  and  

a sim p le  proportionality  su ch  as (7.2) p ro v es to  be ap p lica b le , a  m o d e l for  the sh ap e o f  the  

in term olecu lar  rep u lsion  can be d e v e lo p ed  w ith  great accu racy  and co m p a ra tiv e ly  little  com p u tation a l 

e x p e n se . U n lik e  fittin g  d irectly  to  ab initio d im er ca lcu la tio n s, th e  partition in g  into atom -atom  term s  

is a lso  im p lic it in the sch em e, a llo w in g  ind ep en d en t fittin g  o f  a to m -a to m  m o d e ls . T h is a sp ect o f  the  

m o d e l in creases the lik e lih o o d  o f  ob ta in in g  transferable a tom -atom  param eters. A  further advan tage
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of the overlap model is that the procedure scales much more manageably with the quality o f the 

wavefunction than a supermolecule ab initio calculation. The scaling with improved electron 

correlation or expanded basis set soon prohibits increased accuracy of such calculations, but has a 

much smaller effect on the time needed for the overlap calculations.

In order to use the relationship in (7.2) to develop the repulsion term in (7.1), we assume the 

following form for the overlap, in an isotropic form

S“ ,„ = s ''e x p ( -a " « „ )  (7.8)

and, once K is derived, we have

A"^=Ks"^ (7.9)

For extension to an anisotropic model, the form in (7.8) can be rewritten as

= « e x p ( - a 'T ^ i» - p r ] )  (7.10)

where 5""* = wexp(a"^/?é^'jand  u is one unit o f overlap (1 a.u. = e^ao'^), so is constant across all atom 

pairs. In this form, the model is easily extended to the anisotropic form

= « « p ( - a " [ 7 î „  - / > " ( n ) ] )  (7.11)

where the orientational dependence of the repulsion is incorporated into the radial extent, p, and the 

atomic 'hardness', a , is assumed to be independent of orientation. We assume the following form for 

the anisotropy

p " ^  ( Q )  =  p 'q +  p \ S i o i  +  p '^ S o i  1 +  / O 2 S 2 0 2  +  P 2  S 0 2 2

= P "  + a '( x ,  R/*) + R , . )  + a ; ( 3 [ z , - R * ] ' - i ) / 2  + P ? (3 [z , - i j / z

where the 8  functions, defined by Price, Stone and Alderton,[^-^^] define a basis for the orientational 

dependence o f any scalar property of two arbitrarily shaped molecules. There is no restriction on

what 8  functions can be used in the description of atom-atom overlap, but we choose a set that are 

spherically symmetric about the bonds pointing out from the ring. These expand in terms o f Zj (Figure 

7-1) and R, the unit vectors along the atomic z-axis and the interatomic vector, respectively, ignoring

the 8  functions involving the cross terms (z,*z*).

Figure 7-1. Definition o f atomic axes.

C f— X j
^Ci ^Xj

(X  =  C l, H )
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The second and third terms allow a "dipolar" shift o f the centre o f repulsion along the bonds on / 

and k respectively, while the last two terms allow a "quadrupolar" distortion, which can flatten or 

broaden the repulsive wall to an ellipsoid around the expansion's centre. Further terms would improve 

the description o f anisotropy, particularly for the carbon atoms, which are likely to deviate the most 

from spherical symmetry about the C-H and C-Cl bonds. However, earlier studies o f the chlorinated 

aromatic molecules cyanuric chloridet^-^*] and chlorothalonilt^-^^J used the form in (7.12), which 

was found to be adequate.

7.3 Developm ent o f the repulsion m odel

7.3.1 C h oice  o f  m olecules

Two molecules were chosen to develop the model for overlap. The smallest molecule in the series 

(Table 7-1) is monochlorobenzene and most expected atom types are present in this molecule {i.e. Cl, 

H, and carbon atoms bonded to either H or Cl). As a test o f the transferability o f  atom types, 1,2,3- 

trichlorobenzene was chosen as a second molecule for overlap calculations, mainly because o f the 

difference in bonding environment o f the chlorine atoms. The differences between the central 

chlorine atom and that on monochlorobenzene should indicate to what extent the charge density 

around this atom is perturbed by steric and electronic effects o f  ortho chlorine atoms. The atom types 

present in the two molecules are labelled in Figure 7-2.

Figure 7-2. Atom types in mono- (left) and 1,2,3-trichlorobenzene (right).

H,‘4

The geometries o f  both molecules were optimised at the MP2/6-3 IG(</,/?) level o f theory in Cav 

symmetry and the final charge density was saved for analysis in GMUL. At each stage o f  

development outlined below, the model is first developed for monochlorobenzene and 1,2,3-
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tr ich lo ro b en zen e  separately, as sp e c if ic  m o d e ls  for each  m o le c u le . A fter  a sse s s in g  th e  overa ll  

transferab ility  o f  param eters, a fina l m od el is then constructed  for  th e  entire se t  o f  c h lo ro b en zen es .

7.3.2 Fitting of hardness parameters and initial grouping of atom types

Fitting o f an exponential decay to the overlap of charge densities involves the fitting o f both the

radial extent (p  in equations (7.10)-(7.11)) and the decay constant or hardness parameter, often

denoted a . The fitting of a  and p are often highly c o r r e l a t e d , s o  it is preferable to fix the

hardness parameter before fitting the pre-exponential directly. Previous uses o f the overlap 

m odelt^^^'^^'^^ ,53,54] have successfully derived a  from the analytical expansion o f the overlap of 

charge densities (equation (7.7)). This expansion is not ideal because it treats the inter- and 

intramolecular regions of overlap with equal importance. For this reason, the anisotropic terms 

describing the overlap are not taken from this expansion, but the isotropic coefficient is retained.

An analytical calculation for the overlap between a selected pair o f atoms, i and k , was calculated 

at several interatomic separations, 7?,̂ , within the GMUL3s p r o g r a m a n d  the isotropic coefficient 

was assumed to vary as

C = 4 : e x p ( - « , , / ( , J  (7.13)

so that a  was taken as the slope o f a regression of ln(C,% ) against 7?,̂ . The fits were performed with

total overlaps (in atomic units o f electrons/Bohr^) in the following ranges o f overlap 

0 .0 0 2 ^ C ,„ .0.00005 (X ...X p a irs )^ ^ ^ ^ ^

0.002 > q,„ > 0.00001 (X • • • H pairs) (7.14)

0.002 > C,,„ > 0.000005 (H H pairs)

which correspond approximately to 4.0 - 6.0 A (X X), 3.0 - 5.8 A (X H), 2.0 - 5.2 A (H H), or, in 

terms o f repulsion energy, approximately 1-40 kJ/mol (X X) and 0.1-40 kJ/mol (H H).

Each atom type was initially treated separately and the behaviour o f overlaps in this range is used 

as an indication o f groupings into fewer atom types.

7.3.3 Fitting of intermolecular overlaps

With the a  parameters determined from Section 7.3.2, the radial terms, p, for atom-atom overlaps 

were then fitted to total intermolecular molecule-molecule overlaps, for which random dimer 

geometries were generated in approximate van der Waals contact (using the following radii; H = 2.25
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ao, C = 3.2 ao, Cl = 3.4 ao). The atom-atom overlaps at each dimer geometry were calculated within

For each molecule, 300 homomolecular dimer geometries were randomly generated 

with a total molecule-molecule overlap greater than 0.00001 a.u. From previous studies,l^-^^’̂ ^i this 

lower cutoff corresponds to about 200 -  500 J/mol o f repulsion. Any dimers with less total overlap 

would bias the fitting to regions where repulsion is unimportant, so were discarded.

The random dimers in the desired range o f total overlap for monochlorobenzene are shown in 

Figure 7-3a and, from the number of overlaps in this range for each atom pair in monochlorobenzene 

(Table 7-2), it is clear that some atom pairs are poorly sampled. Probably the most important are the 

carbon-carbon pairs, o f which there is a total o f 35 contacts in the entire set. The lack o f H H 

overlaps is not so worrying because we anticipate that all o f the hydrogen atoms will behave very 

similarly (from the results o f Section 7.4.1) and be grouped into a single atom type. From Figure

7-3a&b, it is clear that it is a sampling of stacked ti- tt contacts that is missing from the set o f random 

dimers, so the randomly generated dimers were supplemented with an additional 50 dimers, generated 

with stacked 7r-faces. These were chosen with interplanar distances in the range 4.7 -  6.6 Bohr (2.5 -  

3.5 A), an in-plane offset o f up to 1 Bohr between centroids, with random distribution of the angle 

between principal Czv molecular axes. The contacts resulting from this set are shown in italics in 

Table 7-2.

When originally fitting the chlorine-chlorine overlap (Section 7.3.3), the initial parameters were 

found to be surprisingly isotropic (small p \ ' , P2 ') ,  so we checked the range of Cl Cl orientations 

sampled in the random set. The dimer geometries with chlorine-chlorine overlap in the region chosen 

for fitting are shown in Figure 7-3c and, by examining the distribution o f associated S -functions, it 

was obvious that there is a lack of contacts with the polar region o f the chlorine atom. Hence, an 

additional set o f 50 dimers were generated to sample such orientations, with

Sioi e  [0.75,1] and Son e [-0.2,1] (0, e[0^40°],^2E[0=,100=]) '

The updated set of geometries samples most accessible orientations of the chlorine-chlorine contact, 

giving an accurate description o f the expected anisotropy. There are now enough o f each type o f 

atom-atom contact for fitting of the model.

X e [c,d] denotes that x is in the range c to d, Inclusive
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Figure 7-3. Monochlorobenzene dimers for the fitting o f overlaps.

a. Random geometries with a total overlap, Sp>  0.00001 a.u.

mm

b. All geometries with C] C| contacts - note lack o f stacked geometries.

c. All overlaps with Cl Cl contacts within range for fitting from randomly generated set o f dimers.
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Table 7-2. Atom-atom overlaps in range for fitting from the random dimer orientations (normal text), 
slacked dimers (ita lics) and Cl Cl end-on dimers (underlined) for m onochlorobenzene.

Cl c , C2 C3 C4 H2 H3 H4

Cl 47 + 26 +  ̂ 30 + 3 / 103 + 77 6 9 +  <72 25 + 22 115 + 5 7 75 + 30 17 + 5

C, 2 + 4 j 14 + 736 15 + 37 4 + 9 25 + 76 23 + 0 5 + 0

C2 32 + 72/ 46 + 7:73 22 + 64 89 + 9^ 61 + 2 7 16 + 6

Cy 12+ 7g 8 + 7 6 5 8 +  75 37 + 69 10 + 26

C4 1 + 2 3 25 + 22 12 + 36 2 + 7 5

H, 28 + 76 35 + 72 8 + 2

H2 6 + 7 6 3 + 76

H3 ' 0 + 5

For fitting a model for the overlap between m onochlorobenzene m olecules, all atom-atom overlaps 

within the sam e range as was used for the fitting o f  a  (equation (7 .14)) were considered. Isotropic 

and anisotropic m odels were fitted to all hom oatom ic atom pairs by m inim ising the squared deviations 

in overlap between that calculated in GMUL and that predicted by the model (equation (7 .10) or

( 7 . 1 1)). The hardness, a ,  was fixed as derived from Section 7.3.2 and, for an isotropic m odel, P q was 

varied separately for all atom-atom overlaps. For the anisotropic fitting, the atomic axes w ere defined  

as in Figure 7-1 and the relevant S -fu nctions were calculated for all atom-atom overlaps. All 

hom oatom ic parameters were first fitted by varying p '^ , p 'i (= p \ \  and /o, (=  p , )  for each atom type. 

The resulting parameters, p'i and p \ , were assumed to describe the shape o f  atom type k, so were 

transferred to all heteroatomic overlaps involving that atom. Thus, for fitting to the overlap between  

unlike atom s, only the isotropic p'^  was varied.

7.4 Results and analysis

7.4.1 Hardness parameters, a

The initial fittings o f  the hardness, a , for hom oatom ic pairs are show n in Figure 7-4. It is clear 

(Figure 7-4, top) that all o f  the chlorine atoms from both m olecules group together into one atom type, 

with a hardness parameter o f  2 .0 6 -2 .0 7  Bohr '. Similarly (Figure 7-4, bottom), the hydrogen atoms 

all show sim ilar behaviour with a  »  2.15 Bohr' .  The high correlation (r‘ > 0 .999) in both o f  these 

plots confirms the assumed radial dependence o f  C,-,.,, (equation (7.13)).
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Figure 7-4. Fitting o f hardness parameter for (a) chlorine, (b) carbon, and (c) hydrogen atoms. Dashed 
lines are added to highlight the non-linearity o f  some curves.

(a)
R (a .u .)

5.5 6.5

O C l (m o n o ) a  =  2 .0 6 0  a .u .; F  =  0 .9 9 9 8  

♦  CM (1 2 3 -lr i)  a  =  2 .0 6 8  a .u .; =  0 .9 9 9 8

A C L 2  ( 1 2 3 - t h ) a  =  2 .0 6 7  a.u.; F  =  0 .9 9 9 8

JU

-10

(b)
R (a.u.)

C 2 (l2 3 -tr i)  

a = 1 .9 7 .5 a .u .;r ^  = 0 .9995

O  (m o n o )  

a =  1.987  a .u .;r^  =  0.9995
Cl (m on o)  

a  3.315 a.u.; r̂  = 0.9553 C2 (m on o)  

ot =  2 . 102 a . u . ; / =  0.9995

C l (123-lri) 

a  = 3 .3 2 8  a . u . ; / =  0.9852

Cj  (123-lri) 

a  = 2.662 a . u . ; / =  0.9976

Cl (123-lri) 

a  =  2.520 a . u . ; / =  0.9978

C l (m on o)  

a =  2.003 a . u . ; / = 0,9995

(C) R (a.u.)
3 5 4 5

□ H2(mono) x  = 2.129 a .u ../ - 0  9998 

OH3(mono) x  = 2.146 a.u , /  = 0.9997 

AH4(mono) x  = 2.143 a . u . . / = 0.9997 
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I
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The results for carbon atoms are much less satisfactory for the development o f a transferable 

model. Two o f the non-chlorinated carbon atoms from monochlorobenzene (C2 and C4) and C3 of 

1,2,3-trichlorobenzene all have similar slopes (a  = 1.98 - 2.00 Bohr ' )  and correlation coefficients 

greater than 0.999. However, environmental effects are clearly strong enough to significantly perturb 

the charge density around the other non-chlorinated carbon atoms. There appears to be a "meta effect" 

o f chlorination on the behaviour o f the carbon atoms; C3 o f monochlorobenzene is meta to one 

chlorine atom and the hardness is shifted to 2.10 Bohr*', while C4 o f 1,2,3-trichlorobenzene is 

positioned meta to two chlorine atoms and its hardness is further increased, to about 2.52 Bohr*'. The 

hardness of the three chlorinated carbon atoms is increased even further, but the linear relation (7.13) 

is not followed as satisfactorily (see dashed curves in Figure 7-4b).

The increasing hardness from non-chlorinated carbon, through the /Mg/a-positioned carbon, to 

directly chlorinated carbon is consistent with a halogen's known ring deactivating effects. The 

electronegativity of the chlorine atom pulls electron density away from the ring, with the greatest 

effect on its directly bonded carbon atom. Electron density is withdrawn from the other carbon atoms 

in the aromatic system, but the back donation o f lone pair density into the 71-system o f the ring 

stabilises negative charge build-up on the ortho- and jpara-positions. Figure 7-5 demonstrates this 

effect for the monochlorinated benzene ring. For 1,2,3-trichlorobenzene, only one o f the possible 

fifteen resonance structures (with one or two chlorine atoms donating lone pairs to the 7i-system) has 

the negative charge on C4 (jmeta to two carbon atoms), while C2 and C3 each have the negative charge 

in six and ten resonance structures, respectively.

Figure 7-5. Resonance back donating to ortho- and para-positions.

Cl: Cl

C:

From the balance of inductive and resonance effects, electron withdrawal from the carbon atoms is 

greatest for the substituted carbon, followed by the carbon in a meta-position to chlorination and 

approximately equal, but smallest, for the ortho- and para-carbon atoms. As valence electron density
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is stripped from an atom, the less polarisable core electrons are exposed, which leads to a 'harder' 

repulsive wall around that nucleus. From this trend follows the observed effect o f chlorination on the 

carbon atoms' hardness parameters.

For the molecule-specific models, there is no need to group the atoms and separate parameters are 

kept for each symmetry-independent atom. Parameters for the overlap between unlike atoms were 

fitted in the same fashion as between like atoms. The hardness parameters are shown in Figure 7-4 for 

all homoatomic atom pairs except those involving chlorinated carbon atoms, for which (7.13) does not 

give a reasonable fit (Figure 7-4b). The highly polar bonding environment has too strong an influence 

on the analytical expansion coefficients, which do not separate the intermolecular region from this 

highly distorted bonding electron density. Hence, a  for these atoms is fit directly to intermolecular 

atom-atom overlaps in the intermolecular region, along with the radial term, p  (Section 7.4.2).

Table 7-3. Hardness parameters from analytical expansion of atom-atom overlaps.

atom pair a  (Bohr ') correlation coefficient, r^

Cl Cl 2.0653 0.9995

H H 2.1452 0.9991

Cl Ch 2.0330 0.9758

Cl H 2.0768 0.9990

Ch H 2.0581 0.9903

Parameters were also fitted for a transferable model, but it is clear that the carbon atoms cannot be 

grouped into a single atom type using this method to obtain a . The number o f carbon types should be 

kept to a minimum for transferability of the model between chlorinated benzene molecules and the 

simplest split is to treat chlorinated and non-chlorinated carbons as separate atom types. A more 

complicated classification, taking into account longer-range effects o f the position o f chlorination, 

would clearly improve the model, but greatly limits transferability. Thus, for the initial model 

development, carbon atoms are classified as chlorinated (Cci) and non-chlorinated (C h). All atom 

pairs from both molecules were now included in the fitting o f hardness parameters, for homo- and 

hetero-atomic pairs. While the plots for Ch are satisfactorily linear, the slopes vary enough between 

individual atoms to make a fit inaccurate. The In(Cjso) v5 R plots for all atom-atom overlaps involving 

Cci were too far from linearity to give a satisfactory fit. Hence, all carbon-carbon and C c fX  a  

parameters were fitted directly to atom-atom intermolecular overlaps. The transferable a 's  (listed in

Lattice Dynamical Studies o f M olecular Crystals
with A pplication to  Polymorphism and Structure Prediction

G raem e M. Day
2003



Chapter 7. Chlorobenzenes I 163

Table 7-3), for those pairs where the In(Cjso) vs R plots behaved satisfactorily, make chemical sense. 

The highest hardness parameters are assigned to the least polarisable hydrogen atoms and the Cl H 

hardness fall partway between the two homoatomic values.

The values differ slightly from typical empirical model potentials. For example, Bonadeo and 

D'Alessiot^-^*! took the chlorine-chlorine hardness o f 3.51Â'' (= 1.86 Bohr ')  from Kitaigorodskii and 

Dashevsky'st^-^2] conformational analysis o f substituted aromatic molecules and left this value 

unadjusted in their parameterisation to chlorinated benzene crystals. Bates and Busingt^-^^1 used the 

same a  for Cl Cl and found that adjusting its value had little effect on the quality o f  fit to 

experimental data. Hence, Hsu and Williamsl^-^4] aigg used the same value. Similarly, a  used for 

H H interactions ranges from about 1.88 to 1.97 Bohr '  in most empirical models, about 10% lower 

than the value found here. However, our values are in line with previous overlap models, within the 

ranges o f values derived for cyanuric chlorinet^-^H and chlorothalonilt^-^^1 (Table 7-4).

Table 7-4. Hardness parameters derived from previous overlap models (B ohf').
atom pair cyanuric chloride chlorothalonil

Cl Cl 1.9470 2.108

C C 2.1460
1.990 (Cc Cc) 

2.140 (C n C n)

C Cl 2.3488
2.053 (Cl Cc) 

2.113 (Cl C n)

7.4.2 Radial parameters, p

The radial parameters, which define the contours o f specific atom-atom interactions, are defined in 

equations (7.10) to (7.12) with u set to 1 a.u. For monochlorobenzene, the p were fitted using the 

values o f a  fixed from the first part o f Section 7.4.1, before their grouping into atom types. The 

resulting heteroatomic pô^^s, for the isotropic and anisotropic models (Table 7-6) are in quite good 

agreement with the arithmetic mean of the corresponding homoatomic parameters (Table 7-5). This 

has the physical interpretation that Pq'  ̂/2  measures the radial extent o f a particular atom type, k , and 

is fairly independent of the atom with which it is in contact. We also find the expected relationship 

Po^'' > Po' > ■
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Table 7-5. Homoatomic parameters for monochlorobenzene. Atomic units (Bohr ' for a, Bohr for p).

Atom pair a Isotropic p A P\a\ -  A ll A 02 — A 22

Cl Cl 2.0599 +2.5495 +2.6205 +0.0542 -0.1869

c ,  c , 2.1391 (aniso) " 

2.2343 (iso)" +1.9587

+0.8442 -0.2553 -1.0218

Cz Cz 1.9866 +1.7486 +1.7938 -0.0103 +0.0708

C3 Cs 2.1021 +1.9224 +1.9760 -0.0060 +0.0650

C4 C4 2.0026 +1.7705 +1.7681 -0.1620 +0.0249

Hz Hz 2.1286 -0.3072 -0.2671 -0.0790 +0.0031

H3 H3 2.1456 -0.2076 -0.1747 -0.0895 +0.0374

H4 H4 2.1426 -0.2084 -0.1099 -0.0793 +0.1053

® fit directly to overlap vs R because analytical coefficients, gave poor fitting to the atom-atom 

overlaps (Section 7.4.1)

Table 7-6. Heteroatomic overlap parameters, p ^ ' , in monochlorobenzene (in a.u.). Parameters from 
the isotropic model are in the lower left, while those in the top right are from the anisotropic fit.

Cl c , Cz C3 C4 Hz H3 H4

Cl 1.9390 2.2681 2.2449 2.2400 1.1188 1.1223 1.1434

c , 2.0040 1.6062 1.4772 1.8786 0.5875 0.5806 0.4947

Cz 2.3269 1.9669 1.7775 1.7907 0.7196 0.7387 0.7640

C3 2.2865 1.8300 1.7623 1.7869 0.6764 0.6633 0.7406

C4 2.2962 2.3146 1.8042 1.7804 0.6920 0.6870 0.7260

Hz 1.1575 0.8316 0.6717 0.6284 0.6685 -0.2277 -0.2361

H3 1.1515 0.9167 0.6809 0.6111 0.6578 -0.2751 -0.1781

H4 1.1769 0.8504 0.6892 0.6722 0.6911 -0.2765 -0.1879

Atom-atom anisotropy is expected to be most important in the chlorine-chlorine overlaps and, in 

fact, a plot o f the chlorine-chlorine overlap against -  p j j ^  ) clearly shows the large scatter around 

the curve fit to the isotropic model (Figure 7-6, left). However, this scatter is nearly eliminated in the 

plot o f overlap against j (Figure 7-6, right), where the anisotropy is taken into account in

the exponential decay o f overlap with separation.
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Figure 7-6. Fitting to the overlap between chlorine atoms in monochlorobenzene dimers, using the 
isotropic (left) and anisotropic (right) models.
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To quantify the importance o f atom-atom anisotropy in fitting the model to overlaps between each 

atom pair, the ratio of root-mean-squared errors in the overlaps,

was measured over the range of overlaps used in the fitting. Here, S'^ is the accurate overlap

calculated within GMUL, split into atomic contributions, while and 5 ^ * are the predicted 

overlaps from equations (7.10) and (7.11). A second measure was suggested by Mitchell and co- 

workers^^^^], who calculated lnj^5^*/5^,,„]and for each dimer geometry. These

values measure the deviation between accurate and isotropically predicted overlaps, and between 

anisotropic and isotropic models, respectively. Therefore, the correlation coefficient, r^, between 

these quantities is a measure o f what proportion of the error in the isotropic model can be removed by 

introducing atom-atom anisotropy in the form given by (7.12). Both o f these measures (Table 7-7) 

show that the anisotropic terms are most important for the chlorine-chlorine interactions, where the 

root-mean-squared deviation in overlaps is reduced by over two orders o f magnitude from the 

isotropic to anisotropic models. Over 99% of the deviation between predicted and accurate overlaps 

in the isotropic model is removed by introducing 'dipolar' and 'quadrupolar' anisotropy.
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Table 7-7. Measures o f  the importance o f anisotropy in fitting atom-atom overlaps for 
monochlorobenzene.

atom pair correlation coefficient ratio o f RMS errors, eq. (7.15)

Cl Cl 0.9943 165.45

C | C, ( = Cci' Cci) 0.9847 16.89

C2 C2 ( = Ch ' Ch) 0.4628 1.67

C3 C3 ( = Ch Ch) 0.1947 1.12

C4 C4 ( = Ch Ch) 0.8194 5.45

H2 H2 0.5257 2.41

H3 H3 0.7837 4.32

H4 H4 0.1620 1.22

total overlap 0.8966 6.72

The anisotropy described by p^”' ' makes chemical sense. The quadrupolar term is dominant and 

the negative coefficient describes a polar flattening at the end of the C-Cl bond and broadening in the 

directions of lone pair density. To visualise the effect, the atom-atom overlap is factorised as

=5exp |-a"^  +/?[^Sioi +p[^Son +P2^S202 Sozzjjj

= -s • {exp(-a '" ' [/?,* - ] ) |  X |e x p ( -a '^  -  p'"'^ ])}

where p ^" = ( p o ^  + + P 2^S202) and p ^ = ( P o ^  + + P 2 ' S 022)

and a contour can be plotted around each atom. In Figure 7-7a, the interaction between chlorine 

atoms is plotted with contours chosen so that contact between them corresponds to 0.002 a.u. o f 

overlap. The isotropic model is plotted for comparison and the atoms are placed so that the isotropic 

contours are in contact. The polar flattening has the largest effect for end-on interactions, but, even at 

the contact angle shown (-45°), the interatomic separation must shorten significantly for the 

anisotropic model to reach the same overlap as that between "isotropic" chlorine atoms. The ratio of 

the polar ( ^ / / z )  and equatorial (/? ±  z) radii on this plot is 0.889, compared to the ratio o f Nyburg

and Faerman's radii (rpoiar/requatoriai = 0.888)[^-^l deduced from a survey o f close contacts in observed 

crystal structures.

The anisotropy is also very important for the chlorinated carbon atom (Table 7-7), reducing root- 

mean-squared errors by a factor o f 17. Previous use of the overlap model for chlorinated aromatic 

compounds have either ignored anisotropy in C X interactions, as for chlorothalonil 

(C6Cl4(CN)2),t^-^^^ or found it to be unimportant, as in the study o f cyanuric chloride (CeNsCb).^^-^^] 

The carbon atom in monochlorobenzene is probably more accessible than in chlorothalonil so that a
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greater range o f orientations around the atom are possible and so a spherically symmetric repulsion 

around the nucleus is inadequate. In cyanuric chloride, the carbon atom is bonded to three 

electronegative atoms, so that the immediate environment is nearly apolar, relative to the immediate 

environment o f C, in monochlorobenzene. The resulting distortion (Figure 7-7b) is largely 

quadrupolar and contributes to the overall broadening around the C-Cl moiety, while the polar nature 

o f the bond also pulls electron density away from the centre o f the aromatic ring. The dipolar 

distortion of the para  C4 is also important and shifts the centre o f overlap distribution away from the 

nucleus, in the direction o f the molecular dipole moment.

Figure 7-7a. Chlorine-chlorine anisotropy from monochlorobenzene parameters. The black line is the 
anisotropic fit to the overlap and the isotropic fit is in grey. The contours represent a contact o f  0.002 
a.u. o f overlap with an approaching atom by assuming a factorisation o f the atom-atom overlap (see 
text).
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equatorial

Figure 7-7b. Anisotropy o f the chlorinated carbon atom in monochlorobenzene.
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The anisotropic terms are much less important in describing hydrogen-hydrogen overlap, but the 

small negative parameters are expected, shifting the centre o f  the exponential distribution into the 

bond, away from the nucleus and towards the true centre o f  charge density along the C-H bonds. 

While there is a relatively large quadrupolar term in the H4 H4 fit, this atom was poorly sampled 

(Table 7-2) and the measures in Table 7-7 show that the effect o f  this parameter on the fit is minimal.

Figure 7-8. Molecular surface generated by summing atomic contributions as (7.16). The upper plot 
shows the height above the molecular plane at which the factorised overlap is 0.002  a.u. for the 
anisotropic (left) and isotropic (right) models. The lower plots show the difference in overlap between 

anisotropic and isotropic, A = {Sp aniso p.iso ) ,  (left) and specific and transferable (defined in Section

7.4.3), A = ( S p  a n i s o , s p e c i f i c - ^ p . a n i s o . t r a n s f e r a h i e )  ("ght), calculatcd at thc molccular surfacc defined by

’  p , a n i s o = 0 .002  a.u. for the monochlorobenzene-specific anisotropic model.

Units for the colour-scales are Bohr (upper plot) and electron^/Bohr^ (lower plot).
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Factorised atomic contributions calculated as in (7.16) are summed to generate a molecular surface 

at a constant overlap o f 0.002 a.u. for both anisotropic and isotropic models (Figure 7-8). This gives 

an idea o f a surface at which the overlap and, hence, repulsive energy is constant around the molecule. 

The differences between anisotropic and isotropic models are clearly visible, especially in the region 

o f the chlorine atom and its directly bonded carbon. A difference plot accentuates the variations

between models, so the difference A = , calculated at the = 0.002 a.u. surface,

is shown in the bottom left o f Figure 7-8.

The difference plot around the chlorine atom is as expected and mirrors Figure 7-7a and b, with 

the isotropic model exaggerating the overlap at the end of the atom, while not broadening enough 

around the taurus of the C-Cl moiety. Overlap around the ends o f the hydrogen atoms is similarly 

exaggerated, as is the C-H bonding region of the para  carbon atom, indicating the importance of the

p \  Sioi term for this carbon atom.

Table 7-8. Homoatomic parameters for 1,2,3-trichlorobenzene. 

All in atomic units (Bohr'' for a , Bohr for all p).

Atom pair a Isotropic p A) P\Q\ -  A ll A 02 — A 22

Cl, Cl, 2.0570 +2.4722 +2.5874 +0.0370 -0.1956

CI2 CI2 2.0560 +2.6898 +2.5982 +0.0372 -0.1824

c, C, 2.0639 (aniso)" 

2.0445 (iso )' +1.7435

+1.6459 -0.2290 -0.1131

C2 C2 2.1020 (aniso) " 

2.1059 (iso)" +1.7767

+1.2769 -0.3975 -0.5271

C3 C3 1.9754 + 1.7111 +1.7440 +0.0234 +0.0535

C4 C4 2.5197 +2.5329 +2.6549 -0.2058 +0.1794

H3 H3 2.1487 -0.34161 -0.2503 -0.1567 +0.0072

H4 H4 2.1688 -0.2179 -0.1706 -0.1193 +0.0349

® fit directly to overlap vs R because analytical coefficients, Q,», gave poor fitting to the atom-atom 

overlaps (Section 7.4.1)

A model for the overlap between 1,2,3-trichlorobenzene molecules was developed in the same 

manner and the resulting parameters (Table 7-8) show similarities to those derived for 

monochlorobenzene (Table 7-5). The chlorine atoms in both molecules are very similar with almost 

identical hardness parameters, a , and radial extent, /%. The dipolar distortion parameters, p i, are 

small and comparable, while all three chlorine atoms show the same quadrupolar distortion. The
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central chlorine in 1,2,3-trichlorobenzene shows a slightly greater distortion, but all o f  the p f  

parameters are within 5% in magnitude, which is encouraging for the development o f a transferable 

model.

Parameters describing hydrogen atoms in both molecules are fairly similar, though there are small 

systematic variations in po, which decreases with increasing proximity to the chlorinated carbon atoms

|/.e. Pq '"""" > Pq '̂""’"" ~ > Pq -̂''' ~ j . The inductive polarity effects pull electron density

away from nearby hydrogen atoms, while the resonance effects that contributed to differences 

between carbon atoms are inactive for hydrogen.

Figure 7-9. Radial decay o f  overlap between hydrogenated carbon atoms. The generally accepted van 
der Waals diameter o f carbon (-6 .42  Bohr) is indicated as a vertical dashed line. The transferable 
model is defined in Section 7.4.3.
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The chlorinated carbon atoms are distorted in a similar way to C| in monochlorobenzene, though 

not to such an extent, and C4 shows a similar dipolar shift as in monochlorobenzene. The slight 

difference between Câ mono, C4,tri and the other C„ atoms, already noted in determining the a  

parameters, is also noticeable in the radial extent o f the atoms. The isotropic term in p is clearly 

largest for C4 o f 1,2,3-trichlorobenzene, followed by C3 o f monochlorobenzene, while the other 

unchlorinated carbons all have similar parameters. This trend is balanced by the gradation in hardness
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parameters and the isotropic radial decay of homoatomic overlap (Figure 7-9) shows that, at typical 

carbon-carbon contact distances, there is less overlap between carbon atoms in meta  positions to 

chlorine substituents, possibly due to the resonance effects discussed in Section 7.3.2. The 7i-back- 

donated electron density from the chlorine atoms to carbon atoms in a meta position (Figure 7-5) 

decreases the extent o f their electron density and, hence overlaps.

7.4.3 Transferable model

Atom types for the transferable model (Cl, H, Ch, Cci) were introduced in Section 7.4.1. Long- 

range resonance (e.g. a  and po o f carbon atoms meta to a Cl substituent) and inductive (e.g. the 

dipolar distortion o f para  carbons) effects must be ignored in this classification o f atom types because 

they are dependent on the entire molecule and, so, intrinsically non-transferable.

Table 7-9. Anisotropic transferable model parameters. All in atomic units (Bohr ' for a , Bohr for p).
atom pair a A Pm A ll A02 A 22

Cl Cl 2.0653 " +2.6121 +0.0389 -0 .1 8 5 3

Cci Cci 2.0410^ + 1.0836 -0 .3881 -0 .5 8 7 5

Ch C h 2.0286^ + 1.8654 -  0.0049 +0.0792

H(all) H(all) 2.1452* -0 .2 3 8 7 -0 .1 0 2 5 -  0.0078

Cl Cci 2.2453 ” +2.1712 +0.0389 -0 .3881 -0 .1 8 5 3 -0 .5 8 7 5

Cl C h 2.0330'’ +2.1896 +0.0389 -  0.0049 -0 .1 8 5 3 +0.0792

Cl H 2.0768* +1.1168 +0.0389 -0 .1 0 2 5 -0 .1 8 5 3 -  0.0078

Cci H 2.4087" +1.0088 -0.3881 -0 .1 0 2 5 -0 .5 8 7 5 -  0.0078

C h H 2.0581'’ +0.7170 -  0.0049 -0 .1 0 2 5 +0.0792 -0 .0 0 7 8

C ci ’ C h 2.0609'’ +1.5107 -0 .3881 -  0.0049 -0 .5 8 7 5 +0.0792

' from In(Ciso) against R (Table 7-3), fitted directly to overlap against R

To fit the transferable model, overlaps for all atom-atom pairs within an atom type (e.g. CLono 

CLono + Cli,tri Cl,,tri + Cl|,tn Cl2.tri + Cl2,tri Cb.tri) Were grouped and parameters fitted as in the above 

models. Hardness parameters, a , were taken from the transferable values determined in Table 7-3 for 

Cl Cl, Cl H, and H H. The rest had to be fitted simultaneously with p, absorbing errors from 

differences in atoms (Table 7-9). The errors introduced by grouping the atoms into types for a 

transferable model were analysed in a similar manner to the importance o f  anisotropy - by comparing 

root-mean-squared errors over all dimer geometries.
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V  (  _  Ç'*- Ÿ
/  j V P . tnms/emhk’ ^  p  J

'E K - r .c m  - s '* ) '
(7.17)

and by calculating the correlation coefficient between In ]  and

^^[stspccWc/^transjirahie]’ where and are the predicted overlaps from the

(anisotropic) transferable model and the models specific to each molecule, respectively. The ratio of 

root-mean-squared errors over both molecules is 1.20, while the correlation coefficient is 0.4991; the 

errors introduced by grouping atoms for a transferable model are noticeable, but small compared to 

those associated with assuming isotropic atoms. Therefore, the transferable model is still expected to 

be an improvement over standard, isotropic, intermolecular model potentials. A plot of

= calculated at the Sp̂ ank<o.speàjk = 0.002 a.u. (Figure 7-8, bottom

right), shows that the largest errors resulting from grouping atoms into a transferable model are in the 

region around the meta and para  carbon atoms. The distribution of these errors must be kept in mind 

when evaluating the performance o f this model.

7.4.4 Final modiücations to the overlap model

The first use o f the derived parameters was a study of the structures o f the chlorobenzenes

performed by Fletchert^-^^1 as part o f a short research project, testing one o f the models for the 

dispersion (MillerNv, Section 8.3.1) with the anisotropic overlap model against empirical isotropic 

model potentials. The model performed quite well in comparison with empirical models, but one 

conclusion o f the project was that H X contacts were not particularly well modelled. Hence, 

adjustments were made before continuing with the application o f the model.

Looking back at the fitting to the intermolecular overlaps, the use o f a  from the analytical 

expansion o f the overlaps may be a source o f some o f the errors. The fitted exponential decay o f 

H H interactions exaggerates the repulsion for short contacts (Figure 7-10); while the effect is small 

at longer interatomic separations, the errors become large for short H H contacts, amounting to over 

5% at a typical contact distance of 4.4 Bohr. Such an exaggeration can have detrimental effects on 

adequately modelling the crystal structures and their properties, so the parameters describing H X (X 

= H, C, Cl) overlaps were re-fitted, a  and p  to vary simultaneously, starting from the value from 

In(Ciso) against R. For consistency, the Cl X overlaps were also fitted again, also allowing a  to vary
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from the value found from the analytical expansion. The results improve the hydrogen parameters 

significantly, while differences in chlorine parameters from those derived from Ciso are small.

Figure 7-10. Fits to hydrogen-hydrogen overlaps. The dashed curve is the fit with a  fixed from the 
analytical C,,», while the solid curve uses a  from a simultaneous fit with p.
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A comment is needed regarding this approach to the fitting of a  and p. There is a correlation 

between the parameters and compensation in po for those atom pairs where a  deviates significantly 

from that derived from the fitting to Cjso- However, this is not as problematic as what is normally 

found in the simultaneous empirical parameterisation of both parameters. The known structural data 

used in parameterising atom-atom potentials only samples the repulsive wall at atom-atom separations 

near the potential well minimum. Hence, even with a large set o f crystal structures in the fitting set, 

the parameters only need to reproduce equilibrium separations, ro, o f the atom-atom functions. 

Considering lattice energies only helps to fix the depth o f the atom-atom potential wells, Go. The 

parameters a  and p are highly correlated when fitting to a defined ro and Gq and this leads to the 

problem encountered in the empirical parameterisation o f atom-atom functions. Figure 7-11 

illustrates the problem. With a fixed pair, ro = 1.48 Bohr, Go = -2.5 kJ/mol (typical values for H H 

interactions), p and Ca were varied in an exp-6 pair potential with a  fixed at a range o f values to 

define a family o f curves, all o f which have nearly indistinguishable behaviour near the equilibrium 

geometry.

The simultaneous fitting o f a  and p in the present work does not suffer from the same problem. 

The dimer geometries were chosen to sample a wide range of atom-atom separations, so the repulsive
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wall is sampled in regions that are not accessible to empirical parameterisations, where the curves in 

Figure 7-11 are distinguishable. Therefore, both parameters o f the exponential function are well 

defined and the fitting o f the exponential functions is well behaved when a reasonable starting guess 

(taken from Ci% against R) is used. The RMS percentage errors in predicted atom-atom overlaps are a 

factor o f 1.1 - 1.2 lower with a  and p fitted simultaneously than when a  was fixed from the regression 

o f  I n ( C js o )  against R. This revised set o f  parameters (Table 7-10) is used in the rest o f  the modelling. 

The value o f  a  for H H is now in good agreement with that used in many empirical models (~2 

Bohr').

Figure 7-11. A family o f  exp-6 curves fitting the same ro and Eq.
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ro= 1.48 Bohr (=2.8 A)
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Table 7-10. Revised transferable model, fitting hardness parameters fitted directly to intermolecular 
overlaps (Bohr ' for a , Bohr for p).

atom pair a A) Aioi A ll A o2 A 22

Cl Cl 2.1234 +2.7258 +0.0296 -0.1774

Cci Cci 2.0410 + 1.0836 -0.3881 -0.5875

C|i Ch 2.0286 + 1.8654 -0.0049 +0.0792

H(all) H(all) 2.0692 -0.4210 -0.0849 +0.0069

Cl Cc, 2.2534 +2.1850 +0.0296 -0.3881 -0.1774 -0.5875

Cl c „ 2.0623 +2.2511 +0.0296 -0.0049 -0.1774 +0.0792

Cl H 2.0706 + 1.1044 +0.0296 -0.0849 -0.1774 +0.0069

Cci H 2.1413 +0.5031 -0.3881 -0.0849 -0.5875 +0.0069

C„ H 2.0742 +0.7563 -0.0049 -0.0849 +0.0792 +0.0069

Cci C|| 2.0609 + 1.5107 -0.3881 -0.0049 -0.5875 +0.0792
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7.5 Conclusions

A model for the charge density overlap between mono- and 1,2,3-trichlorobenzene molecules is 

developed and expressed as a sum of atom-atom contributions. The necessary calculations are rapid 

in comparison with ab initio supermolecule calculations because the entire model is developed from 

the charge densities o f the isolated monomers.

A modified exponential form has been used for atom-atom overlap, with anisotropic terms 

adjusting the radial dependence o f the exponential, expressed in terms o f  orientation S  functions. 

While the radial dependence o f the analytical expansion of atom-atom overlaps has been useful for 

fixing the decay constant, a , o f the exponential function in previous studies o f cyanuricohIoridet^-^^1 

and chlorothalonil,[^^^] this approach has been problematic here. The expected linear dependence of 

ln(C/v„) with interatomic separation is not followed for chlorinated carbon atoms and varies 

significantly between all o f the Ch carbon atoms. Therefore, this approach could not be used when 

atoms are classified into groups for a transferable model. Furthermore, a model with a  fixed from the 

analytical expansion for H H pairs overestimates the charge density overlap at normal contact 

distances. Therefore, this approach was used as a starting point for the simultaneous fitting o f a  and 

p(Q) to calculated overlaps o f a large set o f dimer geometries in van der Waals contact. The fitting 

problems normally encountered when empirically parameterising a  and p were not encountered 

because the exponential decay of the overlap is sampled at a large range o f interatomic separations.

Anisotropic terms with 'dipolar' and 'quadrupolar' shape, spherically symmetric about the C-H and 

C-Cl bonds, are included in the functional form and improve the model significantly over an isotropic 

fit to the atom-atom overlaps. These anisotropic terms are most important for the chlorine atoms and 

we find the expected polar flattening, with the ratio o f polar and equatorial radii in agreement with 

that found in chlorine-chlorine contacts in the Cambridge Structural Database.t^-^1 Somewhat 

surprisingly, the anisotropic terms are important for some o f the carbon atoms, especially those 

bonded directly to chlorine, which show a large quadrupolar distortion. Fortunately, the parameters 

describing chlorine atoms are nearly the same in both mono- and 1,2,3-trichlorobenzene, so these 

parameters are transferable between chlorobenzene molecules. However, this is less true for the 

carbon and hydrogen atoms, where non-local effects are important. A combination of inductive and 

resonance effects make the charge-overlap between different carbon atoms vary around the aromatic 

ring. The position o f chlorination has a large effect a  and p o f the carbon atom in the meta position.
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while the para  carbons show a dipolar shift in the direction o f the overall molecular dipole. The 

differences between hydrogen atoms are smaller, but follow a reasonable trend depending on their 

proximity to chloro substitution of the benzene ring. These observations have important implications 

for force-field development, where atoms are normally classified by their atomic number and, 

sometimes, their immediate bonding environment. These effects are, by their nature, non-transferable 

between molecules and indicate that methods for developing model potentials for specific molecules 

are valuable.

Despite the notable differences between carbon atoms, and slight differences between hydrogen 

atoms, a transferable model for the charge-overlap between chlorobenzene molecules has been 

developed for application to the set o f known crystals from mono- to hexachlorobenzene. The most 

reasonable atom typing for the transferable model is to group all chlorine atoms together, all hydrogen 

atoms as one type, and to divide carbon atoms as Ch and Cci, depending on their immediate bonded 

neighbours only. An assessment o f the errors resulting from this simple typing o f  atoms shows that, 

while they are important, the magnitude is small compared to the improvements seen when 

introducing anisotropy into the model. Therefore, a model potential based on this model for charge 

overlap should be an improvement over the usual empirically fitted models and this application is 

addressed in the following chapter.
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8 Chlorobenzenes II - Calibrating the 

repulsion and evaluating the non- 

empirical model potential

8.1 Introduction

In Chapter 7, an anisotropic atom-atom model was developed for the charge density overlap 

between chloro-substituted benzene molecules. In the present chapter, these results are used to 

generate models for atom-atom repulsion in chlorobenzene crystals by either empirical fitting to 

crystal structures or calibration using intermolecular perturbation theory calculations. Several models, 

with different approximations for the dispersion energy, are applied to the computation o f structural, 

energetic, and lattice dynamical properties of twelve chlorobenzene crystals (Table 7-1). To put these 

model potentials in context, we first briefly review the empirical models that have been applied to 

chlorobenzene crystals.

8.2 Empirical model potentials

The first attempts to parameterise simple functional forms to chlorobenzene crystals were 

published in the early 1970s by Bonadeo and D'Alessiot^-^1 (1973), Bates and Busingt^-^1 (1974), 

Reynolds, Kjems and Whitel^-^i (1974), Mirsky and Cohent^ ‘̂1 (1978), and Hsu and WilliamsI^-^3 

(1980).

Bonadeo, D'AIessio, and Burgost^-^’̂ "  ̂1] have performed some o f the most extensive calculations 

on the chlorobenzene molecules. They fitted their exp-6 model to the structures and lattice 

frequencies o f  the a  and P forms o f  p-dichlorobenzene, 1,3,5-trichlorobenzene, and 

hexachlorobenzene without including a description o f electrostatic in te r a c t io n s .S e v e r a l  different 

parameter sets were found to reproduce the lattice frequencies reasonably well, showing that they 

have the same curvature with respect to molecular rotations and displacements at the equilibrium 

structure. However, the models are distinguished when enthalpies o f sublimation are included in their 

evaluation. Bonadeo and D'AIessio did not use the normal combining rules for interactions between 

unlike atoms and their final parameters have one strange feature - the dispersion coefficient for C Cl
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interactions is negative, emphasising that empirically derived parameters often lose their physical

significance. Transferability of parameters was tested by adequately reproducing the lattice spectrum 

o f l,2,4,5-tetrachlorobenzene,[^-^l but was less successful for l,2,3-trichlorobenzene.[^-^i They 

attributed this to the permanent dipole moment of the molecule. The model potential was later used in 

lattice dynamical calculations o f the thermodynamic functions o f a  and P p-dichlorobenzene and the 

two polymorphs o f 1,2,4,5-tetrachlorobenzene.I^-^ However, they did not report how well structures 

were reproduced and, as other studies have reported problems when electrostatic interactions are 

ignored,[^-2] we have reproduced their calculations on the five crystal structures that they studied. 

The a  polymorph o f /?-dichlorobenzene and 1,2,3-trichlorobenzene were the only two to be 

reproduced satisfactorily (RMS errors in lattice vectors o f < 3% and molecular rotations < 8°), while 

the other five all showed large molecular reorientation (rigid body rotations o f 12.6 to 26°). In view 

o f this, their model appears unsatisfactory, but demonstrates that lattice frequencies are not as 

sensitive to the model potential as we might expect.

Reynolds, Kjems, and White proposed a similar model, parameterising the same functional form to 

p-dichlorobenzene and hexachlorobenzene structures, sublimation enthalpies, and lattice frequencies. 

The only major difference to the development o f Bonadeo and D'AIessio’s model was the use o f 

combining rules for the exp-6 parameters. Like Bonadeo and co-workers, they reported good 

agreement with lattice frequencies, but did not report details o f their crystal structure reproductions. 

Their calculations were repeated by Bates and Busing,t^-^1 who predictably found large molecular 

reorientations with this model.

Mirsky and Cohent^ '̂ 1 also developed an exp-6 model by fitting to the lattice constants and 

orientations o f molecules in hexachlorobenzene. However, the work was criticised by Williams,t^-^^3 

who could not reproduce their results and, again, found large molecular reorientations when the 

crystal was fully relaxed.

A more successful model has been proposed by Bates and Busing,l^-^1 who developed a model for 

hexachlorobenzene, using C C parameters from Williams't^-^^1 parameterisation to hydrocarbon 

crystals and only varying Cl parameters. As they could not reproduce the lattice constants and 

molecular orientations without an electrostatic model, point charges (qc = -qci) were included, with qc 

treated as an adjustable parameter In fitting to the structure, sublimation enthalpy, and sum o f
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experimental lattice frequencies (essentially, the zero-point energy) at 300K. The model is more

successful than those o f Bonadeo et or Reynolds et reproducing the lattice

parameters to within 1% with molecular orientations of less than 2®. They also reproduced the lattice 

spectrum at 300K very well, with most frequencies about 3cm"' to high. Bates and Busing did not test 

the transferability o f  their parameters to other chlorobenzene molecules, but Munowitz, Wheeler, and 

Colson's work on the three polymorphs o f p-dichlorobenzenet^-'^l clearly showed that charges 

parameterised to a single structure are unlikely to be transferable, even for different crystal forms o f 

the same molecule. Moreover, they found a strong correlation between fitted atomic charges and exp- 

6  parameters so that the latter are also non-transferable. Munowitz ei tested the Bates-Busing

model on the /^-dichlorobenzene polymorphs by supplementing the parameters with Williams' H H 

parameters.' They found large errors in some of the lattice constants, particularly for the P polymorph, 

which exhibits the shortest Cl Cl contacts. Their work concluded that an isotropic atom-atom model 

is the wrong functional form and cannot lead to a generally transferable model for chlorinated 

molecules.

For direct comparison with our overlap model derived potential, we choose a later model derived 

by Hsu and Williamst^-^1 by fitting to a set o f five perchlorohydrocarbons, all o f which contain only 

sp^ hybridised carbon atoms (in four o f these, all o f the carbon atoms belong to aromatic rings). We 

use their model (4), parameterised using a full weight matrix. The functional form is the same as that 

used by Bates and Busing, with qci = -qc and carbon atoms not bonded to Cl neutral, and gives similar 

results. However, transferability is improved by fitting to more than one structure. Section 8.4.3 

compares the results obtained with this model (hereafter referred to as HW) to those using the 

anisotropic potentials developed in this chapter.

One last model should be mentioned. Thiéry and Rératt^-'^I performed calculations on 

hexachlorobenzene using what they call a generalised Buckingham potential.l^-'^l In their model, the 

anisotropy o f Cl X interactions is addressed by treating atoms as ellipsoids. The minimum energy 

distance for Cl Cl contacts is 1.68Â along the C-Cl bond, but 1.80 A perpendicular to this direction, 

though they did not specify how they derived their repulsion parameters. The hexachlorobenzene 

crystal structure was examined using a dynamical model, where the lattice is allowed to expand

' This is inferred from the paper, though they did not clearly specify how they treated hydrogen atoms 
in the calculations using Bates and Busing's parameter set.
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proportionally to calculated mean square amplitudes o f thermal motion.t^-^^3 The model gives slightly 

better agreement to the room temperature structure than the Bates and Busing or HW models and also 

reproduces the thermal expansion quite well.

8.3 Non-empirical model potentials

8.3.1 Dispersion models

In order to use the repulsion model derived from the overlap calculations, a form of the dispersion 

attraction between molecules must be formulated. A description o f the physical origins o f  this 

contribution to intermolecular energies is given in Chapter 3. It is not yet possible to derive an 

accurate model o f dispersion directly from the charge distribution o f a molecule the size o f 

chlorobenzene, so the dispersion model must either be derived from simple semi-empirical models or 

taken from previously determined coefficients for organic molecules. As a consequence, the atom- 

atom dispersion model, unlike the electrostatics and repulsion, must be treated as isotropic. Previous 

applications o f the overlap model have combined the repulsion model with C& dispersion coefficients 

from density functional theory calculationst^ ^^’^^l or from the Slater-Kirkwood relationship to 

atomic polarisabilities.t^-^^'^^l Models derived from either o f these methods have been successful, so 

there is no a priori reason to choose one over another and, so, several models are tested in the present 

study, based on either DFT or Slater-Kirkwood derived coefficients and using several different 

sources for the parameters.

As a first model, we take Cg coefficients derived by loannou and Amost^-^^l through time- 

dependent density functional theory. In his work, loannou started to build up a database o f  atom-atom 

Cô coefficients by calculating the total Ce dispersion by integrating the calculated polarisabilities over 

imaginary frequencies;

Ce^  = — (ico)ay (fru)dct) (8.1)
^  0

By partitioning the molecular polarisabilities into atomic contributions within Heusden and Amos' 

(AP2) distribution s c h e m e , a t o m - a t o m  dispersion coefficients were derived for a series o f C, H, 

N, and O containing small molecules. Though this method is theoretically rigorous and undoubtedly 

quite accurate, there are several drawbacks. Firstly, the resulting model represents the pure C& 

dispersion and, so, misses any higher attractive contributions such as the dipole-quadrupole atomic
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fluctuations that contribute to Cg dispersion. These higher order contributions can be significant and

are often absorbed into the fitting of the term in model potentials and can be absorbed into

parameters in the Slater-Kirkwood relationship. A second problem with using these DFT coefficients

in the present study is that the test set o f molecules studied by loannou did not include any aromatic

rings, so the dispersion contributions of the ring carbons must be assumed to be the same as a non-

aromatic sp' carbon. Additionally, no chlorine-containing molecules were studied, so the Cl

coefficients must be derived from another source. Mitchellt^-^^J used these DFT Cg coefficients in a

model potential for cyanuric chloride (C3N3CI3), deriving the Cl Cl coefficients from the relationship

proposed by Slater and Kirkwood,t^-^^l relating the dispersion interaction between molecules to their

polarisabilities. In a distributed atom model o f the molecule, the dispersion coefficient between atoms

o f type I and k is

r">̂' __ 2 ________________________  /o
^ { a , / N f f + { a j N f f '  

where a , is the atomic polarisability and N f  the effective number of electrons for an atom o f  type i. 

Literature values for the atomic polarisability were used and the overall model was successful for 

modelling the crystal structure o f cyanuric chloride. We take the same approach to derive a for 

use with loannou's carbon and hydrogen parameters, taking the atomic polarisability o f Cl from 

Miller'st^-2^1 values, which were parameterised to a large set o f experimental molecular 

polarisabilities. We set the parameter, (= 7 for Cl) and derived all other Cl X coefficients

from the usual geometric combining rules (equation 3.13, Chapter 3).

Four other dispersion models were investigated, taking all of the Cg coefficients from the Slater- 

Kirkwood formula. M i l I e r ' s t ^ - 7 7 ]  atomic polarisabilities were used in two o f the models, as well as a 

set that we have fitted specifically for this series o f molecules. The geometry o f each molecule in the 

series was optimised at the MP2(fc)/6-31G(c(p) level o f theory and the polarisability tensor was 

calculated at this structure using the same level o f theory (Table 8-1) by differentiating the electron 

density with respect to an applied electric field. Atomic polarisabilities were fitted to this series so as 

to minimise the root-mean-squared deviation between the sum o f atomic and mean molecular 

polarisabilities. The number of C(-H) and H atoms in a molecule are equal, so cannot be fitted 

independently and, hence, atomic polarisabilities o f C(-H) and C(-Cl) had to be set equal to each
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other. The fit o f to the ab initio calculated mean molecular polarisabilities, a  , is very good

across the entire series (Table 8-1).

The resulting values differ from those taken from Miller's work (Table 8-2) - they are smaller in 

magnitude, which is a result o f the underestimate of ab initio calculated values, which are known to 

systematically underestimate molecular p o l a r i s a b i l i t i e s . O u r  values are approximately 20% too 

low compared to the experimental values for mono- and all three dichlorobenzenes (Table 8-1). Here, 

we use the calculated atomic polarisabilities without adjustment, but such a systematic error can be 

corrected with a scaling factor, which we investigate in Section 8.4.3. Relative atomic polarisabilities 

also differ between the sets, reflecting differences between atom types averaged over the small, 

specific set o f molecules and the large parameterisation set used by Miller,

Table % -\.Ab initio calculated molecular polarisabilities, sum o f fitted atomic polarisabilities, and 
experimental molecular polarisabilities for the series o f chlorobenzenes (Bohr^).

MP2/6-31G(<i,p) calculated

molecule CCyy, «Z: a  = { a , ,+ a ^ + a ^ ) / 3 fitted expt. [8-29]

mono 25.44 72.93 94.24 64.21 63.87 82.67

o-di 29.55 89.13 105.20 74.62 75.27 95.62

m-di 29.64 109.89 86.33 75.29 75.27 96.02

p-di 29.66 75.97 121.02 75.55 75.27 95.83

1,2,3-tri 34.28 115.18 107.73 85.73 86.68 -

1,3,5-tri 34.48 113.42 113.42 87.11 86.68 -

1,2,3,5-tetra 38.76 118.63 136.97 98.12 98.08 -

1,2,4,5-tetra 38.78 108.77 147.66 98.40 98.08 -

penta 43.00 152.96 132.55 109.50 109.48 -

hexa 47.21 158.12 158.12 121.15 120.88 -

Polarisabilities are given with x _L to the ring and y and z in the plane o f the molecule, with the z-axis 

along the C2 axis, where applicable.

Table 8-2. Atomic polarisabilities from Millert^-^^l and our fitting to ab initio calculations (Bohr^).

source ^CL a„

Miller 15.622 9.124 2.612

ab initio fitted 13.553 6.594 2.151
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Further complicating the choice of a dispersion model is the definition o f the number o f effective 

electrons, N f  in equation (8.2). The most straightforward choice is to set N f  equal to the number 

o f valence electrons, N,,, o f atom type i {i.e. N f  = 7, N f  = 4, N f  = 1 ), which we use for dispersion

models 2 & 3 (Miller and fitted atomic polarisabilities, respectively). Comparison o f accurate C  ̂

coefficients and atomic polarisabilities for the rare gases yields

N f  =1.422, N f  = 3.810, N f  = 5.404, N f  = 6.309, and N f  = 7.253 ,[8 ^0] gn below the

number o f valence electrons, a trend followed by many small polyatomic molecules as well.

Recognising the need for a systematic approach to determining N f  for developing model potentials,

Halgrent^-^'] proposed the following scheme

for H and He, = 0.80 and 1.42 

for C -»  Ne, = 1.17 + 0.33N,

for Si -+ Ar, = 3.00 + 0.30A^„ (8.3)

for Ge ->  Kr, =3.90 + 0.30

for Sn -+  Xe, N-^' = 4.85 + 0.30Æ,,

from which reasonable reproduction o f accurate dispersion coefficients was possible. Our final two 

dispersion models use this algorithm, along with Miller's (model 4) and our fitted (model 5) atomic 

polarisabilities. These models are denoted as MillerNcu and FitN ĵj-, respectively, and the resulting Cg 

coefficients are given in Table 8-4.

Table 8-3. Dispersion models.

1 - DFT DFT Ce coefficients from loannou, supplemented with MillerNv Cl parameters

2 - MillerNy, Slater-Kirkwood; Miller atomic polarisabilities and A/^ =

3 -F itN , Slater-Kirkwood; fitted atomic polarisabilities and = N„

4 - MillerNcj) Slater-Kirkwood; Miller atomic polarisabilities and N^^ from Halgren

5 - FitNejf Slater-Kirkwood; fitted atomic polarisabilities and A^^ from Halgren

Table 8-4. Atom-atom Ce dispersion coefficients (kJ'AVmol).

atom pair DFT MillerNv FitNv MillerNeff FitNeff

Cl Cl 7063.98 7063.98 5708.00 6029.57 4872.15

Cl C 3199.75 4103.02 1464.30 3363.78 2372.52

Cl H 940.08 1134.52 882.15 991.93 771.05

C C 1449.38 2383.25 1464.30 1880.35 1155.32

C H 425.82 659.11 445.97 553.77 375.46

H H 125.11 182.49 136.43 163.22 122.02
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The five models show a wide variability in the magnitude and ratio o f atom-atom dispersion

coefficients, highlighting the need for further work in validating the different approaches. The 

C C/H H ratio is fairly constant over the five models, while the main differences are in overall 

magnitude and the relative magnitude o f Cl X to ‘non-chlorine’ coefficients. The very large 

Cl Cl/C C ratio in the DFT model indicates that the mixing o f different methods results in an 

imbalance in the model. The Cl Cl coefficients are relatively stronger in the models derived from our 

calculated molecular polarisabilities than in the models using Miller’s atomic values.

8.3.2 Deriving the proportionality constant, K, for intermolecular repulsion

The repulsion between molecules is taken from the overlap model, described in Chapter 7. The 

charge density overlap between molecules is described by equations (7.2), (7.11), and (7.12) and, for 

the transferable model, the parameters in Table 7-10. With the model describing intermolecular 

charge density overlap, only the proportionality constant, K, is required to complete the repulsion 

model.

Two approaches have been used in earlier studies to obtain the proportionality constant, K, 

between overlap and repulsion energy in (7.2). Intermolecular perturbation theory (IMPT) can be 

used to calculate the contributions to intermolecular interaction energies. Details o f the IMPT 

approach are given in Chapter 3. Price and co-workers^^- ̂  8-20,32] applied the overlap model to a 

range o f molecular systems small enough to calculate IMPT interaction energies. Using current 

software, the limit on IMPT calculations is 255 basis functions.[ An important use o f the overlap 

model is as an alternative to fitting a model potential to an accurate ab initio surface for large 

molecules, where the number o f  points necessary for such a fit is impractical. By only using IMPT 

calculations to fit K, orders o f magnitude fewer calculations are required. However, the size of 

molecule can be so computationally restrictive that even a few IMPT calculations are impractical. 

Hence, a second strategy was suggested by Mitchell and co-workers,t^-^^l and was used by Tsui et 

ût/[8-22,23] developing a model for chlorothalonil, C6Cl4(CN)2. The proportionality constant was 

empirically fitted to reproduce the volume of the known crystal structure. The resulting values of K 

were in the broad range predicted from IMPT calibrations on a variety o f other molecules and led to 

success in crystal structure prediction for the molecule.t^-^^l
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Both o f  the above strategies {i.e. empirical fitting and IMPT) have been tested here. To calculate

IMPT interaction energies for the sm allest chlorobenzene, the basis set used for overlap calculations

exceeds the limit on basis functions. Hence, a smaller 6-2\G{d) basis set was used for IMPT

calculations on chlorobenzene dimers. Such calculations, used to calibrate the proportionality

betw een charge density overlap and repulsive energy are described in Section 8.S .2.2. For em pirically

fitting to known structures, the proportionality constant was fitted to a sm all subset o f  the crystals and

the transferability tested on the remainder o f  the set. This approach is described in Section 8.3 .2 .1 .

8.3.2.1 Fitting K to known structures

The three polym orphs o f  p-dichlorobenzene sam ple a range o f  the important atom -atom contacts

and form a suitable subset for fitting K to known structures. The anisotropy o f  the Cl Cl contact is 

reasonably sam pled - the a  polymorph has a close end-to-side interaction, there is a roughly end-to- 

end contact in the (3 form, and the y polymorph has tw o close Cl Cl contacts sam pling side-to-side  

and intermediate ( Z C -C L ---C  = 137°) geom etries. The carbon atoms are also w ell sam pled with 

offset Ti-Tt stacking in the a  and (3 forms and a tilted edge-to-face interaction in the y m odification. 

Several H H, H Cl and tilted H ti contacts are also sam pled in the three m odifications.

The structures were relaxed on the potential energy surface defined by a D M A  m odel o f  the 

electrostatics, the given  dispersion model, and the repulsion from the overlap model with K varied 

over a reasonable range (typically K = 4 -  10 a.u.). The sum o f  relative errors in the crystal volum e  

for the three polym orphs was plotted against K to find the value that best reproduced all three 

sim ultaneously. One reason for the developm ent o f  the chlorobenzene model potential is to test its 

ability to reproduce lattice dynamical properties o f  the crystals, which are sensitive to detail o f  

m olecular positions and orientations as well as lattice parameters. H ence, K was actually fitted to the 

structural drift factor, F  [8-34] (introduced in Chapter 6 )

= + (lO A x f  + Z  (8-4)
T = a , f ) , c  X = < x . p . Y

where A0 is the rigid-body rotation (in degrees) on lattice energy m inim isation. Ax is the rigid-body  

translation (A ), and Ax and A% are the changes in lattice parameters.

A s w ell as comparing the overlap model derived potential with empirical m odels in their ability to 

reproduce the known crystal structures, the model w ill be used in crystal structure prediction studies 

on one or more o f  the chlorobenzenes. To be consistent with such future studies, all calculations
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performed here use ab initio optimised molecular structures, which are normally used for predictions 

so that the results are not biased by packing effects or small errors in a known structure. Errors in 

hydrogen positions for those structures determined by X-ray diffraction are also alleviated and, 

furthermore, the molecular structures are the same as those used in the development o f  the repulsion 

model (Chapter 7). All structures were optimised at the MP2(fc)/6-31G(i/,/?) level o f  theory and 

placed in the crystal structures by aligning three o f the non-hydrogen atoms, defining an axis and 

plane.

8.3.2.2 Fitting K to IMPT calculations

Fitting o f  the proportionality constant without the use o f  known structural data is theoretically 

more satisfying and avoids some o f  the problems involved with fitting to finite temperature structures. 

Intermolecular perturbation theory provides a means to fix the value o f K and has been used in the 

development o f model potentials for several moderately sized molecules.^^  ̂8-20,32]

Figure 8-1. Dimer geometries chosen for IMPT calculations.

a) Dimer geometries chosen for fitting.
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b) Random dimer geometries in validation set.

Trichlorobenzene is too large for IMPT calculations with a reasonably accurate basis set, so the 

calculations were only performed on monochlorobenzene dimers. Twenty o f  the dimers from the 

random set o f  intermolecular geometries were chosen for IMPT calculations, ten with total 

intermolecular overlap in the range 0.00005 < 5p < 0.0005 a.u. and ten with 0.0005 < 5p < 0.005 a.u. 

To ensure sampling o f all o f the important orientations, an additional five geometries from each o f  the 

stacked dimer set and the set with Cl Cl end-on interactions, were also included. These thirty 

geometries (Figure 8- la) were chosen manually to sample most atom-atom interactions at a range o f  

orientations and separations. The IMPT calculations were performed at the 6-31G(i/) SC F level o f  

theory within the program CADPACt^-^^1 and provide the exchange, repulsion, and charge-transfer 

energies. The penetration energy was calculated as the difference between the IMPT electrostatic 

energy and the electrostatic interaction between monomers calculated from the DMA electrostatics 

model.

p IM P T  _  p D M A  , p  / o
^electruslalic electrostatic penetration

The IMPT energies (Table 8-5) were plotted against the total GMUL and predicted overlaps for 

the specific monochlorobenzene overlap model.
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Table 8-5. IMPT exchange-repulsion + charge-transfer + penetration energies and predictions from 
fitted models. Overlap in a.u., energies in kJ/mol.

geometry overlap
IMPT

energy
^  linear y  power 

^ s in g le
^  linear 
^m u ltip le

^  power 
^m u ltip le

chosen 

from 

random set

5.02 X IQ-̂ 1.77 0.73 1.38 0.75 1.47

5.21 X 10'^ 1.26 0.76 1.54 0.82 1.51

5.23 X 10'^ 1.51 0.76 1.48 0.69 1.44

6.41 X 10'^ 0.88 0.93 1.90 1.17 1.61

8.54 X IQ-̂ 2.09 1.24 2.50 1.54 2.56

1.99 X 10"* 5.12 2.89 5.07 3.04 5.12

2.45 X 1Q-" 6.22 3.56 5.82 4.51 5.63

3.08 X 10 “ 5.96 4.47 6.00 3.91 5.51

3.81 X 10“ 6.75 5.53 7.91 5.27 7.16

4.92 X 10'“ 10.75 7.15 9.54 9.22 10.42

5.35 X 10'“ 10.86 7.77 10.00 10.15 10.09

7.66 X 10'“ 13.55 11.12 14.49 14.52 12.19

9.87 X 10 “ 21.30 14.32 16.86 18.32 19.62

1.04 X 10'^ 17.68 15.02 19.48 14.97 19.31

1.15 X 10'^ 19.92 16.66 17.24 17.29 18.55

2.15 X 10'^ 41.29 31.19 35.51 37.31 41.71

2.22 X 10'^ 29.46 32.16 28.81 27.30 26.94

3.34 X 10'^ 42.69 48.40 46.78 43.26 45.21

4.81 X 10'^ 58.27 69.85 60.32 60.59 57.06

4.91 X 10'-’ 74.92 71.25 66.59 74.53 68.62

Ti-stacked

7.10 X 10 “ 18.66 10.30 13.19 11.36 15.44

7.37 X 10 “ 22.76 10.69 14.36 12.46 17.27

1.23 X 10'^ 24.70 17.80 21.56 19.42 24.86

1.97 X 10'^ 32.58 28.65 33.35 34.63 40.64

4.60 X 1 O'-’ 68.54 66.79 67.40 79.35 81.41

Cl Cl

1.66 X 10'“ 3.19 2.42 3.28 2.03 3.06

6.01 X 10'“ 9.32 8.72 9.56 7.33 8.92

1.03 X 10'^ 14.04 14.97 15.01 12.61 14.01

1.43 X 10'" 18.35 20.74 19.87 17.54 18.55

1.85 X 10'" 18.73 26.87 24.30 22.48 22.68

Tw o improvements on the model (7 .2) have been suggested and used in previous studies. The first 

is to m odify the overlap model to a power law
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(8.6)

where y  is typically slightly less than unity. Kim et found that this relationship improved the

description o f repulsion between rare gas atoms. The IMPT energies were fitted to such a model, 

varying K and y  simultaneously. An unfortunate consequence of the power-law relationship is the 

loss o f atom-atom additivity in the expression for molecule-molecule repulsion, so the following 

approximation must be used to separate the energy back into atom-atom terms.

s  e x p [ - a ( / ? - p ) ] |  « K  Y ,  { e x p [ - a ( /? - p ) ] } ' ' (8.7)
y ie M ,k e N  J ie M ,k e N

To be consistent with this approximation, IMPT energies were fitted against a modified version o f the 

equation (8.6)

£  X  « r  (K8)
ieM.keN

Mitchelll^ '^1 also introduced the use of multiple K parameters for the overlap between different 

atom types. In the development of the overlap model for amides, the dimers with large oxygen- 

oxygen overlap had lower repulsion energies than the rest, so a separate K was fitted for atom-atom 

interactions involving oxygen. We test a variation on this concept, allowing K to vary separately for 

all atom types. To avoid a large number of parameters in the fitting to IMPT data, a geometric 

combining rule (8.9) is assumed for heteroatomic interactions, analogous to that often used for the 

pre-exponential in empirical exp-6 models.

£ ;'p  =  ( s .9)

This use of multiple K parameters for different atom types essentially introduces an orientational

dependence to the proportionality constant in (7.2), similar to the K(Q) used by Murdachaew and co- 

workersI^-^^1 in their study of Ar H-F dimers. The most complicated model combines the power law 

with a muIti-K model. For this model, the power, y, was fixed at the value derived for the single K 

and the individual K'̂  were refitted.

As a validation of the fitting, an extra set o f 50 dimer geometries were chosen randomly from 

those used in developing the model for overlaps (Chapter 7). IMPT calculations were performed on 

this validation set to verify that the manually chosen geometries for the IMPT fitting do not biased the 

results.
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8.4 Results and analysis

8.4.1 Fitting of the proportionality constant, K, to crystal structures

An example o f the fitting procedure is summarised in Table 8-6 and Figure 8-2 for the first 

dispersion model (DFT coefficients). The best values based on errors in volume and on F nearly 

coincide and, as the latter contains direct information about the orientation o f molecules within the 

lattice, it is the best choice forjudging the overall structure.

Table 8-6. Fitting of K for dispersion model 1 (DFT).

K (a.u.)

a (3 Y Total

AV(%) F AV(%) F AV(%) F 2;[Ar'(%)Y ZF
4.5 -13.04 76.72 -8.89 35.26 -8.40 82.15 319.63 194.13

5 -10.31 48.67 -6.03 17.83 -5.56 60.14 173.57 126.64

5.5 -7.81 28.78 -3.42 8.05 -2.94 46.83 81.34 83.66

6 -5.52 15.89 -1.03 4.77 -0.55 40.82 31.83 61.48

6.4201 -3.74 9.58 0.84 6.21 1.33 40.39 16.46 56.18

6.5 -3.41 8.79 1.18 6.85 1.67 40.71 15.81 56.35

7 -1.46 6.29 3.21 13.14 3.73 45.09 26.35 64.52

7.5 0.36 7.19 5.11 22.49 5.65 52.55 58.16 82.24

8 2.07 10.32 6.89 33.75 7.47 61.70 107.56 105.76

8.5 3.69 14.47 8.58 45.76 9.21 71.12 172.06 131.35

Figure 8-2. Fitting o f K for dispersion model 1 (DFT) by cell volume (grey triangles) and structural 
drift factor, F (black circles).
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The optimal proportionality constants {Kdft = 6.4201 a.u., KMiikrNv = 9.0022 a.u., = 6.0674

a.u., KMiikrNejf = 7.3563 a.u., = 5.0154 a.u.) vary significantly between the five models,

reflecting the large variations in magnitudes of the dispersion coefficients. The models are evaluated 

for their reproduction o f structures, energies and lattice dynamics, along with those derived from 

IMPT calculations, in Section 8.4.3.

8.4.2 Deriving K from intermolecular perturbation theory

Linear functions for proportionality between the different contributions (exchange, repulsion, 

penetration, and charge-transfer) to the interaction energy and intermolecular overlap were determined 

by least-squares fitting (Table 8-7). Each o f the contributions fits the linear model reasonably well, 

and over 93% of the increase in total IMPT (exchange-repulsion + penetration + charge-transfer) 

energy with increasing overlap is explained by the simple relationship (7.2).

The exchange-repulsion energy is the dominant term in determining K, while the inclusion of

penetration and charge-transfer effects softens the repulsion slightly. The proportionality, , was

evaluated from exact GMUL total overlaps (Table 8-7a) and so K does not absorb errors in the model 

for atom-atom overlaps. Encouragingly, the fit to the exact GMUL overlaps (Table 8-7a) and to the 

model predictions (Table 8-7b) yield nearly identical results.

Table 8-7a. Correlations between IMPT energies and exact GMUL intermolecular overlap.

IMPT energy contribution K, kJ/mol per a. u. of overlap correlation coefficient, r“

exchange -32213 0.9668

repulsion +56209 0.9701

penetration -7978 0.9897

charge-transfer -1505 0.9603

total + 14513 ( = 5.5277 a.u.) 0.9325

Table 8-7b. Correlations between IMPT energies and intermolecular overlap predicted from the

model, = M ^ ^ e x p ^ - a " " ' - A‘ (n)]).
IMPT energy contribution K, kJ/mol per a. u. o f overlap correlation coefficient, r̂

exchange -32102 0.9668

repulsion +56017 0.9701

penetration -7951 0.9897

charge-transfer -1500 0.9606

total + 14464 ( = 5.5090 a.u.) 0.9326
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The power law model ( ) was fitted to the same IMPT energies and results in a significant

lowering o f K to 4587.3 kJ/mol per (a.u. o f overlap)' ( -  1.7472 a.u.), with a power o f  v = 0.8331 

(Figure 8-3). The exponent is noticeably lower than that found by Mitchell for cyanuric 

chloride,[^-'^l and the magnitude o f K in the power law decreases to compensate. In the power law 

model, the repulsion at short range is increased significantly (Figure 8-3, inset) and decreases more 

rapidly with increasing interatomic separation (decreasing overlap).

Figure 8-3. IMPT (exchange-repulsion + penetration + charge transfer) energy against GMUL 
intermolecular overlap. An expansion o f the low overlap region is given in the inset.
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♦ selected from random set

• CICl dimers

- pi-stacked dimers 

+ validation set

20

p o w e r  

law  fit

80 - - linear fit
y = 14513x 

= 0.9325
O.OF+OO 5,0B-04  

G M U L  o v e r l a p  ( a . u . )
OE-03

y = 4587.3x°*"'
R̂  = 0.9968+-
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The root-mean squared errors on the IMPT energies are compared to the linear model in Table 8 -8 . 

The increase in the correlation coefficient and lowering o f the RMS error indicate that the power law 

relationship is an important improvement over the linear overlap model. Errors in the validation set, 

which were not used in the fitting o f K or y, are only up to 7% higher than in the fitting set and the 

relative errors between models mirrors those o f  the fitting set, so the set o f  geometries chosen appears 

to be adequate.

The scatter in Figure 8-3 has been analysed and, as with an earlier study o f  a m i d e s , t h e  

deviation from the curve fitted to a single proportionality constant, K, correlates with the types o f  

atoms dominating the overlaps. The geometries with large contributions from Cl Cl overlap all fall
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below the curve, while those with most overlap from carbon and hydrogen interactions are above the

fitted lines. Hence, a multi-K model ( YJ'Zuiph ) was fitted to the IMPT energies, allowing a K to vary

for each atom type (Cl, C h , C c i , H) and assuming a geometric average for heteroatomic overlaps (8.9). 

The values for both Ch and Cci carbons converged to roughly the same value, so they were fixed as 

being equivalent and the resulting values, given in Table 8-8, assign less repulsion energy to 

interactions involving chlorine, while the difference between and K” is less pronounced. The 

resulting correlation between overlap and IMPT energies is increased to an equivalent value as the 

single-K power law model, but the average errors are only slightly lower than for the simplest linear

fit. Combining the power law with variable values o f K ( ) results in the lowest errors and

highest r ,̂ but the improvement over is small for the doubling of the number of parameters. In

fact, there is no improvement in r" from to •

Table 8 -8 . Overlap-repuision proportionality constants fit to exact G M U L atom-atom overlaps.

K (a.u.) y r“
RMS error 

(fitting set)

RMS error 

(validation set)

Linear, single K
1̂  Unear

5.5277 1 0.9325 33.5% 40.8%

Power law, single K
1̂  ptnvcr  
^  single

1.7472 0.8331 0.9968 16.2% 2 0 .0 %

Linear, multiple K parameters,

Cl Cl 4.6239

1 0.9692 29.4% 37.1%C C 6.9984

H H 7.5782

Power law, multiple K parameters,

Cl Cl 1.6311

0.8331 0.9905 13.1% 15.4%C C 2.3319

H H 0.9669

The m odels with K taken from IMPT calculations need to be paired with a suitable dispersion  

m odel. W e can only choose one set o f  dispersion coefficients over another by comparison with the 

fitted K parameters from Section 8 .4 .1 and by testing different options. For the sim plest IMPT m odel,

’ ths resulting value o f  K agrees reasonably well with K fijnv, s o  w e use the F/7N,. dispersion  

coefficients with this IMPT model. The IMPT value for K is slightly low er than that fit to the p -
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dichiorobenzene structures, which absorbs lOOK of thermal expansion. With the same dispersion

model, the lower repulsion in the model results in decreased crystal volume, which is expected

for a true T = OK model. The other K impt models differ in form from those fitted directly to crystal 

structures, so the values of K cannot be compared directly to the fitted values in Section 8.4.1. The

values o f K^ in the KlZwpk model are centred on the value in the simpler linear model, so we use the

same dispersion coefficients (FitNv) with this repulsion model.

The power law models ( and ) have increased repulsion in the region o f typical

interatomic contacts (inset o f Figure 8-3), and so the same FitNy dispersion model results in expansion 

o f the crystals by approximately 10-20%. We performed preliminary test o f several o f the dispersion 

models with the power-law K parameters and found that the MillerNv parameters reproduced cell 

volumes most satisfactorily, so this dispersion model was paired with both power-law Kimpt models.

Table 8-9. Choice of dispersion model for each IMPT parameterisation of the repulsion model.

repulsion model dispersion model
H w ar FitNv

IT liiwiir 
^ liii i l l ip lc FitNv
1/  po» cr 
^  single MillerNv

pow er
niiilliple MillerNv

8.4.3 Evaluation of the models

8.4.3.1 S tructures

The overall performance of the five fitted and four IMPT models in reproducing the known crystal 

structures of the chlorobenzenes is summarised in Table 8-lOa-c. These results lead to a fifth Kimpt 

model, the motivation for which, and details o f its development, are described in Section 8.4.3.2. The 

overlap model potentials are compared to two models based on empirical exp-6 parameterisation. The 

exp-6 parameters, designated HW, are taken from Hsu and Williams' model fitted to a set o f 

perchlorohydrocarbons,[̂ -̂ 1 combined with hydrogen parameters from fitting to hydrocarbon 

c r y s t a l s . T h e s e  are combined with either electrostatic potential (ESP) derived atomic charges or 

distributed multipole (DMA) electrostatic models.
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Table 8-10a. RMS percentage errors in lattice constants o f all the chlorobenzene crystals energy minimised with the five models with K fitted to the structure of a , P, and y p-
dichlorobenzene and the four K[mpt models.

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

Structure HW+ESP HW+DMA K-dft l^MillerNv l^FitNv f^MillerNeff ^FitNeff
1^  linear 
^ s in g le

TT linear 
^ m u ltip le

^  power 
^ s in g le

power
^m u ltip le

^ I M P T
^ F iiD is p

mono (T =120K)t^-^^’̂ ]̂ 3.47 1.28 1.02 1.63 1.49 1.54 1.89 2.07 1.22 1.74 1.79 1.43

o-di (T=223K)t8-40] 0.97 1.50 0.62 0.53 0.61 0.44 0.81 1.43 0.75 1.28 1.93 1.68

m-di (T=220K)[8 40] 1.98 1.80 0.42 0.58 0.37 0.33 0.52 1 .21 0.66 1.14 1.62 1.58

a p - d i ( T = 1 0 0 K ) l 8 - 4 1 ] 1 .1 0 1.55 1.25 1.63 1.43 1.60 1.56 1.03 1.51 1.27 2.41 1.37

Pp-di (T=100K)[8-41] 1.11 1.55 0.67 1.33 0.71 1.04 0.80 0.42 0.80 0.20 1.75 0.37

y p - d i  ( T = 1 0 0 K ) [8  41] 1.70 2.98 3.15 2.17 3.02 2.53 3.42 3.06 3.18 3.12 3.15 3.51

1,2,3-tri (T=158K)[8-42] 1 .8 8 2 .1 0 1.28 2.16 1.62 2 .0 0 1.55 1.16 1 .0 0 1.05 1.44 0.51

1,3,5-tri (T=90K)[8-43] 1.15 1.49 0.54 1 .2 2 0.51 0.92 0.42 0.80 0.71 0.71 1.55 1.36

1,2,3,5-tetra (T=RT)[8 44] 2.13 1.71 1.26 1 .8 6 1.44 1.73 1.43 1.28 1.08 0.99 1 .1 0 1.35

1,2,4,5-tetra (T=173K)[8-45] 2 .6 8 2.03 1.61 2.82 2.07 2.60 1.92 1.45 0.61 1.30 1.05 0.70

penta (T=RT)[8 46] 4.89 3.75 1.33 2.53 1.70 2.28 1.48 1.27 1.26 1.03 0.45 0.84

hexa (T=RT)[8.47] 3.27 3.48 1.41 2.35 1 .6 6 2.16 1.49 1.50 1.54 1.58 1.19 1.63

Total 2.47 2.25 1.40 1.87 1.56 1.76 1.63 1.53 1.37 1.45 1.75 1.57

RT = Room temperature
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Table 8-lOb. Structural drift figures for ail the chlorobenzene crystals energy minimised with the five models with K fitted to the structure o f a , P, and y p-dichlorobenzene
and the four Kimpt models.

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

Structure HW+ESP HW+DMA Kdft KMiiierNv KpitNv KMillerNeff KpitNeff
yr linear 

smg/c
^  imear 
^m u ltip le

power
^ s in g le

power
^m u llip le

^ I M P T
^F iiD isp

mono (T=120K ®)[8-38,39] 77.06 21.16 12.73 20.82 16.79 18.23 22.09 20.81 15.14 16.47 16.23 11.53

o-di (T=223K)[8-40] 5.79 9.70 5.14 4.07 5.95 4.86 8.19 12.52 6.00 9.91 27.46 17.39

m-di (T=220K)[8-40] 20.12 15.45 3.88 2.69 4.33 2.58 8.78 9.51 7.10 8.45 60.19 17.05

ap-di(T=IOOK)[8-41] 4.93 14.13 9.63 11.20 12.54 12.05 16.88 10.34 13.14 10.48 40.96 12.78

Pp-di(T=I00K )[8 4l] 23.48 14.45 6.34 9.14 6.48 6.79 9.50 5.45 7.45 3.45 42.14 6.16

yp-di (T=100K)[8.41] 12.53 34.79 40.20 19.47 37.46 26.52 48.06 38.85 39.91 39.94 40.90 49.38

1,2,3-tri (T=158K)[8-42] 17.76 19.45 7.34 19.64 11.39 16.92 10.68 6.36 4.60 5.21 9.60 1.91

1,3,5-tri (T = 9 0 K )[8 .4 3 ] 5.62 9.00 2.13 7.89 2.20 4.78 2.22 4.15 2.60 2.97 13.77 9.71

1,2,3,5-tetra (T=RT)[8-44] 37.09 24.29 24.33 32.49 27.49 30.78 29.55 28.56 18.20 17.79 23.88 24.07

1,2,4,5-tetra (T=173K)[8 45] 55.92 40.51 18.25 41.79 24.91 35.77 21.65 16.16 10.33 14.78 12.12 9.14

penta (T=RT)[846] 168.38 89.19 11.05 31.33 16.22 26.01 13.14 10.67 9.37 6.73 2.60 4.21

hexa (T=RT)[8 47] 143.81 185.81 7.62 21.49 10.92 18.17 8.89 8.47 8.02 9.05 6.57 8.62

Total 572.49 477.93 148.64 222.02 176.68 203.46 199.63 171.85 141.86 145.23 296.42 171.95

RT = Room temperature ® first two terms o f equation (8.4) are relative to the high pressure structure because o f lack of coordinates for the T=120K structure
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Table 8-10c. Percentage volume change for all the chlorobenzene crystals energy minimised with the five models with K fitted to the structure o f a , P, and y p-
dichlorobenzene and the four Kimpt models.

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

Structure HW+ESP HW+DMA Kdft KMiiierNv KpitNv KMillerNeff KpitNeff linear
^sing le

linear
^nniliiple

^ power 
^sing le

^ power 
^nw llip le

rrlM PT
^F itD isp

mono (T=120K)[ '̂^ '̂^ ]̂ +4.39 +3.82 -0.08 -0.56 -1.22 -1.07 -1.58 -3.85 +1.15 -2.88 -2.77 -2.87

o-di (T=223K)[8-40] -0.10 -0.60 -1.50 -0.10 -1.44 -0.62 -1.81 -3.87 -1.88 -3.47 -3.84 -4.60

m-di (T=220K)[8-40] +0.28 -0.51 -1.18 +0.44 -1.01 -0.12 -1.42 -3.44 -1.72 -3.31 -4.69 -4.55

ap-di (T=100K)[8 41] +2.91 +2.02 -3.75 +2.17 +0.69 +1.57 +0.26 -1.88 +0.13 -1.35 -1.89 -2.58

pp-di (T=100K)[8 41] +2.69 +2.03 +0.82 +2.36 +0.99 + 1.85 +0.62 -1.57 +0.30 -1.05 -1.49 -2.30

yp-di (T=100K)[8-41] +3.30 +2.56 + 1.33 +3.03 + 1.44 +2.39 +0.96 -1.14 +0.93 -0.57 -1.26 -1.76

1,2,3-tri (T=158K)[8-42] +3.75 +3.19 +2.74 +5.42 +3.57 +4.84 +3.16 + 1.26 +1.96 +1.53 +1.24 -0.26

1,3,5-tri (T=90K)[8.43] -0.21 -1.33 -0.64 +2.05 +0.35 + 1.57 +0.07 -2.03 -1.77 -1.88 -2.41 -3.81

1,2,3,5-tetra (T =R T )[8  44] -1.32 -2.11 +0.10 +3.79 + 1.59 +3.21 +1.16 -0.63 -1.77 -0.69 -1.22 -3.04

1,2,4,5-tetra (T=173K )[8.45] +2.14 +0.59 +3.29 +7.25 +4.72 +6.50 +4.12 +2.42 +1.29 +2.56 +2.04 +0.19

penta (T=R T )[8  46] -0.07 -0.64 +2.41 +6.77 +4.28 +6.15 +3.82 +2.08 +0.27 +1.64 + 1.12 -1.04

hexa (T=RT)[8-47] -2.49 -2.86 +0.82 +5.46 +3.11 +5.01 +2.85 +1.05 -1.56 +0.89 +0.68 -2.10

mean AV +1.27 +0.51 +0.36 +3.17 +1.42 +2.61 +1.02 -0.97 -0.22 -0.72 -1.21 -2.39

RT = Room temperature
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All o f the overlap model potentials represent significant improvements on the empirical HW 

model - much greater than the improvements associated with improving the electrostatic 

representation. The greatest improvements are for the highly chlorinated penta- and 

hexachlorobenzene crystals, where the Cl X interactions dominate the structure. The average errors 

in cell dimensions are less than 2% with all o f the overlap models, slightly lower than the errors for 

the empirical models. However, the greatest improvement is in limiting molecular reorientation, 

which is reflected in the high structural drift factors for the HW models. These are reduced by almost 

two thirds with the overlap-derived anisotropic models. Again, most o f this improvement is for the 

highly chlorinated molecules, while the HW and overlap models perform competitively for many of 

the less chlorinated molecules. That the molecular crystals outside o f the set used for determining K 

(the p-dichlorobenzenes) are reproduced as well, on average, as the fitted crystals themselves is 

encouraging for the transferability o f parameters.

O f the models with repulsion calibrated to known crystal structures, the overall most successful in 

reproducing structures is that based on DFT-derived dispersion. Comparing the two sources for 

atomic polarisabilities, both models using our ab initio fitted values are slightly better than the 

corresponding models using Miller's Furthermore, the use of Halgren's valuesl^-^H for Ngff does 

not affect the success o f the models.

Besides the ^Z!nipic model, all o f those with K parameters calibrated using IMPT calculations 

give as good or better structures than those overlap models with K fitted to the /^-dichiorobenzene 

structures. As expected from the results o f Section 8.3.2.2, and both reproduce the

crystal structures more successfully than the simplest model. However, despite improving

agreement between predicted and IMPT repulsion energies (Table 8-8), the model combining the 

power-law relationship with atom-atom K parameters ( ) yields worse results than any o f the

fitted or IMPT models.

Though the average errors (RMS % error in cell volumes and structural drift, F) are nearly equal 

for the best IMPT and empirically fitted overlap models, the deviations in cell volume reflect the 

difference in approach. The models calibrated to IMPT calculations all have average volumes smaller 

than experiment and all o f the models with an empirically fitted repulsion parameter, K. The volume 

difference is expected from temperature effects. The />dichlorobenzene crystal structures expand by
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2-3% per lOOK and the empirically fitted models absorb some o f the thermal expansion, while the 

K i m p t  models do not rely on experimental data (besides Miller's atomic polarisabilities, which should 

be temperature independent) and, so refer more truly to a T = OK energy surface. The latter is 

obviously preferable if the model potential is used in any simulations where temperature is included 

explicitly (e.g. quasi-harmonic lattice dynamics, molecular dynamics, etc.).

8.4.3.2 Lattice energies

Calculated lattice energies are normally compared to experimental sublimation enthalpies to judge

how well the depth o f the potential energy is modelled. Table 8-11 compares the calculated lattice

energies for the series o f chlorobenzene crystals with known sublimation enthalpies and our

comparison is based on the analysis presented by Pertsin and Kitaigorodskii.t^-^^1

The sublimation enthalpy measures the energy difference between crystalline and gaseous states.

If the gas is assumed to behave ideally, then its enthalpy can be approximated as

= 4/Î7' + ( > ^  + (8.10)

where the second and third terms are the potential and vibrational contributions to the intramolecular 

energy o f the molecules,

u  _ . pimcr.vib , Aintra pinlra.vih r R  1 H
cry>.stal ^ l a t t i c e  ^ c r y s ta l  so lid  ^ c r y s ta l  y o A  i )

The enthalpy o f a crystal in comprised of intermolecular potential and vibrational energies (the 

first two terms in (8.11)) and analogous contributions from the intramolecular energy (last two terms

in (8 .11)). The enthalpy difference is given by the difference between (8.10) and (8.11). For small,

rigid molecules, the differences in intramolecular (potential and vibrational) energies between the gas 

and solid states are negligible, so ignored here.

+ (8.12)

The intermolecular vibrations are calculable and these results are discussed in Section 8.4.3.3, but

for a quick comparison is assumed to be on the order of 6RT. Hence,

(8.13)

The sublimation enthalpies of most o f the chlorobenzene crystals are known. 

Monochlorobenzene, meta- and or//70-dichlorobenzene are the only crystals for which we could find 

no reported measurements. Para-dichlorobenzene has been studied extensivelyt^-^^‘^^1 because o f its 

polymorphic behaviour. Enthalpies of sublimation at room temperature range from 64.75 to 65.7
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and the most recent value was measured by Oonk et as 64.75 ±

0.15 kJ/mol. The room temperature measurements correspond to the a  form and we take the values 

for the (3 and y forms from this value and the known transition enthalpies. At ambient pressure, the y 

-> a  transition occurs somewhere between T = 271K and 275K and the transition enthalpy has been 

measured at 1.256 kJ/molI^-^^’̂ ^l and 1.238 kJ/mol.t^-^^>^^l The values agree to an accuracy greater 

than what we can expect from static lattice energy calculations and we take the more recent value, 

which gives the enthalpy o f sublimation for the y form listed in Table 8-11. Measurements o f the a  ->■ 

p transition enthalpy range from 0.115 to 0.2145 so the uncertainty is greater

than for the y a  transition. Most o f the measurements are at the higher end of this range and we 

take the most recent value of 0.18 kJ/mol from Oonk et

We are aware o f three reported enthalpies of sublimation for 1,2,3-trichlorobenzene. The 

earliestt^-^^1 value o f 65.7 kJ/mol disagrees with the two more recent measurements which both give 

75.1 ± 0.75 kJ/mol.[^-^^’̂ ^] The measured values for 1,3,5-trichlorobenzenes also have a wide range - 

two earlier studies gave values of 5 6 . and 54.0 kJ/mol,l^-^^] while the measurements of 72.7 ± 

0  5[8.61,62] and 70.74 ± 0.05 kJ/molt^-^^î show better agreement with the increasing trend of higher 

sublimation enthalpies for the more heavily chlorinated crystals. We use the most recent value for our 

comparisons. For 1,2,3,5-tetrachlorobenzene, we take the most recent values of 79.56 ± 0.32 from the 

work o f Sabbah and An,t^-^^J who also measured a value of 83.20 ± 0 .31 kJ/mol for 1,2,4,5- 

tetrachlorobenzene, in good agreement with the very recent measurement o f 82.10 ± 0.07 

kJ/mol,[^-^'^l which we take for comparison with our calculations. Sabbah and An also measured the 

enthalpy of sublimation of pentachlorobenzene at 87.12 ± 0.36 kJ/mol,l^-^^] which, to our knowledge, 

is the only value reported in the literature. Finally, the measured values for hexachlorobenzene range 

from 62.7 to 97.1 kJ/mol.t^-^^’̂ ^'^^1 The value o f 90.50 ± 0 .1 9  kJ/mol from Sabbah and Ant^-^^] is 

the most recent determination whose value is consistent with the other observed values in Table 8-11.
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Table 8-11. Experimental enthalpies o f sublimation and calculated lattice energies from models with K fitted to /?-dichlorobenzene structures (kJ/mol).

empirical models
repulsion (K )  fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

structure expt.®
HW±

ESP

HW+

DMA
K dft l^M lllerN v K-FitNv K -M illerN eff K pitN efT

j /  linear 
^ s in g le

linear
^ m u ltip le

^  power 
^ s in g le

^  power 
^ m u ltip le

^ J M P T
’̂ F ilD isp

m o n o - -51.88 -55.79 -47.50 -66.77 -47.90 -56.72 -41.09 -50.79 -45.41 -61.34 -61.45 -60.77

o -d i - -66.47 -68.26 -56.01 -70.93 -52.72 -60.22 -45.15 -55.71 -53.31 -67.41 -67.97 -70.52

m -d i - -65.12 -67.40 -54.78 -69.30 -51.37 -58.71 -43.84 -54.29 -52.03 -66.13 -66.94 -69.37

a  p -d i 64.75 ±0.15 -66.27 -70.10 -58.71 -73.27 -55.20 -62.64 -47.51 -58.30 -55.77 -70.10 -70.74 -73.52

P p -d i 64.57 ±0.15 -67.68 -71.01 -58.63 -73.83 -55.07 -62.80 -47.27 -58.12 -55.81 -69.95 -71.23 -73.40

Y p -d i 64.93 ±0.15 -68.06 -71.24 -58.59 -73.75 -54.98 -62.63 -47.12 -58.43 -55.70 -69.82 -71.35 -73.36

1,2,3-tri 75.1 ±0.75 -74.10 -76.70 -64.20 -76.36 -57.97 -64.83 -49.48 -61.00 -59.82 -73.32 -73.21 -79.01

1,3,5-tri 70.74 ±0.05 -71.51 -77.36 -62.90 -74.72 -56.38 -63.15 -47.94 -59.54 -58.77 -71.92 -72.53 -77.98

1,2,3,5-tetra 79.56 ±0.32 -81.89 -86.33 -70.05 -78.70 -60.58 -66.55 -51.46 -63.82 -64.97 -76:85 -77.28 -85.57

1,2,4,5-tetra 82.10 ±0.07 -85.87 -93.33 -75.58 -84.03 -65.66 -71.62 -56.32 -69.12 -70.56 -82.17 -83.69 -91.41

penta 87.12 ±0.36 -89.29 -94.12 -76.44 -82.95 -64.54 -70.09 -54.71 -67.89 -70.22 -81.92 -82.04 -92.83

hexa 90.50 ± 0 .19 -102.03 -104.75 -84.43 -88.85 -69.12 -74.52 -57.99 -72.61 -76.50 -87.43 -86.70 -101.15

Olait + AHjub ^ - -3 .04 -7.29 +7.76 -3.01 +15.54 +8.95 +24.40 +12.28 +12.36 -0.46 -1 .04 -7.65

“ Experimental sublimation enthalpy, where available. Para-dichlorobenzene values are taken from sublimation enthalpy o f the a  form, along with phase change enthalpies. 

For sources, see text. 

cp|3„ + AHsub is expected to be « -2R T  « -5  kJ/mol at room temperature (see text).

Lattice  D ynam ica l S tu d ie s  o f  M o lecu lar  C ry sta ls
w ith  A pp lica tio n  to  P o ly m o rp h ism  an d  S tru c tu re  P red ic tio n

201



Chapter 8. Chlorobenzenes II______________________________________________________________ 202

Most o f the chlorobenzene crystals are fairly high melting {i.e. near or above room temperature)

and the sublimation enthalpies are mostly measured at ambient conditions, where 2RT » 5 kJ/mol. 

This is the difference we expect between our calculated lattice energies and these differences are 

included in Table 8-11. The empirically fitted exp~6 models perform best in this regard, reflecting the 

use o f the experimental sublimation energy of hexachlorobenzene, benzene, and «-hexane in their 

parameterisation.t^-^’̂ ^1 O f our overlap models, only those using the MillerNv dispersion model give 

lattice energies larger (in magnitude) than the enthalpies o f sublimation. This model has the largest Ce 

coefficients and the results indicate that the other models underestimate the dispersive attraction 

between molecules.

The KMiiierNv Overestimates the lattice energies of p-dichlorobenzene, while giving lattice energies 

almost equal to the sublimation enthalpies for the more heavily chlorinated molecular crystals. Since 

there are also large positive volume changes for the tetra-, penta-, and hexachlorobenzene (Table 

8 -10c), it is clear that, although the overall dispersion is of the correct magnitude, the Cl X attraction 

is underestimated in the MillerNv model.

Based on these observations, another model was developed based on the IMPT-derived repulsion. 

As a result o f the underestimate of ab initio calculated molecular polarisabilities, the fitted atomic 

polarisabilities are too small and, hence yield lattice energies that are much too small. However, 

because these are fitted specifically for this set of molecules, there is a better balance between atomic 

Cg parameters than in the Miller set. For example, the ratio of polarisabilities for chlorine to carbon in 

Miller's set is 1.71, compared to 2.06 from the fitted set and, using this latter set, the deviation from 

experimental lattice energies and volumes is nearly constant across the series. To improve the 

dispersion coefficients derived from ab initio polarisabilities, a scaling parameter, c, is used to 

increase all o f the atomic polarisabilities. Scaling o f atomic polarisabilities has been used to 

reproduce experimental molecular polarisabilities o f organic molecules (c = 1.09 - 1.15)l^-^^l and 

calculated polarisation energies in methanol trimers (c = 1.I57).I^-^*1

As well as the known underestimate of ab initio calculated polarisabilities, the dispersion rnodel 

also lacks the higher terms, Cg, C|o, etc., which can contribute significantly to the lattice energy. 

Numerical calculations of the Q  and Cg dispersion coefficients for rare gas dimers yield Cg dispersion 

energies that are about one third of the C  ̂ attraction at equilibrium separations and C|o energies are 

smaller by another factor of t h r e e , s o  these two terms can contribute about 40-50% as much as
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the Cô dispersion. Some o f the molecular Cg and higher dispersion contributions are recovered by 

using distributed C& atomic coefficients, in the same way that atomic charges recover some o f the 

molecular dipole, quadrupole, and higher electrostatic terms. However, the missing contributions may 

still be important, as for CI2, for which Wheatley and Pricet^-^^1 had to add an empirically fitted Cg 

dispersion term to their systematically derived exp-6 + DMA model.

Here, we empirically fit the scaling o f atomic polarisabilities to the low temperature crystal 

structures o f the three p-dichlorobenzene polymorphs so that this single parameter can absorb the 

expected underestimate o f ab initio polarisabilities as well as contributions o f the missing terms in the

dispersion model. The +MillerNv model was the most successful for structures and lattice

energies, so this new dispersion model is fitted with the repulsion and N̂ ĵ  = yV„ in the Slater-

K irk wood formula.

A value o f c = 1.290 gives a minimum in the sum o f structural drift factors, ^  F for the three p-

dichlorobenzene polymorphs. Scaling o f the atomic polarisabilities by a constant, c, introduces a 

scaling o f to the C& dispersion coefficients through the Slater-Kirkwood formulas so our results 

increase the dispersion term by approximately (1.290^^^ = 1.465) 46%. This value is reasonable 

considering the expected magnitude o f Cg, Cio dispersion and underestimate o f ab initio calculated 

polarisabilities.

We refer to this latest model as which performs well for structures (Table 8-lOa-c) and

energies (Table 8-11). The root-mean-squared percentage errors in lattice parameters and structural 

drift factors are in the middle of the range of overlap models. Most o f the error results from a 2.4% 

average shrinking of the cell volume, in line with what should be expected from (T = OK) static lattice 

energy modelling. The difference between calculated lattice energies and observed sublimation 

enthalpies is, on average, 7.53 kJ/mol, which is only slightly greater than the expected difference (~5 

kJ/mol). Unlike any of the other models, both the volume change and Oi,,, + AHsub are nearly constant 

across the range o f crystals, indicating a better balance between parameters for the different atom 

types. From structural and energetic considerations, is the best o f the overlap models.
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Table 8-12. Chlorine-chlorine close contacts (R < 3.8Â) in the observed and equilibrium crystal structures using the HW+ESP and models (continued on next page).

unrelaxed with ExptMolStruct unrelaxed with OptMoIStruct HW + ESP ^FiiDisp

R (C IC I) Z C -C IC I R(C1 Cl) Z C -C IC I R (CICI) Z C -C IC I R (C IC I) Z C -C IC I

mono
3.575 141.2 141.2 3.576 140.7 140.7 3.717 142.9 142.9 3.680 138.8 138.8

3.599 146.8 146.8 3.564 147.2 147.2 3.896 142.6 142.6 3.651 148.2 148.2

o-di 3.574 94.2 170.1 3.579 94.4 168.6 3.711 95.5 164.3 3.484 93.5 172.4

m-di
3.460 146.8 146.8 3.430 146.7 146.7 3.552 149.6 149.6 3.417 146.9 146.9

3.695 81.0 163.3 3.708 79.9 163.7 3.809 80.8 162.7 3.701 77.7 165.6

a  /7-di 3.729 92.3 166.1 3.721 92.2 165.9 3.838 92.3 167.1 3.653 92.7 165.4

P p-di 3.385 169.4 169.4 3.360 169.2 169.2 3.726 168.8 168.8 3.391 168.0 168.0

Yp-di
3.789 85.4 155.4 3.816 85.7 155.1 3.896 85.5 158.6 3.822 80.0 150.8

3.801 79.7 84.4 3.809 79.4 84.1 3.815 79.8 85.6 3.811 82.4 79.2

3.518 138.5 161.2 3.488 138.4 161.6 3.585 140.5 159.0 3.474 140.1 159.9

3.669 117.9 133.7 3.606 119.1 133.8 3.739 119.8 135.8 3.662 118.2 132.6

1,2,3-tri 3.707 88.9 157.9 3.642 89.3 157.5 3.704 91.1 155.9 3.634 89.0 157.9

3.716 79.5 153.7 3.701 79.4 153.9 3.911 78.0 153.8 3.800 78.7 152.6

3.741 85.8 145.6 3.753 84.9 145.8 4.064 83.4 144.9 3.820 85.4 144.2

3.585 122.8 157.6 3.503 121.7 157.4 3.613 124.6 159.1 3.521 121.2 155.4

1,3,5-tri 3.597 114.3 148.5 3.523 113.2 148.1 3.681 115.1 148.5 3.570 112.8 150.2

3.701 85.8 148.4 3.658 85.4 148.0 3.722 87.5 145.3 3.730 83.2 148.9

3.548 101.9 164.6 3.532 101.8 166.4 3.695 102.2 158.6 3.562 103.7 161.8

1.2,4,5-tetra 3.588 102.7 152.2 3.488 104.6 163.9 3.666 104.2 151.1 3.610 102.9 150.0

3.796 70.0 110.0 3.796 66.2 113.8 3.703 75.1 104.9 3.903 70.1 109.9
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Table 8-12 continued. Chlorine-chlorine close contacts in the experimental crystal structures and equilibrium structures using the HW+ESP and models

structure
experimental with ExptMolStruct experimental with OptMoIStruct HW + ESP ^FiiDisp

R(C1 Cl) Z C -C IC I R(C1 Cl) ZC-Cl Cl R(CI C!) ZC-Cl Cl R(Ci Cl) ZC-Cl Cl

3.541 101.9 168.0 3.522 101.5 168.2 3.678 101.7 166.6 3.512 102.7 166.6

3.563 108.1 174.1 3.540 107.6 173.7 3.594 105.4 166.2 3.549 105.5 172.8

3.574 121.7 153.4 3.551 120.7 152.8 3.666 122.7 159.0 3.562 121.4 155.3

1.2.3.5-tetra
3.598 101.8 161.6 3.573 102.3 160.5 3.628 105.4 154.7 3.541 103.3 158.2

3.651 103.1 160.0 3.619 102.7 159.6 3.864 102.4 157.0 3.629 101.3 159.4

3.694 87.3 150.6 3.639 88.1 151.2 3.630 91.1 147.2 3.623 86.0 145.8

3.764 102.7 142.9 3.744 102.3 142.2 3.760 99.7 149.6 3.658 101.1 146.7

3.793 101.1 147.0 3.754 101.5 145.6 3.768 103.2 160.7 3.683 100.9 151.1

3.447 95.1 167.0 3.371 96.7 167.4 3.709 95.3 150.9 3.450 94.5 166.9

3.539 116.0 168.5 3.515 115.2 168.0 3.591 110.3 168.9 3.551 113.7 167.2

penta
3.562 115.0 138.6 3.522 114.5 138.0 3.524 111.6 126.9 3.533 113.7 139.0

3.709 113.8 171.2 3.655 114.2 173.4 3.775 108.3 166.0 3.684 112.6 172.2

3.748 88.8 157.7 3.767 88.1 155.9 3.810 102.1 144.6 3.715 90.3 153.0

3.700 114.2 138.6 3.717 113.0 135.7 3.680 111.1 124.5 3.705 112.5 136.9

3.507 118.8 176.0 3.485 118.4 176.7 3.600 124.0 173.4 3.523 120.1 175.4

hexa
3.606 124.3 168.6 3.601 124.0 167.9 3.669 122.9 142.1 3.579 124.3 168.9

3.688 106.6 106.6 3.654 106.4 106.4 4.002 105.7 105.7 3.724 105.4 105.4

3.729 126.6 126.6 3.704 126.5 126.5 3.749 129.1 129.1 3.708 125.1 125.1

RMS deviation from ExptMolStruct 1.29% 1.32% 3.96% 5.88% 1.45% 2.50%

ExptMolStruct and OptMoIStruct are the unrelaxed experimental structures with experimental and optimised molecular structures, respectively.
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Using the model, the close Cl Cl contact distances (Table 8-12) within 3.8Â in the twelve

crystals are reproduced to within an average o f about 1.5% (Table 8-12) deviation from the contact 

distances in the observed structures with the observed molecular structures. These deviations are not 

much greater than the 1.3% deviations resulting from differences between observed and optimised 

molecular structures. The close contacts in the equilibrium structures with the fully isotropic 

HW+ESP model are reported for comparison and the RMS .average deviations from observed contact 

distances are almost 4%. The better reproduction of the close contacts is also evident in the contact 

angles (ZC-Cl Cl), which deviate by an average o f 5.9% from experiment with the HW+ESP model, 

but only 2.5% using . Approximately 1.3% of this average deviation is associated with

replacing the observed with the optimised molecular structure.

8.4.3.3 Lattice dynamics

To complete the evaluation of the models, lattice dynamical calculations were performed to judge

the curvature of the potential energy surface. Zone-centre lattice modes were calculated for all o f the 

fully relaxed structures on each of the potential energy surfaces.

8.4.3.3(a) Lattice frequencies

Experimental lattice mode spectra are available for seven of the chlorobenzene crystals (Table

8-13); a , P, and y p-dichlorobenzene, 1,2,3- and 1,3,5-trichlorobenzene, 1,2,4,5-tetrachlorobenzene," 

and hexachlorobenzene. For all but 1,2,3-trichlorobenzene, the spectra have been characterised and 

mean absolute and mean errors (Table 8-14) show that, unfortunately, the model potentials are hardly 

distinguished from these calculations. The frequencies are calculated at the fully relaxed structure, so 

should be compared to low temperature spectra, which are available for the three /7-dichlorobenzenes 

(1.2K) and hexachlorobenzene (77K). Thus, the overall mean errors are presented for these four 

crystals. The HW + ESP and Kdft models have the best overall agreement with the low temperature

spectra. KpitNeir and K2/,^/c show the worst agreement, with almost all o f the frequencies

underestimated by 5-20%, demonstrating a problem with the curvature of these potential energy

surfaces. Besides the Kdft model, is one of the better models.

“ Spectra also exist for the second polymorph of 1,2,4,5-tetrachlorobenzene,t^-^’̂ ^J but its crystal 
structure is unknown, so we cannot calculate frequencies.
Lnllice Dyiininicnl S liu lics o l'M o lcciiln r C rysin is Cirncinc M . Dny
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Table 8-13. Experimental lattice mode spectra for the chlorobenzenes.

crystal observed spectra

a  /jara-dichlorobenzene 1.2K; R a m a n [ 8 - 7 6 ]

77K and 290K; R a m a n [ 8 - 7 7 ]

80 K and 300K; Polarised I R [ ^ - 7 8 ]

90K; R a m a n t ^ - 7 9 ]

90K; Ramanl^-^^1 

108K; Ramant^-^'l

Room Temperature, Pressure dependence up to 20kbar; R a m a n t ^ - ^7]

P pam-dichlorobenzene 1.2K; R a m a n t ^ - 7 6 ]

77K; Ramanl^-^^1

80K and 300K; Polarised 1 R [ ^ - 7 8 ]

90K and 295K; Neutron Scatteringt^-^1 

108K; Ramant^-^n

Room Temperature, Pressure dependence up to 20kbar; R a m a n l ^ - ^ ^ ]  

300K; Ramant^-^1

y /Jûtra-dichlorobenzene 1.2K; R a m a n t ^ - 7 6 ]

108K; Ramanl^-Sl]

Room Temperature, Pressure dependence 0.3 - 20kbar; R a m a n t ^ - ^ ^ ]

1,2,3-trichlorobenzene 80K and 300K; Unpolarised IR and Ramant^-^]

1,3,5-trichlorobenzene 300K; R a m a n t ^  ll]

Room Temperature; Polarised Ramant^-^'^J

Room Temperature; Polarised Raman and Brillouin s c a t t e r i n g t ^ - 7 ]

1,2,4,5-tetrachlorobenzene 300K; Polarised Ramanl^-^J

300K, Pressure dependence up to 4GPa; R a m a n t ^ - 7 5 ]  

Room Temperature; Ramanl^-^^1

hexachlorobenzene 77K and 300K; Polarised IR and Raman bandst^-^^1 

300K, Pressure dependence up to 5.5 GPa; R a m a n t ^ - ^ 7 ]

In most of the overlap models, the largest errors are for the two highest librational modes in the y 

/^-dichlorobenzene spectrum, which are observed at 133 cm ' (Bg) and 143 cm '' (Ag) at 1.2K.[^-^^Î 

These frequencies are underestimated by 15 - 4 0  cm ' by most o f the overlap models, but this may be 

due to the rigid-body approximation more than problems with the model potential. The highest lattice 

modes in the other polymorphs are much lower: 109 cm ' and 117 cm ' (a ) and 103 cm ' (P) at I.2K.
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Because o f  the very large difference in frequencies, the high modes in the y polymorph mix more 

readily with the low energy out-of-plane intramolecular vibration, a fact that was also noted by Adams 

and Ekejiubaf^-^^1 in the experimental investigation. This expected mixing could be related to the 

unusually large molecular deformation in the y p o l y m o r p h . T h e  chlorine atoms in the a  and (3 

forms are in the plane of the mean Ce ring to within experimental error, but the chlorine atoms in the y 

phase are placed 0.045Â out o f the mean Ce ring at 100K,t-8-41] a much larger deviation than can be 

attributed to errors in the X-ray structure. Ignoring the errors in the two highest modes in the y 

spectrum, the mean absolute error for the y /7-dichlorobenzene spectrum calculated with the

model is more than halved, to 7 cm’’, a much more respectable error.

The complexity o f the spectrum for 1,2,3-trichlorobenzene makes an unambiguous characterisation 

impossible. There are 24 Raman and 21 infrared lattice modes, as well as low frequency 

intramolecular modes. Furthermore, the observed spectra are incompIete,t^-^J so the only reasonable 

comparison between calculation and experiment is the lower cutoff o f the spectra, in which we can be 

confident. At 80K, the lowest mode in the infrared spectrum is at 22.0 cm ', and the Raman spectrum 

starts at approximately 33 cm '. All o f the models predict the low end of the infrared spectrum at 

approximately the observed frequency (Table 8-15d), but underestimate the u/g splitting, so have the 

Raman spectrum starting too low.

For 1,3,5-trichIoro- and 1,2,4,5-tetrachlorobenzene, there are only ambient temperature spectra for 

comparison with our calculations. The fully relaxed lattice refers to T = OK, so the calculations 

should yield higher frequencies than those observed at room temperature because of the expected 

thermal softening of the modes. Indeed, this is what we observe (Table 8-14) - the overestimate is 

approximately 5% with many of the models. Swanson also gave a 20K spectrum for 1,3,5- 

trichlorobenzene in Figure 3 of reference [8.7], but did not characterise the peaks with polarised 

Raman. The range of frequencies in the low temperature spectrum gives an idea of temperature 

effects on the frequencies. The lowest peak shifts from 22 (room temperature) to 28 cm ' (80K) and 

the highest peak shifts from 62.5 to about 75 cm '. The range (28 - 75 cm ') and distribution o f low 

temperature frequencies is in very good agreement with many of our calculations (Table 8-15e).
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Table 8-14. Mean absolute and mean (in parentheses) errors (cm‘‘) in lattice frequencies calculated at the fully relaxed lattice.

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

HW

ESP

HW

DMA
Kdft KMillerNv KpitNv KMillerNeff KpitNeff

linear
^sing le

^ linear 
^multiple

power
^s in g le

^ power 
^m ultiple

^ IM P T
^F ilD isp

a-pdiCl 5.2 (+0.3) 7.7 (+4.5) 2.4 (+1.2) 8.2 (+8.1) 3.1 (-1.5) 4.6 (+2.8) 6.7 (-5.4) 2.7 (+0.8) 2.5 (+0.3) 3.8 (-2.0) 3.6 (-1.4) 2.2 (+0.4)

(3-pdiCl 5.7 (+4.3) 5.8 (+5.8) 3.4 (-1.4) 6.9 (+6.9) 4.6 (-4.0) 1.7 (+0.5) 9.3 (-9.3) 3.5 (-1.8) 3.9 (-2.6) 4.5 (-4.5) 9.5 (-9.5) 3.3 (-2.9)

y-pdiCl 5.9 (-3.2) 7.3 (-2.0) 11.6 (-10.8) 7.6 (+0.4) 13.3 (-13.3) 9.7 (-7.4) 19.9 (-19.9) 11.5 (-10.8) 12.6 (-12.6) 13.5 (-13.5) 20.4 (-20.4) 13.2 (-13.0)

hexaCl

(77K)
4.3 (-4.0) 3.7 (-3.0) 5.7 (-5.7) 6.4 (-6.4) 9.7 (-9.7) 9.1 (-9.1) 12.1 (-12.1) 8.7 (-8.7) 7.1 (-7.1) 10.3 (-10.3) 9.9 (-9.9) 6.8 (-6.8)

overall 

mean 

low T

5.2 6.3 5.8 7.4 7.7 6.7 11.9 6.7 6.5 8.1 10.4 6.4

135-triCl

(RT)
4.1 (+3.1) 6.3 (+6.0) 5.9 (+5.9) 8.9 (+8.9) 3.2 (+3.1) 5.2 (+5.2) 1.4 (+0.3) 4.5 (+4.4) 4.3 (+4.3) 2.9 (+2.7) 2.4 (+1.7) 5.3 (+5.3)

1245-

tetraCl

(RT)

4.8 (+4.0) 8.5 (+8.5) 7.5 (+7.5) 8.4 (+8.4) 3.9 (+3.9) 9.4 (+9.4) 2.4 (+1.1) 

.  .

5.2 (+5.2) 4.9 (+4.6) 3.0 (+2.7) 2.6 (+1.5) 5.1 (+5.1)

RT -  Room Temperature

p-dichlorobenzene results compared to observations at hexachlorobenzene compared to experiments at

1.3.5-trichlorobenzene compared to averaged values from room temperature spectral^-^’̂ "̂ ]

1.2.4.5-tetrachlorobenzene compared to averaged values from room temperature spectrat^-^’̂ ^1
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Table 8-15a. Observedt^-^^î low temperature and calculated lattice mode spectra for a  p-dichlorobenzene (cm '').

empirical models
repulsion (K) fitted to crystal structures repulsion (K) calibrated from IMPT calculations

dispersion models defined in Table 8-3 dispersion models as discussed in text

obs

(1.2K)

HW

ESP

HW

DMA
Kdft l^M illerN v K p itN v K M illerN efT K p itN e ff

T/ linear 
^sing le

1̂  linear 
^m ultiple

^ power 
^sin g le

power
^m ultiple

rrlM P T
^F itD isp

109 120.5 123.2 109.7 127.6 106.6 116.0 97.2 109.0 109.8 107.5 104.1 108.5

Aj, 66 62.6 76.2 68.5 69.4 66.0 66.9 63.8 68.0 69.4 64.4 65.1 67.0

- 52.4 55.1 54.7 60.0 53.0 56.0 49.5 54.7 53.1 51.7 50.6 53.2

117 127.4 133 118.8 135.3 115.2 124.0 106.0 117.7 118.8 115.8 113.2 117.5

B, 59 58.4 61.7 59.7 67.6 58.7 62.8 54.8 61.2 56.7 56.2 54.1 57.0

33 26.7 25.0 29.2 33.2 28.3 30.6 26.1 29.3 28.5 24.8 30.1 29.5

Au
6 T 59.8 64.2 66.1 68.7 63.2 65.0 60.2 65.3 65.0 62.4 66.6 66.0

4 6 “ 46.0 51.5 45.8 45.5 42.6 43.3 40.3 43.8 46.8 42.8 43.8 45.8

Bu 2 7 “ 25.2 25.2 35.8 41.2 35.0 37.9 32.2 36.3 31.5 34.4 36.0 35.8

mean absolute 

error (cm ')
5.2 7.7 2.4 8.2 3.1 4.6 6.7 2.7 2.5 3.8 3.6 2.2

IR modes are extrapolated to OK from Wincke's data at 80K and 300K 8.78]

Lattice  D ynam ica l S tud ies o f  M o le c u lar  C rysta ls
w ith  A p p lica tio n  to P o ly m o rp h ism  an d  S truc tu re  P red iction

2 1 0



Table 8-15b. Observed^^-^^1 low temperature and calculated lattice mode spectra for y /7-dichlorobenzene (cm ').

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

obs.

(1.2K)

HW

ESP

HW

DMA
K d f t K.M iiierNv K p itN v K-M iiierN eff K p itN e ff

linear
^ s in g le

linear
^ m u ltip le

power
^ s in g le

^  power 
^m u ltip le

irJM P T
’̂ FU D isp

143 139.8 138.7 116.9 136.6 113.1 123.5 102.1 116.4 116.5 112.3 91.6 111.1

67 65.6 70.3 68.0 75.4 65.8 69.9 60.8 67.5 66.4 63.8 60.1 65.0

52 54.8 60.6 53.5 56.7 51.6 53.6 48.6 53.5 52.2 51.0 50.6 52.5

133 138.2 136.9 114.4 129.4 109.9 118.0 100.3 113.3 115.6 113.1 101.7 114.1

B g 86 80.5 80.2 83.0 96.9 81.7 88.5 75.2 84.4 76.5 81.0 79.1 81.2

76 58.9 58.3 56.6 64.6 55.0 59.2 50.6 56.9 54.3 54.9 51.6 55.2

Au
- 103.1 107.5 100.8 113.5 97.8 104.5 90.2 101.1 98.5 100.2 99.3 102.4

- 45.6 43.5 45.1 49.1 43.7 45.9 40.9 45.4 43.4 43.2 44.5 44.6

Bu - 46.0 41.6 46.4 55.7 45.9 50.6 41.5 47.6 41.8 45.2 42.5 44.8

mean absolute 

error (cm ')
5.9 7.3 11.6 7.6 13.3 9.7 19.9 11.5 12.6 13.5 20.4 13.2
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Table 8-15c. Observedt^-^^1 low temperature and calculated lattice mode spectra for (3 p-dichlorobenzene (cm ').

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

obs.

(1.2K)

HW

ESP

HW

DMA
K d f t K M ille rN v K p itN v K M ille rN eff K pitN efT

^ linear 
single

linear
^m ultiple

TT poMer 
^ s in g le

power
^m ultiple

^ IM P T
’̂ FitDisp

103 117.2 113.4 112.5 97.2 101.2 83.9 92.9 95.9 97.1 95.0 80.6 96.2

65 62.9 65.6 70.8 63.6 65.8 58.8 62.2 64.3 61.3 61.2 60.4 62.4

56 56.9 62.3 61.4 59.1 58.5 53.5 56.8 58.6 58.0 54.3 54.5 56.6

mean abs. 

err. (cm'')
5.7 5.8 3.4 6.9 4.6 1.7 9.3 3.5 3.9 4.5 9.5 3.3

Table 8-15d. Lowest temperature observedt^-^1 and calculated lattice modes spectra for 1,2,3-trichlorobenzene (cm ').

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

obs. (80K)
HW

ESP

HW

DMA
K d p t K M ille rN v K p itN v K M ille rN eff K p itN e ff

linear
^sing le

^ linear 
^m ultiple

power
^sin g le

^ power 
^m uU ipk

^ IM P T
^FiiD isp

infrared

22.0
19.8 23.2 23.6 23.9 22.3 22.7 21.2 22.8 23.1 23.2 24.9 24.8

Raman

33
26.1 28.6 29.3 31.6 27.8 29.3 25.8 28.6 27.6 28.5 28.8 29.8
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Table 8 -15e. Observed (averaged values from room temperature spectrat^-^’̂ ‘̂ J) and calculated lattice mode spectra for 1,3,5-trichlorobenzene (cm ').

empirical models repulsion (K) fitted to crystal structures repulsion (K) calibrated from IMPT calculations

obs. (RT) HWESP HWDMA K-dft i^M illerN v K p iiN v I^M ille rN eff K .FitN eff
^  linear 
^sing le

TT linear 
^m ultiple

^ power 
^sing le

^ power 
^m ultiple

^ I M P T
^F iiD isp

58 62.8 67.8 66.0 70.8 62.3 65.4 58.0 64.0 64.6 62.1 61.9 65.3

- 51.1 56.2 54.1 56.0 50.9 52.5 47.9 52.7 51.8 50.5 53.0 53.8

A ,
46 44.8 48.2 52.1 53.3 49.4 50.5 46.8 51.5 49.4 49.2 47.0 52.0

35 40.1 40.7 38.7 42.4 36.0 38.5 32.6 36.9 37.8 35.7 34.3 38.0

30.5 36.3 34.9 35.2 38.6 32.1 34.7 28.2 33.1 33.7 31.9 29.1 34.3

23 21.3 24 26.0 27.2 24.7 25.5 23.4 25.5 24.9 25.2 25.7 26.8

62.5 68.7 72.9 70.8 76.9 66.7 70.6 61.6 68.5 69.6 65.7 65.8 69.1

55.5 58.8 62.7 62.8 63.6 58.9 60.1 55.7 61.2 60.3 58.7 57.2 62.3

B, 45.5 54.5 59.2 56.1 59.8 53.0 55.2 49.9 54.5 54.5 53.3 52.6 56.2

- 51.1 53.9 51.9 56.8 48.3 51.8 43.3 49.3 50.7 47.7 43.9 50.1

34.5 31.8 41.8 39.4 39.7 37.6 38.1 36.2 38.9 37.8 37.4 36.9 39.3

56.5 62.4 66 63.5 67.0 59.8 62.2 55.9 61.7 62.1 60.0 57.4 63.2

44 51.7 55.5 52.1 54.2 48.6 50.4 45.3 50.0 51.2 47.5 47.0 50.6

Bz 40 42.8 44.6 44.7 49.2 42.2 44.6 39.3 43.6 42.7 42.1 42.6 44.5

32.5 36.7 39.6 41.0 45.0 38.7 41.6 34.6 39.8 38.1 37.9 39.0 39.4

22.5 19.4 22.1 25.3 27.4 24.2 25.5 22.5 25.2 23.5 24.4 23.7 25.9

58 70.2 74.5 70.2 74.5 65.9 68.8 61.5 67.9 68.5 65.6 64.3 69.2

- 59.5 62.2 60.0 65.6 56.5 60.1 51.8 58.0 58.0 56.3 55.2 58.9

B3 48.5 53.4 59.7 57.4 59.9 54.4 56.3 51.2 55.9 55.2 54.1 52.9 56.8

37 40.2 45.8 43.7 45.6 41.2 42.7 38.8 42.5 42.6 39.8 38.6 42.1

30 33.8 36.8 35.6 36.5 33.1 34.2 30.7 34.1 35.2 33.5 32.4 36.0

mean abs. err (cm ') 4.1 6.3 5.9 8.9 3.2 5.2 1.5 4.5 4.3 2.9 2,4 5.3
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Table 8-15f. Observed (averaged values from room temperature spectrat^-^’̂ ^1) and calculated lattice mode spectra for 1,2,4,5-tetrachlorobenzene (cm’ )̂.

empirical models
repulsion (K) fitted to crystal structures I repulsion (K) calibrated from IMPT calculations

dispersion models defined in Table 8-3 dispersion models as discussed in text

obs, (RT)
HW

ESP

HW

DMA
K d f t K -M iiierNv K p itN v K^MiiierNefF K p itN e ff

linear
^ s in g le

TT linear 
^ m u liip le

power
^ s in g le

power
^ m u ltip le

ir lM P T
’̂ F iiD isp

57.5 65.4 72.3 70.9 71.8 63.7 73.0 59.0 65.5 66.1 61.0 56.8 64.2

45 45.4 52.5 51.5 52.3 48.6 53.0 46.1 50.1 50.2 49.1 47.3 51.6

35.5 36.2 40.4 40.2 40.7 37.7 41.4 35.8 38.6 38.3 36.8 36.2 38.7

- 50.8 56.3 54.9 57.5 51.5 58.2 48.6 52.9 52.2 50.5 52.0 53.3

B g 49 47.2 50.4 52.4 54.5 49.3 55.7 45.8 50.9 48.4 48.3 46.8 50.8

20 33.0 34.1 29.4 29.9 27.4 30.7 25.7 28.1 27.0 25.4 27.2 27.4

Au
- 66.8 73.4 68.7 70.7 65.2 72.3 61.4 67.3 69.9 64.4 66.3 69.7

- 49.9 52.3 49.8 50.1 45.7 51.4 42.8 46.8 48.1 44.3 45.1 47.9

Bu - 62.2 69.8 68.1 68.1 63.2 69.5 59.8 65.1 66.7 62.5 64.1 67.3

mean absolute 

error (cm*')
4.8 8.5 7.5 8.4 3.9 9.4 2.4 5.2 4.9 3.0 2.6 5.1
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Table 8-15g. Observedt^-^^] low temperature and calculated lattice mode spectra for hexachlorobenzene (cm ').

empirical models
repulsion (K) fitted to crystal structures 

dispersion models defined in Table 8-3

repulsion (K) calibrated from IMPT calculations 

dispersion models as discussed in text

obs.

(77K)

HW

ESP

HW

DMA
K d f t K-M iiierNv K -FiiNv K M ille rN eff K F itN e ff

linear
^ s in g le

^ lin ea r
^m ultiple

7^ power 
^ sin g le

power
^ m ultip le

irJM PT
’̂ F iiD isp

64 55.1 58.5 57.2 55.2 51.7 52.0 48.9 53.2 56.2 51.3 52.2 56.2

50 46.8 48.3 43.6 43.8 39.2 40.4 36.1 40.1 41.7 39.3 39.9 42.8

26 27.0 28.1 22.2 21.5 20.1 20.2 18.9 20.8 20.9 19.3 18.6 21.2

60 53.7 53.7 54.4 54.1 49.2 50.3 45.8 50.3 52.5 49.2 49.8 53.5

Bg 45 42.8 42.8 38.4 37.7 34.0 34.7 31.3 35.0 36.7 34.0 34.6 37.8

31 26.8 26.8 26.3 25.1 23.7 23.7 22.5 24.4 25.3 21.4 21.8 23.7

Au
- 52.7 53.3 52.9 50.5 46.5 46.9 43.2 48.1 50.4 46.6 47.3 52.1

- 43.4 45.6 42.8 40.6 37.9 38.0 35.4 39.1 41.4 36.8 37.8 41.1

Bu - 30.2 32.4 22.2 21.1 19.9 19.9 18.8 20.3 21.8 19.2 20.5 21.5

mean absolute 

error (cm ')
4.3 3.7 5.7 6.4 9.7 9.1 12.1 8.7 7.1 10.3 9.9 6.8
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Temperature effects o f the lattice frequencies can be calculated by assuming that the temperature 

dependence is an effect o f thermal expansion, ignoring the other anharmonic effect o f phonon-phonon 

interactions, which have a less important effect on lattice frequencies. This approximation is 

commonly referred to as quasi-harmonic, and the most straightforward form o f such calculations is to 

simply fix the lattice parameters to those observed at the temperature o f interest. Frequencies can then 

be calculated after relaxing all internal degrees of freedom (molecular rotations and displacements). 

Such calculations were performed for 1,3,5-trichloro- (Table 8-16a) and 1,2,4,5-tetrachlorobenzene 

(Table 8-16b) at their 293K and 300K structures, respectively, to compare with the ambient 

temperature spectra. The interest here is not so much to compare the model potentials, but to see how

well the best model performs. Therefore, we only present results using the potential, which

gives the best overall reproduction of structures, lattice energies, and low temperature spectra. 

Calculated frequencies at the fully relaxed lattice are repeated in these tables for comparison.

Table 8 -16a. Observed and calculated ( ) k = 0 spectra for 1,3,5-trichlorobenzene (cm ').

Calculated

observed 293 K. structure fully relaxed lattice

58 57.3 65.3

- 46.3 53.8

A,
46 45.0 52.0

35 32.0 38.0

30.5 28.4 34.3

23 23.9 26.8

62.5 59.8 69.1

55.5 54.6 62.3

B, 45.5 47.4 56.2

- 43.4 50.1

34.5 34.3 39.3

56.5 55.5 63.2

44 44.1 50.6

B2 40 37.7 44.5

32.5 32.6 39.4

22.5 22.0 25.9

58 60.3 69.2

- 50.9 58.9

B3 48.5 47.9 56.8

37 36.6 42.1

30 31.1 36.0
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Table 8-16b. Observed and calculated ( ) k = 0 spectra for 1,2,4,5-tetrachlorobenzene (cm ').

observed Calculated

(room temperature) 300K lattice parameters I fully relaxed lattice

57.5 63.8 64.2

^ 8 45 51.4 51.6

35.5 34.5 38.7

- 57.7 53.3

Bg 49 45.2 50.8

20 24.6 27.4

Au
- 66.6  I 69.7

- 35.5 47.9

Bu - 56.8 67.3

Table 8-17a. Observed and calculated ( ) quasi-harmonic low and ambient temperature k = 0

phonon frequencies for a  /7-dichlorobenzene (cm*').

Low Temperature " Ambient Temperature '’ Temperature shift

observed calculated observed calculated observed calculated

Ag

109 108.5 94 90.2 -15 -18.2

66 67.0 53 54.4 -13 - 12.6

- 53.2 - 41.9 - -

Bg

117 117.5 103 97.4 -14 -20.1

59 57.0 47 42.3 -12 -14.7

33 29.5 27 24.8 -6 -4.7

A„
67* 66.0 56 47.1 -11 -18.9

46* 45.8 38 36.9 -8 -8.9

Bu 27* 35.8 26 26.1 -1 -9.7

" 1,2K Raman modesl^-^^1 and IR modes are extrapolated to OK from data at 80K and 300K.t^-^^] 

Calculations at fully relaxed lattice. '’ Raman modes observed at 290K and calculated at 293K 

structure, IR modes observed and calculated at 300K

Table 8 -17b. Observed and calculated ( ) quasi-harmonic low and ambient temperature k = 0

phonon frequencies for (3 /7-dichlorobenzene (cm*').

Low Temperature ^ Ambient Temperature Temperature shift

observed calculated observed calculated observed calculated

103 96.2 84 81.5 -19 -14.7

65 62.4 56 50.5 -9 -11.9

56 56.6 45 38.1 -11 -18.5

" 1.2K observed frequenciest^-^^1 and calculations at fully relaxed lattice. 

'’Ambient temperature frequencies observedt^-^1 and calculated at 300K.
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Table 8 -17c. Observed and calculated ( ) quasi-harmonic low and ambient temperature k = 0

phonon frequencies for hexachlorobenzene (cm ').

Low Temperature ®
Ambient Temperature** 1 Temperature shift

observed
calculated

relaxed lattice QH (77K) 1 observed calc. j observed QH calc.

64 56.2 68.7 56 55.8 - 8 -12 .9

50 42.8 49.5 45.. 40.4 - 5 -9.1

26 21.2 27.3 21 21.5 -5 -5 .8

Bg
60 53.5 66.1 54 52.8 - 6 - 13.3

45 37.8 45.9 38 36.7 -7 -9 .2

31 23.7 26.3 25 22 .6  - 6 -3 .7

An
- 52.1 65.4 55 52.7 - - 12.7

- 41.1 48.4 52 40.3 - - 8.1

Bn - 21.5 25.2 - 22.2 - -3 .0

”77K observed frequencies, [^-86] calculated at the fully relaxed lattice and quasi-harmonically (QH) 

at lattice constants extrapolated to 77K '’observed at calculated at 298K.

Using the fixed 293K lattice constants improves the agreement with observed ambient temperature 

frequencies considerably for 1,3,5-trichlorobenzene - the frequencies are all within 3 cm ', 

approaching the experimental uncertainties. The improvement is noticeable, but not as pronounced 

for 1,2,4,5-tetrachlorobenzene, for which the effect o f fixing the lattice constants is most pronounced 

in the two lowest infrared active modes (Au and B»), which have not been measured.

We have also used the quasi-harmonic approximation to calculate the temperature dependence of 

the lattice frequencies in hexachlorobenzene and the a  and |3 forms of p-dichlorobenzene. The spectra

of these three crystals have been measured at low and ambient t e m p e r a t u r e s . T a b l e  8-17a 

to c compare the ambient temperature spectra with quasi-harmonically calculated frequencies, as well 

as the low temperature spectra with T = OK. (fully relaxed lattice) calculations. For the p- 

dichlorobenzene polymorphs, the deviations at ambient temperatures are slightly larger than at low 

temperature, where most o f the frequencies are reproduced to within 5 cm '. Therefore, the calculated 

temperature shifts (ambient temperature - low temperature) are in reasonable agreement with 

experiment, though generally exaggerated by a few cm '.

Besides the lowest Au mode, the 300K frequencies of hexachlorobenzene are all reproduced to 

within 5 cm ' at the fixed room temperature lattice constants (Table 8 -17c). The low temperature

L attice  D ynam ica l S tud ies o f  M olecu lar C rysta ls
w ith  A p p lica tio n  to P o lym orph ism  and S tructu re  Pred iction

G raem e M . Day
2003



Chapter 8. Chlorobenzenes II 219

(77K) frequencies of hexachlorobenzene are less well reproduced at the fully relaxed ( ) lattice,

all frequencies being too low. Although the lattice constants are not known at 77K, they can be 

extrapolated from those measured by Pertsin, Ivanov, and Kitaigorodskiit^-^^1 at seven temperatures 

between I24K and 293K. The resulting frequencies match experiment very well. Since the 298K 

quasi-harmonic frequencies are mostly a few cm ' too low and those at 77K are a little high, the 

temperature shifts from the two quasi-harmonic calculations are mostly significantly higher than 

observed.

8.4.3.3(b) Therm odynam ics

The thermodynamic properties of several of the chlorobenzene crystals are known and can be

calculated from the harmonic (or quasi-harmonic) k = 0 phonon frequencies (Chapter 4). In Section 

8.4.3.2, we estimated the difference between calculated lattice energies and measured enthalpies o f 

sublimation by assuming that the contribution of lattice vibrations to the enthalpy is approximately 

6 RT.

Table 8-18. Comparison o f calculated lattice + vibrational energies with observed enthalpies of 
sublimation (kJ/mol), calculated in the Debye-Einstein approximation using T = 298.15K quasi
harmonic k = 0 frequencies, using the model potential.

Structure AH°si,b 4 y ? T -(0 ,, ,  + £ “ )

a  /7-dichlorobenzene 64.75 ± 0 .1 5 66.47

P /7-dichlorobenzene 64.57 ± 0 .1 5 66.59

y /7-dichlorobenzene 64.93 ± 0 .1 5
67.47 

(66.97 ')

1,2,3-trichlorobenzene 75.1 ± 0 .75 73.21

1,3,5-trichlorobenzene 70.74 ± 0.05 72.22

1,2,3,5-tetrachlorobenzene 79.56 ± 0 .3 2 79.83

1,2,4,5-tetrachlorobenzene 82.10 ± 0 .0 7 82.62

pentachlorobenzene 87.12 ± 0 .3 6 87.35

hexach lorobenzene 90.50 ± 0 .1 9 95.47

Including 0.5 kJ/mol correction to 0|„„ for difference between 260K and 298K (see text).

From the phonon frequencies, we can calculate this quantity exactly and, from equation (8.12), and

again ignoring crystal packing effects on intramolecular energies, = 4/(T  - (0 ,,„, + ) .
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This quantity has been calculated for those crystals where the enthalpy o f sublimation is available

(Table 8-18). We used the model potential, in the quasi-harmonic approximation using room

temperature lattice constants for all but the y form of /7-dichlorobenzene, for which no room 

temperature structure is available. Sankaran et a/'s[8 89] room temperature structure was at a pressure 

o f 0.3 GPa, so unsuitable. Hence, the y form calculations were performed with the 260K lattice 

c o n s t a n t s . B a s e d  on calculations on the a  structure at several temperatures, the difference in 

lattice energies between 260K and 298K is about 0.5 kJ/mol. Taking this into account, the relative 

energies are very well reproduced - all three polymorphs of /7-dichlorobenzene are within 0.5 kJ/mol 

and, as expected, the low temperature y form has the lowest enthalpy. The agreement in absolute 

values is excellent as well - the calculated values are within approximately 2.5 kJ/mol for all but 

hexachlorobenzene.

Heat capacities are one of the most directly measurable thermodynamic functions. Measured 

values o f the heat capacities are available over a range o f temperatures for several o f the 

chlorobenzene crystalst^-^^’̂ ^’̂ *"^^! and we have calculated these (Figure 8-4a-e) at each temperature 

where lattice constants are available. To account for the contribution from molecular vibrations, we 

include our MP2/6-3 lG(a',/7) intramolecular frequencies in the calculation, scaled by the 

recommended 0 . 9 4 2 7 . The calculations (using equation 4.39 of Chapter 4) give C y  for the 

crystal, so are not directly comparable to the constant pressure conditions of the experiment. The 

difference between C,, and C y  is easily shown to be (see, e.g. Levinet^-^^J)

(8.14)

where V  is the molar volume, ft is the thermal expansion coefficient.

and Ær is the isothermal compressibility

The isothermal compressibility can be evaluated from the elastic compliance matrix 

K j = ^  Sjj , which we have calculated for each structure. As we are using experimental lattice
/ , /= l ,3
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constants in the quasi-harmonic frequency calculations, it is most appropriate to also take the thermal 

expansion coefficient as the slope of ln(k) against T from the experimental crystal structures.

For monochlorobenzene, the agreement is good at 93K, but the deviation from observed vales 

increases dramatically with increasing temperature. The observed crystal volumes show a negative 

thermal expansion (V93K > V ,20K > Vaosx); this is unusual behaviour for molecular organic crystals 

with no significant voids in the packing. If  this observation is an artefact o f  variation in sample and 

experiment, then it is an important source of errors in the calculated heat capacities, through the 

thermal expansion coefficient and the wrong behaviour of our quasi-harmonic frequencies (which 

increase with temperature). However, if the negative thermal expansion is real, then it deserves more 

interest and experimental attention.

Figure 8-4a. Observedt^-^^1 and calculated (quasi-harmonic lattice modes and scaled MP2/6-

3\G{d,p) intramolecular frequencies) heat capacities of crystalline monochlorobenzene.
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Figure 8-4b. Observedt^-^l’̂ ^l and calculated (quasi-harmonic lattice modes and scaled

MP2/6-31G(J,/?) intramolecular frequencies) heat capacities of crystalline a  p-dichlorobenzene.
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Figure 8-4c. Observedt^-^^’̂ ^l and calculated (quasi-harmonic lattice modes and scaled

MP2/6-31G(t/,/7)
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Figure 8-4d. Observedt^-^H and calculated (quasi-harmonic lattice modes and scaled MP2/6-

3\Q{d,p) intramolecular frequencies) heat capacities of crystalline 1,2,4,5-tetrachlorobenzene.
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Figure 8-4e. Observedf^-^^l and calculated (quasi-harmonic lattice modes and scaled MP2/6-

31G(c/,p) intramolecular frequencies) heat capacities of crystalline hexachlorobenzene.
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For the p-dichlorobenzene polymorphs (Figure 8-4a and b), the temperature dependence and 

absolute values o f Cp are in excellent agreement with observation. The calculated heat capacities are 

all within about 5 J/mol K of observed values. Heat capacities for the p form are only measured over 

the range o f 310 - while the highest temperature crystal structure determination is at T =

300K. However, we have calculated the 300K quasi-harmonic frequencies to estimate the 31 OK heat 

capacity as Cp = 149.7 J/mol K, which is very close to the experimental value o f 153.45 J/mol-K. 

There are larger errors for 1,2,4,5-tetra- and hexachlorobenzene, where the calculated heat capacities 

are in error by 5-6%, outside o f the experimental error bars of about

A stringent test for the model potential and quasi-harmonic lattice dynamics is to reproduce the 

free energy differences between the three polymorphs o f /7-dichlorobenzene. Bonadeo et 

studied the thermodynamics of a  and p /7-dichlorobenzene, using the Debye-Einstein approximation 

for the density o f states from k = 0 frequency calculations. Their calculations yielded a free-energy 

difference of 0.5 kJ/mol (at approximately 200K) to 3.4 kJ/mol (at approximately 300K) between the 

forms with the P form most stable over the entire temperature range o f 200-400K. Their calculated 

order o f stability is reversed relative to the known relationship between the polymorphs. We have 

calculated the free energy differences between the /7-dichlorobenzene polymorphs from the k = 0 

phonon frequencies in the Debye-Einstein approximation. Quasi-harmonic free energies were 

calculated for the three forms at each temperature for which observed lattice constants are available.

We know that the free energy differences vanish at the transformation temperatures, whose most 

recently determined values are approximately 275K for y -> a  and 306K for a  -> p. Using the 

observed lattice constants closest to these transition temperatures, we calculate free energy differences 

o f 1.4 kJ/mol (y -> a  at 275K) and 3.0 kJ/mol (a  -> p at 306K), with the a  form most stable at both 

temperatures. From Figure 8-5, we see that our calculations predict the a  form to be most stable at all 

temperatures down to 80K and the y form least stable. As the calculated enthalpies (Table 8-18) give 

good relative values and the heat capacities are reproduced very well, the problem appears to be the 

calculated entropies. The entropy changes at the transition temperatures were measured by Dworkin 

el as 4.2 J/mol K (y -> a) and 0.705 J/mol-K (a  -> P), compared to 14.22 J/mol-K (y —> a )

and -5 .00  J/mol-K (a  P) from our calculations. The agreement is poor and this is the major source 

o f error In the free energy calculations.

L attice  D ynain ica l S tu d ies  o f  M olecu lar C ry sta ls  G raem e M . D ay
w ith  A p p lica tio n  to P o ly in o ip h ism  and S trnc tu rc  P red iction  200.1



Chapter 8. Chlorobenzenes 11 224

Figure 8-5. Quasi-harmonic free energies ( 4- ) o f the polymorphs o f />-dichlorobenzene,
using the Debye-Einstein approximation. Horizontal lines show the experimental transition 
temperatures. Curves through data points (y =  green, (3 == red, a  -  blue) are only intended as a guide to 
the eye.
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Dworkint^-^^J derived the entropy o f  /^-dichlorobenzene from heat capacity measurements, so we 

can compare our quasi-harmonic calculations directly. The exaggerated entropy differences between 

polymorphs that resulted in poor relative free energies (Figure 8-5) are maintained across the entire 

temperature range (Figure 8-6a). The calculated values are generally about 10-15 J/mol K too high, 

but are in good agreement with those calculated in previous studies. Pertsin and Ivanovt^-^^J 

calculated the lattice mode contributions to the entropy as 61.9 J/mol-K for the y phase at lOOK, and 

63.0 and 125 J/mol K for the a  phase at lOOK and 300K, respectively, using the potential parameters 

o f Bates and Busingt^-^1 and experimental lattice constants. (An earlier paper, also by Pertsin, 

Ivanov, and Kitaigorodskiit^-^^J using the same model gave much lower values, but we take the more 

recent work as correct.) Bonadeo et calculated lattice mode contribution to the entropy o f the

a  phase as 129 J/mol-K at 300K. These compare well to our values o f  61.5 J/mol-K (y at lOOK), 68.5 

J/mol-K (a  at lOOK), 127 J/mol-K (a  at 300K).

The quasi-harmonic model does not take account o f  all anharmonic effects and Pertsin, Ivanov, 

and Kitaigorodskiit^-^^'^^*] found that this approximation systematically overestimates entropies by 

about 2 cal/mol-K (= 8 J/mol-K). However, using a model that includes the anharmonicity explicitly, 

they reproduced experimental entropies to within 3-4 J/mol-K using the same model potentials. These
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observations suggest that a large part o f the error in our entropy calculations is attributable to 

deficiencies in the quasi-harmonic model, not the model potential itself. Despite the systematic errors 

in absolute entropies and poor entropy differences, the temperature dependence is modelled 

satisfactorily, a result that should be expected from the excellent results for heat capacities =

c / n .

Figure 8-6a. Observed and calculated (quasi-harmonic lattice modes and scaled MP2/6-

3 lG(t/,p) intramolecular frequencies) entropy o f  the three phases o f  /?-dichlorobenzene.
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Figure 8-6b. Observed and calculated (quasi-harmonic lattice modes and scaled MP2/6-
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A final comment on the /?-dichlorobenzene entropy calculations is necessary. There is a 

significant molecular distortion in the y phase and it has been suggested that the nearly perfect planar 

geometry observed in the a  and p phases is due to a positional disorder. The suggested disorder, with 

equal probabilities for either position, related by a mirror plane through the carbon atoms,t^-^^] would 

contribute /?ln2 = 5.76 J/mol K to the total entropy. However, our entropy calculations are not 

accurate enough support or refute the disordered model of the a  and p phases.

Figure 8-6b compares our calculated quasi-harmonic entropies for hexachlorobenzene with 

Hildenbrand el aPs values derived from the heat capacity f u n c t i o n . T h e  calculations show a 

systematic overestimate, as in the p-dichlorobenzene calculations. However, the overestimate is 

larger for hexachlorobenzene and our calculations are approximately 5 J/mol K higher than those 

calculated by Pertsin and I v a n o v , s o  anharmonic effects can only account for part o f the 

discrepancy.

The lattice mode contributions to the entropies of 1,3,5-trichlorobenzene at 90K and 293K and 

1,2,4,5-tetrachlorobenzene at several temperatures have been determined by Pertsin and lvanovt^-^^1 

from calorimetric data and known internal mode frequencies. The calculated entropy of 1,2,4,5- 

tetrachlorobenzene (127.8 J/mol K, calculated at 294K from using 300K lattice constants) is quite 

good - the observed lattice mode contribution to the entropy at 294K is 125.5 J/mol K. As for p- 

dichloro- and hexachlorobenzene, our quasi-harmonic calculations overestimate the entropy of 1,3,5- 

trichlorobenzene: 68.0 J/mol-K (90K) and 132.1 J/mol-K (293K) compared to the observed values of 

58.6 and 120.1 J/mol K.

Finally, the sound velocities through 1,3,5-trichlorobenzene, measured by Swanson el are

reproduced quite well using our model potential (Table 8-19a) and the observed elastic stiffness 

constants (Table 8 -19b), which were derived from the sound velocities,t^-^J are generally 

overestimated by our calculations. For both the elastic constants and sound velocities, the calculations 

are at the fully relaxed crystal lattice, so correspond to T = OK, while measurements were made at 

room temperature. Hence, from their expected temperature dependence (see Chapter 5), our 

calculations are higher than the observed values. More important are the relative values, which are 

very good in the sound velocity calculations and first three diagonal elastic constants (C,, - C33). The 

other elastic constants are not modelled as well, but the errors are typical for atomistic calculations 

(Chapter 5).
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Table 8-I9a. Observedt^-^1 and calculated sound velocities (m/s) in 1,3,5-trichlorobenzene.

Wave vector Observed Calculated Type

100

2186 2512 longitudinal

- 1917 transverse

1317 1648 transverse

010

2556 3098 longitudinal

- I9I7 transverse

847 949 transverse

001

2168 2651 longitudinal

- 1648 transverse

- 949 transverse

110

2550 3I I3 "longitudinal"

1208 1425 transverse

- 1324 "transverse"

Oil

2467 2584 "longitudinal"

1267 1672 transverse

- 1209 "transverse"

101

2397 2762 "longitudinal"

1106 1435 transverse

- 1051 "transverse"
'longitudinal" directions are approximately longitudinal and "transverse" are approximately transverse

Table 8-19b. Observedt^-^1 and calculated ( ) elastic constants (GPa) of 1,3,5-trichlorobenzene.

Observed Calculated

c „ 8.03 ±0.11 11.00

C22 10.98 ± 0 .25 16.74

C33 7.89 ±0.31 12.25

C 4 4 3.49 ± 0 .3 6 1.57

C55 3.75 ±0 .35 4.74

C66 3.38 ± 0 .3 8 6.41

C,2 4.47 ± 0 .8 0 6.56

C,3 3.85 ± 0 .6 9 9.07

C23 3.88 ± 0 .7 8 4.06
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8.5 Conclusions

Anisotropic atom-atom models for the interaction between chlorinated benzene molecules have 

been developed using a repulsion model from calculations of the charge density overlap of mono- and 

1,2,3-trichlorobenzene dimers. The models are significantly better than empirical isotropic model 

potentials at reproducing the crystal structures o f the chlorobenzenes. Structures modelled using 

empirical models show large molecular reorientations within the crystal lattice, but the anisotropic 

atom-atom models keep the molecules in their correct relative orientations. Since this work has been 

finished, van Eijck parameterised a Lennard-Jones 12-6 + ESP and an exp-6 + ESP model specifically 

to all o f the chlorobenzene crystal structures except monochlorobenzene.t^-^^^1 These models only 

perform about as well as the much older HW + ESP model; the sum o f structural drift factors for all 

but monochlorobenzene was 458 using the Lennard-Jones and 513 using an exp-6 model. We can 

conclude that the limit o f accuracy has been reached for this set o f molecules using isotropic model 

potentials and that the anisotropy of close contacts between these molecules is important in directing 

their close packing.

A major uncertainty is the source of dispersion coefficients for the exp-6 atom-atom model. 

Several choices have been tested and the most successful, based on structures, lattice energies, and 

k=0 phonon frequencies, is derived from the Slater-Kirkwood formula, using the number o f valence 

electrons as and scaled atomic poiarisabilities from fitting to ab initio molecular polarisabilities 

for the series o f chlorobenzene molecules. The magnitude o f scaling required for these atomic 

polarisabilities is consistent with the known underestimate of ab initio molecular polarisabilities and 

compensation for the missing higher order dispersion terms {i.e. Cg, Cio, etc.). This model dispersion 

was combined with a repulsion model based on a power-law relationship between the repulsion 

energy and charge-density overlap. The relationship was parameterised to exchange-repulsion, 

penetration, and charge-transfer energies calculated by intermolecular perturbation theory for a small 

subset o f the dimer geometries used to develop the model overlap. Other models, with empirically 

fitted proportionality constants between repulsion energy and overlap were developed and tested with 

different dispersion models, but none of these gave overall superior results to those developed using 

the IMPT calculations. This best model potential is tabulated (Table 8-20) in a form as close as 

possible to what is normally used for exp-6 atom-atom models:
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(8.18)

U (R ,,,Q „ ) = A'” e x p ( - B - [ r „  (8.17)

fo r  in te r a c tio n s  b e tw e e n  a to m s  /  an d  k  o f  ty p e  i  an d  k  an d  

p"  ̂(Q ) = p \Sioi + py Soi i + ^ 2 ^ 2 0 2  + P2 S 022

= p[ (z, R ,.)+ a ' (-Z* • R/* )+ A2 (3[zr R* f  -  ' ) A + P2 (3[z. ■ R „ f  - 1)/2

The atomic local axes point the z-axes out from the aromatic ring, along the C-H and C-CI bonds.

Because of the power law relationship that we found between charge density overlap and repulsion 

(equation (8.6)), the parameters B'" are products o f a ”' from equation (7.11) and y  from the 

relationship (8.8). The anisotropy function, p, is defined in Chapter 7, equation (7.12), but the 

isotropic term, p '^ , has been taken out o f the exponential, to give the normal pre-exponential 

parameter, A"".

A""' = Kuexp(^a""ypo'^j (8.19)

Here, K  and y  define the proportionality between overlap and repulsion and m is one unit o f overlap 

( 1 a.u. = e^ao'^).

Table 8-20. The final model potential, .

atom types A"^ B'" Pi' Pi" P2' P2"

I K kJ/mol Â-' kJ/mol A A A A

Cl Cl 502107 3.3427 8366.9 +0.0156 +0.0156 -0.0939 -0.0939

Cci Cci 23485 3.2131 2146.4 -0.2054 -0.2054 -0.3109 -0.3109

Ch Ch 87045 3.1936 2146.4 -0.0026 -0.0026 +0.0419 +0.0419

H H 2709 3.2575 200.0 -0.0449 -0.0449 +0.0036 +0.0036

Cl Cci 234434 3.5474 4234.3 +0.0156 -0.2054 -0.0939 -0.3109

Cl Ch 185482 3.2465 4234.3 +0.0156 -0.0026 -0.0939 +0.0419

Cl H 31971 3.2597 1,293.1 +0.0156 -0.0449 -0.0939 +0.0036

Cci Ch 49774 3.2443 2146.4 -0.2054 -0.0026 -0.3109 +0.0419

Cci H 11196 3.3709 653.7 -0.2054 -0.0449 -0.3109 +0.0036

Ch H 16862 3.2654 653.7 -0.0026 -0.0449 +0.0419 +0.0036

Cci is a carbon bonded to chlorine, C,, is a carbon bonded to hydrogen.

Atomic z-axes are defined along the bonds pointing out from the aromatic ring (Figure 7-1).

This best model reproduces lattice constants to within an average of 2% and molecular orientations 

to within 2-3 degrees, with a contraction of the cell volume of a few percent, as to be expected for T =
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0 K modelling. Sublimation enthalpies are reproduced to within 2-3 kJ/mol and lattice frequencies to 

within 5 - 1 0  c m '\ except where the rigid-body approximation seems to break down. The temperature 

dependence o f the lattice frequencies is modelled reasonably well in the quasi-harmonic 

approximation, using experimental lattice constants at a range o f temperatures. Heat capacities 

calculated in this approximation reproduce experimental values very well, but the neglect o f 

anharmonic effects lead to exaggerated entropy estimates.

The final potential is a significant improvement over all previous models because it is consistently 

amongst the best model for a range o f properties. The development only required one empirically 

fitted parameter - the scaling of ab initio atomic polarisabilities. Considering that only structural 

information from the three polymorphs of p-dichlorobenzene was used in the parameterisation, the 

range o f properties that are reproduced for the twelve crystal structures is exceptional and promising 

for the development and use of such systematic model potentials.
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9 O-Acetamidobenzamide: Showing the 
Limitations of Modelling 
Conformational Polymorphism

9.1 Introduction

We have studied the conformational polymorphism o f o-acetamidobenzamide, an example that 

appears to be an extreme case o f  a large energy difference between polymorphs. The effect o f  

molecular structure on the total crystal energies is studied by a combined approach using ab initio 

monomer energies and lattice energy calculations employing accurate intermolecular force fields.

Figure 9-1. a  and (3 polymorphs o f o-acetamidobenzamide. Hydrogen bonds highlighted in green.

a  polymorph p polymorph

/

Two polymorphs o f o-acetamidobenzamide are known e x p e r i m e n t a l I n  the a  polymorph 

(Figure 9-1, left), code ACBNZA, each monomer donates two and accepts two

intermolecular hydrogen bonds. In addition, there is an intramolecular hydrogen bond between the 

NH o f the acetamide substituent and the oxygen o f the other amide group. Overall, there are two 

intermolecular and one intramolecular hydrogen bonds per molecule in this structure. In the P 

polymorph (Figure 9-1, right), CSD code ACBNZAOl, each molecule donates and accepts three 

intermolecular hydrogen bonds, with no such intramolecular interaction. Thus, there are three 

intermolecular hydrogen bonds per molecule in the structure. We expect that the a  polymorph, with
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its intramolecular hydrogen bond, has a more favourable monomer energy, but that the P polymorph, 

with an extra intermolecular hydrogen bond, has a lower lattice energy to stabilise the higher energy 

conformation. An indication o f the overall stability o f each structure is given by the sum o f its 

monomer and lattice energies, though this is only a comparison o f approximate energies at absolute 

zero. As such, we have also performed frequency calculations to investigate the effect o f the 

vibrational energies on the relative stability o f the crystals.

Conformational polymorphism is a result o f a flexible molecule being able to adopt multiple low 

energy conformations and two or more of these being able to pack in energetically competitive 

a r r a n g e m e n t s . T h i s  is most likely when the molecule has several choices o f strong 

intermolecular interactions (e.g. hydrogen bonds) depending on its conformation. The relative 

enthalpies o f  the crystal structures depend on a balance between the monomer energies o f the 

conformers in the crystal lattices and the lattice energies themselves. There are also contributions 

from the intramolecular and intermolecular vibrational motions in the lattice. Polymorphism may be 

possible if two alternative structures have similar total (i.e. monomer + lattice + vibrational) energy. 

In general, the energy difference between polymorphs is assumed to be smaller than a few kcal/mol 

(Chapter 2). Because of the balance between inter- and intramolecular hydrogen bonding, o- 

acetamidobenzamide is expected to be a system with extreme differences in each of these 

contributions to the total polymorphic energy difference.

Theoretical studies (and predictions) of polymorphism thus require accuracy in both the monomer 

energy, which, for reasonably sized molecules, is most accurately obtainable by ab initio methods, and 

in the lattice energy, which depends on a realistic model for intermolecular interactions. Since 

moderately sized organic molecules are generally intractable to ab initio calculations directly on the 

crystal lattice, the lattice energy must be modelled by a less computationally expensive approach, but 

with as little compromise on accuracy as possible. The most accurate intermolecular force fields are 

currently limited to rigid molecules because changes in conformation perturb the wavefunction and 

thus the parameters describing atom-atom interactions - particularly the electrostatic terms. Some 

force-fields treat inter- and intramolecular degrees of freedom simultaneously, but none have a 

satisfactory balance in accuracy between the two parts o f the potential. It is therefore presently 

necessary to separate the inter- and intramolecular contributions to total crystal energies.
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Important issues surround molecular conformations, which, in crystals, generally differ from their 

gas-phase counterparts, especially in torsion angles around single bonds. Firstly, the ab initio 

monomer energy can be very sensitive to quite small errors in the structure. Secondly, the lattice 

energy is also dependent on monomer conformation, and small changes in the positions o f atoms that 

take part in close intermolecular contacts {e.g. hydrogen atoms in hydrogen bonds) can cause 

important changes in calculated lattice energies. The crystal lattice only causes distortions in the 

monomer structures (relative to the gas phase) when they are balanced by an improved lattice energy. 

Hence, the study of both monomer and lattice energies is limited by the accuracy o f the experimental 

determination of molecular structures in crystals. The extreme sensitivity o f calculated monomer 

energies to changes in molecular geometry is a particular difficulty because of problems in accurately 

locating hydrogen atom positions using X-ray structural methods. It is usual to model the positions o f 

hydrogen atoms using standard bond lengths, but this may not always be an adequate procedure and 

this issue is explored. For example, an extensive study o f the lattice energy minimisation of 

paracetamol,t^-^J from fourteen separate structural determinations over a wide range o f temperatures, 

found that small differences in molecular structure, mainly in hydrogen positions, can lead to 

differences in equilibrium lattice parameters of a few percent and differences in lattice energy o f about 

1 kcal/mol. Additionally, the low energy required to distort the pyramidalisation around a primary 

nitrogen is problematic, especially as these polar hydrogen atoms are normally involved in hydrogen 

bonding. Here, effects o f the assumed geometry around the NH2 on molecular and lattice energies 

have been investigated.

9.2 Previous work

Buttar et published a study of the energetics of o-acetamidobenzamide crystals that raised

some problems in modelling conformational polymorphs as well as highlighting the unusually large 

energy difference between the two forms. They have published monomer and approximate lattice 

energy calculations for the two polymorphs and examined the effect o f conformational distortions on 

these energies. Their results, as summarised below, raised several question that we seek to investigate 

by more extensive calculations in this chapter.

The conformational phase space was exploredt^-^1 using several theoretical methods ranging from 

empirical force fields and semi-empirical methods to Hartree-Fock calculations. The monomer
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energy differences vary between 8.7 and 63.2 kJ/mol from all o f their calculations, and between 29.3 

and 53.3 kJ/mol from the ab initio calculations, depending on the basis set used and to what degree the 

gas phase geometry was allowed to deviate from the experimental conformation in the crystal. Their 

calculations were consistent in showing the greater stability o f the a  conformer and their most 

consistent estimate for the monomer energy difference was about 35-36 kJ/mol (8.3 - 8.6  kcal/mol). 

An important observationt^-^1 is that single-point energy calculations using the molecular structures 

exactly as reported in the X-ray determinations give the most irregular results. This is the only model 

that predicts the (3 conformer as more stable - by over 125 kJ/mol.

Lattice energy calculations were performedt^-^1 using the Momany,[^-^’̂ ] Tripos,[^-^l and 

Dreidingt^-^^1 force fields with atomic charges. These force fields are designed to be

transferable and o f quite a general use and are common in studies of organic molecular crystal and 

biological modelling. Their estimated lattice energy differences lie between 9.2 and 12.1 kJ/moI, all 

favouring the packing o f the (3 crystal. The difference in lattice energies might be thought rather 

small, given that the |3 polymorph has an extra intermolecular hydrogen bond per molecule. Overall, 

their calculations estimate the total static energy difference between the polymorphs as about 23-27 

kJ/mol (5.5 -  6.5 kcal/mol). As pointed out in the conclusions o f their paper,!^-^] such an energy 

difference is considerably greater than would normally be expected between polymorphs. In an 

attempt to see whether this energy difference is an artefact o f the methods used, we perform both 

monomer and lattice energy calculations with more accurate methods and consider the effects o f 

vibrational energies.

9.3 Methods

We have performed accurate monomer and lattice energy calculations for the two polymorphs and 

made a comparison of the polymorphs’ energies, while studying the effect of the assumed molecular 

geometry on the energetics of the system.

9.3.1 Molecular models

Four molecular models have been used to study each polymorph. A common strategy for 

correcting errors in X-ray determined hydrogen atom positions is to normalise bondlengths to 

hydrogen atoms. For our first molecular model, we have taken this approach, changing all C-H and
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N-H bondlengths to average values derived from neutron s t u d i e s , w h i l e  keeping all bond and 

torsion angles fixed at experimental values. We refer to this molecular model as HStand.

One problem with the HStand model is that bond angles around hydrogen atoms are still subject to 

errors from the experimental structural determination. Standard values for bond angles are less easily 

defined and are less likely to be transferable between molecules. As an alternative strategy to correct 

for such errors, we have constructed a second molecular model for which all non-hydrogen atom 

positions were fixed at the experimental geometry while hydrogen atom positions were varied to 

minimise the MP2/6-31G(t/,/7) molecular energy. While this model, which we call HOpt, corrects for 

errors in the placement of hydrogen atoms, it also removes some effect o f the crystalline environment 

on the optimal positions o f these atoms.

Figure 9-2. Torsion angles defining PartOpt models and definition o f NH2 dihedral.

HjNC dihedra
PI 180° = planar

H— N

CH

HNC planes

A third molecular model was developed to allow for errors in the experimental determination of 

non-hydrogen atom positions. Small inaccuracies in the positions of such atoms can result in large 

errors in ab initio calculated energies and non-negligible effects on the lattice structure and energy. 

Each of the molecular conformations is characterised by torsion angles about the benzene ring 

substituents. We have fixed the torsion angles, X| and T2, defining the rotation about the exo C-C and 

C-N bonds (Figure 9-2) and optimised all other molecular coordinates at the MP2/6-3 lG(c/,p) level of 

theory. This molecular model is referred to as PartOpt.

The final model for the molecular geometries was generated by allowing all molecular degrees of 

freedom to vary in a full MP2/6-31G(t/,/7) optimisation. The models generated in this way are referred 

to as FiiUOpt.
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9.3.2 Model for intramolecular frequencies

For estimates o f contributions to the energy from intramolecular vibrations, the frequencies must 

be calculated at an unconstrained, fully optimised molecular structure. Frequency calculations at the 

MP2 level o f theory for a molecule of this size are beyond the computational expense that we judge to 

be Justified. Molecular frequencies from Hartree-Fock calculations using reasonable basis sets are 

often satisfactory for reproducing experimental spectra to within a scaling f a c t o r . A  scaling 

factor o f 1/ 1.12 has been determined for RHF/6-31G(4/?) f r e q u e n c i e s , s o  the two conformers 

were minimised at this level o f theory and the molecular frequencies calculated and scaled. The same 

intramolecular frequencies are used for the HStand, HOpt, PartOpt, and FullOpt models.

9.3.3 Lattice energy calculations

Each o f the molecular models was pasted into the experimental crystal structure for the 

corresponding polymorph by aligning the molecular centres of mass and the orientation o f the 

aromatic ring. The empirically fitted exp-6 potential (FIT)!^ *"̂ ! was used to describe the repulsion- 

dispersion interactions and intermolecular electrostatics were described by a distributed multipole 

analysis o f an MP2/6-31G(^/,/?) wavefunction with multipoles up to hexadecapole on

every nuclear site. The repulsion and dispersion interactions were evaluated to a 15Â cutoff and 

electrostatics by Ewald summation for charge-charge, charge-dipole, and dipole-dipole interactions. 

Direct summation over whole molecules within 15Â was used for all higher order electrostatic terms 

up to R '\  For each model, the lattice energy was minimised, allowing for molecular reorientation and 

relaxation in the lattice vectors, using a modified Newton-Raphson algorithm. Each resulting 

stationary point was verified as a minimum on the energy surface by calculating the eigenvalues o f the 

final Hessian matrix.

9.3.4 Nitrogen pyramidalisation

Energies for R-NH] inversion are generally small, so it is expected that the positions of these 

hydrogen atoms are strongly affected by the crystal field. As the pyramidalisation around the nitrogen 

atom is significantly different between the experimental and optimised molecular models of the (3 

conformer, we have explored how the monomer and lattice energies change with pyramidalisation 

around this nitrogen atom.
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To isolate the effects o f NH2 hydrogen atom positions, the molecular structure was frozen at the 

HOpt geometry and the positions o f the two hydrogen atoms on the secondary nitrogen were adjusted 

to invert the pyramidalisation and then re-optimised at several levels o f theory: RHF/ST0-3G, RHF/6 - 

and MP2/6-31G(i/,/?). Though SCF optimisation with a minimal basis set gave a planar 

CNH2 geometry, the split valence basis set calculations only gave minima with the pyramidalisation in 

the same direction as the HOpt model. No minimum on the gas phase energy surface could be found 

with the geometry around the nitrogen inverted. Consequently, we chose to calculate the monomer 

energy with respect to the H2NC dihedral (Figure 9-2), which we sampled from 130 - 240° in 10° 

increments. Angles greater than 180° point the hydrogen atoms towards the plane o f  the ring, as in 

Figure 9-3b, while less that 180° points the hydrogen atoms away from the rest o f the molecule, in the 

direction o f the hydrogen bond acceptors in the lattice. At each value of the dihedral, the bond lengths 

and angles o f the two hydrogen atoms were allowed to relax. As MP2 optimisations at each point 

become prohibitively expensive, we optimised the NH2 geometry with respect to the RHF/6-3 lG(o(p) 

energy and only calculated MP2 single point energies and DMAs at each optimised point. Each of 

these monomers was pasted into the experimental crystal structure and the lattice was relaxed with 

respect to the FIT+DMA energy.

Pyramidalisation around the same atom in the a  conformer is almost identical in the experimental 

and optimised structures, so the effect is not expected to be important and was not studied.

9.3.5 Phonon calculations and vibrational energies

The vibrational contributions to the energies of both polymorphs have been estimated from the 

scaled RHF/6-31G(c/,p) calculated monomer frequencies and k = 0 lattice phonons. The rigid 

molecule, harmonic k = 0 frequencies were calculated for each polymorph minimised with each o f the 

molecular models, using the methods described in Section 4.2.

Vibrational contributions to the energy require the density o f states across the first Brillouin zone. 

Phonon calculations at enough wavevectors to allow numerical integration across k-space were Judged 

to be too expensive for the required accuracy, so the Debye-Einstein approximation, as implemented 

for molecular crystals by Bonadeo et and Della Valle and co-workers,[^ ^8-23] ^ 3 5  used to

approximate the density of states from k = 0 rigid molecule lattice modes and intramolecular 

frequencies. In this approximation, all intramolecular as well as optic lattice modes were treated in
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the Einstein approximation, while the three acoustic modes were treated by the Debye part o f the 

model, as described in Section 4.3.1.2.

9.4 Results and discussion

9.4.1 Conformational geometries and energies

Table 9-1. Monomer energies, relative to the fully optimised conformers.

Structure

a  polymorph 

(relative MP2 energies)

P polymorph 

(relative MP2 energies)

a  - P

(Total MP2 energies)

HStand +75.46 kJ/mol +54.70 kJ/mol -9.10kJ/m ol

HOpt + 15.96 kJ/mol +26.92 kJ/mol -40.82 kJ/mol

PartOpt +0.05 kJ/mol +2.48 kJ/mol -32.29 kJ/mol

FullOpt 0 0 -29.86 kJ/mol

There is a large range o f relative energies (Table 9-1) among the four molecular models described 

in Section 9.3.1. All four models confirm that the a  conformer is the more stable, but the actual 

energy difference is dependent on the assumptions made in defining the models. To judge what is the 

most realistic energy difference, we look at the major structural rearrangements in each model and the 

energy gained from each (going down a column Table 9-1 ). The molecular models are overlaid, with 

ring carbons matched as closely as possible, in Figure 9-3.

Figure 9-3. Superimposed molecular models, a) a  conformer b) P conformer 

HStand in black, HOpt in green, PartOpt in blue, FullOpt in red

Due to the floppy nature o f torsion angles around single bonds, we might expect important changes 

in geometry between the PartO pt and FullOpt models. However, the energies involved in these
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geometrical deformations are minimal in both polymorphs. In the a  conformer, the energy difference 

between these models (0.05 kJ/mol) shows that the P artO p t geometry is very close to the true gas 

phase minimum on the MP2/6-31G(c/,/?) energy surface. Indeed, visual inspection o f Figure 9-3a 

confirms the similarity o f the structures. The torsion angles that were fixed at experimental values in 

the first three models, [T, = 27.37°, %2 = 170.84°], relaxed only very slightly when fully optimised, [T| 

= 28.18°, %2 = 166.03°]. The changes in these torsion angles, accompanied by a slight rotation o f the 

methyl group, are the only differences of note between the two models o f the a  conformer. The P 

conformer relaxes slightly more between the P artO p t and F ullO pt models. The experimental torsion 

angles change from [ti = 129.22°, %2 = 119.56°] to [T| = 148.60°, %2 = 118.48°], which results in a gain 

o f 2.48 kJ/mol. This conformer is more deformable by packing forces because it lacks the stabilising 

intramolecular hydrogen bond, and so these two torsion angles have less o f a barrier to rotation. 

These results agree with the findings of Buttar et who performed a scan of the monomer

energies with the two torsion angles using semi-empirical and force-field methods. They also found 

that the experimental torsion angles are close to gas phase minimum values in the a  form, but less so 

in the P polymorph.

Most o f the energy difference between the H Stand  and F ullO pt molecular structures is a result o f 

optimising bond lengths and angles, whose importance is quantified by the energetic (Table 9-1) and 

geometrical (Figure 9-3) differences between HStand, H O pt, and P artO pt structures. For the a  

conformation, most o f the energy difference between models is a result o f hydrogen positioning. The 

standardisation of C-H and N-H bondlengths (to 1.08A and 1.01 A, respectively) is effective; the 

average difference in these bondlengths between the H Stand  and H O pt structures is only 0 .05A  in 

both conformers. This compares favourably with the excessive (0 .17A  and 0 .15A  for a  and P, 

respectively), expected shortening of these bondlengths between H O pt and experimental structures, 

due mainly to X-rays locating maxima in charge density instead of nuclei.

Despite the reasonable bondlengths used in the C-H and N-H standardisation, the H Stand  

molecular structures retain some important errors. Optimising the hydrogen positions gains 

approximately 60 kJ/mol above the H Stand  model for the a  form. Though some of the differences 

between these models are a result of real effects o f crystal packing on molecular structure, 60 kJ/mol 

is much more energy than could be compensated for by an improved packing energy. The monomer 

energies must, therefore, point to large errors in X-ray determined hydrogen positions. The bond
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angles vary considerably between the experimental, HStand, and HOpt structures. For example,

around the aromatic ring, the hydrogen atoms are an average of 0.14Â out o f plane in the a  HStand

structure, while only 0.02Â in the a  HOpt molecule. Hence, standardisation o f the bondlengths alone

is an insufficient correction to the X-ray determined molecular structure. The corresponding energy

difference in the p monomers in only 28 kJ/mol. The positions o f the hydrogen atoms in the X-ray

structure of the p polymorph are closer to optimal, but even these small errors lead to large, deceptive

errors in calculated monomer energies.

Optimisation o f the remaining bondlengths and angles reduces the molecular energies by 15.9 and 

24.4 kJ/mol for the a  and p conformers, respectively. While the geometries o f the HOpt and PartOpt 

molecular models are very similar -  the bondlengths between C, N, and O vary by less than 0.05Â and 

angles less than 2° in both conformers, these small changes cause spurious differences in ab initio 

calculated molecular energies.

There is a necessary compromise between correcting for experimental errors and allowing for real 

changes in molecular geometry due to effects o f the crystal field. We conclude that the best 

comparisons of conformational energies are obtained from the HOpt and PartOpt calculations and this 

gives a range from 32.3 to 40.8 kJ/mol as the preference for the a  conformation. Both these models 

retain the main geometrical characteristics of the experimentally observed structures, while 

minimising errors from small inaccuracies in atomic positions. The energies o f the HStand and 

FidlOpt structures are less well suited to our study for different reasons. In the HStand  model, there 

are still errors remaining from inaccurate hydrogen atom positions in the X-Ray structures and these 

render the ab initio energies unreliable. The FullOpt model accurately compares the gas phase 

energies o f the two conformers, but the energies involved in the distortion of the main dihedrals 

(comparing PartOpt to FullOpt) are small enough that these effects are probably real, caused by the 

packing of the molecules in the crystal lattice.

Previous studies have shown that the experimental molecular structure can sometimes be closer to 

the ideal structure than geometries optimised at lower levels o f theory. For example, the X-ray 

determined molecular structure of 2-amino-5-nitropyrimidine, with bondlengths to hydrogen atoms 

standardised, has a lower total MP2 energy than the RHF optimised g e o m e t r y . S o  we recognise 

that errors in the wavefunction, due to truncation of the perturbation series treatment of electron
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correlation or limits o f the basis set, may affect these energies and geometries slightly, but this level o f 

theory normally gives reliable results for reasonably sized neutral organic molecules.

Comparison o f how the four models reproduce the experimental crystal structures can give further 

evidence o f which models are the most accurate descriptions o f the actual geometry in the solid phase. 

These effects are discussed in the following section.

9.4.2 Crystal structures and lattice energies

Lattice energies of o-acetamidobenzamide for rigid molecules, fully optimised crystalTable 9-2 
structures

Structure a. polymorph P polymorph a -  p

HStand
-122.83 kJ/mol 

-6 4 .8 7  kJ/m ol rep-disp  

-5 7 .9 6  kJ/m ol electrostatics

-140.95 kJ/mol 

-5 8 .1 3  kJ/m ol rep-d isp  

-8 2 .8 2  kJ/m ol electrosta tics

+18.12 kJ/mol

-6 .7 4  kJ/m ol rep-d isp  

+ 2 4 .8 6  kJ/m ol e lectrosta tics

HOpt
-120.47 kJ/mol

-64 .71  kJ/m o! rep-disp  

-5 5 .7 6  kJ/m o! electrostatics

-134.01 kJ/mol

-5 8 .0 8  kJ/m ol rep-d isp  

-7 5 .9 3  kJ/m ol electrostatics

+ 13.54 kJ/mol 

-6 .6 3  kJ/m ol rep-d isp  

+ 2 0 .1 7  kJ/inol e lectrosta tics

PartOpt
-113.90 kJ/mol 

-62 .01  kJ/m ol rep-disp  

-5 1 .8 9  kJ/niol e lectrostatics

-115.18 kJ/mol

-63 .61  kJ/m ol rep-d isp  

-5 1 .5 7  kJ/m ol electrosta tics

+ 1.28 kJ/mol 

+  1 .60  kJ/m ol rep-d isp  

-0 .3 2  kJ/m ol e lectrosta tic s

FullOpt
-113.75 kJ/mol

-6 1 .8 0  kJ/m ol rep-disp  

-5 1 .9 5  kJ/m ol electrostatics

-111.54 kJ/mol

-66 .21  kJ/inol rep-d isp  

-4 5 .3 3  kJ/inol electrosta tics

-2.21 kJ/mol

+ 4 .41  kJ/m ol rep-d isp  

-6 .6 2  kJ/m ol e lectrosta tics

As with the monomer energies, the lattice energy difference varies greatly with molecular model 

(Table 9-2. In general, the lattice energy difference between the two polymorphs is greater for the 

molecular models that are closest to the molecular structure found in the X-Ray structural refinement. 

For both the HStand  and HOpt models, the majority of the energy difference between polymorphs is 

in the electrostatic part of the intermolecular energy. In fact, for these two molecular models, 

electrostatics favour the p polymorph by over 20 kJ/mol, which is more than expected from the effect 

o f one hydrogen bond. The a  polymorph, whose relaxed structure is densest, is favoured by the 

dispersion energy. However, experimentally, the p polymorph is the slightly denser, so this is either 

an artefact o f errors in the model potential or the neglect o f thermal expansion. Hence, we might 

expect the total lattice energy difference to be even greater if the calculations had maintained their 

relative densities. Fixing the experimentally determined lattice and only allowing relaxation of 

molecular orientations and translations is a method sometimes used to take account of first order 

thermal effects, assuming that the differences between fully optimised and experimental lattice
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constants are due to expansion at finite temperatures. Lattice energy differences calculated in this 

manner come out at 18.88 {HStand) and 13.57 {HOpt) kJ/mol, slightly higher than the fully relaxed 

energies.

The lattice energies are very different for the PartOpt and FidlOpt models, which have molecular 

geometries closer to gas phase minima. Surprisingly, the electrostatic preference for the P polymorph 

is removed and the overall lattice energy difference is very small. To uncover the origin o f these 

unanticipated results and to assess which molecular models are giving the most accurate picture, we 

consider how well the crystal structures are reproduced with each (Table 9-3a & b). Both the lattice 

vectors and the molecular orientations vary with the molecular model, so the overall reproduction o f 

the structures must be assessed. The dispersion energy is mostly determined by the overall density, 

while the electrostatic contribution to the energy is much more sensitive to the close range interactions 

and accurate modelling of the molecular orientations. Hence, both must be accurately reproduced to 

give reliable lattice energies.

Figure 9-4. Hydrogen bonds labels for the a  (top) and p (bottom) polymorphs.
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Table 9-3a. Relaxed a  polymorph crystal structures. RMS % error is the error in the length of lattice vectors. Mol. Position is the deviation o f the molecular centre o f mass
and orientation. F is the structural drift factor.^^ Hydrogen bonds are labelled in Figure 9-4. 0n-h o is the N-H O angle.

Model a/ Â b /A c/ A P

RMS

%error

Mol. Position

F

Hbondl Hbond2 Intra Hbond

Transi. Rot R o ...n/A 0N-H...O R on/A 0N-H...O R on/A On-h ...o

Expt 4.952 14.496 12.471 93.99 - - - - 2.921 160° 2.895 176° 2.642 147°

HStand 4.872

(-1.62%)

14.522

(+0.18%)

12.283

(-1.51%)

91.86

(-2.27%)

1.28 0.16 A 1.44° 12.41 2.942

(+0.7%)

159° 2.853

(-1.4%)

171° 2.642

(0% )

144°

HOpt 4.878

(-1.50%)

14.487

(-0.06%)

12.358

(-0.91%)

92.16

(-1.94%)

1.01 0.12 A 1.51° 8.33 2.937

(+0.5%)

163° 2.856

(-1.3%)

166° 2.642

(0% )

140°

PartOpt 4.999

(+0.94%)

14.655

(+1.10% )

12.268

(-1.63%)

93.14

(-0.91%)

1.26 0.22 A 3.26° 12.77 2.927

(+0.2% )

164° 2.867

(-1.0% )

166° 2.701

(+2.2% )

138°

FullOpt 5.031

(+1.61%)

14.669

(+1.19%)

12.191

(-2.25%)

93.21

(-0.83% )

1.74 0.26 A 3.23° 19.24 2.924

(+0.1% )

163° 2.867

(-1.0% )

166° 2.700

(+2.2% )

138°
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Table 9-3b. Relaxed (3 polymorph crystal structures. RMS % error is the error in the length of lattice vectors. Mol. Position is the deviation o f the molecular centre of mass
and orientation. F is the structural drift factor.t^-^^^^ô] Hydrogen bonds are labelled in Figure 9-4. 6n - h . . . o  is the N-H O angle.

Model a/ A b/A c/ A P

RMS

%error

Mol. Position

F

Hbondl Hbond2 Hbond3

Transi. Rot. R o ...n/A 0N-H...O R on/A 0N-H...O R on/A 6 n-h...o

Expt 7.807 9.039 12.706 101.12 - - - - 3.092 169° 2.866 173° 2.970 167°

HStand 7.863

(+0.72%)

9.150

(+1.23%)

12.655

(-0.40%)

100.85

(-0.27%)

0.96 0.07 A 0.49° 2.79 3.160

(+2.2%)

168° 2.932

(+2.3%)

173° 2.929

(-1.4%)

168°

HOpt 7.899

(+1.17%)

9.079

(+0.44%)

12.765

(+0.47%)

99.34

(-1.76%)

0.77 0.22 A 1.55° 10.37 3.329

(+7.7%)

168° 2.910

(+1.5%)

157° 2.901

(-2.3%)

160°

PartOpt 7.768

(-0.50%)

9.364

(+3.59%)

12.659

(-0.37%)

101.99

(+0.86%)

2.10 0.36 A 2.58° 28.73 3.282

(+6.1%)

148° 3.002

(+4.7%)

123° 2.944

(-0.9%)

149°

FullOpt 7.679

(-1.64%)

9.436

(+4.40%)

12.683

(-0.18%)

102.42

(+1.28%)

2.71 0.51 A 2.42° 51.33 3.304

(+6.9%)

151° 3.132

(+9.3%)

111° 2.992

(+0.7%)

142°
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The root mean squared deviation of lattice vectors gives a reasonable quantification o f the fit o f the 

relaxed to the experimental crystal structures. Differences between the models are significant, though 

the errors are small. The root mean squared deviation of lattice vectors does not take account o f the 

importance o f molecular orientations, so molecular displacements from the experimental structure and 

the structural drift factor (F), defined by Williamst^-^^l and used by Filippini and Gavezzottit^-^^] are 

also tabulated. Again, the differences caused by changes in molecular model are significant.

The overall reproduction of the lattice structure (lattice vectors and molecular orientations) is best 

with models in which only the hydrogen atoms are repositioned. For the a  polymorph, optimisation 

o f the hydrogen positions improves the crystal structure slightly, while the P structure is worsened 

somewhat from H Stand  to HOpt. Both lattice structures are less well reproduced with the P artO pt 

and FnUOpt models. The a  structure worsens only slightly with further optimisation o f the molecular 

structure and this is mostly due to molecular orientation within the lattice. The molecular orientation, 

as well as the lattice structure of the P polymorph, is significantly worse with the more optimised 

molecular structures.

The poor description of the hydrogen bonding in the P artO pt and F ullO pt models (Table 9-3a & b) 

o f the P form is consistent with the unexpected disappearance of the electrostatic preference for this 

polymorph, despite its extra intermolecular hydrogen bond. For both o f these models, two of the three 

hydrogen bonds are poorly described, with significant expansion o f the N O distance from that 

observed experimentally. Hence, there appear to be significant packing effects on the conformation of 

the substituents in the P polymorph.

Considering the relaxed crystal structures with each model, it seems that the H S tand  and H O pt 

calculations probably give the more realistic lattice energy differences between polymorphs.

9.4.3 Interplay between molecular and crystal structures - NH 2  

pyramidalisation

In analysing the relaxed crystal structures, we notice that, in the H O pt, P artO pt, and F ullO pt 

models o f the P polymorph, pyramidalisation around the secondary amine nitrogen atom is inverted 

with respect to the experimental (and therefore H Stand) structure (Figure 9-3). In the H Stand  

structure, the N-H O angles are nearly linear (see Table 9-3b), but the donating hydrogen atoms are 

bent away from the acceptors in the H O pt, P artO pt and F ullO pt models. As the energy to inversion

Lattice Dynamical Studies o f  M olecular Crystals Graeme M. Day
witli Application lo Polymorphism and Structure Prediction 2003



Chapter 9. O-Acetamidobenzamide 246

around secondary nitrogen atoms is generally small, the monomer and lattice energies for the (3 

polymorph were calculated with respect to the H2NC dihedral angle (Figure 9-2) to examine the 

consequences o f nitrogen pyramidalisation.

The HOpt model has an R-NH2 geometry more than 30° away from planarity (just above 210° in 

Figure 9-5), but the angle that gives the optimum lattice energy is at about 170° (pyramidalised 10° in 

the opposite direction). The monomer energy cost to position the hydrogen atoms ideally for 

hydrogen bonding is about 3 kJ/mol, which does not quite balance the 2 kJ/mol gain in lattice energy. 

Combining the two curves, we find the minimum in the total static energy at approximately 200°. 

This is only a small deviation from the HOpt model structure and gains only about 1 kJ/mol. 

Furthermore, deviations from the experimental crystal structure are smallest between 190° and 200° 

(190° gives the minimum structural drift factor, Figure 9-5 inset; 200° minimises the root mean 

squared percentage error in lattice vectors). This may indicate that the hydrogen positions in the 

actual crystal are closest to this geometry.

Figure 9-5. Angle dependence o f monomer and lattice energies for the (3 polymorph {HOpt). All 
curves are given as relative energies with respect to the lowest total energy conformation (200°). The 
inset shows the angle dependence o f the structural drift factor.
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This study shows the intricate interplay between molecular and lattice structures and energies. The 

complexity involved in balancing the inter- and intramolecular forces to find the optimum molecular 

geometry in the crystal phase is apparent.
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The hydrogen bond geometries in the four models o f the a  polymorph (Table 9-3a) do not vary 

significantly. In fact, the H2NC dihedral only varies by 4° between the experimental and HOpt 

structures, so we expect that the energy gained by further optimising the NH2 geometry is minimal.

9.4.4 Total static energy differences

The polymorphs’ total relative energies are presented in Table 9-4. From the sum of the monomer 

and lattice energies, we see that, for all four molecular models, the a  polymorph is the more stable on 

static energy grounds. This agrees with experimental observations -  the a  form is stable at low 

temperatures. The results also agree with Buttar et a /’s earlier calculations.t^-^1

The calculations give a wide range for the actual polymorphic energy difference. The PartOpt and 

FullOpt lattice energy calculations give similar results to Buttar’s earlier work, but the structural 

relaxation for the p form (Table 9-3b) suggests that these are worse models than HStand and HOpt. 

The HStand  model predicts a much smaller, more reasonable, total energy difference between the 

polymorphs, but this is severely biased by the unreliable ab initio energies for this molecular structure. 

Despite the impossibility o f separating actual errors in the determined hydrogen positions (e.g. 

aromatic hydrogen atoms in the p polymorph) from genuine crystal packing effects (e.g. hydrogen 

bonding effects on (N-)H positions, especially in the P polymorph), we try to estimate the total static 

energy difference between the polymorphs from these results. The best monomer calculations are 

probably the HOpt and PartOpt models, as these correct for errors in hydrogen positions and small 

errors in other atomic positions without removing all effects o f crystal packing on the conformations. 

These models give a range for the intramolecular energy difference o f between 32.3 and 40.8 kJ/mol 

in favour o f the a  conformer. The PartOpt model optimises bondlengths and angles in the a  

molecular structure without detrimental effects on the reproduction of the lattice structure. Hence, 

much o f the molecular optimisation probably reflects errors in the experimental structure. However, it 

seems that the P conformer is more influenced by crystal packing effects, even in bond angles (Figure 

9-3), so the PartOpt model is less appropriate for this polymorph. The lattice energy calculations that 

are considered reliable for both phases (HStand and HOpt) suggest 13.5 to 18.1 kJ/mol as a range for 

the intermolecular energy preference of the P form. Overall, this gives a broad range from 14.2 to

27.3 kJ/mol (3.4 to 6.5 kcal/mol) as the total static energy difference between the two forms.
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Table 9-4. Breakdown o f all the contributions to the total energy difference between polymorphs.

Buttar 

et al 

(k J/mol)

exp-6 + DMA

HStand

(kJ/mol)

HOpt

(kJ/mol)

PartOpt

(kJ/mol)

FullOpt 

(k J/mol)

a  lattice -122.83 -120.47 ■113.90 -113.75

P lattice •140.95 -134.01 -115.18 -111.54

( p - a )

lattice
- 9  t o -12 •18.12 -13.54 -1.28 +2.21

( P - a )

monomer
+35-36 +9.10 +40.82 +32.29 +29.86

(p -  a )  total 

(excl. VZPE)
+23-27 +9.02 +27.28 +31.01 +32.07

a  VZPE (460.38 + 2.90) (460.38 + 2.88) (460.38 + 2.82) (460.38 + 2.82)

P VZPE (458.29+2.80) (458.29 + 2.74) (458.29+2.57) (458.29+2.48)

( p - a )  

VZPE

(P -  a )  total 

(incl. VZPE)

(-2 .09-0 .10)

-2.19

(-2 .09-0 .14)

-2.23

+6.83 +25.05

(-2 .0 9 -0 .2 5 ) = 

-2.34

+28.67

(-2.09 - 0.34) 

-2.43

+29.64

a  Ayib

(298K)

+ 435.98- 15.87 

= +420.11

+ 435.98- 15.90 

= +420.08

+435.98 -16.52 

= +419.46

+435.98 -  16.54 

= +419.44

P Avib 
(298K)

+434.68-15.87 

= +418.81

+434.68-16.29 

= +418.39

+434.68 -17.10 

= +417.58

+434.68 - 17.59 

= +417.09

(P -  a )  Avib 

(298K)
-1.30 -1.69 • 1.88 -2.35

(P -  a )  AA 

(298K)
+7.72 +25.59 +29.13 +29.72

VZPE = vibrational zero-point energy.
Where the energy is split into two numbers (VZPE and Avib), the first represents an intramolecular 
contribution, while the second is from the intermolecular effects.

9.4.5 Vibrational energy contributions

The calculated k = 0 spectra (from scaled RHF and HOpt calculations) are depicted in Figure 9-6. 

The frequency shifts between polymorphs of some intramolecular modes are indicated. Although the 

normal modes of the conformers cannot be strictly matched, some similar molecular distortions have 

been paired in Figure 9-6. At low frequency, three of the intramolecular modes are shifted -  the 

methyl rotation, which is much freer in the a  conformer, and two modes between 100 and 150 cm '.
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These modes involve twisting motions around both and X2 (Figure 9-2) and are shifted to higher 

energy in the a  conformer, where they stretch the intramolecular hydrogen bond.

Figure 9-6. Calculated phonon spectra a) k=0 intermolecular (red) frequencies from HOpt model and 
low frequency intramolecular (blue) frequencies; b) higher energy intramolecular frequencies 
Numbers denote frequency differences between qualitatively similar modes.
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At the high frequency end of the spectra, the N-H stretching mode is also shifted to lower energy, 

by approximately 40cm'% by the intramolecular hydrogen bond. Frequency shifts of individual 

intermolecular modes are more difficult to characterise because, with different packing of the 

molecules in the two polymorphs, the normal modes are quite different. As a general observation, the 

phonon modes of the a  polymorph are more spread out that in the (3 form. The molecules are held 

more tightly in place by the more extensive hydrogen bonding, so the lower energy motions, which
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are mainly translational in nature, are shifted to higher energy in the p polymorph. However, the high

energy librational modes are slightly more hindered in the a  than the P form.

More importantly, the inter- and intramolecular spectra show substantial overlap. The rigid-body 

treatment o f lattice vibrations is normally justified by a reasonable gap between the molecular modes 

and lattice vibrations and this separation leads to little mixing between the two types of motions. 

Here, because the lattice vibrations and molecular distortions are in the same energy range, the 

coupling between these motions will be substantial and the phonon frequencies calculated using rigid- 

body dynamics, as well as the low energy molecular distortions, are likely to incorporate quite large 

errors. The intramolecular vibrations that overlap with the lattice modes all involve torsional motions 

of the two benzene substituents or rotation of the methyl group. Mixing o f these bending motions 

with molecular translations and librations is important because both types o f motion distort the 

hydrogen bonding network. The high frequency end of the spectrum, which is mostly due to bond 

stretching and angle bending, should be relatively unaffected by the lattice vibrations.

The vibrational contributions to the energy are given, along with relative m onom er and lattice 

static energies, in Table 9-4. At absolute zero temperature, only the zero-point energy must be 

considered. The majority o f  this energy com es from the high frequency intramolecular contributions, 

w hich are relatively unaffected by the coupling between inter- and intramolecular modes. On average, 

these vibrations are shifted to higher frequency in the a  polymorph, w hich can be partly attributed to 

the intramolecular hydrogen bond. Hence, the intramolecular part o f  the zero-point energy favours the 

P polymorph by just over 2 kJ/mol. In all four m odels, the relatively sm all intermolecular frequency 

contribution to the VZPE also favours the P polymorph by between 0.1 and 0.34  kJ/mol. This is 

because the sum o f  the k = 0 lattice frequencies for the a  polymorph is shifted to slightly higher 

frequency than the p form, which is partly due to the higher density o f  the energy m inim ised models 

o f  the a  polymorph. However, the uncertainty in this part o f  the spectrum, due to the rigid-body  

approach and ignored m ixing with intramolecular m odes, is considered too large to have confidence in 

our calculated lattice contribution to the zero-point energies.

Total vibrational free energy contributions to the energies o f  the two polymorphs at room 

temperature are given in Table 9-4. We use the H elm holtz free energy, A, because, at ambient 

pressures, the PV term is trivial, especially with small difference in densities between the polymorphs.
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The vibrational free energy, Ayib, includes both the zero-point energy and a contribution from the 

entropie term, -T S . The effect o f entropy is depicted in Figure 9-7.

Figure 9-7. Energy relationships between a  and P polymorphs of o-acetamidobenzamide, as implied 
by the observed transition at 423K.
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-TS.
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Absolute Temperature

By relaxing the crystal structure on the potential energy surface, w e calculate the T  =  OK lattice 

energies and, know ing the zero-point energies as w ell, w e have estimates o f  the polym orphic energy  

difference at absolute zero. Ignoring the pressiire-volume term, this can be equated with the T = OK 

enthalpy difference. The enthalpy, H, is mainly affected by temperature through the thermal 

expansion, which increases the static lattice energy and, thus, the enthalpy. Thermal expansion is 

often sim ilar for polym orphs, so the enthalpy curves are expected to be nearly parallel and the 

difference, AH, is maintained over the entire temperature range. In this case, the a  form is the more 

stable at low  temperature, so we know that it has the lower enthalpy. What causes a transition 

between the tw o forms is a difference in entropy, S. The difference TAS at the transition temperature 

must equal the enthalpy difference. The transformation from the a  to the P polymorph has been 

observed at 4 2 3 K,!^ ^  so, if  our lattice and monomer energy calculations are correct, the entropy 

difference at this temperature must contribute between 7 and 30 kJ/mol. At room temperature, two 

thirds o f  the w ay from OK to the transition point, our calculated entropies m odify the energy
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difference by less than 1 kJ/mol and, in fact, stabilises the wrong form -  the a  polymorph. Hence, the 

energy diagram (Figure 9-7) implied by the observed transformation is not reproduced by our 

calculations.

The equations used to calculate Ayib in the Debye-Einstein approximation are given in Section 

4.4.3.1.2, and it is worth noting here that, as opposed to the vibrational zero-point energy, the most 

important contributions to the entropy term come from the lowest frequency vibrations. Because o f 

the large errors that are expected due to the breakdown o f the rigid-body model for this system, we 

cannot expect that these estimates are very accurate. Furthermore, anharmonic effects, which are 

considerable near phase transitions, are most important for the lowest energy modes. Hence, we have 

the least confidence in the calculated low energy lattice frequencies and we expect large errors in the 

calculated entropy. However, it is somewhat disappointing that these errors appear to be so large as to 

give the wrong sign to the relative entropies o f the two polymorphs.

9.5 Conclusions

9.5.1 Model calculations

Out first objective -  to get a better estimate o f  the energy difference between the polym orphs o f  o- 

acetam idobenzam ide -  was successful. Tw o o f  the molecular models used (HStand  and HOpt)  g ive a 

more realistic energy difference than earlier work, which used less accurate calculations for both the 

m onom er and intermolecular energies. The overall energy difference between the two is estimated to 

be in the broad range from 14.2 to 27.3 kJ/mol in static (lattice + monomer) energy. If w e restrict 

ourselves to taking our inter- and intramolecular energies from the same m olecular m odel, w e must 

take the polym orphic energy difference at the high end o f  this range {i.e. for HOpt,  the difference is

27.3 kJ/mol). However, by m ixing model potentials and ab initio calculations, w e must balance errors 

between the tw o types o f  calculations and it is safest to consider the entire range as reasonable. There 

is uncertainty regarding positioning o f  hydrogen atoms in the crystal structures and we have 

demonstrated that the N H t geometry is affected by the lattice energy; the equilibrium geom etries are 

betw een the X-ray determined and ab initio optim ised m odels. N on-hydrogen atoms are more 

accurately determined by X-ray diffraction and the deterioration o f  the crystal structure with the 

FullOpt  model show s that the torsion angles are best taken from experiment than gas phase 

calculations. Vibrational contributions do lower the energy gap between the polym orphs, but most o f
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this effect is in the zero-point energy. The entropy calculations hardly change the energy difference 

betw een the polym orphs.

9.5.2 Experimental observations

The expected energy-temperature diagram for enantiotropic polymorphs is presented in Figure 9-7. 

At the transition temperature, there must be an entropy difference o f  betw een 33.5 and 64.5  J/mol-K to 

overcom e our calculated static energy difference. W hile w« expect o-acetam idobenzam ide to be an 

extrem e case o f  differences in all contributions to the total energy, calculations o f  approxim ately the 

sam e quality as ourst^-^^l suggest that calculated entropy differences between polym orphs rarely 

exceed  12 J/mol-K at room temperature and are unlikely to reach the required range at 423K . The 

observed temperature driven transition between the tw o forms therefore suggests that our calculations 

must overestim ate the enthalpy difference.

T he growth conditions o f  the two forms also suggest that these estimated energy differences are 

greatly exaggerated. The P crystals are observed after slow  growth from polar solvent (water, 

acetone, or methanol), which favours this m olecular conformation because o f  more extensive  

hydrogen bonding with the solution. Hydrogen bonding with the solvent m olecules should keep the o- 

acetam idobenzam ide m olecule in the P conformation, w hile not forming a solvate. H ow ever, even  

considering the conformational preference in solution, we do not expect that crystals grown under 

apparent thermodynamic control could be observed if  a thermodynamic state exists w hich is so much 

more stable. Should the energy difference be as large as calculations suggest, w e only expect to grow  

the P form by kinetically trapping the structure. However, it is actually the more stable a  form that is 

grown by rapid cooling from a melt or the supercooling o f  a concentrated solution.

One suggested explanation^^ o f  the large calculated energy difference between the polym orphs 

is the possib ility  o f  a hydrogen migration across one o f  the hydrogen bonds. Such hydrogen transfer 

has been observed in organic m olecular crystals, even at quite low  temperatures,f^-^^] but only when  

the acidities o f  the acceptor and donor sites were tuned specifically  to promote such a reaction by 

low ering the barrier across the hydrogen bond. W hile such a mechanism does not seem  as facile in o- 

acetam idobenzam ide, the transformation temperature between polymorphs is high enough that 

thermally driven changes in bonding arc feasible. Changes in covalent bonds might change the energy 

profile sufficiently to explain how structures with such different low-tempcraturc enthalpies could
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converge to the sam e free energy and transform. In fact, the (3 form does undergo several solid state

ring closure reactions at temperatures not too far above the transformation temperature.!^ *] These 

reactions are thermally driven and provide evidence that the temperatures needed to interconvert the 

polym orphs are high enough to promote bond breaking and forming.

9.5.3 Problems with the calculations and requirements for progress

T he lattice energies are very sensitive to the positioning o f  the hydrogen atom s and our 

calculations suggest that a balance between intra- and intermolecular effects determine the equilibrium  

positions o f  hydrogen atom s in the crystal. It is, therefore, difficult to correct for errors in observed  

hydrogen atom positions based on gas phase calculations o f  the m olecular structure. The rigid-body  

approximation has been necessary to implement a highly accurate intermolecular m odel potential, to 

w hich w e attribute most o f  our improvement over earlier results. However, further im provements 

require the inclusion o f  intramolecular fiexibility in the force field, at least for som e torsional degrees 

o f  freedom , without losing accuracy in the intermolecular energy terms. M ore accurate 

crystallography is also needed to resolve the uncertainties in the m olecular geom etries. Ideally, 

neutron diffraction should be used to determine hydrogen atom positions. Because o f  the crystal 

packing effects on the molecular conformation, thermal expansion o f  the crystal could have effects on 

the m olecular geom etry and variable temperature crystallography would be necessary to determine the 

m agnitude o f  such changes.

M ixing o f  internal and lattice modes would have a large effect on the low  frequency end o f  the 

spectrum, contributing to a large uncertainty in our entropy estimates. How ever, the high frequency 

vibrations, w hich dominate the zero-point energy, are likely to be relatively unaffected and typical 

errors in such calculations are in the region o f  0.5 kJ/mol (Section 6.4). In the harmonic 

approximation, there is no thermal expansion and the entropy term dominates the temperature 

dependence o f  Avib- Due to the breakdown o f  the rigid body treatment o f  the vibrations, as w ell as the 

importance o f  ignored anharmonic effects, w e have little confidence in the entropy part o f  the 

calculated free energies. Any successful m odelling o f  the temperature dependence o f  the polym orphic 

energy difference requires a better treatment o f  the coupling o f  lattice vibrations with low  frequency 

/■/7//r/molecular modes, as w ell as the inclusion o f  anharmonic effects. The requirements are similar to 

those for im proving lattice energy calculations. A balanced force field with som e intramolecular 

flexibility is required to study the coupling o f  such m otions with the lattice m odes. Accurate
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crystallography at a range o f  temperatures is necessary for the sim plest inclusion o f  anharmonic 

effects, by the quasi-harmonic approximation (Section 4 ,2 .3 ), which is successful for m odelling the 

temperature dependence o f  vibrational contributions to the free energy (Section 6.4).

The known solid-state reactions!^ H not far above the polym orphic transition temperature may 

indicate that bond rearrangement is important in the temperature range that w e have tried to m odel 

with atom istic lattice dynamical calculations. Accurate high temperature experim ental work is 

necessary to investigate any atom migration, w hile computational investigations are beyond the theory 

o f  intermolecular forces, thus requiring electronic structure studies. Over the past few  years, 

computational techniques have been developing that allow  direct electronic structure calculations on 

periodic lattices. The calculations have been shown to allow  accurate calculations o f  hydrogen  

positions within the crystal for a w ide range o f  structures, including com plex inorganict^-^^l and 

organic m olecular crystals such as formic acidt^-^H and acetic acid.l^-^2] These periodic density  

functional theory (D FT) calculations have their shortcomings, the most important o f  w hich is the poor 

treatment o f  dispersion interactions. However, the associated errors can be m inim ised by fix ing the 

lattice at observed unit cell dim ensions. M olecular positions within a fixed unit cell are mainly  

determined by repulsion and electrostatic forces, which are m odelled quite w ell using DFT, so  the 

developm ent o f  these calculations w ill have an important contribution to the understanding o f  crystal 

system s such as o-acetam idobenzam ide.

The study o f  conformational polymorphism presents a major challenge for computational and 

experimental crystallographers. Accurate variable temperature crystallography, along with the 

developm ent o f  highly accurate and balanced flexible m olecule force fields, is necessary and o- 

acetam idobenzam ide is an ideal system for benchmarking progress.
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Crystal  Structure

Predictions
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10 A Blind Test of Crystal Structure 

Prediction

10.1 Introduction

Chapter 2  introduced many approaches to the prediction o f  crystal structures and successes have been 

reported on many individual compounds, with more or less detail about the prediction procedure and results 

reported in the related publications.^*^ *! The growing community o f  researchers pursuing the goal o f  

confident, repeated, success in predicting the packing o f  molecules requires an occasional unbiased 

evaluation o f  the current methods. Furthermore, any outsider should rightly be sceptical o f  any 'prediction' 

where the final result is already known. Thus, in 1999, the Cambridge Crystallographic Data Centre 

(CCDC) organised the first crystal structure prediction blind test (CSP1999),t***-2] where eleven  

participants attempted to predict the crystal packing o f  three molecules w hose structures had been recently 

determined. The m olecules were chosen within limits set to give a reasonable chance o f  success using 

current computational methods. The maximum size o f  the molecule was set to 30 atoms, including 

hydrogen, and the space group o f  the observed structure had to be one o f  the more com m only observed 

ones with one m olecule in the asymmetric unit. Three categories o f  m olecule were chosen to test different 

difficulties for prediction:

I) a small {i.e. less than 20 total atoms), rigid molecule with only C, H, N, O atoms

II) a small, rigid m olecule with some less common atom types

III) a m olecule with limited conformational flexibility.

Details o f  the successes and failures are discussed in Chapter 2. Here, we describe our participation in 

the second CCDC blind test (C SF2001),I’0-3] where 18 participants tried to predict the crystal structures o f  

a second set o f  three m olecules in the same categories as above. This study is limited to m olecule I (rigid, 

C, H, O, N). Similar methods were successful for m olecule II o f  the CSP2001 (Chapter 2).

10.2 Information given

On October II, 2000 information on the three m olecules was sent to the participants o f  CSP2001. 

M olecule I (Figure 10-1) is a rigid molecule with common functional groups for which intermolecular
I.a ltice  D ynam ical S tudies o f  M olecular C rystals G ractiie M. Day
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model potentials are available. The only information given at the beginning of the blind test was the 

connectivity of the molecule and the following comments: “Temperature of data collection: 298(2) K, 

Crystal growth procedure unknown, probably room temperature evaporation o f solvent.”

Figure lO-I. Connectivity diagram o f the blind test molecule.

Our strategy for determining plausible crystal structures is described in Section 10.3. Each o f  the 17 

participants in the blind test were invited to submit three guesses for the crystal structure, after which 

simulated powder diffraction data o f  the actual structure was made available for two w eeks to allow a 

second round o f  predictions. While complete refinement o f  the powder pattern was not allowed, 

participants were allowed to comment on their initial guesses and submit new guesses, as long as they were 

based on the initial prediction methods. The X-ray powder data and analysis is presented in Section 10.4, 

which is follow ed by our post-analysis o f  the results (Section 10.5), based on the release o f  the 

experimentally determined crystal structure on April 12, 2001.

10.3 Initial prediction

10.3.1 Generating the molecular structure

Given the connectivity o f  the molecule, the first task was to determine its molecular structure. As the 

structure o f  the given molecule had not been previously determined, the molecular geometry had to be 

detenuined by computational methods only. We have used ab initio electronic structure calculations to 

find the gas phase structure o f  the molecule and assume that it is unchanged by packing effects in the 

crystal phase. Analysis o f  the bonding shows that the molecule is likely to have two distinct
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conformations. The backbone o f the structure consists o f two fused six-membered rings -  one C& and the 

other C5N. The C(, ring has two possible conformations -  boat and chair, while the sp  ̂ bonding 

environment o f the nitrogen and carbonyl carbons of the C5N ring only allow one conformation, where all 

but the bridging carbon atom form a plane.

Figure 10-2. Possible conformations o f blind test molecule.

Structures in both conformations were generated in Cs symmetry from typical bond lengths and VSEPR 

angles. These structures were then optimised at the MP2/6-31G(c/,p) level o f theory within the 

Gaussian98[^®-^] electronic structure modelling suite. The conformations relaxed to separate minima, 

maintaining the starting boat and chair conformations o f the Ĉ  ring while the C5N ring remained almost 

planar in both conformers. Both structures maintained their symmetry and were verified as minima by 

frequency analysis (all positive frequencies) at this same level o f theory.

Comparing MP2/6-31G(c/,p) gas phase energies, we found that the structure with the chair-C^ ring is 

31.1 kJ/mol more stable than the structure with the boat conformation. It is unlikely that the less 

favourable boat conformer could pack so much more efficiently than the chair conformer to overcome this 

monomer energy difference, so the favourable chair conformer was chosen as the molecular structure to be 

used in the crystal structure search. Furthermore, the molecule seems fairly rigid, so it was felt that treating 

the monomer unit as a rigid body throughout the study is a reasonable approximation. Making the rigid- 

body approximation is valuable because o f the large savings in computational effort compared to treating 

internal degrees o f freedom in lattice energy minimisaticms and further crystal property calculations.
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10.3.2 Hypothetical structure search

The program MOLPAKt^^-^1 was used to generate dense structures in the 17 space groups most 

comm on to organic molecular crystals. MOLPAK uses the idea o f  a coordination group to search for 

densely packed structures. The coordination groups are defined from analysis o f  the packing o f  small 

organic m olecules in the Cambridge Structural Database.! The most common number o f  m olecules in 

the coordination sphere o f  a given m olecule was found to be 14 and the symmetry relations o f  these 

m olecules were analysed for each space group (som e space groups, e.g. P l j c ,  have more than one  

possibility, so are searched in multiple coordination groups). In the search for densely packed structures, 

m olecules are first packed along one crystallographic axis. The interactions between m olecules are defined  

by an repulsion potential and the distance o f  closest approach is determined by a repulsion threshold 

between m olecules. These lines are then packed into two-dimension sheets, which are then brought 

together to form the three dimensional lattice structure. The symmetry relations between m olecules in the 

initial one-dimensional search and expansions to two and three dimensions are determined by the 

coordination group. Each group is systematically searched over a grid o f  angles defining the orientation o f  

the central m olecule.

Table 10-1. Coordination groups searched and number o f  MOLPAK starting structures.

space group crystal system coordination groups # structures

P 1 ,Z ’=1 Triclinic AA (50) 50

P T ,Z ’=1 Triclinic AB (50), CA (50) 100

P 2 „ Z ’=1 M onoclinic AH (50), AF (46) 96

P 2 ,/c , Z '= l M onoclinic AI (50), AK (50), AM (50), FA (50), FC (47) 247

Cc, Z’= l M onoclinic DA (50) 50

C2, Z =1 M onoclinic DB (50) 50

C2/C, Z ' - l M onoclinic DC (50), DD (50), DE (50) 150

Pm, Z ’='/2 M onoclinic AC (11) 11

P2,/m , r = V z M onoclinic AN (13), AO (16) 29

P 2 ,2 ,2 , Z ’= l Orthorhombic AP (48), BA (50), BB (49) 147

P 2 |2 ,2 , ,Z ’=1 Orthorhombic AO (48), AZ (46) 94

P c a 2 ,,Z ’= l Orthorhombic AY (50), BH (41) 91

P n a l i ,  Z ’= l Orthorhombic AV (50), BD (47), BF (44) 141

Pbcn, Z ’= l Orthorhombic CD (50), CE (50) 100

Pbca, Z ’=l Orthorhombic CC (50), CB (50) 100

Pmn2], Z ’='/2 Orthorhombic B J (14) 14

P m a l \ ,  Z ’='/2 Orthorhombic BK( 18 ) 18
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Up to fifty structures were generated in each o f  twenty-nine coordination spheres (in 17 space groups) 

with one m olecule in the asymmetric unit and five Z ’ = Vi coordination groups with the m olecule on a 

space group mirror plane (Table 10-1). The search procedure is not, as yet, extended to Z’ > 1 structures, 

which make up 10-11% o f  known organic molecular crystals.!*0-7] Some progress is being made for 

searching Z' >  1 structures,! but our search method has not yet been extended to this case.

In total, 1488 densely packed structures were generated for lattice energy minimisation (Table 10-1). 

Hypothetical structures are henceforth referred to by the two letters that MOLPAK assigns to each 

coordination group and the number o f  the structure within that coordination group.

10.3.3 Lattice energy minimisations

A ll M OLPAK generated structures were relaxed within the crystal structure modelling program

D M AREl !***- ]̂ to minima on the potential energy surface. The repulsion and dispersion contributions to 

the intermolecular interactions were defined by the FIT model potential (Chapter 3) and the electrostatic 

interactions were modelled by a distributed multipole analysis (DM A) o f  the M P2/6-31G(i/,p) 

wavefunction with multipoles up to / = 4 (hexadecapole) on each atom. The structures were energy 

minimised using a modified Newton-Raphson algorithm, which efficiently locates stationary points on the 

lattice energy surface.

W hilst most energy minimisations resulted in true minima, som e found transition states or higher order 

saddle points. All relaxed structures were characterised by the eigenvalues o f  the Hessian and transition 

points were reduced in symmetry by removing the representation o f  the full space group corresponding to 

the negative eigenvalue. In the case o f  higher order saddle points, the representation with the most negative 

eigenvalue (corresponding to steepest initial descent away from the saddle point) was removed from the 

original symmetry. The minimisation in lower symmetry could not be started from the stationary point o f  

the original minimisation because o f  a lack o f  forces, torques, and non-zero strain derivatives, so the 

structure had to be moved away from the transition point to allow the energy minimisation to proceed. The 

eigenvector corresponding to an energy decrease was searched in a region close to the saddle point for the 

best position to restart the calculation. This was done by performing a linear search along the appropriate 

eigenvector and locating the minimum (Figure 10-3). This lowest energy point, with non-vanishing 

molecular forces and torques, was then chosen to restart the Newton-Raphson minimisation procedure. In 

the case shown in Figure 10-3, the eigenvector is symmetrical to the direction o f  the search, so points B and
I.a ltice  D ynam ical Sliidics o f  M olecular Cr>'slals G raem e M. Day
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B’ represent identical structures. Therefore, the final structure is independent of the direction o f the step 

away from the point A.

In some cases, the linear search had to be performed along a negative eigenvalue in the totally 

symmetric (A,) representation of the space group. In these cases, the procedure was the same, but the full 

symmetry o f the original space group was retained.

Figure 10-3. Eigenvector searching away from unstable stationary points.
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The Hessian matrix used for the eigenvalue analysis is only approximate. The analytic second 

derivatives with respect to molecular translation, orientation, and strain are calculated within DMAREL at 

the beginning o f  the energy minimisation. However, the mixed second derivatives (i.e. translation-strain, 

translation-orientation, and orientation-strain) are not calculated analytically, but are built up from the 

updating schem e within the Newton-Raphson search. Hence, the eigenvalues (and eigenvectors) are only 

approximate. However, the stability o f  the lowest energy structures is more rigorously tested after the 

computation o f  elastic constants and (k = 0) phonon frequencies, for which all o f  the second derivatives are 

calculated numerically. The mechanical stability o f  the lattice structure can be evaluated from the complete 

elastic stiffness matrix. Bornt*®-*®! gives a positive definite elastic constant tensor as the criterion for 

mechanical stability o f  a crystal. Any negative frequency in the phonon spectrum demonstrates a 

dynamical instability. Either o f  these types o f  instability can be relieved by moving the structure away 

from the stationary point and restarting the energy minimisation.

With the exception o f  the work o f  Mooij, van Eijck, and K r o o n , *’*̂ 1 the issue o f  instabilities in 

polymorphs generated in crystal structure searches is often ignored. We feel that these structures should be
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relaxed to a lower symmetry (and therefore lower energy), as the resulting structure may be considered as a 

candidate for the observed structure.

Figure 10-4a. All MOLPAK/DMAREL relaxed structures and final space groups.
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Figure 10-4b. Lowest energy MOLPAK/DMAREL structures.
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The relaxed structures are plotted by volume and lattice energy in Figure 10-4a. During the energy 

minimisation in DMAREL, almost all of the MOLPAK structures increased in volume, indicating that the 

hard-sphere interactions used in the packing search underestimate, on average, the repulsion between 

molecules. The lattice energies range from -60 to -139 kJ/moI and the volumes range from 184 to 249 

AVmolecule, corresponding to a density range of 1.02 to 1.38 g/cm \ While the scatter in Figure 10-4a is 

significant, the general trend shows a decrease in lattice energy with decreasing volume, due to the 

attractive dispersion energy increasing with density.

Table 10-2. Reduced unit cell dimensions of the lowest energy structures.

MOLPAK/DMAREL
structures

space
group a (A) b(A) c(A) P(deg) lattice energy 

(kJ/mol)
AI21, AI42, AK32, 

AM25, AM39 P2,/c 11.12 6.14 15.53 134.25 -138.96

AK33 P2,/c 6.14 7.09 18.15 92.60 -138.22

AM6 P2Jc 7.02 8.99 12.76 90.72 -137.80

AK37, AK48 P2,/c 9.23 8.38 14.91 138.33 -137.11

CB3, CBIO, CB25 Pbca 11.53 11.86 11.48 90 -136.83

AM20 P2\/c 6.75 12.38 10.67 116.00 -136.78

AK7 P2Jc 6.27 9.47 14.03 101.43 -136.20

AB14 + 18 other 
structures P\ 6.21 7.05 9.32

a  = 91.89 
P = 91.91 
7 = 97.71

-135.80

AK34, AK14 P2,/c 9.31 6.25 14.28 90.20 -135.52

AM29sg " P i ,Z ’= 2 6.22 11.37 11.48
a  = 84.75 
P = 84.73 
7 = 77.51

-135.17

FAIO f2 ,/c 6.18 18.96 8.83 127.67 -135.01

AI38, AM45 P2Jc 10.38 7.39 12.25 123.68 -134.71

AM I, AM2 P2Jc 6.38 12.11 12.173 119.68 -134.54

AI2, AK13, AK24 P2,/c 9.36 7.01 12.84 90.52 -134.53

expt (unrelaxed) P 2ja 7.70 11.61 9.34 95.03 -

expt+opt relaxed P2Ja 7.91 10.59 9.32 94.52 -131.22

Structures in bold are those kept after clustering o f  identical lattice energy minima.

' sg is added to the label to signify that the structure has been lowered to a subgroup o f  the original 

MOLPAK space group.

Only the lowest energy structures are likely to be observed experimentally. Gavezzotti and 

Filippinit*^-^^] found that the energy difference between polymorphs is less than 10% o f  the lattice energy 

in the majority (85% ) o f  cases. For this molecule, this corresponds to 13-14 kJ/mol. Within 14 kJ/mol o f
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the global minimum, there are 62 distinct crystal structures. However, due to time restraints imposed on 

the blind test, only a limited number of low energy structures could be examined in detail. Therefore, we 

focused attention on the structures in the lowest 5 kJ/mol (Figure 10-4b), into which 44 

MOLPAK/DMAREL structures relaxed. These structures were clustered by comparison o f their reduced 

cell parameters and packing motifs and we found 14 distinct crystal structures, whose reduced cell 

parameters and symmetries are listed in Table 10-2 and packings are described in Table 10-3.

Table 10-3. Packing motifs o f the lowest energy structures within 5 kJ/mol of the global minimum.

AI21 Columns of stacked dimers. The dimers are stacked along b with the rings formed by the 

hydrogen bonds almost perpendicular to this direction. The stacking direction alternates along 

the a and c axes with dimers offset by Via + 'Ac. Within the columns, the dimers are parallel, 

but are tilted by 65.5° (mean planes through the eight-membered rings formed by the hydrogen 

bonds) between the alternating stacks.

AK33 Packing of columns as in AI21 (with dimers are stacked along a). Here, the mean planes 

through the hydrogen bonding of the dimers are all parallel. However, viewed down the 

columns, alternating dimers are rotated 90° with respect to each other. AK33 has a higher 

volume than A121 because the columns do not interlock as well.

AM6 Quite similar to A121, but the dimers are much more tilted with respect to the direction of 

stacking. Between alternating stacks, the dimers are tilted by 30.4° with respect to each other.

AK37 Similar packing and lattice parameters to AI2I. In the stacking direction, the dimers approach 

more closely that in AI21, so there is a shortening of a. The main difference to the global 

minimum is that the angle between dimers in alternating stacks is greater (81°).

CB3 Efficiently interlocking dimers forming zigzag chains along the a screw axis. The pleated chains 

pack closely in both the b and c directions.

AM20 Similar to AK33, but a greater tilt of the H-bonded dimers relative to the stacking direction.

AK7 Again, similar to AK33 and AM20, but less efficient packing of the stacks, especially along c.

AB14 All of the dimers are oriented in the same direction with the hydrogen bonding rings 

approximately perpendicular to [Oil]. The closest packing of dimers is in the b direction.

AK34 Stacking o f dimers along the b screw axis. All stacks are identical, repeating every half unit cell 

in the a and c directions.

AM29sg P I , Z ’=2. Close interlocking of dimers along a. These dimers are offset half a unit cell along b.

FAIO A very similar structure to AK33, but less efficient packing along c because of a slight tilt o f the 

dimers. Possibly a low energy transition to AK33.

A138 Very similar to AM20, but slightly more densely packed.

AMI Similar packing to AK33, but the dimers in alternating ‘stacks’ are tilted by about 30° with 

respect to each other.

A12 A slightly distorted version of AM6.
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It is worth noticing that one of these low energy structures (AM29sg) was initially generated by 

MOLPAK in P2\!c symmetry, but had to be relaxed to P \{ T  = 2) to relieve mechanical and dynamical 

instabilities. Had we not calculated the eigenvalues of the Hessian matrix and the initial symmetry been 

relaxed, we would not have found this potentially important polymorph.

While the volumes differ by up to 21 AVmolecule in these fourteen structures (190 to 211 AVmolecule), 

the packing motifs (Table 10-3) are all quite similar. In terms o f hydrogen bonding, all o f these lowest 

energy structures form dimers with two C=0 H-N hydrogen bonds between each pair o f molecules (Figure 

10-5), related by a centre of inversion. Furthermore, the dimer geometry is almost identical in all o f these 

structures. The hydrogen bonds range from 1.654 to 1.705 A and the C=0 H angles are all approximately 

the same (109-114°). There are no strong, directional interactions that determine the relative orientations 

of the dimers in the crystal. Besides the two free carbonyl oxygen atoms, most of the inter-dimer contacts 

are o f the weak hydrocarbon-hydrocarbon type with little electrostatic component. The structures and 

lattice energies of these structures are, therefore, sensitive to the empirical potential parameters describing 

C-H H-C contacts.

Figure 10-5. Dimer geometry common to all 14 lowest energy crystal structures.

While the structures have similar total lattice energies, these result from different balances of the 

repulsion-dispersion and electrostatic interaction energies. The electrostatic contributions to the lattice 

energy dominate the dispersion interactions for all of these structures (Table 10-4), but the variation in 

electrostatic energy is somewhat limited because the major electrostatic interaction within dimers is 

common to all fourteen structures. The optimal alignment of the dimers for best electrostatic interactions is 

balanced with dense packing to maximise the dispersion energy. For example, AK33 has better 

electrostatic interactions than the global minimum, but this is at the expense of dense packing and 

dispersion energy. The third lowest energy structure, AM6, has even better electrostatic interactions, but is 

less dense still. Since the lattice energies are all very close, additional crystal properties were calculated to 

further distinguish the hypothetical structures.
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Table 10-4. Energies o f the fourteen crystal structures within 5 kJ/mol of the global minimum.

structure
repulsion-dispersion 

energy (kJ/mol)
electrostatic energy 

(kJ/mol)
total lattice energy 

(kJ/mol)

AI21 -42.14 -96.82 -138.96

AK33 -33.50 -104.71 -138.22

AM6 -29.46 -108.33 -137.80

AK37 -38.39 -9 8 J2 -137.11

CB3 -34.02 -102.81 -136.83

AM20 -28.91 -107.87 -136.78

AK7 -30.16 -106.04 -136.20

ABI4 -28.79 -107.02 -135.80

AK34 -27.88 -107.63 -135.52

AM29sg -39.39 -95.78 -135.17

FAIO -28.11 -106.90 -135.01

AI38 -37.14 -97.57 -134.71

AMI -29.25 -105.29 -134.54

A12 -21.81 -112.72 -134.53

10.3.4 Elastic constant calculations

The elastic constants were used during the energy minimisations to highlight mechanically unstable 

crystals. While the remaining structures all satisfy the Born stability criteria, weak stiffness towards 

homogeneous deformations of the lattice {i.e. deformations that do not destroy the translational symmetry) 

may indicate that certain structures are unlikely to form single crystals of high enough quality to be chosen 

for structure determination. Very soft crystals may even be too mechanically unstable to be grown at all, 

except under the gentlest growth conditions. Our calculated elastic constants are strictly at T = OK and 

elastic constants are known to have an appreciable temperature dependence (Chapter 5). It is, therefore, 

possible that some of the weakest crystals are actually unstable at temperatures of interest. However, the 

computation of temperature dependent elastic constants is too computationally demanding to be applied to 

the large numbers of hypothetical structures considered in crystal structure prediction.

Elastic constant calculations have been used previously to propose that one low energy structure found 

in a systematic search for polymorphs of paracetamol is unlikelyl*®-*'^! and to rule out four of the low 

energy packings of p y r i d i n e . I H o w e v e r ,  from experience, the elastic constants do not differ greatly 

between structures o f similar density with the same hydrogen bonding motifs.
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Table 10-5. Elastic stiffness constants o f  the fourteen low est energy polymorphs.

structure
lowest

eigenvalue
(GPa)

elastic stiffness constants/GPa

c „ C22 C33 C44 C55 Cô6 C,2 C|3 C23 C.5 C25 C35 C46

A121 8.57 14.2 18.7 30.0 11.4 14.6 9.5 9.5 1 14.7 8.7 1.9 -0.2 4.1 1.7

AK33 1.82 21.5 15.2 13.2 10.6 6.5 2.0 2.1 I 4.3 7.7 1.2 -0.2 0.2 I I

AM 6 6.94 24.5 14.6 26.2 8.2 5.0 11.1 12.4 1 1.1 5.1 -0.8 0.1 -1.0 -2.3

AK37 6.67 20.5 16.5 33.3 12.6 6.7 9.0 7.1 1 7.0 15.1 1.3 -0.1 0.6 -1.8

CB3 4.97 30.0 15.2 19.8 6.8 5.0 5.4 3.2 1 8.9 6.6 - - - -

AM20 5.52 9.9 28.8 12.8 9.0 6.8 5.5 0.6 1 5.7 6.9 -3.2 -2.3 -1.7 -0.1

AK7 3.77 20.2 15.4 26.7 8.4 1 5.0 5.3 6.7 i 6.0 12.8 1.4 -0.4 1.2 -2.7

AB14 0.98 29.0 18.4 12.3 3.4 9.0 4.5

C,2 = 3.8 C,3 = 9.0 C|4 -  -1.2 Ci5 — 0.8 Cj6 = 0.8

C23 = 5.0 C24 = -1.3 C25 = -1.3 C26 = 2.4 C34 = 0.8

C35 = 0.4 C36 =1.7 C45 = 0.3 C46 — *2.8 C56 = -1.9

AK34 1.84 13.7 19.1 24.6 2.1 4.6 5.2 6.0 1 10.0 5.4 0.5 -1.0 1 3.9 -0.9

AiVl29sg 2.20 17.0 26.9 23.6 5.6 6.9 3.6

C12- 7.4 I C13- 7.5 C |4 — 0.2 Cjj “  0.8 C)6 -  0.5

C23 = 3.3 1 C24 ~ 1-0 C25 = -4.2 C26 ~ -0.5 C34 = -0.1

1 C35 = 3.4 I C36 = 1.0 C45 = 0.9 C46 = -1.6 C56 =1.3

FAIO 2.19 18.6 12.7 11.8 2.2 10.5 8.1 8.0 10.9 3.2 -2.1 -0.3 -1.4 0.1

AI38 4.99 13.2 24.3 18.8 6.1 9.6 10.7 13.2 6.6 5.7 -5.4 -2.6 -1.7 -2.5

AMI 5.45 27.5 17.2 39.1 10.2 5.6 5.5 3.8 3.7 6.6 1.5 0.6 -2.4 0.04

AI2 2.14 17.7 27.3 24.7 4.1 8.1 7.3 7.7 7.7 2.1 1.7 3.3 2.3 3.2

expt+opt 3.12 22.7 24.0 15.1 3.1 10.5 12.2 11.6 10.3 3.0 0.7 0.5 -3.0 -0.2
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The lowest diagonal shear elastic constant (C„, / = 4,5,6) was used in the studies of paracetamol and 

pyridine, but this comparison is dependent on the chosen coordinate frame, so is not ideal for the 

comparison of polymorphs. Here, we make a more general comparison based on the lowest resistance to 

shear in any direction, calculated as the smallest eigenvalue of the lower right sub-matrix of the elastic 

stiffness constants (C,,, i,j = 4,5,6). In this way, any weak shear planes are highlighted. The lowest 

eigenvalues o f the shear sub-matrix of Q, are listed, with the entire sets o f elastic constants, in Table 10-5.

The crystal structure with the weakest diagonal shear stiffness constant is AK33 (Côô = 1.96 GPa). 

However, taking into account all possible directions of shear, AB14 is the weakest, with a stiffness of 0.98 

GPa approximately in the [403] plane. The lowest diagonal shear constant for AB14 is 3.4 GPa; the 

difference between this and the stiffness of 0.98 GPa highlights the importance of comparing structures in a 

manner that is independent of coordinate system. While the shear stiffness of AB14 is much lower than 

that o f the global minimum (8.57 GPa for A12I), it is not so low that we would consider discounting it, or 

any of the other structures, as too soft to be observed. A threshold for discarding hypothetical polymorphs 

has not yet been established. The known orthorhombic polymorph of paracetamol has one calculated 

diagonal shear elastic constant equal to 0.7 GPan014] (which, in this case, also corresponds to the lowest 

eigenvalue of the shear sub-matrix), yet it does crystallise as single crystals of good enough quality for 

structure determ ination .nO  I6] gy comparison, all of the structures here are quite stiff and cannot be 

discarded from mechanical stability considerations.

10.3.5 Attachment energy calculations

Crystal structure predictions are normally based on the lattice energy and, less commonly, free 

energies.t'^ '^1 However, observed crystal structures are not controlled solely by thermodynamic factors, 

but also by the kinetics of crystal growth. The growth of crystals can be simplistically viewed as having 

two stages - nucléation, the initial agglomeration of (often solvated) molecules, and the post-nucleation 

growth of a single crystal. A full understanding of the thermodynamics and kinetics of crystal nucléation is 

currently not tractable by computational methods, while the growth of crystal faces is better understood and 

more easily modelled.

As a rudimentary inclusion of kinetic effects into our analysis of the trial structures, we have estimated 

relative rates of crystal growth. For such comparisons, we borrow the assumptions used in growth 

morphology calculations regarding the rates of growth of crystal faces. In the well-tested attachment
L.'illico DyiKiiiiic.il SIndies o f 'M oltx iiI.ir  CiysKils Gi;\cino M. D;iy
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energy m odelj'^  '^ l the growth of a crystal face is taken to be proportional to the energy of attaching a 

pre-formed layer of the crystal to a certain face. For crystals of the same molecule, grown under identical 

conditions, we assume that the relative growth rates of different crystals can be compared in the same way.

Figure 10-6. Growth morphologies of the lowest energy hypothetical (and known) crystal structures.
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The attachment energy morphologies o f the fourteen lowest energy structures were calculated (Figure 

10-6). Because growth morphologies have been found to be fairly independent of the choice of 

intermolecular p o t e n t i a l , ! t h e  attachment energies were calculated with a simplified potential - 

replacing the DMA by electrostatic potential fit charges! on each atom. The visible faces o f the 

crystal are determined from the growth rate morphology calculations, which provide the attachment 

energies for each face. The attachment energies and percentage surface areas for the most important (those 

contributing > 10% to the total surface area) visible faces of each structure are listed in Table 10-6.

Table 10-6. Attachment energies for the lowest energy crystals.

Structure aspect
ratio

Attachment energies (kJ/mol) and areas (%) of faces 
that contribute greater than 10% of the total surface area

weighted “ 
Ea„ (kJ/mol)

relative
volume

A121 2.03
{1 0 -2} E,„ = -23.47 (36.4%) {10 0} Ê ,, = -24.70 (34.3%) 
{11-1} E„, = -41.71 (14.5%) {011} E,„ = -42.72 ( 11.0%) -31.90 1

AK33 2.27 {0 0 2} E„„ = -19.90 (36.7%) {011} Ea„ = -31.60 (32.3%) 
{10 0} Ea„ = -31.84 (22.1%) -30.11 0.84

AM6 1.75 {0 11} E«„ = -26.69 (47.0%) {10 2} Ê ,, = -22.78 (36.1%) 
{0 0 2} Ea„ = -30.05 (14.1%) -28.21 0.67

AK37 1.89 {1 0 -2} E„„ = -24.96 (31.6%) {011} Ê ,, = -36.00 (25.4%) 
{10 0} E„, = -34.45 ( 17.3%) {11-1} E,» = -37.18(17.2%) -35.42 1.14

CB3 1.34 {111} Ea„ =-33.07 (72.2%) -37.29 1.21

AM20 1.73 {0 11} E„„ = -22.99 (55.7%) {110} E„, = -34.88 (15.7%) 
{10 1} Ea„ = -30.20 (15.5%)

-29.41 0.68

AK7 1.60 {0 11} Ea„ = -26.30 (41.8%) {0 0 2} E.,,, = -26.94 (20.1%) 
{110} E„„ = -31.63 (17.1%) {10 0} Ea„ = -29.69 (16.2%) -30.90 0.76

AB14 2.44 {0 0 1} E„„ = -18.25 (39.9%) {10 0} Ea„ = -25.94 (30.9%) 
{0 1 0} Ea„ = -29.32 (20.6%) -26.13 0.61

AK34 2.27 {1 0 0} Ea„ = -17.64 (41.8%) {0 0 2} Ea„ = -25.00 (26.3%) 
{0 11} Ea„ = -33.60 (21.7%)

-26.12 0.60

AM29sg 2.07 {0 0 1} Ea„ = -20.53 (26.0%) {0 10} E,,, = -20.08 (27.1%) 
{10 1} Ea„ = -32.77 (12.1%) {0 1 -1} Ea„ = -23.86 (11.6%)

-27.09 0.57

FAIO 2.57 ft ' ') E,, = -29.45 (30.3%) -27.17 0.63

AI38 1.97 {1 0 0} E„„ = -23.26 (34.4%) {011} E,» = -36.30 (23.0%) 
{10-2} Ea„ = -32.70 ( 18.7%) {11-1} E,,, = -40.42 ( 10.4%)

-32.44 1.08

AMI 1.45 {0 11} Ea„ = -29.26 (44.1%) {110} Ea„ =-29.66 (31.1%) -33.02 0.89

A12 1.79 {10 0} Ea„ = -20.03 (34.1%) {011} Ê ,, = -28.57 (33.4%) 
{0 0 2} Ea„ = -25.38 (15.6%)

-27.34 0.56

expt+opt 2.80 {0 0 1} Ea„ = -18.73 (41.0%) {110} Ea„ = -38.04 (35.8%) 
{0 11} i „  = -31.52 (23.2%)

-31.03 1.03

 ̂ attachment energy for each face weighted by its percentage contribution to the total surface area 

 ̂ relative to the morphological volum e o f  the crystal at the global minimum in lattice energy

Lattice Dyitainical Stm iics o f  M olecular C rystals
w ith A pplication  to  Polyittorphisnt anil S tn ic tn re  Prediction

G raenie M. Day
200.1



Chapter 10. A Blind Test o f Crystal Structure Prediction_________________________________________272

If  more than one of these crystals were to grow past the nucléation stage in the same vessel, the crystal 

with the fastest growth rate would grow the largest and, because molecules preferentially attach to the 

surfaces of that crystal, the size of the slower growing crystals would be limited. We therefore expect that 

the structures with the fastest growing faces (highest attachment energies) are most likely to be observed. 

Studies of the known and hypothetical polymorphs of paracetam ol^O  l^] g^d pyridinel^^-^^l found that the 

observed polymorphs have significantly larger attachment energies to the dominant faces than the other 

hypothetical low energy polymorphs. While we recognise the possible serendipity of these results, it seems 

to be a promising method for distinguishing between trial structures.

The low energy crystal structures have been compared by the attachment energy to their dominant face, 

which are highlighted in Table 10-6. For a better comparison between crystals with more than one 

morphologically important face, such as FAIO, a more rigorous comparison, taking into account the growth 

rates to all visible faces, is more appropriate. At the time of the blind test, we took the different faces into 

account by weighting the attachment energies for each visible face by its percentage surface area. 

However, the physical meaning of this value is unclear and, since the blind test was complete, a program 

was written to calculate the relative volumes of the attachment energy morphology (details in Appendix B). 

These volumes are a measure of the total growth rate per unit time and are compared to give relative total 

growth rates of all of the low energy structures. The orthorhombic structure, CB3, ranks highest by 

comparison of its dominant face, weighted attachment energy and volume (Table 10-6). The attachment 

energy calculations predict that there is a factor of 2 difference in growth rates between the slowest (A12 

and AM29sg) and fastest (CB3 and AK37) growing crystals. As a comparison, the structures that were 

eliminated on kinetic grounds in the paracetamol search had attachment energies to their dominant faces a 

factor of five smaller than the observed structures, while, for pyridine, the difference was a factor of 2'/2 - 3.

10.3.6 Vibrational energy calculations

Zone centre phonon frequencies were calculated to estimate vibrational contributions to the lattice 

energy. From the k = 0 frequencies, the zero-point energies and vibrational contributions to the free energy 

of the crystals were estimated from the Debye-Einstein approximation (Chapter 4). These relatively 

inexpensive calculations provide a means for quickly screening many crystal structures for significant 

differences in vibrational energy.

L.Tllicc Dyn;iinic:il Sluclics o l'M olccu lu r C iysla ls  Gr.'icmc M. D;iy
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Table 10-7. Summary o f hypothetical and observed crystal structures and properties.

space
group

volume
(AVmolec.)

Elan
(kJ/mol)

ZPE
(kJ/mol)

Elan + ZPE 
(kJ/mol)

Fvib (298K) 
(kJ/mol)

A (298K) 
(kJ/mol)

morphology
volume

Ejtt to dominant 
face (kJ/mol)

aspect
ratio

C = O H - N
(A. “)

AI2I P2 ./C 189.91 -138.96 3.14 -135.82 -14.76 -153.72 1 -23.47 2.03 1.703 (113°)

AK33 P2Jc 197.53 -138.22 3.08 -135.14 -15.60 -153.82 0.84 -19.90 2.27 1.672(111°)

AM6 P2,!c 201.03 -137.80 3.41 -134.39 -13.17 -150.97 0.67 -26.69 1.75 1.686(115°)

AK37 P2,/c 191.73 -137.11 3.41 -133.70 -13.08 -150.19 1.14 -24.96 1.89 1.697(112°)

CB3 Pbca 196.16 -136.83 3.18 -133.65 -14.59 -151.42 1.21 -33.07 1.34 1.654(113°)

AM20 P2Jc 200.40 -136.78 3.38 -133.40 -13.86 -150.64 0.68 -22.99 1.73 1.669(114°)

AK7 P2,/c 204.33 -136.20 3.19 -133.01 -14.71 -150.91 0.76 -26.30 1.60 1.705 (109°)

AB14 P\ 202.23 -135.80 3.19 -132.61 -15.00 -150.80 0.61 -18.25 2.44 1.669(110°)

AK34 P2,/c 207.66 -135.52 2.98 -132.54 -16.15 -151.67 0.60 -17.64 2.27 1.680(109°)

AM29sg P \ ,T = 2 197.06 -135.17 3.16 -132.01 -14.69 -149.86 0.57 -20.53 2.07 1.665(112°)
1.699(113°)

FAIO P2Jc 204.66 -135.01 3.04 -131.97 -16.51 -151.52 0.63 -17.04 2.57 1.667(110°)

AI38 P2,/c 195.46 -134.71 3.31 -131.40 -14.05 -148.76 1.08 -23.26 1.97 1.688(114°)

AMI P2,/c 204.34 -134.54 3.36 -131.18 -13.59 -148.13 0.89 -29.26 1.45 1.675(111°)

AI2 P2,/c 210.71 -134.53 3.28 -131.25 -14.41 -148.94 0.56 -20.03 1.79 1.657(112°)

expt+opt P2,!a 194.58 -131.22 2.60 -128.62 -16.78 -148.00 1.03 -18.73 2.80 1.999(123°)
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The zero-point contributions (Table 10-7) to the total energy o f  the crystal are small compared to the 

static lattice energy and the range is very small, from 2.98 to 3.41 kJ/mol. Except for the A M 1/AI2 pair, 

the differences between zero-point energies are smaller than the static lattice energy differences. Hence, 

the energetic ordering o f  these low energy crystals is almost unchanged. The free energy calculations were 

not implemented in our software until after the blind test deadline, but w e can now look back and find that 

the estimated 298K  free energy shuffles the energetic ordering significantly. AI21 and AK33 are still the 

most favoured structures and the gap between them and the rest o f  the hypothetical crystals is enhanced by 

the temperature effects.

10.3.7 Submitted crystal structures

The rules o f  the blind test allowed three guesses at the crystal structure. Based on the calculations in 

Section 10.3, on March 23, 2001 w e chose our three guesses for the crystal structure as follow s. The global 

minimum in lattice energy, A121, was submitted as our first guess because it is energetically favoured and 

none o f  the calculated crystal properties suggest that it would not be crystallised. The second lowest 

energy structure, AK33, has a distinct structure to A121, so was submitted as our second guess. The free 

energy calculations performed after the blind test rank AK33 as first at 298K. The structures ranked 3"̂  and 

4''' (A M 6 and AK 37) in lattice energy have similar packing motifs to the global minimum, so were not 

submitted among our guesses. To cover more types o f  low energy packing, we submitted a structure with a 

different type o f  packing to the first two guesses. Structure CB3 has a different symmetry and different 

packing o f  the dimers. Its lattice energy ranks the structure 5"’ and the calculated attachment energies 

suggest that this orthorhombic structure may be preferred to the other low energy structures in terms o f  

growth rate. We were asked to indicate our level o f  confidence in the guesses. Because o f  the density o f  

low  energy structures within a small energy window, we indicated that w e had a low level o f  confidence in 

being able to predict the crystal structure.

10.4 Powder pattern analysis

On March 29, 2001, a simulated powder pattern (Figure 10-7) was made available to allow a second  

round o f  guesses at the crystal structure. This part o f  the blind test was introduced because it represents 

one common application o f  crystal structure prediction - where single crystals are not available for structure 

determination, predicted structures can help identify a structure from powder data. In fact, the structure o f

Lattice Dyitainical S tudies o f  M olecular C rysta ls G racine M. Day
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a third polymorph o f  paracetamol has recently been proposed by comparison o f  an X-ray powder pattern 

with our low energy predicted s t r u c t u r e s . ! T h e  pattern was simulated for CuKa wavelength (k  = 

1.54056A) X-ray scattering from capillary samples. Artificial noise was added to hinder complete 

structural refinement from the data. The powder pattern was only intended to help improve our guesses 

based on structures already generated in the search procedure, so we did not attempt a full Rietveld 

refinement.

We used the pattern in two ways to guide our search for the true structure. First, we indexed the pattern 

to find likely unit cell dimensions. As part o f  the indexing, systematic absences are calculated, which 

should point to the space group symmetry o f  the experimental structure. We used the program 

CRYSFIRE!*®-^^! to automate the powder indexing process. CRYSFIRE links several indexing programs 

together and helps find likely unit cells to match a given experimental powder pattern. For unit cell 

indexing, the peak positions must be very accurate - the tolerance is normally up to 0.03° in 2 0 .!’^-22] 

Because o f the necessary accuracy in peak positions, the data around each peak in the pattern was fit to a 

four-parameter Lorentzian function, which approximates the peak shape quite well. Where it appears that 

the data has overlapping intensity peaks, two Lorentzians were fit to attempt the resolution o f  both. The 

peak positions were found at the positions listed in Table 10-8.

Figure 10-7. Simulated powder pattern o f the observed crystal structure.
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drift correction was used because this is simulated data, so should give peak positions as if from a perfectly 

calibrated instrument. Furthermore, the calculated i/-spacings for the T* and 2"  ̂ peaks are very close to 

double those of the 6*’’ and 15*'’ reflections, suggesting that they are related reflections in the same family of 

Miller planes, and that no correction was needed. The three solutions with the highest merit and matching 

all reflections are shown in Table 10-9. Solution 1 was suggested a total o f five times by three o f the 

indexing programs (ITO,nO-23] KOHL,nO-24] ^ îd DICVOLt*^-^^!), while solution 2 was only suggested 

once ( L Z O N n O - 2 6 ] ^  and solution 3 was suggested by two indexing programs ( D I C V O L t * ® - 2 5 ]  g^d 

TREORn^-22]) Many other possible unit cells were suggested by the indexing programs, demonstrating 

how the positions o f reflections can be generated by a wide variety of cells.

Table 10-8. Peak positions in the simulated powder pattern of the observed crystal structure.

20 Comments

9.48(1)° Intense and sharp

14.22(5)° Very intense, sharp

16.53(9)° Peak 3 appears as a shoulder on peak 4, so the peak at 16.69° was fit to a Lorentzian, which 

was then subtracted from the entire doublet, leaving the intensity of the weaker reflection at 

16.54°.
16.69(0)°

17.69(4)° Highest intensity reflection.

19.06(4)° Second highest intensity.

20.83(6)° Weak-medium, but sharp.

22.95(6)°
Doublet, possibly obscuring a third peak.

23.14(6)°

24.68(5)° Quite intense. Possibly lower intensity peak hidden.

25.72(9)° Weak and broad. Not a good fit.

26.95(8)° The tail at higher 20 overlaps with the smaller peak at 27.24°.

27.24(9)° Overlaps with 26.95 at lower 20. Possibly a third peak hidden here.

27.76(2) Weak, but sharp.

28.76(0)° Intense, but broadened at high 20 tail, possibly due to weak hidden peaks.

29.10(5)° Mostly obscured by strong peak at 28.76°, so possible error in peak centre position here.

29.62(1)° Strong and possibly hiding a weaker reflection at higher 20.

30.01(7)° Weak and broadened, possibly from overlapping reflections.

30.94(2) ° Medium intensity

31.28(4)° Strong

31.75(5)° Weak, broad and very noisy. Difficult to fit good peak centre.
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The program CHEKCELLt^^-^^1 was then used to find the symmetries of the likely solutions from their 

systematic absences. Solutions 1 and 3 were found to be most likely P2j/c, while 2 could be either P\ or 

P \ . The volumes suggested by solutions 1 and 3 match up well with our low energy structures. Solution 

two could only be triclinic with Z’ = 2, so could only be found in our search if structures with Z = 4 lost 

some symmetry, as with AM29sg. Solution 1 suggests that, of our low energy structures, AM6 and AI2 

could be close to the experimental structure. The cell dimensions from Solution 3 give a reasonable match 

with AI38.

Table 10-9. Most likely cells from powder pattern indexing.

solution merit symmetry volume a b c a P Y

1 19.2
primitive,

monoclinic
756.61 9.326 10.587 7.693 90 95.07 90

2 18.8
primitive,

triclinic
864.52 9.472 12.790 7.452 102.88 100.02 83.85

3 18.7
primitive,

monoclinic
759.89 11.576 10.6 7.705 90 126.52 90

The powder patterns of the fourteen low energy structures were simulated within Cerius2n^-^^1 for X =

1.54056Â X-ray scattering. While the positions of the reflections are dictated by the unit cell dimensions, 

the intensities are determined by the arrangement of the atoms in the lattice. Of the three low energy 

structures suggested as being close based on the powder indexing, the intensities are only similar in the 

simulated pattern of A138 (Figure 10-8a). While the A138 simulated powder pattern is not a perfect match 

to experiment, the similar cell dimensions, symmetry and intensities suggest that it could be a close 

approximation within the errors of thermal expansion of the cell and small molecular rotations.

A search through the higher energy MOLPAK/DMAREL structures (Table 10-10) for cell dimensions 

that match these indexed cells suggested some alternatives. Five of these are somewhat close to the cell 

given in solution 1, while A16 is close to solution 2. The structures lacking hydrogen bonding are unlikely 

to occur because, where strong hydrogen bond donors and acceptors are present, hydrogen bonds are 

almost always present in the crystal. Powder patterns were simulated for these structures and the only 

pattern that has intensities reasonably close to the experimental pattern was FC45. The others lack some of 

the reflections observed in the experimental pattern. The simulated pattern for FC45 (Figure IO-8b) has 

more strong reflections that the experimental pattern, but small changes in the cell dimensions, as are
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Chapter 10. A Blind Test of Crystal Structure Prediction 278

expected from thermal expansion, results in many o f  these overlapping, as is suspected in the experimental 

pattern.

Figure 10-8a. Simulated powder pattern o f  A138, created using C e r i u s 2 . [ * 0 .28 ]
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indexed cells, their simulated powder patterns have some of the same features as experiment, which could 

match within small molecular rotations and changes in cell dimensions.

Table 10-10. Hypothetical crystal structures with powder patterns similar to the observed structure.

Structure volume
(A')

space
group

^latt
(kJ/mol)

a
(A)

b
(A)

c
(A)

P
(deg.)

hydrogen 
bonding motif

FC45 780.48 ?2,/c -132.89 8.716 7.377 12.162 86.508 dimers

A130 771.45 P l jc -112.78 10.596 9.932 7.344 93.423 no H-bonding

AI6 767.06 p y c -112.12 11.823 6.249 12.084 120.773 catemer

AKIO 775.85 f2 ,/c -109.44 10.104 6.340 12.156 94.932 dimers

AK41 770.01 P2,tc -107.36 11.060 6.742 10.361 94.709 no H-bonding

AK23 771.06 P2Jc -101.44 8.330 6.995 13.277 85.260 no H-bonding

At this point, we had a very low confidence in our predicted structures because of the comparison to 

results from the second blind test molecule. The global minimum found with the MOLPAK/DMAREL 

search for molecule 2 gave an almost identical powder pattern to that simulated from the observed 

structure,[*^-^l so the match between our the simulated powder patterns for the predicted and observed 

structure's o f molecule 1 seem poor.

10.5 Experimental structure & post-analysis

The experimental crystal structure was made available on April 12, 2001. The crystal is monoclinic, 

reported in the P2\!a space group s e t t i n g , ! a n d  matches solution 1 of the powder indexing (Table 

10-9). The lattice parameters are included in Table 10-2 for comparison with the fourteen lowest energy 

structures found in the search. While the volume of the experimental cell is very close to that o f the global 

minimum, the individual cell parameters differ greatly. Furthermore, the arrangement o f the molecules 

differs from all o f the lowest energy structures in that the hydrogen bonding forms catemers, not dimers. 

The hydrogen-bonding in the experimental structure is in zigzag chains oriented in the a direction. From 

the arrangement of hydrogen bonds, we do not need any further analysis to see that none of the predicted 

structures were close enough to be judged as a successful prediction.

Because of the failure of our prediction, the analysis of why we have been unsuccessful is important for 

the understanding of what controls crystal formation and, as importantly, the development of methods for 

future structure prediction and analysis.
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10.5.1 Molecular structure

The bondlengths and some important angles of the experimental and ab initio molecular structures are 

compared in Table 10-11. O f the bonds between heavy atoms, the maximum deviation between theory and 

experiment is 0.01 A. The C-H and N-H bondlengths agree less well, but the X-ray determined hydrogen 

positions are not expected to be accurate. The shorter bondlengths to hydrogen atoms in the experimental 

structure are expected because of the shift o f most of the electron density away from the hydrogen nucleus 

to the region of covalent bonding. Bond angles also compare quite well, but some angles differ by up to 4- 

5 degrees, which could affect the details o f some intermolecular contacts.

Table 10-11. Observed and ab initio bondlengths and angles. Atom numbering as in Figure 10-1.

bond length/angle ab initio (A, °) experimental (A, ‘*)[ 10.29]

C=0 1.225 1.22

C-N 1.397 1.384

C5-C4 1.514 1.503

C2-C3 1.527 1.515

C4-C6 1.54 1.54

C7-C8 1.53 1.52

N-Hp 1.01 0.873

C3-H4 1.09 1.00

C2-H2 1.09 1.01/0.93

C6-H19 1.09 0.993

C6-H8 1.09 0.957/1.036

C7-H9 1.09 0.987

C7-H20 1.09 0.952

C1-C2-C8 110 110

C2-C8-C7 112 108

N-C=0 121 119

N-C-C 115 117

C-N-Hp 116 117

C-N-C 128 126

H-C3-H 107 106

H-C2-C1 III 105

H19-C7-H20 106 106

C6-C7-C8 112 113

H8-C6-HI9 107 110

C4-C6-C7 112 113

Liillice Dynnmic;il S tudies oCM olccidtir Cry'Slals
willi A jip lication  to P olym oipliism  and Structure  Piediction

G raem e M. Day
2003



Chapter 10. A Blind Test of Crystal Structure Prediction 281

The effect o f such small changes in molecular structure on lattice energy calculations has been studied 

for paracetamol,[ ̂  where deviations of a few kJ/mol and a few percent in lattice parameters resulted

from small changes in the molecular structure. To compare the effect of the small differences in molecular 

structure on the modelling of the crystal structure of the blind test molecule, three energy minimisations 

were carried out. Starting with the experimental crystal structure, the energy was minimised with respect to 

all rigid body degrees o f freedom and changes in unit cell parameters. First, we relaxed the crystal with the 

unchanged experimental molecular structure (expt+expt), using the same model potential as in the structure 

prediction. As we expect that N-H and C-H bondlengths are in error, we also relaxed the crystal with these 

bondlengths standardised to average values (expt+stand).no.31] ^  new DMA had to be calculated to define 

the electrostatic interactions in both cases. Finally, for true comparison with the structures found in our 

search, ignoring effects o f small details of the molecular geometry, we pasted the ab initio molecular 

structure into the experimental crystal. To reproduce the molecular placement and orientation as well as 

possible, the centre o f mass was matched with the experimental molecule and the local axes (defined by 

C l, C2, N I) were aligned. This crystal was then relaxed on the potential energy surface and is referred to 

as expt+opt.

Table 10-12. Relaxed experimental crystal structures.

Structure volume
(A')

a (A) b (A) c(A) P (deg.)
RMS
error

d(H 0 ) 
(A)

^latt
(kJ/mol)

obs.f«0-29] 760.15 7.705 10.606 9.338 95.033 - 2.107 -

expt+expt 733.76 7.770
r+0.g5%i)

10.367
r-225%;

9.146
(:2069^

95.201
r + A /g ^ 1.83% 2.061 -138.28

expt+stand 759.94 7.913
r+270% ;

10.478 9.207
(-1.40%)

95.418
(+0.41%) 1.89% 2.009 -135.20

expt+opt 778.30
r+2.3V9^

7.914
r+ 27 /% ;

10.590 9.315 94.522 1.57% 1.999 -131.22

These three minimised crystal structures are compared in Table 10-12. Before standardising 

bondlengths to hydrogen atoms, the cell parameters were reproduced quite well, with an RMS error in cell 

lengths of 1.83% and a slight (3.47%) decrease in volume. The greatest change in cell parameters is in the 

c direction, which is dominated by CH? HiC interactions between the methylene groups at the end of the 

Cô rings. With the N-H and C-H bondlengths standardised, the deviations away from the experimental 

structure are quite different, but with about the same RMS change in cell lengths (1.89%). The cell volume 

is reproduced very well with this molecular model, contracting by only 0.40%. The changes in the b and c
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cell lengths are about half those in expt+expt and the (3 angle is reproduced almost equally well. Most of 

the error in expt+stand is in the expansion along a, which is considerably worse than in expt+expt.

Using the ab initio molecular structure (expt+opt), the crystal expands by 2.39%, as opposed to the 

contraction o f  expt+expt and the minimal volume change of expt+stand. The RMS error in cell dimensions 

(1.57%) is better than in either minimisation with the experimental molecular structure. As with 

expt+stand, the largest change is in the a direction, along the hydrogen bond chains. The experimental 

molecular structure has a slight pyramidal distortion around the nitrogen atom, which is not reproduced in 

the ab initio structure. This could explain some of the error in the length of a.

The energy o f the expt+opt model is approximately 3 kJ/mol above the window of low energy structures 

that we examined closely. The 7.74 kJ/mol (5.6%) difference in lattice energy between the global 

minimum of the search and the relaxed experimental structure is within the range of energy differences 

between known polymorphs that was found by Gavezzotti and Filippinin013] ^ large sample of 

molecular organic crystals. However, the calculated lattice energy is very sensitive to the assumed 

molecular structure (Table 10-12). The small changes between expt+stand and expt+opt result in a 4 

kJ/mol difference in energy. Consequently, there is a large uncertainty in the relative energies of the 

hypothetical and observed structures.

Plotting the volume and lattice energy of expt+opt along with the MOLPAK/DMAREL generated 

structures shows a somewhat surprising result (Figure 10-9a) - the search procedure did not generate this 

structure. This means that, had we the means to judge the likelihood of observing all of the low energy 

structures, we still could not have predicted this crystal structure using the present search method.

To help understand the failure of the search, all P2^/c MOLPAK/DMAREL generated trial structures 

were analysed in terms of their hydrogen-bonding motifs. From the 247 initially generated P2\!c 

structures, approximately 100 distinct minima were found. Of these, only 20 were catemer structures, 

demonstrating a bias towards dimer motifs in the packing search. Whether this bias has a physical basis or 

highlights a problem with the search method is difficult to determine. The experimental structure is 

significantly denser and lower in energy than all of the MOLPAK/DMAREL catemers (Figure 10-9b), 

which suggests that the MOLPAK packing search encountered problems in packing catemer structures with 

the required efficiency.
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Figure 10-9a. MOLPAK/DMAREL and experimental structures. The open square is expt+opt, the open 
triangle is expt+stand and the rest of the points are from the MOLPAK/DMAREL search.
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Properties o f expt+opt were calculated (Table 10-7) to see if they suggest a reason why this structure is 

formed in favour of the lower energy dimer structures. The hydrogen bonding appears to be less efficient 

in expt+opt, with N-H O lengths of 1.999Â compared to shorter than 1.7 A for most of the dimer 

structures. The elastic constants (Table 10-5) show no major difference (compared to the fourteen 

MOLPAK/DMAREL structures) that suggests why expt+opt is preferred. Similarly, the attachment 

energies to the morphologically important faces and the volume of the calculated morphology (Table 10-6) 

suggest that the growth rate is about the same as the global minimum. The vibrational contribution to the 

free energy at 298K is greater in the observed structure than any of the 14 low energy crystals and the 

predicted free energy is just under 6 kJ/mol higher than the global minimum.

10.5.2 Problems with the search method

As this blind crystal structure prediction has been unsuccessful, we hope to use the results to suggest 

changes in the procedure for future structure and polymorph prediction studies. The first problem that must 

be addressed is the initial search method. In this case, the experimental structure was not one of the 

hypothetical structures generated by the MOLPAK/DMAREL search procedure. These structures are 

mainly dependent on the MOLPAK crystal packing search, which failed to generate a monoclinic catemer 

structure that packs as densely as the experimental structure.

Figure 10-10. Mapping of lattice energy minima on two different energy surfaces.
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The crystal structures change dramatically when energy minimised. Furthermore, there are many local 

minima on the potential energy surface. The positions of molecules within the dense structures generated 

by the systematic packing method relies on the intermolecular potential to determine the close atom-atom 

contacts. When we take the trial structures from the crude potential energy surface used in the dense 

packing search (MOLPAK) and apply the accurate FES for energy minimisations (in DMAREL), the 

structures are far from the lattice energy minima and could move from one basin of attraction to another 

(Figure 10-10). Minima on the final lattice energy surface with narrow basins of attraction will be missed 

if there is not a minimum near that structure on the initial energy surface. The greater the differences 

between the two potential energy models, the more likely it is that relevant structures will be lost when 

intermolecular potential models are changed. To minimise this dependence requires a search method that 

produces trial structures that are close to actual minima on a realistic energy surface.

A problem with the MOLPAK search routine could, therefore, be that it models all intermolecular 

interactions by repulsion only. Such a potential poorly models some of the interactions between polar 

molecules, especially where hydrogen bonding is involved. The packing of polar groups is affected by 

strong attractive intermolecular interactions, which are, as yet, not modelled in the systematic search for 

trial structures.[*^-^l Such an extension could prove valuable. In addition, other methods of searching the 

crystal phase space could be useful in supplementing the systematic MOLPAK search. Such methods were 

summarised in Chapter 2.

10.5.3 Ranldng of the structures

Even if we had found the experimental structure as one of our hypothetical structures, there remains the 

problem that we would not have picked it out of the low energy structures based on lattice energy because 

there are quite a few structures with more favourable energies. The energetic basis of our predictions can 

be improved by inclusion of vibrational effects. While the zero-point vibrational energies o f all the low 

energy structures are very close and do not meaningfully affect the ordering of the low energy structures, 

differences in entropie contributions are more important and bring the observed structure closer to the 

lowest energy structures.

We have attempted to use further crystal properties to help guide our decisions of which structures are 

most likely to form. While properties such as clastic constants and surface attachment energies have helped
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with some prediction studies {e.g. paracetamoit*® *̂ ! and pyridinel*®-*^!), they have not helped with this 

particular search.

10.5.4 Other participants

Two of the participants in the blind test were judged to be successful for this molecule. Wijnand Mooij

used the Polymorph Predictort^^-^^1 Monte Carlo simulated annealing as an initial search method, then a 

crystal minimiserf specifically written to relax the structures using a multipole based electrostatic 

model and the Dreiding^®-^'*! exp-6 repulsion-dispersion model. The observed structure ranked second in 

his energy list. Frank Leusen also used the Polymorph Predictor search method and the generic CVFF6-12 

force-field. The observed structure ranked third in his list. The choice of force-field clearly has a great 

effect on structure prediction. Both Mooij and Leusen also allowed full molecular flexibility during the 

energy minimisation. Considering the sensitivity of the lattice energy to small changes in the molecular 

geometry, allowing molecular flexibility in the minimisation may have contributed to their success.

After the end of the blind test, all o f the other participants, except for Herman Ammon (who also used 

the MOLPAK search method), found the observed structure somewhere in their list of hypothetical 

structures, with a ranking from L* to 358''’. Bernd Schweizer did, in fact have the observed structure ranked 

first on lattice energy, but had not submitted this as a guess because he also based his predictions on a 

comparison to the known crystal packing of similar molecules. A group of five similar molecules with the 

C(,OiNH moiety were chosen for comparison and all of these pack with hydrogen bonded dimers. Thus, he 

discarded all catemer structures from his list of possibilities for the blind test molecule. It is interesting that 

Sarma and DesirajunO-35] performed a search for the same molecule, by comparison with known 

structures, but chose the HN(C0)2 moiety to find similar structures. They unbuilt the crystal structures of 

ten of the similar molecules, placed the blind test molecule in the crystal, and minimised the resulting 

crystals. These were then compared to Frank Leusen and Paul Verwer's lists o f structures! from their

Polymorph Predictor searches. From these comparisons, Sarma and Desiraju concluded that the blind test 

molecule would crystallise as a catemer and chose the correct structure from Leusen and Verwer's lists. 

Their method demonstrates the utility of the information available in the Cambridge Structural Database to 

guide a search towards certain packing motifs, but Schweizer's failure using similar logic is a warning to 

use care in choosing what constitutes a 'similar' molecule.
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10.6 Conclusions

Our participation in the 2001 blind test was a failure for molecule I (Figure 10-1). There are two 

reasons for this failure. Most importantly, the MOLPAK search method did not locate the observed close 

packed structure, so our list o f low energy hypothetical polymorphs did not include the real crystal. The 

MOLPAK search program should be improved to use more realistic intermolecular interactions than the 

repulsion-only model that is currently implemented. This is especially important for molecules with strong 

directional interactions such as hydrogen bonds.

However, even if  the observed structure had been found in the initial search, we would not have picked 

it out o f the low energy structures. Although the molecule is reasonably rigid, the sensitivity o f the 

calculated lattice energies to the molecular structure (Table 10-12) could have contributed significantly to 

the failure. Vibrational contributions to the free energy, calculated after the end of the blind test, were also 

important in reranking the low energy structures, with an entropy range from 95.2 to 106.8 J/mol K among 

the low energy structures. However, we need more than just to improve our energy calculations. Only one 

of the blind test participants found the observed structure as the global minimum in energy and everyone 

found a high density of plausible crystal structures within a very small energy window. Hence, other 

considerations are required to further crystal structure prediction methods. We have tried using the 

mechanical stability of structures (from calculated elastic stiffness constants) and estimated relative growth 

rates (from attachment energy calculations). The relative total growth rates (Table 10-6) rank the observed 

structure in the top few, but these calculations do not make the observed structure stand out from the rest. 

Why the molecule crystallises as a catemer when there are so many possible low energy dimer structures 

could be important in understanding the crystal structure of this molecule, but the explanation may be 

related to the structure of the solution and small crystal nuclei early in the crystallisation process. These 

aspects o f the modelling of crystallisation are obvious areas for theoretical and computational advances.
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11 A Search for the Known and 

Hypothetical Polymorphs ofp a r a -  

Dichlorobenzene

11.1 Introduction

To complete the study o f the chlorobenzene crystals (Chapters 7 and 8), we have performed a 

crystal structure prediction forp-dichlorobenzene. Because it is such an interesting system with three 

well characterised polymorphs, whose structures are sensitive to the intermolecular potential, there 

have been many computational studies of the crystal structures of /?-dichlorobenzene. These include 

two crystal structure predictions^*' *’̂ 1 Boese and co-workersl* *•*! performed a search using the 

p r o m e t !* 1-3,4] search method of applying translational symmetry to stable molecular clusters, 

employing Gavezzotti and Filippini's UNI model potential.!* *^»^] Their search only included 

centrosymmetric space groups and located the y and P polymorphs as 3̂ *̂ and 4"' in the harmonic 

(295K) free energy. The a  polymorph was not located in their search.! * 1*1

Whilst this work was being written up, van Eijck published two isotropic atom-atom model 

potentials specifically parameterised for the crystal structure prediction o f halogenated benzene 

molecules,!* *-̂ 1 one with the Lennard-Jones 12-6 form and one using the more accurate Buckingham 

exp-6 functional form. Both were combined with electrostatic potential derived (ESP) atomic point 

charges. He reported structural drift factors (equation 8.4, Chapter 8) for all but monochlorobenzene 

and the sum over the remaining twelve structures is ^ F  = 458 for the Lennard-Jones and =

513 using the exp-6 parameters.!* *^1 Though the model was parameterised specifically for this set of 

molecules, the results are, on average, no better than our results with the more general HW + ESP 

model and much worse than with our nearly non-empirical anisotropic model (Table 8-9b, Chapter 8). 

This is evidence that the accuracy limit has been reached for isotropic atom-atom models o f 

chlorobenzene intermolecular interactions. The UPACK random search for crystal structures was 

used to generate structures in the five space groups F I, FI , F2|, F2,/c, and F2,2 |2 |. The known 

structures were found with rankings 2 (P), 7 (y), and 8 (a) on lattice energy using the Lennard-Jones
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model potential and 1 (P), 3 (y), and 5 (a) with the exp-6 model. Using the latter model, the energy 

differences were 0.3 kJ/mol between each polymorph. 1*1-2] Results were mixed for the other 

chlorobenzenes; only one other observed structure (1,2,4,5-tetrachlorobenzene, rank = 1) was ranked 

in the top 3 (a successful prediction by the standards o f the CCDC blind tests), while the rest o f  the 

observed structures ranked between 9*'’ ( 1,2-dichlorobenzene) and 419*'' (pentachlorobenzene) on 

lattice energy. With two other predictions with which to compare our results, the /?-dichlorobenzene 

system is an ideal testing ground for our model potential, search method, and evaluation procedure.

11.2 Method

Table 11-1. Coordination groups searched in MOLPAK.

Space Group Crystal System Coordination Group(s) Total Trial 
Structures

p\ ,r= \ Triclinic AA (50) 50

p 1 , t =\ Triclinic AB (50), CA (50) 100

P T ,Z ’='/2
(centric)

Triclinic ABi (50) 50

F 2 ,,Z ’=1 Monoclinic AH (50), AF (50) 100

f2 ,/c , Z ’=l Monoclinic A1 (50), AK (50), AM (50), FA (50), FC (50) 250

P2,/c, Z ’='/2 
(centric) Monoclinic Ali (39), AMI (36), 75

Cc, Z ’=l Monoclinic DA (50) 50

C 2 ,Z ’=1 Monoclinic DB (50) 50

C ite, Z ’=l Monoclinic DC (50), DD (50), DE (50) 150

C2/C, Z ’='/2 
(centric) Monoclinic DCi (39) 39

Pm, Z ’='/2 
(mirror plane, a )

Monoclinic ACm (5 with a  1  to Cl-Cl, 5 with a  // Cl-Cl) 10

P ile  Z ’ = ’/2 
(centric) Monoclinic AJi(29) 29

P2|/m, Z’='/2 
(mirror plane, a, 

and centric)
Monoclinic

A0m(4 with a  JL to Cl-Cl, 3 with a  // Cl-Cl) 
ANm (4 with o  _L to Cl-Cl, 5 with a  // Cl-Cl) 

ANi(23 centric)
39

P2,2 |2 , Z’=l Orthorhombic AP (50), BA (50), BB (50) 150

P 2 ,2 ,2 ,,Z ’=1 Orthorhombic AQ (50), AZ (50) 100

Pca2\, Z’=l Orthorhombic AY (50), BH (50) 100

Pna2^ Z’=l Orthorhombic AV (50), BD (50), BF (50) 150

Pbcn, Z ’=l Orthorhombic CD (50), CE (50) 100

Pbca, Z ’=l Orthorhombic CC (50), CB (50) 100

Pbca, Z ’='/2 
(centric) Orthorhombic CC (50) 50

Pnin2\, Z ’='/2 
(mirror plane, a )

Orthorhombic BJm (5 with a  J .  to Cl-Cl, 5 with a  // Cl-Cl) 10

Pma2\, Z ’='/2 
(mirror plane, a )

Orthorhombic BKm (5 with a  J_ to Cl-Cl, 4 with a  // Cl-Cl) 9
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The details o f the crystal structure search method are unchanged from those used in the blind test 

(Chapter 10). The MP2/6-31G(c(/7) fully optimised gas phase molecular structure was used and 

all 29 o f MOLPAK's Z' = 1 coordination groups (Table 11-1) were searched for high density 

structures. The 50 densest results were then lattice energy minimised using the final model potential 

from Chapter 8 (Table 8-18). Coordination groups with Z' = Vz were also searched, with a 

crystallographic inversion centre (AB, AI, AM, DC, AJ, AN, CC) or mirror plane, a , (AC, AO, AN, 

BJ, BK) coinciding with the corresponding molecular symmetry element. In total, 1761 densely 

packed structures were relaxed using DMAREL (Table 11-1).

For the group of low energy structures that we chose to study in detail, the second derivatives of 

the lattice energy were evaluated numerically within DMAREL from the analytic gradients with 

respect to molecular translations, rotations, and bulk strains. From the second derivatives, elastic 

constants and phonon frequencies were calculated using the methods described in Chapter 4. 

Attachment energy calculations were calculated using the Cerius2 softwareHl-^] to evaluate the 

growth morphologies, from which we calculated relative volumes (using our software. Appendix 2) as 

a guide to the relative growth rates of the crystallites. The pcff-300-1.01 force fieldt^^-^î with 

equilibrium chargesH  ̂ 9] was used for the morphology calculations.

11.3 Results

11.3.1 Search results

All 1761 final energy minimised structures are in the range o f -74  to -59.5 kJ/mol in lattice 

energy and are close packed with 149.3 to 161.2 per molecule (Figure 11-1 a) - a density range of

1.514 to 1.635 g/cm \ There are many more structures within a small energy window than for any of 

the other searches (blind test, paracetamol, and pyridine) studied in this thesis. The lowest energy 

structures were clustered by their densities, lattice energies, and visual inspection o f their packing. 

The number of structures to examine in detail was limited to a very small range up to 2.5 kJ/mol 

above the global minimum; we found 13 distinct structures in this range (Figure 11-lb and Table 

11-2).

Three o f  the low energy structures are exact matches to the three known (a , P, and y) polymorphs 

and these rank 2'"’, 3"", and 4''' in lattice energy, respectively (Table I 1-2 and the red open circle, 

triangle, and square in Figure I l- lb ) .  The relative lattice energies o f  the known polym orphs were
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discussed in Chapter 8 - the expected order of the lattice energies is 7 < a  < p. Hence, at T = OK, the 

relative stability of 7 with respect to the other two is reversed in our calculations. The a  form is 0.44 

kJ/mol above the global minimum structure, FC26 (Table 11-2).

Figure II-la . Final MOLPAK/DMAREL crystal structures ofp-dichlorobenzene.

Volum e/m olccule (A’)

148 ISO 152 154 156 158 160 162

♦ PI

♦ P2I

■ P_l 

X P2I/C ■

+ C2/C •  Pm

-  P2/C ♦ P21/m ■
■ P212I2 A Pc

■ P212121 •  Pca21 ♦

0 Pna21 + Pbcn 0  X +  ■ X - 0

-  Pbca 4 Pm n21 X +

♦  Pma2l #  ♦

I
«♦

Figure 1 l-lb . Low energy crystal structures of/?-dichlorobenzene. a, 3, and 7 are the relaxed 
structures using the optimised molecular structure.
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■ P 2 I2 I2 A Pc
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♦  Pma21 0  ALPHA
A BETA OG A M M A
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J
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Boese et cr/Hi n  reported lattice constants o f their lowest energy structures in a search for p- 

dichlorobenzene crystal structures, but the only apparent overlap (besides the known forms, o f which 

they found p and y) is their 5''' ranked structure, which has similar lattice parameters to AMi7 and 

A M il8 in our low energy list, van Eijckl* did not report any details o f his low energy hypothetical 

forms.

Table 11-2. Reduced cell parameters of the 13 lowest energy MOLPAK/DMAREL structures.

structure space
group a /A b /A c /A p / ° Olatt

kJ/mol
Volume
AVmol.

a  *
E2,/c 

(Z’= '/2)
3.925

(3.971)
5.740

(5.622)
13.830

(13.540)
100.04
(98.57) -73.52

153.4
(149.5)

P"
P\

(Z’ = '/2)
3.882

(3.874)
5.873

(5.857)
6.830

(6.696)

a  = 86.7 (85.4) 
P = 80.9 (82.2) 
y = 88.9 (88.2)

-73.40
153.5

(150.0)

Y"
Plylc 

(Z’= %)
7.175

(7.034)
6.021

(6.189)
7.414

(7.388)
107.54

(111.13) -73.36
152.7

(150.0)

149.3FC26 
(+4 others) P2,!c 3.941 5.693 26.911 98.38 -73.96

A K il4 (a )  
(+11 others)

P2,!c 
(Z '= V2)

3.971 5.622 13.540 98.57 -73.52 149.4

ABil (P) 
(+59 others)

P\
(Z' = %)

3.874 5.857 6.695
a  = 85.43 
p = 82.15
Y = 88.)8

-73.40 150.0

AMI21 (y) 
(+26 others)

P2,/c
(Z '= '/ )̂

7.034 6.189 7.388 111.13 -73.36 150.0

AZ36 
(+32 others) P2,2,2, 3.950 5.698 26.890 90 -73.11 151.3

FC5 
(+9 others) P2,fc 5.859 3.914 26.387 90.54 -72.61 151.3

FA24 
(+22 others) P2,/c 3.898 27.298 5.703 92.08 -72.36 151.6

DC40 
(only once)

P\
(Z' = 2)

9.608 9.727 13.320
a =  101.58 
p = 97.72 
y = 90.92

-72.25 150.9

BB16 
(+75 others) P2,2,2 5.644 27.254 3.939 90 -72.08 151.5

AMi7 
(+26 others)

P2,/c 
(Z’ = V2) 6.175 3.941 12.482 93.61 -71.93 151.6

BH7 
(+36 others) Pca2\ 27.338 3.972 5.580 90 -71.89 151.5

AMI18 
(+9 others)

P2,lc
(Z'=K)

5.532 4.966 11.397 105.48 -71.72 150.9

FC14 
(+36 others) Pnma 17.924 9.021 3.776 90 -71.47 152.7

" Lattice parameters for the experimental (lOOK) and, in parentheses, the structure relaxed with the 

optim ised molecular structure. Lattice energies correspond to these relaxed structures.
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11.3.2 Elastic constants, morphologies and free energies

The results o f the vibrational energy, elastic constant, and morphology calculations are 

summarised in Table 11-3. There is a range of 0.75 - 3.36 GPa for the elastic stiffness in the weakest 

direction o f shear; FC14 (13*'’ in lattice energy) is the most deformable, the global minimum (FC26) is 

the stiffest, and the known polymorphs are in the middle o f this range. None o f the structures are so 

mechanically unstable that we would expect problems in their growth. The relative growth rates were 

calculated from the volumes of the attachment energy calculated morphology, taking the volume of 

the global minimum as the reference. The three known forms, and two o f the less stable hypothetical 

structures (AMi? and A M il8) all have estimated growth rates approximately double the rest, while the 

DC40 structure has a noticeably lower growth rate than the global minimum, and the rest are all 

approximately the same.

Table 11-3. Energies and properties of the low energy p-dichlorobenzene crystal structures.

Structure Space
Group

^latt
(kJ/mol)

Density
(g/cm^)

Free energy (300K),kJ/mol Smallest 
Eig. Cij" 

GPa

Relative
Morph.
Volumek = 0 only Z = 8 

supercell

FC26 P2,/c -73.96 1.635 -96.19 -93.57 3.36 1

A K il4 (a )
Pl^la 

(Z’= 'A)
-73.52 1.633 -93.89 -92.15 2.52 2.04

ABil (P) PI 
(Z' = 'A)

-73.40 1.628 -93.07 -92.53 1.77 1.71

AMi21 (y)
P2,!c 

(Z '= '/4) -73.36 1.627 -92.21 -91.80 2.92 2.10

AZ36 P2,2,2, -73.11 1.613 -95.88 -92.97 2.49 0.89

FC5 P2,!c -72.61 1.614 -95.29 -92.37 2.17 0.82

FA24 P2Jc -72.36 1.610 -95.70 -92.47 1.50 0.80

DC40 P\ 
(Z' = 2)

-72.25 1.617 -92.99 -91.84 1.44 0.58

BB16 P2{2{2 -72.08 1.611 -95.63 -92.30 1.05 0.88

Ami? P2,!c 
(Z ' = 16)

-71.93 1.610 -92.64 -91.00 1.64 1.77

BH7 Pca2i -71.89 1.612 -94.86 -91.88 1.69 1.03

A M il8 P2Jc
(Z'='A) -71.72 1.618 -90.26 -90.34 3.13 2.12

FC14 Pnma -71.47 1.599 -94.82 -92.05 0.75 1.14

® The smallest eigenvalue of the shear submatrix of C , j .

Harmonic vibrational contributions to the free energy of each of the 13 lowest energy structures 

were calculated using the methodology in Chapter 4. The free energies were calculated from the (T = 

OK) k = 0 frequencies in the Debye-Einstein approximation (Table 11-3). Errors associated with
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Debye-Einstein approximations to the quasi-harmonic free energy were examined in Section 6.4.1, 

Chapter 6, and were most important when comparing relative values for polymorphs with different 

numbers of molecules in the unit cell. In this case, there is a considerable diversity in the shape of the 

unit cells and the structures with one extended (>25Â) lattice parameter (Table 11-2) and favoured by 

the energies calculated from k = 0. For such structures, the Debye approximation of a spherical cutoff 

in reciprocal space for the acoustic frequencies is likely to introduce errors. To minimise the errors, 

we expanded the unit cells of all the structures to Z = 8 supercells by doubling the smallest cell 

dimensions. This results in a more iso-dimensional Brillouin zone and makes the distribution of 

frequencies between the Debye and Einstein parts of the model equal between all of the structures. 

Vibrational contributions to the free energy calculated using these supercells contain several k 0 

points and should be more accurate. The results are presented alongside the k = 0 results in Table 

11-3 for T = 300K. The harmonic free energies were calculated across the temperature range from 0 - 

300K and these are graphed (relative to the global minimum) in Figure 11-2.

Figure 11-2. Harmonic free energy relative to the global minimum structure, FC26, all calculated in 
the Debye-Einstein approximation, using Z = 8 supercells.

Î ”

I "

------ alpha ------ beta ------ gam m a

A M i7 ------ AM i IK ------A Z 36

D B I6 ------BH7 FA24

----- FC14 FC5 ----- D C 40

A 2 3 6

0 50 ICO T  ( K )  '5 0  200 250  300

There is a noticeable reordering of the structures from T = OK to room temperature, but FC26 

remains the global minimum at all temperatures. Furthermore, the three known polymorphs fall down 

the ranking to 2^ (P), 4'" (a), and 5* (y) at lOOK and 3"̂  (p), (a), and 11* (y) at 300K. The

ordering of a  and P is correct, but the error in the lattice energy of the y polymorph makes it
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the observed 0.705 J/mol K t ^ T h o u g h  this agreement is impressive, the free energy 

relationship between the y and higher temperature polymorphs is unimproved by including k 0 

points in the calculation.

Figure 11-4. Quasi-harmonic free energies ( 4- ) o f  the polymorphs o f p-dichlorobenzene,
using the Debye-Einstein approximation from Z = 8 supercells. Horizontal lines show the 
experimental transition temperatures. Curves through data points (y = green, (3 = red, a  = blue) are 
only intended as a guide to the eye.
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11.4 Conclusions

Using the specifically derived non-empirical model potential for chlorinated benzene molecules 

(Chapters 7 & 8) and the MOLPAKt* *■ search procedure, the search for the structures o f  p- 

dichlorobenzene was successful in finding all three known polymorphs. The success is in contrast to 

the blind test (Chapter 10), where the search method and model potential contributed to a failed 

prediction. While the UPACKt^* *̂ ! search method also found all three known structures,!^ the 

p r o m e t !*  search failed to find any structure resembling the a  form. That no one search 

method is consistently successful is an incentive for using multiple methods in parallel to ensure a 

complete sampling o f phase space.

The number o f  distinct crystal structures within a very small energy range is enormous (Figure 

11-la) and the lattice energy differences between the lowest energy structures are on the order o f 0.2 

kJ/mol. With so many low energy structures, more polymorphs are likely, but the evidence for a high- 

pressure form is inconclusive.!** ***’**] The low energy hypothetical crystal structures all have
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metastable at all temperatures in our calculations. The uncertainty regarding small molecular 

distortions in the y form (Section 8.4.3.3b) could contribute to the errors in lattice energy.

11.3.3 A n alysis o f  th e  structures

The structures are compared by their first coordination spheres in Figure 11-3, where the 14 closest 

neighbours to a central molecule are kept. The similarities between the lowest energy structures are 

striking. The global minimum (FC26) is a combination o f the a  and ^ structures, with one half o f  the 

coordination sphere overlapping almost perfectly with each o f  the known forms. The packing o f FC5 

is very similar to FC26 and the energy o f transformation between the two is probably small. FA24 is 

similar again, but with a rotation o f the molecules on the left in our diagram. AZ36 and BB16 have 

nearly identical coordination spheres and both are closely related to the known a  polymorph. From 

the similarities, we can safely remove FC5 and BB16 from the list as unlikely to exist as distinct 

structures - both can lower their energy by crossing what must be very small energy barriers, which 

probably disappear at low temperatures. It would be interesting to look for energies o f  transformation 

between many o f  the rest, as some pairs are related by simple rotations o f certain molecules around 

their centres o f  mass.

Figure 11-3. Coordination spheres o f the thirteen low energy crystal structures o f /?-dichlorobenzene.
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AZ36 FC5

FA24 BB16

DC40 (molecule 1) DC40 (molecule 2)

AMi7 BH7
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AM 18 FC14

Sankaran et **0] did report evidence o f  a high pressure Ô form above 0.3 GPa. They reported 

a low resolution X-ray powder pattern, which could not be indexed by any o f  the known forms, but 

suggested the constants a = 14.02Â, b = 6.06 A ,  and c = 7.41 A  o f an orthorhombic lattice. None o f  

our structures match these lattice constants, but multiples o f AZ36 (2xa = 7.90A, b = 5.70 A ,  and c/2 

= 13.44A) and BH7 (a/2 = 13.67A ,  2xb = 7.94 A ,  and c = 5.58A) are close fits. Unfortunately, the 

powder pattern is o f  too low a resolution!* * ***] to confirm or rule out matches with either o f these 

structures. A more recent study!’ ’” 1 failed to find a phase transition at high pressures, so there are 

no more hints at its structure and the very existence o f the fourth phase is uncertain.

11.3.4 F urther ca lcu la tion s on th e know n form s

Although the harmonic free energy results are slightly discouraging, ranking the known structures 

higher in the list than on lattice energy, the inclusion o f k 0 points in the vibration calculations now 

correctly predicts a transition between the a  and ^ forms. The calculated transition temperature 

~ 60K) is much lower temperature than the observed transition point o f 306K, but the result 

prompted us to recalculated the quasi-harmonic free energy curves (Figure 11-4) for the three known 

polymorphs. The experimental lattice constants were used at all temperatures where they are 

available and each was expanded to a Z = 8 supercell to include some k 0 points and balance the 

Debye and Einstein contributions to the model o f g((0). The results are much better than those 

presented in Chapter 8 (Figure 9-5); the a  and P free energy curves now converge near the transition 

temperature. The a  form is only 0.02 kJ/mol more stable than P at 306K, so the transition occurs just 

above this observed Ta^p. At T = 306K, there is an entropy difference o f  1.18 J/moFK (compared to
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similarities in packing to the three known forms and the global minimum, FC26, can in fact be

described as a lowered symmetry combination o f the a  and p polymorphs. The energy differences are 

within the error bars for lattice energy differences, even for a specifically derived model potential, and 

there are probably low barriers to transformation between many o f the predicted and known 

structures. There is only one hypothetical structure, with very similar packing to the known forms, 

lower in lattice energy than a , P and y, but the inclusion o f harmonic estimates o f the vibrational 

contributions to the free energy move the known forms down the list and introduce another low 

energy structure (AZ36) as competitive.

The elastic constant calculations do not highlight any particularly unstable shear planes in any of 

the structures, but the attachment energy growth morphologies do suggest a kinetic preference for the 

crystallites o f the known forms to grow faster than the others.

Supercell calculations were used to give the same balance to the Debye-Einstein model o f g(co) for 

each structure, by including certain k 0 frequencies in the Einstein part o f  the frequency distribution. 

The resulting supercells for the three known polymorphs were used to recalculate the quasi-harmonic 

free energies using the experimental temperature dependence of the lattice constants. There is an 

improvement over the results in Chapter 8, now predicting that the a  and P free energy curves cross 

just above 300K. The differences in the harmonic and quasi-harmonic free energy relationships for 

the three known polymorphs suggests that thermal expansion can have important effects on the 

predicted relative stability of crystal forms. Thermal expansion rearranged the relative free energies 

o f predicted crystal structures of glycol and glycerol by up to 2 kJ/mol.H 116] Tiiough this is small 

component o f the total vibrational energy, the effects can be large enough to completely reorder the 

predicted structures in a search such as that presented here. Inclusion of thermal expansion through 

free energy minimisation is an important consideration for future work. Free energy minimisation 

within the quasi-harmonic approximation has been discussed by several authors, e.g. refs [11.17-22], in 

the context o f higher symmetry, simpler crystals.
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12 Conclusions and Recommendations 

for Future Work
The work in this thesis has made contributions to the implementation o f lattice dynamics 

calculations for rigid molecular crystals and an understanding o f the errors in such calculations. The 

sensitivity o f lattice dynamics to the description of intermolecular forces is an important issue and we 

have developed a systematic model potential for the family o f chlorobenzenes to test our ability to 

reproduce a range o f properties. Finally, lattice dynamics and crystal morphology calculations have 

been used to predict the properties of predicted crystal structures to aid in crystal structure prediction.

12.1 Lattice dynamics

A major part o f the thesis was the implementation and validation of harmonic lattice dynamics for 

rigid molecular crystals in our crystal modelling software D M A R E L . [ * 2 . 1 , 2 ]  program allows the 

use of accurate intermolecular model potentials, handling the mechanics o f anisotropic electrostatic 

and repulsion atom-atom models. The computation of the elastic stiffness tensor (Chapter 5) and k = 

0 phonon spectra (Chapter 6) were tested against observed properties of two sets o f molecular crystals, 

chosen to sample a range of strengths and types of intermolecular interactions. Elastic constants 

soften significantly with increasing temperature and the harmonic calculations correspond to T = OK, 

so generally overestimate the observed values by 30-60%, in line with the observed temperature 

dependence o f elastic constants. The overestimate correlates with the strength o f intermolecular 

interactions (and, thus, melting point), so is more important for the weaker, van der Waals crystals, 

such as hydrocarbons. The temperature dependence of phonon frequencies is less pronounced and can 

be taken into account in the quasi-harmonic model by varying the unit cell dimensions with 

temperature. In this work, we have used the observed temperature dependence o f the lattice constants, 

but, where the experimental data is not available, lattice constants could be varied to locate the 

minimum in free energy.

Both elastic constants and phonon frequencies are sensitive to the form and parameterisation of the 

model potential. The former are mainly dependent on the exp-6 parameters describing the repulsion 

and dispersion interactions and are only affected by the electrostatic model through changes in the
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equilibrium structure. There is a wider range of motions amongst the normal modes of vibration, with 

various mixes o f stretching and bending of interatomic contacts. Hence, different modes are 

dependent on an accurate description of different contributions to the intermolecular forces. The 

restoring force of shearing and bending motions is partly attributed to the angular dependence of 

interatomic contacts and the frequencies o f these modes are improved by an accurate electrostatic 

model, described by a distributed multipole analysis o f the monomer wavefunction. The greatest 

variations in stretching modes are from differences in the exp-6 parameterisation and the newer W99 

model, which distinguishes atom types by bonding environment as well as element, generally 

improves the calculated spectra, with the exception of overbonding in some hydrogen bonds. We 

were somewhat surprised by some of the impressive results with the simple UNI model, though it is 

less consistently reliable than the more theoretically sound model potentials and it badly overestimates 

the elastic constants.

Although the errors in individual frequencies are sometimes quite large, calculated thermodynamic 

quantities are statistical in nature and mainly dependent on a correct spread of the frequencies. The 

best model potentials reproduce the vibrational contributions to the zero-point energy and partition 

function to within about 20% and 5-10%, respectively, and the temperature dependence o f these sums 

is captured in the simple quasi-harmonic model. Frequency calculations away from k = 0 have not yet 

been implemented in DMAREL, so we have used a simple model o f phonon dispersion, treating the 

acoustic modes by the Debye model (linear dispersion) and the optic modes as Einstein frequencies 

(no dispersion). There is an uncertainty of up to about 1.5 kJ/mol from ignored dispersion of the optic 

modes and a smaller error from the linear approximation to the acoustic dispersion. These errors are 

most important when comparing polymorphs with different numbers of molecules in the unit cell, so 

supercell calculations are recommended to balance the two parts of the frequency distribution 

function. A direct calculation of the density of states, from the equations in Chapter 4, would be even 

better, but the increased cost of accuracy may not be warranted while other approximations are being 

made {e.g. harmonic vibrational modes).

Molecular dynamics simulations are the most straightforward test o f the importance o f anharmonic 

contributions to the vibrations and thermodynamic properties, as well as possibly offering insight into 

low energy transformations between known and hypothetical crystal structures.
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12.2 Inter- (and intra-) molecular force fields

Empirical intermolecular model potentials are normally parameterised to room temperature 

structures, sublimation energies and, sometimes, phonon frequencies and elastic constants. These 

models are not designed to reproduce the T = OK potential energy surface; they absorb average 

temperature effects, so are not an ideal foundation for lattice dynamics. Ideally, the intermolecular 

forces could be calculated from monomer properties, without recourse to empirical fitting. Such a 

model potential was developed for the chlorobenzene family o f molecules (Chapters 7 & 8), for which 

empirical model potentials have proved unsatisfactory. Even the recent, specific parameterisation of 

an isotropic exp-6 + point charge model potential for this set o f moleculesl^^-^l is no better, on 

average, than the older, more general empirical potentials. A limit has been reached for the possible 

accuracy o f isotropic exp-6 models for the interactions between chlorinated aromatic hydrocarbons 

and this is mainly due to the polar flattening o f the charge density around chlorine atoms, allowing 

closer approach along the C-Cl bonding direction than side-on.

An anisotropic atom-atom model for intermolecular repulsion was developed from the charge- 

density overlap of mono- and 1,2,3-trichlorobenzene, assuming a simple functional form for the atom- 

atom anisotropy. We found the expected distortions from spherical symmetry - polar flattening of the 

chlorine atoms and a shift of the centre of repulsion away from hydrogen nuclei, as well as an 

unexpected distortion o f C(-CI) carbon atoms. For a transferable model of the atom-atom charge 

density overlap between chlorobenzenes, we decided on four atom types - H, Cl, Ch, Cci- Detailed 

analysis in Chapter 7 does show the limitations of the transferability of atom types, due to long-range 

induction and resonance effects, e.g. o f chlorination on meta carbon atoms, but such effects cannot 

easily be included in atom typing rules.

Several dispersion models were tested and repulsion models were derived in two ways: by 

empirically fitting the proportionality constant between overlap and repulsion, and by calibrating the 

proportionality to intermolecular perturbation theory (IMPT) dimer calculations. Supplemented with 

atomic multipole electrostatics, the resulting model potentials were evaluated on structures, lattice 

energies and optic phonon frequencies, though the latter hardly distinguished between models. The 

final potential was derived by fitting a power law relationship between charge-density overlap and the 

sum of exchange, repulsion, charge-transfer and penetration energies, using a Slater-Kirkwood 

dispersion model developed from scaled ah iniiio atomic polnrisabilities.
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This model potential is almost free o f empirical fitting, having derived all but a single scaling 

factor for atomic polarisabilities from the monomer wavefunctions. This model potential was tested 

on a large selection o f properties (energies, spectra, elastic constants, and heat capacities) o f the 

chlorobenzene crystals. Considering the nearly non-empirical nature o f the model potential, and that 

the one parameter was fitted to structural information only, the range o f properties that are adequately 

reproduced for the whole family o f molecules is striking. Errors resulting from approximations in the 

theory are now more important than those from the model potential, so none o f the errors in assuming 

transferability o f parameters in the model overlap are apparent in the results. The main uncertainty in 

the model potential is the source o f dispersion coefficients. This is the main area for work in 

developing non-empirical potentials for organic molecules and we are looking at the possibility of

deriving better C^ coefficients directly from the w avefunction .n2-4]

While such systematic models are promising for small rigid molecules, modelling 

conformationally flexible molecules is fraught with problems. Our study of o-acetamidobenzamide 

(Chapter 9) demonstrates the issues that need to be addressed when calculating the balance between 

inter- and intramolecular contributions to total energies and energy differences between polymorphs. 

Both contributions to the total energies are sensitive to the assumed molecular geometry, and the 

uncertainty in hydrogen positions leads to large uncertainties in the calculated energies. Higher 

quality crystallography is needed to resolve some of the uncertainties in molecular geometry.

Our broad estimate of the static lattice energy difference (between 14.2 and 27.3 kJ/mol) is much 

greater than usual energy differences between polymorphs, but if it is correct, then the observed phase 

transition indicates a large difference in entropy. Our rigid body separation o f inter- and 

intramolecular vibrations does not seem appropriate, as the monomer and rigid body phonon spectra 

overlap and the resulting vibrational energies do not reproduce the vanishing free energy difference 

near the transition temperature. A high quality flexible molecule force field is required for better 

thermodynamic calculations.

12.3 Crystal structure prediction

The crystal structure prediction studies presented in Chapters 2, 10, and 11 highlight some 

important issues. The search procedures for possible structures need improvement - no one method is 

consistently successful. The search for pyridine structures failed to predict the new polymorph and 

the packing o f the blind test molecule (Chapter 10) was not generated in the MOLPAK search. The
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known polymorphs o f paracetamol and p-dichlorobenzene were all generated, but one o f the latter was

missed using other m e t h o d o l o g y t ^ ^ . S ]  ( P R 0 M E T I ^ 2 . 6 , 7 ] ^  The failures may be due to incomplete 

searches, i.e. not enough initial structures retained, or to failings o f the search methods. Work to 

develop the computing science for larger searches and the storing of results in databases is at an early 

stage and these will allow comparison and concurrent use o f different methods. We need to be more 

confident that we have found all possible structures and, until one search method is found to 

consistently generate all observed structures, multiple search routines should be used in parallel.

The search procedure can be viewed as a technical issue, but the ranking o f the generated 

structures to highlight the most likely to be observed needs more scientific advances. We have 

explored several steps forward from the standard lattice energy criterion. The re-ranking of 

thermodynamic stability, by including vibrational contributions to the energy, can be important. 

Harmonic entropy contributions generally differed by up to about 10 J/mol K among low energy 

structures near room temperature and the total difference in harmonic vibrational energy between 

hypothetical polymorphs ranges up to 3.5 or 4 kJ/mol. While all o f the known forms were found in 

the search for low energy p-dichlorobenzene structures, there are many other energetically 

competitive structures within a very small energy gap. With such small energy differences, accurate 

thermodynamics are essential and the similarities in packing motifs suggest that low energy transitions 

between the structures may be possible. Further study, using a combination of lattice dynamics with 

free energy minimisation and molecular dynamics could provide more insight into the relationships 

between these structures and their relative stabilities at varying temperatures and pressures.

The occurrence of metastable and disappearing polymorphs means that some crystal structures are 

not dictated by thermodynamics alone. Our calculations of the energy difference between observed 

and global minimum structures for pyridine and the blind test molecule are consistent with the known 

observation o f metastable polymorphs. Solution structure, kinetics of nucléation, and crystal growth 

rates are driving factors in some systems, and the mechanical instability of a growing crystal could 

make some structures unlikely to be observed, at least as a single crystal suitable for X-ray diffraction. 

Our calculation of elastic constants and growth morphologies is a first attempt to include such 

considerations in crystal structure prediction. Crystals with low resistance to shear, such as 

paracetamol form II, are observed, but we postulate that weaker shearing planes would make the 

growth o f the crystal unlikely, except under the gentlest growth conditions, with a high density of
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growth defects. More experience is necessary with particularly weak known crystals to try to 

determine a lower limit to the calculated elastic constants for realisable structures, bearing in mind the 

extreme temperature dependence of the stiffness constants.

Preliminary calculations of the attachment energy predictions o f relative crystal growth rates are 

promising. For the known forms o f pyridine, paracetamol and /?-dichlorobenzene, the observed 

structures have some o f the fastest growth rates of the low energy crystals. However, these simple 

calculations do not distinguish between structures in all cases, such as in the blind test. Kinetics o f 

crystal growth will not always be structure determining and we must exercise care in using the 

calculations to eliminate low energy hypothetical polymorphs, as the proposed match to form III o f 

paracetamol was one o f our lowest ranked structures from attachment energy calculations. Nucléation 

is an important part o f the crystallisation process that is, as yet, beyond the capabilities o f modelling 

studies, but is a necessary area of future research.

The computational modelling of crystal structures and polymorphs is a rapidly developing field 

and, thanks to improvements in the development of accurate intermolecular potentials, modelling 

techniques that were once reserved for high symmetry crystals and simple types o f intermolecular 

interaction are being applied to wider classes of organic molecules. A major driving force for 

improvements in modelling the organic molecular solid state is the goal o f reliable crystal structure 

prediction, whose success lies in an understanding of the factors that govern crystallisation. Lattice 

dynamics is a powerful approach to the computation of crystal properties. The calculations are fast 

enough to be applied to a large group of potential crystal structures and, with the right choice of model 

potential and approximations, can be accurate enough to provide meaningful insight into known or 

predicted crystal structures and polymorphs.
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Appendix A

A .l  Derivation of the vibrational free energy for the Debye-Einstein model

We derive the expression for the vibrational contribution to the free energy o f a crystal, in the 

Debye-Einstein approximation (Chapter 4), starting from the expression in terms o f the vibrational 

distribution function, g(co):

F,ih==] \̂hcûg[cû) + kJ^\g[û))\n 1- e x p f - ^ ^  J 
Now, using Einstein model gj:{co) = ^ S ( f o - co! ') for the optical modes

dû)

/>3

1

^ />3 />3

l - e x p |

CO<CO,)

0 for > CO,
and from the Debye model for acoustic modes, gi){co) =

h 0/' “ I \
] - ^ c l a ,  + k„T  I ® 'I n  l - e % p ( - A ^ ^ ^ j dco

Now, we substitute x = j  and x„ = ^  using

with

so that

" x(")

= and/(H) = i r  l n [ l - e  " ]

h h a  ■'
in 1 -  exp

h(o xn
dco= j x “ Inĵ l

(A .l)

(A.2)

(A.3)

(A.4)

Now, equation (A.3) yields

F . =9yt 'vib,<ic<iii.\iic li
0

which must be integrated by parts |  J;/(/v = ?n;- jw /nj with

j . v "  In  1̂ 1 - e  '  j  r f r (A.5)
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M = In |^l-e~*j dv = x^dx

j  j  1 jau = T:-------- -a x  = --------ax v = —
e^ -1

and equation (A.5) becomes

vih.acoiixlic = 9kr
k j _

yCOph^

= 9k.
yCOjl^

=  3kjjT\n

(A.6)

where we have substituted the Debye function, which is solved numerically. The vibrational free 

energy is now the sum of and ^om  equations (A.2) and (A.6).

A .2  Derivation of heat capacity using Debye-Einstein model

For the heat capacity at constant volume, we start with the expression in terms of a general g(co)-.

gi^o)

J

\  J ■dco

exp
hco

- 1

(A .7)

using Einstein model g/, ((u) = ^<^(ru -  ) for the optical modes

^y,opiic -  ^11X! k K t  j

f  1exp -1I J
(A .8)

and the D ebye model for acoustic modes, gj) {co)  = (0
3 for CO <  CO,y

0 for CO >  CO,

C, = —  f
y . o c o i i s l i c  3  J I ,  y ,

0 \  id

1 exp
{ hco 1xp

hco

"  . . .  *  !» ■  " ' I ' . '
(  hco ^

exp — - -  1
co,yk„T Q

exp
'' hco ^

J
- 1

-dco  (A .9)

now substitute x  = '̂̂ ^A ^  and.v,, ^  using

x(/')
j  /(»)(/"

" x ( « )

with
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g(co) = ^y^j^ 7, an d /(w ) = z/4 e
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■dx

and equation (A . 11) becom es
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309

(A. 10)

(A .ll)

(A . 12)

where w e have substituted the Debye function, which is solved numerically. The heat capacity is now  

the sum o f  Q  and Q. from equations (A .8) and (A. 12).

A .3 Derivation of the entropy using Debye-Einstein model

The entropy is the temperature derivative o f  the free energy, so follow s from equations (A .2) and 

(A .6) as

^ ^ v i h . o p t i c
I h ,o p tic d T />3

- e x p
k T - j W

/>3

exp
k T

1 -  exp
k T

(A. 13)
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dr
- 3 k  \n 1 - e x p
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and Z ) '(x )  =
D (x )

c ' -1  3x
, s o

= -3  k  in 1 -e x p
^ hco,)^

k T

3hco„ hco,:,

k T
(A . 15)

The entropy is now  the sum o f  5,,,/, .  and 5,,,/, from equations (A. 13) and (A . 15).

B Appendix B

B.l DMAREL

I (with much appreciated help from Dr. Maurice Leslie) implemented the elastic constant and phonon  

frequency calculations in DM AREL version 3.1, written in FO RTRAN??, using numerical second  

derivatives calculated from the analytic first derivatives o f  the lattice energy.

Currently, the calculations o f  the thermodynamic properties are implemented in a separate program, 

available from the author, reading in the DM AREL output and specifications o f  temperatures for 

calculation.

B.2 Morph Vol

The program, written in FORTRAN?? and available from the author, reads a list o f  faces and 

distances (or attachment energies) defining the m orphology o f  a crystal. This area is then numerically  

integrated over a cubic grid, testing the inner product o f  the normal vector from each face to the origin 

with the vector from that face to the point being tested. A positive value for all faces indicates that 

this point is bounded by the planes defining the morphology.

B.3 RUDOLPh - Rigid Unit Display of Lattice Phonons

The program, written in FORTRAN?? and available from the author, reads the output from the 

D M AREL calculations o f  phonon frequencies and eigenvectors, then displays the motions to the
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screen, calling standard FORTRAN graphics libraries. Version 1.0 also has the capacity to 

dynamically display short contacts, to show which atom-atom contacts are important for which 

modes.

As yet, only tested on SGI Octane platforms.

example screen capture (a-glycine);

Num. Frequency

; 0.00
2 0.00
3 0.00
4 50.29
S 5278
G 70.73
7 70.82
8 86.3A
9 9 A. 86
10 95.10
n 125.30
J2 132.75
13 153.70
tA 166.57
IS 168.59
/6 1/9.A9
17 187.66
18 190.59
10 20A. 29
20 213.A5
*

EXIT
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