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Abstract

Abstract

Model intermolecular potentials are required for simulations of molecules in the gas, liquid, or solid 

phase. The widely used isotropic atom-atom model potentials are empirically fitted and based on the 

assumptions of transferability, combining rules and that atoms in molecules are spherical. This thesis 

develops a non-empirical method of modelling repulsion by applying the overlap model, which we 

show as a general non-empirical method of deriving repulsion potentials for a specific molecule.

In this thesis, the repulsion parameters for an exponential atom-atom model potential are 

obtained from the ab initio charge density of a small organic molecule by making the assumption that 

the repulsion is proportional to the overlap of a pair of molecules. The proportionality constant is 

fixed by a limited number of intermolecular perturbation theory (IMPT) calculations. To complete the 

model potential, the electrostatic interaction is represented by a distributed multipole analysis, and the 

Slater-Kirkwood formula is used for the dispersion.

These non-empirical potentials can reproduce experimental crystal structure when applied to 

crystal structure prediction of an oxyboryl derivative. A detailed study on further improving the 

overlap model was carried out for phenol-water, by including other minor intermolecular 

contributions of charge-transfer and penetration. High quality ab initio calculations on the complex 

were performed for use in comparison. To compare with experimental data, diffusion Monte Carlo 

simulations were performed with the potential, so that the effects of anharmonic zero-point motion on 

structure and energy of the system are included.

When the system is too large for an IMPT calculation, the proportionality constant can be 

determined empirically by fitting the cell volume as shown in our study of crystal structures of 

chlorothalonil. This is used with an anisotropic repulsion model that has been derived for Cl and N 

atoms in chlorothalonil. This model potential reproduces the crystal structure well, and is used to 

predict other polymorphs by a search for minima in the lattice energy.
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1 Overview

The forces between molecules are of great scientific interest, as they control the properties of the 

solids, liquids, gases and the formation of complexes. In order to simulate these phases, we need to 

understand the intermolecular forces and build accurate quantitative models. This thesis develops a 

new non-empirical method of modelling the repulsion forces between organic molecules. These 

models are tested both against theoretical data, and in conjunction with models for other 

intermolecular contributions, in simulating van der Waals complexes and crystal structures. The non- 

empirical repulsion models developed in this thesis are shown to be comparable in accuracy to highly 

developed empirically fitted potentials when available. However, our methodology can be applied for 

atoms where transferability cannot be assumed and empirical potentials could not be derived.

This thesis begins with an introduction to the theory of intermolecular forces (Chapter 2), 

demonstrating the need of improved models for describing these forces. An overview of all the 

contributions to the intermolecular forces that need to be modelled is given. The need for more 

accurate models for the short-range repulsive contribution is demonstrated to reach the accuracy 

provided by approaches such as Distributed Multipole Analysis (DMA) [1,2] for the electrostatic 

contribution. The overlap model of Wheatley and Price [3] was chosen as the basis of our repulsion 

development, since it is a method that only required the monomer wavefunctions of the molecules 

involved in the interaction. This model assumes that the repulsion is proportional to the overlap of the 

monomer charge distributions at all geometries that may be sampled in a simulation. An atom-atom 

repulsion model is fitted to the charge overlaps, and the proportionality is determined between the 

overlap and the exchange-repulsion energy. The exchange-repulsion energy is usually obtained from
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intermolecular perturbation theory (IMPT) [4] calculations, and we have investigated the inclusion of 

charge-transfer and penetration energies.

New repulsion models were combined with distributed multipole electrostatic models and atomic 

polarizabilities derived dispersion models for simulations of crystal structures and van der Waals 

complexes. There is a need to understand the intermolecular forces that are responsible for organic 

crystal structures, since understanding and predicting crystal structures and polymorphism is 

important in organic crystalline materials, especially in pharmaceutical industry (Chapter 3 and 9). 

The studies of van der Waals complexes provide a severe testing of the model intermolecular potential 

(Chapter 3).

Application of the overlap model to van der Waals complexes is a severe test for investigating 

the capability and limitation of this method. The phenol-water complex was chosen to study, because 

it is a system that has been studied extensively [5-23], and could provide validation for the model 

(Chapter 5). Although there have been many ab initio studies on the system; high-level supermolecule 

calculations were carried out (Chapter 5) to provide results for direct comparisons with the model 

potentials that are extensively developed and tested (Chapter 6 and 7). In order to compare our results 

with experiment [7,8,12], we took into account the zero-point motion of the phenol-water complex by 

diffusion Monte Carlo (DMC) simulation [6,24-31] (Chapter 8).

A blind test of organic crystal structure prediction methods was set up in 1998 by the Cambridge 

Crystallographic Data Centre (CCDC), and a collaborative workshop held in May 1999 [32]. Most of 

the currently available methods of crystal structure prediction rely on model potentials to calculate the 

lattice energy of hypothetical crystal structures. One of the molecules used in the test was 2-(2- 

phenyletheny 1)-1,3,2-benzodioxaborole, which contains boron where there were no suitable empirical 

parameters available. This challenge provided an opportunity to test the ability of the overlap model to 

derive suitable repulsion parameters. Hence, we derived our own repulsion-dispersion model for the 

target molecule [33] and attempted to predict its crystal structure (Chapter 4).

Chlorothalonil is an important organic fungicide [34], and recently it was discovered there could 

be uncharacterised polymorphs. In order to investigate such possibility, we collaborated with 

experimentalists [35], to provide theoretical predictions of possible polymorphs and their powder 

diffraction patterns [36,37] (Chapter 9). Previous studies [38,39] suggested that the van der Waals 

radius of chlorine is not spherical, and therefore more accurate model potentials would model this 

anisotropy in the repulsion. A concurrent study of Mitchell and Price on cyanuric chloride [40] 

showed that the overlap model could be used to include anisotropy to model the repulsion potential. 

Following their approach, anisotropic repulsion terms were developed for simulating the crystal 

structure of chlorothalonil. A crystal structure prediction search was carried out, to determine the 

energetically feasible low energy structures. Calculations on the mechanical [41-43] and 

morphological [43-46] properties for hypothetical structures were used to eliminate some low energy 

structures as possible polymorphs.

Fundamentally this thesis is concerned with developing the modelling of the short-range 

repulsive forces, to produce accurate and reliable model potentials for simulating crystal structures 

and van der Waals complexes. The derivation of repulsion terms from the monomer wavefunction
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should provide a 'tailor made' description for the organic systems, unlike empirical transferable 

potentials. Although the accuracy of the model potential is reflected in the simulation, the 

reproduction of the experimental data also depends on the realism of the simulation techniques. 

However, the new method appears to produce potentials with an accuracy that is appropriate for the 

simulations.
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2 The Theory of Intermolecular Forces

2.1 Summary
In this chapter, the theory of intermolecular forces is described with full detail, of their origin and 

importance in modelling. An example of a systematic potential for water dimer will be given. This 

provides insights into the importance of each possible contributions for the potential, as well as what 

is involved in constructing a model potential that aims to achieve as high accuracy as possible. 

Besides the electrostatic term that has been found to be the dominant intermolecular forces, the 

repulsion term is also identified to be important in modelling the intermolecular force, and it must be 

derived to reflect the true behaviour of this possible interaction. The range of repulsion models 

available will be described and their advantages and disadvantages compared briefly. The non- 

empirical atom-atom repulsion model that we use throughout the various studies in this thesis will be 

discussed in detail.

2.2 Introduction

The intermolecular energy U between two spherical neutral molecules is a function of the distance 

R between them and must take the form as shown in Figure 2.1. It has an attractive region at long- 

range, where the force -Ô U jôR  is negative, and a steep repulsive region at short-range to account for 

the low compressibility of condensed materials. There is a separation p  where the energy is at its 

minimum, and a closer distance o  where the energy of interaction goes through zero before climbing 

steeply. These are all conventional notations, as is the symbol e for the depth of the attractive well.
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This well-known general form is often approximated by the well-known Lennard-Jones potential 

(Equation (2.1)), which is a function of the intermolecular distance R and two parameters p  and e 

that depend on the molecule concerned.

U = e (2 .1)

U(R)

Figure 2.1 The intermolecular potential U as n function of the intermolecular separation R .

For non-spherical molecules, the intermolecular energy also depends on the relative orientations 

of the molecules and may also be affected by their internal states. This makes the representation and 

characterisation of these interactions much more complex. Further complications arise when groups of 

three or more molecules must be considered, as in liquids, solids or gases. To a first approximation, 

for modelling solids the total intermolecular energy of a group of more than two molecules may be 

calculated by summing the energies for all the pairs of molecules in the group. All the non-additive 

terms such as charge-transfer and polarization are neglected when making this pairwise additive 

approximation, though some of these effects may be absorbed in empirically fitted pair potentials. 

However, it does explicitly include the electrostatic, repulsion and dispersion contributions, which are 

often the major contributions to the intermolecular potential.

The potential that has been used extensively in the description of organic molecules is the exp-6 

atom-atom model potential, commonly used with a point charge electrostatic model (Equation (2.2)). 

This is commonly used in modelling crystal structures; usually using empirically fitted parameters.

(2.2)

where atoms i and k on two different molecules are of type i and K respectively.

Isotropic atom-atom potentials may be regarded as a fair approximation to the general 

description of the molecule, but the basic assumption of treating molecules as superposition of 

spherical charge distributions contradicts the modem theories of bonding. According to the modern 

theory of bonding, the valence electrons of atoms rearrange on bonding and the redistribution of
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charge leads to non-spherical features such as 7i-density or lone pairs. Isotropic potentials will fail to 

describe the anisotropic effect of such features and hence, the need for better quantitative description 

of the intermolecular interactions led to the development of anisotropic potentials. For small 

polyatomics it is now possible to use potential that incorporate anisotropy for every contribution. 

Wheatley and Price [47] have constructed such a potential for (€ 12)2, and Millot, Stone and co

workers for (H20)2 [48]. The complexity of these potentials indicates that in most cases, it is still a 

luxury for modelling most polyatomics. Sometimes isotropic potentials are quite adequate when 

anisotropy is not important. The rest of this chapter gives background to intermolecular forces that 

this isotropic atom-atom model is attempting to model, and outlines the improvements to this model 

that are made in the potentials developed and tested in this thesis.

2.3 The intermolecular forces between molecules

The contributions that are responsible for the attraction and repulsion between molecules can be 

divided into the long-range and short-range interactions, depending on the overlap between the 

molecular charge distribution. The energy for the long-range interactions has an inverse power 

relationship to the distance between the molecules, whereas the short-range one falls exponentially 

with distance. The intermolecular interactions are susceptible to classification by theoretical treatment, 

by regarding the interaction between the molecules as a perturbation for long-range [49]. This 

provides analytical expressions that can be quantified in terms of the properties of the individual 

molecular charge distributions. However, this approach breaks down when there is overlap between 

the two molecular charge distributions. Therefore there is no rigorous analytical theory for the 

interaction energy at short-range, where the repulsion dominates the exchange effects and the 

modification of the long-range terms. The various methods in approximating the repulsion will be 

discussed in detail later in this chapter. Each contribution to the interaction is described briefly below 

in terms of its physical significance.

2.4 Long-range interactions
The long-range effects are of three kinds: electrostatic, induction and dispersion. The electrostatic 

effects are the simplest to understand, since they arise from the classical interaction between the static 

charge distributions of the two molecules. They are strictly pairwise additive and may be either 

attractive or repulsive. Induction effects arise from the distortion of a particular molecule in the 

electric field of all its neighbouring molecules and are always attractive. Induction is strongly non

additive, because the fields of several neighbouring molecules may reinforce each other or cancel out. 

Dispersion is not an effect that can be easily understood in classical terms. It arises when the charge 

distributions of the molecules are constantly fluctuating as the electrons move. All the long-range 

interactions are explained in detail below.

2.4.1 Electrostatic energy

Electrostatic energy is a classical interaction between the undistorted charge distributions of two

molecules. For neutral molecules, it is due to the interactions between the charge distribution of
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molecules that are not spherical due to the nuclei and the electrons. The electrostatic interaction [49] 

can be expressed in the form of an integral over the charge density of the molecules:

(/.w — . = I  P (>•')P = {0^0‘ \H\0‘'0‘ ) (2,3)
all space ^2  \

where ) is the charge distribution of the ground state wavefunction of molecule A in 

isolation, and H ' is the perturbation operator.

« '  = S  - p -  (2.4)
l e A j e B  47T£ô ÿ

where e are the charges for the particles i and j  and is the distance between particles i and j .

The electrostatic energy is the first-order term in long-range perturbation theory and is usually 

the interaction that remains over the longest range. It is still practically impossible to evaluate this 

expression directly in any useful length of computer time. Alternatively, we can describe the 

distribution of charge in a molecule by simplified models using atomic charges or distributed 

multipole analysis (DMA) (See Section 2.6.3 for DMA). In this kind of description, the electrostatic 

interaction of two molecules separated by a relative long distance will depend on their separation, 

orientation, and multipole moments. Therefore the electrostatic term will be a sum of interactions

between pairs of multipoles, each term falling off with distance as  ̂where n, and are the

orders of the multipoles. There are problems associated with this central multipole expansion but these 

will be considered in detail later on. Electrostatic interaction shows the greater orientation dependence 

when compared to the other contributions. Hence, the electrostatic energy is expected to be the 

dominating force in determining the orientation of the interacting molecules.

2.4.2 Induction (polarization) energy

The induction energy [49] is a second-order perturbation theory, where the attractive term arises from 

the distortions of the charge density of each molecule due to the field arising from the other 

(undistorted) molecule:

induction Z u  c A  n-A ^

This term gives the additional energy due to the changes in the charge density of molecule A (a 

molecule with excited wavefunction and energy ) caused by the presence of molecule B , 

interacting with the undistorted ground state charge distribution of molecule B . The sum is thus over 

all the excited states of molecule A . There is a corresponding term that represents the induction 

energy for the first-order change in the charge density of molecule B induced by molecule A . The 

induction energy is always attractive because the distortions only occur to lower the energy of the pair 

of molecules.

The application of the multipole expansion allows the induction energy of A to be expressed in 

terms of the permanent multipole moments of B and the polarizabilities of A , plus the orientation- 

dependent functions. The first polarizability is the dipole-dipole polarizability for all molecules, which
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describes the ease of changing the total dipole moment of the molecule. Therefore the first term in the 

induction energy varies as R~ ,̂ for any atom or molecule in the presence of a charge. The induction 

energy is very non-additive, for example if another charge is symmetrically placed on the opposite 

side of the molecule, there will be no induced dipole by symmetry, and the leading induction energy 

term is then determined by the quadrupolar polarizability. The induction energy is very important for 

the intermolecular interactions of ions, but the leading term for the induction energy arising from the 

presence of a dipolar molecule varies as R~ .̂ This will often be very small for ensembles of neutral 

molecules, and zero for neutral spherical molecules. It is also very difficult to evaluate as non- 

pairwise; hence induction is normally neglected.

2.4.3 Dispersion energy

Dispersion interaction [49] occurs when an instantaneous dipole on one molecule induces a dipole on 

another molecule, and the two dipoles then interact to lower the energy. The two instantaneous dipoles 

are correlated and, although they occur in different orientations at different instants, the interaction 

does not average to zero. This can occur even when the molecules have no permanent dipole moment 

and can be visualised more generally as the interaction between the fluctuating charge distribution on 

one molecule with a second molecule. It may be represented as a second order perturbation theory:

^dispersion =  “  2  ~ a  p A  p B  ^

One example is argon, where there are no electrostatic or induction forces between the spherical 

molecules, but the dispersion forces enable the liquefaction of argon at low temperatures. The 

expression for the leading term in the dispersion energy may be represented as follow:

_ -3 a  E, _ Q

where a  is the polarizability of the molecule and E, is the ionization energy.

This was proposed by London [50] who first estimated the magnitude of the coefficient Q  by 

assuming that the frequency of the oscillator model was that corresponding to the energy required for 

ionization of the molecule from its ground state. The dispersion energy is always attractive. The 

coefficient Q  in Equation (2.7) is only an approximate parameter based on a simplified model, but it

can be obtained more precisely. The Q  value can be deduced using a combination of experimental 

and theoretical results, which illustrate the electronic transitions within the interacting molecules. The 

Slater-Kirkwood relation [51] (Equation (2.7)) is an example, which will be discussed in detail in 

Chapter 4. The origin of this first term in the dispersion energy describes the interaction between an 

instantaneous dipole on one molecule and the induced dipole in another. There are further dispersion 

contributions in addition to this first term. The dispersion energy can be approximated as a series:

^dispersion ~  ^  ^  ' (^'^)

The additional terms arise from the interactions of higher order instantaneous multipoles, such as

quadrupoles and octopoles. It is found that at large separations, only the leading term contributes
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substantially to the attractive energy [52]. Whereas at shorter separations near to the minimum of R , 

it is found that the higher terms can contribute one fifth of the total dispersion energy. The series is 

correct for spherical charge distributions, but often this is not the case in molecules, and hence, terms 

such as etc. should also be added. In addition, the coefficients would be functions of orientation 

of the molecules, if anisotropy were to be included in the potential. When charge overlap occurs, this 

modifies the functional form of all long-range terms.

2.5 Short-range interactions
Short-range interactions are contributions that arise at distances where the molecular wavefunctions 

overlap significantly. The most important contributions are the exchange and repulsion term, often 

combined together and described as the exchange-repulsion term. The remaining minor terms are 

charge penetration, charge-transfer and damping. The modification of the long-range terms arises 

from the overlap of the wavefunctions. These are discussed in detail below.

2.5.1 Exchange-repulsion energy

The exchange-repulsion energy [49] is a non-additive and repulsive term that consists of two 

components. The exchange energy is a consequence of the fact that electron motions can extend over 

both molecules, and is an attractive term. The second term arises when the electrons attempt to occupy 

the same region of space, and are forced to redistribute because the Pauli exclusion principle forbids 

electrons of the same spin to be in the same space. Since the repulsion energy is approximately twice 

as large as the exchange energy, their sum is repulsive and it is actually the dominant contribution at 

short-range.

2.5.2 Charge penetration

This is the error produced by the charge densities of two molecules overlapping each other, so close to 

each other that the nuclei on one molecule will no longer be shielded by its own electron density [49]. 

An electron that penetrates within the space occupied by an atom core, and is a short distance from the 

nucleus, will experience a reduced repulsion from the inner electrons compared to an electron outside 

the core. Hence a greater attraction will be experienced for the electron density associated with the 

other species, and produces an error in the multipole expansion at short-range. The energy difference 

resulting from this increased attraction is termed as charge penetration. If we assume that the 

penetration correction to the potential of molecule A , is proportional to the charge density

in the general case, then the correction to the energy is as follow:

= JAVX»,™,„ { r ) p ‘ (r)d^r -  Jp'' (/-)p ' {r )d ' r  (2.9)

It is essentially the difference between the electrostatic energy and the limit multipole expansion 

energy [53,54].

pen.,ration =  ^ e iecrvs .a tic  ~  ^  m ultipolc BXpansion) (2 . 10)

The penetration correction can be modelled for practical purposes as part of the repulsion energy, 

which has a similar behaviour, and will be applied as shown in Chapter 7.
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2.5.3 Charge-transfer energy

This is an attractive term and it arises from the transfer of charge from the occupied orbitals of one 

molecule to the unoccupied orbitals of another [49]. This term is very non-additive and its effect is 

difficult to estimate, as it is very dependent on the basis set used in the calculation. It is very often 

overestimated due to the basis set superposition error (BSSE). The BSSE problem originates from the 

fact that the basis sets used are never complete. Therefore in a complex A B , a molecule A can use 

the basis functions of B to improve its own wavefunction, thereby causing an unrealistic lowering of 

the energy of interaction. On the other hand, if very good quality basis sets are used, there is always 

the danger that charge-transfer is becoming part of the polarization energy, since the unoccupied 

orbitals of one molecule can now be represented in terms of basis functions of the other. Then, charge- 

transfer and polarization energy will be describing the same effect, thus, accounting twice for it. 

Hence this term is usually ignored, and is normally assumed to be absorbed by the exponential terms 

in model potentials. However, Stone [55] has computed the charge-transfer term in a BSSE-free 

manner, by incorporating it into his Intermolecular Perturbation Theory (IMPT) code in CADPAC 

[56]. Stone has compared results of his new method in determining the charge-transfer energy, along 

with the polarization energy calculated for the water dimer with a variety of basis sets. He concluded 

that his new method in comparison with the original IMPT [4] has shown that the charge-transfer 

energy can be calculated reliably within the framework of IMPT. It avoids contamination by basis set 

superposition error, and it is small by comparison with other contributions to the interaction energy. If 

accurate calculations need to be performed, then the charge-transfer energy should be taken into 

account, since Stone found that the charge-transfer contributes in the order of 20 % to the binding 

energy in water dimer. Charge-transfer is intrinsically non-additive. If the charge-transfer is genuinely 

a major contribution, then this interaction should be modelled at the electronic level rather than by an 

intermolecular potential. This is because the charge distribution of the complex is no longer a small 

perturbation on the sum of the isolated molecule distributions. It is a covalent bonding term and not an 

intermolecular equivalent to penetration for dispersion and induction. We included this BSSE free 

charge-transfer contribution into our repulsion term in our model potential in Chapter 7.

2.5.4 Damping

Damping functions are empirically fitted to damp off the dispersion [49], and, if applicable, the 

induction long-range terms. If the overlap between the interacting molecules is dependent on their 

orientation, then the damping functions should depend on orientation too. The dispersion energy 

appears as a power series in \jR  , with the leading term -C^R~^. At short distances, this cannot be 

correct. Therefore the dispersion energy is damped using damping functions.

^disp (2-11)

where /s  ( ^ ) , f» {R ), etc., are damping functions that tend to 1 as 7? —> oo, and to zero as 7? —» 0 , to 

suppress the corresponding RT" singularity. For non-centrosymmetric molecules, there will be similar
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terms in odd powers of \jR  . The induction energy behaves similarly, for ions the leading term in the

multipole expansions behaves like R~ ,̂ while for neutral polar molecules it is proportional to R~^.

There are currently three well-known damping functions, namely Tang-Toennies [57], Koide- 

Meath-Allnatt [58] and Hartree-Fock [59] damping functions.

Tang-Toennies: /„ (/?) = l - c \ ip { -b R ) ^ ^ ^ —j— (2.12)
t=o k .

where b , a distance scaling factor, is usually the parameter B in the Bom-Mayer repulsion. 

Koide-Meath-Allnatt: /„° (/?) = | ^ l - e x p ( - a „ 7 ? - è „ / ? ^ (2.13)

Hartree-Fock: F  (/?) = exp [ -  (l .28F„, //? - 1)' ]  (2.14)

The effects of damping functions will be shown in detail in Chapter 6, where the application of a 

damping function is essential. Apart from improving accuracy, the damping function overcomes the

problems caused by the short-range maximum in the exp-6 potential in some types of simulation.

Whereas for modelling crystal structures {e.g. minimising from physically reasonable starting points), 

a damping function is not necessary since it is very rare that the interacting molecules will overlap 

very close to each other.

2.6 The electrostatic forces between molecules and their 

representation in model potentials
The calculation of the electrostatic energy requires good quality ground state wavefunctions of the 

isolated molecule [60]. Due to the recent advances in computing power and software, the 

wavefunctions and the use of better quality basis sets is now available even for larger systems. 

However, integration over the charge density is still an unrealistic task for computers. Hence, the 

current methods use parameterised representations of the charge densities that yield the electrostatic 

energy as a function of the relative orientation of the molecules in the interaction. Here below are 

descriptions of some of the traditional methods for calculating the electrostatic potential, and some 

advances on these methods.

2.6.1 The point charge model

The atomic point charge model assumes that the charge density of the molecule can be described by 

superimposing spherical atomic charge densities. This provides a reasonable picture of the molecular 

shape and it simplifies the procedures to implement into a computational program. Originally, the 

values for the charges were empirically fitted using experimental data [61]. It was soon realised that 

this was not the best approach for organic molecules, where it required a lot of assumptions with no 

physical significance to keep the number of charges to be fitted to a minimum. Therefore the Mulliken 

charges [62] were used instead of the experimental information, as it became clear that charges 

derived from the wavefunction could be a solution to the problem. Later on, various methods were 

suggested, in order to overcome the strong basis set dependence of the Mulliken charges.
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Wiberg and Rablen [63] reported a number of schemes for assigning atomic charges, and 

concluded that atomic point charge models can never exactly reproduce the electrostatic potential 

around a number of different molecules. Their findings conclude that the charge distribution within a 

molecule is too anisotropic, and cannot be successfully described using simple sets of atom-centred 

charges unless it is only required to model the long distance interaction. The failure of the simple 

atomic model is due to the inherent assumption that the charge distribution can be approximated by a 

superposition of spherical point charges. The electrostatic forces arise from the distribution of the 

valence electrons. On bonding, the charge is redistributed between the atoms so that the atomic charge 

densities remain spherical. The assumption that the charge densities remain spherical is a gross 

approximation, particularly as the valence electron density includes non-spherical features such as 

lone pairs and 7C-electron density. It can never account for anisotropic features that are often important 

in determining the electrostatic interactions of molecules. A model that attempts to advance beyond 

the treatment of atoms as non-spherical includes the Distributed Multipole Analysis model (See 

Section 2.6.3), which is a natural extension of the Central Multipole model (See Section 2.6.2).

2.6.2 The central multipole expansion model

It is possible to obtain the electrostatic interaction of two molecules as a series of expansion in terms 

of the multipole moments, dipole, quadrupole, octopole, etc. of the two isolated molecules. The actual 

mathematical expression has the following form:

' A + 4 1

1  J '£ /„ (R ,£ 2 ,£ iA 5 )=  £  (2.i5)

/  ; / \
where is a binomial coefficient and is the distance between the centre of mass of

molecule A and the centre of mass of molecule B . 2/ft, are the components of the multipole

moments of A (referred to local axes), where I refers to the rank of the multipole and k to its 

components, for example is the z-component of the dipole moment. These functions depend on 

the orientations of the molecules as well as the direction of the intermolecular vector R^g. 

Calculations using this potential are further simplified by the fact that the multipole moments are often 

zero due to symmetry. The orientation dependence of the electrostatic interaction is represented by the 

factor , which is defined by [64]:

/  ; I ; \
(2.16)A 4  j

m, m

where the are Wigner rotation matrices, the expression in parentheses is a Wigner 3 j  coupling 

coefficient [65], and Q ,, and Q ,2 define the orientations respectively of the two molecules and of 

the vector joining their centres. The summation over w ,, and m is implied. It is often convenient 

to re-normalise the S functions of even total rank /, + 4 + j  in the following way:

(2.17)
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The normalisation is denoted by the bar, | < 1. This cannot be used when /] H-Zj + j  is odd, then

the 3 j  symbol in Equation (2,17) vanishes. The S functions form a complete set of expansion 

functions for any scalar property of the relative orientation of two molecules of arbitrary shape, with 

many advantageous mathematical properties [64], and these or closely related functions have been 

used extensively in work on intermolecular potentials [66-69],

As long as the separation of the molecules is large enough, not to allow the spheres containing 

the charge distribution around each to intersect, then the central multipole expansion will be valid. In 

condensed phases however, orientations where the spheres intersect are common and the multipole 

expansion of /?”' is not valid. Even when validity is assured, the short separations that are commonly 

occuring in the condensed phase will cause the expansion of /?“' to converge very poorly. In this 

case, the central multipole expansion will not be suitable for modelling the electrostatic energy, as it 

will be necessary to include very high order terms for an adequate description of the charge 

distribution. Hence, the central multipole expansion is only suitable for molecules that are 

approximately spherical and are at large separations,

2.6.3 The distributed multipole model

We have already discussed the deficiency of using the point charge model, in terms of approximating 

the atoms in the molecule as spherical. Therefore an improved method is the distributed multipole 

model, where it is essentially an extension and combination of atomic point charges with the central 

multipole expansion. Each atom in a molecule is approximately spherical; therefore it is possible to 

use the multipole expansion for each atom to model the charge distribution. The use of multipoles 

would ensure that the non-spherical features of the electron density are well represented and the 

distribution of multipoles on sites around the molecule should provide a better model for the overall 

molecular shape, when compared with the central expansion. There have been many different methods 

suggested, but in this thesis. Stone’s Distributed Multipole Analysis (DMA) [1,2] is used.

Stone’s DMA starts from the one-electron density matrix of any ab initio wavefunction 

expressed as a set of Gaussian functions. Then it uses the properties of these Gaussian orbitals to 

calculate efficiently the multiple moments at a number of sites,

= (2.18)
ij ij u V

Mfj is the element of the density matrix, and 0, ^ ( r )  is a normalised basis function,

expressed as a linear combination of Gaussian primitive functions T]^, which takes the form:

Vu = ( y - y j "  (z -  z, r  exp (r ] (2,19)

for a function centred at and +jlî + v  ̂ equal to the angular momentum quantum

number I , a.̂  is the product of a normalisation constant and a contraction coefficient. Essentially, the 

method takes the product of two primitive functions that defines a new Gaussian function. Hence the 

charges' densities overlap at a centre P  (Equation (2,20)) and a series of multipoles at that centre are 

obtained.
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p ^ ocA+p^  (2.20)
a  + j8

F o r  e x a m p le , th e  o v e r la p  d e n s ity  o f  a n  s  fu n c tio n  T]{s \ A )  a t  A  a n d  a  fu n c tio n  a t  B  is:

7) (^ ; A ) t ) ( p , ; B )  =  e x p [ - a ( r  -  A )^ ] ( z  -  Zg ) e x p [ - ) 3  ( r - B ) ^  J  

=  ( z - Z g  ) e x p { - [ a ) 3/ ( a  +  )3 ) ] ( A  - B ) " } e x p [ - ( a  +  )3 ) ( r  - P f  ]  (2 .2 1 )

=  { z - Z p  +  Z p - Z g  ) e x p { - [ a / 3/ ( a  +  )3 ) ] ( A  - B ) " } e x p [ - ( a  +  ^ ) ( r  -  B )"  ]

T h e n , b y  u s in g  th is  fo rm u la :

(^ ) = Ê  È*=0 q= -k

l  +  m l - m
Q kq(P )R t-k ,.-q{S-P ) (2.22)

k - q

it is possible to get from the expansion at a point P , new expansions centred at a new site S . In the 

equation, q and m refer to the components of the multipole moment and k and I to its rank. It is 

worth pointing out that the series (S  ) is infinite but local moments of rank higher than quadrupole

are expected to be small. This is due to the fact that the contribution from orbitals higher than j  or p  is 

normally very small, so the quadrupole (as a result of two p  functions) should be the highest moment 

of significant magnitude. However, if |5 - P |  is large. Le. we move the multipoles very far from the

centre P , then higher order moments will still be large, as the expression for Qg„{^S) depends on

|5 -  *. S  is usually taken as the nearest nuclear site in the expansion. The choice of sites 5

being arbitrary, we can choose those sites that are more suitable each time. The electrostatic potential 

due to a multipole series at a site S  will be:

v ( r )  =  2 k  -  s r ' " '  Q .  ( r  - S ) Q ^  ( *  )  (2-23)
Im

Now by comparison with the previous equation one can see that \r -  5 | should be much greater than 

[ S - P ) ,  if convergence of the series is to be achieved. In other words, the points at which the 

potential is to be evaluated must all be further away from each site S  than any of the centres P , 

which contribute charge density to S  . This means that when choosing the sites, one should take care 

not to shift any multipoles very far from their original centre P  . Choosing for example the nuclei as 

the DMA sites satisfies the previous criterion, since nuclei carry charge that needs to be included in 

the expansion, and in most ab initio calculations basis functions are centred on the nuclei anyway. The 

centre of a bond would also be a sensible choice as an additional DMA site, because it is situated 

along the line of accumulated charge density for high accuracy.

Distributed multipole analysis is a computationally efficient method of calculating electrostatic 

interactions, without using any approximations. This has the additional advantage of fast convergence 

that characterises the distributed multipole expansion. DMA is also valid at distances that are of 

importance in organic systems, such as the hydrogen bonds, whereas the conventional expansions are 

only valid at longer distances. An exceptional advantage of DMA is probably the fact that it is 

consistent with the ideas of bonding in molecules. For example, if a dipole (lone pair) is present, we
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expect to have it represented by a dipole, or a quadrupole to represent 7i-bonding electrons. (See 

Figure 2.2 for the two-dimensional representations)

+z

•30

Figure 2.2 Diagrams representing the charge distributions that could be modelled by a pure point charge, dipole, 
quadrupole and octadecapoles.

The DMA multipoles are due to the distortion o f the charge distribution that occurs on bonding, 

since in general, the moments of neutral spherical atoms are zero. DM A is a major advance for 

modelling the intermolecular forces, as the atomic point charge model contradicts the theory of 

bonding, and the central multipole expansion suffers from validity and convergence problems. A 

comparison o f DMA with the atomic point charge model will be discussed in Chapter 5.

The DMA model has been used successfully in the study o f  electrostatic interactions between 

molecules, as well as the description o f the charge densities on individual molecules. This has been 

tested on a range of crystal structures by Coombes et al. [70]. The electrostatic force in van der W aals 

hydrogen-bonded dimers is dominant in determining the strength and orientation dependence of their 

interaction [60] as discussed below. This suggests that the total interaction may be approximated by a 

good representation o f the electrostatic forces, even without an accurate description of all the 

remaining contributions.

2.6.4 The use of DMA in model potentials

DMA has been used in a variety of model potentials. One example is a sim ple model, which is 

successful for predicting the structures o f small van der W aals molecular com plexes by Buckingham 

and Fowler [60,71]. This model included electrostatic interactions between point multipoles on each 

monomer, derived by DMA. An approximation to the shape and size o f the molecules was described 

by hard-sphere repulsion for each non-hydrogen atom, with standard van der W aals radii as listed by 

Pauli. This model is also the basis for the prediction of azabenzene com plexes involving aromatic 

molecules by Price and Stone [72]. The basic model provides an accurate representation of the 

electrostatic interaction between the molecules. The use of transferable em pirical exp-6 repulsion- 

dispersion potential based on crystallographic data with the DM A electrostatic model can provide 

reasonable accuracy for crystal structures (Chapters 4 and 9).
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2.7 Intermolecular forces from experiments
It is a difficult task to quantify intermolecular forces from experiments, because of the vast amount of 

data that is required. Experimental errors can lead to inaccurate descriptions of the intermolecular 

forces; hence it is a very time consuming process that may not be able to produce a set of parameters 

with good transferability. There is no experiment that gives a potential energy surface as the primary 

experimental measurement. Perhaps the most direct method is to use spectroscopic lines and values 

that need to be fitted to an analytical expression for the potential energy in the well region [73].

2.7.1 Empirical potentials

Due to the many experimental properties of molecules in the solid, liquid and gas phase that are 

dependent on the intermolecular potential, accurate experimental data can be used to derive model 

potentials. The normal procedure is to choose a functional form, for example the Lennard-Jones 12-6 

potential:

U{R)  = Ae ' (Tl
6"

= e r p i
12

- 2 f p ]
6"

UJ (2.24)

which is defined so that U {R) = 0 and U (p )  = - e  as depicted in Figure 2.1.

The fitting of the parameters to experimental data is important, as the reliability of the potential 

is directly related to this fitting. Overfitting is a common problem, where a model fits the available 

data accurately but has very little predictive power due to its poor representation of the real potential. 

Therefore, more experimental data originating from a variety of sources is required, in order to obtain 

a realistic potential. The R~̂  ̂ form used for the description of the repulsion potential can be replaced 

by an exponential form, without costing a lot of computational time. The potential parameters are then 

adjusted until the calculated properties correspond to the experimental properties as closely as 

possible. In this case, the potential parameters e and either cr or p  are adjusted. This procedure is 

limited by the experimental errors and the approximations used in the theory to calculate the 

properties from the potential. The choice of the functional form is also very important, since different 

types of functional form may require different number of parameters to be adjusted. The amount of 

experimental data is vital, since the lack of parameters may lead to the ability to reproduce one 

property well, whereas the other properties are substantially different. Hence, the wider the range of 

experimental data that are sensitive to all aspects and properties of the potential energy surface used in 

the fitting, the more reliable the potential in giving realistic results.

Organic crystal structures are commonly used for developing atom-atom potentials, because the 

data are widely available for a wide range of organic molecules. The structures of these organic 

molecules can be very sensitive to the potential in the important van der Waals contact region. The 

model potentials that are most widely used have been developed by fitting with a wide range of crystal 

structures and the sublimation energies for the common atomic types. One example of model 

potentials that has been constructed via fitting with organic crystals is the Lennard-Jones potentials 

for amides and carboxylic acids by Hagler and Lifson [74]. Another example is the repulsion- 

dispersion parameters derived in conjunction with an externally derived electrostatic model, by
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Williams and co-workers for carbon, hydrogen, nitrogen [75], oxygen [76], chlorine [77] and fluorine

[78]. The Williams' empirical fitted model will be used for comparisons with our model potentials in 

Chapters 4, 5 and 9.

Although there are many empirical models available, and they seem to be adequate for many 

modelling studies, there are certain deficiencies of these types of models. They are limited by their 

empirical nature, where assumptions of transferability, and limited functional form have restricted its 

application to certain simulations. Hence it is necessary to develop more accurate models specific to a 

given molecule, if high accuracy and quality of results are the main purpose of the studies, or for 

unusual functional groups where there is insufficient experimental data to derive empirical potentials.

2.8 Intermolecular forces from ab initio methods
Quantifying intermolecular forces from ab initio methods is an alternative to fitting parameters to 

experimental data that has become possible with improved computing power. Ab initio methods are 

used in the calculation of intermolecular forces in several ways. The most common ab initio methods 

used are supermolecule calculations and perturbation theory, both using various types of 

wavefunctions.

2.8.1 Supermolecule calculations

Supermolecule calculation is the simplest method in calculating the interaction between a pair of 

molecules. The interaction energy can be determined by calculating the total energy of the molecules 

at a given relative orientation (the supermolecule), and then subtract the energies of the isolated 

molecules. However, this interaction energy is affected by the basis set superposition error (BSSE).

BSSE is a spurious contribution to the interaction energy arising from the improved description 

of each fragment in the total basis of the complex compared to the fragment basis on its own, and this 

leads to a consequence of the incompleteness of the one-electron basis set. A conceptually simple 

method to take into account of the BSSE is by correcting it using the counterpoise correction method

[79]. The counterpoise correction method most commonly used is of Boys and Bemardi [80]. This 

correction method was used to deal with the problem of BSSE, which caused an unphysical lowering 

of the dimer energy as the dimer forms. The energies of the fragments are calculated in the full basis 

of the complex, and these counterpoise-corrected (CP) energies are used for the energies of the 

fragments when computing the interaction energy. The counterpoise method has been proposed in 

1970, and since then it has been used to correct the BSSE. The term BSSE was first introduced in 

1973 by Liu and McLean [81], years after Boys and Bemardi [80] proposed their counterpoise 

correction procedure. Although it is generally believe that the counterpoise procedure is the best 

method to correct for BSSE, there is still a widespread belief that the counterpoise overcorrects, and 

the computer interaction energies are too repulsive. There have been many reviews with discussions 

on the counterpoise method and BSSE, such as those by Dunning Jr. et al. [82] and van Duijneveldt et 

al. [79]. The former discussed mainly the effects of BSSE on the convergence behaviour of molecular 

properties that is computed with the correlation consistent basis sets, and the latter deal with mainly 

the descriptions of the different counterpoise corrections method available. Duijneveldt et al. [79]
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concluded that counterpoise methods do not yield the exact interaction energies directly. However 

they are capable in providing a pure interaction energy that is free of BSSE. This then can minimise 

the time spent on considering the size of BSSE and can concentrate on the improvement of the 

descriptions of the physical properties of the interactions.

Here below show the equation for determining the interaction energy as the difference of the 

energy of the complex and the sum of the energies of the separated monomers.

AE(R,r^,r,) = (« .' ' . . ' i ) -  E f"  ) (2.25)

where a and b are the isolated monomers and ab is the complex. The superscript debs denotes the 

dimer-centred basis set, to indicate that the phenol and water monomers energies are computed using 

the complete dimer basis set.

The counterpoise-corrected interaction allows for changes in the monomer structure within 

interaction at a particular ab geometry . It follows from

where R denotes the intermolecular geometrical parameters and and are the intermolecular

geometries of the phenol and water fragment, respectively. The last two terms represents the 

deformation energies of a and b as follow

A l / f  = e r  ) -  C  ('•, ) (2.27)

A l/f '  = E r"  (') ) -  ET" {r. ) (2.28)

The deformation energy of a , for example, is computed as the difference of the energy of the a

molecule fixed at geometry it has in the complex and the energy of a free a at its equilibrium

geometry is computed in the monomer basis set {mobs = monomer-centred basis set) at

the same level of theory as used for the other terms.

The use of the supermolecule calculations has progressed considerably for the molecular 

interaction of small polyatomics, such as the water dimer. Despite the ongoing progress, 

supermolecule calculations are normally only applied to find the energy at a few chosen geometries. 

This is because the calculation at each point is too computationally expensive to allow the calculation 

at sufficient geometries to define the entire potential energy surface that would be sampled in a 

condensed phase simulation. Hence, most ab initio calculations are only performed at the most 

important geometries on the potential energy surface. This can then provide accurate energies at these 

positions, for validating or developing the model potential.

2.8.2 Perturbation Theory

Perturbation theory is an alternative to the supermolecule method, for accurate ab initio dimer 

calculations of interaction energies. In this approach, the interaction energy is calculated explicitly as 

a perturbation with reference to the state of the non-interacting monomers. The method itself 

partitions the interaction energy naturally into several different terms, each with a clear physical 

significance [49]. Perturbation theory gives much more physical insight into the significant
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contributions in interaction energies than in supermolecule calculations that require far more 

computational resources. Perturbation methods do not come free of problems either. Although at long 

range it is relatively easy to apply the perturbation theory (See Equation (2,3)), at short range the 

simplification associated with neglecting electron exchange is not valid anymore. In other words, 

when the wavefunctions of the molecules overlap, then the wavefunction of the combined system 

must be antisymmetrised, and just taking the product of the two original functions is not acceptable. 

This results in zeroth-order wavefunctions that are not necessarily orthogonal, and thus they cannot be 

eigenstates of any Hermitian operator. This in turn implies that the typical Rayleigh-Schrôdinger 

approach is not applicable, but it does not really mean that the use of perturbation theory is not 

suitable for the discussion of intermolecular forces. If the zeroth-order Hamiltonian is not required to 

be Hermitian, then no orthogonalization is needed, and an approach such as Hayes and Stone’s 

Intermolecular Perturbation Theory (IMPT) [4] can be applied,

2.8.3 Intermolecular perturbation theory (IMPT)

Intermolecular perturbation theory (IMPT) is a dimer-based calculation of the intermolecular 

interaction energies by Hayes and Stone [4], This is an alternative method from supermolecule 

calculation as it can calculate all the components of the interaction energies. This means that 

calculations on dimers (dimer starting from monomer wavefunction) remain the only accurate way of 

obtaining all contributions to the intermolecular interaction energy with a single method. This can 

provide an accurate way to obtain all the contributions to the intermolecular interaction energy on a 

dimer system. The IMPT method [4] has the additional advantage that there is no need to be 

concerned about the stability and convergence problems normally associated with the expansion of the 

intermolecular overlap or the orthogonalization of the orbitals, BSSE of course is a problem in 

perturbation theory as in supermolecule calculations. The main contribution of BSSE comes from the 

charge-transfer term. It is possible to separate the charge-transfer term from the total induction energy. 

This was demonstrated by using Hayes-Stone's Intermolecular Perturbation Theory (IMPT) 

calculation [4], with implementation by Stone [55] to enable such separation. The intermolecular 

interactions are evaluated to second order of perturbation theory between the charge-transfer and the 

induction energy, which gives a charge-transfer component that is free of BSSE [55], The significance 

of the individual contributions yielded by IMPT calculations are discussed briefly. This should 

provide us information on the nature of the method, and can aid the analyses of the quality of results 

and our model potential.

The zeroth-order energy of the IMPT is simply the sum of the fragment energies. Then the first 

order energy consists of the electrostatic (Coulombic) energy, the exchange energy and a third term, 

which incorporates all non-additive effects at first-order and it is known as the repulsion energy. All 

of these contributions have been analysed before in terms of their physical significance in Section 2,4, 

Second order terms are arising from single and double excitations of the electrons and IMPT 

calculates these separately. Single excitation occurs from an occupied orbital to a virtual orbital and 

the two orbitals can either belong to the same molecule (polarization energy) or to different ones 

(charge-transfer). As the distinction between the two only makes sense in a finite basis set, separating
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the two terms should be considered with care. It is also worth pointing out that polarization can be 

compared with induction energy in long-range theory (Section 2.4.2), but this is not true for charge- 

transfer as the latter vanishes at long range. Finally, at second order the IMPT produces a series of 

double excitation terms (which include all possibilities for excitation from occupied orbitals to virtual 

orbitals in the same molecule and between different molecules). There are five, in total, double 

excitation terms, but three of them are spurious and only two really contribute to the intermolecular 

energy of interaction. One is the dispersion energy, a term generally underestimated unless large basis 

sets are used. The other one is the charge-transfer correlation. Le. the correlation of an electron 

transferred from the orbital of one molecule to the orbital of another with an electron in the acceptor 

molecule. One should note that both the polarization and the dispersion terms are slightly inaccurately 

calculated with IMPT, as they are affected by the uncoupled nature of Hayes and Stone’s perturbation 

method. IMPT is only available at the SCF level, where the electron correlation is not taken into 

account, although it is incorporated in the intramolecular correlation second order double excitation 

term. This term would actually represent the intramolecular correlation, if intermolecular overlap was 

neglected, but this is not the case here. However, perturbation theory calculations are very expensive 

when used to obtain results of reasonable accuracy that are converged with respect to the basis set. 

Even for small molecules, it is impossible to calculate the energies at sufficient number of points to 

define the potential energy surface. The most time consuming and basis set dependence in this 

approach is the calculation of the dispersion energy. Therefore it is possible to use IMPT calculations 

to derive the individual first order contributions for a chosen set of orientations, and use the results to 

fit or test models for these contributions. This method has been proven to be very useful in the 

development of systematic potentials, described in Chapter 4, 6 and 7.

2.9 Intermolecular forces from systematic potentials

As we already mentioned in the previous section, there is a need for more accurate model potentials. 

One method is to take the systematic approach, where each contribution is represented and quantified 

separately. Then these are combined to give an overall total potential. This approach has been able to 

provide reliable potentials for small polyatomics [66,83]. There are many contributions that require to 

be quantified, and of course the relative importance of each contribution varies with the molecules 

concerned and their relative separations and orientations. The effort that required for quantifying each 

contribution is different for each of them. Most of the effort has been put into the development for the 

electrostatic contribution, which dominates the orientational dependence of the intermolecular 

potential of most molecules. Since each contribution is different in nature, it is important to consider 

each possible contribution carefully.

2.9.1 Systematic potentials for water dimer - an illustration of a systematic 

potential for small polyatomics

In order to understand the in-depth theory behind a systematic potential, the most direct method is to 

study a small system whereby the systematic potentials are applied. This should provide us 

information on the relative importance of each term; hence it can aid us in our development of a

New Models for Intermolecular Repulsion and their Application to van der Waals Helen H.Y. Tsui
Complexes and Crystals of Organic Molecules August 2001



2 The Theory of Intermolecular F o rces_______ ^

model potential for our study of the phenol-water interaction. The water dimer potentials of Millot et 

al. [48,84] have been chosen for our study because their systematic potential accounted for all the 

significant contributions to an intermolecular potential. Their water dimer potential was first published 

in 1992 [48], and it was later improved with modifications made in 1998 [84]. Modifications were 

made on the ASP-W potential by Millot et al. [84]. The main changes were the updating of dispersion 

coefficients, an addition of a charge-transfer term and also modification on the distributed multipoles. 

The two modified potentials are referred to as ASP-W2 and ASP-W4. The only difference between 

the two potentials was the distributed multipole analysis (DMA). The DMA analysis at the MP2 level 

used for ASP-W was replaced by a more accurate multireference Cl calculation carried out with the 

program MOLPRO [85].

The molecules are assumed to be rigid, with an OH bond length of 0.9572 Â and an HOH angle 

of 104.52 °. In ASP-W4, the atomic distributed multipole expansion is truncated at the hexadecapole 

on each site, and the energy terms having up to distance dependence. For the potential ASP-W2, 

the DMA is truncated at the quadrupole on each atom and the hydrogen quadrupoles are shifted to the 

oxygen atom position in the ASP-W potential [48]. The dispersion coefficients were replaced by more 

recent and accurate values calculated by Wormer and Hettema [86].

= S  S  K .O ..Ü ) ) / ,  (R) (2.29)
n=6 ^

where {(0^,Q}g,(o) are the normalised real components of orientational S functions, R is the

distance between the centres of mass. The Tang-Toennies damping function is used and the damping 

parameter a is 1.92 a.u.

/ , ( R )  = l - e x p ( - f l R ) X ^ 2 ^  (2.30)
*=0 ^ !

There is also damping model for the induction terms, because the induction may involve more than 

one site on each molecule, so the distance R is different for the two interactions involved. This is 

unlike the usual Tang-Toennies damping [57] for the dispersion, which involves the product of two 

interaction functions from the same distance R .

(/w  Ae;7;,“‘/ , ( R .^ ) ^ a ' (2 .31)
^  A B*A

AGi = (R« (e !  + G“ ) (2.32)

where Q° are permanent multipoles of molecule A , Ag/ are induced multipoles of molecule A , 

a°,° is the polarizability tensor and /?^ is the distance between the sites concerned.

The one-site polarizability model is the same as ASP-W, where the one-site polarizabilities up to 

quadrupole-quadrupole located on the oxygen atom were calculated using the program CADPAC 

[56]. For the exchange-repulsion-penetration energy, a set of optimised parameters used involving 7 

anisotropic S functions for the oxygen atom, and 9 anisotropic S functions for hydrogen atoms.

^ e r p  = E  [ ^ a b  ~  P ab  (^ ))]  (2.33)
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where is the distance between site a o f molecule A and site b o f molecule B , is a

hardness parameter depending on the site pair, and (^2) is an orientation-dependent parameter 

describing the effective size of the atoms.

P ..( û ) = S , S K , û>..<«)p ;È  (2.34)

The charge-transfer term has been added, and its energy was evaluated from IM PT calculations 

[4,55,87] on the dimer and fitted to an atom-atom functional form. This form is sim ilar to that o f the 

repulsion energy, but attractive and involving only the four oxygen-hydrogen pairs for the dimer:

E „ = - K  Y .  e x p [ - < ;  (R -  -  P :  (£2))] (2.35)
o n  pairs

where A' is a constant having the value of 1 millihartree.

The minimisation of these potentials was successfully reproduced using ORIENT [88] and 

shown in Table 2.1. The same rigid water molecule from Stone and co-workers [84] is used in the

dimer minimisation calculations. Both o f these models for the water dim er produced the same linear

geometry as shown in Figure 2.3. The main difference is that the 0 -H ...O  angle o f ASP-W 4 is 

slightly larger. This shows the sensitivity o f the minimum and angle to relative small changes in 

DMA.

ASP-W2 ASP-W4

Figure 2.3 Geometry o f the water dimer minimum, using ASP-W2 and ASP-W 4 model potential.

Full Model ASP-W2 ASP-W 4
d ( 0 . . .0 )  / Â 2.96 2.97
d (O ...H ) /Â 2.01 2.02
Angle 0 - H . . . 0 / ° 170.87 176.95
Energy / kJ/mol
Electrostatic -25.74 -25.19
Induction -4.07 -3.44
Dispersion -8.40 -8.49
Exchange-Repulsion 19.45 18.50
Charge-Transfer -2.32 -2.24
Total -21.08 -20.87

Table 2 .1 Energy contributions for ASP-W 2 ad ASP-W 4 water dimer potentials.

2.9.2 Sensitivity of potential to each contribution

The sensitivity of the potential to each contribution has been tested, by studying the energy and 

structural changes at the minimum energy structure o f the full ASP-W 4 potential. Each term has been 

omitted or altered to create a variety of potentials, and their energies and structures have been re

calculated using ORIENT [88]. The results are presented in Table 2.2 and Table 2.3. It can be 

observed clearly that atomic anisotropy plays an important role in interm olecular potential. The 

energy and structural changes are significant, influenced by the om ission o f  anisotropy terms, in
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particular the repulsion and electrostatic energy are affected significantly when the anisotropic terms 

are removed. This indicates in order to construct an accurate intermolecular potential, one must 

incorporate the anisotropy terms. The omission of charge-transfer and induction terms shows only 

slight deviation in energy and in structure.

Full Model Energy / kJ/mol Modified Models Energy / kJ/mol
Electrostatic -25.19 Only charges on atoms -3.86
Induction -3.44 Only charges on atoms -0.53
Dispersion -8.49 Only Cg isotropic -3.56
Exchange-Repulsion 18.50 Only isotropic terms 22.16
Charge-Transfer -2.24 Only isotropic terms -3.17
Total -20.87 Without long range damping -25.66

Table 2.2 Energy contributions at minimum energy structure, upon variations of potential.

Energies on the left are energies for the contributions using the full model, with the corresponding energies upon modifications 
on the full model on the right. Where appropriate, higher multipoles were omitted to give charges only electrostatic model. 
Similarly for dispersion, exchange-repulsion and charge-transfer, anisotropic terms were omitted.

d ( 0 .. .0 ) /A d(O ...H )/À Angle 0 - H . . .0 /  °
Full potential 2.97 2.02 176.95
A if charge only electrostatic model +0.33 +0.80 -64.78
A if charge-transfer omitted +0.07 +0.07 -0.02
A if induction omitted +0.07 +0.09 -8.20
A if only isotropic repulsion +0.09 +0.09 -2.84
A if only isotropic dispersion +0.12 +0.11 + 1.51

Table 2.3 Sensitive of minimum energy structure of (HzO); to various approximations in the model potentials.

A = the difference of (structure for modified potential - structure for full potential). Each modified model is the full potential 
with the parameters and model of one contribution modified.

The Millot et al. water potential illustrates the state-of-the-art on the application theory of 

intermolecular forces, and shows the accuracy of the theory is important in order to derive a realistic 

model potential. Millot et al. [84] have tested their model potentials by determining the second virial 

coefficient B( T) ,  and both the ASP-W2 and ASP-W4 potentials give values that are close to

experiment in the range 373-973 K when first order quantum corrections are included. Systematic 

models of the water dimer have shown their capability in reproducing experimental data to a 

reasonable level. This has been demonstrated by the ASP-W4 potential, that gave good results for the 

tunnelling splittings in the water dimer spectrum [89,90]. The ASP-W potential has also been 

modified by Fellers et al. [91], by fitting it to microwave, terahertz, and mid-infrared (D20)2 spectra 

through a rigorous calculation of the water dimer eigenstates. This modified potential (VRT-ASP-W) 

reproduced most ground state vibration-rotation-tunnelling spectra and yielded excellent second virial 

coefficients. The calculated dimer structure and dipole moment are in good agreement to experiments. 

This shows that the importance of an accurate systematic potential can aid interpretation of 

spectroscopic data, and may shed light on explaining unidentifiable experimental features. This type 

of potential is far too complicated for other simulations, since the number of terms will require too 

much effort computational effort to achieve good results, in particular for organic systems.

The water dimer studies have shown that there are some terms that are just too complex to 

model for large organic systems. We will only consider the most important contributions, 

electrostatic, dispersion and exchange-repulsion, and also include penetration and charge-transfer in
New Models for Intermolecular Repulsion and their Application to van der W aals Helen H.Y. Tsui
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Chapter 7. The electrostatic term can be well represented using Distributed Multipole Analysis 

(DMA). The dispersion term is still an underdeveloped studied area, where there have been attempts 

in obtaining distributed dispersion from carrying out Density Functional Theory (DPT) calculations 

by loannou and Amos [92]. They have studied a wide range of small amino acids, and able to split the 

distributed dispersion into atom-atom dispersion. However, there has not been much progress in 

implementation of the method and application since then. Therefore we will use a simple 

approximation such as the Slater-Kirkwood formula [51] in this thesis, which is sufficient in providing 

a reasonable dispersion model. As explained previously, there is no rigorous analytical method for 

determination of the repulsion term. Hence, the repulsion term will be studied in detail using a non- 

empirical method explained in Section 2.10.

2.10 Why do we need new repulsion models?
There are many empirical repulsion models available for many types of studies, but there is still a 

deficiency in obtaining a good repulsion model. Empirical models for organic molecules are widely 

available, however, they are still questionable because of transferability. Empirical model potentials 

may not be able to be fitted for certain types of organics, due to the lack of similar compounds to be 

included in the study. This is the case for our blind crystal structure prediction in Chapter 4. Hence 

there is a great need for new repulsion models, especially when there are limitations on empirical 

fittings.

There are limitations of fitting repulsion to IMPT or other ab initio surface. For example, the 

water dimer repulsion model of Stone's was parameterised with energies obtained from IMPT 

calculations. It can include anisotropy, however it requires too many fittings, which lead into too 

many assumptions that can introduce many errors. For organics, there are insufficient points to sample 

the potential energy surface. Another method that can derive repulsion parameters is the recent 

method by Mooij et al. [93] for application in crystal structure predictions [32,94]. They have deduced 

repulsion parameters based on ab initio calculations of methanol dimers and trimers. Their repulsion 

model also absorbed charge-transfer, exchange-dispersion and penetration energy. The parameters are 

refined by applying a weighting method using a formula, and the use of combining rules used can 

introduce many errors. This method is also heavily fitted to experimental data, that the parameters are 

no longer non-empirical.

The use of test-particles is one of the methods for calculating the exchange-repulsion 

parameters, as shown by Stone et al. [95] where a probe atom was used successfully to speed up the 

calculation. In this method, a helium atom is used as a test particle to probe the anisotropic repulsive 

wall of the target molecule. The procedure is carried out by first evaluating the repulsion energy 

between the test particle and the molecules A and fl at a range of configurations. These repulsion 

energies are then fitted to a suitable analytical potential function, and then using a suitable combining 

rule to obtain the A...B potential from the analytic test-particle potential. The authors have reported 

that the method is an efficient method in terms of speed, however, it does depend heavily on the 

choice of the probe atom and suitable combining rules. One limitation of the method is the application 

of the combining rule for the anisotropic terms; another reason is that only small molecules with few
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types of atoms are suitable to use for this type of derivation. Therefore this seems to be a very 

complex procedure despite the improvements on speed.

There are two recent methods of determining atom-atom repulsion parameters based on 

approximations. They are the non-empirical molecular orbital (NEMO) by Karlstrom and co-workers 

[96-98], and the overlap model (OM) by Wheatley and Price [3,47,99]. NEMO is a method where the 

exchange-repulsion is the difference of the interaction energy and the sum of the electrostatic and 

induction energies. This definition provides the exchange-repulsion energy not only containing the 

true exchange-repulsion but also overlap corrections to the electrostatic and induction interaction and 

the charge-transfer interaction. All these terms depend on the overlap between the wavefunctions of 

the two interacting molecules, to give a model for the exchange-repulsion energy. The exchange- 

repulsion term is fitted to an exponential function. This NEMO model appeared to be very complex, 

with many fittings, as well as needing to take into account of basis set superposition error (BSSE) by 

correcting it with the full counterpoise correction [79,82]. Hence it is not an ideal model for deriving 

non-empirical atom-atom repulsion parameters.

An alternative method in deriving suitable repulsion terms that reflect the physical interaction is 

the overlap model, which has been developed for polyatomics, of Wheatley and Price [3,47,99,100]. 

This method assumes that the repulsion of the interacting molecules is proportional to the overlap of 

their charge densities. The overlap model only requires the charge densities of the monomers of the 

investigated system. It uses Gaussian multipole functions for describing the molecular charge 

densities, for charge overlap effects at short range. It is also possible to obtain anisotropic repulsion 

terms, and this method has been applied successfully for chlorine [47]. The advantage of the overlap 

model in comparison to the NEMO methods is that it can be divided into atom terms that aids fitting. 

Due to the simplicity of the method, we consider this model to be the most appropriate method to 

derive repulsion parameters for the systems we studied. The overlap model has not been extended 

fully to large organic systems. It has only been applied for predicting intermolecular repulsion in 

N...H-0 hydrogen bonds study by Nobeli et al. [69], and on crystal structures of oxalic acids [101]. 

The overlap model is a systematic method where the interacting molecules are used to establish the 

intermolecular repulsion. The overlap is relatively cheap to calculate and, therefore, has been used to 

parameterise model potentials for hydrazine [102,103], methanol [104], L r...H 2 0  [105], N a\..H 20 

and (H20)2 [106] potentials by fitting. The theory of the overlap has since then been applied to wider 

applications, such as the development of the overlap model for modelling exchange-induction 

energies for alkali halides and chalcogenides [107,108], to calculating correlated exchange energies 

for application to a range of distorted crystalline environments [109,110]. The development of the 

overlap model is a major theme of this thesis.

2.11 The overlap model

The repulsion parameters for an exponential atom-atom model potential can be obtained from the ab 

initio charge density of a small organic molecule by making the assumption that the intermolecular 

repulsion energy is proportional to the overlap between the unperturbed charge densities of the 

interacting molecules. Thus, the exchange-repulsion between two closed shell molecules A and B , is
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assumed proportional to the overlap of the isolated molecular charge densities and Pg , calculated 

by integrating over the spatial coordinates r:

U„ = KS, = k \ p ,  {r)Ps {r)d ’r (2.36)

where K  is the proportionality constant.

Since Pg is the charge density of the second molecule B positioned at a separation R and 

orientation Q relative to molecule A , this then gives a model for the orientation dependence of the 

intermolecular potential:

U ,,{R ,Q ) = KSp(R,Q.) (2.37)

The relationship is not rigorously justified, but it can be understood in terms of the Pauli principle. It 

is well known that electron population is higher in the overlapping region, rather than in the 

corresponding region of the separated monomers. As the monomer wavefunctions overlap each other, 

repulsion will increase as the overlap increases, due to the decrease of volume available to

accommodate the electronic population. Previously, the overlap approximation has been applied to the

repulsion between pairs of rare gas atoms by Kim et al. [ I l l ] ,  and between a rare gas atom and a 

halide ion by Kita et al. [112]. This model is a simplification in that it does not take into account the 

perturbation of the electron clouds, that takes place when the two wavefunctions start to overlap. This 

will then reduced the electron density between the nuclei that lead to less exchange energy of the 

electrons, and will increased the repulsion of the nuclei. This error increases with increasing overlap, 

so it is assumed to be proportional to the overlap. However, this error will be partially absorbed in the 

proportionality constant K .

Equation (2.36) is a first approximation, however it is not exact. Wheatley has modified the 

relation to improve its accuracy by introducing the additional variable y (power law) as follows:

E,r= K S; (2.38)

Kim et al. [ I l l ]  first tested this in their studies of rare gas atoms and determined y between 0.96 and 

0.99. This variable has been tested in Wheatley's (Cl;)!, (N%)2 and (p2)2 studies [47] that the values of 

y is between 0.80 and 0.85 and has shown that it is basis set dependence. As the basis set improves, 

the value of y appears to be approaching 1. Wheatley and Price has noted that a value of y  less than 

the value of 1, is equivalent to multiplying the exponent in a model potential of exponential form 

by y , and this will make the repulsive wall less steep. There is a problem in incorporating y ^  1 in 

atom-atom repulsion, because of fitting of the proportionality constant K . Their argument for this 

method in incorporating y is more physical, as raising the overlap to a power would results in atom- 

atom contributions added together and then raised to the power of y  , that is not in accordance to the 

general form of an atom-atom potential. The appropriate value of y  for previous organic studies has 

been found to be close to unity. Concurrent work by Mitchell and Price [113] has shown in their 

studies that the optimum value of y is between 0.93 and 0.95. However, they have suggested that the 

non-unity of y may be due to the property of the molecules concerned [ 114] and possibly of basis set. 

Therefore, in this thesis, we only used the relation of Equation (2.36). The strength of the method is
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that not only the overlaps are cheaper to calculate than true repulsion, but also the model can be 

treated analytically providing separation of the repulsion contribution into atom-atom terms.

The above assumption has been found reasonable for (Fi)!, (Ni):, (€ 12)2 [3,47] and N ...H -0 

hydrogen bonding regions of the pyridine/methanol and methylcyanide/methanol potentials with 

anisotropic repulsion [69], The basic assumption of requiring only the properties of the isolated 

monomers is the main advantage, as the expensive ab initio dimer calculations can be avoided. 

However, for larger organic molecules, one of the main problems in fitting either empirical data or 

numerical points on a potential energy surface is the correlation in the parameters between different 

types of neighbouring atoms. The major advantage of using the overlap model [3] is that it is capable 

of partitioning the repulsion into atom-atom contributions, by first partitioning the molecular charge 

distribution into extended atomic charge distributions, each being described by a set of Gaussian 

functions.

The ab initio molecular charge density can be expressed in terms of atomic orbital basis and the 

elements of the density matrix M  , starting from a molecular wavefunction comprising Gaussian-type 

functions.

= (2.39)
i J

where M,y is the element of density matrix M  corresponding to the atomic orbitals 0, and (j)j 

centred at /; and . Each of the atomic orbitals is a linear combinations of Gaussian type 

functions. Therefore the product of a pair of atomic orbitals 0, and (f>j in Equation (2.39) will contain 

products of Gaussians of a Cartesian form.

('■ ) = S ('*) = X 3'/ r  ( z -  z, r  exp[-« „  (r  (2.40)

where is a Gaussian type orbital centred at /; = (x,, y,, z, ) ,  and is the product of a 

normalisation constant and a contraction coefficient. A product of the two Gaussians can be re

expressed as a new Gaussian centred at a point r„ on the line joining r̂  and . Thus, the molecular 

charge density can be expressed exactly as a finite series of Gaussians centred at a number of overlap 

sites . Using the monomer charge densities to calculate the intermolecular overlap in this form 

would be impractical, because the number of sites r„ on each molecule that depends on the basis set

will be tremendous. Wheatley and Price had tested two solutions to solve this problem [3]. One 

solution is the atomic charge density model (central expansion), in which the contributions to the 

charge density where r„ is not a nucleus are left out. All bonding density is essentially ignored, and it 

is adequate for cases where the bonding charge density is small enough to have no overall effect on 

the interactions. This model has been successful in describing the fluorine and chlorine dimers, but it 

failed in the case of the nitrogen dimer, where most of the valence electrons are involved in 

intramolecular bonding. There is a second solution that follows the distributed Gaussian multipole 

expansion, whereby the charge density is redistributed to a relatively small number of selected sites 

around the molecule, such as the atoms and the bond centres. Each Gaussian must be moved from an 

overlap site to an expansion site. If the original overlap itself is already an expansion site, then the
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Gaussian is unchanged. However, if it is not, we have to move the Gaussian to the nearest expansion 

centre. This is carried out using a similar procedure to DMA as shown in Section 2.6.3. The monomer 

charge density can be expressed in terms of a sum of Gaussians centred at sites around the 

molecule as follow:

P *  = { y - y p T  r  “ p [ - a . ( r - r , f  1 (2-41)
r, H-

where is use to distinguish the distributed charge density from the exact molecular charge density

p  . The sums are over all the Gaussians w and the overlap sites . If we combine Equations (2.36)

and (2.41), the overlap of charge densities of molecules A and B will be of the following general 

form:

= S w .  <2-«)

where is the overlap between the Gaussians centred at on molecule A and the

Gaussian centred at on B . This overlap is a function of the separation of and , and for

non-spherical Gaussians, this also includes their relative orientations. The calculation of this overlap 

require the Gaussian to be re-expressed on one site in terms of the local axes of the other, then the two 

Gaussians are multiplied to give a new Gaussian centred at point f  ^  is the

vector from A to fl , and are the exponents of the Gaussians on the molecules A and B 

respectively. The overlap s is re-expressed in the co-ordinate system centred at P , and it will lead to 

the final form where all the anisotropy is included in the direction cosines between the local axes on 

the atoms and the vector R . The scope of this thesis is to apply the overlap model to large organic 

systems, with improvements on the form of the model. The details of the mathematics have been 

given by Wheatley and Price [3], and none of the theory on derivation of Gaussian multipoles has 

been altered.

In cases where the overlap centre is equidistant from two or more expansion sites, the Gaussian

is then divided into equal contributions among the sites. This is done by using standard shifting

formulae for Gaussian multipoles [115]. The bonding charge density has now been redistributed to a

smaller number of sites, while the atomic charge density has remained constant. This results in an

infinite series similar to DMA that must be truncated to be useful. Therefore the rate of convergence

of this series is an important issues in the distributed charge density model, which is directly related to

the number of expansion centres. A simple model can represent the charge densities of chlorine and

flourine, where the bonding density has been neglected. This is performed by using a distributed

model with only two sites on the nuclei, as deomnstrated by Wheatley and Price [3]. This suggests

that the convergence of the distributed model was too slow in the above cases, in order to make it

surpass the simpler atomic charge density model, additional expansion sites were needed. For organic

systems, the truncation errors involved in using only the nuclei for the expansion of the molecular

charge density are likely to be small. They are balanced by the convenience of being consistent with

the generally preferred atom-atom form for the total potential. Further comparison between the two

models has shown that by neglecting the bonding density, it may affect the representation of the
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molecular charge density. However, it has shown to have a smaller effect in the intermolecular region 

that is of interest in the calculation of the exchange-repulsion energy. The program GMUL [54] allows 

the charge density to be expanded about a single point, producing fewer Gaussian multipoles but can 

be used for very small molecules only (central expansion). The other expansion is to re-expressed the 

charge density as Gaussian multipoles centred at the nearest atom, where the charge density are 

divided into atomic contribution (distributed expansion). In this thesis, the molecular charge 

distribution will be represented as a set of atom centred Gaussian multipoles using the distributed 

expansion model [100] using GMUL.

A Gaussian multipole function centred at is defined by differentiating a spherical Gaussian

function centred at the same point with respect to the Cartesian components, and Zp [100].

GMUL partitions the overlaps into atom-atom overlap 5,* (between atom i in molecule A , and k in 

molecule 5  ) to be derived separately. By using the properties of the Gaussian functions, an analytical 

expression for the orientation dependence of each atom-atom overlap at a given atom-atom separation 

can also be obtained from GMUL. For application, this gives an anisotropic atom-atom model 

repulsion potential:

(2.43)
i e A M B

The analytical expressions for the atom-atom overlap at a range of separations can be analysed to give 

an isotropic atom-atom exponential model for the atom-atom overlap:

S-k ) = ■y.v exp(-a,^/?,* ) (2.44)

where s and a  are constant parameters for given atomic types i and K of atoms i and k . This 

approach provides an atom-atom representation of the overlap, which, combined with a scaling factor 

K  , gives an isotropic atom-atom model repulsion in the usual form used in the blind crystal structure 

prediction (See Chapter 4 ,6  and 7):

^rrp = E  A.C exp(-a,^&  ) = exp(-a,^/?^ ) (2.45)

with pre-exponential repulsion coefficient Â  ̂ = and the same exponential decay .

Thus, a model of the exchange-repulsion between two organic molecules is obtained in an isotropic 

atom-atom form from the ab initio charge densities of the isolated molecules. The required parameter 

K  is determined by fitting to either experimental or ab initio data on the interaction energy. Details 

on the analyses of the overlap model will be given in due course. The flowchart of Figure 2.4 gives 

the procedures used to derive repulsion terms using the overlap model.

Throughout this thesis, the overlap model has been extended to organic molecules, where the 

capability of the overlap model has been exploited. This range from accurate van der Waals 

simulations to crystal structure predictions. With the GMUL program written by Wheatley [116], we 

are able to derive repulsion models for our studies. The overlap model should provide a 'tailor-made' 

repulsion model that can fully described the repulsion terms and reflect the true intermolecular 

interaction. We also attempted to improve the current model by including effects such as charge- 

transfer and penetration. This will be given with details in Chapter 7, where a thorough study on the 

sensitivity of the model to choice of basis sets is given. The anisotropic form of the overlap model will
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be described in detail in Chapter 9, where it is the first application of anisotropic repulsion by the 

overlap model for organic molecules crystal structure prediction. It is also the first time that K  is 

empirically fitted with experimental data for use in crystal structure prediction. This also includes all 

other minor effects such as induction and thermal effects. This should provide a test on the capability 

of the overlap model, on whether it can give a good repulsion to predict other polymorphic forms of 

organic crystals.

Sam e for 
Molecule 2DMA analysis

GMUL analysis

S-function coefficients obtained for 
each atom-atom pairs at a  range of 

separations
GMUL partitions total overlaps 

into atom-atom overlaps at a  few 
hundred orientations

GMUL

Atomic point 
multipoles used for 
electrostatic model

Molecule 1 
Calculate ah initio wavefunction

Total overlap 5*™^

used to test model and 
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C %  used in linear regression 

with separation Rĵ  to give a,^

Atomic Gaussian multipoles 
representing p { r )
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energies of complex at 

few dozen reliable 
orientations or other data

Model atom-atom overlaps 
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Figure 2.4 A flow chart for the procedures required to derive a repulsion model using the overlap model.
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2.12 Discussion
This chapter has reviewed the range of interactions that governs the intermolecular forces. There is a 

need to improve model potentials using both empirical and non-empirical methods, to cope with both 

crystal structure simulation and van der Waals complexes, in particular to studies where a slight 

change in the model potentials could have great impact on the overall modelling of the interactions. 

This applies to both the studies of small polyatomics and large organic systems, with the small 

polyatomics able to be modelled by more complicated potentials than for large organic molecules. 

Both systematic and empirical models have their advantages and disadvantages. The systematic 

approach of course is a more complex and time consuming process, but could lead to a much higher 

accuracy. Whereas the empirical methods are also not an easy method, they are fitted with vast 

amounts of experimental data that normally also include thermal effects. This may give a better 

simulation but may not give a better interaction energy. However, there is the question of 

transferability for parameters derived using the empirical models that absorbed terms not modelled 

such as induction. Ultimately, it really depends on the quality of results one hope to achieve that will 

determine the choice of model potentials. Another factor is the sensitivity of the investigated system 

to the type of model used.

The electrostatic contribution has been identified as the main interaction that governs the 

intermolecular forces. DMA has been chosen and has shown to be able to provide a realistic 

description of the electrostatic energy. It has been demonstrated both in theory and in practice that 

atoms should not be viewed as spherical charges, since charges are redistributed upon bonding and in 

cases where there are lone pairs. The established method of DMA is used throughout this thesis for 

describing the electrostatic contribution.

The exchange-repulsion energy has been identified as the second important term in modelling 

forces. Most currently available methods failed to take into account that repulsion energy is also 

sensitive to the charge distribution. Therefore an alternative method for splitting the charge 

distributions to represent the repulsion is needed, and the method chosen is the overlap model. We are 

hoping that this method would be applicable for large organic molecules, which have not been 

previously investigated. The overlap model is the only currently available method that enables the 

derivation of repulsion parameters for organic molecules by splitting up the charge densities into 

atom-atom contributions.
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3 The Study of van der Waals 

Complexes and Crystal Structures

3.1 Summary

This chapter gives an overview on why studies of crystal structures and van der Waals complexes are 

important. There is a great need for understanding the intermolecular forces in these systems to study 

the behaviour of molecules at the molecular level, because of the potential value of modelling to 

industry, especially in developing pharmaceuticals. The computational method for the study of 

complexes of organic molecules is reviewed, with emphasis on the improvements that are required in 

order to achieve high accuracy. In addition, the computational methods for the prediction of organic 

crystal structure are discussed.

3.2 The study of van der Waals complexes

The study of van der Waals and hydrogen-bonded complexes is a major area in both experimental and 

theoretical research, providing direct tests of these intermolecular forces between neutral molecules. 

The understanding of intermolecular forces in such complexes should lead to the progress in 

designing highly specific drugs aided by knowledge of the intermolecular forces that control the 

specific interactions. When the human genome was sequenced [117], it opened up many aspects of 

fundamental science studies that need to be understood. Eventually, an atomic level understanding of 

how the genome operates will be expressed in terms of intermolecular forces.
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3.2.1 Van der Waals forces

Van der Waals forces are named after the Dutch physicist Johannes van der Waals, who in 1873 first 

postulated these intermolecular forces in developing a theory to account for the properties of real 

gases. The van der Waals forces are dispersive forces as described in Chapter 2. The study of gas 

phase complexes has been particularly important in leading to an understanding of the intermolecular 

forces. Nowadays, the term 'van der Waals' forces are often used to describe weak intermolecular 

interactions in general.

3.2.2 Hydrogen bonds

Hydrogen bonds are very important in chemistry and biochemistry. The implications of hydrogen 

bonds for molecular structure, thermodynamics are far from negligible. According to the account of 

Lippert [118], evidence of hydrogen bonding dates back to the beginning of the 20“* century, where 

Werner in 1902 discussed interactions between ammonia and hydrogen chloride [119]. It was not until 

1920 that Latimer and Rodebush [120] postulated the existence of a type of bond involving a 

hydrogen atom and a lone pair: 'The hydrogen nucleus held by two octets constitutes a weak bond". 

The hydrogen bond is an attractive donor-acceptor interaction involving a hydrogen atom. It can be 

represented by A-H...B, where A is the proton donor, and B is the proton acceptor, and A and B are 

electronegative atoms such as O, N, F, Cl, etc.

One of the most important instances of hydrogen bonding is in the interactions that determine 

the shapes of proteins and the genetic code information in DNA and RNA [121]. The DNA molecule 

is usually double-stranded, with the sugar-phosphate backbone of the polynucleotides on the outside 

of the helix. In the interior are pairs of nitrogenous bases, holding the two strands together by 

hydrogen bonds. Hydrogen bonding between the bases is specific. The adenine base can pair only 

with the thymine base, and the guanine base can only pair with the cytosine base. Hence, the 

fundamental studies of hydrogen bonds of simple systems may provide information that may be of 

beneficial to larger system that is difficult to model, and also provide knowledge to aid the studies of 

the genome [117].

Hydrogen bonds give a shift to lower frequency of the A-H stretching vibration in the infrared 

spectrum of a complex. The band corresponding to this stretch is intensified and broadened, compared 

to the free A-H vibration [122]. This gives a large red shift in the infrared absorption. The NMR 

spectrum also reveals the presence of a hydrogen bond, because the hydrogen bond is deshielded as 

the electron density of the A-H bond shifts towards the A atom, thus perturbing the chemical shifts 

observed during NMR experiments. Typical strength of hydrogen bonds is about 25 kJ/mol, but can 

vary between 4 and 160 kJ/mol. Hence intermolecular hydrogen bonding is strong enough to affect 

characteristics of molecule's charge density, implying some rearrangement of charge by the 

intermolecular forces.

Legon and Millen devised a rule for determining the hydrogen-bonded structures of van der 

Waals complexes, based on their observations using microwave spectroscopy [123]. The observed gas 

phase geometry of A-H...B has the axis of the HA molecule coinciding with the supposed axis of a 

non-bonding pair or as conventionally envisaged. If there are no lone pairs, the axis of the HA
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molecule intersects the internuclear axis of the atoms forming the n  bond and is perpendicular to the 

nodal plane of the n  orbital. This directionality of hydrogen bonds is not predicted correctly with 

simple electrostatic models. An early treatment of hydrogen bond in 1928 due to Pauling [124], who 

viewed hydrogen bonding as electrostatic in nature, assigning point charges to the atoms involved. 

This remains the general view and is used widely, but due to the oversimplified electrostatic model, it 

failed in many cases. Buckingham and Fowler [60] concluded that a new model is needed to give a 

truly accurate description of the electrostatic interaction, and showed a distributed multipole 

electrostatic model (Chapter 2), with a crude repulsion term is sufficient to describe the hydrogen 

bonding. Buckingham and Fowler [71] used the method to study many complexes involving polar 

molecules. Work such as this demonstrated that electrostatics dominate orientation dependence. The 

simplicity of the Buckingham-Fowler model that includes a detailed description of the electrostatic 

interactions with a hard-sphere repulsion for each heavy atom, prevents its use in certain situations 

where the balance between different contributions is subtle. The exceptions are where hydrogen 

bonding often requires a complete description of the different contributions of the intermolecular 

forces in order to provide an accurate representation to describe the behaviour of the interaction. This 

has been demonstrated in the water dimer potential of Stone and co-workers [48,84], where their 

potential has been used successfully to describe the gas phase behaviour of water clusters [91,125]. 

One must note that isotropic atom-atom van der Waals potentials lack such directionality and 

therefore would be poor for modelling hydrogen-bonded systems.

3.2.3 The modelling of van der Waals complexes

Theoretical modelling of van der Waals complexes has been improved with the advances of 

computational power, but has often been ahead or done in conjunction with experiments. Experiments 

are difficult, requiring low temperature molecular beams. Recent reviews [121,126-129] have reported 

most of the current methods used and progress in the field, ranging from intermolecular potentials 

using monomer wavefunctions from theory to experimental studies of ultrafast reactions in clusters, 

studied in real time using new laser spectroscopic methods. Especially with the advances being made 

in experimental techniques [127,129], it is now possible to validate previous theoretical studies of van 

der Waals complexes that did not have experimental data at the time of study. Although there have 

been studies using supermolecule calculations [11,19] performed on the system since 1992, the 

binding energy was only determined in 1998 [8]. This is shown by the study of phenol-water complex 

in Chapter 5.

The most common approach to modelling van der Waals complexes is to carry out 

supermolecule calculations. The size of the system and the accuracy of the calculation are dependent 

on the choice of basis sets and treatment of electron correlation, and limited only by the amount of 

computational resources available. Common ab initio calculations that are used to model van der 

Waals complexes are supermolecule calculations and density functional theory (DFT) calculations. Of 

course these calculations are relatively easy to implement, but there are problems that are encountered 

in providing reliable studies. As mentioned in Chapter 2, supermolecule calculations have problems 

with BSSE [79,82], and DFT cannot provide good description for the dispersion forces [130,131].

New Models for Intermolecular Repulsion and their Application to van der Waals Helen H.Y. Tsui
Complexes and Crystals of Organic Molecules August 2001



3 The Study of van der Waals Complexes and Crystal Structures__________________________ 52

Nevertheless, ab initio methods are still the most common approaches taken in the study of van der 

Waals complexes, and applied to the phenol-water complex in Chapter 5.

Modelling the van der Waals interaction using pairwise potentials is another approach for 

complexes of larger molecules. The model potential has to accurately model the interatomic potential 

surface, using a simple expression that can be easily calculated. This includes the commonly used 

Lennard-Jones potential (Equation (2.1)), that can be empirically determined [74]. More realistic 

expression has been proposed, as demonstrated by the water dimer potential discussed in Chapter 2. 

These model potentials can be used in program such as ORIENT [132], which uses a site-site potential 

specified by the user. The energy of the assembly can be calculated at specified configurations, and 

the geometry can be optimised to find minima and transition states and the paths between them. This 

would be useful in determining many data that can be compared with experiments. The most 

important data are the geometry and binding energy of the investigated system. These are the minimal 

criteria that must be achieved in order to provide a reasonable description of the interactions. An 

accurate calculation can further be judged by its reproduction of spectroscopic data, such as rotational 

constants and vibrational frequencies. However, the effect of zero-point motion is neglected, and 

therefore the minimum energy geometry cannot be compared with experiment directly. One method 

that could overcome this is to use the quantum diffusion Monte Carlo (DMC) method [6,24,25,29,30]. 

Recent studies with the DMC method have shown that zero-point effects need not be negligible, 

especially for weakly bound van der Waals complexes such as water dimer [125], benzene-water 

complex [133], etc. This is a method that can determine the vibrational averaged structure of a system, 

and give a binding energy that includes the zero-point motion. The accuracy of DMC is dependent 

only on the quality of the model potential. The methodology of this method will be explained in detail 

in Chapter 8. This method will be used to validate our model potential for our own study of the 

phenol-water complex.

3.3 The study of crystal structures

Organic compounds are often crystallised during their production process, and it is vital to understand 

the condition [134] under which different crystal structures are produced. The form of molecular 

solids is important for industries such as agrochemical, pharmaceuticals [135], pigments [136], 

electrically conducting organic materials [137,138] and non-linear optics [139]. Therefore industrial 

companies are investigating the design of molecular solids with specific physical properties. One key 

property for processing is the crystal shape or morphology, which is also determined, to a large extent 

by the internal crystal structure. The design and control of solid state properties requires detailed and 

full analysis of the relationship between properties and structure. Hence, detailed knowledge of crystal 

structure [140] is an essential starting point. Single crystal X-ray diffraction is the most facile method 

for solving crystal structures, but it is impossible to grow single crystal of suitable size and quality for 

many organic compounds. More complications occur as a compound may exist in more than one 

crystal form because the crystallising molecules may find different stable crystal packing 

arrangements. This phenomenon is termed as polymorphism. Various polymorphic forms of a 

compound have different solid state properties. The polymorph observed depends on crystallisation
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conditions such as concentration, solvent, impurities and temperatures [134,141,142]. The 

polymorphic form is especially important for the patent status of certain drugs, as different 

polymorphs can differ in bioavailability.

3.3.1 The modelling and prediction of crystal structures

In an a priori crystal structure prediction, there is a major problem of complexity. The first approach 

to the problem can be described by Kitaigorodsky's statement [143,144] that the molecules pack so 

that 'the bumps in one molecule fit the hollows in another'. There is a delicate balance of attractive and 

repulsive forces experienced by molecules due to their charge densities. Due to the large numbers of 

atoms involved, this renders simulations of solid state computationally expensive and the force fields 

for these simulations are still very primitive, compared to the far more accurate model potentials used 

in gas phase calculations. Hence there is a great need in constructing accurate model potentials for the 

crystalline state. This must be advanced if crystal structure predictions are to be reliable.

Crystal
structure

Molecule

RIetveld refinement

Single crystal 
diffraction

Powder diffraction Proposed structure

Single crystal Crystalline powderDatabase Theoretical
prediction

Figure 3.1 Flow chart of possible routes to obtain crystal structure.

Figure 3.1 shows the different paths of finding a crystal structure. These range from a simple 

database search such as the Cambridge Structural Database (CSD) [145], to computational methods. 

The experimental approach is to use X-ray diffraction data to help the determination of complete 

crystal structures, only using the cell dimensions and space groups [146]. In those cases where only 

powder diffraction patterns can be obtained, computational approaches may be used to solve crystal 

structures, but with less structural information than single crystal data [147]. These methods require 

high quality powder diffraction data, which can then be indexed to provide unit cell and symmetry 

information of the crystal [36]. In the cases where the powder pattern cannot be indexed, 

computational methods may provide a starting point for the refinement [37,148]. An example of this 

procedure is given in Chapter 9. Accurate and reliable prediction of polymorphic forms do require
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significant computational resources and expertise even for simple compounds, and the studies in this 

thesis can contribute to this. The number of reported polymorphic systems where all structures are in 

the CSD [145] is small. There are many organic compounds' structures that remained to be solved, 

because of difficulty in obtaining a single crystal or high quality powder data.

Two important problems are encountered with any computational attempt at crystal structure 

prediction, which is based on the assumption that the observed crystal structures are the most 

thermodynamically stable. The physical problem is the derivation of the energy of the investigated 

system. The second problem is the mathematical problem of searching a high-dimensional potential 

energy surface that represent all possible packing arrangements of molecules in a crystalline 

environment. The first problem is the core subject matter of this chapter and will be discussed in detail 

later on. There are various solutions to solve the second problem, which include the generation of 

small clusters of molecules using codes such as PROMET [149,150] and FlexCryst [151]. These 

codes seeks promising starting nuclei for probable crystal structures by examining the low energy 

nuclei formed by small clusters of the molecules that is related by the common symmetry elements. 

Then the constructions of one-dimensional units are combined to form higher dimension structures 

[152]. Another method is the use of crystal symmetry in the direct construction of three-dimensional 

structures using a more automated approach such as MSI's Polymorph Predictor [153], and also 

MOLPAK [154] that selects on density from systematically generated structures. After a large number 

of crystal candidates are constructed, these programs use either a systematic search for low energy 

minima or a random search such as Monte Carlo simulated annealing [153]. The removal of similar 

structures [155] before the final lattice minimisation is often applied to increase the efficiency of the 

program. Finally the final lattice minimisation is carried out either with respect to all degrees of 

freedom, which allows molecular flexibility, or using the rigid body approximation to simplify the 

problem. Note that a rigid-body model depends on the quality of the gas phase structure, usually 

obtained by ab initio geometry optimisation.

There is evidence that in order to characterise possible polymorphs, both experimentalists and 

theoreticians must learn from each other or working in collaboration [156] to progress further in this 

field. Further improvements must be made continuously both theoretically and experimentally, to 

design organic solids with specific physical and chemical properties. The design of organic solids is 

now normally refer to as crystal engineering [157,158]. Crystal engineering now includes a wide 

variety of research activity ranging from the understanding of crystal packing in organic molecular 

solids to the design of open network structures based on metal-ligand coordinate bonds (coordination 

polymers) [159]. Crystal structure prediction provides theoretical support for experimental crystal 

engineering [140,157].

The prediction of crystal structures has recently developed as the availability of computational 

power and software allows searching through the numerous possible structures. The main assumption 

behind the computational methods of crystal structure prediction is that the experimental structure will 

correspond to the global minimum in the static energy [160]. It is certain that this is a very crude 

model of the thermodynamics of crystal formation. However, it is true that a structure whose lattice 

energy is significantly higher than the global minimum certainly will not be observed. Nevertheless,
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we must not dismiss the local minima that are only slightly less stable than the global minimum, since 

they could be possible polymorphic forms.

In crystal structure prediction, a molecular structure for the investigated system is required. The 

structure of these organic molecules can be calculated routinely using ab initio or molecular 

mechanics calculations. Therefore there is no real difficulty in obtaining gas phase structures for the 

molecule to be used for crystal structure prediction. The molecular structures are usually assumed to 

be rigid. Such an assumption must be considered, as it is likely that its conformation will change from 

the gas phase on crystallisation to optimise the intermolecular interactions in the crystal. Even if the 

molecule is not flexible, one has to question how sensitive the predictions are to the assumed rigid 

molecular structure [33].

3.3.2 Crystal structure simulation

The simulation methods used in the crystal structure prediction mostly use static lattice energy 

minimisation, and are therefore predicting the structure at 0 K. This is usually compared with the 

experimental room temperature structure. The thermal expansion of molecular crystals can be variable 

[73] and also can be so anisotropic that one cell length actually contracts with rising temperature. 

Some average thermal expansion effects are included in model potentials that are empirically fitted to 

crystal data, but this absorbed effect cannot be accurately transferable. Hence, we can expect a 

discrepancy of a few percent in the lattice parameters between the predicted and observed crystal 

structure. These can be attributed due to the neglect of thermal effects.

There are four main requirements for the computational approach to predict crystal packing.

(i) Definition of a model for the molecular model

(ii) Definition of a reliable and accurate potential energy function

(iii) Location of the low lying energy minima in the reduced parameter space

(iv) Analysis of results and verification of the resulting polymorphs against experimental data

Thus the model intermolecular potential is an essential part for crystal prediction. This will be 

demonstrated in Chapter 4 that describes a blind' crystal structure prediction. The model potential 

itself must be capable of giving a minimum in the lattice energy relatively close to the experimental 

known structure. The relative energies of the low energy local minimum must also be predicted as 

accurately as possible by the model potential. Thus a major barrier to crystal structure prediction is the 

accuracy of the potentials available for organic molecules. Using either a model potential with a firm 

theoretical footing, or a potential that has been tested and proven reasonable to reproduce a wide range 

of crystal structures of related molecules increases the prospects of a successful prediction.

The isotropic atom-atom potential (Section 2.1) has become the basic model used for crystal 

structure prediction [144]. It is an empirically approximation that has a spherical wall around each 

atom, and an attractive dispersion force to ensure aggregation, and the polar atoms are represented by 

electrostatic forces. This method has had considerable success, and until recently was the only 

computationally feasible approach. However, it has proved inadequate for sufficient organic crystals 

leading Desiraju [140] to the conclusion that the isotropic atom-atom model 'gives an approximate
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description but does not stress adequately many structure-defining interactions'. Hence new 

approaches and new ideas in the development of model potentials should be use in crystal structure 

prediction.

A blind test workshop set up by CCDC [32] in 1999, using different methodologies to predict 

unknown experimental crystal structures has provided an objective evaluation of the capabilities and 

limitations of current methods employed for crystal structure prediction. Eleven research groups 

participated, each submitting up to three guesses for each of the three compounds. Our group was 

invited to participate and the crystal structure prediction for compound III is described in Chapter 4. 

Overall there were seven predictions correct, with five being first choice submissions. This 

demonstrated that the prediction of unknown structures is difficult, but not impossible. All the 

successfully predicted structures were selected on their lattice energy. The conclusion is that the 

present state of development for crystal structure prediction is to provide a list of possible candidates 

for experimentally observable polymorphs. Another workshop was set up for another blind test this 

year (2001) [161], with eighteen participants attempting to predict crystal structures for three 

unknown structures. The results from this blind test appear to be worse than the last blind test with 

only six predictions being classified successful, with only two of them as first choice submission. This 

shows that even with progress and improvements being made in the methodologies, crystal structure 

prediction still remains a challenging task.

3.4 Discussion
The modelling of crystal structures and van der Waals complexes remains difficult for theoretical 

studies, despite the improvements and advances on the computational resources currently available. 

Lack of computational resources is no longer a barrier insuperable to performing calculations. In this 

thesis, new non-empirical model potentials will be developed, by using anisotropic electrostatic 

model, some with anisotropic repulsion and a simple dispersion model. These model potentials will be 

applied in recently developed methods of simulating van der Waals complexes, and predictions of 

crystal structures. The results will reflect both the qualities of the model potentials and the simulation 

methods used.
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4 Blind Crystal Structure Prediction

4.1 Summary
A blind test on crystal structure prediction workshop was set up by the Cambridge Crystallographic 

Data Centre, and one of the crystal structures to be predicted was 2-(2-phenylethenyl)-1,3,2- 

benzodioxaborole. In order to predict the crystal structure of the boron compound, an estimate of the 

repulsion-dispersion potentials for the oxyboryl group was made using the overlap model and Slater- 

Kirkwood formula. This potential was combined with empirical hydrocarbon atom-atom potentials 

and a distributed multipole electrostatic model. This 'estimated' potential proved satisfactory in 

modelling the intermolecular forces that determine the crystal packing. The overlap model approach to 

the derivation of repulsion parameters from the charge density of a benzodioxoboryl derivative was 

further developed to give a completely non-empirical model potential. Searches for minima in the 

lattice energy show that the adopted conformation optimises the lattice energy, emphasising the need 

for carefully balanced inter- and intra- molecular potentials for predicting the crystal structures of 

flexible molecules,

4.2 Introduction

A common problem in industrial molecular modelling studies [135-139,162,163] is the lack of force- 

field parameters for less common functional groups. We were faced with this problem when 

challenged to predict the crystal structure of 2-(2-phenylethenyl)-1,3,2-benzodioxaborole (Scheme 1 

in Figure 4,1), as one of the molecules in the blind test of molecular crystal structure prediction
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methods recently organised by the Cambridge Crystallographic Data Centre (CCDC) [32]. £!xp-6 

repulsion-dispersion parameters for hydrocarbons [164], oxohydrocarbons [76] and azahydrocarbons 

[75] have been empirically derived, and widely used, for modelling crystal structures of CcHhNnOo 

compounds in conjunction with realistic electrostatic models [165], However, few crystal structures 

containing the oxyboryl group are known, let alone have been the subject of crystal structure 

modelling studies. Atom-atom parameters for the boron hydrides have recently been published [166], 

but rather than assume that the boron and oxygen charge distributions in an oxyboryl group have the 

same repulsion-dispersion properties as in boron hydrides and oxyhydrocarbons, we decided to derive 

specific parameters for oxyboryl groups.

torsion angle

Figure 4.1 The blind test molecule, 2-(2-phenylethenyl)-l,3,2-benzodioxaborole (Scheme 1).

The initial work was done against the rigid deadline of the crystal structure prediction test [32], 

in which almost a dozen research groups were invited to provide three 'guesses' for the unpublished 

crystal structures. For this, we used the overlap model quickly to construct an estimated' potential for 

the interactions involving the B and O atoms to supplement our usual model. The details of the 

overlap approach will be discussed in detail later. This was then used in an attempted prediction of the 

crystal structure of 1. It was not until the blind test results were released before we attempted to derive 

a non-empirical repulsion model for all the atom-atom types in the crystal structure modelling.

4.2.1 Blind crystal structure prediction

As mentioned previously, it is a very difficult task to predict the crystal structure of an unknown 

compound when there is no information available. Only a chemical diagram of the blind molecule was 

provided. Therefore our first approach to the problem was to investigate using a crystal structure 

database (CSD) search [145], to find out if there are any crystal structures that have similar 

environments. In order to understand the investigated system more in depth, a CSD search was 

performed to find crystal structures that have the following structure components.

Figure 4.2 Components used in CSD search.

The CSD searches indicated that there are no hits on component A that is closest with the 

investigated system in structure, and 49 hits for component B. This indicates that there are no crystal
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structures that have a similar structure to the investigated system. This makes it difficult to validate 

model potentials and impossible to derive such potentials empirically. There is an explanation on the 

scarcity of experimental data of these organoboron compounds. The boron atom is highly unstable and 

reactive, and there is the need to stabilise it with the presence of the oxygen atoms. Sometimes a 

phenyl ring is attached to the oxygen atoms to further enforce the stability, as shown in the 

investigated system's structure (Figure 4.1). Hence it is very difficult to prepare samples that are 

sufficiently stable to undergo X-ray diffraction.

4.2.2 Crystal structure prediction

Since we have no related molecular structures, we had to start our prediction by obtaining the 

geometry of the investigated molecule. The procedures that will be used for our prediction are shown 

in the following flow diagram. Each step will be discussed in detail later on.

Global and other low 
energy structures are 

possible structure

CADPAC 
for DMA for 
electrostatic 
force field

MOLPAK search for 
densely packed crystal structures

Hypothetical 
crystal structures

Relaxed hypothetical structures

DMAREL 
lattice energy minimisation

GAUSSIAN - ab initio 
molecular structure optimisation

CSD search 
to estimate structural parameters

Force field -empirical 
repulsion-dispersion + 
newly fitted repulsion- 
dispersion

Figure 4.3 Steps taken in blind crystal structure prediction.

The guidelines for the workshop only allow the submission of three predictions of possible 

crystal structures for each blind test. Therefore the decision for choosing the predicted crystal
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structures could be a difficult task if the lattice energy minimisation approach generated many 

structures that are very close in energy to the global minimum.

4.2.3 Geometry of the blind molecule

Since there are no experimental data available on the investigated compound, we were forced to 

estimate the molecular geometry. The most direct method was to create a starting geometry with a 

similar environment. A search in the CSD yielded a compound that has a similar benzodioxyl 

component. The molecular geometry of the blind test molecule was then estimated by using this X-ray 

determined structure of (S)-Pinanediol (S)-(l-bromo-2((trityloxy)ethyl)boronate) (ZANNUX) [167]. 

The estimated molecular structure was used in an ab initio optimisation at the MP2 level with the 6- 

31G** basis set, using GAUSSIAN98 [168], to provide us an ab initio molecular structure to be used 

in our prediction.

4.2.4 The potential in this study

The potential used in this study consists of electrostatic, repulsion and dispersion forces. The 

electrostatic energy is calculated from a distributed multipole analysis (DMA) [1,2,66], which is 

anisotropic. The repulsion potential is being represented as isotropic, with a combination of 

parameters from the empirically fitted (FIT) [75,76] potential and those newly derived using the 

overlap model [3]. The dispersion model is also represented by a combination of parameters from the 

FIT potential, and some derived with an isotropic Slater-Kirkwood type [51] atom-atom dispersion 

model using coefficients derived from atomic polarizabilities [169,170].

The final form of the potential is:

i / ,» .  =  A , e x p ( - a „ R , , ) - ^ + ü . , „ „ , „ 4 D M A , V . « S 5 )  (4.1)

4.2.5 The electrostatic model

The electrostatic model consisted of the atomic multipoles obtained by a Distributed Multipole 

Analysis (DMA) of the SCF wavefunction with a 6-31G** basis set using CADPAC [56], derived for 

the corresponding molecular structure. The electrostatic contribution was evaluated for all terms in the 

intermolecular atom-atom multipolar expansion up to R~̂  at the SCF level. This ensured that changes 

in the atomic charge densities with torsion angle or the minor changes in bond length were included in 

the model.

4.2.6 The dispersion model

Traditionally, dispersion parameters are fitted in conjunction with the repulsion parameters, and 

adjusted to fit the limited lattice energy data available. Thus parameters will absorb higher terms 

in the dispersion series expansion, the effects of the damping of the dispersion terms due to molecular 

overlap, and other errors in the potential. Hence coefficients in Equation (4.2) will only be

approximately the atomic equivalents of the induced-dipole dispersion coefficient of R ~ .̂ This
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shows that absorption of errors due to the omission or inaccurate description of other terms is often 

affecting such parameters. For example, Gavezzotti's Q  coefficients [171] are probably too large as 

they have to compensate for the complete omission of an electrostatic term in his potential.

In the estimated' potential, the C...C, C...H  and H ...H  empirically fitted dispersion coefficients 

[75] were used. These parameters have been proven to produce reasonable results in crystal structure 

prediction. For the other dispersion terms in both potentials, the Slater-Kirkwood [51] approximation 

was used.

3 __________^

a%A +
N,ejr

where is the dispersion coefficient for the interaction of atoms of types i and K with 

polarizabilities a, and , and with effective numbers of electrons N f  and N f  . For the 'estimated' 

potential the algorithm derived by Halgren [172], to improve the reproduction of known Q  

coefficients was used:

=1.17+0.33A^, (4.3)

where is the number of valence electrons of the corresponding atom.

The atomic polarizabilities were taken mainly from Ketelaar [169], except for boron, which was taken 

from Doerksen's study [173] on a range of azaborinines and azaboroles, as it was the only published 

atomic polarizability value of boron available. When deriving the non-empirical potential, we noted 

that applying this method to the carbon atom polarizability produced a severe underestimate of the 

likely effective dispersion Ccc- We also used the older traditional method of equating with , 

hoping that the resulting increase in Ĉ  ̂ would compensate for the omission of the further terms in 

the dispersion, and noting the success of this approximation for the lattice energy of oxalic acid [101]. 

The omission of higher order dispersion coefficients, makes the potential well less deep, thus it should 

partially cancel the effect of neglecting damping functions. The more recent polarizability values from 

Miller [170] were used for sp^ C, H and O(ethers). We also investigated the scaling by 1.157 of 

Slater-Kirkwood dispersion coefficients (derived using Miller’s polarizabilities) proposed by Mooij 

[93], to improve the agreement with ab initio estimates of dispersion coefficients for methanol 

clusters.

4.2.7 The repulsion model

The repulsion potential had to be derived using the charge distribution of a smaller benzodioxoboryl 

derivative, as 1 is too large for our computational resources. The benzodioxoboryl derivative 2 (Figure 

4.4) was chosen from the CSD, as it provides a similar bonding environment for the oxyboryl group.
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Figure 4.4 Diagram of the benzodioxoboryl derivative with labelling of atoms, used for the potential derivation 
(Scheme 2).

The structure of 2 was optimised at the MP2 level with the 6-3IG** basis set, using the program suite 

CADPAC [56] (See Table 4.1 for optimised geometry parameters).

Ab initio structure
Bond lengths / Â
Bi...Cé 1.541
B1... O2 1.390
B1... O5 1.390
O5. . .C4 1.383
O2...C 3 1.383
C3. . .C4 1.342
C4 . . .H9 1.074
C3...H 8 1.074
Cg. ..C7 1.343
C5. .. H 10 1.084
C7...H 11 1.082
C7 .. .Hi2 1.081
Angles / "
Hg C3 O2 118
H9 C4 O5 118
C3 C4 C5 1 1 0
O2 C3 C4 1 1 0
B1 O2 C3 105
O5 B| O2 1 1 0
C4 O5 B] 105
O5 B] Cg 125
B, C6 C7 1 2 2
Hio Cg C7 119
Cô C7 Hi] 121
Cg C7 Hi2 1 2 2

Table 4.1 Molecular geometry parameters for scheme 2 ab initio optimised structure.

Note all other torsion angles < 1®. See Figure 4.4 for numbering of atoms.

This charge density was re-expressed in terms of atom-centred Gaussian multipoles using the 

program GMUL3 [54,116]. The standard GMUL simplification of exponents procedure was used to 

represent the core of the atomic charge densities. This GMUL procedure defines the splitting up of the 

repulsion between atoms. The atom-centred Gaussian representation of the molecular charge density 

at each relative orientation of the two molecules was then used to calculate:

(a) the total molecular overlap Sp{R,Q.) (defined through Equation (2.36) and (2.37)) using 

GMUL3,

= KS^ = k I p ,  ( r ) p ,  (r)d^r  (4.4)
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U ^ { R , a )  = KS^{R ,a )  (4.5)

(b) each atom-atom contribution SU- .Q* ) (Equation (2.43)) using GMUL3, and

U „ ,= K  Sf,{R ^.Q ,,) (4.6)
i sA ,k e B

(c) the analytical expansion of each atom-atom overlap, using GMUL3 [116]

(4.7)

where the coefficients depend on the atom-atom separation, and are the non-normalised set

of orthogonal orientation dependent functions developed by Stone [64], with = 1.

The anisotropic contributions to the overlap were assumed to be negligible and so only isotropic 

S-function coefficients C% were considered. The set of isotropic S-function coefficients C% for 

each type of atom-atom overlap were analysed to obtain the isotropic atom-atom model of form 

ŝ  ̂ =exp(-a,^/?,.^) by a linear regression of the negative logarithm of C% over the interatomic 

separation R using the spreadsheet program EXCEL [174]. This procedure can provide model 

repulsion potentials. However, the derivation of both the and a^  ̂ parameters from the isotropic 

overlap coefficient does not allow the opportunity for the neglected anisotropic terms to be absorbed 

into the model potential [69,104]. The analytical expression of the overlap of two atomic charge 

distributions, given by GMUL [116] using a partial wave expansion, treats the region around each 

atom in the direction of the intramolecular bonds on equal footing to the intermolecular contact 

region. Thus the isotropic coefficient is unlikely to be the optimum isotropic coefficient for the 

intermolecular repulsion. An alternative to the above method to obtain the 5,̂  parameters is to fit them 

over a range of atom-atom overlaps that can be calculated using the program GMUL. Ideally, a large 

number of dimer geometries would be required. Hence the parameters were obtained by fitting to 

the total atom-atom overlaps (b) for orientations in the intermolecular contact region, assuming that 

the exponents for the model isotropic overlap were accurately obtained from the isotropic

coefficient. Thus the coefficients required to model the total overlap (and hence repulsion with the 

addition of X ) were determined.

For the quickly 'estimated' model potential, the atoms B,, 0%, C3 and Hg in 2 were used to give 

the 7 types of atom-atom pairs required to sample all repulsion potentials involving B and O. The

overlaps were calculated at 19 geometries of the benzodioxoboryl derivative (2) dimer, designed to

sample these contacts (See Figure 4.5 and Table 4.4). All the atom-atom overlaps with a separation 

within ± 1 Â of the sum of the van der Waals radii for the atoms (B = 1.5 Â, O = 1.4 Â, C = 1.8 Â

and H = 1.2 Â) were used in the analysis, so at least 5 overlaps were used in the derivation of each 

pair of coefficients. We excluded all data except those points for which:

0.005 > S'* > 0.00005 (X-X pairs)

0.005 > S'* > 0.00001 (X-H pairs)

0.005 > S;* > 0.000005 (H-H pairs)
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It is necessary to discard the many uninteresting larger separations to prevent them from dominating 

the fitting. Note 5^ is in a.u. (

The derivation of the completely non-empirical repulsive potential was performed with emphasis 

on assessing and developing the method, rather than speed. For the non-empirical potential, the atom- 

atom overlaps were calculated from 230 geometries for the benzodioxoboryl derivative (2) dimer. 

Most of these configurations were randomly generated within the repulsive region of the potential 

surface (defined such that the estimated maximum atom-atom repulsive energy was less than ICX) 

kJ/mol), with the addition of some stacking configurations to specifically sample the B...B, C...C 

interactions, etc. This guaranteed a minimum of 10 atom-atom overlap values corresponding to the 

distance range used in the analysis of isotropic coefficients calculations for each atom-atom pair. Two 

methods of fitting the pre-exponential parameters were considered. For the 'estimated' potential, the 

were determined by fitting directly to the atom-atom overlaps by least squares using LINEST in 

EXCEL [174]. However, the fitting of the natural logarithm of the overlaps, ln5p , to In 5,̂  ,

with fixed, using SOLVER in EXCEL [174], gave a slightly better weighting to the errors and 

was used for the final non-empirical potential. Parameters were derived separately for the different C, 

H and O atoms, and when there appeared to be no significant difference between the parameters, then 

the data sets were combined for the final fitting.

4.2.8 Derivation of the proportionality factor K

An estimate of the proportionality constant between the overlap and the exchange-repulsion was 

performed by fitting K in

= E„ = /CS, = exp (-a „ R ,  ) (4.8)
i e A M B

to , the exchange-repulsion energy evaluated from IMPT [4], for a set of geometries of the 

benzodioxoboryl derivative dimer. This gives the exchange-repulsion energy at first order in 

perturbation theory corresponding to the SCF 6-3IG* charge densities of the isolated molecules. For 

the estimated' potential, the same 19 geometries as used in the overlap model were used. For the non- 

empirical potential, the IMPT exchange-repulsion energies were derived for 20 geometries selected 

from the randomly generated set to give a better sampling of the intermolecular repulsion around the 

entire molecule. For the 'estimated' potential, due to the time restriction, the K  was fitted arbitrary 

over a large exchange-repulsion range that is biased. This was corrected for the derivation of the non- 

empirical potential. The sensitivity of the structure predictions to the value of K  was also tested, as 

calculating the IMPT first-order energy for even a few dimer orientations would be computationally 

expensive for larger organic molecules, and so it was important to establish how accurately it needs to 

be estimated.

4.2.9 MOLPAK - search for possible crystal structures

MOLPAK [154] is a crystal structure prediction procedure for the dense crystal structures of C-, H-, 

N-, O- and F- containing organic compounds in primitive, triclinic, monoclinic and orthorhombic

New Models for Intermolecular Repulsion and their Application to van der Waals Helen H.Y. Tsui
Complexes and Crystals of Organic Molecules August 2001



4 Blind Crystal Structure Prediction________________________________________  ^

space groups with Z < 4. The MOLPAK (MOLecular PAcKing) program uses a rigid body molecular 

structure probe to build packing arrangements (possibly crystal structures) in the various space 

groups. A MOLPAK search involves the investigation of all unique orientations of a central molecule. 

This provides a three-dimensional map of minimum unit cell volume as a function of the orientation 

of the central molecule. MOLPAK only uses a repulsion-only potential and a pre-set threshold to 

place molecules in contact with each other. The most dense packing arrangements are subjected to a 

lattice minimisation refinement, with a minimisation program, in our case the program DMAREL 

[175,176]. The relative CPU times for MOLPAK/DMAREL depends on the different space group 

being searched.

4.2.10 DMAREL - energy minimisation for possible crystal structures

The program DMAREL [175,176] has been written to simulate static crystals of molecules whose 

electrostatic interactions are represented by a distributed multipole model, including all terms to . 

The program uses a modified Newton-Raphson procedure, which makes occasional use of some 

analytical second derivatives, to find a stable crystal structure by reducing to zero the forces and 

torque on the molecules, and the lattice strain within a pre-set tolerance. The starting point crystal 

structure, usually taken as the experimental crystal structure as produced by an FDAT file from CSD 

[145], is converted into a certain Cartesian representation. In this study, the starting point crystal 

structures are obtained from MOLPAK. Thus, the lattice vectors positions and orientations of each 

molecule in the unit cell are optimised independently, so the crystal symmetry is not enforced.

The use of distributed multipoles in crystal structure simulations also requires the evaluation of 

the contributions to the lattice energy from the anisotropic long-range multipole interactions. The cut

off radius is referred to centre of mass separation rather than to atom-atom distance, as direct 

summation is adequate and is far more convergent when applied so that the entire neutral molecules 

are included in the sum.

The computational requirements of a DMAREL minimisation depend on the number and size of 

the molecules in the unit cell, the range used for the summation, and finally the number of iterations 

required to find a minimum. The calculations are considerably more time consuming than isotropic 

atom-atom potentials but this is depending on the power of the computers used. For the minimisations 

in this study, most calculations required from 20 minutes to 60 minutes for minimising on a SGI 

Power Challenge Computer.

4.3 Results

4.3.1 The molecular structure of 2-(2-phenylethenyl)-l,3,2-benzodioxaborole

Th ab initio optimisation showed there is a flat potential energy surface for changes in torsion angle of 

the carbon-phenyl bond as shown in Figure 4.1. The lowest energy was found for the planar geometry 

with torsion angle of 19®. The destabilisation in changing this torsion angle to give a planar molecule 

was only 0.87 kJ/mol. Since this ab initio optimisation indicated gas phase flexibility, we expect the 

intramolecular geometry to be determined by crystal packing. Unfortunately, our search program
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MOLPAK does not allow intramolecular flexibility, and the minimisation program DMAREL uses 

rigid molecules in the search for minima on the lattice energy. Therefore we searched using the 

geometry with the 19° torsion angle first, and then with the planar molecular structure, in the most 

promising space groups. We did not have sufficient time to carry out a full search using the planar 

molecular structure, because of the tight deadline for the submissions of three predictions for the blind 

test workshop.

4.3.2 DMA analysis

Two geometries were chosen for the search, hence DMA analysis was performed on both structures. 

The geometries obtained from the GAUSSIAN98 [168] ab initio optimisation were inputted in 

CADPAC [56], and distributed multipole analysis was performed up to hexadecapoles for both the 

planar and 19° torsion geometries. Only SCF charge density is used since CADPAC is unable to 

obtain MP2 charge densities with more than 255 basis functions. In the non-empirical model potential, 

the atomic multipoles were scaled by 0.9 to approximate the effect of electron correlation on the 

charge density [177]. This is because 1 is too large for MP2 calculation. This scaling makes little 

difference to the predicted structures, but did reduce the electrostatic contribution to the experimental 

lattice energy from -10.5 to -8.5 kJ/mol.

4.3.3 Results from GMUL analyses

Since it is assumed that the isotropic coefficients of the interatomic overlap falls exponentially with 

interatomic distance, this is plotted as the negative logarithm of C% against the interatomic distance 

R . The r  ̂denotes the quality of a least square fit performed using the program EXCEL [174], and are 

greater than 0.995 for all atom pairs (See Table 4.2).

Table 4.2 shows the parameters used for the estimated' model potential in the original blind test, 

where there is a poor correlation of 0.911 for the parameter for B...H. This may be due to the 

functional form of the exponential function. Table 4.3 gives the parameters and correlation obtained 

using the logarithm functional form.

Atom pairs /Â-* r" s,̂  /kJ/mol Correlation

B...B 4.21 0.9994 42303.00 0.9999
B ...0 4.84 0.9995 398471.87 0.9999
0 . . . 0 5.31 0.9959 1390122.17 0.9999
B...C 4.10 0.9990 33415.89 0.9992
B...H 4.33 0.9998 8585.21 0.9114
0 ...C 4.61 0.9953 1487881.09 0.9999
0 ...H 4.95 0.9965 61979.15 0.9999
C...C^ 3.60 - 369743.00 -

H...H^ 3.74 - 136.40 -

C...H^ 3.67 - 576.88 -

Table 4.2 Summary of repulsion parameters used in the 'estimated' repulsion model.

Note derived from fitting of real overlap with exp {-a^R n  ) using derived from isotropic coeffrcients with of fit. 
Correlation is the correlation between the GMUL overlaps and the model overlaps derived using the corresponding and 

values, ^from FIT [75,76] potential.
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Atom pairs / A-' s,. (SOL) / kJ/mol Correlation s,̂  (LIN) / kJ/mol Correlation

B...B 4.21 54541.37 0.9996 44521.42 0.9964
B...O 4.84 484714.03 0.9950 406574.95 0.9958
0 . . . 0 5.31 1858428.41 0.9968 1710465.38 0.9937
B...C 4.10 120040.75 0.9337 110145.44 0.9542
B...H 4.33 13965.37 0.9715 11814.92 0.9855
0 ...C 4.61 680896.38 0.9272 457933.12 0.9063
O ...H 4.95 91598.92 0.9893 51546.15 0.9832
C...C 4.01 222833.85 0.9715 172954.05 0.9723
H...H 4.31 1929.58 0.9933 1408.57 0.9899
C...H 4.04 17586.98 0.9756 11473.53 0.9642

Table 4.3 The non-empirical repulsion model.

SOL denotes derived using SOLVER, and LIN denotes derived using LINEST in EXCEL. Correlation is the 

correlation between the GMUL overlaps and the model overlaps derived using the corresponding and s,^ values.

Two different analytical methods were used for the fittings, they are LINEST (a statistic "least 

square" method to calculate a straight line that best fits the data), and SOLVER (uses the Generalized 

Reduced Gradient non-linear optimisation code) in EXCEL [174]. The correlation coefficients using 

the SOLVER analyses overall seemed to provide values with much better correlation than the 

LINEST method, and hence the 5,̂  determined from SOLVER will be used in the non-empirical 

repulsion model. The proportionality constant K was derived from the total model atom-atom 

overlaps obtained in GMUL analysis using the following orientations (Figure 4.5 and Table 4.4), by 

fitting with the corresponding exchange-repulsion energy from IMPT calculations. For the 'estimated' 

model, the proportionality constant of K  was derived arbitrary and has a value of 10.03 a.u. using 19 

orientations (geometry 1-19). This of course did not give a realistic sampling, as the dimer geometry 

18 and 19 were too close to each other, causing unrealistic sampling of repulsion energy. This was 

performed quickly and without detailed analyses being made, due to the tight schedule for the blind 

test prediction.
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Figure 4.5 The dimer orientations used in IMPT calculation and in GMUL analysis.
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Geometry £  / kJ/mol Total overlaps / a.u.

1 58.63 0.003224
2 69.71 0.003480
3 40.99 0.001872
4 69.62 0.003476
5 57.92 0.002879
6 0.29 0 .0 0 0 0 1 0

7 62.68 0.003075
8 34.44 0.001297
9 39.32 0.001297
10 50.14 0.001387
11 48.14 0 .0 0 2 2 0 2

12 46.86 0.002181
13 15.83 0.000514
14 22.19 0.000715
15 29.04 0.001276
16 83.56 0.004098
17 3.80 0.000066
18 116.19 0.003717
19 2839.56 0.132494
2 0 66.48 0.003194
21 65.14 0.001900
2 2 104.54 0.003612

Table 4.4 IMPT Exchange-repulsion energies and total overlaps used for fitting for proportional constant K .

Note corresponding geometries are shown in Figure 4.5. The 'estimated' potential used geometries 1-19 and the non-empirical 
potential used 1-17 and 20-22. Note a.u. for overlap is .

Therefore for the non-empirical model, the orientations were carefully chosen for fitting K  , to 

ensure a good sampling giving a balanced sampling. The proportionality constant of K  was derived 

and has a value of 8.48 a.u. The 20 orientations are geometry 1-17 and 20-22, with exchange- 

repulsion energy between 0.29 and 104.54 kJ/mol. The method of derivation of the repulsion potential 

does ensure a degree of internal checking. The 20 calculated exchange-repulsion energies for the 

geometries in Figure 4.6 were reproduced by equation = KSp with a correlation of 0.928

validating the overlap assumption (See Figure 4.7). All the fits of the individual atom-atom isotropic 

coefficients against distance provided a r  ̂ coefficient of at least 0.995, showing that the overlaps 

approximated the correct exponential decay despite being calculated from a Gaussian basis set.
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Figure 4.6 The 20 relative orientations o f the dimer o f molecule 2 that were used to sample the IMPT exchange- 
repulsion surface.

N ote each d im er consists o f  the m agenta m olecule and one o f the blue m olecules.

120

I  100 

^  80

60

40

20 O

0 .0005  0.001 0 .0015  0 .002 0 .0025  0 .003  0 .0035  0 .0 0 4  0 .0045

Overlap / a.u

Figure 4.7 A graph o f the 20 exchange-repulsion energies for the geometries in Figure 4.6  against corresponding 
model overlap derived from GMUL, to derive the proportionality constant K  for the non-empirical potential.

N ote a.u. for overlap is .

4.3.4 Atom-atom dispersion coefficients

T he ranges o f  Q  va lues obtained are tabulated a long  with som e other literature va lu es for com parison  

(S e e  T able 4 .5 ). N o te  that there are no dispersion  co effic ie n ts  in v o lv in g  boron in the literature, hence  

this w ill be a test for the accuracy o f  the boron d isp ersion  co effic ien t used  in our potential. T he  

disp ersion  va lues are in the sam e order o f  m agnitude. O ne im portant point m ust be noted that for the 

S la te r -K irk w o o d  derived param eters, there is a d ifferen ce  b etw een  carbonyl or hydroxyl o x y g en  

accord ing  to their po larizab ilities, reflecting  the environm ents g iv in g  d ifferent d isp ersion . T his is in 

contrast to the em pirica lly  fitted param eters in FIT, which are assum ed to be transferable betw een  

different atom ic environm ents.
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Atom pairs Ketelaar ( ) Miller ( ) Miller ( N ^  ) Mooij ( )
B...B 4407.5 4407.5 3739.9 5485.2
B ...0 2305.0 1818.9 1474.4 2263.7
0 ...0 1429.4 944.0 684.0 1174.8
B...C 2347.3 2614.2 2157.4 3252.1
B...H 943.8 884.8 767.3 1101.7
0 ...C 1383.0 1218.5 929.4 1516.0
0 ...H 523.2 394.3 326.3 490.8
C...C 1359.7 1656.8 1307.2 2060.5
H...H 206.3 182.5 163.2 227.3
C...H 523.9 547.4 461.7 681.3

Table 4.5 Table of Q  dispersion coefficients in kJ/mol used for the non-empirical model.

Note the Slater-Kirkwood formula is used to derive dispersion coefficients using various atomic polarizabilities and N ‘̂  . See 
Equations (4.2) and (4.3).

4.3.5 MOLPAK search/DMAREL minimisation

The MOLPAK program was used to search for possible crystal structures using the non-planar 

molecular structure of the investigated system, that was shown to be molecularly more stable than the 

planar geometry. A full standard search on all the common space groups was performed ( P I , P i , 

P 2 ,, P 2 ,/c ,  C 2 /c , P2;2,2,, Pea2,, Pna2, and Pbca).  In total there are 20 coordination 

geometries and each produced 25 starting structures to give a total 500 starting crystal structures. 

Once the initial energies of the possible crystal structures were obtained from the PI space group 

searches (the first search), they were then minimised in DMAREL for lattice minimisation with the 

model potential. The preliminary results showed that only the crystal structures that have an initial 

energy that were lower than -80.0 kJ/mol from the MOLPAK search were capable to produce low 

lattice energy crystal structures in the minimisation of DMAREL. Hence there was a cut off set to 

improve speed, as time was an important factor in the blind crystal structure prediction. Therefore, 

only the crystal structures that have energy lower than -80.0 kJ/mol from MOLPAK will then undergo 

lattice minimisation in DMAREL. This was repeated for the remaining space group searches. Figure 

4.8 shows the low energy minima found in the search and minimised in DMAREL, using different 

molecular structures.
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Figure 4.8 Minima found in search and minimised in DMAREL.

The m inim a in the lattice energy o f 1, as calculated using the 'estim ated' potential and the m olecule in either the m inim um  
energy conform ation  (C 7 .Cg.C9 .C 10 torsion angle 19°, black), the planar (0°, green) or experim ental conform ation (6°, blue), 
c lassified according to the sym m etry o f the M OLPAK starting  structure. Open triangles represent m inim a found starting from 
the experim ental crystal structure w ith the various m olecular structures.

T he first results from  the lattice m inim isation using the non-planar geom etry  sh ow ed  that the  

low est lattice energy space group is P 2 j c  (S e e  T able 4 .6 ). H en ce  for the M O L P A K  search using the 

planar geom etry, on ly  the space group P 2 j c  were searched and m in im ised  accord ingly . T able  4 .6  

sh o w s the three lo w est lattice energy crystal structures using the planar and 19° torsion geom etry.

P 2 j c Torsion angle / °
a /  Â

Reduced cell parameters 
b / Â c / Â 3 / °

Uiatt /  kJ/mol

Prediction 1 0 5.461 11.434 19.476 90 -112.8
Prediction 2 0 5.652 9.570 21.516 90 .............- i ' l i o .............
Prediction 3 19 5.051 12.438 19.280 90 -109.1

Table 4.6 The three lowest lattice energy o f possible crystal structures submitted as predictions for the blind test.

B ased  on the energy o f  the lattice m in im isation , these predicted  structures w ere ch o sen  to be  

subm itted as the predictions o f  p o ssib le  crystal structures o f  (E ) 1-p h en y l,l,3 ,2 -b e n z o d io x a b o r o l-2 -y l-  

ethene. H ere b e lo w  are the three crystal structures subm itted (F igure 4 .9 ). L o o k in g  c lo se ly  on  the 

three d ifferent predictions, they are m ore or less in co m m o n  in the sen se  that there is a herringbone  

arrangem ents as observed  in the first prediction for all predictions. A nother co m m o n  feature is that an 

inverted dim er m otif can be observed  for all the predicted crystal structures. T he m ethod w e used  

assum ed a rigid body, hence the low est lattice energy  crystal structures from  both geom etry w ere  

subm itted , as the m olecu lar energy betw een  the tw o  g eom etr ies d iffered  o n ly  by 0 .8 7  kJ/m ol.
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Prediction 1

P red ic tio n  2

\  VPrediction 3

Figure 4.9 The three predicted crystal structures submitted for the blind test.

4.4 Experimental crystal structure
T he experim ental crystal structure w as revealed  on the C C D C  w eb page  tw o  w eek s after the 

su b m ission  o f  the predicted structures. First o f  all by com paring the m olecu lar geom etry , the 

experim ental structure w as found to be very d ifferent from  our predictions, as there is a torsion angle  

o f  approxim ately  6°. T his verifies our prediction that the intram olecular g eom etry  is determ ined by  

packing in crystal structure. S in ce  w e cannot apply intram olecular f lex ib ility  in our search on  

M O L P A K , and our m in im isation  procedure in D M A R E L  assu m es r ig id -b od y , this im p lies  that the 

m olecular geom etry m ay be determ ined by crystal packing. F igure 4 .1 0  and T able  4 .7  sh ow  the 

d ifferen ce  in geom etry  b etw een  the predicted m olecular structures (19° torsion) and the experim ental 

m olecular structure. S in ce  the m olecu lar structure is very d ifferent from  our predicted  one , it is 

exp ected  that the experim ental crystal structure to be a lso  very different from  our predicted  crystal 

structures. B efo re  m aking any com parison  b etw een  the experim ental crystal structures and the 

predicted crystal structures, the C -H  bondlengths in the experim ental crystal structure (all are 0 .9 5 0  Â) 

m ust be corrected to the standard 1.08 Â , as X -ray d iffraction  has reduced the C -H  bon d lengths [178].
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Experimental
structure

Ab initio 
structure

Bond lengths / Â
C1...C2 1.372 1.388
C2...C3 1.394 1.399
C3...C4 1.391 1.401
C4...C5 1.395 1.401
C5.. .Cô 1.375 1.386
Cô. ■ C) 1.386 1.395
0 | .. .C| 1.386 1.382
0 , . . .B , 1.391 1.401
O2. ..C 6 1.381 1.381
O 2.. .B , 1.391 1.399
C7...B1 1.532 1.534
C?...Cg 1.337 1.352
Cg.. .C9 1.469 1.466
C9 . . .Cio 1.401 1.406
C10...C11 1.382 1.392
C11...C12 1.390 1.396
C | 2. . . C |3 1.382 1.396
C13...C14 1.388 1.394
C 14.. .C9 1.398 1.406
Angles / °
c ,  0 , B, 105 105
0 , B, O2 112 1 1 2

0 ,  B, C7 125 124
Torsion angles^ / °
He Cg C9 C|4 6 18
C7 Cg C9 C|o 6 19

Table 4.7 Molecular geometry parameters for the experimental structure [179] and ab initio structures.

Note ^ab initio  structure is referring  to the 19° torsion angle, the lowest optim ised  energy structure. All o ther torsion angles < 2°. 
See Figure 4.4 for num bering  o f atom s.

H IOH l l
H I

H6
H2

01
C l

C 7

H 8H3- H502

H4

Figure 4.10 Overlay o f the experimental structure (blue) and ab initio optimised (19° torsion) (magenta, with 
atom labels) molecular structures o f 2-(2-phenylethenyl)-l,3,2-benzodioxaborole.

Note experim ental structure is denoted in blue and ab initio  optim ised denoted  in m agenta, w ith correspond ing  labelling o f 
atom s.

It can be observed  in both T able  4 .7  and F igure 4 .1 0  that the a b  in itio  predicted m olecular  

structure w as in g o o d  agreem ent with the experim ent, apart from  the torsion an g le , and the hydrogen  

atom  p osition s w h ich  are system atica lly  in error in X -ray determ ination. T h e experim ental crystal 

structure (F igure 4 .1 1 )  sh o w s that it a lso  has a herringbone arrangem ent and a lso  the inverted dim er  

m o tif can be observed . In som e w ays, the predicted crystal structures resem b le  to the experim ental 

on e  v isually , and the sp ace  group w as found correctly to be P 2 j c .
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XX

Figure 4.11 Experimental crystal structure o f the blind test molecule, 2-(2-phenylethenyl)-1,3,2- 
benzodioxaborole.

In order to understand which of the procedure introduced error into our predictions, the lattice 

energy of the experimental crystal structure was obtained in DM AREL with the 'estimated' model 

potential as shown in Table 4.8. The lattice energy of the experimental crystal s tru c tu re -111.0 kJ/mol 

is comparable with the predicted (planar) crystal structure's energy o f -108.8 kJ/mol, but the cell 

parameters are very different. The experimental crystal structure has not been found from the 

prediction. In the next section, we compared the different molecular structure by placing them into the 

experimental crystal structure and minimised. This should provide us ideas as to where are the errors 

introduced in using our crystal structure prediction method.

4.5 Using correct molecular structure for prediction
One has to ask the question if the experimental molecular structure was used, will the accuracy of the 

predictions improve in any way? In order to answer this question, the experimental crystal structure 

with corrected C-H bondlengths was minimised in DM AREL [175] with the 'estimated' model 

potential. The minimised experimental crystal structure was deduced and it is very close when 

compared with the experimental crystal structure in both the lattice energy and the reduced cell 

parameters. The close contacts also show there is only slight deviation for the minimised one. This 

shows that our model potential was sufficiently good in describing the crystal structure o f the blind 

molecule.
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Torsion
angle/®

Uia«(expt.)“ / Uiatt(min) / Reduced Cell Parameters for 7*2,/c 
kJ/mol kJ/mol structures 

a /A  b /A  c/A I T
Results fro m  b lind test o f  crystal structure prediction

Expt. 
van Eijck*̂

■111.0
■155.2

6.835
6.763

7.634
7.753

21.422
20.940

96
98

Results using 'estimated' potential

Expt. (min) 
Search (min)**

■111.0 -114.1
-114.1

6.853
6.853

7.950
7.959

21.382
21.364

98
97

using other molecular models
Expt. (min) 
Expt. (min)

0
19

-89.1
-64.4

-108.8
-99.0

7.122
6.704

8.041
6.986

20.828
26.096

97
90

Table 4.8 Results of the crystal structure prediction [32] of 1 (2-(2-phenylethenyl)-1,3,2-benzodioxaborole).
“Lattice energy at experimental crystal parameters, and corresponding ‘’minimum. ®van Eijck's successful prediction used a 
flexible molecular model using the UPACK method [155,180]. Although this corresponded to a torsion angle of 1°, the changes 
in other angles resulted in a significantly non-planar molecular structure, which was similar to the experimental structure. 
‘‘Search (min) = global minimum in the lattice energy found in the MOLPAK/DMAREL search. “The molecular structures were 
positioned in the experimental crystal structure to match the centres of mass and so that the axis along B, . . .C? and plane B jCtO i 
were parallel.

We also placed our ab initio optimised 0" and 19® torsion molecular structure respectively 

into the experimental crystal structure and minimised to establish the sensitivity to torsion angle. This 

has significantly improved the cell parameters in comparison with our blind test predictions (Table 

4.8).

P2jc Torsion angle / ® d(C4...B|)/ A d(C5...Bi)/ A d(B,...02)/A d(B ,...0,)/A
Expt. 6 3.4 3.5 3.7 4.9
Expt. (min) 6 3.5 3.7 3.3 4.9
Expt. (min) 0 4.3 3.7 3.3 5.2
Expt. (min) 19 3.5 3.8 3.7 4.2

Table 4.9 Structural difference of the crystal structure prediction of (2-(2-phenylethenyl)-1,3,2- 
benzodioxaborole).

In order to check if our search method using MOLPAK is a good approach, we have started 

another search in the P 2 ,/c  group using the experimental molecular structure. The starting crystal 

structures were minimised in DMAREL using the 'estimated' model. The search has yielded a low 

energy crystal structure that has the same lattice energy as the minimised experimental crystal 

structure. The cell parameters are also very close to each other. This suggests that if the correct 

molecular structure was used in the search the experimental crystal structure would have been found. 

Table 4.8 and Table 4.9 show that the minimised experimental crystal structure resembles closely with 

the experimental crystal structure. The r.m.s. % error for the minimised experimental crystal structure 

is only 2.4 %. This suggests that the potential used in the predictions is relatively adequate, and the 

first attempt in obtaining new boron potential has proven to perform reasonably well. The overlaid 

figure (Figure 4.12) of the experimental crystal structure and the global minimum found in the 

MOLPAK/DMAREL search using the 'estimated' model and experimental crystal structure has shown 

that it matches very closely with each other. If we had the correct ab initio molecular structure, we 

would be able to find the experimental crystal structure using our search and minimisation methods.
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Figure 4.12 The experimental (X-ray) crystal structure of 1 overlaid with the global minimum in the lattice 
energy found in the MOLPAK/DMAREL search.

Note the experim ental crystal structure is denoted in blue, and the global m inim um  structure found in search is denoted  in 
magenta. This corresponds to  using the 'estim ated ' potential and the experim ental m olecular structure.

4.6 The non-empirical repulsion model
The experimental crystal structure was used to provide the molecular model and also to test the non- 

empirical potential. Since so much of 1 is hydrocarbon, the em pirically fitted hydrocarbon parameters 

in the 'estimated' potential should give a reasonable reproduction of the crystal structure. Indeed, the 

successful prediction [32] of the crystal structure of 1 just assumed that the boron parameters were 

those o f an sp^ carbon. Hence, the crystal structure is a much more severe test o f  the overlap potential 

method when it is used consistently for all interactions. Hence we attempted the construction o f a 

complete non-empirical repulsion model and validate by using the same crystal structure. The 

resulting potential is tabulated in Table 4.10, and contrasted with the em pirically fitted potential of 

W illiams [75,76,166].

The C . . . C  repulsion is steeper for the non-empirical potential and the total H ...H  potential is a 

lot softer (mainly reflecting the greater dispersion coefficients) than the em pirically fitted (or 

combining rule generated) potentials (See Figure 4.13 and Table 4.10). If we com pare the B ...B  

repulsion, we can see there is a significant difference, as expected from W illiam s' empirically 

modelled repulsion. Our B ...B  repulsion is derived using a molecule that has sim ilar environm ent as 

the blind test molecule, whereas W illiams' repulsion is fitted using a range of borane crystals [166].
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B...B

R / Â

B ...0

R /Â

0...0

18

13

8

3

•2

ÂR /

B...C

B...H C...O

R /Â

gLU

H ...0

H...H

13

8

3

2

R /Â

C...C

C...H

Figure 4.13 Graphs o f repulsion-dispersion energy for each atom-atom pairs using the 'estimated', non-empirical 
and Williams' models.

N ote red lines denote 'estim ated ' m odel, blue lines denote non-em pirical m odel and green lines denote  W illiam 's model.
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'estimated' non-empirical Williams*
Atom
pairs

A . Q «.X A. c.. a.. Ax Q

B...B 4.21 424361 3739.9 4.21 462505 5485.2 3.42 391404 4911.6
B...0 4.84 3997253 1859.7 4.84 4111103 2263.7 3.69 300099 2349.2
0 ...0 5.31 13944948 1035.7 5.31 15762121 1174.8 3.96 230094 1123.6
B...C 4.10 335210 1939.3 4.12 1018089 3252.1 3.51 380444 3461.7
B...H 4.33 86122 922.2 4.35 118465 1101.7 3.58 68455 818.5
C...0 4.61 14925612 1050.4 4.59 5774961 1516.0 3.78 291696 1655.7
H...0 4.95 621741 511.6 4.99 776928 490.8 3.85 52486 391.5
C...C 3.60* 369743* 2439.8* 4.01 1889878 2060.5 3.60 369743 2439.8
H...H 3.74* 11971* 136.4* 4.31 16256 227.3 3.74 11971 136.4
C...H 3.67* 66530* 576.9* 4.04 149195 681.3 3.67 66530 576.9

Table 4.10 Repulsion-dispersion potential parameters used in conjunction with the distributed multipole 
electrostatic model.
^The William's potential was taken from the literature [75,76,166], assuming that these potentials were transferable and could be 

used in combination with using the relationships a,^ = -  (A,Aor ) ^  > ^ ik = *Also used Williams'

empirical potentials. in Â ‘, in kJ/mol and in kJ/mol Â®.

Table 4.11 shows the errors in the reproduction of the crystal structure of 1 with variations on 

the non-empirical model. The large changes in the dispersion through using either Ketelar's 

polarizabilities [169] (which give a very low value for carbon) or using Halgren's [172] expression for 

produces potentials with a rather large error in the b parameter, and smaller lattice energies.

Using the more modem atomic polarizabilities, with and scaling the dispersion, as suggested by

Mooij [93], improves the b parameter considerably, though somewhat at the expense of the other 

parameters and volume.

The effects upon changing values of K  are shown in Table 4.11, to test the sensitivity of the 

repulsion to K . Increasing the repulsion by varying K , the proportionality constant makes small 

differences to the structure, though much larger changes to the total lattice energy. However, the 

structural reproductions of many of these non-empirical potentials are quite acceptable, and not 

significantly worse than the other potentials, which are based on a large body of empirical fitting. The 

predicted lattice energies would be discriminated more between the variations in dispersion 

coefficients, but unfortunately, no estimates are available for 1.
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Dispersion model K Uiatt(expt.)“ Uiatt(min) / Differences from experimental crystal structure in
/ kJ/mol kJ/mol LVol Aa A6 Ac A^ r.m.s. 

% erroi^
S-K (Ketelaar) 8.48 -99.6 -103.4 2.70 -1.73 5.16 -0.40 1.05 3.15
S-K (Miller) N, 8.48 -107.2 -110.1 1.84 -1.63 4.69 -0.90 1.04 2.92

S-K (Miller) 8.48 -75.9 -82.0 6.24 -0.60 7.05 0.00 0.81 4.09
S-K (Mooij) 8.48 -149.3 -153.1 -3.08 -2.94 2.16 -1.98 1.37 2.40
Effect o f  variation o f  K

S-K (Mooij) N, 7.50 -157.8 -165.0 -5.93 -3.63 0.74 -2.75 1.69 2.67
S-K (Mooij) N, 8.00 -153.5 -158.6 -4.44 -3.27 1.49 -2.35 1.53 2.48
S-K (Mooij) 8.50 -149.1 -152.9 -3.03 -2.92 2.19 -1.97 1.37 2.39
S-K (Mooij) /V„ 9.00 -144.8 -147.8 -1.70 -2.60 2.84 -1.61 1.22 2.41
S-K (Mooij) 9.50 -140.5 -143.2 -0.45 -2.30 3.44 -1.27 1.08 2.50
Comparison with m odel derived from  W illiam s’ param eters (See Table 4.10)
Williams -121.5 -123.3 2.47 1.31 3.16 -1.78 0.91 2.23

Table 4.11 Errors in the reproduction of the crystal structure of 1 (2-(2-phenylethenyl)-1,3,2-benzodioxaborole) 
using variations on a non-empirical potential with a distributed multipole electrostatic model potential.
The Slater-Kirkwood dispersion model [51] used the polarizabilities and/or scaling in brackets [93,169,170], and either the 
valence N, or effective (Equation (4.3)) number of electrons. “Lattice energy at experimental crystal parameters and 

corresponding '’minimum, "’r.m.s. % error is calculated over 3 cell lengths.  ̂K  is the proportionality constant between the 
repulsion energy and the overlap given here in atomic units ( ).

4.7 Discussion
Blind crystal structure prediction is a difficult challenge since there was a deadline for the submission 

of the possible crystal structures for the investigated system. Therefore all the steps carried out were 

performed to the best possible within the time limit. The time factor played an important role in this 

study, limiting the possibility of improvements to some of the procedures. Our rigid-body assumption 

has introduced error right from the beginning. More work was needed for the MOLPAK search as 

both the planar and non-planar geometries were searched. The other procedure that was also affected 

by the time factor was the derivation of new repulsion and dispersion potentials for boron and oxygen 

involved atom-atom pairs. There was not enough time to test the reliability and accuracy of the new 

repulsion and dispersion parameters, and there were no suitable existing boron parameters available. 

Also, there was not enough time to perform the overlap model on the investigated system, so we 

assumed that the benzodioxyboryl derivative we used in the overlap model has similar environments 

to the investigated system.

When the experimental results were released, we knew that our predictions were unsuccessful as 

we had used the incorrect molecular geometry. Nevertheless, the space group of the experimental 

crystal structure was predicted correctly to be P 2 ,/c ,  and closer observation showed similarities

between the experimental crystal structure and the predicted structures. First of all, the herringbone 

arrangements can be seen in all of them and secondly the inverted dimer motif can be visualised in all 

crystal structures. In order to check whether the force fields used in the predictions is reliable or not, 

the experimental crystal structure was minimised in DMAREL with the estimated' model potential. 

The minimised experimental crystal structure show that it is very close when compared with the
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experimental structure, in both ceil parameters and lattice energy. This indicates that the new boron 

potential seem to be adequate for the crystal structure prediction.

This study is the second example of the use of the overlap model to provide repulsion 

parameters for an organic molecule. It extends the methodology developed for the small symmetric 

molecule of oxalic acid [101], to an application for a larger molecule 1, where the overlap analysis of 

a smaller organic model molecule 2 was necessary. Nevertheless, the methodology is appealing in that 

the transferability assumptions required are far more reasonable than those used in the empirical 

derivation of potential parameters. It is also not necessary to assume combining rules relating hetero- 

and homo-atomic interaction parameters, which have no real justification for repulsion parameters 

[95]. The main appeal of the method is that it does not require any experimental data.

The success of the estimated' potential for modelling the intermolecular interactions that 

determine the crystal structure shows that the method is very suitable for providing estimates of 

"missing" parameters. The non-empirical potential provides a more stringent test of the method. This 

potential has been constructed without any reference to experimental data (except tabulated atomic 

polarizabilities), and, yet, is as satisfactory for crystal structure modelling as the model constructed 

from carefully fitted empirical potentials. There are still many uncertainties in the potential, such as 

the effect of basis sets and electron correlation, the omission of anisotropic terms and the method of 

deriving K , so Table 4.10 should not be taken as a definitive set of parameters. The main weakness 

in the non-empirical model is in the estimates of the dispersion coefficients C,  ̂ . The plausible, but 

large variations in Ĉ  ̂values have a small effect on the structure reproduction, but produce major

variations in the predicted lattice energy. Further investigations into the possible derivation of the 

atom-atom dispersion coefficients from the wavefunctions of organic molecules should improve our 

ability to predict these coefficients in the future. The success of this non-empirical potential, along 

with that of the oxalic acid potential [101], does encourage us to further develop this systematic 

approach to constructing potentials from the charge distributions of the molecules.

The original application of the 'estimated' potential, the attempted crystal structure prediction of 

1, has been a partial success. The CCDC blind test workshop [32] proved most illuminating in 

defining the progress that has been made towards reliable methods of predicting the crystal structures 

of organic molecules. The results and analysis presented here for 1 illustrate a major problem in 

predicting the crystal structures of flexible molecules. A small change in a torsion angle (in range 0 -  

19 °) has a major effect on the crystal packing and cell parameters, but the internal energy changes by 

less than 1 kJ/mol. The changes in the lattice energy with conformation are somewhat larger, but the 

balance is so subtle that it is a considerable achievement for our estimated' potential that the global 

minimum in the combined lattice and internal energy does occur for the correct crystal and molecular 

structure. Therefore, the prediction of crystal structures of flexible molecules not only involves an 

extremely demanding search of conformational and crystal structure space, but also relies on an 

accurate balance between the inter- and intramolecular forces. The methodology developed here 

should help in improving the realism of the intermolecular potentials. In conclusion, blind crystal 

structure prediction is a highly challenging task, but provided the method used is based on firm 

theoretical footing; there is great prospect in overcoming such a challenge.
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5 Theoretical Modelling of Phenol- 

Water Complex

5.1 Summary
Phenol is the simplest form of an aromatic alcohol, and it has been studied extensively experimentally 

and theoretically because it can be used as a basis for studies of larger aromatic alcohols and could 

provide important information on the van der Waals interactions of tyrosine protein side chains with 

water. The phenol-water system was identified as a suitable system for testing the overlap model, 

since there are many published results to validate the model. This chapter begins with a background 

review on the types of experiments, ab initio calculations, and simple model potentials that have been 

published for the phenol-water system. This is essential, as we need guidelines for our study to know 

the structures and binding energies that we should expect from our model potentials. Three simple 

model potentials were constructed to estimate the important regions of the potential energy surface. 

Two of the model potentials included atomic anisotropy for the electrostatic model because the 

electrostatic forces are expected to be the dominating force in determining the orientation of the 

interacting molecules. The minima determined from these models were used as starting position for 

our own supermolecule calculations. Highly accurate supermolecule calculations were carried out to 

provide good ab initio results for comparison, using the highest level of theory possible at the time of 

study. The theory of the ab initio method used is described, with emphasis on the need for correcting
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the basis set superposition error (BSSE). Our supermolecule calculation is the only supermolecule 

study that reported the existence o f the 7t-bonded minimum.

5.2 Introduction
The hydrogen-bonded complexes of phenol with water have been very thoroughly studied [5-23,181- 

184] since they are the simplest aromatic acid-water interactions. They could serve as a prototype for 

larger molecules, for example the tyrosine residues in proteins. Detailed knowledge of the phenol 

solvent potential energy surface is a valuable source for the development and calibration of model 

potentials used for simulations of biomolecules in a solvent environment. It is due to its relative small 

size that theoretical predictions on the system are possible at adequate level of theory [9- 

11,15,17,19,23], and there is now abundant experimental data [7,8,12-14,16,18,20-22,181-184]. The 

phenol-water complex has been studied extensively using ab initio methods ranging from the simple 

test-particle model [17] to a molecular orbital model [15], and comparisons were carried out based on 

the existing available experimental data [7,8,12] making some predictions [11,19]. As more 

experimental results [7,12] began to appear, this has prompted further theoretical studies to improve 

the method used upon existing theoretical results, in order to match closely with the experimentally 

determined data.

5.3 Ab initio calculations performed on the phenol-water complex
Most of the theoretical studies that have been performed on the phenol-water system were 

supermolecule calculations [9-11,15,17,19,23], and are capable of providing reasonable results. 

Besides supermolecule calculations that have been performed on the system, there were other studies 

using simple intermolecular model potentials such as the test-particle model [17], and the Lennard- 

Jones model potential [5] to describe the interaction between phenol and water.

Apart from the determination of the binding energies for the different minima of phenol-water 

[9-11,17,19,23], there were other theoretical calculations performed to reproduce spectroscopic data, 

or attempts to understand and verify experimental observations. The range of calculations included the 

investigation of the effect of intermolecular hydrogen bonding on the molecular structure of phenol 

with water, the determination of the infrared absorption spectra [23] and the intermolecular vibrations 

[182,185] of phenol-water. Since our goal is to reproduce the binding energies, structures and 

rotational constants observed in experiments by theoretical modelling using non-empirical model 

potentials, we will concentrate on the ab initio calculations [5,7,9-11,17,19,23] that calculate these 

properties of phenol with one water. Table 5.1 shows a time scale of theoretical calculations that have 

been published to determine the binding energies and structures (See Figure 5.1, Figure 5.2 and Figure

5.3 for labelling of parameters). The results reported are for the global minimum, the phenol proton 

donor (Figure 5.1) with some on the water proton donor secondary minimum (Figure 5.2).
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H

H

H

Figure 5.1 Minimum 1 Phenol proton donor - a diagram showing the different structural parameters, d(0...0), 
3 and Y angles.

Note 3 is the angle between the plane defined by the angle HwiOwHw2 angle and the 0 .  . .0  vector; y is the angle of CéOpO».

d- Hwi 

H w2

Figure 5.2 Minimum 2 Water proton donor - a diagram showing the different structural parameters, d(0...0), 
3 and Y angles.

Note 3 is the angle between the plane defined by the angle HwiOwHw2 angle and the 0 .  . .0  vector; y  is the angle of CgOpO*.

Hwi • H w2

Figure 5.3 Minimum 3 7i-bonded minimum - a diagram showing the different structural parameters, d(0...0), 3, 
and Y angles.

Note 3 is the angle between the plane defined by the angle HwiOwHw2 angle and the 0 .  . .0  vector; y  is the angle of CeOpO».
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Year Literature published on the Phenol-Water complex
1992 A b initio  calculations of structures and D, Schütz e ta l .  [19]
1993 A b initio calculations of structures and D, Feller and Feyereisen [11]
1996 A b initio calculations of D, and structures and IR 

absorption spectra on 0-H region
Watanabe and Iwata [23]

Experimental structure and rotational constants from Gerhards e t al. [12]
microwave spectrum
Experimental structure and from UV spectroscopy Berden et al. [7]
Intermolecular potential using the Test-particle model 
to derive structures and D,

Sagarik and Asawakun [17]

1998 Theoretical calculation of D, and structures from 
OPLS; structures, rotational constants and Dq 
calculated from DMC

Benoit e ta l .  [5]

First experimentally derived Dq using 2-color-2- Courty et al. [8]
photon resonant ionization laser technique
Ab initio calculation of structures and O, Dimitrova [9]
Start o f  this study

2000 Latest ab  initio calculation of structures and D, Fang [10]

Table 5.1 A time scale of ab  initio and experimental calculations that has been performed on the phenol-water 
system within the last decade.

Table 5.2 shows the ab initio calculations performed on the phenol-water system, in which the 

binding energies are given along with some structural parameters. The Dq energies are also 

estimated in some of the calculations by including an estimate of the zero-point energy. The earliest 

results from ab initio studies have been reported in the year of 1993 where Shiitz et al. [19] performed 

various supermolecule calculations on the phenol-water system. The aim of their study was to carry 

out extensive ab initio calculations as well as spectroscopic study for verifying their ab initio results. 

Supermolecule calculations of the phenol-water complex were performed at the Hartree-Fock level 

using the 6-31G(d,p) and 6-311++G(d,p) basis sets. The binding energies were calculated both at the 

HP level including zero-point energy corrections and also at the MP2 level with 6-311G-»-+(d,p) basis 

sets which included basis set superposition error (BSSE) corrections using the full counterpoise 

procedure [80]. Anharmonic intermolecular vibrational frequencies were computed for several 

intermolecular vibrations, for use to be compared with spectroscopic data derived from two-color 

resonance-two-photon ionization and dispersed fluorescence emission techniques. The zero-point 

energies (ZPE) were estimated from scaled intramolecular and intermolecular frequencies. The global 

minimum is the phenol proton donor, and only results at this geometry were reported.
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Ab initio calculations
d ( O p . . . O J / A p /° y / o D J

kJ/mol
A  /

kJ/mol
Details

2.91 135.79 114.92 -23.28 -30.35 HP calculation using HF/6-31G (d,p) 
optimised structure. ZPE estimated from 
scaled infra- and inter-molecular vibrational 
frequencies. Schütz etal. [19] (1993)

2.94 147.66 115.11 -18.66 -25.91 HF calculation using HF/6-311++G (d,p) 
optimised structure. ZPE estimated from 
scaled infra- and inter-molecular vibrational 
frequencies. Schütz etal. [19] (1993)

2.91 135.79 114.92 -22.17 -29.24 MP2 (CP) calculation using HF/6-31G(d,p) 
optimised stmcture. ZPE estimated from 
scaled infra- and inter-molecular vibrational 
frequencies. Schütz etal. [19] (1993)

2.94 147.66 115.11 -18.20 -25.45 MP2 (CP) calculation using HF/6-311++G 
(d,p) optimised structure. ZPE estimated 
from scaled infra- and inter-molecular 
vibrational frequencies. Schütz et al. [19] 
(1993)

2.83 108.90 -20.38 -27.61 MP2 (FC) with est-aug-cc-pVTZ basis set 
using MP2/6-31G** optimised structure. 
ZPE estimated from scaled HF vibrational 
frequencies. Feller and Feyereisen [11] 
(1993)

2.78 -25.32 SCF/6-31G* calculation using SCF/6-31G 
optimised structure. Watanabe and Iwata 
[23] (1996)

-24.07 SCF/6-31G** calculation using MP2/ 6- 
31G optimised structure with BSSE (SCF) 
correction. Dimitrova [9] (1998)

-26.08 MP2/ 6-31G** calculation using MP2/6- 
31G optimised structure with BSSE (SCF) 
correction. Dimitrova [9] (1998)

-23.98 SCF/DZP calculation using MP2/ 6-31G 
optimised structure with BSSE correction. 
Dimitrova [9] (1998)

2.91 -17.99 -25.52 MP2 single point calculation using HF/6- 
31++G** optimised structure.
ZPE estimated from scaled HF vibrational 
frequencies. Fang [10] (2(X)0)

2.85 -32.64 MP2/ aug-cc-pVTZ calculation using 
MP2/6-31G** optimised structure. BSSE 
included. Fang [10] (2000)

CAS (8,7)/6-31G** calculation, rotational 
constants A = 4317.3 MHz, B = 1077.3 
MHz and C = 865.6 MHz. Fang [10] (2000)

Table 5.2 Table of ab  initio  calculations from the literature on the phenol proton donor complex (Figure 5.1).

In the same year, further ab initio studies were performed at a higher level of theory, when 

Feller and Feyereisen [11] carried out their thorough studies on the phenol-water system. Their studies 

were far more extensive than Schütz et a i,  as they performed geometry optimisations (using 

GAUSSIAN90 [186]) at various theories with different basis sets. They also carried out the 

determination of the binding energies (using a program named DISCO [187] - a direct SCF/MP2 

program) again with various levels of theory and basis sets. In their calculations, three minima were
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determined, phenol proton (hydroxyl) donor, water proton donor and a phenol proton (ring) donor 

(See Figure 5.4).

phenol proton (ring) donorphenol proton (hydroxyl) donor w ater proton donor

Figure 5.4 Minima o f phenol-water complex determined from Feller and Feyereisen [11].

Feller and Feyereisen [ I I ]  received a pre-print o f Shultz et al.'s paper [19] prior to publication, 

when their article was nearing completion. Shiiltz et al.'s [19] corrected their results for BSSE, 

however, no attempt to correct the results were made by Feller and Feyereisen because they were 

focusing on the use of larger basis sets and correlated methods. The quality and accuracy o f their 

calculations were judged based on the comparison with the ab initio results o f  Schütz et al. [19]. The 

best calculation is a MP2 (FC) with est-aug-cc-pVTZ basis set using an M P2/6-31G** optimised 

geometry. The zero-point energy was estimated from scaled Hartree-Fock vibrational frequencies. 

When making com parisons with the two ab initio studies mentioned above, one can assume that the 

studies o f the latter to be far more accurate in terms of theory, as higher level o f theories were used, 

along with larger basis sets. It was unfortunate at that period there was no experimental data on the 

structural parameters o f the minima available, and also no experimental binding energy to judge the 

quality o f the two ab initio calculations. However, these studies do provide valuable source of 

information on the type o f calculations that can be performed at that time with the limited 

computational resources. The studies o f Feller and Feyereisen [11] also provide details o f additional 

minima for the system (Figure 5.4).

Further ab initio studies were performed by W atanabe and Iwata [23] in 1996, along with some 

experimental infrared absorption spectra m the 0 -H  stretching region. The authors simply used the 

self-consistent field (SCF) molecular orbital method in the geometry optim isation and in the 

evaluation of harmonic frequencies. The standard SCF/6-31G level o f approxim ation was used in the 

geometry optimisation and the binding energies were calculated at the SCF level with 6 -3 1G* basis 

sets. All calculations were carried out using the program GAUSSIAN92 [188] and GAUSSIAN94 

[189]. There were two isomers for the phenol-water system, with the global minimum structure 

closely related to the experimental structure that was determined in the same year (See Section 5.5). 

One of the minima is the water proton donor and the other is the phenol proton donor that is the global 

minimum. The energy o f the global minimum is -41.59 kJ/mol (-37.83 kJ/moI with BSSE corrected), 

without taking into account the zero-point vibration energy. The Op...Ow distance o f the global 

minimum structure is 2.78 Â. Their studies also included higher clusters o f water molecules 

interacting with the phenol molecule.
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There was a two-year gap before more ab initio calculations were published for the phenol-water 

system. Dimitrova's study [9] investigated the phenol-water complex for up to one phenol interacting 

with four water molecules at different levels of ab initio molecular orbital theory. The structures of the 

complexes were optimised both at the SCF and MP2 levels with different basis sets. There were two 

minima determined, with similar phenol proton donor structures determined by Sagarik and 

Asawakun's studies [17]. The binding energies were calculated using different sets of ab initio 

calculations with BSSE corrections at the SCF level. Calculations employing the BSSE correction, 

zero-point vibrations and MP2 correlation contribution were also calculated However the important 

details as to what basis set was used and which optimised structure was used were absent.

The most recent ab initio calculations performed on the phenol-water system have just been 

published last year. Fang's study [10] focused mainly on the excited Si state of the phenol-water 

system, but supermolecule calculations on the ground state were also performed. The phenol-water 

structures have been optimised at the HF, MP2 and complete active space self-consistent field 

(CASSCF) level in GAUSSIAN98 [168]. According to the author, the structures of Feller and 

Feyereisen [11] are used as starting points for the optimisations. The author used the two minima of 

phenol proton donor, and water proton donor in the optimisations and dismissed one of Feller and 

Feyereisen's structures, the phenol proton (ring) donor as unstable and inappropriate to consider in his 

calculations. The results reported in the paper are not very clear in terms of the detail carried out in the 

calculation. The author reported that the best estimate of dissociation energy (D^)  is based on an

MP2/6-31G** optimised structure, at the MP2 level with the VDZ, aug-cc-pVDZ and cc-pVTZ basis 

sets with BSSE taken into account. Only the result for the global minimum was reported. It is very 

difficult to judge the accuracy of this ab initio study, as the results were not reported as a table, with 

very little amount of details referring to the results reported. Despite this. Fang's study [10] is still the 

best ab initio calculation carried out on the phenol-water system in terms of theory and the size of the 

calculations.

These ab initio studies only provide the position and energy of the two hydrogen bonded 

minima. Although this provides an important check on model potentials, further information on the 

various contributions are required to build a model potential that reliably represents all the potential 

energy surface that may be sampled by the complex.

5.4 Model potentials studies performed on the phenol-water system

Apart from ab initio studies, there were two model potential studies that attempted to calculate the 

binding energy of the phenol-water complex (See Table 5.3).
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Model potentials' calculations
d(0p...0w)/Â 3 / “ Y/“ /kJ/mol A, B, C / MHz Details

2.97 -25.90 Test-particle model with 
Hartree-Fock damping 
functions and Slater- 
Kirkwood dispersion model. 
Sagarik & Asawakun [17] 
(1996)

2.74 132.83 114.99 -30.39 4335.0, 1127.2, 
896.4

OPLS TIP4P 
Benoit et al. [5] (1998)

2 J ¥ 141.00  ̂ iÏ5.3^ -25.88^ 4311.0, 1118.2, 
890.4^

DMC using OPLS -i- TIP4P 
model potential.
Benoit et al [5] (1998)

Table 5.3 Table of literature results using model potentials.

 ̂Dq (with anharmonic zero-point motion included).

Sagarik and Asawakun [17] used a test-particle model to calculate the binding energy and this 

was compared with the energy they calculated in their MP2 (CP) calculation with DZP basis sets. The 

test-particle model is a combination of the total interaction energy ( AE ) between molecules written as 

a sum of the first-order interaction energy ( AÊ scf ) the higher order energy ( AE'' ). An uncharged 

test-particle nitrogen atom was found to be most suitable for probing the interacting molecules.

AE = AEIcf+ ^ "  (5.1)

The first-order SCF calculations with the following analytical form was used:

i eA  JeB

exp
' ' - R y  + a ,. + G j  ^

(5.2)
Pi+Pj

where p , , cr, and are the site parameters, which are the properties of molecules A and B .

The higher-order energy ( AE'" ) represents the dispersion and polarization parts of the test-particle 

model and has the following form:

 ̂ ' (5.3)
ieA  j e B

where

Fy (̂ Ry ) = exp|^-(l.28/?? - l )  j  , Ry < 1.28/?J , = 1 elsewhere (5.4)

The above is the Hartree-Fock damping function, and Cy is derived from the Slater-Kirkwood

formula [51] (See Chapter 4).

Three minima were determined (Figure 5.5): the water proton donor, the phenol proton donor 

(with the water molecule non-planar in the plane of phenol) and the phenol proton donor (with the 

water molecule planar to the plane of phenol molecule). The global minimum is the latter one, where 

the binding energy is -25.90 kJ/mol, in comparison to the MP2 (CC) energy of -26.96 kJ/mol. The 

global minimum's Op.. distance is 2.97 Â.
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A Ù  A
^   ̂' f

water proton donor phenol proton donor phenol proton donor
______________________________________ (w ater non-planar in the plane o f  phenol) (w ater p lanar to the plane o f phenol)

Figure 5.5 Minima o f phenol-water complex from Sagarik and Asawakun [17].

In the same year, the phenol-water complex was studied by Benoit et al. [5] using a Lennard- 

Jones type model potential along with diffusion M onte Carlo (DM C) simulation. In their studies, both 

benzene-water and phenol-water were studied using a site-site potential. The intermolecular potential 

used is based on a site-site Coulomb plus Lennard-Jones model in the following form:

i e P h j e l ^ O  ' i j  ' i j  ' ij

where the OPLS parameters used were those of Jorgensen's for phenol [190], along with a TIP4P four- 

site model for water [191]. The minimum's binding energy does not include zero-point motion. 

The vibrationally averaged structure and binding energy were determined using a DMC simulation to 

include the zero-point vibrations for . The structure o f the minimum is a phenol proton donor, 

where upon applying DMC, a free rotation of the water molecule around the hydrogen-bond axis was 

observed [25] using the concept o f one-particle density [27]. The structural results o f Op...Ow 

distance, angles and rotational constants were then compared with experimental data. However, there 

was still no experimental binding energy available for com parison at the time. Nevertheless, the 

results show that by taking into account of the zero-point motion, the vibrationally averaged structure 

is in closer agreement with experiment than the structure determined from the minimum of the OPLS 

potential.

5.5 Experimental studies on the phenol-water system
There have been many experimental studies performed on the phenol-(water)n system ranging from 

intermolecular vibrations from infrared spectroscopy [2 2 ], torsional splittings of the intermolecular 

vibrations of phenol-water [IS] and rotational analysis and tunnel splittings o f the intermolecular 

vibrations o f the phenol-water complexes by high resolution UV spectroscopy [13]. Other 

experiments perform ed include the OH stretching vibrations o f phenol-w ater by IR-UV double

resonance spectroscopy 1 2 1 ], Si excitation and zero kinetic spectra [181] and cluster ion dip 

spectroscopy 114,184]. However, it was not until recently that the interaction energy was determined 

experimentally. In our studies, we are only com paring our results with experimental structures, 

rotational constants and interaction energy for one phenol molecule interacting with one water 

molecule. The relevant experiments are summarised in Table 5.4.
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Experimental results
d ( 0 p . . . 0 w ) / A  3 / “ y / o Dq / kJ/mol A, B, C / MHz Details

2.93 144.5 115.5 UV-high resolution 
fluorescence excitation 
spectroscopy. Si <- So 
Berden et al. [7] (1996)

2.88 138.94 113.72 4291.486,
1092.148,
873.726

Microwave spectmm using a 
pulsed molecular beam 
Fourier transform microwave 
spectrometer.
Gerhards etal [12] (1996)

-23.45 ±0.48 2-color-2-photon resonant 
ionization.
Courty et al [8] (1998)

Table 5.4 Table of experimental results for the phenol-water complex from literatures.

Schmitt and Kieinermanns studied the system of phenol-water with their co-workers using high 

resolution ultra-violet (UV) spectroscopy [7] and microwave spectroscopy [12]. The microwave 

spectrum of Ph(H20) was recorded [12] using a pulsed molecular beam Fourier transform microwave 

spectrometer. They reported the molecular structure by optimising the intermolecular Op. .0^ 

distance and two angles, describing the hydrogen bonding arrangement. The rotational constants of 

the ground state and excited states were also reported. The structure they reported is in reasonable 

agreement with the global minimum from ab initio studies of Feller and Feyereisen [11] and Shültz et 

a l [19]. The UV study [7] used high-resolution fluorescence excitation spectroscopy to study the 

transitions of S, f -  Sq. The rotational constants of the phenol-water complex were analysed in a 

different way to obtain slightly different structural parameters (Table 5.4).

There has been only one experimental study that determined the interaction energy of the 

phenol-water complex [8]. This data is very valuable as we can now make comparison between 

experimental and theoretical studies not just relying on the experimental structure, but also with the 

binding energy ( D q )  of the phenol-water complex, to validate our results using model potentials. 

Courty et a l's  study [8] used a two-colour-two-photon resonant ionization laser technique to measure 

threshold for dissociative ionization and deduced the binding energy. The experimental results (Table 

5.4) of Courty et a i [8], along with the experimental structures from UV [7] and microwave [12] 

spectroscopy will be used later, for the analysis on the accuracy of the model intermolecular 

potentials. The method of using DMC to derive the experimental interaction energy ( D q ) ,  the 

vibrationally averaged structure and the rotational constants will also be compared with experiments.

5.6 Model potentials for phenol-water complex

It is now fairly easy to obtain an anisotropic electrostatic model (DMA) for organic molecules [70] 

(Chapter 2), and this is used to describe the electrostatic forces for the phenol-water complex, in 

contrast to previous published model potentials [5,17]. This should ensure a better description for 

hydrogen-bonded systems (Chapter 3).
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5.6.1 Geometry optimisation

There is no need to optimise the geometry for water, as we use Millot and Stone's water ab initio 

optimised geometry [48] which is comparable to experiments as shown in their publication. The 

phenol monomer was optimised at the MP2 level with the 6-3IG** basis set using CADPAC [56]. 

The geometry of the phenol monomer is planar, and the corresponding structural parameters are given 

in Table 5.5. These geometries will be used throughout our study on the phenol-water complex.

Ab initio structure
Bond lengths / A
Op...Hp 0.965
Cg Op 1.372
Cl...Hi 1.084
C;.. .H2 1.082
C3 ...H 3 1.081
C4 . . .H4 1.082
C5 ...H5 1.084
C^.-.Ci 1.396
C].. C; 1.396
C2 ...C3 1.396
C3 . . .C4 1.396
C4 . . .C5 1.396
C5 ...C6 1.396
Angles / “
CeOpHp 108.5
Hi C, C2 121.7
H2 C2 C3 120.1
H3 C3 C4 120.2
H4 C4 C5 119.3
H5 C5 Cô 120.0
C5 Ce Op 122.8
C2 C3 C4 119.4
C3 C4 C5 120.4
C4  C5 Cô 119.7

Table 5.5 Table of bond lengths in Â and angles for the phenol monomer. 
See Rgure 5.6 for labelling.

Figure 5.6 Labelling of atoms for phenol molecule.

5.6.2 Isotropic model potential

Isotropic model potentials are very easy to construct because of their simplicity, and could provide 

reasonable results. In this case, both the OPLS [190] and TIP4P [192] isotropic model potentials were 

derived from Monte Carlo calculations in liquids. The OPLS model potential for phenol is a 

combination of parameters from benzene and aliphatic alcohol. The TIP4P model potential is derived
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from liquid water using classical Monte Carlo simulations. The quality of the TIP4P model potentials 

was tested against experimental thermodynamic and structural data such as neutron diffraction. As we 

are studying the phenol-water interaction at gas phase, it is in principal inappropriate to use 

parameters derived from liquids. However, these parameters have been proven to provide reasonable 

results for gas phase studies [5] of benzene-water and phenol-water. Therefore these potentials are 

relatively reliable. We used the same OPLS and TIP4P parameters (Table 5.6) along with our 

optimised geometry to produce results in our own calculation using ORIENT [132], so that we can 

compare this model with the simple model potentials directly. The OPLS and TIP4P model potentials 

(combine and refer to as OPLS hereafter) is based on a site-site Coulomb plus Lennard-Jones model 

expressed as:

i e P h j e H i O  ' i j ^  ' i j

where Â j = and Q  = (C„C^ Ÿ  with A,,. = 4e,cr,l  ̂ and C„ = 4e,af , and the i and j  indices

refer to all the phenol and water sites respectively.

Molecule Site e, /kcal/mol (T; / Â Qi /e
phenol Op 0.170 3.07 -0.585

Hp 0.000 0.00 0.435
C6 0.070 3.55 0.150
C 0.070 3.55 -0.115
H 0.030 2.42 0.115

water 0 0.155 3.15 0.000
H 0.000 0.00 0.520

0.000 0.00 -1.040

Table 5.6 Table of parameters used in the OPLS model.
^where position of M is 0.15 Â from O bisecting the HOH water plane.

5.6.3 Anisotropic model potentials

Two simple anisotropic model potentials were constructed for the phenol-water complex and used in 

ORIENT [132]. Both potentials used the DMA for the electrostatic model, derived at the MP2 level 

with the 6-3IG** basis set, up to hexadecapoles in CADPAC using the optimised geometry. The first 

potential used a simple hard sphere to model the repulsion (referred to as HS hereafter). The hard 

sphere potential is able to account for structures of a wide range of van der Waals complexes when an 

accurate electrostatic model is used [60,71]. It does not have any predictive value in terms of 

intermolecular separations. It is only successful in structural predictions for these complexes because 

the structure is usually much more sensitive to the angular behaviour of the electrostatic interactions 

than to the precise interatomic separations. The second potential (referred to as FIT) used empirically 

fitted exp-6 repulsion-dispersion parameters for hydrocarbons, oxohydrocarbons [76] and 

azahydrocarbons [75] that are widely used, for modelling crystal structures of CcHhNnOo compounds 

in conjunction with realistic electrostatic models [70] (See Equation (4.1)).
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Atom pairs a,, / A ' A,r / kJ/mol C., /kJmor‘ Â
Hp.. .O 4.31 34021 155.4
0 . . . 0 3.96 230094 1123.6
H ...0 3.85 52486 391.5
C...O 3.78 291696 1655.7
Hp.. .C 4.13 43130 229.0
Hp.. Hp 4.66 5030 21.5
Hp. ..H 4.2 7761 54.2

Table 5.7 Table of repulsion-dispersion parameters  ̂for the FIT model.
^Empirical parameters of Williams' [70,75,76], assuming that these potentials were transferable and could be used in 

combination with using the relationships = ^ ( a „  + a „  ) .  Ar = ( A A «

The polar hydrogens for the repulsion-dispersion parameters were fitted to (N-H) hydrogen 

bonded crystal structures by Coombes ef al. [70], and were assumed transferable to 0-H. The use of 

this polar hydrogen has been shown to provide reasonable results in studies that involve 0-H  

hydrogens [32,193]. The parameters obtained from crystal structures cannot fully represent the same 

environment as in the gas phase. Nevertheless, it would be able to provide us an estimate of the 

minimum structures and their interaction energies when an anisotropic electrostatic (DMA) model is 

used.

5.6.4 Results

All three model potentials yielded three minima - 7t-bonded, water proton donor and phenol proton 

donor. The global minimum for all the above potentials is the phenol proton donor (a) (See Figure 5.7, 

Table 5.8, Table 5.9 and Table 5.10). Feller and Feyereisen [11] dismissed the existence of a n- 

bonded isomer of phenol-water, based on their ab initio studies, and their phenol proton (ring) 

minimum is not observed. There are no published ab initio studies that considered the possibility of 

the existence of this minimum, though it was observed with model potentials in Benoit's study [5], 

probably because of unsuitable starting points. The zero-point vibration energies (ZPE) have been 

estimated from the harmonic frequencies obtained from ORIENT [132].

If we combine the ZPE with , the harmonic energies for the OPLS, HS and FIT models 

are -25.64 kJ/mol, -25.87 kJ/mol and -23.69 kJ/mol respectively. The results from the FIT model are 

comparable with the experimental Dq value of -23.45 ± 0.48 kJ/mol [8]. This suggests that this model 

appeared to be able to reasonably describe the interaction of the phenol-water complex. It is surprising 

that both the Exp-6 empirical repulsion-dispersion models fitted from crystal structures and the 

Lennard-Jones potential fitted from liquids are performing relatively well for the gas phase system. 

The inclusion of anisotropy in the electrostatic model has shown to improve agreement with 

experiments.
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%
(a) phenol proton donor (b) w ater proton donor (c) 7i-bonded

Figure 5.7 The three minima determined from all three model potentials.

Min 1 d̂,sp ZPE d(0p ...0w )

OPLS -36.79 - 5.99 -30.80 5.16 2.73
HS -37.80 1.16 - -36.64 10.77 2.82
FIT -40.93 21.37 -10.95 -30.51 6.82 2.75

d(Ow...Hp) 3 Y A B C
OPLS 1.77 135.05 113.24 4349.68 1130.79 901.17
HS 1.85 130.37 110.73 4243.73 1133.07 897.97
FIT 1.80 124.09 114.40 4379.04 1115.15 892.44

Table 5.8 Table o f  results for the phenol proton donor minimum (a), calculated using ORIENT [132] using the 
corresponding model potential.

See F igure 5.1 for labelling o f  structural param eters. All energies in kJ/m ol, bond distance in Â, P and y in degree, and 
ro tational constants (A, B, C ) in M Hz.

Min 2 d̂isp ( R )  ZPE d (0p ...0w ) d(Op...Hwi)

OPLS -29.99 - 4.66 -25.33 8.26 2.76 1.81
HS -23.62 0.75 - -22.87 10.90 2.83 1.88
FIT -20.90 11.93 -8.67 -17.64 5.92 2.89 1.97

d(0p...Hw2) P Y A 8 C
OPLS 3.08 48.35 118.28 4274.14 1139.95 903.16
HS 3.17 50.20 116.45 4199.08 1138.45 898.10
FIT 3.11 42.39 117.56 4192.33 1114.63 884.05

Table 5.9 Table o f results for the phenol proton donor minimum (b), calculated using ORIENT [132] using the 
corresponding model potential.

See F igure 5.2 for labelling o f  structural param eters. All energies in kJ/m ol, bond distance in Â, P and y in degree, and 
ro tational constants (A , B, C ) in M Hz.

Min 3 Er. ^r.p Ed.sp (Or) ZPE d(O p...O J d(Op...Hwi)

OPLS -13.14 - -2.01 -15.16 4.92 4.13 3.69
HS -11.85 0.24 - -11.61 6.36 4.31 4.23
FIT -10.35 7.49 -11.37 -14.23 4.02 4.16 4.08

d(Op...Hw2) d(C3. . . 0 J P Y A B C
OPLS 3.66 3.44 22.61 49.00 2229.74 1738.42 1492.55
HS 3.76 3.59 46.55 49.50 2135.26 1756.26 1372.67
FIT 3.54 3.47 41.86 49.22 2218.91 1725.29 1482.14

Table 5.10 Table o f  results for the 7i-bonded minimum (c), calculated using ORIENT [132] using the 
corresponding model potential.

See F igure 5.3 fo r labelling o f  structural param eters. All energies in kJ/m ol, bond d istance in Â, P and  y in degree, and 
ro tational constan ts  (A , B, C) in M Hz.

Figure 5.8 shows that it is necessary to include the zero-point motion in order to simulate the 

true potential energy surface of the system, and the range o f ZPE appeared to be very sensitive to the 

model potential used. Although the results from the model potentials suggested that these models are 

sufficient in producing reasonable energies and structures for the phenol-water com plex, it would be
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ideal to be able to derive a completely non-empirical tailor made' model potential that can reflect the 

true chemical environments o f the atoms. This will be described in Chapter 6  and 7. The non- 

empirical model potential can then be used in a DMC simulation to obtain the vibrationally averaged 

structure and anharmonic corrections to the energies. This should reflect the true anharmonic zero- 

point motion, and could provide an energy that is more correct theoretically, and so the energy 

from the DMC simulation should provide a value that is more com parable to the experimental binding 

energy. The sensitivity of the ZPE in the potential shows that it is important to construct a non- 

empirical model potential that can provide a better description o f the interaction.

Energy
Harmonic Do

ZPE =
kJ/mol

kJ/mol

10 .7 7

kJ/mol

OPLS

Figure 5.8 Schematic diagram of the phenol proton donor's binding energies (global minimum) obtained from 
various model potentials, to show the relative energy difference when harmonic corrections are also included.

The harm onic corrections to  the energies estim ated from  the vibrational frequencies calculated  using  O R IE N T  [132] are also 

shown. D, denoted by the black lines, and denoted  by the blue lines.

5.7 Supermolecule calculations
Although there have been many ab initio calculations performed on the phenol-water complex, it is 

necessary to improve those calculations by using larger basis sets. Also we required ab initio 

calculations that used the same molecular geometry as our model potentials to facilitate comparisons. 

It would be interesting to find out if the jr-bonded minimum obtained from the model potentials could 

be identified in supermolecule calculation, since Fang did not consider this possible orientation in his 

high level supermolecule calculations [10]. The GAUSSIAN98 [168] calculations also give rotational 

constants without zero-point motion, which can provide us an estimate of the rotational constants that 

we should expect from the following DMC calculations, and com pare with experimental data 

indirectly. Recently a system that is similar to phenol-water com plex, the uracil-water complex [194] 

has been studied with supermolecule calculations. Their techniques involved a scan o f the potential
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energy surface of the system using the ORIENT [88] program and a model potential. According to the 

author, this yielded the possible major minima to be used as starting point for their single point ab 

initio calculations. This method produced reasonably good results and there are no ab initio 

calculations performed with such a higher level of theory (this study was carried out prior to the 

publication of Fang's ab initio studies [10]). Therefore we decided to use the same method for our 

study of the phenol-water complex.

5.7.1 Methodology

The minima obtained from ORIENT using the FIT model potential were used as starting position for 

the full optimisation and frozen core calculations. All calculations were carried out in GAUSSIAN98 

[168].

5.7.1.1 Basis sets

A slightly different interaction-optimised DZP basis set was used labelled as DZP/ [195]. DZP/ 

consists of a double-^ (DZ) set, which is (9s5p) contracted to [4^2p] on C and O, and (4s) contracted 

to [2^] on H, augmented with a single set of polarization functions (P) on each atom. The DZ basis set 

of Dunning is used in this case [196,197]. The exponents of the polarization functions of DZP/ were 

obtained by optimising the interaction energy contributions of selected small van der Waals 

complexes [195]. Although the DZP/ basis set yields better interaction energies than energy-optimised 

basis sets of comparable size, it was concluded that in order to achieve high precision, larger basis sets 

containing more polarization functions and a set of bond functions must be included [195]. This bond 

function can be employed using the ESPB basis sets, derived from DZP/ by replacing the (9s)-^ [4s] 

part of C and O by an ES (extended s) set, which is (IO5) contracted to [5s]. The additional s function 

is taken from the compact isotropic (10s6p)—> [5s3p] EZ (extended zeta) set [195,198] that contains, 

compared to DZ, an additional s and p function, which are chosen not to be energy-optimised but to 

resemble the more diffuse exponents of large basis sets such as (13s8p). In addition, ESPB contains a 

set of (s,p) bond functions (B) with exponent 0.60 placed at the midpoint of the 

donor(H).. .acceptor(O) bond. There are 3 hydrogen bonding sites observed from the results of the FIT 

model. However, it is a bit ambiguous to assign a midpoint for the Tt-bonded minimum structure. 

Hence the ESPB calculation was only applied to the water proton donor and phenol proton donor 

minima, for both the full optimisation and the frozen core calculations.

5.7.1.2 Computation of the interaction energy

The structure of the monomers of phenol and water were optimised at the MP2 level, with 6-3IG** 

basis set as shown in Table 5.5. Both the full optimisation and the frozen monomer calculations were 

performed on all three minima. For each of the optimised structures, single-point calculations with the 

ESPB basis set were subsequently performed. Note that only the valence electrons were correlated. 

The phenol-water interaction energy is computed as the difference of the energy of the complex and 

the sum of the energies of the separated monomers. The counterpoise procedure of Boys and Bemardi 

[80] (See Section 2.8.1 in Chapter 2 for details) is applied to circumvent the basis set superposition
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error (BSSE). All of the above calculations were performed using the ab initio package 

GAUSSIAN98 [168], with the same geometry of phenol and water used in the model potential as the 

frozen monomer.

5.7.2 Results

Frozen monomer and full optimisation calculations were performed and the results in Table 5.11 show 

that in both calculations, three minima were produced with structures (See Figure 5.7) similar to the 

minima obtained from ORIENT. The three minimum energy structures, 7i-bonded, water proton donor 

and phenol proton donor were produced, with the phenol proton donor structure as the global 

minimum. The interaction energies of the global minimum agree closely with ab initio calculations 

from the literature (See Table 5.2).

basis No. basis Min. Opt. D. A
functions (no CP*) (CP") phenol water

DZPi 160 1 full -40.43 -26.44 0.57 0.08
DZPi 160 1 frozen -38.93 -25.14 0.00 0.00
ESPB 172 1 no® - -27.04 0.57“ 0.08“
ESPB 172 1 no** - -25.87 0.00 0.00
DZPi 160 2 full -32.30 -15.51 0.46 0.16
DZPi 160 2 frozen -29.77 -13.56 0.00 0.00
ESPB 172 2 no® - -16.84 0.46“ 0.16“
ESPB 172 2 no** - -14.80 0.00 0.00
DZPi 160 3 full -24.60 -11.82 0.08 0.15
DZPi 160 3 frozen -23.71 -11.09 0.00 0.00

Table 5.11 Table of MP2 interaction energies of the minima of phenol-water for the selected basis sets calculated 
using GAUSSIAN98 [168].
See Table 5.12 for their structural parameters. All energies in kJ/mol. “full optimised structure and ‘’frozen monomer structure 
used in these calculations, “deformation energy from DZPi with full optimisation was used. ‘‘CP is counterpoise correcticn. “See 
Equation (2.27) and Equation (2.28) for definiation.

Min 1® Min 1” Min 2® Min 2“ Min 3® Min 3'’
A / MHz 4033.54 4199.33 3866.12 4065.39 2175.05 2229.87
B /M H z 1127.26 1162.02 1168.29 1186.22 1643.06 1709.00
C /M H z 884.83 913.97 900.92 922.95 1434.49 1471.50
d ( 0 . . . 0 ) / Â 2.79 2.78 2.82 2.82 4.16 4.23
d(0,v„.Hp)/Â 1.79 1.82 - - - -
d(Op...Hwi)/Â - - 1.85 1.88 3.97 3.89
d(0p...Hw2)/Â - - 3.21 3.20 3.64 3.74
d(C).. .Ow) / A - - - - 3.46 3.44
p /" 130.62 137.66 53.00 53.04 30.34 31.64
Y/o 108.38 108.75 109.88 112.10 48.33 48.29

Table 5.12 Table of structiual parameters for minima from calculation using GAUSSIAN98 [168].
See Figure 5.9 for their geometries, “full optimised structure and ‘’frozen monomer structure used in these calculations.
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Frozen m onom er m ini Frozen m onom er m in2 Frozen m onom er min3

Full optim isation m ini Full optim isation m in2 Full op tim isation  min3

Figure 5.9 Geometries o f minima from supermolecule calculation o f full optimisation and frozen core.

See T able 5.11 for their corresponding interaction energies and Table 5.12 for their structural param eters.

The different supermolecule calculations gave a range of with counterpoise corrections. The 

best calculation would have been the ESPB single point calculation using the frozen monomer, as the 

frozen monomer geometries have been used throughout the study of phenol-water complex. However, 

it was very difficult to assign a bond function to the 7i-bonded minimum, and therefore only the global 

minimum and the second minimum were calculated with this basis set. The DZP/ calculations were 

also good especially as they can also be used to calculate the Ti-bonded minimum. Consequently, we 

must take the best calculations that can reproduce the three minima as the most accurate ab initio 

calculation within our study. The intermolecular structural parameters o f the minima obtained from 

both full and frozen monomer optimisations are comparable with previous ab initio studies. They also 

agree quite well with experimental data, despite that the zero-point motion is not taken into account in 

our calculations. The three minima's Op...Ow distance variations upon optim isation o f the monomer 

geometries, are + 0.01 Â for the phenol proton donor, no change for the water proton donor and -0.07 

Â change for the 7i-bonded minimum. However, the changes of the (3 angle are somewhat larger, as 

expected. The large deviation for the P angle may be due to the torsional changes upon optimisation of 

the monomer geometries (See Table 5.13, Table 5.14 and Table 5.15). The 7i-bonded minimum is 

observed in our supermolecule calculation, and this has strengthened Benoit's observation [199] and 

our own observations in our simple model potentials, that such an isomer could be very important 

when more than one water molecule interacts with the phenol molecule. Benoit et al. [6 ] have pursued 

this study further using the OPLS potential with higher clusters o f water, and they reported in their 

work that the 7i-hydrogen bonded structures might be observable [6 ].

Although the zero-point motion was not included, we can still com pare our binding energies 

with the experimental ones to provide some idea as to whether our results are reasonable. W hereas the 

binding energy in our study global minimum value of -25.14 kJ/mol with counterpoise correction
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appear to be in the same region as the experimental value of -23.45 kJ/mol. However, if we compare 

the binding energy without the counterpoise correction, then it is -38.93 kJ/mol, which is not 

comparable with the experimental value. This shows that the counterpoise correction is necessary to 

remove BSSE.

Phenol frozen monomer optimised mini optimised min2 optimised min3
Bond length / Â
Cô...Op 1.3721 1.4075 1.4267 1.4141
Cg. ..Cl 1.3954 1.4290 1.4233 1.4254
Cfi.-.Cs 1.3958 1.4269 1.4240 1.4253
Op. ..Hp 0.9647 0.9994 0.9858 0.9876
C].. .C2 1.3944 1.4277 1.4281 1.4281
C|.. .Hi 1.0837 1.1012 1.1027 1.1025
C%. ..C3 1.3930 1.4272 1.4265 1.4280
C2. . H2 1.0816 1.1018 1.1012 1.1014
C3. . .C4 1.3958 1.4291 1.4289 1.4297
C3. . H3 1.0808 1.1005 1.1003 1.1002
C4. . .C5 1.3913 1.4250 1.4252 1.4284
C4. . H4 1.0816 1.1019 1.1013 1.1013
C5...H5 1.0806 1.1003 1.1005 1.1003
Angle / "
CôOpHp 108.4574 107.9172 108.2886 107.8223
C6C,C2 119.6781 119.3399 118.8727 119.1949
CôC] Hi 120.0291 119.4833 120.3213 120.1761
Cfi C5 C4 119.5933 119.5211 118.4117 119.2188
C^Cs H5 118.7669 118.7925 119.1476 119.0222
OpCôCi 122.8305 122.5892 121.6828 122.7242
OpCôCs 116.9278 116.8800 116.4465 116.2401
CiCfiCs 120.2417 120.5308 121.8703 121.0349
C1C2C3 120.4444 120.6868 120.3682 120.5071
C,C2H2 119.3447 119.2316 119.3719 119.2973
C2C1H1 120.2928 121.1768 120.8060 120.6199
C2 C3 C4 119.4399 119.2836 119.5817 119.4432
C2C3H3 120.2423 120.3426 120.1511 120.2510
C3C2H2 120.2109 120.0816 120.2598 120.1941
C3 C4 C5 120.6026 120.6378 120.8954 120.5984
C3C4H4 120.0673 119.9841 119.9903 119.9960
C4 C3 H3 120.3177 120.3738 120.2672 120.3055
C4 C5 H5 121.6398 121.6864 122.4401 121.7584
C5C4H4 119.3301 119.3781 119.1141 119.4031

Table 5.13 Monomer bondlengths and angle deviations on optimisation from frozen monomer for the phenol 
molecule.

Water frozen monomer optimised mini optimised min2 optimised min3
Bond length / À

... Hw 1 0.9572 0.9861 0.9930 0.9895
0 ^.. .H^2 0.9572 0.9861 0.9848 0.9861
Angle / “
Hw Ow Hw 104.5200 104.6509 103 7112 102.3180

Table 5.14 Monomer bondlengths and angle deviations on optimisation from frozen monomer for the water 
molecule.
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Torsion angle / ° optimised min2 optimised min3
Cl C  ̂Op Hp 4.1881 1.0307
C5 Cg Op Hp -176.0344 -178.6472
CzC.QOp 179.8262 -179.1225
C4 C5 QOP -179.7443 179.1707
CsCfiCiHi 179.9537 179.4422
C3 C2 C1 H] 179.8778 -179.0379
C6 C1 C2 H2 179.9250 179.4148
C4  C3 C2 H2 -179.9435 -179.8267
Cl C2 C3 H3 -179.9859 179.5606
C5 C4  C3 H3 -179.9182 -179.5323
C2 C3 C4 H4 179.8132 179.7382
Cg C5 C4  H4 -179.8895 -179.3525
C3 C4  C5 H5 -179.6749 179.8052
Cl CoCg H5 179.6456 179.7600
Op Ce C, Hi -0.1883 -0.2206
H] C| C2 H2 -0.0604 0.5180
H2 C2  C3 H3 -0.0482 0.0087
H3 C3 C4  H4 -0.082 -0.0971
H4  C4  C5 H5 -0.192 0.3667
HsCjCeOp 0.548 -0.5563
C5 Ce Cl C2 0.0608 0.5403
Ce Cl C2 C3 -0.1368 -0.1410
C 1 C2 C3 C4 0.1188 -0.2748
C2 C3 C4  C5 -0.023 0.3030
C3 C4  C5 Ce -0.0518 0.0860
C4C;CeCi 0.0328 -0.5131

Table 5.15 Monomer torsion angle deviations on optimisation from frozen monomer for the phenol molecule.

5.8 Discussion

The simple models have shown that there is a need to include anisotropy in such a system, where the 

orientation of the hydrogen bonding is determined by the electrostatic forces. Although the results 

have shown to be of reasonable quality, there is still a need to derive a completely non-empirical 

model that can describe the intermolecular forces without the assumption of transferability that can 

introduce experimental errors. This study has provided a sampling of the potential energy surface and 

found three distinct minima for the phenol-water complex, which strengthened Benoit et al.'s 

observation [5] of a 7t-bonded minimum.

The ab initio single point calculations performed in our study produced three minima, the phenol 

proton donor, water proton donor and a 7i-bonded minimum. This is a significant and important 

observation, as the Ti-bonded minimum was not previously reported in published studies of the 

phenol-water complex. Although such a minimum has not been reported in any previous publications 

of supermolecule calculations, these do not necessary suggest that such a minimum does not exist. 

Perhaps previous studies did not realise that such a hydrogen bonding orientation may be possible, and 

therefore they did not attempt to investigate and search for this minimum. All previous ab initio 

calculations should not be discredited, as these studies were all thoroughly performed in detail and at 

high level of theory. Our ab initio studies were able to reproduce similar results as those obtained in 

the published ab initio calculations. Although we did not estimate the zero-point vibration energy, the 

rotational constants obtained still show the same trend as those obtained from experiments. Our model
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potentials used rigid molecular structure and therefore only ab initio calculations that used the same 

molecular structure (frozen core) are comparable with the results obtained in the model potentials.

Our results have shown that it is necessary to include the counterpoise correction [80] in order to 

account for the basis set superposition error. If this was not taken into account, the binding energy 

does not provide us a comparable value with the experiment, and also cannot provide a value for us to 

decide upon which of our model potentials is most appropriate to be used in DMC calculations. 

Although our study does not have the best level of theory since the recent publications of Fang's ab 

initio studies [10], this does not imply that our calculations are of less importance. Fang did not 

compute a potential surface that can be used in DMC simulations. For our ab initio study, we were 

able to show the procedures with details, and most importantly the results are shown clearly. Our 

attempt in carrying out the ab initio calculations was not aiming to calculate better results using a 

higher level of theory. The main aim is to provide direct comparisons for our model potentials. 

Nevertheless, our ab initio calculations do provide results of a 7i-bonded minimum, which was not 

observed in previous studies. The possibility of such a minimum could be tested when we used our 

model potential in DMC calculations, which is capable of producing simulated experimental 

structures and energies. However, the simple models used may not be appropriate for the gas phase 

system of phenol-water, because these models are derived from liquid state and solid state, and may 

not be suitable to assume transferability. The following chapter will discuss the derivation of a 

completely non-empirical model for the phenol-water system, where the overlap model will be used to 

derive a non-empirical repulsion model.
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6 Model Intermolecular Potentials of 

Phenol-Water Complex I

6.1 Summary

In Chapter 5, we have shown that ab initio calculations have the disadvantage that they are unable to 

describe the potential energy surface of the investigated system sufficiently, because of the difficulty 

of calculating enough points to fully characterise the surface. Exp-6 repulsion-dispersion parameters 

that have been empirically derived were used in our simple empirical model potentials. However, 

these parameters are fitted from crystal structure data and their transferability and accuracy are not 

theoretically justified. To determine simulated experimental binding energies and structures, an 

accurate description of the potential energy surface around the minimum is essential for simulations to 

account for the zero-point vibration energy. Thus there is a need to construct model potentials to 

describe each energy component non-empirically. Non-empirical repulsion models have been 

constructed for the phenol-water complex using the overlap model. The effect of damping was 

discovered to be important, and the need of a damping function is necessary. The results have shown 

that more improvements are needed to improve the current model, in order to produce results that are 

comparable with our ab initio calculations.
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6.2 Introduction
Model intermolecular potentials for the phenol-water system have not progressed greatly despite the 

vast amount of ab initio calculations [9-11,15,19,23] and experiments [7,8,12,13,16,18,20,23,181] 

performed on the system (Chapter 5). The binding energies deduced from model potentials are 

neglecting the zero-point motion, and the zero-point vibration is very important as observed in 

previous studies of weakly bound hydrogen bonded complexes [6,25,29-31,89]. It was only in recent 

years that the possibility in obtaining the zero-point vibration energy from a model potential is 

possible [29,89,133] using diffusion Monte Carlo (DMC) simulations. The quality of the model 

potential is important to ensure that all the potential energy surface sampled in the simulation is of 

comparable accuracy.

The choice of available model potentials suitable for use is very limited. This is because the 

development of a model potential is both a time consuming and complex process. The difficulty in 

deriving appropriate model potentials empirically is restricted by experimental factors such as lack of 

suitable data for fitting, as shown in Chapter 2. In our case, phenol-water is a relatively small system 

and it is possible to derive atom-atom models of the different significant contributions for the total 

potential. In this approach we partly follow Millot et a i's  water dimer model potential as discussed in 

Chapter 2. However, an important difference is that some parts of Millot et a l's  water dimer model 

potential [48,84] was based on the molecule (e.g. one site damping factor used in their Tang-Toennies

[57] function). This is inappropriate for a large molecule such as phenol.

6.3 The non-empirical model potentials

The non-empirical model potentials that we have constructed are a combination of DMA [1,2] for the 

electrostatic model, the repulsion model derived from the overlap model [3,100], and the Slater- 

Kirkwood [51] formula to derive the dispersion model with the Tang-Toennies damping function [57]. 

The electrostatic model is the same model used as in the FIT and HS models in Chapter 5. The 

repulsion model used in this study has the same theory as the one used in the boron crystal structure 

prediction [33], as described in Chapter 2 and 4. Our crystal structure prediction showed that the 

overlap model [3,1(X)] is a reasonably good method in obtaining repulsion parameters just from the 

charge overlaps of the two interacting molecules. During the course of our study, it was discovered 

that the damping effects must be applied to correct the repulsion-dispersion models. Hence a suitable 

damping function was chosen for this correction. The type of damping function used will be fully 

discussed and the effects that it has on the overall potentials will be reviewed. The monomer 

geometries used are the ab initio optimised monomer as in Chapter 5. The form of our non-empirical 

model potentials is the same as in Equation (4.1). This is prior to the application of a damping model, 

and it is expected that damping function would be needed.

6.3.1 Derivation of the repulsion model

The monomer geometry of phenol-water was optimised at the MP2 level with the 6-3IG** basis set,

using the program suite CADPAC [56] as shown in Chapter 5. This charge density was re-expressed

in terms of atom-centred Gaussian multipoles using the program GMUL3 [54,116] with the
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wavefunctions derived in CADPAC, The same procedures for the overlap model were used as shown 

in Section 2.11 in Chapter 2, The set of isotropic S-function coefficients for each type of atom- 

atom overlap were analysed to obtain the isotropic atom-atom model of form 5,̂  exp(-«,^^,* ) by a 

linear regression of the negative logarithm of C% over the interatomic separation R using the 

spreadsheet program EXCEL [174], The 5,̂  parameters were obtained by fitting to the total atom- 

atom overlaps for orientations in the intermolecular contact region, assuming that the exponents a^  ̂

for the model isotropic overlap were accurately obtained from the isotropic coefficient. Thus the 

coefficients required to model the total overlap (and hence repulsion with the addition of K )  were 

determined.

Figure 6.1 Labelling of atom-atom pairs used in the overlap model, denoting the types used.

All the atom-atom overlaps with a separation /?,* within ± 1 Â of the sum of the van der Waals 

radii for the atoms (C = 1.7 Â, O = 1.4 Â, and H = 1.0 Â) were used in the analysis, so at least 5 

overlaps were used in the derivation of each pair of coefficients. Parameters were derived separately 

for the different C, H and O atoms, and when there appeared to be no significant difference between 

the parameters, then the data sets were combined for the final fitting. For the non-empirical potential, 

the atom-atom overlaps were calculated from 572 geometries for the phenol-water complex (See 

Figure 6.2). It is necessary to discard the many uninteresting larger separations to prevent them from 

dominating the fitting. The following are the points included in the potential derivation:

0.005 > S'* > 0.00005 (X-X pairs)

0.005 > S'* > 0.00001 (X-H pairs)

0.005 > S'* > 0.000005 (H-H pairs)

where Sp is the atom-atom overlap determined from GMUL, and X = C, O. Note Sp in a.u. has 

units ê OQ~^.

New Models for Intermolecular Repulsion and their Application to van der Waals
Complexes and Crystals of Organic Molecules

Helen H.Y. Tsui
August 2001



6 Model Intermolecular Potentials of Phenol-Water Complex I 108

View 2 V iew  3View 1

Figure 6.2 The 572 relative orientations o f phenol-water complex that were used to sample in the overlap model. 

Each com plex consists o f one o f the phenol and one o f  the w ater m olecules.

Most of these configurations were randomly generated within the repulsive region of the 

potential surface (defined such that the estimated maximum atom-atom repulsive energy was almost 

less than 100 kJm of'), with additional orientations where the water molecule is on top of the phenyl 

ring. This guaranteed a minimum of 10 atom-atom overlap values corresponding to the distance range 

used in the analysis o f isotropic coefficient calculations for each atom-atom pair. Two methods of 

fitting the pre-exponential parameters were considered as shown in Chapter 4. The were

determined by fitting directly to the atom-atom overlaps using 5 ,̂  exp(-a,^/?,* ) using LINEST in 

EXCEL [174]. The second method is the fitting of the natural logarithm of the overlaps to 

In 5 ,̂  , using SOLVER in EXCEL [174]. The values for the corresponding atom-atom

pairs are fixed in both fittings. The quality o f these fittings was com pared in their ability o f 

determining a K  value with good correlation between the overlap and exchange-repulsion energy.

6.3.2 Derivation of the proportionality factor K

An estimate o f the proportionality constant between the total overlap derived from GM UL and the 

exchange-repulsion was performed by fitting K  in

(6 .1)

to , the exchange-repulsion energy evaluated from IM PT [4], for a set o f geom etries o f the phenol- 

water dimer. This gives the exchange-repulsion energy at second order in perturbation theory 

corresponding to the SCF 6-310** charge densities o f the isolated molecules. W e will refer to this K  

as A'*'""'. The IMPT exchange-repulsion energies were derived for 69 geom etries selected from the 

randomly generated set to give a good sampling of the intermolecular repulsion around the entire 

molecule.

For the model, is derived using the IMPT exchange-repulsion energies fitted with model

overlaps as shown in the following equation:

ieAMI)
(6 .2)

New  Models for Intermolecular Repulsion and their Application to van der W aals
Complexes and Crystals ot Organic Molecules

Helen H.Y. Tsui
August 2001



6 Model Intermolecular Potentials of Phenol-Water Complex I___________________________ 109

Two values of a:"”*' were fitted using IMPT exchange-repulsion energies with model overlaps from 

different from the two fittings (exp and In) with the same exponent a^^.

6.3.3 Derivation of the dispersion model

We are attempting to construct a non-empirically fitted model potential; hence the Slater-Kirkwood 

[51] approximation was chosen to derive the dispersion model. The Slater-Kirkwood dispersion has 

been shown in the blind crystal structure prediction study in Chapter 4 to be of reasonable quality, and 

should be sufficient for our model (See Equation (4.2)). Unlike in Chapter 4 when constructing the 

dispersion model for the crystal structure prediction [33], the Halgren's formula [172] will not be used, 

as it is devised to obtain exact dispersion coefficients, and in our case, we would like the Cg to be

able to absorb higher dispersion terms. We reverted to the older traditional method of equating 

with Ny, hoping that the resulting increase in C,̂  would compensate for the omission of the further

terms in the dispersion, and noting the success of this approximation for the lattice energy of oxalic

acid [101]. The atomic polarizabilities were taken from the most recent values of Miller [170], using 

values of sp^ C, H and O (ethers). The atomic polarizabilities of Miller [170] in Table 6.1 were used 

to derive the dispersion for each atom-atom type (See Table 6.6 for dispersion parameters).

Atom type a  / A'
C 1.061
0 0.637
H 0.387

Table 6.1 Table of atomic polarizabilities values taken from Miller [170].

6.3.4 The effects of damping functions

During our study, it was discovered that our non-empirical model potentials require a damping 

function. This was observed in our trial ORIENT calculations with different starting positions set up 

for the phenol and water monomers for minimisation. Some of the minimisation did not converge 

when the two monomers were too close in the starting position. The same starting positions have also 

been used in the FIT model, but none of the minimisations had this convergence problem. There is a 

need to rectify this problem, as it is important for DMC calculations. This is because DMC generates 

random replicas of the system, and there could be cases where the two molecules may overlap each 

other and get trapped. Hence one must find a solution to solve this problem. One solution is to apply 

damping functions to the dispersion. The use of damping functions can damp down the /?”" 

separation dependence and hence the singularity can be avoided as /? —> 0 . Several forms of damping 

have been developed that will exponentially reduced the dispersion energy as the molecules approach 

each other. These forms are mainly based on fitting to accurate calculations of the dispersion 

interaction between two hydrogen atoms with parallel spins with parameters that allow the form to be 

adapted for different atoms.

There are currently three well-known damping functions, namely Koide-Meath-Allnatt (KMA )

[58], Hartree-Fock (HFD) [59] and Tang-Toennies [57] damping functions as shown in Chapter 2.
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The simplest damping function that requires only one parameter is the Tang-Toennies [57] damping 

function. This damping function is chosen because it is a very simple function that requires a limited 

number of parameters, unlike the complexity and greater number of parameters that are required in the 

other forms such as the KMA [58] damping function and the less justified HFD [59] damping 

functions. Also it is less complex than the latest damping function and higher terms as suggested by 

Stone and Hodges [200] that require many parameters.

The Tang-Toennies [57] damping function originates from a paper first published in 1984, where 

an improved simple model for the van der Waals potential was based on universal damping functions 

for the dispersion coefficients. This damping function used the b parameter of the Bom-Mayer 

repulsive term A exp(-6V?) in the damped dispersion potential. This gives a simple universal 

expression for the well region of the atom-atom van der Waals potential with only five essential 

parameters A , 6 , Q , Cg, and C,q . The damped dispersion model has this form:

= (6 .3)
n̂ 3

where

/ 2« (^ ) = l - e x p ( -^ » /? )X ^ ^ ^  (6.4)
*=0 ^  '

where on the right hand side is the incomplete gamma function of order 2»4-l.

Since the factor b describes the range of the overlap, it is physically reasonable to expect that it 

will enter into the damping function in a direct way. The validity of this type of damping functions has 

been proven and tested on systems of H% (^2), Hez, Arg, NaK (^2) and LiHg in the original studies 

[57]. Other studies that used the above damping function included H2(*2 g) and Li2( '2 g) [201]. These 

studies all used the Bom-Mayer repulsive term to determine the parameter b , assuming the overlap 

between the atoms are purely exponential. Besides these small systems, Tang and Toennies have used 

the same damping function for their studies on the interaction of rare gas atoms and metal surfaces 

[202], H2(^2 u), rare gas and alkali-helium systems [203], van der Waals potentials of He2, Ne2, and 

All with the exchange energy calculated by the surface integral method [204]. However, there is an 

alternative way in these studies to determine the b parameter. Tang and Toennies stated in their letter 

[202] of 1992, that it is only necessary to have an exponential repulsive term at large and small 

distance. In the intermediate range, the same should also hold if the repulsive potential can be 

expressed locally as an exponential factor. Thus if the repulsive potential is described better by a form 

other than a pure exponential, then an effective range parameter can be defined by the following 

equation:

= (6.5)

Stone and co-workers also used the same damping functions for their studies of water dimer [48,84], 

HF dimer and HF clusters [205] and CO dimer [206]. However, they did not apply the damping 

function as atom-atom interactions. Instead, they used the damping function by using a b parameter
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obtained from a one-site fit (anisotropic) of the IMPT exchange-repulsion energy to the functional 

form of the Bom-Mayer repulsive term, with the site being chosen at the centre of mass.

6.4 Results and analyses

6.4.1 The exponents aiK parameters

The assumption that the isotropic coefficients of the interatomic overlap falls exponentially with 

interatomic distance is tested, by the quality of a least square fit of the negative logarithm of C% over

the interatomic distance of R .

The number of atom-atom types (See Table 6.2) were reduced in order to simplify the model 

potentials. Based on the results from isotropic coefficients, H^i is the same as by symmetry. 

Therefore and are referred to as Hw Table 6.3 shows the reduced atom-atom pairs, where all 

C are classified as C except C4 and Cg that have shown clearly to be different from other C. 

Simplification was also applied for H that all of them are classified as H except the hydroxyl 

hydrogen. The newly classified atom-atom pairs are deduced by averaging the values of the atom- 

atom type that have been classified as a group.
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Atom pairs r̂ s,^ (In fit) 5 ,̂  (exp fit) Correlation

C6 ...0 w 5.05 0.9978 1016916.80 1041034.38 0.940156
4.71 0.9994 23126.24 13531.27 0.965128
4.71 0.9994 21514.31 15756.48 0.909709

Op. ..0\^ 5.01 0.9976 961498.80 868035.98 0.995558
Op...Ĥ ] 4.71 0.9991 28881.58 19453.27 0.997388
Op.. H,y2 4.71 0.9991 27858.92 18473.81 0.997670
Up... 4.64 0.9994 20284.94 17792.15 0.998180
Hp. . H\y] 4.46 0.9997 1022.33 728.17 0.996711
Hp.. H%,2 4.46 0.9997 961.83 670.19 0.996326
Ci...Ow 4.38 0.9978 427344.23 377378.34 0.994364
C1 . . . H%y] 4.16 0.9981 14640.82 10250.03 0.986432
0  J . . . H%r2 4.16 0.9981 14965.44 11530.75 0.988772
C2 . Ow 4.42 0.9979 416111.03 334372.65 0.994519
C2 . . .Hwi 4.19 0.9983 15463.83 9544.62 0.993315
C2 ... Hw2 4.19 0.9983 15575.06 9854.78 0.990620
C3 ...OW 4.39 0.9978 452340.83 400575.42 0.985153
C3 . . Hwi 4.17 0.9981 18145.41 7261.62 0.983431
O3 . . Hw2 4.17 0.9981 15430.26 9194.00 0.982857
C4 . . Ow 5.00 0.9966 2068851.99 1387038.52 0.997227
O4 . . .Hwi 4.72 0.9983 58443.45 30488.57 0.988888
O4 . ..Hw2 4.72 0.9983 58946.96 32343.93 0.983585
C5 .. .Ow 4.39 0.9979 436366.76 393855.72 0.992386
C5 .. .Hwi 4.16 0.9981 18196.25 8450.24 0.987611
O5 ... Hw2 4.16 0.9981 14239.20 9203.34 0.981239
H|...Ow 4.43 0.9988 30959.29 22743.81 0.993068
H1... Hw 1 4.25 0.9998 1284.67 957.86 0.991778
H1... Hw2 4.25 0.9998 1308.62 936.59 0.992851
H2 ...0 w 4.53 0.9986 33424.35 27129.37 0.997676
H2 . Hwi 4.33 0.9999 1405.39 839.58 0.996274
H2 ... Hw2 4.33 0.9999 1274.39 975.46 0.996444
H3 ...OW 4.52 0.9986 33947.16 29712.49 0.995240
H3 ... Hw 1 4.32 0.9999 1385.97 1062.36 0.998269
H3 ... Hw2 4.32 0.9999 1322.18 1330.87 0.993881
H4 ' •. ̂ )w 4.53 0.9986 33449.37 26168.44 0.996691
H4 . .. Hwi 4.33 0.9999 1359.94 852.98 0.996941
H4 . ..Hw2 4.33 0.9999 1382.18 849.78 0.995692
H5 . ..Ow 4.55 0.9986 32832.74 31124.20 0.996202
H5 ... Hw 1 4.34 0.9999 1322.63 1066.27 0.997470
H5 ... Hw2 4.34 0.9999 1296.18 893.17 0.997412

Table 6.2 Table of parameters derived for a,^ with r̂  value of fit and s,̂  with correlation coefficients.

Note in and s,  ̂ in kJ/moI.

6.4.2 The pre-exponential s parameters

Table 6.3 shows the pre-exponential parameters obtained from the two different fittings as 

described earlier on. The values from the two different fittings are very close to each other; it is very 

difficult to justify the accuracy of the different values. However, the fitting that used the exponential 

function can be biased towards the shorter distances region, where it is very repulsive, which is not 

exactly referring to what is being sampled in reality. Therefore in theory, the fitting that used the 

natural logarithm function seems to be a better sampling of the repulsive region over a range and
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should provide a more realistic repulsion model. W e can judge on the quality o f the fitting on their 

ability in deriving the proportionality constant A"""*' with good correlation.

Atom pairs (In fit) (exp fit)

Cô-.-O^v 5.05 1016916.80 1041034.38
4.71 22320.27 14643.87

Op...Ow 5.01 961498.80 868035.98
Op...H,v 4.71 28370.25 18963.54
Hp...O,, 4.64 20284.94 17792.15

4.46 992.08 699.18
C ...O * 4.39 433040.72 376545.53
C ...H ,, 4.17 15832.03 9411.17
C4 ...O ,, 5.00 2068851.99 1387038.52

C4 ...Hw 4.72 58695.21 31416.25

H...Ow 4.51 32922.58 27375.66

H...Hw 4.32 1334.21 976.49

Table 6.3 Table o f reduced atom-atom pairs and their corresponding and s,̂ . values.

Note in Â"‘ and in kJ/moi.

Later, we realised that the different a  values for C4 appeared to come from a problem with the 

GM UL isotropic coefficients for this atom. When the overlaps were fitted, this error corrected itself to 

a large extent, with the pre-exponential factor compensating for the higher a  values for C4 , so that in 

the final isotropic atom-atom model for the molecular overlap, C4 is not significantly different from C 

(i.e. C l, C 2, C3 and C5).

6.4.3 Fitting for K using IMPT exchange-repulsion energies and total overlaps

69 geometries were used to derive IMPT exchange-repulsion energies and have exchange-repulsion 

energies in the range 4.41 < < 136.54 kJm of'. The corresponding orientations and IMPT

exchange-repulsion energies are shown in Figure 6.3, Figure 6.4 and Table 6.4.

V iew 1 View 2 V iew 3

Figure 6.3 The 69 relative orientations o f the phenol-water complex that were used to sample the IMPT exchange 
repulsion surface.

Each com plex consists o f  one o f  the phenol and one o f the w ater m olecules.
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Figure 6.4 The dimer orientations used in IMPT calculation and in GMUL analysis.
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E.r 5*™* 5r'(exp) Sp"^(ln) 5*“̂ s r '( « p ) sT {\a )
I 32.64 0.001525 0.001356 0.001543 36 68.26 0.003354 0.003038 0.003979
2 10.11 0.000440 0.000292 0.000323 37 68.26 0.003354 0.003038 0.003979
3 32.96 0.001537 0.001351 0.001535 38 136.54 0.006290 0.004954 0.006564
4 31.27 0.001456 0.001490 0.001735 39 136.54 0.006290 0.004954 0.006564
5 56.80 0.002719 0.002439 0.002779 40 79.39 0.003764 0.003329 0.004290
6 11.55 0.000507 0.000388 0.000434 41 34.21 0.001336 0.001078 0.001658
7 12.97 0.000555 0.000401 0.000453 42 74.74 0.003860 0.003697 0.004468
8 26.81 0.001306 0.000849 0.000954 43 11.60 0.000467 0.000404 0.000491
9 30.38 0.001431 0.000876 0.000998 44 6.66 0.000284 0.000224 0.000269
10 13.56 0.000557 0.000508 0.000634 45 13.76 0.000593 0.000465 0.000565
11 32.12 0.001499 0.001332 0.001516 46 23.65 0.001077 0.001021 0.001214
12 10.09 0.000439 0.000291 0.000321 47 62.39 0.002596 0.002312 0.002995
13 31.60 0.001462 0.001370 0.001571 48 4.41 0.000192 0.000195 0.000234
14 27.24 0.001319 0.001363 0.001560 49 30.74 0.001178 0.000951 0.001425
15 55.70 0.002663 0.002385 0.002718 50 34.83 0.001604 0.001387 0.001974
16 11.45 0.000502 0.000383 0.000428 51 51.19 0.002686 0.001387 0.001974
17 12.91 0.000551 0.000396 0.000448 52 102.27 0.005234 0.005470 0.007755
18 26.42 0.001286 0.000833 0.000936 53 111.07 0.005426 0.004136 0.005831
19 30.22 0.001417 0.000862 0.000983 54 30.23 0.001140 0.000274 0.000423
20 13.61 0.000557 0.000508 0.000635 55 34.89 0.001303 0.001172 0.001692
21 37.39 0.001736 0.001610 0.001837 56 34.83 0.001604 0.001386 0.001973
22 38.91 0.002153 0.002422 0.002692 57 27.53 0.001266 0.001059 0.001503
23 116.25 0.006069 0.006546 0.007448 58 28.12 0.001252 0.001026 0.001454
24 35.01 0.001727 0.001337 0.001492 59 30.23 0.001140 0.000274 0.000423
25 60.75 0.003044 0.002785 0.003555 60 34.34 0.001370 0.001097 0.001668
26 60.75 0.003044 0.002785 0.003555 61 37.18 0.001432 0.001162 0.001971
27 80.24 0.004073 0.003755 0.004884 62 12.04 0.000483 0.000412 0.000501
28 80.24 0.004073 0.003755 0.004884 63 11.80 0.000511 0.000454 0.000539
29 114.37 0.005628 0.004683 0.005957 64 11.76 0.000525 0.000373 0.000482
30 114.37 0.005628 0.004683 0.005957 65 41.21 0.001536 0.001243 0.001860
31 36.32 0.001674 0.001584 0.001808 66 44.47 0.001728 0.001374 0.002283
32 79.39 0.003764 0.003329 0.004290 67 60.03 0.003072 0.003174 0.003774
33 83.63 0.004214 0.004415 0.005026 68 61.09 0.003327 0.002904 0.004043
34 49.73 0.002142 0.001524 0.001947 69 33.92 0.001213 0.001063 0.001586
35 53.71 0.002689 0.002704 0.003110

Table 6.4 IMPT Exchange-repulsion energies and GMUL and model overlaps used for fitting for the proportional 
constant K .

The corresponding geometries are shown in Figure 6.3. Note E„ in kJ/mol and , 5 ^  (exp) and (In) are in a.u. has 

units .

The determined from IMPT exchange-repulsion energies with the total overlaps from GMUL is 

7.8755 a.u. with correlation of 0.9935.

6.4.4 The fitting for model K using model repulsion and atom-atom overlaps

Analyses were carried out to test the fitting of the K " ^ ‘ using model overlaps. Both types of ŝ ^

values (exp fit and In fit) were used to derive from the corresponding model overlaps. The total

model overlaps were calculated by summing up the atom-atom overlaps for each orientation. The 

model overlaps were then fitted to the IMPT exchange-repulsion energies to give values of of

8.7110 a.u. (exp fit s^^) and 6.8497 a.u. (In fit 5,^) with poorer correlation values of 0.9583 and

0.9691 respectively than the fitted from GMUL total overlaps (7.8755 a.u. with correlation of 

0.9935). This shows clearly that the correlation between overlap and exchange-repulsion is better
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when it is accurately calculated than modelled in isotropic atom-atom form. The variation of K  

absorbs some of the error in modelling the overlap.

Figure 6.5 shows the plot o f exchange-repulsion energies against model atom-atom overlaps and 

GMUL total overlaps. The plot shows that the correlation between the In fit model overlaps and 

exchange-repulsion energies is better than the exp fit model overlaps. It can be seen clearly that the 

points are more dispersed for the model overlaps from exp fit 5 ,̂  whereas the model overlaps derived 

using the In fit aligned better.
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Figure 6.5 Graph o f plotted exchange-repulsion energies against model and GMUL overlaps.

Note a.u. for overlap is .

6.4.5 The effects of damping

The following figures (Figure 6 .6 , Figure 6.7, Figure 6 .8 , Figure 6.9 and Figure 6.10) show the plots 

of selected atom-atom repulsion-dispersion potentials using the 631 lgss_nn  model (See Section 

6.4.6). The plots clearly show that at short intermolecular distances, the model failed. On the same 

plots, the potentials with damping function applied are also included. One can see a significant 

improvement to the model potential to eliminate the error by including a dam ping function. The 

potential curves did not vary a lot around the well, which is what we want to avoid. This strengthens 

our reasoning for choosing the Tang-Toennies damping function to apply to our model potentials. 

However, one can observe that for the Hp...H^ repulsion-dispersion plot, the use of a Tang-Toennies 

[57] damping function cannot eliminate the problem completely. This would seem to cause a major 

problem, and deemed the Tang-Toennies damping function as unreliable. In reality, the positions 

where the problem occurred is at very short intermolecular distances, so short that the adjacent oxygen 

atoms should overtake the hydrogen atom in contributing the major energies and effects. Our 

ORIENT [132] calculations for the minimisation converged without any problem s or errors when the 

Tang-Toennies dam ping function was applied.
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Solid line denotes undam ped potential, and red dots denote w ith dam ped d ispersion using  Tang-Toennies  dam ping function. 
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6.4.6 The full model potentials

Table 6.5 defines the four repulsion-dispersion models tested. Table 6 . 6  gives the repulsion-dispersion 

parameters o f the model potentials.

Model Basis set for 
IMPT

Basis set for 
overlap

K Damping
used

631gss_rm 6 -3 IG** 6-310** OMUL /
63Igss_nnnd 6-310** 6-310** OMUL X
631gss_nn 6-310** 6-310** Model y
631 gss_nnnd 6-310** 6-310** Model X

Table 6.5 Table o f the different criteria used for each non-empirical model potentials. 

Note that the Tang-Toennies  dam ping was used where applied.
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Atom pairs a , . ( A*'""' used) A, ( used) c..
Cg. ..Ow 5.05 8008766 6965611 1218.5
^̂ 6* • • Rw 4.71 175784 152888 547.4
Op...Ow 5.01 7572319 6586012 944.0
Op.. .Hw 4.71 223431 194329 394.3
Hp.. Ow 4.64 159755 138946 394.3
Hp... Hw 4.46 7813 6795 182.5
C...Ow 4.39 3410428 2966214 1218.5
C...Hw 4.17 124686 108445 547.4
C4 . . .Ow 5.00 16293320 14171088 1218.5
^̂4 *.. Hw 4.72 462256 402047 547.4
H...Ow 4.51 259283 225511 394.3
H...Hw 4.32 10508 9139 182.5

Table 6.6 Table of repulsion and dispersion parameters used in model potentials.

Note a,  ̂ in A ' , /t,, (= ) in kJ/mol and C„ in kJ/mol A*.

6.4.7 Results from model potentials

ORIENT [132] was used to derive the stable minima and their corresponding binding energies for 

each of the model potentials. The zero-point energies were also estimated from the 6 harmonic 

frequencies. The following tables (Table 6.7 and Table 6 .8) show the minima and binding energies 

obtained along with the minima's intermolecular structural parameters. The first observation of the 

results is that none of the non-empirical model potentials is capable in producing all three minima as 

observed in our ab initio study and other simple models. The 7i-bonded minimum is not observed from 

the calculations in ORIENT.

Min 1 4 ., ^disp E,o.al (D .) ZPE
SÛ - - - -25.14 -
HS -37.80 1.16 - -36.64 10.77
FIT -40.93 21.37 -10.95 -30.51 6.82
OPLS -36.79 - 5.99 -30.80 5.16
631gss_rg -26.31 10.80 -8.54 -24.05 5.09
631gss_rgnd -27.17 12.17 -9.73 -24.73 5.20
631gss_rm -28.07 11.96 -9.51 -25.62 5.33
631gss_rm nd -29.24 13.84 -11.14 -26.54 5.47

d(0p...0w) 3 Y d(Ow...Hp) A B C
SÛ 2.78 137.66 108.75 1.82 4199.33 1162.02 913.97
HS 2.82 130.37 110.73 1.85 4243.73 1133.07 897.97
FIT 2.75 124.09 114.40 1.80 4379.04 1115.15 892.44
OPLS 2.73 135.05 113.24 1.77 4349.68 1130.79 901.17
631gss_rg 3.10 134.99 110.09 2.13 4103.10 1069.71 851.80
631gss_rgnd 3.07 133.39 110.39 2.11 4124.04 1073.68 855.22
631gss_rm 3.04 133.66 109.88 2.08 4119.37 1084.77 862.04
631gss_rm nd 3.01 131.69 110.25 2.05 4145.61 1089.62 866.25

Table 6.7 Table of results for global minimum, the phenol proton donor for the corresponding model potentials.

Note all energies are in kJ/mol, bond distances (d) in A, angles p and y  in degrees and rotational constants A, B, C in MHz. ŜU
is our best supermolecule calculations (Chapter 5).
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Min 2 E.S Ejisp EW  (D .) ZPE d(0 p...0 w)
SÛ - - - -13.56 - 2.82
HS -23.62 0.75 - -22.87 10.90 2.83
FIT -20.90 11.93 -8.67 -17.64 5.92 2.89
OPLS -29.99 - 4.66 -25.33 8.26 2.76
631gss_rg -13.68 7.23 -9.55 -16.00 5.09 3.01
631gss_rgnd -13.86 7.71 -10.14 -16.28 5.01 3.00
631gss_rm -14.46 7.92 -10.51 -17.05 5.21 2.97
631gss_rm nd -14.69 8.54 -11.26 -17.42 5.07 2.96

P Y d(Op...Hv,i) d(0p...Hw2) A B C
SÛ 53.04 112.10 1.88 3.20 4065.39 1186.22 922.95
HS 50.20 116.45 1.88 3.17 4199.08 1138.45 898.10
FIT 42.39 117.56 1.97 3.11 4192.33 1114.63 884.05
OPLS 48.35 118.28 1.81 3.08 4274.14 1139.95 903.16
6 3 lgss_rg 9.86 114.28 2.55 2.55 4054.90 1119.47 880.81
631gss_rgnd 9.66 113.86 2.54 2.54 4047.31 1126.22 884.62
631gss_rm 9.99 113.51 2.51 2.51 4053.45 1139.18 892.89
631gss_rm nd 9.72 113.03 2.50 2.50 4045.11 1147.28 897.45

Table 6.8 Table of results for second stable minimum, the water proton donor for the corresponding model 
potentials.

Note all energies are in kJ/mol, bond distances (d) in Â, angles P and y in degrees and rotational constants A, B, C in MHz. ^SU 
is our own supermolecule calculations.

The results show that none of the non-empirical models can provide a good description of the 

intermolecular forces for the phenol-water system to reproduce the 7i-bonded minimum as observed in 

our supermolecule calculations and also from the OPLS and FIT models. Nevertheless, the results for 

the hydrogen-bonded complex is comparable, with slight lengthening of the Op...Ow bond distance. 

The Dg energies are more positive than those obtained from the FIT and OPLS models, and if we 

include the estimated harmonic zero-point energies, the harmonic Dq are still too positive to be 

comparable with the experimental determined value of -23.45 ± 0.48 kJ/mol [8]. The inclusion of the 

damping function appeared to only cause minor deviations of the structures and energies. Hence, the 

Tang-Toennies damping function has shown to be suitable to apply in our model potential. Since we 

only have experimental data on the global minimum, we cannot judge on the quality of the second 

stable minima produced from the models.

6.5 Discussion

Our best non-empirical model potential, the 631gss_rm model, performed relatively well, but we 

need to find out why it did not produce the 7t-bonded minimum as observed in our supermolecule 

study and results from the OPLS and FIT models. We may need to adjust the fitting to derive another 

proportionality constant K  in order to compensate for neglect of deficiency. Note that the range of 

repulsion energies included in our sample could be too large. Fitting with energies less than 100 

kJ/mol should provide a more physical sampling. We have not considered testing the sensitivity of the 

overlap model upon the choice of basis sets used. Nobeli and Price carried out tests in their study of 

oxalic acids [101] and suggested that the larger the basis set used, the better the modelling of the 

repulsion using the overlap model. It would be of interest to probe this for our phenol-water system. 

Concurrent study by Mitchell and Price [113] has shown that it would be possible to include 

penetration and charge-transfer contributions by combining it with the repulsion term. Their study was
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on crystal structures of amines, and it would be of interest to know if the same procedure could be of 

benefit to be applied in the modelling of phenol-water complex. The next chapter will only 

concentrate on the improvements that can be applied to the repulsion term using the overlap model, 

since the electrostatic and the dispersion terms along with damping have been shown to produce good 

results.
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7 Model Intermolecular Potentials of 

Phenol-Water Complex II

7.1 Summary

The overlap model has demonstrated its capability in deriving a non-empirical repulsion model 

specifically for the phenol-water complex as shown in Chapter 6 . However, there were some 

deficiencies in the model constructed, and further investigations on the capability of the overlap model 

were carried out in this chapter. The overlap model is tested using different basis sets in obtaining 

both the overlaps and the exchange-repulsion energies. The penetration and charge-transfer 

contributions can be included, by absorbing them into the repulsion term. This has been shown to 

improve the modelling by producing results that are comparable with results obtained from our 

supermolecule calculations. Detailed analyses have been carried out for the phenol-water complex, 

and it must be noted the choice of analytical methods and procedures are important to obtain a suitable 

repulsion model to describe the intermolecular forces sufficiently.

7.2 Introduction

We have already demonstrated that the overlap model [3] is capable in producing non-empirically 

derived repulsion parameters that can provide reasonable repulsion as shown in the blind crystal 

structure prediction in Chapter 4. This is an exceptionally good method in deriving parameters that are 

difficult to obtain, or repulsion parameters that are not suitable for use because of transferability
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problems [33] (See Chapter 4). Along with the repulsion model, the electrostatic model [1], and the 

inclusion of a suitable dispersion model [51] with damping effect [57] taken into account; non- 

empirically derived model potentials have been constructed for the phenol-water complex and tested 

using ORIENT [132] in Chapter 6 . However, the results have shown that the hydrogen bonds between 

the phenol molecule and the water molecule are too long. This suggests that our model repulsion 

could well be too repulsive, and this will be the main area that needs further study. Another major 

problem was that our model potentials were unable to reproduce all three minima as observed in our 

ab initio studies (See Chapter 5). It was known in an earlier stage that the assumption of the charge 

overlap proportional to the exchange-repulsion energy is only an approximation [3]. Therefore we 

need to investigate the alternative ways, or any improvements that can be implemented on the existing 

repulsion model. In order to improve our model potential, it is sensible to carry out detailed analyses 

to determine the origin of the problem. These analyses should provide us insights into the sensitivity 

of the repulsion model, and hence it can aid us in further understanding and development of utilising 

the overlap model. Similar tests have been reported in earlier studies by Nobeli and Price [lOI], which 

showed that a slightly larger basis set than 6-31G** [207] such as the 6-31 IG** [208] basis set, can 

produce better results using the overlap model. Therefore it is essential to test whether the same 

observations may occur in our system.

In most model potentials, the main components consist of the exchange-repulsion model, the 

electrostatic and the dispersion models, but they only account for the main contributions to the 

intermolecular interactions. For the empirically fitted model, the other short-range contributions such 

as the penetration and charge-transfer energy terms are absorbed in the parameterisation. However, in 

a non-empirical model potential, such contributions are either neglected or explicitly modelled. In 

order to take these into account without needing to create more parameters for either the penetration or 

the charge-transfer terms, a novel method has been recently developed by Mitchell and Price [113] for 

model systems of formamide, acetamide and rra/i^-N-methylacetamide. The method used was the 

incorporation of the penetration and charge-transfer explicitly along with the exchange-repulsion into 

the repulsion term in a non-empirical model potential. The approximation procedure was also 

illustrated by Fraschini and Stone [208] who have studied and constructed an H ...H  model potential 

for exchange-repulsion energy of methane dimer. In their studies, they have divided the electrostatic 

energy into two contributions. The two contributions consist of a long-range part arising from the 

multipolar expansion of the separated charge distributions of the monomers, and a short-range part 

called electrostatic penetration, which corrects for the effects due to the overlap of the two charge 

distributions at medium and short range. The exchange-repulsion and the electrostatic-penetration 

show an exp(-/?) behaviour with respect to the interatomic distance R , and for this reason they can

be combined to yield an exchange-repulsion-penetration energy of exponential form. We could apply 

the same methodology by using the existing overlap model we constructed as shown in Chapter 6 

(631gss_rm). One can easily perform simple calculations to determine the charge-transfer energies 

from IMPT calculations [4,55], and the penetration energies which is the difference of electrostatic 

energies from IMPT and DMA energies from GMUL [3,116]. This method can be implemented into 

our existing repulsion model to give the same number of parameters. The model overlap remained the
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same, only the pre-exponential K  value is scaled, to absorb the penetration and charge-transfer. This 

will be carried out in full analysis using the overlap models based on MP2 6-31G**, MP2 6-311(1** 

and MP2 cc-pVDZ charge densities. The quality of the new models will be tested in terms of 

correlation coefficients between the energies and overlaps, and the fit for the proportional constant 

K , and also their capabilities in reproducing the three possible minima using ORIENT [132], 

Ultimately, the quality of the model potential will have to be determined by its ability to reproduce 

experimental data by including the anharmonic zero-point motion, by diffusion Monte Carlo (DMC) 

[31] simulations (Chapter 8). Since it is very expensive to carry out DMC simulations, we can only 

choose one model as the best model potential for the simulation. Hence, detailed analyses are 

essential, so we could judge on the quality of the model based on the structural parameters and the 

harmonic zero-point energies estimated from the vibrational frequencies.

7.3 The use of existing IMPT energies with new overlaps

In order to determine the cause of problems to our existing repulsion models, new models are refitted 

using existing IMPT energies (SCF 6-3IG**) with overlaps newly derived from using bigger basis 

sets of 6-31IG** [208] and cc-pVDZ [209] (See Equation (7.1)). Nobeli and Price performed such 

analyses for their oxalic acids study, using also the aug-cc-pVDZ basis set. However, they have shown 

that this basis set is very poor to model repulsion, and hence it is not used in our study. This provides 

an opportunity to determine whether the existing IMPT energies can be reused in the new models, as it 

is computationally expensive to perform IMPT calculations using larger basis sets. The model 

intermolecular potential used for testing will be based on the same electrostatic model as described in 

Chapter 5 of DMA at the MP2 level with 6-3IG** basis sets, and the dispersion model used is the 

Slater-Kirkwood formula [51] derived dispersion using Miller's atomic polarizabilities [170] with 

Tang-Toennies damping [57]. The repulsion model will be based on the same theory as described in 

Chapter 2, by using the overlap model of Wheatley and Price [3] to derive isotropic repulsion terms. 

First of all, details on how to derive , 5,̂  and K  for the larger basis sets will be described below.

The aim of this test is to use and values derived from 6-31 IG** and cc-pVDZ, and fit 

K  using IMPT exchange-repulsion energies derived from using 6-3IG** basis set.

Eer = exp(-a,^/?,^ ) = exp(-a.^/2,^ ) (7.1)

M
K  refitted with new model overlaps and 6- 
3 IG** IMPT exchange-repulsion energies derived from 6-31 IG** and cc-pVDZ

Both varied with new 5,̂  and values, 
derived fn 
basis sets.

7.3.1 Derivation of the repulsion model

The isotropic coefficients of the expansion of the atom-atom overlaps in terms of S-functions at a 

number of distances were calculated using GMUL [3,116]. The molecular structure is the same one 

used throughout this study (See Chapter 5), that is by optimisation at the MP2 level with 6-3IG** 

basis sets in CADPAC [56]. The overlaps are calculated from a 6 311(3** and cc-pVDZ MP2 

wavefunction using CADPAC [56]. The number of distances chosen were from ± 1 Â of the sum of
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the van der Waals radius between the atom-atom pairs (C...H 3.0 ± 1 Â , 0 ...H  2.6 ± 1 Â, 0 . . .0  2.8 

± 1 Â and H .. .H 2.4 ± 1 Â). The set of isotropic coefficients C% for each type of atom-atom overlap 

were analysed to obtain the isotropic atom-atom model of form 5,̂  exp(-a,^/^^ ) by a linear

regression of the natural logarithm over the interatomic separation R using the spreadsheet 

program EXCEL [174]. The 572 geometries of the phenol-water system to be used to sample the 

atom-atom overlaps for deriving the corresponding ŝ  ̂ are the same one used in Chapter 6 . For each 

of the 572 geometries, all the intermolecular atom-atom distances and atom-atom overlaps were 

calculated. These data were rearranged according to their atom-atom pairs, to ensure that there are 

enough overlaps in our samples. This guaranteed a minimum of 10 atom-atom overlap values 

corresponding to the distance range used in the analysis of isotropic coefficients calculations for each 

atom-atom pair. The overlap data points included in the potential derivation followed the same criteria 

as in Section 6.3.1.

It is essential to require the large number of orientations for the system, because each 

conformation normally only samples the overlap contributions within the range stated above for a few 

atom-atom pairs. In Chapter 6, we have explained that if we fit for 5,̂  using the exponential function, 

this can be biased towards the shorter distances region, where it is very repulsive, which is not exactly 

referring to what is being sampled in reality. Therefore in this situation, we will only determined the 

using the fitting of the natural logarithm of the overlaps to In with fixed using

SOLVER in EXCEL [174]. This can provide a slightly better weighting to the errors that occurs due 

to our previous basic assumptions.

7.3.2 Derivation of the proportionality constant K

The same IMPT exchange repulsion energies (SCF 6-3IG**) for the 69 geometries used in Chapter 6 

are used in our fittings. The parameters ŝ  ̂ and used to fit for K  will be the corresponding ones 

from 6-31 IG** and cc-pVDZ basis sets (See Table 7.1). Both the total model overlaps and the total 

overlaps from GMUL were used in the fitting to produce two K  values ( , derived from

analytical (GMUL) overlap, and , derived from model overlap) for each of the overlap models 

(MP2 6-31 IG** and MP2 cc-pVDZ to derive charge densities). The proportionality constant 

and were fitted using LINEST in EXCEL [174].

7.3.3 Analyses of the overlap models

Table 7.1 gives the corresponding a^  ̂ and ŝ  ̂ derived from using the different basis sets, with 

correlation coefficients for the fitting of and r̂  of fit for the derivation of . The numbers of 

parameters is reduced similar to that in Section 6.4.2 and are shown in Table 7.2.
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Atom
pairs

Basis set 6-31 IG** used for overlap Basis set cc-dVDZ  used for overlao

a .. r̂ s,  ̂ (In fit) correl. r̂ s,  ̂ (In fit) correl.

C5...0,v 6.17 0.9758 23303782.01 0.9236 5.42 0.9937 3261226.00 0.9598
5.81 0.9920 577652.14 0.9539 4.86 0.9991 58229.73 0.9605

O5 .. .Hw2 5.81 0.9920 524963.89 0.9221 4.86 0.9991 53806.88 0.9355
Op...Ow 5.11 0.9969 949417.69 0.9791 5.18 0.9973 953317.93 0.9860
Op...Hwi 4.85 0.9999 46689.15 0.9825 4.72 0.9997 32773.07 0.9902
Op.. .H\v2 4.85 0.9999 41768.34 0.9888 4.72 0.9965 29919.14 0.9923
Up... 4.76 0.9992 29136.99 0.9958 4.54 0.9999 17081.92 0.9962
Up... Hwi 5.97 0.9961 28042.79 0.9817 4.55 0.9975 1885.36 0.9891
Up... Hw2 5.97 0.9961 25038.07 0.9832 4.55 0.9975 1670.85 0.9857
C 1... Ow 4.26 0.9980 325759.15 0.9875 4.40 0.9977 446870.73 0.9882
0  ] . . . 1 4.08 0.9989 15982.74 0.9818 4.09 0.9988 17614.34 0.9847
0 ] . . .H\y2 4.08 0.9989 16503.03 0.9834 4.09 0.9988 17629.61 0.9797
C2 . .Ow 4.39 0.9982 371279.60 0.9948 4.48 0.9982 441128.82 0.9956
C2 ... Hw 1 4.16 0.9995 17064.42 0.9889 4.17 0.9994 19417.79 0.9925
O2 . •Hw2 4.16 0.9995 17157.32 0.9891 4.17 0.9994 19364.08 0.9908
C3 ...OW 4.35 0.9980 459573.38 0.9745 4.48 0.9981 595148.44 0.9734
C3 . . .Hwi 4.13 0.9992 18508.56 0.9633 4.17 0.9992 20496.44 0.9584
C3 . . *Hw2 4.13 0.9992 19986.79 0.9646 4.17 0.9992 22327.81 0.9662
C4 . . .Ow 5.56 0.9881 9371273.58 0.9819 5.74 0.9877 14361991.57 0.9858
0̂ 4*.. Hw 1 5.35 0.9929 370636.55 0.9722 5.21 0.9953 297899.07 0.9816
O4 . . .Hw2 5.35 0.9929 384553.37 0.9810 5.21 0.9953 289894.12 0.9673
C5 .. .Ow 4.30 0.9980 332686.17 0.9793 4.43 0.9981 449152.81 0.9813
C5 . .. Hwi 4.08 0.9992 14964.21 0.9791 4.16 0.9990 19785.66 0.9830
C5 . . "Hw2 4.08 0.9992 13871.31 0.9690 4.16 0.9990 18068.11 0.9696
H ,...0 * 4.35 0.9998 27506.17 0.9895 4.25 0.9998 20066.36 0.9921
H1 • " ■ Hw 1 4.48 0.9996 3387.13 0.9892 4.16 0.9997 1613.02 0.9892
H 1... H^2 4.48 0.9996 3405.30 0.9911 4.16 0.9997 1605.39 0.9896
H2 . . .0 w 4.45 0.9995 32415.85 0.9918 4.37 0.9996 23804.43 0.9962
H2 . . 4.56 0.9996 3585.34 0.9894 4.24 0.9998 1811.69 0.9937
H2 ... H^ 2 4.56 0.9996 3474.32 0.9878 4.24 0.9998 1766.64 0.9939
H3 ...OW 4.43 0.9995 32550.61 0.9882 4.35 0.9996 23054.46 0.9956
H3 . .H^i 4.53 0.9997 3588.19 0.9908 4.22 0.9998 1676.81 0.9944
H3 . . .H^2 4.53 0.9997 3650.17 0.9932 4.22 0.9998 1638.79 0.9937
H4 *. . )̂w 4.45 0.9995 32193.91 0.9911 4.36 0.9996 23375.87 0.9954
H4 * • • 4.55 0.9997 3420.18 0.9902 4.24 0.9998 1745.77 0.9943
H4 .. Hw2 4.55 0.9997 3611.85 0.9921 4.24 0.9998 1805.65 0.9939
Hg . Ow 4.44 0.9995 29195.21 0.9871 4.36 0.9996 22572.39 0.9947
H5 ... 1 4.53 0.9997 3363.37 0.9931 4.24 0.9998 1702.80 0.9956
H5 ... H^2 4.53 0.9997 3280.39 0.9919 4.24 0.9998 1656.68 0.9952

Table 7.1 Table o f parameters derived for with r̂  value o f fit and s,  ̂ with correlation coefficients. 

Note in Â * and in kJ/mol.
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Atom pairs
Basis set 6-311G** used for overlap Basis set cc-pVDZ used for overlao

ÎK ÎK
Cô...Ow 6.17 23303782.01 5.42 3261226.00
Cg.. .H^ 5.81 551308.02 4.86 56018.30

Op...Ow 5.11 949417.69 5.18 953317.93
Op ...Hw 4.85 44228.74 4.72 31346.11
Hp... 4.76 29136.99 4.54 17081.92
Hp... Hw 5.97 26540.43 4.55 1778.11
C...Ow 4.33 372324.57 4.45 483075.20
C...Hw 4.11 16754.80 4.15 19337.98

... ̂ )w 5.56 9371273.58 5.74 14361991.57
O4 ... Hw 5.35 377594.96 5.21 293896.60
H...Ow 4.42 30772.35 4.34 22574.70
H...Hw 4.53 3476.62 4.22 1702.32

Table 7.2 Table o f reduced atom-atom pairs and their corresponding a,^ and 5 ,̂  values.

Note in Â"' and s,  ̂ in kJ/moI.

The following tables (Table 7.3, Table 7.4 and Table 7.5) give the overlaps and energies ( :

exchange-repulsion, : exchange-repulsion and penetration, E^^  : exchange-repulsion and

penetration and charge-transfer) for the corresponding 69 dimer geometries used for fitting the 

proportionality constant K (See Chapter 6 for figures of the dimer geometries). Table 7.6 gives the 

values of the proportionality constant fitted using both the analytical and model overlaps with 

exchange-repulsion energies derived from IMPT for the corresponding orientations of the dimer. 

Nobeli and Price's values are also given for comparison. If we compare the r  ̂of the fit from the two 

studies, it can be seen clearly that the fitting for the phenol-water complex is worse than the oxalic 

acids study. It is inappropriate to compare the two studies directly, since the oxalic acids study only 

used 8 geometries for the fitting, compared to 69 geometries used in our study. The oxalic acids study 

may not be able to provide a reasonable description of the repulsion, because of the limited number of 

orientations it sampled. Nevertheless, the values of K  are approximately in the same region between 

5 and 8 a.u. Our fittings of K  using the total GMUL overlap in general are better than the fittings 

using the model total overlap (See Figure 7.1 and Figure 7.2,). This observation applies to all the basis 

sets. We need to test these model potentials using ORIENT [132] before we can make a firm 

conclusion on the quality of the repulsion model.
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Overlans 1MP2 6-3IG**) and MPT energies ( SCF 6-3IG**)
Eerpcn model

S . Êerpc Sgmul S ^ ' E.r
1 0.001525 0.001543 32.64 25.05 21.16 36 0.003354 0.003979 68.26 49.53 44.10
2 0.000440 0.000323 10.11 7.58 6.50 37 0.003354 0.003979 68.26 49.53 44.10
3 0.001537 0.001535 32.96 25.03 21.01 38 0.006290 0.006564 136.54 105.83 93.67
4 0.001456 0.001735 31.27 24.07 20.49 39 0.006290 0.006564 136.54 105.83 93.67
5 0.002719 0.002779 56.80 42.96 36.96 40 0.003764 0.004290 79.39 58.41 52.54
6 0.000507 0.000434 11.55 8.90 7.72 41 0.001336 0.001658 34.21 26.94 24.10
7 0.000555 0.000453 12.97 10.01 8.81 42 0.003860 0.004468 74.74 48.78 42.87
8 0.001306 0.000954 26.81 19.40 17.00 43 0.000467 0.000491 11.60 8.81 7.67
9 0.001431 0.000998 30.38 22.11 19.57 44 0.000284 0.000269 6.66 4.87 4.20
10 0.000557 0.000634 13.56 11.17 9.31 45 0.000593 0.000565 13.76 9.97 8.65
11 0.001499 0.001516 32.12 24.67 20.83 46 0.001077 0.001214 23.65 16.45 14.42
12 0.000439 0.000321 10.09 7.56 6.49 47 0.002596 0.002995 62.39 48.24 42.49
13 0.001462 0.001571 31.60 23.97 20.12 48 0.000192 0.000234 4.41 3.69 3.29
14 0.001319 0.001560 27.24 20.36 17.16 49 0.001178 0.001425 30.74 24.62 21.67
15 0.002663 0.002718 55.70 42.14 36.25 50 0.001604 0.001974 34.83 26.43 22.25
16 0.000502 0.000428 11.45 8.81 7.65 51 0.002686 0.001974 51.19 33.05 28.32
17 0.000551 0.000448 12.91 9.98 8.79 52 0.005234 0.007755 102.27 77.60 65.83
18 0.001286 0.000936 26.42 19.12 16.74 53 0.005426 0.005831 111.07 82.41 71.50
19 0.001417 0.000983 30.22 22.05 19.53 54 0.001140 0.000423 30.23 24.79 21.53
20 0.000557 0.000635 13.61 11.24 9.36 55 0.001303 0.001692 34.89 29.62 25.70
21 0.001736 0.001837 37.39 28.72 23.61 56 0.001604 0.001973 34.83 26.44 22.26
22 0.002153 0.002692 38.91 27.40 24.55 57 0.001266 0.001503 27.53 20.91 17.50
23 0.006069 0.007448 116.25 90.59 76.50 58 0.001252 0.001454 28.12 21.54 18.18
24 0.001727 0.001492 35.01 25.44 22.36 59 0.001140 0.000423 30.23 24.79 21.53
25 0.003044 0.003555 60.75 44.19 39.35 60 0.001370 0.001668 34.34 27.26 24.46
26 0.003044 0.003555 60.75 44.19 39.35 61 0.001432 0.001971 37.18 29.68 25.95
27 0.004073 0.004884 80.24 58.13 51.26 62 0.000483 0.000501 12.04 8.97 7.86
28 0.004073 0.004884 80.24 58.13 51.26 63 0.000511 0.000539 11.80 8.89 7.63
29 0.005628 0.005957 114.37 79.70 70.52 64 0.000525 0.000482 11.76 8.70 7.31
30 0.005628 0.005957 114.37 79.70 70.52 65 0.001536 0.001860 41.21 32.62 28.84
31 0.001674 0.001808 36.32 27.52 22.68 66 0.001728 0.002283 44.47 35.99 31.59
32 0.003764 0.004290 79.39 58.41 52.54 67 0.003072 0.003774 60.03 40.79 35.96
33 0.004214 0.005026 83.63 63.95 53.92 68 0.003327 0.004043 61.09 40.50 35.34
34 0.002142 0.001947 49.73 38.34 34.66 69 0.001213 0.001586 33.92 26.31 23.20
35 0.002689 0.003110 53.71 39.86 35.75

Table 7.3 Table of overlaps (MP2 6-3IG**) and IMPT (SCF 6-3IG**) energies. 

Note all energies in kJ/moI, and S " ^ ‘ in a.u. ( ).
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Overlans fMP2 6-3IIG**) and [MPT energies ( SCF 6-311G**1
Eer,. Eerpc

n model
E .r E.n> 2,^

1 0.001598 0.001611 33.23 24.78 20.56 36 0.003484 0.004429 70.07 50.78 45.30
2 0.000606 0.000307 11.78 7.63 6.68 37 0.003484 0.004429 70.07 50.78 45.30
3 0.001612 0.001603 33.54 24.95 20.74 38 0.006965 0.010821 144.03 110.43 98.22
4 0.001491 0.001980 31.38 24.19 20.80 39 0.006965 0.010821 144.03 110.43 98.22
5 0.002884 0.002943 58.09 42.75 36.07 40 0.004039 0.005750 82.80 61.44 55.49
6 0.000545 0.000343 12.35 9.30 8.26 41 0.001556 0.002033 37.71 29.00 26.01
7 0.000596 0.000365 14.00 10.70 9.64 42 0.004574 0.004626 82.89 50.03 44.61
8 0.001369 0.000803 27.98 19.96 17.79 43 0.000625 0.000505 13.70 9.36 8.30
9 0.001494 0.000854 31.87 23.21 20.99 44 0.000296 0.000343 6.92 4.86 4.21
10 0.000568 0.000880 13.47 11.11 9.38 45 0.000601 0.000726 14.09 10.56 9.29
11 0.001571 0.001582 32.70 24.38 20.24 46 0.001074 0.001450 24.35 17.09 15.15
12 0.000605 0.000306 11.75 7.60 6.66 47 0.002633 0.004247 62.62 46.50 41.41
13 0.001525 0.001657 32.11 24.77 20.90 48 0.000184 0.000293 4.62 3.76 3.39
14 0.001337 0.001643 27.31 20.76 17.68 49 0.001186 0.002108 30.65 24.60 21.77
15 0.002824 0.002877 56.96 41.91 35.37 50 0.001513 0.002241 35.45 26.63 22.83
16 0.000539 0.000338 12.24 9.22 8.18 51 0.002672 0.002241 50.75 33.55 29.08
17 0.000591 0.000361 13.93 10.67 9.61 52 0.005339 0.009105 103.90 77.95 66.96
18 0.001349 0.000788 27.59 19.68 17.54 53 0.005444 0.006820 112.22 82.56 72.48
19 0.001479 0.000843 31.69 23.12 20.92 54 0.001168 0.000497 29.95 23.81 20.70
20 0.000569 0.000893 13.52 11.16 9.42 55 0.001323 0.002727 34.66 28.97 25.24
21 0.001678 0.001996 38.07 28.81 23.35 56 0.001513 0.002239 35.46 26.64 22.84
22 0.002208 0.002143 39.86 28.35 25.66 57 0.001218 0.001687 28.11 21.29 18.16
23 0.006259 0.008307 118.80 91.03 74.41 58 0.001207 0.001626 28.71 21.88 18.81
24 0.001801 0.001185 36.68 26.06 23.35 59 0.001168 0.000497 29.95 23.81 20.70
25 0.003156 0.003632 62.54 44.83 40.09 60 0.001598 0.001968 37.83 29.68 26.69
26 0.003156 0.003632 62.54 44.83 40.09 61 0.001689 0.002951 40.68 32.20 28.59
27 0.004370 0.005429 83.21 58.71 51.92 62 0.000645 0.000513 14.20 9.43 8.32
28 0.004370 0.005429 83.21 58.71 51.92 63 0.000707 0.000584 14.13 9.91 8.69
29 0.006237 0.010131 120.98 82.55 73.60 64 0.000729 0.000469 13.94 9.10 7.93
30 0.006237 0.010131 120.98 82.55 73.60 65 0.001805 0.002172 45.13 35.29 31.48
31 0.001613 0.001969 36.85 27.36 22.13 66 0.001996 0.003298 48.46 37.98 33.64
32 0.004039 0.005750 82.80 61.44 55.49 67 0.003686 0.003988 66.88 43.15 38.54
33 0.004282 0.005564 85.19 64.41 52.61 68 0.004057 0.004492 67.72 41.17 36.55
34 0.002170 0.001895 50.28 39.05 35.69 69 0.001427 0.001867 37.27 29.02 25.99
35 0.002736 0.002628 55.23 40.55 37.07

Table 7.4 Table of overlaps (MP2 6-311G**) and IMPT (SCF 6-31 IG**) energies. 

Note all energies in kJ/mol, S ^ ‘ and S ^ '  in a.u. ( ).
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Overlans (MP2 cc-nVDZl and [MPT energies ( SCF cc-oVDZl
Ê rpcçmodei E„ E E,r

1 0.001444 0.001440 31.17 23.88 20.00 36 0.003306 0.003949 67.82 49.77 44.39
2 0.000547 0.000308 11.25 7.69 6.68 37 0.003306 0.003949 67.82 49.77 44.39
3 0.001456 0.001431 31.40 23.93 20.02 38 0.006887 0.008672 142.42 109.44 97.43
4 0.001368 0.001721 30.00 23.62 20.25 39 0.006887 0.008672 142.42 109.44 97.43
5 0.002632 0.002582 54.71 41.17 34.96 40 0.003905 0.004794 81.05 60.53 54.79
6 0.000454 0.000292 11.17 8.66 7.69 41 0.001548 0.002089 36.99 28.91 26.11
7 0.000505 0.000314 12.81 10.14 9.11 42 0.004352 0.004373 80.08 49.63 43.89
8 0.001209 0.000703 26.05 19.07 17.00 43 0.000574 0.000458 13.08 9.19 8.12
9 0.001340 0.000757 30.05 22.45 20.23 44 0.000292 0.000282 6.74 A.ll 4.13
10 0.000535 0.000733 13.25 10.99 9.25 45 0.000605 0.000601 13.91 10.31 9.03
11 0.001419 0.001415 30.66 23.50 19.69 46 0.001019 0.001231 23.43 16.49 14.58
12 0.000545 0.000307 11.22 7.66 6.66 47 0.002590 0.003483 61.78 46.43 41.09
13 0.001382 0.001491 30.37 23.64 19.90 48 0.000185 0.000248 4.52 3.68 3.31
14 0.001210 0.001476 25.85 19.88 16.85 49 0.001208 0.001946 30.65 25.05 22.15
15 0.002577 0.002526 53.64 40.38 34.29 50 0.001456 0.002028 34.05 26.18 22.41
16 0.000449 0.000287 11.07 8.58 7.61 51 0.002606 0.002028 49.84 33.08 28.59
17 0.000502 0.000311 12.76 10.11 9.09 52 0.005008 0.007935 99.86 75.69 64.81
18 0.001191 0.000690 25.69 18.80 16.75 53 0.005233 0.006120 109.05 81.21 70.98
19 0.001329 0.000748 29.91 22.38 20.18 54 0.001187 0.000513 30.08 24.35 21.16
20 0.000537 0.000738 13.31 11.04 9.28 55 0.001330 0.002333 34.69 29.06 25.26
21 0.001570 0.001770 35.91 27.61 22.50 56 0.001456 0.002027 34.06 26.19 22.42
22 0.001920 0.001849 36.20 27.17 24.62 57 0.001163 0.001537 27.05 20.87 17.83
23 0.005762 0.006942 112.77 87.00 71.48 58 0.001151 0.001484 27.41 21.35 18.36
24 0.001541 0.001018 33.72 25.11 22.43 59 0.001187 0.000513 30.08 24.35 21.16
25 0.002952 0.003297 59.78 43.77 39.15 60 0.001590 0.002026 37.14 29.57 26.79
26 0.002952 0.003297 59.78 43.77 39.15 61 0.001647 0.002995 39.79 31.39 27.88
27 0.004143 0.004906 80.48 57.78 51.06 62 0.000594 0.000467 13.59 9.30 8.17
28 0.004143 0.004906 80.48 57.78 51.06 63 0.000644 0.000532 13.48 9.81 8.61
29 0.006130 0.007675 119.29 82.06 73.13 64 0.000659 0.000418 13.24 9.08 7.78
30 0.006130 0.007675 119.29 82.06 73.13 65 0.001764 0.002230 44.12 34.48 30.83
31 0.001513 0.001744 34.79 26.01 21.17 66 0.001973 0.003364 47.51 37.32 33.08
32 0.003905 0.004794 81.05 60.53 54.79 67 0.003484 0.003789 64.62 42.82 38.24
33 0.003944 0.004727 80.64 60.84 49.90 68 0.003800 0.004271 65.08 41.23 36.38
34 0.001965 0.001730 47.30 37.41 34.28 69 0.001382 0.001905 36.32 28.30 25.38
35 0.002446 0.002338 51.28 39.22 35.72

Table 7.5 Table of overlaps (MP2 cc-pVDZ) and IMPT (SCF cc-pVDZ) energies. 

Note all energies in kJ/mol, S ^ “‘ and 5 ^ '  in a.u. ( ).
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Basis for 
IMPT

Basis for overlap Sp Oxalic Acids^
K  r̂  of fit K

Phenol-Water 
r̂  of fit Correlation

6-310** 6-310** OMUL 7.2413 0.9927 7.8755 0.9836 0.9935
6-310** 6-3110** OMUL 6.8956 0.9973 7.3386 0.9767 0.9906
6-310** cc-pVDZ OMUL 7.3718 0.9971 7.6828 0.9763 0.9918
6-310** aug-cc-pVDZ OMUL 5.6589 0.9712 - - -

6-310** 6-310** model 5.7695 0.9842 6.8497 0.9191 0.9691
6-310** 6-3110** model 6.2118 0.9861 5.2736 0.8730 0.9724
6-310** cc-pVDZ model 4.1922 0.9821 6.2629 0.9082 0.9752
6-310** aug-cc-pVDZ model 4.8350 0.2974 - - -

Table 7.6 Table of proportionality constants ( K )  with correlation coefficients for exchange-repulsion with 
overlap and r̂  of fit for K .

Derived using IMPT exchange-repulsion energies (SCF 6-3IG**) with the corresponding derived from the charge densities

of 6-31G**, 6-31 IG** and cc-pVDZ basis sets. ^The values of Nobeli and Price's oxalic acids study [101] are quoted for 
comparison.

Charge density MP2 6-3110**
Atom pairs A. A.

(= (=

C  ̂ Ow 6.17 171017368 122895291
Cô-.-Hw 5.81 4045835 2907389
Op. . . 5.11 6967406 5006868
Op...Hw 4.85 324577 233246
Up... 4.76 213825 153657
Up... Uvv 5.97 194770 139964
C...ÜW 4.33 2732345 1963498
C...Uw 4.11 122957 88358
C^.Ow 5.56 68772122 49420536
C^.Uw 5.35 2771022 1991292
U...Ow 4.42 225826 162282
U...U* 4.53 25514 18334
Charge density MP2 cc-dVDZ
Atom pairs A. A.

(= f (=
Cg.Ow 5.42 25055314 20424569
C .̂ . . U\y 4.86 430377 350834
Op. O^ 5.18 7324141 5970487
Op. . .U\y 4.72 240826 196316
Up. . . 4.54 131237 106981
Up... U\v 4.55 13661 11136
C...Ow 4.45 3711365 3025428
C...Uw 4.15 148570 1 2 1 1 1 1

C4 . Ow 5.74 110340165 89946999
^̂4* • • U\v 5.21 2257946 1840630
U...Ow 4.34 173437 141382
U...Uw 4.22 13079 10661

Table 7.7 Table of model repulsion parameters derived from the overlap of MP2 6-31 IG** and cc-pVDZ ab 
initio charge densities of phenol-water.

K  are fitted using SCF 6-31G** IMPT exchange-repulsion energy. Note a,^ in A inkJ/mol.
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Exchange-Repulsion Energy vs GMUL Overlap
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Figure 7 .1 Graph of IMPT exchange-repulsion energy against GMUL overlap for the different basis set used.
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Figure 7.2 Graph of IMPT exchange-repulsion energy against model overlap for the different basis set used.

7.3.4 Model potential results from ORIENT

We have already discussed the 6 -3 IG** model {631hss_rni) in Chapter 6 . The model was not efficient 

in describing the repulsion because it cannot provide these minima as observed in our ab initio 

calculations. The 631 Ig ss je s tg , 6311 gss_testm, cc p vd z je s tg  and ccpvdzjtestm  models all produced 

only two minima, and are unable to produce the third 7X-bonded minimum (All ORIENT results are in 

Appendix A for all results from ORIENT [132]). The global minima produced all have 0 . . . 0  

distances that are too long, and the energies are too positive. If we com bined the estimated zero- 

point energy (ZPE) with energies to give the harmonic energies, they are still too positive to

be comparable with the experimental value. Further improvements must be applied to rectify this 

problem.
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7.4 Improvements in the repulsion model

An alternative method for improvements is to use a larger basis set for the overlap model with the 

corresponding IMPT exchange-repulsion energies, as shown in Nobeli and Price's oxalic acids studies 

[101]. In theory, this should provide a better wavefunction to describe the charge distributions for the 

exchange-repulsion energies. Hopefully, when we include the use of larger basis sets, this could also 

provides us with a better hydrogen bond length and be capable in producing the third missing n- 

bonded minima. The above tests have shown that it is necessary to perform more IMPT calculations. 

If we look at the relationship of the overlap model, the assumption of charge densities overlaps are 

proportional to the repulsion energy; it is not justified to use two different sets of charge densities 

(IMPT repulsion and overlap) to model the repulsion potential.

One of the improvements is the inclusion of the penetration energies to predict the 

proportionality constants. As mentioned in the introduction, it is valid to include the penetration 

because they are essentially to be proportional to overlap. This theory has been implemented into 

Mitchell and Price's recent studies of amides [208], where the method has shown to produce better 

results than solely using the exchange-repulsion energies in the overlap model. Therefore we can 

attempt to carry out the fitting procedures as before for the proportionality constants using the sum of 

the exchange-repulsion and penetration energies. The penetration energies can be easily derived, by 

subtracting the DMA energy from the IMPT electrostatic term. The DMA energy can be calculated 

using the program GMUL:

^ eleam static ^DM A ^penetration Ĉ *2)

The reasoning for this procedure was explained in Wheatley and Mitchell's earlier studies [54]. They 

have shown that the DMA energy is not the same as the electrostatic energy. The difference arises 

from the two approximations. The first approximation arises when the truncations at some maximum 

rank causes an error which is relatively small, but could be important if the maximum rank is at a 

very low value of 0 or 1. The DMA error is due to the model used. The other approximation is the 

multipole approximation, which is induced when the Gaussian-type functions are replaced by 

equivalent point multipoles. The error produced by this approximation is called the penetration 

energy, and this is the main and real effect that is justified for carrying out this procedure. Hence this 

is an important modification that can be applied to our overlap model, to provide us a new overlap 

model to represent the repulsion model potential. Further improvement that can be made on this new 

model is to use similar procedures as Mitchell and Price's studies [208], where they have shown that 

charge-transfer energy is also approximately proportional to overlap and included this contribution in 

their fitting for K . The charge-transfer energies used are free of basis set superposition error 

following by Stone's modification [55] of the original IMPT methodology.

7.4.1 The study of overlap models

Table 7.8 gives a summary of the new overlap models, fitted with overlaps and energies using 

different basis sets. This should provide us an opportunity to investigate the sensitivity of the overlap 

model to basis sets, and to assess the advantages for including other minor contributions such as
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penetration and charge-transfer energies. Ultimately, we hope that our thorough study will be able to 

produce a good repulsion model that can describe the intermolecular forces accurately for the phenol- 

water complex.

Models Basis set 
for IMPT

Basis set 
for overlap

f̂
 ex-rep Ê  pen E c .

63Igss_rg 6-31G** 6-3 IG** ✓ ✓

6 3 lgss_rm 6-31G** 6-3 IG** ✓ ✓

631gss_rpg 6-31G** 6-3 IG** ✓ ✓ ✓

631gss_rpm 6-3 IG** 6-3 IG** ✓ ✓ ✓
631gss_rpcg 6-3 IG** 6-3 IG** ✓ ✓ ✓ ✓
63 lgss_rpcni 6-3 IG** 6-3 IG** ✓ ✓ ✓ ✓

631]gss_rg 6-3IIG** 6-31 IG** ✓ ✓

6311gss_rm 6-31 IG** 6-31 IG** ✓ ✓

6 3 llg ss_ rp g 6-31 IG** 6-31 IG** ✓ ✓ ✓

63IIgss_rpm 6-31 IG** 6-311G** ✓ ✓ ✓

63IIgss_rpcg 6-31 IG** 6-31 IG** ✓ ✓ ✓ ✓

6 3 1 lgss_rpcm 6-31 IG** 6-31 IG** ✓ ✓ ✓ ✓

ccpvdz_rg cc-pVDZ cc-pVDZ ✓ ✓

ccpvdz_rm cc-pVDZ cc-pVDZ ✓ ✓

ccpvdz_rpg cc-pVDZ cc-pVDZ ✓ ✓ ✓

ccpvdz_rpni cc-pVDZ cc-pVDZ ✓ ✓ ✓

ccpvdz_rpcg cc-pVDZ cc-pVDZ ✓ ✓ ✓ ✓

ccpvdz_rpcm cc-pVDZ cc-pVDZ ✓ ✓ ✓ ✓

Table 7.8 Table showing the various types o f the repulsion models used in our studies.

and £ „  is exchange-repulsion, penetration and charge-transfer energy respectively.

7.4.2 Analyses of the overlap models

One of the new improvements was the inclusion o f penetration and charge-transfer energies by 

incorporating them into the repulsion term. The analyses of the correlation between the penetration, 

charge-transfer energies with both the GMUL and model overlaps have shown to be approximately 

directly proportional to each other (See Figure 7.3, Figure 7.4, Figure 7.5, Figure 7.6, Figure 7.7 and 

Figure 7.8). Table 7.9 shows the corresponding correlation coefficients between penetration energy 

and charge-transfer energy with the analytical and model overlap. The correlation coefficients 

obtained for the 6 -3 IG** basis model is similar to those calculated by M itchell and Price's studies of 

amides [113].
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Figure 7.3 Graphs o f penetration energy versus GMUL and model overlap derived using MP2 6-3 IG** basis set.
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Figure 7.4 Graphs of penetration energy versus GMUL and model overlap derived using MP2 6-31 IG** basis 
set.

0 0 .002  0 .004  0 .006  0 .008

-10

-20

-30
2
I -40

CL
GMUL O verlap /a .u .

0 .000  0 .0 0 2  0 .0 0 4  0 .0 0 6  0 .0 0 8  0 .010  

0

>> -10 o>

I -40

-20

-30

Model Overlap / a.u.

Figure 7.5 Graphs of penetration energy versus GMUL and model overlap derived using MP2 cc-pVDZ basis set.
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Figure 7.6 Graphs of charge-transfer energy versus GMUL and model overlap derived using MP2 6-3 IG** basis 
set.
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Figure 7.7 Graphs of charge-transfer energy versus GMUL and model overlap derived using MP2 6-31 IG** 
basis set.

New  Models for Intermolecular Repulsion and their Application to van der W aals
Com plexes and Crystals of Organic Molecules

Helen H.Y. Tsui
August 2001



7 Model Intermolecular Potentials of Phenol-Water Complex II 137

0 0.002 0.004 0.006 0.008
0 -k

ILU -5

-15

-20

0.000 
0

0.005 0.010

-5

GMUL O verlap /a .u .

-15

-20
Model Overlap / a.u.

Figure 7.8 Graphs of charge-transfer energy versus GMUL and model overlap derived using MP2 cc-pVDZ basis 
set.

Energy Overlap Correlation 
(6-3 IG**)

Correlation 
(6-31 IG**)

Correlation
(cc-pVDZ)

Penetration GMUL -0.9808 -0.9793 -0.9820
Penetration model -0.9509 -0.9338 -0.9465
Charge-transfer GMUL -0.9539 -0.9100 -0.9203
Charge-transfer model -0.9477 -0.8987 -0.9195

Table 7.9 Table of r̂  of fit and correlation coefficients for penetration and charge-transfer energy with the 
corresponding overlap using the same basis sets.

A range of different K  values were determined as shown in Table 7.10. The correlation 

between the corresponding energies and overlap are fairly good for all o f the models. All correlation 

coefficients are greater than 0.95, suggesting that the overlaps and energies are almost proportional to 

each other. If we look at the r  ̂ of fit for the proportionality constant K  , the worst fit was 6- 

31 lgss_rpm  with a value of 0.8681.

Model Correlation K r̂  of fit
631gss_rg 0.9935 7.8755 0.9836
63 Igss_rni 0.9691 6.8497 0.9191
631gss_rpg 0.9836 5.8402 0.9621
631gss_rpm 0.9615 5.0824 0.9007
631gss_rpcg 0.9824 5.1060 0.9606
631gss_rpcm 0.9581 4.4402 0.8957
6311gss_rg 0.9932 7.6532 0.9819
63Ilgss_rm 0.9747 5.4926 0.8791
6311gss_rpg 0.9784 5.5707 0.9506
6311gss_rpm 0.9708 4.0118 0.8681
63Ilgss_rpcg 0.9777 <1.8883 0.9495
6311 gs5_rpcm 0.9708 3.5218 0.8698
ccpvdz_rg 0.9945 .....7.77Ï8... 0.9839
ccpvdz_rm 0.9796 6.3425 0.9233
ccpvdz_rpg 0.9819 5.7252 0.9554
ccpvdz_rpm 0.9750 4.6833 0.9079
ccpvdz_rpcg 0.9812 5.0278 0.9546
ccpvdz_rpcm 0.9735 4.1120 0.9063

Table 7.10 Table of proportionality constant { K ), correlation coefficients for exchange-repulsion with overlap 
and r̂  of fit for K  .

If we look at Table 7.10, nearly all models produced r  ̂ o f fit o f at least 0.98 when the values of 

K  were deduced by fitting the GMUL overlaps with exchange-repulsion energies. As the 

assumptions are increased {i.e. the incorporation of penetration and charge-transfer energies), the
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quality of fit are reduced. Despite the r  ̂of the fit for K  deteriorates as the assumptions increase, the 

correlation between the overlaps and energies reduces as well, but not to a large extent. The lowest 

correlation coefficient is 0.9581 for the 631gss_rpcm model.

A second method of judging the repulsion models is to establish the repulsion model as part of 

the intermolecular forces. We have to test the models using ORIENT [132] to find out if they are 

capable in producing the third 7i-bonded minimum, as well as providing reasonable 0 . . . 0  distance 

and harmonic energy. These are shown in Appendix A.

Charge densitv 
IMPT E.r 4 .

MP2 6-310**
Eerpc ^«r Eerpc

Atom pairs Aic Air Air Air A. Air

Cg.-Ow 5.05 8008766 5938957 5433275 6965611 5168347 4515332
Cg.-.Hw 4.71 175784 130354 119255 152888 113440 99107
Op.. .Ow 5.01 7572319 5615307 5137182 6586012 4886693 4269264

..Ew 4.71 223431 165687 151579 194329 144188 125970
Hp. . . 0,y 4.64 159755 118467 108380 138946 103096 90070
Hp. . . H,y 4.46 7813 5794 5301 6795 5042 4405
C...Ow 4.39 3410428 2529027 2313689 2966214 2200873 1922795
C...H* 4.17 124686 92462 84589 108445 80464 70298
C4 .. .Ow 5.00 16293320 12082427 11053649 14171088 10514671 9186153
C4. ..Hw 4.72 462256 342789 313602 402047 298311 260619
H. ..Ow 4.51 259283 192273 175902 225511 167325 146183
H...Hw 4.32 10508 7792 7129 9139 6781 5924

Table 7.11 Table of model repulsion parameters derived from the overlap of MP2 6-3IG** charge densities of 
phenol-water.

Note in A in kJ/mol.

Charge densitv 
IMPT

MP2 6-3110**
Eerpc E„

Atom pairs «.ir Air Air
( = f

Air Air A,
i= K '^ ‘s„)

Air

Cô...Ow 6.17 199411223 145149563 127368779 143115503 104531831 91763618
Cg.. Hw 5.81 2794434 2034042 1784873 2005538 1464849 1285923
Op...Ow 5.11 9645636 7020968 6160902 6922580 5056265 4438659

..Hw 4.85 304659 221759 194593 218651 159703 140196
Hp.. .̂ )w 4.76 202144 147139 129114 145077 105964 93021
Hp... Hw 5.97 164047 119408 104781 117735 85994 75490
C...Ow 4.33 2703917 1968156 1727057 1940575 1417400 1244269
C...Hw 4.11 97985 71322 62585 70323 51364 45090
C4 .. .Ow 5.56 77551334 56448890 49533916 55657841 40652591 35687013
^̂ 4 .. .Hw 5.35 2366005 1722193 1511225 1698059 1240265 1088771
H...Ow 4.42 199969 145555 127725 143516 104824 92020
H...Hw 4.53 16741 12186 10693 12015 8776 7704

Table 7.12 Table of model repulsion parameters derived from the overlap of MP2 6-3110** charge densities of 
phenol-water.

Note in À A,̂  inkJ/mol.
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Charge densitv 
IMPT

MP2 cc-oVDZ
^erpc ^er Een. ^erpc

Atom pairs A. Af A. A. A. Af
(= f (=%""'

C  ̂ Ow 5.42 25345717 18671106 16396727 20684176 15273267 13410194
^̂ 6 * * • Hw 4.86 435365 320715 281648 355294 262350 230348

.. )̂w 5.18 7409032 5457917 4793073 6046375 4464664 3920053
4.72 243617 179462 157601 198811 146803 128896

Hp... ̂ )w 4.54 132758 97797 85884 108341 80000 70241
Hp.. .Hw 4.55 13819 10180 8940 11278 8327 7312
C...Ow 4.45 3754382 2765692 2428796 3063882 2262381 1986410
C...Hw 4.15 150292 110713 97227 122650 90565 79518
C4 . . .Ow 5.74 111619057 82224987 72208934 91090271 67261372 59056653
C>4... Hw 5.21 2284116 1682611 1477647 1864026 1376403 1208506
H...Ow 4.34 175447 129244 113501 143179 105724 92827
H...Hw 4.22 13230 9746 8559 10797 7972 7000

Table 7.13 Table of model repulsion parameters derived from the overlap of MP2 cc-pVDZ charge densities of 
phenol-water.

Note a„  in À in kJ/mol.

7.4.3 Results of model potentials in ORIENT calculations

By observation, most of the models can be eliminated as a candidate for the best model, since most of 

them do not produce all three minima as observed in our ab initio calculations. Only the 631 Igssjrpm  

and the ccpvdz_rpcm models manage to produce all three minima, whereas the 6311gss_rpcm model 

produced two structures closed to minimum 1 (global minimum) and one at minimum 3 geometry. 

The 0 . . . 0  distance for the global minimum of the 63Ilgss_rpm  model is about 0.05 Â longer than 

ab initio, and the rotational constants are too low in comparisons with our OFLS and FIT models. The 

energy for its global minimum is -33.58 kJ/mol. Although the 631Igss_rpcm model did not give the 

second minimum, its two global minima's 0 . . . 0  distance are only shorter than our ab initio global 

minimum by 0.01 Â. It has an energy of -36.07 kJ/mol, and the rotational constants are more 

comparable with the OFLS model. The ccpvdzjrpcm model produced an energy of -33.66 kJ/mol for 

the global minimum, with an 0 . . . 0  distance of 2.82 Â. The energy of all these models are too 

negative, in comparison with OFLS and FIT models, and even more negative when compared with 

our ab initio results of -25.14 kJ/mol. However, if we compare with Fang's [10] ab initio calculations 

that used the best theory in determining the global minimum, his studies show that the lowest energy 

is -32.64 kJ/mol that is much lower than our ab initio studies. Even if we use Fang's energy as a 

benchmark, our results are still too negative, and the extra minimum should not appeared in the 

6311gss_rpcm model.

Overall, the additional attractive short-range forces managed to improve the 0 . . .0  distance on 

our existing models. As explained in previous chapter, the overlap model has the deficiency in 

providing good quality repulsion parameters for describing the hydrogen atoms. This is also observed 

in Nobeli and Frice's oxalic acids studies [101]. Therefore the implementation of this method could 

reduce the deficiency of estimating the repulsion for the hydrogen atoms. One modification that we 

did not apply so far to our models is the dispersion model. The ORIENT results of the above models
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suggested that the dispersion model could be modified because the dispersion energy is very negative 

when compared with the results of the OPLS and FIT models.

7.5 Improvements for the dispersion model
At present, we are using Slater-Kirkwood formula [51] (Equation (4.2)) with Miller's polarizabilities 

[170]. However, in our crystal structure prediction, it was found that the dispersion could be modified 

using Halgren's formula [172]. It is known that by using such a formula, the reproduction of known 

Q  coefficients will improve. Here is Halgren's formula used in determining the exact Q  dispersion, 

instead of effective Q  (as in Q  + Cg + ...) . This should then reduce the dispersion contribution and 

may also lengthen the hydrogen bonds.

=1.17 + 0.33N^, for oxygen and carbon atoms. (7.3)

= 0 .8 ,for hydrogen atoms. (7.4)

where is the number of valence electrons of the corresponding atom.

Here below is the table of newly modified dispersion model that will be used in the 

631gss_rpcm, 631 Igssjrpcm  and ccpvdz_rpcm models. There is no need to test the other models that 

do not include the penetration and charge-transfer energy and those that used as we are trying

to construct a complete repulsion model without any empirically fitted parameters. So far, the results 

have shown that the implementation of the penetration and charge-transfer energy could improve the 

models. Hence there is no point in returning to the use of the original overlap model that fitted for K 

using exchange-repulsion energy only.

Atom pairs Q  / kJ/mol
0 .. .0 684.0
0...C 929.4
0...H 326.3
H...H 163.2
C...H 461.7

Table 7.14 Table of new Q  dispersion values using Halgren's formula.

7.5.1 ORIENT results for models with modified dispersion

The first observation on the results show that by changing the dispersion model using Halgren's

formula [172], the dispersion energy has decreased significantly. The 6311gss_rpcmh model

managed to produce all three minima with lower total energy. The main changes is that the 0 . . .0

distance only increased from its original 2.79 to 2.82 Â for the global minimum. If we take into

account of the zero-point energy estimated from the harmonic frequencies onto our total energy for

the 6311 gss_rpcmh model, this would only give energy of -26.62 kJ/mol for the global minimum.

For the ccpvdz_rpcmh, the global minimum's energy has reduced to -31.01 kJ/mol, but the 0 . . .0

distance has increased from 2.82 to 2.85 Â. When we take into account the zero-point energy, the

ccpvdzjrpcmh will still only give -24.73 kJ/mol. These models are still producing energy that are too

negative when compared with the experimental value of -23.45 ± 0.48 kJ/mol even if we include the
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error. Hence further improvements must be made on the current model to enable the reduction for the 

0 . . . 0  distance.

7.6 Final modification of repulsion model
In the original studies o f the overlap model [3], W heatley and Price pointed out that the 

intermolecular repulsion energy is related to the overlap between the unperturbed charge

densities o f the interacting molecules by a relationship of the form = KS^ , where y  is less than

the value o f 1. This will mainly have the effect of flattening the exponential decay o f  the potential 

with distance, to give more realistic repulsion energy. This is show by a power trend line in the 

following plot, showing how our 6311 gss_rpcni model compared with the theory. There is a 

discrepancy between our current model and the above relationship that is clearly visible from the 

following plot (Figure 7.9).

120

B  E 100

0.000 0.002 0 .004 0 .006 0 .008 0.010 0.012

Model Overlap / a.u.

Linear (ex-rep + pen + ct) — -  - Power (ex-rep 4- pen + ct)

Figure 7.9 IMPT exchange-repulsion + penetration + charge-transfer energy against model overlap for 
631 ]gss_rpcm model.

The r  ̂for the linear trendline is 0.8698 and the r  ̂ for the power trendline is 0.8947. This clearly 

shows that our model underestimated the repulsion energy at small overlaps (long distances), and 

overestimated the repulsion energy at large overlaps (short distances). W e must find a way to prevent 

this from happening, so that we can obtained a more realistic repulsion model. There is also the 

problem o f additivity and we do not wish to follow elaborate analyses as in M itchell and Price's study 

[113]. Another reason for not using the power relation is that it would be good to obtain an optimal 

value o f K  that is transferable, because o f the limitation of the IM PT calculations. Hence it is best 

not to increase the complexity o f the fitting. Therefore we must use another m ore pragmatic method 

to eradicate the problems. One method is to re-fit our model using a sm aller and more realistic range 

of sampling of the repulsion regions. In our original fittings, 69 geom etries are used and some of 

them could well be too repulsive and also could be sampling unrealistic regions. Therefore we have 

reduced the geometries that we sampled from 69 down to 62 (7 that are with IM PT (6 -3 IG**)
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exchange-repulsion energies between -100 and -136 kJ/mol were expelled, geom etry 23, 29, 30, 38, 

39. 52, 53 are omitted), with IMPT exchange-repulsion energy less than 100 kJ/mol. Here below are 

the analyses o f the newly fitted models denoted as 631gss__rpcmn, 6311 gss_rpcmn and 

ccpvdz_rpcmn.

7.6.1 Analyses of the newly fitted repulsion model

The following tables are the new K  values, the r  ̂ o f the fit and correlation for the different models 

(See Table 7.15 and Table 7.16). If we compare the plot o f the 631 lgss_rpcm  model (Figure 7.9) and 

the improved plot of the 63 IIgss_rpcmn  model (Figure 7.10), it can be observed that the sampling 

region has been improved, with more realistic sampling. The trendline (r^ = 0.8409) actually is more 

closely aligned to the power trendline (r^ = 0.8839), and the points are more evenly distributed.

60

40
C LU

30

20

^ O

0.0070.000 0.001 0.002 0.003 0.004

Model Overlap / a.u.

0.005 0.006

Linear (ex-rep + pen + ct) Power (ex-rep + pen + ct)

Figure 7.10 Graph of IMPT energy against model overlap for the 6311 gss_rpcmn model.

Energy Overlap Correlation 
(basis set 6-3IG**)

Correlation 
(basis set 6-31 IG**)

Correlation 
(basis set cc-pVDZ)

Penetration GMUL -0.9848 -0.9811 -0.9828
Penetration model -0.9565 -0.8994 -0.9179
Charge-transfer GMUL -0.9143 -0.8471 -0.8702
Charge-transfer model -0.8969 -0.8537 -0.8656

Table 7.15 Table of r  of fit and correlation for penetration and charge-transfer energy with the corresponding 
overlap using the same basis sets with 62 geometries.

Model Correlation K r̂  of fit
631gss_rpcmn 0.9529 4.4504 0.8409
631 lgss_rpcmn 0.9538 4.0134 0.8145
ccpvdz_rpcmn 0.9527 4.3768 0.8230

Table 7.16 Table of proportionality constant ( K ), correlation coefficients for exchange-repulsion with overlap 
and 1̂  of fit for K with 62 geometries.
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Charge densitv 
Atom pairs

MP2 6-31G**

(=

MP2 6-311G**
A.

(= K "^'

M P2 cc-p VDZ

(=

Cfi.-.Ow 5.05 4525675 6.17 104572478 5.42 14273571
Cg. Hw 4.71 99334 5.81 1465419 4.86 245178

5.01 4279043 5.11 5058231 5.18 4172434
..Hw 4.71 126259 4.85 159765 4.72 137194

Hp... Ow 4.64 90276 4.76 106006 4.54 74763
Hp.. .Hw 4.46 4415 5.97 86027 4.55 7782
C...ÜW 4.39 1927199 4.33 1417951 4.45 2114299
C...Hw 4.17 70459 4.11 51384 4.15 84638

.. ̂ 3w 5.00 9207194 5.56 40668399 5.74 62858847
C4. . .Hw 4.72 261216 5.35 1240748 5.21 1286312
H...Ow 4.51 146518 4.42 104865 4.34 98804
H...Hw 4.32 5938 4.53 8779 4.22 7451

Table 7.17 Table of model repulsion parameters derived from the (62 geom) fitted overlap of MP2 6-3 IG**, 6- 
3IIG** and cc-pVDZ charge densities of phenol-water ( with ).

Note A, in kJ/moI and a„ in Â ' .

When the plots included the power trend line, one can see that most of the points lie more 

closely on the power trend line for all the models. The linear trendline is aligned more closely with the 

power trendline, this suggests that our repulsion energy is more realistic than before. In particular at 

large overlaps (short distances), the repulsion energy is almost exactly placed on the power trend line; 

this gives a very good estimate of the repulsion energy at short ranges. The overlaps are given more 

reasonable weighting, as the points are more spread out over the sampling region as shown in all the 

newly fitted models. The quality of these newly fitted repulsion models will be tested using ORIENT 

[132].

7.6.2 ORIENT results for newly fitted model potentials

The ORIENT results from the 6311gss_rpcmn model produced all three minima, and the total energy 

of the global minimum has been reduced. If we take into account the harmonic zero-point energy, the 

estimated Dq is -24.74 kJ/mol, in comparison with experimental energy of -23.45 ± 0.48 kJ/mol. This 

is regarded as very good results as the OPLS [5] only managed to give -25.50 kJ/mol of energy with 

an estimation of anharmonic zero-point energy derived from DMC [31]. However, the 0 . . . 0  distance 

has increased slightly, about 0.01 Â less than the experimental value. Of course, they are not directly 

comparable, as zero-point motion is not included in our case to derive the 0 . . . 0  distance. If we 

compared our 0 . . . 0  distance with our ab initio studies, the global minimum from the 631 Igssjrpcm  

model is + 0.09 Â larger than our ab initio value. If we compare the 0 . . . 0  distance with Fang's [10] 

ab initio value, it is 0.02 Â longer. The 631gss_rpcmn and the ccpvdz_rpcmn models failed to 

produce all three minima; they only managed to produce the global minimum and the water proton 

donor minimum. Hence these models are deemed to be less accurate in modelling the potential for 

phenol-water.
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7.7 Discussion
The problems that we have encountered in Chapter 6 have been closely investigated. However, much 

of the work on the overlap model still relies on the choice of fittings in the analyses. The methods 

used in fittings may vary, and this will introduce different levels of errors into the model. There is no 

one single standard for analysing the data for the production of non-empirical repulsion parameters. In 

our studies, we mainly concentrated on the improvements of our model repulsion as studied in the 

previous chapter.

The testing of our repulsion model is based on the repulsion model with a combination of DMA 

[1] for the electrostatic model, and dispersion model derived using Slater-Kirkwood formula [51] with 

Miller's polarizabilities [170] unless where stated. Tests have been performed on the repulsion model 

used in previous chapter by fitting for new proportionality constants using IMPT exchange-repulsion 

energy (SCF 6-3IG**) with GMUL and model overlaps using charge densities from MP2 6-311G** 

and MP2 cc-pVDZ basis sets. The results from these tests have shown that it is inappropriate to mix 

the use of basis set in a model. This is shown clearly by the quality of fits and also their deficiency in 

improving the existing models to give good results using ORIENT [132].

The new models that included penetration and charge-transfer contributions performed 

reasonably well. Some of the models managed to produce all three minima as observed in our ab initio 

studies. None of the models gave a very good energy and good 0 . . .0  distance, but it is definitely an 

improvement from those obtained in the test. Modifying the dispersion model by using the effective 

Cg has made further improvements. This has significantly improved our 631 Igssjrpcm  model to 

produce three fully distinguishable minima. The results improved when the geometries reduced to 62 

geometries with energy sampling a more realistic repulsion region. The 631gss_rpcmn, 

6311gss_rpcmn and ccpvdz_rpcmn were all tested but only the 6311gss_rpcmn produced three 

minima with a very good energy for the global minimum. The true quality of the model will need to 

be verified by performing DMC [31] calculations to determine the anharmonic energy and 

vibrationally averaged structure to enable a direct comparison with experiment to be carried out.

Overall, our studies have shown that not all systems perform in the same way using the overlap 

model. In particular, the choice of basis set used in the model is very important and we have shown 

that they are dependent on the system being investigated. There appeared to be no correlation on the 

quality of the repulsion model with the size of the basis set used. It is of course inappropriate to 

conclude on this on just one system. More studies on a wide range of systems are needed in order to 

obtain a holistic view on the overlap model. Nevertheless, our refinements managed to improve our 

repulsion model, by including minor contributions of the penetration and charge-transfer energies. 

Such minor contributions could have important effects on the overall model as demonstrated in our 

studies. Despite the large number of refinements, this is a very good method to derive non-empirically 

repulsion parameters or those that are not widely available, as shown in our boron crystal structure 

prediction [33].

New Models for Intermolecular Repulsion and their Application to van der Waals Helen H.Y. Tsui
Complexes and Crystals of Organic Molecules August 2001



8 Diffusion Monte Carlo Simulations for Phenol-Water Complex_________________________ 145

8 Diffusion Monte Carlo Simulations 

for Phenol-Water Complex

8.1 Summary
Diffusion Monte Carlo (DMC) simulation is a suitable method to simulate zero-point motion. Hence it 

was chosen to test for the validation of our model potentials, to allow direct comparisons with 

available experimental data. The results are presented with one-particle densities plots obtained from 

the DMC output that can be visualised to provide structural information of the hydrogen bonding of 

the system. All model potentials produced results that are comparable with experiments, and have 

proven that DMC simulation method is a suitable method to produce vibrationally averaged structure 

and anharmonic interaction energy.

8.2 Introduction

Diffusion Monte Carlo (DMC) has been widely used to simulate gas phase van der Waals complexes. 

These simulations ranged from the interaction of water dimer [89] to DNA bases with water [30]. The 

development of DMC in the past five years has enabled the possibility to derive the vibrationally 

averaged structure from using simple isotropic model potentials [5,6,29,89,125,133], through to 

anisotropic model potentials [30]. The DMC method solved problems such as the two distinct isomers 

of the methanol-water dimer [28], where the zero-point motion can help to identify the stable 

minimum. The diffusion Monte Carlo is a numerical method used to solve the Schrôdinger equation
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by using Monte Carlo sampling. It was first used to perform electronic structure calculations by 

Anderson [210] before being applied to nuclear motions by Coker and W atts [211]. This quantum 

treatment is widely used to gain insights in the understanding o f van der W aals com plexes because it 

provides the exact energy of the vibrational ground state (See Figure 8.1). The DMC algorithm is 

relatively easy to implement, but it has been limited in its application because of the difficulties of 

using the method in handling excited states. Nevertheless, the inform ation o f  the dynam ics o f the 

vibrational ground state is o f real interest, as it can give important properties o f the investigated 

system, such as dissociation energy, vibrationally averaged structures and rotational constants.

U(R)

a

ZPE

Figure 8 .1 Potential energy function showing the zero-point energy (ZPE).

Benoit had already studied the phenol-water system for the interaction o f  one phenol molecule 

with up to five water molecules [5,6], using his own Xdmc code [24]. However, his study only used a 

Lennard-Jones repulsion-dispersion term and a point charge model to describe the electrostatic 

interaction. They are very easy and fast to implement, and have been applied to many biomolecular 

systems. It is recognised that isotropic potentials fail to represent adequately the orientation 

dependence of hydrogen bonding which is highly dependent on the electrostatic contribution. His 

studies neglect the effect o f anisotropy and may not be able to provide a true description to simulate 

experiments. This can have a great effect on the hydrogen bonding where the oxygen atom from the 

phenol-water systems are highly anisotropic due to its lone pairs. One easy method to overcome this is 

to include anisotropy by using DMA to represent the electrostatic model. The RB-DM C algorithm 

[24] written by Benoit is only capable o f using isotropic model potentials. Therefore modifications of 

the code was necessary and this was carried out by van Mourik, to incorporate the use o f anisotropic 

model potentials, this module is called Diffusion M onte Carlo for Anisotropic potentials (DiMCA) 

[31].

In our study, we aim to use a non-empirical model potential with an anisotropic electrostatic 

model to simulate the phenol-water system as accurately as possible. The simulations can be used as a 

test for the overlap model to examine whether it is capable o f producing a good model potential to 

simulate experiments, as the use o f DMA for the electrostatic model has already been proven widely
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in other systems [30]. In order to test the quality of our model potentials, not just relying only on the 

dissociation energy it produced, we must also test them by their ability in reproducing experimental 

data. There are many parameters that can be compared (Chapter 5), since there have been many 

experiments performed on the system of phenol with water, such as UV [7] and microwave [12] 

spectroscopy to determine the structures of the complex.

8.3 Diffusion Monte Carlo simulation
Diffusion Monte Carlo (DMC) is a way of solving the Schrôdinger equation for the ground state of a 

multidimensional system. DMC solves the time-dependent Schrôdinger equation, by assuming that the 

multidimensional potential energy surface V of an electronic state is known. For a system of N  

atoms of mass n ij, the time-dependent Schrôdinger equation is in atomic units,

(« . ')+ ''(« ) '* ' (« • ') (8-1)

where Y (gr,r) is the time-dependent wavefunction and q is the vector of the coordinates. By 

transforming the time frame into an imaginary one ( t  = i t ) , we obtain

(8-2)

This is equivalent to the classic time-dependent diffusion process:

^'^O jV^C {q , t ) -kC(g . t )  (8.3)
Ot  ;=|

where the diffusion constant is

The random walk technique is a way to reproduce a diffusional behaviour [212]. Hence, the 

Schrôdinger equation can be simulated by both a random walk for the kinetic energy term and a 

continuous weight assessment for the potential energy term. This can be done by generating a 

population of M  replicas and by adjusting their weights according to their energy as they move 

randomly on the potential energy surface. Each of these 'wavefunction particles' describes one 

possible geometry of the system and represents a part of the wavefunction. To avoid the generation of

replicas in the high-energy region of weak importance in the description of the wavefunction, a

minimum threshold is set up [213] (See Figure 8.2).
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Energy
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Minimum
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y r

Replacing
itself

Replacing  
deleted replica

Figure 8.2 Schematic diagram of population of replicas.

Every replica with a weight smaller than this limit is immediately deleted. In this case, the replica with 

the largest weight gives birth to two identical replicas each having half o f the parent's weight; the first 

descendent replaces its father, the other substitutes the previously deleted replica. The final stage of 

each time step involves updating the reference energy [210] (See Figure 8.3). The number o f replicas 

remains the same, and the final distribution o f replicas is used for calculating the vibrationally 

averaged energy and structure, and one-particle density.
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Time-dependent Schrôdinger equation in imaginary time => 
Isomorphous with diffusion equation with first-order rate term

a c
dr y=i

kC

dy/ ( r , T  ) _ 
d z

Ê ( r . r ) [v ( r . r )

Population of replicas

Simulated by diffusion process, 
solved by random walk

Assigning weights to repiicas to 
simulate potential energy

i Until convergence

Final distribution of replicas =» 
Vibrationally averaged energy and geometry 

one-particle density

Figure 8.3 Flow chart of the core operations in the DMC algorithm. Each loop is a group of 100 RB-DMC time 
steps of length At .

Reproduced with perm ission from  van M ourik [214].

8.3.1 Rigid-body diffusion Monte Carlo algorithm

The algorithm used in the DMC code is the rigid-body diffusion Monte Carlo (RB-DMC), first 

introduced by Buch [215]. This allows the simulation to be performed using a fixed geometry for each 

monomer in the cluster, in order to remove the intramolecular degrees of freedom. In the original 

publication on rigid-body diffusion Monte Carlo, Buch did not provide any details as to how the RB- 

DMC can be implemented. Therefore Benoit has devised his own RB-DMC algorithm in his DMC 

code (See Figure 8.4).

New  Models for Intermolecular Repulsion and their Application to van der W aals
Complexes and Crystals of Organic Molecules

Helen H.Y. Tsui
August 2001



8 Diffusion Monte Carlo Simulations for Phenol-Water Complex 150

Start

Initialisation of the 
replicas

Initialisation of RB-DMC 
procedure

No

►  Equilibration

No

Y es

R esults

1
End

C onvergence
reached?

Random G aussian  
displacem ent

I
Energy evaluation for 

each  replica

W eight calculation

----------- ^

RB-DMC simulation

w

C onvergence -

Figure 8.4 Flow chart of Rigid-Body Diffusion Monte Carlo (RB-DMC) program, Xdmc.

R eproduced with perm ission from  Benoit [25].

8.3.2 Implementation

It is essential to understand the concepts of how the algorithm can be implemented to provide an idea 

of the processes within a DMC calculation. In depth details on the relevant theory can be found in 

Benoit's thesis [25], and Figure 8.4 gives the flow chart o f the procedures required for a DMC 

simulation. First o f all, a model potential is required for the phenol-water system s being investigated. 

Our OPLS, FIT (as shown in Chapter 5) and non-empirical model potentials {6311 gss_rpcmn model 

from Chapter 7) will be used. In order to ensure good overlap, it is best to start at the minimum in the
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potential; therefore the minima determined from ORIENT [132] are used as starting positions. This 

should also minimise the time that is required for the calculation.

8.3.3 Specifications

The equilibration is performed by diffusing 1000 replicas using time steps of 50 a.u.. This is carried 

out until the standard error associated with the reference energy is smaller than 0.25 %. The resulting 

ensemble of replicas is propagated, using time steps of 15 a.u., until the reference energy is converged 

to a standard of (XI % for the phenol-water system. This specification is used for all DMC simulations 

in this chapter.

8.4 Model potentials used in DMC simulations
As mentioned previously, Benoit's RB-DMC code cannot cope with anisotropic model potentials and 

therefore van Mourik's DiMCA code [31] is used in our DMC calculations. DiMCA is an extension to 

the existing RB-DMC code, where anisotropic intermolecular potentials can be used. This code is 

based on the ORIENT [132] program where anisotropic electrostatic and repulsion can be 

incorporated. DiMCA is used for all model potentials mentioned in this chapter regardless of whether 

they are isotropic or anisotropic. There are three different types of potential parameters used in the 

DMC calculations, namely empirically fitted parameters from crystal structures, isotropic non- 

empirical parameters and anisotropic empirical parameters. These are the same model potentials that 

were used in Chapter 7 in our ORIENT calculations. Three model potentials are used in the DMC 

simulations, they are the OPLS, FIT and the 6311 gss_rpcmn (refer to NE-ANIS hereafter) model from 

Chapter 7. It is important to carry out DMC simulations on a variety of model potentials, as it can 

provide comparisons between the different models. Hence we can judge the quality of our NE-ANIS 

model.

8.5 One-particle densities
The DMC simulation has shown that it can provide a simple way to calculate the wavefunction for 

any particle of a quantum system investigated. The numerical representation of the wavefunction can 

be readily obtained by allocating the weight of the configuration into a grid element where its 

coordinates correspond to the position of the particle of interest. Vibrational states of water molecules 

involved in hydrogen bonding have wide amplitudes, even in their ground states. Benoit has included 

in his code the ability to calculate a full-dimensional wave function corresponding to the ground state 

of the system investigated, capable of representing the wide amplitude of the vibrational motion. For 

representation purposes, Benoit has devised the code to extract from the data the projection of the 

wave function onto a one-particle space [27]. This can then gives the probability density of the 

particle occupying a given position in space. The one-particle functions (or vibrational orbitals) 

obtained in this way can be easily displayed using three-dimensional isosurfaces. They appear 

similarly to the electron density and can be easily visualised using standard programs used for the 

visualisation of electronic structures. The program that was used to visualise the resulting densities is
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the MacMolPlot [216] program written by Bode et al. running on an Apple Power Macintosh G3 

computer.

8.6 Results

8.6.1 DMC simulations

The diffusion Monte Carlo algorithm derives the zero-point vibration energy, that is essential if one 

would like to carry out highly accurate calculation, in particular when making comparisons with 

experimental results. In our case, it is a very good method in validating our non-empirical model 

potential, in particular the overlap repulsion model. The overlap model has never before been used in 

cases where the zero-point energy is also accounted for. This provides us an opportunity to validate 

the method to a high accuracy.

If we look at Table 8.1, the results show that the global minima of all the potential models used 

produced reasonable results. In particular the results of the FIT model are very close to experiment. 

One would expect this to be the best model, since this model has been empirically fitted against 

various crystal structures. However, it is still a surprise that it also performs well in the gas phase. It is 

very difficult to judge which model is the best model for describing the phenol-water complex, but if 

we have to choose one that is most theoretically justified, one has to choose our NE-ANIS model 

potential, in which it has been developed primarily for the phenol-water complex. The zero-point 

energy has shown to be of importance. For the global minimum, the ZPE is about 20 % of the O, 

energy.

The other models, OPLS and FIT, are both not constructed specifically for the phenol-water 

complex, hence they are less theoretically sound. Apart from the FIT that is only less than 1.5 % from 

the experimental value for the dissociation energy Dq , our NE-ANIS model is the next best value, just 

under 6.5% from experiment. The results are also in agreement with our ab initio calculations in 

Chapter 5. If we look at the other minima, all the minimum 2 remained as water-proton donor, 

whereas all the n-bonded minimum are not observed in all simulations. The OPLS minmum 3 

converged to minimum 2, and the FIT and NE-ANIS converged to the global minimum. This suggests 

that there is a shallow well for this minimum which is too shallow to support zero-point motion. This 

shallowness is consistent with the problems in finding this minimum in some of our model potentials 

in Chapter 7, as well as ab initio calculations as shown in Chapter 5.
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A B C Y d(Op...Ow) ZPE 
[% of D, ]

Do

Minimum I
Expt. 4292 1092 874 138.94 113.72 2.88 - -23.45

(144.50) (115.50) (2.93) ±0.46^
OPLS 4322 1118 892 141.52 113.70 2.78 5.3 -25.50

[17.5]
FIT 4322 1101 882 135.95 114.39 2.82 6.73 -23.78

[22.1]
NE- 4137 1125 890 137.48 109.61 2.92 6.01 -24.93
ANIS [19.4]

Minimum 1 - % difference from Expt.
OPLS 0.71 2.35 2.05 1.86 -0.02 -3.41 - 8.73

(-2.06) (-1.56) (-5.06)
FIT 0.71 0.83 0.95 -2.15 0.59 -1.92 - 1.41

(-5.92) (-0.96) (-3.60)
NE- -3.60 3.02 1.84 -1.05 -3.62 1.39 - 6.31
ANIS (-4.86) (-5.10) (-0.34)
Minimum 2
OPLS 4231 n i l 887 48.32 118.91 2.85 - -16.62
FIT 4221 1078 869 40.90 120.35 2.94 - -11.97
NE- 3938 1165 909 18.61 110.51 2.98 - -14.18
ANIS
Minimum 3
OPLS 4228 1112 888 48.33 118.79 2.85 - -16.63
FIT 4322 1101 882 135.95 114.38 2.82 - -23.81
NE- 4135 1125 890 137.48 109.58 2.92 - -24.82
ANIS

Table 8.1 Property of phenol-water obtained from DMC simulations for the corresponding model using 
ORIENTS minima as starting positions.

Note that A, B and C are rotational constants in MHz, P and y  are angles in degree, bond distance in Â and ZPE (zero-point 
energy), Dq in kJ/mol. Where experimental values are from microwave experiment [12] except those from UV experiment [7] 
in parentheses, and ^from Ionization experiment [8].

8.6.2 One-particle density plots

The following figures show the corresponding one-particle density plots of the OPLS, FIT and NE- 

ANIS model. These plots represent the delocalised zero-point vibrational motion of terminal hydrogen 

atoms of water molecule weakly bound to the phenol molecule. They are a vibrational analogy to the 

electron densities. Only minimum 1 and 2 are presented, since the Tt-bonded minimum is not observed 

in our DMC simulations. It can be observed clearly that the one-particle (hydrogen) density plots for 

the minima are very similar from different models. For the global minimum, the phenol proton donor, 

the water molecule appears to be freely rotating along the Op,..Ow vector. This suggests that the water 

molecule is freely rotating in the phenol-water complex at ground state. Hence, the y angle is not of 

any significant when comparing the structures from the different models. For the second minimum, 

the water proton donor, the water molecule is also rotating along the Op.. .H^ vector.

One-particle density plots can also be constructed for the oxygen and carbon atoms, but for our 

study, they are not expected to be of any importance because they are more or less rigid with minimal 

vibration. This visualisation method would be more useful for observing hydrogen bonding for larger 

clusters of water interacting with the phenol molecule and the benzene molecule [25,27].
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O P L S -m in i O PL S - m in2

Figure 8.5 One-particle density plot for phenol-water complex using OPLS model, with the ORIENT minima 
from Chapter 5 as starting positions.

FIT - m in i FIT - m in2

Figure 8. 6  One-particle density plot for phenol-water complex using FIT model, with the ORIENT minima from 
Chapter 5 as starting positions.

N E-AN IS - m ini N E -A N IS -m in 2

Figure 8.7 One-particle density plot for phenol-water complex using NE-ANIS model, with the ORIENT minima 
from Chapter 7 as starting positions.

New  Models for Intermolecular Repulsion and their Application to van der W aals
Complexes and Crystals of Organic Molecules

Helen H.Y. Tsui
August 2001



8 Diffusion Monte Carlo Simulations for Phenol-Water Complex_________________________ 155

8.7 Discussion
The DMC algorithm enable us to determine the vibrational ground state structures of the phenol-water 

complex that are comparable with experiment values. The important point is that it shows that our 

model potentials, in particular the NE-ANIS model, performed reasonably well, in reproducing the 

experimental results. It is surprising the FIT model is performing so well for the gas phase system, 

because the repulsion-dispersion parameters are parameterised for crystal structure simulations. 

Nevertheless, our model potential remains the best model potential in terms of its firm theoretical 

footing. The results strengthen our methodology used for constructing non-empirical model potentials, 

in particular the overlap model for modelling repulsion.

The one-particle density has enabled visualisations of the hydrogen bonding for the minima, and 

it is a good method to allow us to 'view' the hydrogen bonding, unlike conventionally relying only on 

the bond lengths and geometries for analysis. Despite that for our system, it does not provide any new 

information of the system for comparison with experiment, it is a new concept to aid the 

understanding hydrogen bonding for larger complexes as shown by Clary et al. [27].
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9 Crystal Structures of Chlorothalonil

9.1 Summary

Chlorothalonil is a fungicide commonly used on agricultural products. The experimental crystal 

structure of chlorothalonil is known, but preliminary experimental data has shown that other 

polymorphs probably exist. Dr Maryjane Tremayne in Birmingham is conducting an experimental 

search for these polymorphs. This study seeks to provide a theoretical prediction of possible structures 

for these polymorphs, which may prove useful in their characterisation. In this chapter, an anisotropic 

repulsion model has been constructed using the overlap model and compared with empirically fitted 

isotropic model. This should provide a better description of the anisotropy in the repulsive region that 

may arise from the non-spherical charge distributions of the atoms. A search for possible crystal 

structures was carried out using Williams' empirical model potential. The low energy crystal 

structures were then refined by minimisation using our non-empirical anisotropic model potential. The 

mechanical and morphological properties of these structures were considered to eliminate low energy 

structures that were unlikely to be observed. The search was able to find a close approximation to the 

experimental crystal structure (less than 1 % r.m.s. error in the cell parameters) as the global minimum 

in the lattice energy. Fourteen hypothetical crystal structures have been found which seem likely to be 

possible polymorphs. An experimental powder structure was determined and has a /?3m disordered 

structure and this was confirmed by single crystal structure. One of our PI predicted structures is 

helpful for Tremayne in characterising this disordered structure.
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9.2 Introduction
Chlorothalonil is the common name for 2,4,5,6-tetrachloro-1,3-dicyano benzene, Cl4C6(CN)2. It is a 

widely applied fungicide that has been in production since the 1960's [34] (See Figure 9,1). Britton 

first determined a crystal structure in 1981 using X-ray diffraction [217], It is monoclinic, space group 

P l j a ,  and was determined at 22(2)°C. The molecular structure is almost symmetrical with only 

experimentally insignificant deviations from symmetry.

Cl'
I2

r

6 jcr 5| cr
Cl'

Figure 9.1 Chemical diagram of chlorothalonil with numbering labels for atoms.

There is one reported sublimation energy value for chlorothalonil of 109.1 kJ/mol [218] from the 

NIST Chemistry WebBook [219]. We could use this to test a recent method for estimating the 

sublimation energy when there is no experimental value available. A recent method of Westwell et al  

[220] can predict the sublimation energy based on empirical correlation with the boiling points of the 

compound. However, this regression was based on a wide range of compounds. Our corresponding 

regression analysis developed to predict the unknown heat of sublimation of cyanuric chloride, uses 

11 chlorinated and other substituted aromatics and heteroaromatics similar to chlorothalonil (See 

Appendix B). It predicts the sublimation energy of 111.6 kJ/mol for chlorothalonil. Of course, such 

regression will not always be capable of providing such good predictions, since it is dependent on the 

choice of data sets used for the analysis.

A recent study by Mitchell et a l  on cyanuric chloride and related organic molecules [40] has 

shown that there is an improvement in reproducing the experimental crystal structure by including 

atomic anisotropy in the repulsion model. The key feature of their studies is the derivation of 

anisotropy parameters for the repulsion for the non-spherical atoms. This is vital as the assumption 

that organic molecules interact with each other as spherical atoms is only for computational 

convenience. Hence, most simulations of organic molecules in the solid or liquid phase have used 

mainly isotropic atom-atom model potentials. X-ray deformation density maps show that the charge 

distribution around an atom in a molecule often has non-spherical features such as lone pairs and n 

electron density, which give rise to atomic dipoles, multipoles and higher multipoles. This is the same 

argument, as in the distributed multipole analysis, that one must include anisotropy in order to 

represent the molecular charge distribution realistically. If we look at chlorothalonil in Figure 9.2, we
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see that the chlorine and nitrogen atoms are exposed, and hence the need o f anisotropic repulsion is 

more prominent.

r
Figure 9.2 Diagram of chlorothalonil volume using spherical van der Waals radii.

Nyburg and Faerman [39] had suggested, from their analysis o f data collected from the CSD that 

not all atoms are spherical in shape when bonded to carbon. This is in support o f Nyburg and Wong's 

earlier study of solid chlorine [221], where the chlorine displayed anisotropy and by assuming polar 

flattening for the spherical atom-atom potential, the space group of the crystal structure was predicted 

correctly. Price et al. [222] have performed intermolecular perturbation calculations on the C-C1...C1- 

C interactions. They concluded that the repulsive wall is sufficiently anisotropic to account for the 

polar flattening observed for the van der W aals contacts o f organic Cl. Further evidence for atomic 

anisotropy was shown by an analysis o f the intermolecular interactions between halogens and oxygen 

or nitrogen in the CSD [223]. The results have shown that there is a highly directional and attractive 

interaction between Cl and N atoms. This may also lead to the interpenetration o f the van der Waals 

volumes. Their conclusion was that the directionality o f the halogen...oxygen and halogen...nitrogen 

contacts is primarily the result o f the anisotropic distribution o f electron density around the halogen 

nucleus. Maginn et al. [38] suggested that anisotropy in the chlorine-nitrogen interactions accounted 

for the inability of isotropic atom-atom potentials to model the crystal structure o f cyanuric chloride. 

Since chlorothalonil also has C1...N interactions, we would expect that an anisotropic repulsion model 

is also necessary for chlorothalonil.

The non-empirical repulsion is derived from the molecular overlap, using a similar approach to 

the cyanuric chloride (VUGSIZIO) study of Mitchell et al. [40]. The key feature is the derivation of 

anisotropy parameters for the non-spherical atoms. A new aspect o f this study is the method of 

deriving the proportionality constant between the model overlap and the repulsion. This is necessary 

because chlorothalonil is too large for the IMPT calculations used in Chapter 4, 6 and 7, and extends 

the range of applicability o f the overlap model.

X-ray powder diffraction patterns have shown that there is the possibility o f  a second or even a 

third polymorph [224]. The form that was determined by Britton [217] is the most stable polymorph 

(Form A) of chlorothalonil found. Therefore a search for possible polym orphs could shed some light 

onto this problem. Since we will have two model potentials, one em pirically fitted isotropic model and 

our non-empirical with anisotropic repulsion for the main interactions; it is possible for us to use these
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models and perform a search on all the possible polymorphs of chlorothalonil. We used MOLPAK 

[154,225] to set up possible crystal structures and minimised them in DMAREL [226], first with 

Williams' empirical repulsion-dispersion [75,77] model because of the efficiency of the model. Then, 

the low lattice energy minima were minimised with our non-empirical model with anisotropic 

repulsion. Both the MOLPAK [154,225] and DMAREL [226] programs used are updated version of 

those used for the blind crystal structure prediction (Chapter 4); therefore we would expect significant 

improvements in the generation of energetically possible crystal structures. We then calculated the 

mechanical properties and morphologies of the low energy structures to eliminate some of the 

'unlikely' hypothetical structures.

9.3 Molecular model and testing of empirically derived potentials

The geometry of chlorothalonil was ab initio optimised at the SCF level using a 6-3IG* basis set 

using CADPAC, using bond lengths and angles from the experimental geometry (CSD REFCOD 

BAWNIW). It is important to use an ab initio molecular structure to search for the other polymorphic 

forms. If we use the experimental molecular structure in our search, it would favour the crystal 

structures of Form A. Our lattice energy minimisation method for crystal structure uses a rigid-body, 

and does not allow intramolecular flexibility.

The electrostatic model potential was derived from a distributed multipole analysis (DMA) at 

the MP2 level with 6-310* basis set in CADPAC for both the ab initio optimised structure and the 

experimental structure (CSD REFCOD BAWNIW). This was used in the empirical potential with the 

parameters of Williams [75,77], chosen as the most promising available empirical parameter set (See 

Equation (4.1) for the form of the potential). We will refer to this combined model as FIT. The FIT 

model should provide reasonable results, in terms of lattice energy and cell parameters, because the 

FIT model has been empirically fitted over a range of organic crystal structural data and also thermal 

data.

Lattice energy minimisations were carried out using the program DMAREL [175], using both 

the experimental molecular structure, and the ab initio molecular structure. The ab initio molecular 

structure was pasted into the experimental crystal structure to match the position of the centre of mass 

and the direction of the C; to C 5 vector and the C 2 -C5 -C3  plane. The use of both experimental and ab 

initio optimised molecular structures determines the effects of changes of the intramolecular structure 

on the predicted crystal structure.

9.4 Derivation of non-empirical model potential

The non-empirical model potential uses the same DMA electrostatic model as used in conjunction 

with the FIT model above. The dispersion is modelled by a Slater-Kirkwood atom-atom Q  dispersion 

[51] with Miller’s atomic polarizabilities [170]. The anisotropic atom-atom repulsion model was 

derived by the overlap model, as described below, and so the complete model is referred to as ANI.
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9.4.1 The anisotropic atom-atom repulsion model

W e  u se  a n  a to m -a to m  fo rm  fo r  th e  re p u ls io n  e n e rg y  b e tw e e n  m o le c u le s  A  a n d  B  , w h ic h  in  th is  c a se  

a re  tw o  c h lo ro th a lo n il  m o n o m e rs ,

^ r e p =  E  (9.1)
ieA ,k e B

w h e re  a to m s i in  m o le c u le  A  a n d  k  in  m o le c u le  B  a re  o f  a to m  ty p e s  i a n d  K  r e sp e c tiv e ly  a n d  th e  

c o n s ta n t  u d e f in e s  th e  e n e rg y  u n it. T h e  d e c a y  c o n s ta n t  a  a n d  th e  a n is o tro p ic  fu n c tio n  p  b o th  

d e p e n d  o n  th e  a to m  ty p e s , w h ile  a n d  r e fe r  to  th e  d is ta n c e  b e tw e e n  a n d  r e la tiv e  o r ie n ta t io n  o f  

a to m s  I a n d  k  . W e  e x p re s s  th e  a n is o tro p ic  fu n c tio n  p  a s  a  su m

P  =  P o +  E p Â  (9 .2 )

w h e re  th e  su b s c r ip t  x  d e n o te s  f iv e  s e p a ra te  in d ic e s  ( re fe r re d  to  a s  a n d  j  in  P r ic e ,

S to n e  &  A ld e r to n )  [6 7 ] a n d  th e  S  fu n c tio n s  a re  th e  c o m p le te  s e t  o f  fu n c tio n s  to  d e sc r ib e  th e  

o r ie n ta t io n  d e p e n d e n t  o f  an y  s c a la r  p ro p e r ty  o f  tw o  a rb itra ry  sh a p e d  m o le c u le s . T h e  S  fu n c tio n s  w e re

u se d  b y  W h e a tle y  a n d  P r ic e  [3] a n d  N o b e li  e t  al. [69 ]. N o te  th e  re la tio n s h ip  to  S  fu n c tio n s  is  g iv e n  in  

C h a p te r  2 .

In  p ra c tic e , w e  w ill t ru n c a te  th e  su m  a f te r  a  sm a ll  n u m b e r  o f  te rm s  a n d  a s su m e  a  ‘s h a p e ’ m o d e l 

o f  f ix e d  a n is o tro p y  in  th e  re p u ls iv e  w a ll o f  e a c h  a to m . In  o u r  m o d e l  fo r  c h lo ro th a lo n il ,  th e  C 1 ...N  

re p u ls io n  is  d e sc r ib e d  b y

P  ’ ~  Po P l01*^101 P o i I * ^ O I I  "*■ P 202‘̂ 202 Po22*^022 (9 -3)

T h e  te rm s  p,o, a n d  Pjo2 d e sc r ib e  th e  sh a p e  o f  th e  c h lo r in e  a to m ; Pg,, a n d  P 022 d e s c r ib e  th e  sh a p e  o f  

n itro g e n . T o  d e n o te  th is , w e  d e sc r ib e  th e m  as p ^ ‘ , p ^ ‘ , p ,^  a n d  p ^  re sp e c t iv e ly . S u b s ti tu tin g  in  th e  

fo rm s  o f  th e  S  fu n c tio n s  g iv e s

p“ -" = Po“ '" +P,“ (Zc, (-Z» (l-5[za -0 .s )
, ,  ,  (9 .4)

+p"(l.5[z„.R^,,„„] - 0.5)

w h e re  a n d  a re  u n it  v e c to rs  a lo n g  th e  lo ca l z -a x e s  o f  th e  a to m s  a n d  Ra..,N is  th e  u n it

in te rm o le c u la r  v e c to r  jo in in g  f ro m  a to m  i  (C l)  to  a to m  k  (N ). T h is  s im p le  fo rm , w h ic h  d e p e n d s  o n ly  

o n  th e  lo ca l z -a x e s  ( is  c y lin d r ic a lly  sy m m e tr ic a l) ,  is  e x p e c te d  to  g iv e  a  g o o d  d e sc r ip t io n  o f  th e  a to m - 

a to m  re p u ls io n  a n is o tro p y  in  th is  c ase .

T h e  sa m e  a n is o tro p y  p a ra m e te rs  a re  u se d  to  d e sc r ib e  th e  sh a p e  o f  th e  c h lo r in e  a to m  o r  n itro g e n  

a to m s  in  a ll th e ir  in te rm o le c u la r  in te ra c tio n s  (S e e  F ig u re  9 .3 ) . F ig u re  9 .2  sh o w s  th a t  o n ly  th e  n itro g e n  

a n d  c h lo r in e  a to m s  a re  a c c e s s ib le  to  in te rm o le c u la r  c o n ta c ts  f ro m  a  w id e  r a n g e  o f  o r ie n ta t io n s . T h e  

c a rb o n  a to m s  a re  re la tiv e ly  b u r ie d , a n d  so  a n  iso tro p ic  re p u ls io n  a p p ro p r ia te  to  th e  e x p o s e d  c a rb o n  

re p u ls iv e  w a ll sh o u ld  b e  su ff ic ie n t.
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Figure 9.3 Anisotropic repulsion along the local z-axes applied on chlorine and nitrogen atoms.

By assuming that the parameters P i‘ , p f  , Pi and (and p f  = p^ = 0) are constant across all 

relevant atom pairs, a fixed non-spherical shape for the Cl and N atoms is obtained. Given this 

functional form, we can substitute in Equation (9.1) to give:

^Ftp ~  ^  )r^ ii ~(Po "I" Pi *̂011 P2*̂ 202 P 2 *̂022 )1) (9-5)
i eA ,k eB

9.4.2 Overlap calculations

Our calculations of the overlap and of the distributed multipoles are carried out using the same SCF

optimised molecular structure. All the overlaps were calculated using an SCF 6-310*

wavefunction for determining the Gaussian multipoles used to calculate the charge overlaps.

We generated 200 random geometries in which the two chlorothalonil monomers are in 

approximate van der Waals contact (radii C 1.7, N 1.5, Cl 1.8 A). At each of these dimer geometries, 

we used GMUL [116] to calculate the total charge overlap (hereafter, ‘overlap’) and the atom-atom

overlaps. We also calculated the separation and orientation (the relevant S functions) of each pair of

atoms at each geometry using our own software. Since the C ...C  interaction was rarely sampled, extra

randomly stacked geometries were generated and a subset used for C ...C  data only. The

corresponding S functions for atom-atom pairs involving carbon atoms were not be determined 

because only isotropic repulsion parameters are assumed to be needed for such buried atoms. 

Although the stacking orientations are not sampled in experimental crystal structure, we require the 

repulsion in such geometries to be well described for hypothetical crystal structures. For each atom 

pair, the atom-atom overlap was fitted to the appropriate functional form.

Sm  = S  exp ~ { X q  + Pi I^IOI Pi *^011 Pi *^202 Pi *^022 ) J j (9*6)

The decay constants were pre-fitted to the isotropic co-efficient in GMUL’s partial wave 

expansion as in Chapter 4. The parameter s describes the units of overlap (and is taken to be in 

atomic units in this work).
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The other parameters were then fitted to the GMUL atom-atom overlaps as follows:

%o, P? & P? for Cl...C l 

%Q, Px & p 2 fo rN ...N

Xq only for C1...N transferring values of anisotropic terms,

Xq only for each interaction involving C, using transferred values of the Cl and N anisotropic 

coefficients.

For each atom-atom pair, only those contacts giving rise to GMUL atom-atom overlaps between 

0.00005 and 0.005 atomic units were considered for the fitting. This corresponds to atom-atom 

exchange-repulsion energies between approximately 1 and 100 kJ/mol.

The previous study [40] by Mitchell and Price assumed the model

= (9-7)

However, since we cannot apply IMPT [4] calculations for our system we cannot fit y  and so it was

assumed to be unity, as in many previous studies [33,69,101] and in Chapter 4, 6 and 7. The total 

repulsion energy is simply the sum of the atom-atom terms.

= (9.8)
ik ik

^  rep ~ ^  ̂   ̂ ~{^Xo "*"Pl "̂011 P] "̂ 202 P2*̂ 022 )J j (9.9)

^rep ~ ^  Ak GXp “ (Pl “̂lOI ■*'Pl '̂ 011 Pl^lCa Pi 0̂22 )1) (9-10)
i e A M B

Since we are restricted by the size of our system, we have to find an alternative method to fit for 

the proportionality constant K . The idea of having the one proportional parameter fitted to some 

experimental data was first suggested in the original overlap model publication [47]. Following the 

proposal by Mitchell et a l  [40], we empirically fitted K  to optimise agreement with the experimental 

cell volume of the chlorothalonil crystal structure. Therefore this will be the first test in empirically 

fitting the proportionality constant K  of the overlap model where empirical data rather than IMPT 

calculations are used to determine the proportionality constant.

9.5 Crystal structure prediction procedure

An updated version of MOLPAK [225] was used to set up starting crystal structures. This version has 

increased the number of MOLPAK coordination geometries to search for possible starting crystal 

structures from 20 to 29. These 29 coordination geometries covered the space groups, P I , P I , P 2 ,, 

P2, / c , Cc, C 2, C 2 /c , P2,2,2,, Pca2,, P /ia2,, Pbcn and P6ca . This should ensure a better 

sampling of all the possible crystal structures. The maximum number of calculations was set to 50 for 

each coordination geometry; however, not all coordination geometries gave 50 starting positions. A 

total of 1304 starting structures are produced in MOLPAK. The structures are used for lattice energy
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minimisations using the latest version of DMAREL [226], in which anisotropic repulsion could be 

applied and mechanical properties can be calculated,

9.6 Calculation of properties of the low energy structures

9.6.1 Mechanical properties

The mechanical properties of an organic crystal can determine many aspects of their commercial 

production [42], Experimentally, it is very difficult to measure such data because of the relative 

softness of intermolecular interactions. Therefore there is a need of a computational approach to 

predict elastic constants of these crystals. Elastic properties are mainly determined by the second 

derivative of the potential [41]. Hence, the choice of the intermolecular potential is important for these 

types of calculations. It is possible to calculate the mechanical properties in the latest version of 

DMAREL [226]. This would be particularly useful, not just for judging the model potential, but it 

could eliminate weaker structures found in the crystal structure search. The mechanical properties can 

provide information not just for the single crystal, but also for crystalline aggregates. The latter is 

especially important for the pharmaceutical industry, where depending on the mechanical properties; 

the crystallites can undergo plastic deformation, brittle fracture, or elastic deformation on compression 

to form tablets. An example where the mechanical properties are important is the production of 

paracetamol [227-229]. The most stable form of paracetamol (Form 1) is the crystal form currently 

used in production. However, this form has poor tabletting properties due to its rigid elastic structure. 

Form 2 can be tabletted directly, but it is not easy to produce. Beyer et al. have performed studies on 

the prediction, morphology and mechanical properties of the polymorphs of paracetamol [43]. In this 

case, some low energy hypothetical structures, although formally mechanically stable, were only just 

so, and so seemed unlikely to be observed.

9.6.2 Simulated powder diffraction pattern

Different polymorphs have different crystal symmetry and/or unit cell parameters, which directly 

influence the reflection characteristics of powders. Therefore X-ray powder diffraction can be used to 

identify different polymorphs or a mixture of polymorphs in a reproducible and reliable way. Powder 

diffraction patterns are much easier to obtain than single crystal X-ray diffraction patterns of a 

metastable polymorph. In advantageous cases, it may be possible to characterise a crystal structure 

from the powder pattern [36]. However, predicted powder patterns may be useful in characterising a 

solid when an experimental powder pattern cannot be indexed. Hence, to help identify possible 

polymorphs, powder diffraction patterns could be calculated using Cerius^ software [230].

9.6.3 Morphology

The shape of a crystal is determined by the relative rates of depositions of materials on various crystal 

faces [231]. In general, the slower a face of the crystal grows the larger its size on the crystal. A face's 

growth rate is directly proportional to the interaction energy between the molecules in a growth layer 

and those in the underlying bulk of the crystal (the attachment energy of the face) [45]. This
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information could provide evidence on whether certain types of crystal structures are easy to grow, 

and we can eliminate the structures that has a poor growth rate as less likely to exist experimentally. It 

is possible to perform morphology calculations by calculating the attachment energies for the 

predicted crystal structure. This method has been quite successful for the predictions of paracetamol 

[43], where the morphology calculations have eliminated some of the hypothetical structures that are 

unlikely to be observed. Therefore, this reduced the number of predicted structures to undergo further 

observations and investigations. The models we used for calculating the morphology in Cerius^ 

software [232] are as follow.

The morphological importance of a face (its relative area on the crystal) is proportional to the 

inter-planar spacing of its corresponding lattice plane. (Proposed by Bravais [233] in 1866 and

validated by extensive observations by Friedel [234] in 1907). Donnay and Harker [44] (1937) 

extended this approach to take into account reductions in inter-planar spacing due to space group 

symmetry, and hence, it is often termed the BFDH model.

Hartman and Perdok's method [45] for calculating the relative growth rates of faces, the 

attachment energy model, is very widely applied. This technique determines relative growth rates 

from the magnitude of the intermolecular interactions with crystals. For organics, these interactions 

are the relatively weak, non-covalent cohesive forces between molecules, including highly directional 

hydrogen bonds. The total intermolecular energy per mol in a crystal is termed the lattice energy E^ , , 

which is approximately equal to the negative enthalpy of sublimation. Hartman-Perdok theory 

partitions the lattice energy into two contributions: the interaction within a slice of thickness and 

the interaction between the molecules in the slice and molecules in the rest of the crystal. The energy 

per mol within a slice Ê , is effectively the energy of formation of a slice from the gas phase. The 

energy per molecule between the slice and the bulk is effectively twice the energy per molecule of 

attaching the slice to the underlying crystal face (hkl). The energy between slice and bulk is termed the 

attachment energy Ê „ . For any face (hkl), the sum of the slice energy and the attachment energy is a 

constant E,^„.

(9.11)

Hartman and Perdok suggested a relationship between attachment energy and the rate at which 

material attaches to a face. Therefore the growth rate of a face must increase with increasing 

magnitude of the attachment energy.

(9.12)

where Rhki is the rate of growth of face (hkl) in the direction of its normal. The relative rates of growth 

can be used in conjunction with a Wulff construction [46] to draw the shape. The model implies that

faces with larger grow faster and are less prominent on a crystal. Since energy is in general a

function of intermolecular distance, it is consistent with the Law of Bravais: faces with small inter-

planar distances have large This is illustrated by observation that any easy to cleave faces

dominate the morphology. Faces that are easiest to cleave have strong cohesive forces between
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molecules in the surface layer; that is tangential to the plane, and weak cohesion forces between 

adjacent layers, that is normal to the plane.

9.7 Crystal structure prediction
The results are presented in order, with the results from geometry optimisation, model potential 

parameters and analyses performed on the model potential given. Then it is followed by the crystal 

structure search with the FIT model, with focus on the low energy minima. The low minima from the 

search using the FIT model then undergo further minimisations using the non-empirical ANI model 

that includes anisotropic repulsion, Slater-Kirkwood Q  dispersion, and the same DMA as used in the 

FIT model.

9.7.1 Molecular geometry and empirical model

Ab initio optimisation gave a planar C2v symmetry structure, which differed only slightly from the 

experimental molecular structure (See Table 9.1). The experimental molecular structure is slightly off 

from being symmetrical. This could be due to the packing arrangement of Form A that caused the 

intramolecular geometry to alter. Hence it is vital to use an impartial molecular structure, that could be 

use to search for all possible polymorphic forms. The following table gives the corresponding 

structural parameters.

Experimental structure Ab initio stmcture
Bond lengths / A
CI2 . .C2 1.714 1.718
CI4.. .C4 1.715 1.717
CI5.. .C5 1.709 1.720
Clg.. .Cg 1.716 1.717
N1...C7 1.132 1.134
N3...C8 1.126 1.134
Cl.. .C7 1.437 1.441
C3...C8 1.448 1.441
C |.. .C2 1.391 1.390
C2...C3 1.391 1.390
C3...C4 1.394 1.395
C4. . .C5 1.391 1.391
C5...C6 1.390 1.391
C6...CI 1.395 1.395
Angles / ®
CI2 C2 C, 120 120
CI2 C2C3 120 120
C8C3C2 120 120
C7C,C2 120 120
C7C, C6 120 120
C8 C3 C4 120 120
N,C7C, 180 180
N3C8C3 178 180
Clfi Cfi c, 118 119
ClgCgCg 121 121
C14 C4 C3 118 119
C14C4 C5 121 121
C15C5C6 121 120
Cl, C, C4 121 120

Table 9.1 Table of molecular structures' parameters for chlorothalonil.
See Figure 9.1 for labelling of atoms. All torsion angles < 1®.

New Models for Intermolecular Repulsion and their Application to van der Waals Helen H.Y. Tsui
Complexes and Crystals of Organic Molecules August 2001



9 Crystal Structures of Chlorothalonil 167

Atom pairs /kJ/mol a„ / A ' C,, / kJ/mol Â
N...N 254530 3.78 1378.4
C1...N 485136 3.64 3625.9
Cl...Cl 924672 3.51 7740.5
C...N 306775 3.69 1833.9
C1...C 584716 3.55 4322.4
C...C 369743 3.60 2439.8

Table 9.2 Table of repulsion-dispersion parameters of the empirically fitted (FIT) model.
They are taken from Williams' empirically fitted parameters from perchlorinated [77] and azahydrocarbcns [75] assuming that 

these potentials were transferable and could be used in combination with using the relationships a,^ = ^ ( a „  + a ^ ) ,

c„=(c„c„)>̂

The empirically fitted repulsion-dispersion (FIT) model (See Table 9.2) with MP2 DMA 

reproduced the experimental crystal structure successfully (See Table 9.3) on lattice energy 

minimisation. The predicted lattice energy of the experimental crystal structure of chlorothalonil using 

both the experimental and ab initio molecular structure was -108.98 and -108.60 kJ/mol respectively. 

These lattice energies are in excellent agreements with the experimental sublimation energy of 109.1 

kJ/mol [218]. This is well within the level of significance [160] of approximately 2 kcal/mol. The 

corresponding r.m.s. % errors in the cell lengths are 1.017 and 0.851 respectively. Hence the empirical 

literature potential is perfectly adequate for modelling chlorothalonil, as judged by its ability to 

reproduce the published crystal structure and lattice energy. The differences between the molecular 

structure in the crystal and gas phase {ab initio) have a negligible effect on the modelling, and hence 

the ab initio molecular structure can be confidently used in the crystal structure prediction.

Expt. Expt. FIT ANI FIT ANI
Molecular structure expt. ab initio expt. expt. ab initio ab initio
Uiatt (initial) / kJmol' -108.98 -99.78 -108.60 -98.79
Uiatt / kJmol’ -109.F -110.12 100.65 -109.72 -99.41

Structural differences A(calc.-expt.) 
(with same molecular structure)

Space Group P l j a P2j a P2j a P2j a P2j a
a /A 24.753 -0.409 +0.018 -0.335 +0.081
b / A 6.226 +0.038 +0.056 +0.025 +0.050
e l k 6.340 +0.002 -0.076 +0.027 -0.054
p /° 95.41 +0.38 +1.35 +0.22 +1.29
Cell Vol. / Â 972.719 -10.549 -4.665 -5.682 0.229
p / gcm^ 1.816 +0.020 +0.009 +0.010 -0.001
d(N3...C;) / A 3.070 3.077 +0.005 -0.041 -0.008 -0.057
d(N,...Cl5)/A 3.138 3.101 +0.017 -0.035 +0.067 +0.012
d(N3...CW/A 3.149 3.139 +0.090 +0.111 +0.099 +0.121
r.m.s. % cell 1.017 0.866 0.851 0.702

Table 9.3 Reproductions of the crystal structure of chlorothalonil (BAWNIW) by lattice energy minimisation in 
DMAREL.

^Experimental sublimation energy from NIST Web Book [219]. r.m.s. % cell are r.m.s. % errors in the cell lengths.

9.7.2 The non-empirical model

Preliminary analysis of the atom-atom overlaps shows that CI2, Clg and Clg are very similar and so 

only one set of Cl parameters was fitted. The data on the C atoms is sparse because of problems of 

accessibility, but it appeared to be necessary to consider two types of C atoms, one for the cyanide
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carbon (Cm) and one type for the ring carbon (Cc). Certainly these C atoms are sufficiently 

inaccessible that only isotropic repulsion parameters will be used (See Figure 9.2). W e also expect the 

N atoms in chlorothalonil will be very different from those in cyanuric chloride [40]. The parameters 

derived by fitting the overlap are given in Table 9.4.

The shape of the chlorine atoms in chlorothalonil exhibits polar flattening [39], this is reflected 

by the sign of the anisotropic parameter shown in Table 9.4, giving chlorine its smallest van

der Waals radius in the direction o f the C1...N contact. The chlorine anisotropy parameters are very 

similar to those found for cyanuric chloride [40]. However, the nitrogen atoms appear to be more 

anisotropic than those in cyanuric chloride. This is because the charge distribution o f the nitrogen 

atom triple-bonded to a carbon is very different from that o f the aromatic nitrogen in cyanuric 

chloride. The nitrogen atoms are also more exposed in chlorothalonil (Figure 9.4), and hence a wider 

range of orientations can be sampled in intermolecular contacts and the anisotropy will be more 

apparent.

Atom pairs Xo PlOl Poll P 202 P 022

Full
anisotropic
N ....N 2.11 0 .999598 2.01 -0 .279001 -0 .279001 0 .2 2 6 9 9 0 0.226990
C 1...N 2 .12 0.999731 2.35 0 .094153 -0 .279001 -0 .2 4 2 0 5 4 0-226990
C l...C l 2.11 0 .999815 2.59 0 .094153 0 .094153 -0-242054 -0-242054
Partial
anisotropic
C c ...N 2.05 0 .999502 1.75 0 .0 0 0 0 0 0 -0 .279001 0 .0 0 0 0 0 0 0-226990
C n - . .N 2.12 0 .999555 1-64 0 .0 0 0 0 0 0 -0 .279001 0 .0 0 0 0 0 0 0-226990
C l . . .C c 2.05 0 .999749 2.19 0 .094153 0 .0 0 0 0 0 0 -0-242054 0 .0 0 0 0 0 0
C l . . . C n 2.11 0 .9 9 9 7 3 4 2.07 0 .094153 0 .0 0 0 0 0 0 -0 .2 4 2 0 5 4 0 .0 0 0 0 0 0
Isotropic
only
C c C c 1.99 0 .999483 1.70 0 .0 0 0 0 0 0 0 .0 0 0 0 0 0 0 -000000 0 .0 0 0 0 0 0
C n - • -C n 2.14 0 .9 9 9 7 4 6 1.39 0.000000 0 .0 0 0 0 0 0 0.000000 0 .0 0 0 0 0 0
C c- -C n 2.05 0.999611 1.52 0 .0 0 0 0 0 0 0 .0 0 0 0 0 0 0 .0 0 0 0 0 0 0 .0 0 0 0 0 0

Table 9.4 Table o f non-empirically derived parameters (in atomic units).

Pu = ;to + [ in  ^ / a , ^ ] , where K  are the range o f values that used to  fit for K  using experim ental cell volum e and m odel 

overlap. Cc are arom atic carbon atom s and Cn are C -N  carbon atom s, r" is the correlation coeffic ient for the fitting o f using 

linear regression o f  the isotropic coefficients w ith distance.

C yanuric chloride C hlorothalonil

Figure 9.4 Diagram o f chlorothalonil and cyanuric chloride volumes using spherical van der Waals radii.
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For the fitting of the optimal K  value, a range of K  values ranging from  3.5 to 9.0 were used 

to produce different sets o f repulsion parameters from the overlap model (Table 9.4). These 

parameters are then used with the corresponding dispersion and electrostatic model and minimised in 

DMAREL. These produced various sets o f results with different cell parameters, cell volumes and 

lattice energies. The results are then plotted (Figure 9.5 and Figure 9.6) to show the sensitivity of the 

repulsion to the proportionality constant K  . The lattice energy was the most sensitive parameter, 

followed by the cell volume. However, all the cell parameters and the lattice energy are reasonably 

well predicted by values o f K  between 6  and 7 a.u., which is sim ilar to the K  values derived in other 

studies (Chapter 6 ). The experimental cell volume is the most suitable for fitting the optimal value of 

the proportional constant, K  .
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Figure 9.5 Representation of the structural parameters’ sensitivity upon varying of K  value.
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The optimal value o f K  6.210 a.u. was obtained by linear fitting to the lattice energy minima cell 

volumes versus K  (See Figure 9.7) with a r^ value o f 0.999474 to target the experimental cell volume 

of 972.719
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Figure 9.7 Linear regression to fit K  with cell volume.

Atom
pairs

A .

kJ/mol

a„, / A ' P.O. / A Po.. /  A P 202  ̂A P 022  ̂A C .J
kJ/mol

A"

N .. . .N 1242258 3.98 -0.147641 -0.147641 0.120118 0.120118 1604.3
C 1 .. .N 2586127 4.00 0.049824 -0.147641 -0.128090 0.120118 3336.0
C l . . .C l 4189265 3.98 0.049824 0.049824 -0.128090 -0.128090 7063.1
C c . . .N 660256 3.88 0.000000 -0.147641 0.000000 0.120118 1625.2
C n . . .N 588432 4.01 0.000000 -0.147641 0.000000 0.120118 1625.2
C l . . .C c 1622159 3.88 0.049824 0.000000 -0.128090 0.000000 3415.9
C l .. .C[sj 1424088 3.99 0.049824 0.000000 -0.128090 0.000000 3415.9
C c...C c 527969 3.76 0.000000 0.000000 0.000000 0.000000 1656.8
C f\|.. .C n 350033 4.04 0.000000 0.000000 0.000000 0.000000 1656.8
C c - . C n 404648 3.87 0.000000 0.000000 0.000000 0.000000 1656.8

Table 9.5 Table o f parameters used for the non-empirical derived repulsion-dispersion model.

T he form  o f the potential is ^  A . exp ( [ - a . ,  ] [/?,* -  (p,'5,o, + 5„,. + ) ] )  -  Q "  / K  .

The non-empirical repulsion-dispersion parameters derived using this optim al K  are shown in 

Table 9.5, and used in conjunction with the DMA (same as the one used in the FIT model), from the 

ANI model. The ANI model potential was then tested using DM AREL, and the corresponding 

minimised crystal structures and lattice energies are shown in Table 9.3. For the ab initio molecular 

model, the lattice energy is -99 .40  kJ/mol, which is somewhat less stabilising than the experimental 

value, but within level o f significant values. The overall r.m.s. % error for the cell parameters is only 

0.695, which is slightly smaller than the value of 0.702 obtained using the FIT model. Thus our ANI 

model provides as good a model as the empirical repulsion model o f the crystal structure o f this form 

o f chlorothalonil. It is better theoretically justified as it is non-empirical (apart from the fitting of K  ) 

and includes the anisotropy for the repulsion. We note that the empirical fitting o f K  has absorbed the
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effects o f penetration, charge transfer etc. into the repulsion model, and possibly partially absorbed 

other errors, such as the omission of polarization.

9.7.3 Crystal structure search

Lattice energy of the dense packing arrangements generated by M OLPAK has yielded many valid 

crystal structures. New implementation of mechanical properties calculation in DM AREL [226] has 

allowed the possibility to distinguish a true minimum from a transition state. There are many minima 

scattered around a crystal's potential energy surface, and also many transitions states and higher order 

saddle points. Here note the effectiveness of the analysis (Figure 9.8).
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Figure 9.8 Lattice energy change upon reduction of symmetry, for structures, which are minimised to a transition 
state in the original space group (using the ANI model).

The minimisation techniques such as a quasi Newton-Raphson m ethod as used in DMAREL 

cannot differentiate between saddle points and minima, because the molecular forces, torques and 

lattice strain derivative disappear at these points. The new implementation calculates the eigenvalues 

of the Hessian matrix, and it is possible to distinguish the saddle points from minima by the 

appearance of negative eigenvalues. Negative eigenvalues are then followed to lower the energy and 

the symmetry of the crystal, to move away from the transition point. The lattice energy is lowered by 

as much as 10 kJ/mol upon reduction of symmetry (See Figure 9.8). This is an improvement in 

identifying valid minima, an improvement on the version used in the blind crystal structure prediction 

(Chapter 4). Out o f the 1304 starting structures, there are 1196 structures converged to valid minima 

m some space group. There are 426 minima o f the 1196 structures required the reduction of 

symmetry, in order to converge to minimum from saddle points. The com plete set o f minima obtained 

in the search is shown in Figure 9.9.
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Figure 9.9 Plot of minima found in search from MOLPAK and minimised in DMAREL using the FIT model. 

Note space groups represented are from  starting structures set up in M OLPAK.
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Figure 9.10 27 distinct low minima by space group between lattice energy of -105 and -110 kJ/mol, using the FIT 
model minimised in DMAREL using starting structures from MOLPAK.

Note space groups represented are final space groups for the predicted structures.

The most significant result is that the global minimum was found correspond to the minimised 

experimental crystal structure with the same potential. 162 minimisations converged to energies
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9 Crystal Structures of Chlorothalonil 173

between -105 and -110 kJ/mol (the global minimum). This produced 27 structures (See Figure 9.10), 

since many of the minimisations produced are clustering of the same minima. The space groups of 

these 27 minima are P I ,  P 2 ,, P 2 J c ,  Pc,  C 2 l c ,  P2,2,2,and Pna2^ (See Table 9.6). The lowest 

minimum ( P2, /c  ) is approximately 0.6 kJ/mol lower than the next low minimum ( P2, ).

Space
group

Uiatt/
kJ/mol

Cell vol.
per

molecule
/

Cell 
density / 

gcm'^

a/A b/A e l k a / ° y f O

Expt. P 2 J a -108.60 243.180 1.816 24.753 6.226 6.340 90.00 95.41 90.00
Expt.
(min)^

P l J a -109.72 241.759 1.826 24.418 6.251 6.367 90.00 95.63 90.00

Structures fo u n d  in search R educed  cell param eters

FC45 P2./C -109.71 241.760 1.826 6.251 6.366 24.418 95.62 90.00 90.00
AFI8 P2. -109.08 242.575 1.820 6.129 6.484 12.228 93.31 90.00 90.00
AM12 P l j c -108.50 246.120 1.794 5.236 10.277 18.572 90.00 90.00 99.91
AB34 P \ -108.35 246.345 1.792 5.238 6.820 14.104 83.97 84.56 80.53
AB37 P \ -108.32 244.075 1.809 6.528 8.992 9.052 108.11 102.98 92.68
AB27 P \ -108.32 246.375 1.792 5.240 6.825 14.088 84.01 84.46 80.63
AI44 P2,/c -108.04 241.733 1.827 5.656 12.253 13.963 92.33 90.00 90.00
AB3 pT -107.85 241.930 1.825 5.888 6.481 12.788 91.99 96.07 93.06
AB39 p T -107.84 241.895 1.825 5.893 6.476 12.785 92.04 96.03 93.60
FC47 P2,/c -107.76 240.773 1.834 5.354 7.211 25.064 95.65 90.00 90.00
AK17 P2,/c -107.64 237.510 1.859 8.930 9.945 10.886 100.65 90.00 90.00
CD41 p T -107.54 245.956 1.795 10.206 10.252 10.591 80.45 64.61 81.53
AB15 p T -107.44 240.460 1.836 6.643 7.574 10.069 89.56 75.69 78.65
DD42 p T -107.40 246.140 1.794 5.373 6.576 28.559 84.12 96.01 79.19
AB36 p T -107.00 243.740 1.812 7.187 7.607 9.145 79.28 82.91 87.53
FC48 P2,/c -106.86 245.095 1.802 6.195 6.838 23.332 90.00 97.30 90.00
BD13 Pc -106.83 245.143 1.801 6.285 6.616 23.770 90.00 97.22 90.00
AM48 p T -106.72 246.870 1.789 6.571 10.786 14.897 107.28 91.15 100.69
FC41 p T -106.43 246.728 1.790 7.105 9.265 15.382 78.77 88.26 83.56
AB25 p T -106.28 243.310 1.815 5.045 9.088 10.990 96.97 98.88 98.75
FC4 P2./C -106.07 245.588 1.798 5.500 6.950 25.721 92.45 90.00 90.00
DE17 C2/C -106.07 243.703 1.812 5.392 12.296 15.560 106.13 99.98 90.00
BF4 Pna2^ -105.93 245.895 1.796 6.134 6.332 25.325 90.00 90.00 90.00
DC35 p T -105.92 244.995 1.802 6.669 7.282 20.534 91.02 96.92 97.86
AZ19 P2,2,2, -105.89 245.150 1.801 5.590 6.834 25.667 90.00 90.00 90.00
AM 14 Pc -105.88 248.963 1.774 6.762 9.280 15.966 90.00 90.00 96.34
ABll p T -105.20 243.955 1.810 5.243 7.455 12.952 75.22 85.90 86.87

Table 9.6 Table of results from the minima found in MOLPAK search and minimised in DMAREL using the FIT 
model.
^Expt.(min) is the experimental crystal structure minimised using the same FIT model with ab initio optimised molecular 
structure.

9.7.4 Application of the ANI model for low minima from search

Since we have constructed our ANI model, we can now apply this potential to the lowest 27 minima 

found in the search using the FIT model. This should provide us a comparison between the two 

potential models. Table 9.7 shows the minimisation results from using the ANI model. Based on our 

reconstruction of experimental crystal structure, (See Section 9.7.1 and 9.7.2) we would expect the
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9 Crystal Structures of Chlorothalonil 174

ANI model to perform better than the FIT model. The order of lattice energy of some minima has 

changed with the ANI model; with some of the minima's space groups changed. This has reduced the 

number of distinct minima to 22. The known structure remains the global minimum but by a smaller 

margin.

Space
Group

Uiatt/
kJ/mol

Cell vol.
per

molecule
/ A '

Cell 
density / 

gcm'^

a/A b /A c/A a/® P /° y ,0

Expt. P 2 f a -98.79 243.180 1.816 24.753 6.226 6.340 90.00 95.41 90.00
Expt.
(min)^

P 2 J a -99.40 243.246 1.815 24.840 6.272 6.288 90.00 96.65 90.00

Structures foun d in search Reduced cell param eters

FC45 P2./C -99.40 243.243 1.815 6.272 6.288 24.839 96.65 90.00 90.00
AB15 P \ -99.39 238.424 1.852 6.482 7.774 10.166 91.31 106.80 102.50
AI44 P 2 J c -99.31 243.379 1.814 6.228 12.309 12.750 95.12 90.00 90.00
API 8 P2, -99.02 243.922 1.810 6.235 6.302 12.468 95.31 90.00 90.00
AB3’ P \ -98.16 243.514 1.813 6.077 6.350 12.727 94.53 94.72 92.96
AB25 P \ -98.15 242.314 1.822 5.144 9.054 11.166 101.63 96.83 104.71
D C 35 P 2 J c -98.07 237.874 1.856 9.243 13.565 15.211 93.79 90.00 90.00

AK17 P2,/c -98.00 236.384 1.868 8.924 9.141 11.791 100.55 90.00 90.00
FC47 P 2 J c -97.93 243.208 1.816 6.177 6.398 24.691 94.45 90.00 90.00
D D 42 P2,/c -97.24 249.527 1.770 8.141 9.248 26.562 90.00 93.36 90.00

AB27* P \ -97.22 249.953 1.767 5.693 6.500 13.741 87.79 87.32 79.96
DE 17 p T -96.68 240.827 1.834 3.707 17.840 29.132 90.18 90.19 90.06

FC4 P2,/c -96.66 250.518 1.763 6.032 6.446 25.846 94.34 90.00 90.00
AB37 P \ -96.57 247.801 1.782 6.762 8.897 9.048 104.88 94.90 106.98
BF4 Pna2, -96.18 248.109 1.780 6.115 6.335 25.619 90.00 90.00 90.00
A B U P \ -96.14 244.380 1.807 5.277 7.469 12.888 75.16 85.48 85.82

AB36 P \ -96.00 246.151 1.794 7.132 7.824 9.145 77.55 81.02 87.81
AZ19 P2,2,2, -95.66 249.250 1.772 5.860 6.557 25.946 90.00 90.00 90.00
BD13 Pc -95.26 242.310 1.822 3.709 8.524 30.693 90.00 92.76 90.00
AMJ2 P 2 J c -94.33 242.962 1.817 3.684 15.533 16.990 90.00 90.00 90.12

FC48 P 2 J c -91.55 249.939 1.767 5.618 7.527 23.927 98.82 90.00 90.00
AM14 Pc -85.96 255.622 1.727 6.379 8.109 10.661 112.01 90.00 90.00

Table 9.7 Table of results from the minima found in MOLPAK search and minimised in DMAREL using the 
ANI model.

^Expt.(min) is the experimental crystal structure minimised using the ANI model with ab initio optimised molecular structure. 
'Also AB34, AM48 and FC41. *Also AB39. Italics denote structures, which appeared unlikely after analyses of elastic 
constants or morphology.

9.8 Analysis of results from crystal structure prediction

There are various methods in analysing the predicted crystal structures, and it is very difficult to 

differentiate the other possible polymorphic forms without experimental evidence, however, there are 

alternative methods that may eliminate the possibility of some of the predicted structures. We will be 

eliminating some predicted structures according to their mechanical properties and the morphology 

they displayed.
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9 Crystal Structures of Chlorothalonil 175

9.8.1 Predicted structures

The minimisation using the ANI model with the low lattice energy structures from the search using 

the FIT model has produced 20 minima that are within 5 kJ/mol from the global minimum that 

correspond to the experimentally known structure. The three lowest lattice energy space groups are 

P2  ̂Ic , P \  and F 2 , . All these minima either adopt a herringbone or sheet arrangement. We discuss 

the lowest 5 predicted structures.

i
f .

. • • p • ^ ' V ^ '

: /  ^ ^

I /  \  /

02: \  ,3.02

Figure 9.11 Predicted crystal structure FC45 ( Pl  ̂!c ) (lowest minimum), which is visually indistinguishable 
from the experimental structure.

The experimental structure and the lowest minimum from search (FC45) are virtually identical (See 

Table 9.3 and Table 9.7). It has a double herringbone arrangement, with close contacts N 3 ...C 3 and 

N 1...C I5, with 3.020 Â and 3.112 Â respectively. The molecules joined by the N 1...CI5 contacts are 

virtually coplanar.
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9 Crystal Structures of Chlorothalonil 176

Figure 9.12 Predicted crystal structure AB15 ( P i ).

AB15 shows that the structures are packed in sheets, with close contacts CI4 . ..N 3 and CI5 . . .N 1 of 

3.187 Â and 3.208 Â respectively. Despite the different packing arrangem ent from the lowest energy 

structure, it is only 0.01 kJ/mol less stable. It has a smaller cell volume, probably due to the closer 

packing of the sheet arrangements.

/ 3.09'.

3.10

3.06

Figure 9.13 Predicted crystal structure A144 ( P 2 ,/c  ).

AI44 is the next lowest structure that has the space group P  2 ,/ c .  Although it has the same space 

group as the lowest minimum, and the lattice energy is only slightly higher by 0.09 kJ/mol, the 

herringbone packing arrangement is a single herringbone instead o f a double herringbone. There are 

three close contacts, N 3 . ..C 3, N 1...C 4, Cg...Cg, with distance of 3.104 Â, 3.081 Â and 3.092 Â 

respectively. All C1...N close contacts are longer than these bond distances.
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3.01

Figure 9.14 Predicted crystal structure AF18 ( P2, ).

AF18 appears to have similar packing arrangements as AI44, with its lattice energy higher than AI44 

by 0.29 kJ/mol. However, it is in a different space group, F’2 , . The close contacts are N 1...C I3, 

N3 . ..C 3 with 3.161 Â and 3.007 Â. It is also almost coplanar as similar to the one observed in FC45.

;.10

Figure 9.15 Predicted crystal structure AB3 ( PI ).

AB3 is similar to AB15, with the same space group and an approxim ate sheet packing arrangement. 

However, it is less stable and the cell volume is larger corresponding to a greater distance between the 

sheets. It has N 3 ...C I5 close contact of 3.131 Â.

All these hypothetical structures and those in Table 9.7 could be possible polymorphs on the 

basis o f their lattice energy, since all the lattice energies obtained are so close to each other. Therefore
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we calculated other properties to see if any of these energetically feasible structures are unlikely to be 

observed.

9.8.2 Mechanical properties

The mechanical properties of the lowest 20 predicted structures from minimisation using the ANI 

model are shown in Table 9.8. C ,,, Cj2 and C33 are the measured stiffness constants to compression, 

and C44, C55 and C^^are shear constants. Unfortunately we do not have the corresponding 

experimental data for comparison; however, most of the crystal structures have elastic constants that 

are typical of organic materials [41]. It must be noted that the method calculates the mechanical 

properties at 0 Kelvin and so the elastic constants are probably overestimates. The elastic constants 

suggest that there are a few soft crystals found in the prediction, in particular ABl I and AM 12 where 

Cg5 and C44 respectively are very small. This indicates that these structures would be easily sheared 

and so less likely to exist.

Elastic Constants ( ) / GPa

Space
Group Cn Cj2 C33 C44 Qs C66

Expt. (min) P 2 J a 16.64 17.48 18.61 10.08 9 .7 4 7.50

FC45 P l j c 13.11 17.48 31.48 5.39 5.07 12.20

AB15 P \ 13.68 26.73 16.32 6.26 11.37 8.25

AI44 P 2 ,/c 19.37 15.98 17.89 8.49 8.64 9.78

AF18 P2, 18.47 15.71 18.66 8.17 9.85 10.50

AB3 P \ 14.16 18.63 20.52 7.97 11.09 8.22

AB25 P J 16.60 19.98 18.82 10.01 12.67 6.42

DC35 P l j c 21.73 32.15 13.21 1.96 11.71 6.16

AK17 P l j c 14.82 28.16 14.17 7.60 12.07 7.99

FC47 P 2 J c 14.75 14.33 18.69 6.95 10.78 9.18

DD42 P 2 ,/c 13.09 27.07 25.94 4.27 8.31 2.32

AB27 pT 12.16 24.94 24.32 9.69 4.64 8.09

DE17 p T 18.85 13.80 21.28 3.90 5.17 1.79

FC4 P 2 ,/c 13.22 13.90 13.86 2.22 1.95 8.52

AB37 p T 20.68 17.58 12.10 5.81 6.48 9.97

BF4 Pna2f 15.40 16.05 13.24 3.44 10.22 5.73

A B ll p T 13.35 17.54 18.30 9.26 7.63 0.15

AB36 PT 12.72 37.65 13.31 7.60 9.30 6.16

AZ19 P2,2,2, 15.48 15.70 11.11 10.52 2.00 7.45

BD13 Pc 17.93 22.74 13.98 4.02 2.26 5.08
AM12 P 2 J c 14.51 19.14 11.78 0.56 8.02 4.72

Table 9.8 Calculated elastic constants for the predicted crystal structures found in search.

Optical axes: x\\a  z ||c  ylxz(righthanded)  for monoclinic and orthorhombic space groups, and 
z ||c  x \ \a*  y Ixz(righthanded)  for tricUnic space groups relative to the conventional cell in Appendix C.

9.8.3 Powder diffraction pattern

In Figure 9.16, we compared the powder diffraction pattern of the experimental structure, with that of 

the global minimum found in our search (FC45). The simulations are carried out using Cerius^
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software [230] corresponding to a copper X-ray source with a wavelength 1.54178 Â with 0.5 

polarization fraction. The overlay of the two powder diffraction patterns show that they matched up 

relatively well, showing that the lowest energy crystal structure is in good agreement with the 

experimental observed crystal structure. Similar powder diffraction diagram s for the low energy 

hypothetical structures have been generated for comparison with the powder data of other 

polymorphic forms.

Powder Diffraction Radiation used “ XRAY
..simulated PC45 .simulated experiment

100 1.5418

80

60

40

20

0

10 20 25 30

Diffraction Angle
40 s6

Figure 9.16 X-ray Powder diffraction patterns simulated using Cenus^ software [230].

9.8.4 Morphology calculations

Morphology calculations were performed using Cerius^ software's morphology options [232]. The 

Bravais-Friedel Donnay-Harker (BFDH) model and the growth morphology o f  attachment energy 

model o f Hartman and Perdok models were used to predict the morphology for the 20 lowest 

predicted structures and the experimental structure. Two force fields were used for the attachment 

energy model. The first is the PCFF force field in Cerius^ [232], and the second is the FIT repulsion- 

dispersion with charges calculated using Charge-Equilibration method (Q E q_neutrall.0) in Cerius^. 

(See Appendix D for details)
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Figure 9.17 Diagrams of morphology, predicted from using the BFDH model and calculated from attachment 
energy using the PCFF force field and the FIT force field with charges derived from Charge-Equilibration 
(QEq_neutral 1.0) in Cerius^ [232].

The predicted morphologies o f the crystal structures have shown that the different methods 

produce generally similar morphologies except AZ19. There are a few structures that have very thin 

needles or plates that appear to be unlikely to exist. However, we still need to com pare the attachment 

energies, which are assumed to be proportional to the growth rate in the Hartm an-Perdok model [45] 

before deciding which structures are 'unlikely' to be valid.

BFDH PCFF FIT
Aspect
ratio

% Area 
of face^

Slowest
growing

faces*

Aspect
ratio

%
Area

of
face*

Slowest
growing

face*

Ea«/
kJ/mol

Aspect
ratio

%
Area

of
face*

Slowest
growing

face*

Eutt /
kJ/mol

Expt. 2.8372 46.43 200 (2) 2.9705 47.87 200 (2) -22.1679 4.4592 58.50 200 (2) -17.5105
AB3 2.9761 48.69 001(2) 3.1642 50.65 001(2) -20.5066 9.8486 75.85 001 (2) -8.3119
ABll 2.8972 46.34 001(2) 3.5482 51.79 001(2) -19.1598 6.4871 63.52 001 (2) -14.6137
AB15 1.9560 36.94 001(2) 2.4150 41.59 001(2) -26.9395 3.1209 47.18 001 (2) -20.1169
AB25 2.4209 39.12 001(2) 2.9556 41.33 001(2) -22.7616 3.3077 47.97 001 (2) -16.3940
AB27 3.1262 53.26 001(2) 3.9535 54.54 001 (2) -17.2128 10.1794 74.53 001 (2) -9.6240
AB36 1.7983 30.36 O i l (2) 1.7640 3Z87 110(2) -35.4515 2.0669 33.16 Oil (2) -27.4192
AB37 1.7182 29.34 001(2) 1.9098 28.86 001 (2) -32.4063 2.2840 29^2 001 (2) -30.5890
AF18 2.9312 46.68 001(2) 3.3596 48.24 001 (2) -21.6802 7.5038 67.29 001 (2) -16.3203
A144 2.7111 49.50 100(2) 3.0328 54.29 100(2) -20.7981 8.4095 75.77 100 (2) -10.2105
AK17 2.6350 39.64 100 (2) 2.8170 41.54 100(2) -22.6826 2.4867 42.56 100 (2) -22.6395
AM12 4.8434 23.47 010(2) 101.6164 47.37 010(2) -0.1755 280.7254 49.24 010(2) -0.0962
AZ19 3.0108 47.66 200(2) 3.9833 54.21 200(2) -17.6590 6.4337 66.50 200 (2) -14.1189
BD13 9.0435 35.70 100(2) 164.3552 48.94 100(2) -0.1159 15.3406 42.67 100 (2) -2.2204
BF4 2.9987 47.07 020(2) 3.7714 5Z84 020 (2) -18.3463 7.9016 69.70 020 (2) -12.7409
DC35 2.1942 19.14 001 (2) 38.3472 46.84 001 (2) -0.5736 46.0004 47.00 001 (2) -0.3928
DD42 4.4185 29.98 001 (2) 9.4910 40.17 001 (2) 0.0021 192.1646 49.38 001 (2) -0.3004
DE17 8.0839 28.71 lOT (2) 159.9376 47.03 001 (2) -0.2101 4.6707 14.75 lOT (2) -6.6912
FC4 2.9896 48.23 W 2 # ) 3.9644 55^3 002 (2) -16.6926 5.6146 64.6 002 (2) -15.0343
FC45 2.8366 46.27 002(2) 3.0184 48.17 002 (2) -22.1103 4.5744 59.44 002 (2) -17.0761
FC47 2.8376 46.58 002 (2) 3.0038 48.34 002 (2) -21.6865 12.1111 78.00 002 (2) -8.9352

Table 9.9 Table of results of morphology, using the BFDH, PCFF and FIT model.

* 10 0 x (  total surface area o f slowest growing face)/total surface area ^frequency o f occurrence in parentheses.
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If we look at the attachment energies for the slowest growing face for each crystal structure 

(Table 9.9), there are 5 distinct hypothetical structures that are predicted to grow very slowly. They 

are DC35 ( P2, /c  ), DD42 ( P2, /c  ), DE17 ( P \ ), BD13 ( Pc ) and AM12 { P l j c  ). Their attachment 

energies for the morphologically dominant face are all smaller than -7.0 kJ/mol. It must be noted that 

there is a large range in the attachment energies for the different faces of different structures with 

essentially the same lattice energy. The experimental structure is predicted to grow reasonably fast by 

the attachment energy of its slowest growing face, but it does not have the greatest growth rate. 

Morphology calculation estimates the growth rate of the hypothetical structures, and eliminated a few 

structures, however, there are many hypothetical structures that are kinetically feasible. It would be 

noteworthy if a fast growing structure such as AB37 proved to be a polymorph.

9.9 Polymorphs of chlorothalonil
As mentioned in the introduction, this study started following preliminary experimental evidence that 

there could be other polymorphic forms for chlorothalonil. This was suggested by Cherryman [224], 

along with evidence from his theoretical calculations, that there could be existence of two more 

polymorphic forms. Here we discussed Cherryman's results and compared with both our prediction 

and experimental observations from Tremayne [35].

9.9.1 Theoretically predicted polymorphs

We have reported in our crystal structure prediction the possible polymorphs that are energetically 

feasible. If we have to select a structure that could be the second polymorph, we choose a P\  

structure (AB15), that could be the second polymorph. Cherryman [224] has carried out calculations 

and found the three possible polymorphic forms of chlorothalonil. The results from Cherryman's 

calculations using Cerius^ [232] are shown in Table 9.10. Cherryman also performed DFT calculations 

to estimate the lattice energies for the structures (Total energy - energy of molecule). The energy 

difference from the lattice energies obtained from Cerius^ for the three structures ( f  2 ,/n  , P I ,  P I) 

are 0.0 kJ/mol, +5.86 kJ/mol and 30.96 kJ/mol respectively. However, all the molecular geometries 

used in his study were different slightly. Therefore if one would like to make comparison, it is best to 

use the same molecular geometry. We attempted to determine the P I and PI structures and lattice 

energies using Cherryman's structure as starting points with the ANI model (using our ab initio 

optimised geometry), to provide us a comparison on the lattice energy difference using different force 

fields. The results showed that the P 1 structure of Cherryman is similar to the minimised structure in 

DMAREL, and corresponds to the fifth lowest energy structure in our search (See Table 9.7). 

However, the PI structure is not identified in our search as an energetically feasible minimum, as 

shown by the minimised structure's lattice energy of -80.62 kJ/mol. Despite this, a similar structure is 

observed in our search for the PI structure as shown in the next section.
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Cerius^ DMAREL
F 2 ,/a f T FI FI FI

Molecular structure expt. ab initio ab initio ab initio^ ab initio^
Ula,t (initial) / kJmol ' -103.59 -107.46 -107.40 -91.74 -75.12
U|a„ / kJmol ' -107.33 -110.60 -107.45 -98.17 -80.62

Structural differences A(DMAREL-Cerius^)

a/A 24.160 6.116 6.309 +0.234 +0.233
b /A 6.393 12.549 6.187 +0.179 +0.164
c / A 6.232 6.184 6.183 -0.107 +0.027
a / ° 90.00 94.73 93.56 -0.003 -1.871
p / ° 97.44 93.35 94.93 -0.382 + 1.284
y / o 90.00 95.62 96.34 -1.091 + 1.892
Cell Vol. / Â 972.719 469.619 238.404 + 17.446 + 15.180
p / gcm^ 1.816 1.881 1.852 -0.068 -0.111

Table 9.10 Table of results for structures found by Cherryman [224] with Dreiding 2.21 force field and Gasteiger 
charges using Cerius^ [232].

P 2 j a  structure was m inim ised from  experim ental structure, therefore the lattice energy for the experim ental structure was

predicted to b e -103.59 kJ/m ol. The F I  and FI structures m inim ised in D M A R E L  using  the ANI m odel, w ith starting 
structures from  C herrym an [224]. ^Note that our ab initio  optim ised geom etry is used in the D M A R E L  calculations (See Table 
9.1 for param eters).

9.9.2 Experimental powder structure

Our global minimum found in the search was suitable for Rietveld refinem ent, as confirmed by 

Treymayne. Tremayne [35] has determined a structure from the powder data using M onte Carlo (MC) 

Powder solution and this could be the second polymorph. The Rietveld refinem ent o f the atomic 

positions has caused it to diverge, fitting an R3ni pattern in P i , but the profile parameters were 

refined with cell a = 6.3082, b = 6.2995, c = 6.3137, a  = 94.202, (3 = 94.059, y  = 94.286. In 'direct- 

space', the PI and R2ni structures are very similar, with both form ing sheets with similar 

interactions within the sheets (See Figure 9.18).

Figure 9.18 Figures of FI and R3m  structures solved using MC Powder solution by Tremayne [35].

The MC Powder solutions rotated in 60" steps, confirming the structure is actually disordered. 

We note that this cell is quite close to that of the hypothetical PI structure 'AA13' found in our search
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(a=6.351, b=6.210, c=6.541 a  = 96,213, P = 98,227, y = 91,687 using the ANI model). A single 

crystal R3m  disordered structure was also found by MC Powder solution. Our PI predicted structure 

was used by Tremayne in characterising and confirming the disordered R3m  polymorph,

9.10 Discussion

The overlap model has been used to derive an atom-atom repulsion model for the well-known 

fungicide chlorothalonil. It proved possible to empirically fit a K  value to the cell volume to produce 

a repulsion model that reproduced all aspects of the crystal structures. If we compare the FIT and ANI 

model, we can see that the latter is performing slightly better in reproducing experimental crystal 

structures, and the former is better at reproducing the experimental sublimation energy. It is expected 

that the FIT model will give a better lattice energy, since it has been empirically fitted to lattice 

energies of organic crystals and can absorbed some of the approximations in the non-empirical 

potentials. There is no clear indication as to whether the inclusion of anisotropy for the repulsion has 

made significant improvements to the potential. However, we hope this will be tested further against 

the crystal structures of other experimental polymorphs.

Although we have calculated the mechanical properties of the minima, it only eliminated a few 

predicted structures as possible polymorphs, since nearly all of the predicted structures appeared to be 

stable by comparing their elastic constants. All the low minima are very close in lattice energy, and it 

is impossible to make a firm decision on predicting the other polymorphs. The additional criteria for 

selecting good' hypothetical structures by considering the growth rate, through the calculation of 

attachment energy have allowed the elimination of some more structures. Appendix C contains a list 

of 13 plausible crystal structures for the possible polymorphs for chlorothalonil.

The global minimum found in the search was suitable for Rietveld refinement, this suggested 

that our search procedures and the potential used are sufficiently good for predicting the crystal 

structure of chlorothalonil. The second polymorph is a R3m  disordered structure, it would not be 

possible to determine and observe such a structure using our search procedures. However, our search 

method using the ANI model was performing relatively well, as the hypothetical PI structure AA13 

found in our search corresponds closely to the experimental MC powder PI solution. This has helped 

to characterise the disordered structure.

Our results suggested that it is very difficult to be able to find the polymorphs in prediction 

searches. This corresponds to a recent study by Beyer [235], where a summary of crystal structure 

prediction methods based on lattice energy minimisation between the year 1984 and 2000 was given. 

Out of the 228 articles studied, only 93 reported success on the search for a particular polymorph, 

though not as global minimum. This concludes that in order to advance in the field of crystal structure 

prediction, alternative methods must be used to verify the validity of a predicted structure, such as 

calculating mechanical properties and morphology as demonstrated in this study. This is an ongoing 

observation where two recent blind tests [32,161] have demonstrated not to validate a predicted 

structure solely on its energetics.
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10 Final Conclusion and Suggestions 

for Further Work

The development of realistic model potentials is a highly challenging task, since the amount of time 

and resources required is tremendous. We have demonstrated the need to derive new model potentials 

for simulation. The overlap model has been shown to be capable of producing intermolecular atom- 

atom repulsion models for organic molecules from the monomer wavefunctions. These models 

together with an accurate DMA [1,2] for the electrostatic model with appropriate dispersion terms 

have produced simulation results that are comparable with experiments. We have demonstrated that 

the overlap model can be used to derive repulsion terms that absorb other minor contributions to the 

short-range energies, namely penetration and charge-transfer, can represent non-spherical atoms and 

that various methods can be used to derive the proportionality constant. This thesis has contributed 

towards a better understanding of the capabilities of the overlap model and the results are encouraging 

for the development of non-empirical potentials for organic molecules. We have tested the model in 

both crystal structures and van der Waals complexes, so it could be used for a wide range of 

simulation.

Further work is needed in the development of the overlap model, to enable its application for 

larger molecules. Since the IMPT calculations are both expensive and limited to small molecules, it 

would speed up the construction of the repulsion model, if we could assume a transferable value for 

the proportionality constant, K  . In this thesis, the sensitivity of the repulsion model to variations in 

K has been investigated (Chapter 4 and 7), and there is considerable sensitivity particular for the
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phenol-water complex. At present, the range of values used for the proportionality constant in various 

studies [33,40,69,101,113] including this thesis is large, varying from 4 a.u. to 10 a.u. However, part 

of this variation in the proportionality constant is due to the variations in the methods used. The 

variations in the methods include the choice of orientations used for fitting (Chapter 4, 6, 7 and 9), the 

choice of basis sets (Chapter 7), the inclusion of charge-transfer and penetration energies (Chapter 7), 

and all other minor differences (Chapter 9). It would be ideal to test the overlap model with the same 

method and analysis for a wide range of small organic molecules, to build up sets of proportionality 

constants, and investigate whether an optimal value could give useful potentials. A more automated 

system containing the programs GMUL [116], and CADPAC [56] for IMPT along with input and 

analysis methods should speed up the process. Such an automated system would be useful for a wide 

range of modelling studies to derive particular type of empirical parameters, which are either not 

available or unsuitable for use.

The overlap model is the core of this thesis, but there are other scientific findings. The well 

studied phenol-water complex [5-23,25,181] provided a good validation for the overlap model, since 

the amount of experimental and theoretical published results allow comparison and checking. Our 

high-level supermolecule calculations provided a detailed study of the system, using minima obtained 

from simple model potentials as starting points. Although Fang's recent ab initio studies [10] use a 

higher level of theory, he did not report the existence of the 7i-bonded minimum in the ab initio 

surface. Benoit reported that this rt-bonding is more significant for larger clusters of water molecules 

interacting with phenol molecule [6,25]. This minimum appears to be too shallow to be a stable 

minimum once the zero-point energy is included. Our non-empirical model potential is fairly good, as 

demonstrated in its ability to produce energy and structure of the global minimum that are comparable 

with experiments in the DMC simulations. The one-particle density plots provided good visualisation 

of the possible hydrogen bonding, and would be of benefit to show the hydrogen bonding system for 

larger cluster [27].

Although our prediction for the blind test was unsuccessful [32], our model potential is still 

sufficiently realistic to produce a crystal structure that is very close to the experimental structure, 

should the correct conformation be used [33]. This study demonstrated that smaller systems that have 

similar bonding environments could be used for deriving the repulsion terms using the overlap model, 

by assuming transferability between the small system and the target molecule. This shows one of the 

alternative ways for deriving the repulsion model when the system is too large for IMPT calculations. 

This thesis has also contributed to the development of crystal structure prediction methods, in which 

the flexible 2-(2-phenylethenyl)-1,3,2-benzodioxaborole molecule emphasise that there is a balance 

between the inter- and intra- molecular forces needed for some systems.

Other problems that are encountered in crystal structure predictions challenges are problems of 

polymorphism and the need for anisotropic repulsion. For chlorothalonil, the C1...N and Cl...Cl 

interactions required anisotropic repulsion parameters, and the overlap model has been applied. The 

repulsion model constructed has reproduced the experimental crystal structure with only minor 

deviations. This study predicted the most stable polymorph to accuracy suitable for refinement. This 

has demonstrated that the overlap model could be applied to large systems. The new development of
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the overlap model to derive anisotropic repulsion has been applied in the recent blind test (2001) 

[161]. The target molecule II has a bromine atom and anisotropy could be important. Therefore 

similar methods of applying anisotropy to the bromine atom were carried out as shown in our study of 

chlorothalonil. The global minimum found was a correct prediction. One of the major problems in 

crystal structure prediction is the generations of many low energy minima. Our model potential for 

chlorothalonil has produced many low energy predicted structures in our search, and by taking their 

mechanical stabilities into account [41-43], it helped to eliminate some of the possible structures. 

Further elimination was carried out after morphology calculation [43], where the growth rate and 

shape for the crystals are determined. By considering the kinetics of crystals, this would help to reduce 

the number of structures for experimentalists to study and search for the other polymorphic forms.

Besides the need of an accurate model potential, we have discovered that there is a need to 

develop new techniques for crystal structure prediction to improve the thermodynamics, such as 

estimating the harmonic zero-point energy for the crystals. This may be able to provide greater 

distinction between the predicted structures by comparison with their lattice energy. The method is 

currently being implemented into DMAREL [175,236], and in the recent blind test (2001), our group 

has attempted to use such a method to decide on the predicted structures chosen for submission. 

Unfortunately, on this occasion, it did not contribute any changes that would have influenced the order 

of choice. Nevertheless, it could be important for other systems, as demonstrated computationally in 

the gas phase DMC simulations [6,25,28-30] with considerations of zero-point energy. Perhaps 

Maddox's comment [237] was correct; 'One o f the continuing scandals in the physical sciences is that 

it remains in general impossible to predict the structure o f even the simplest crystalline solids from a 

knowledge o f their chemical composition'. Even though Maddox's statement was based on silicon 

crystals, it seems that this statement could also apply to organic crystal structures as well. Advances 

outlined above show progress in prediction using kinetic and thermodynamic models, with nucléation 

kinetics available from the CSD [145]. Hence improvements can be made on the procedures and 

approach of crystal structure predictions. Information can be extracted from the database, in the hope 

of finding a trend, a relationship, and knowledge to provide new theory to aid the development of 

crystal structure prediction [145,238].

There is still considerable scope for improvements to intermolecular potentials. One of the best 

approaches is to construct model potentials, where the different contributions from the intermolecular 

interactions can be identified and each contribution can be systematically improved. Non-empirical 

model potentials would be ideal; they can provide accurate description on the intermolecular forces far 

better than empirical models that assume transferability. We have demonstrated in this thesis that it 

would be possible to derive non-empirical repulsion models using the overlap model, and this should 

be studied further for the development of non-empirical repulsion models. Improving systematic 

potentials requires analogous studies to improve the dispersion model, and consideration of missing 

terms such as induction. It is true that the construction of non-empirical model potentials require vast 

amount of effort. However, it would be beneficial to obtain information from the study of smaller 

systems that could be applied to larger systems. Ultimately, the next step that needs to be taken in 

order to progress further in this field is to form collaborations between theoreticians and
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experimentalists as shown in Chapter 9. Testing theory against theory (e.g. IMPT vs overlap model) is 

useful for very direct comparisons, but the true test is whether the total intermolecular potentials are 

useful in understanding experiments.
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Appendix A

Results from ORIENT calculation

The following results are minima from ORIENT calculations, using the models given in Section 7.4.1 

(Chapter 7) for phenol-water complex.
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Table of results for second stable minimum, the water proton donor for the corresponding model potentials. 
Note A, B and C are rotational constants in MHz, all energies in kJ/mol, bond distances in Â, p and y in degree.
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Table o f  results for third stable minimum, the Jt-bonded for the corresponding model potentials. 

Note A, B and C are rotational constants in MHz, all energies in kJ/mol, bond distances in Â, p and y in degree.
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Appendix B

Regression Analysis for determining sublimation energy

Here are the data used for the regression analysis for estimating the sublimation energy are given. The 

recent method of Westwell et al. [220] was used to predict the sublimation energy based on empirical 

correlation with the boiling points of the compound. Since this regression was based on a wide range 

of compounds, we have to choose similar compounds that are more closely related to chlorothalonil. 

The regression analysis was developed to predict the unknown heat of sublimation of cyanuric 

chloride for Mitchell et al.'s study [40], it uses 11 chlorinated and other substituted aromatics and 

heteroaromatics similar to chlorothalonil.

The regression line is given as:

Sublimation energy = 0.2596*bp - 50.255 kJ/mol

It predicts the sublimation energy of 111.6 kJ/mol for chlorothalonil.

B.P. / K /kJ/mol from Regression / kJ/mol
phenol 454.9 68.7 67.86
1,3,5-triazine 387.2 54.2 50.28
1,2,3-benzenetriol 582.2 116.9 100.91
1,3,5-trichlorobenzene 481.2 72.7 74.68
1,2,3-trichlorobenzene 491.7 75.1 77.41
3-pyridinecarbonitrile 474.2 72.1 72.87
2-pyridinecarbonitrile 486.7 70.7 76.11
1,4-dichlorobenzene 447.2 65.2 65.86
hexachlorobenzene 597.7 90.5 104.93
2-chloro-1,4-benzenediol 536.2 102.9 88.96
hexachlorocylopentadiene 512.2 73.6 82.73

Table of parameters used in the regression analysis for predicting the sublimation energy of chlorothalonil.
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Appendix C

Conventional cell parameters for lowest minima using the ANI 

model

Space
Group

Ulatt/
kJ/mol

Cell vol.
per

molecule
/ Â '

Cell 
density / 

gcm'^

a/A b/A c / A a / ° p /° Y /o

Expt. P I , !  a -98.79 243.180 1.816 24.753 6.226 6.340 90.00 95.41 90.00
Expt.
(min)^

P l j a -99.40 243.246 1.815 24.840 6.272 6.288 90.00 96.65 90.00

FC45 P l , i c -99.40 243.243 1.815 6.288 6.272 29.112 90.00 122.06 90.00
AB15 P \ -99.39 238.424 1.852 8.980 7.775 10.166 88.69 76.79 44.81
AI44 P l , i c -99.31 243.379 1.814 12.750 6.228 12.309 90.00 95.12 90.00
API 8 P2, -99.02 243.922 1.810 6.303 6.235 12.468 90.00 95.31 90.00
AB3’ pT -98.16 243.514 1.813 6.350 6.077 12.727 94.72 94.53 92.96
AB25 pT -98.15 242.314 1.822 5.144 9.207 11.166 105.35 96.83 72.00
D C 35 P2,/c -98.07 237.874 1.856 9.243 13.565 15.211 93.79 90.00 90.00

AK17 P2,/c -98.00 236.384 1.868 11.791 8.923 9.141 90.00 100.55 90.00
FC47 P2./C -97.93 243.208 1.816 6.398 6.176 24.691 90.00 85.55 90.00
DD42 P2,/c -97.24 249.527 1.770 8.141 9.248 26.562 90.00 93.36 90.00

AB27* pT -97.22 249.953 1.767 5.693 6.500 15.118 84.23 114.78 100.04
D E I 7 pT -96.68 240.827 1.834 29.380 3 .707 35.020 77.65 148.67 97.44

FC4 P2./C -96.66 250.518 1.763 6.446 6.032 27.995 90.00 112.99 90.00
AB37 pT -96.57 247.801 1.782 8.897 6.763 10.940 107.95 126.94 73.02
BF4 P n a l, -96.18 248.109 1.780 6.335 25.619 6.115 90.00 90.00 90.00
A B U pT -96.14 244.380 1.807 5.277 7.469 12.889 104.84 94.53 85.82

AB36 p T -96.00 246.151 1.794 7.133 10.684 10.678 58.17 96.07 57.73
AZ19 P I , 1,2, -95.66 249.250 1.772 25.946 6.557 5.860 90.00 90.00 90.00
BD13 Pc -95.26 242.310 1.822 30.739 8.524 3 .709 90.00 94 .17 90.00
AM12 P 2 , l c -94.33 242.962 1.817 3.683 16.990 24.070 90.00 40.18 90.00

FC48 P 2 , i c -91.55 249.939 1.767 7.527 5.617 23.956 90.00 99.27 90.00
AM 14 Pc -85.96 255.622 1.727 8.109 6.379 15.718 90.00 141.04 90.00

Table of results from the minima found in MOLPAK search and minimised in DMAREL using the ANI model.
^Expt.(min) is the experimental crystal structure minimised using the ANI model in DMAREL. 'Also AB34, AM48 and FC41. 
*Also AB39. Italics denote structures, which appeared unlikely after analyses of elastic constants or morphology.
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Appendix D

Morphology calculations

Morphology calculations were carried out using Cerius^ software [232]. Two models were used, the 

BFDH [44,233,234] and the Hartman-Perdok [45] model.

For the Hartman-Perdok, two force fields were used to determine the morphologies and the 

attachment energies:

■ PCFF [239-243]

■ FIT [75,177] + Charge Equilibration using QEq_neutrall.O [244]
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