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A molecular modelling capability for predicting the purity and morphology of
solids manufactured via crystallisation is important in the realisation of a ‘mol-
ecule-up’ or product-centred, approach for the optimisation of chemical processes.
Recent work on producing the morphology of molecular solids based upon the mol-
ecular and crystal chemistry is presented. The approach is based on the atom-atom
method for calculating surface attachment energies, and from these relative crystal
growth rates as a function of crystallographic growth direction. The computations
have been recently [2,13-15] developed to be able to treat the effects of impurity
species that influence morphology. Molecular modelling procedures include an
optimisation of the position and orientation of the adsorbed additive within the
host lattice hence, simulating the crystal chemistry of the hetero-species within
the host lattice. Case studies include naphthalene and phenanthrene in the pres-
ence of biphenyl impurity and caprolactam in the presence of synthesis impurities.
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1. INTRODUCTION

In the Chemical Industry, both in manufacturing and purification
processes, separation of bulk and fine chemicals by crystallization
plays a very important role. For example, control of particle shape
and size during the manufacturing of chemicals such as agrochem-
icals, pharmaceuticals and dyestuffs can be manipulated giving the
ability to predict and control crystal morphology [1-5]. Morphological
modelling techniques have been based on the relation between crystal
morphology and crystal lattice symmetry [6-8] and on the interaction
energies between crystallizing units [9-11]. It is a well-known fact
that the growth of crystals from solutions is strongly dependent both
on the solvent employed and on the presence of heterospecies in the
solution. Hence, it is important to see how the solvent and impurity
molecules affect the growth rates of individual habit faces and hence
modify the external morphology of the crystal.

Previous work has reviewed the use of the computer programme
HABIT [4] to predict the crystal morphology of pure crystalline materials.
The work has been extended to accommodate the effects of tailor-made
impurities (molecules that resemble the host molecule) [12] on the pre-
dicted morphology of the pure crystals. In this, two categories of tailor-
made additives were considered. The first of these is where the additive
molecule is larger than the host molecule and hence blocks the growth
of the layers [13,14] and the other where the additive is smaller or the
same size as the host molecule and thus disrupts the growth of the layers
[15]. In further studies, the work has been extended to enable an impurity
molecule to be located at the position of the global minimum in calculated
lattice energy within the host lattice [16] in order to achieve the best fit.

In this paper we present a review of the techniques used to model pure,
solid organic materials and these materials in the presence of impurities
or tailor-made additives. This is illustrated via a number of host/additive
case studies including naphthalene/biphenyl, phenanthrene/biphenyl,
and caprolactam/synthesis impurities systems. The basic methodology
is explained in references [13—-15] and some of the examples shown here
(naphthalene/biphenyl, phenanthrene/biphenyl, caprolactam/synthesis
impurities) have been detailed earlier [2] and [16].

2. CRYSTAL GROWTH THEORY AND ASSOCIATED
MODELLING TECHNIQUES

2.1. Crystal Growth Models

A crystallisation process begins when a solution becomes supersatu-
rated resulting in formation of nuclei in solution: the nucleation stage.
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The solute clusters formed during nucleation remain in dynamic equi-
librium due to the balance between the volume and surface contribu-
tions to their excess free energy. Once critical nucleus size is achieved
the volume term dominates over the surface term and crystalline
particles continue to grow. The relative rates of the nucleation and
growth processes determine the size distribution of the emerging crys-
tal phase. The nucleation stage is a 3-dimensional process in contrast
to the crystal growth which is a 2-dimensional process where a stable
cluster is developed by successive growth events taking place on
structurally distinct growth faces. (see Fig. 1).

Perhaps the most elegant theoretical treatise is the pioneering work
of Burton, Cabrera and Frank (BCF) [17] that has been the basis for
the development of modern crystal growth theory. The BCF growth
rate expression defines the relationship between the surface growth
rate (Rgrowtn) and the supersaturation (S) of the crystallising system
as given below:

Rgrowth = AS? tanh (g) (1)

where, A and B are the temperature dependent constants. According to
this and subsequent theories (volume diffusion model by Chernov [18],
and simulation models [19,20]) crystal growth can be broadly classified
into three major mechanistic regions which can be summarised as follow:

e at low supersaturations, the BCF equation reduces to Rgyowth S?
implying that growth at the crystal/liquid interface proceeds with
a parabolic rate dependence.

Taceted out

3-d nucleus

] "
\

had _ 5/
) \
® ' l-l Fast growth
D
Slow growth

Moderate growth

Growth secto:
boundaries

FIGURE 1 Schematic of the cut made through a 3-D crystal showing the
simultaneous growth of the crystal along different interfaces.
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e at moderate supersaturations surface integration can take place by
2-D surface nucleation via a birth and spread (B&S) mechanism [21]
and Eq. (1) becomes Rgrowth S5/6 exp (S).

e at high supersaturations, the law changes to Rgyowth ¢ S. Here, interface
(kinetic) roughening [22] takes place, meaning that the growth rate law
changes from parabolic to linear. Here the growth interface is unstable
and this is the rough interface growth (RIG) model.

Due to the different surface chemistry of the various crystal faces,
each crystallographically unique face may grow by any one of the three
interface kinetic processes. This variation in surface chemistry and
hence surface binding with crystal orientation means that the growth
and development of a crystal is likely to be anisotropic. In addition,
depending on the relative growth rates of the crystal faces in three
dimensions the particle morphology can be highly variable. Thus,
the size and shape of a single particulate grain is governed both by
the number of crystallographically independent faces and by the parti-
cular mechanisms by which a face grows.

The requirement for control of impurity levels in industrial crystal-
lisation technology means that none of the crystal surfaces should
grow under a RIG mechanism, to avoid resulting particles becoming
excessively contaminated with impurities. The latter reflects the fact
that molecular selectivity at the crystal growth interface can only
operate effectively if crystallographic ordering is maintained.

2.2. Intermolecular Forces for Molecular Modelling

Discrete molecules which are the building blocks of crystals are held
together by intermolecular forces. The dominant forces are the attract-
ive van der Waals forces, repulsive forces due to the overlapping of the
electron clouds, electrostatic interactions due to the partial charges on
the atoms, and hydrogen-bonding. The sum of the intermolecular
forces is a measure of the lattice energy or crystal energy (E.,.) and
is expressed as

n n

1 N

R B ®
=1 =1 j=

This expression enshrines the atom-atom approach whereby the sum of

the interaction energy of each atom with every other atom (of the adjoin-

ing molecules) is calculated. The terms have the following meanings:

n-number of atoms in the central molecule;
n/-number of atoms in each of the surrounding molecule
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N-number of surrounding molecules
i-an atom on the central molecule
Jj-an atom in the surrounding kth molecule

Vi - interaction energy between atom i in the central molecule and
atom j in the nearby kth molecule. V;;; can be described by a number of
intermolecular potential functions. Frequently used atom-atom poten-
tials for molecular modelling are the Lennard-Jones (6-12) [23] and
Buckingham [24] potentials given by :

A B qgj
Vy=-— g -2 3
j ?j+ri1j2 g (3)
and,
A i
Vi = ——6+Bexp(_cr)_q% (4)
i ij

where A, B and C are empirical (atom specific) parameters. The terms
g; and g; are the fractional charges on the ith and jth atoms respect-
ively which are separated by a distance, r.

The validation of a selected intermolecular potential for a given sys-
tem can be made by comparing the calculated lattice energy with the
experimental lattice energy (Vey,), defined by:

Vexp = —AHgp, — 2RT (5)

where AH,,;, is the sublimation enthalpy with 2RT denoting the cor-
rection factor for the difference between the gas phase enthalpy and
the vibrational contribution to the crystal enthalpy [25]. Table 1 gives
the comparisons of calculated lattice energy and experimental lattice
energy of some systems.

TABLE 1 Comparison of Some Calculated Lattice Energies with the Experi-
mental Values from the Sublimation Enthalpy

Lattice energy (kcal/mol)

System Calculated Experimental
Glycine —34.54 [41] —33.69 [47]
L-alanine —35.85 [46] —34.09 [47]
Urea —22.70 [25] —22.20 [50]
Adipic acid —33.8 [51] —32.1[25]

Benzoic Acid —20.4 [51] —23.0 [50]
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2.3. Modelling Crystal Morphology in the Absence
of Additives

The basis of morphological modelling techniques is correlating the
external shape of the crystal and the internal crystal structure. In
the Bravais-Friedel-Donnay-Harker (BFDH) approach [6-8] the most
morphologically important forms (hkl) and hence those with the lowest
growth rates are those having the greatest interplanar spacings dp.
However, the drawback of this approach is the neglect of the specific
crystal chemistry of the material. It is relatively simple using this to
predict morphologies which agree well with crystals observed exper-
imentally in the case of molecular crystals without strongly directional
bonding (e.g., hydrogen-bonding). However the approach is unable to
correctly predict the morphology of crystal systems manifesting
strongly anisotropic intermolecular forces. Hartman and Perdok
[9,10] extended the ideas of the BFDH approach by including the
intermolecular forces in the modelling process. This was achieved
through the surface attachment energy (E.:;) term which is defined
as the energy released on the addition of a growth slice to the surface
of a growing crystal [26] and is related to the crystallisation energy or
lattice energy (E.,) by:

Ecr = Esl + Eatt (6)

E is the slice energy or the intermolecular bonding energy contained
within the surface growth slice (see Fig. 2). The growth rate of a given
crystal face (hkl) is proportional to E, and hence inversely to the
morphological importance and Eg [26]. The latter is thus a useful mea-
sure of the growth stability of a given crystal face. Both these energies
are calculated by summing the potential energy that arises due to the
intermolecular interactions between a molecule in the unit cell which
is at the centre of the slice and all the molecules both inside and out-
side the slice of thickness dy. For calculating the attachment energy,
this process is repeated over all the molecules in the unit cell and then
the value is averaged. By this approach the strength of individual
intermolecular bonds can be evaluated. (Table 2 gives a sample list
of intermolecular bonds listed according to their strength).

The position of the growth slice also needs to be optimized with
respect to the slice energy. The slice energy optimization in the case
of a-glycine is presented in Figure 3. In this it is noted that for the
forms {020}, {110}, and {011} the optimum slice position is centred on
the unit cell origin whereas for the {031} form it is centred at a dis-
tance dpy/8 from the unit cell origin. The growth morphology can be
predicted using a classical Gibbs-Wulff polar plot [27,28] which is
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Adjustible
slice C 4

boundaries dne

Lattice
planes

Limiting
radius
Eauw

FIGURE 2 2-dimensional representation of the intermolecular interactions
using atom-atom method in calculating attachment and slice energies within
a sphere of limiting radius. C is the central molecule P is a molecule outside
the slice, S is a molecule inside the slice, N is the growth normal to the
planes (hkl) and N~ is the growth normal to the planes (-h-k-1). dy; is the
interplanar spacing, 6 is the angle between the growth normal and the bond-
ing vector CP. The slice boundaries are adjusted along the growth normal to
maximize Eg;. or the energetically most stable slice.

based on the assumption that E.; is directly proportional to the
centre-to-face distance in a crystal as grown. Though this assumption
of proportionality of the growth rate and E, holds good for faces grow-
ing in layers, nevertheless we apply this for all faces and find a good
correlation between observed and predicted morphologies [1,3-5,
14,15]. Some example morphologies as shown in Figure 4 demonstrate
the ability of this methodology in predicting the shapes of a wide range
of crystals [3].

Thus the main features of the methodology adopted for morphological
prediction are,

e The initial molecular models are built using the molecular modelling
programme, Cerius® [29] and then optimized using the semi-empirical
methods using the programme MOPAC [30]. The crystallographically
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TABLE 2 Intermolecular Bond Energies of a-Glycine (Attractive, Repulsive
and Coulombic Energies are Given Separatedly) Listed According to their

Strength. First z Stands for the Molecule in the Central Asymmetric Unit and
the Second z Stands for the Molecule that is Displaced by uvw from the First z

Energy (kcal/mol)

DIST
Z U A% w Z A ATT REP COUL TOTAL
2 0 0 0 4 3.14 5.26 3.46 -5.31 -7.1
4 0 0 0 2 3.14 5.26 3.46 -5.31 -7.1
1 0 0 0 3 3.14 5.26 3.46 -5.31 -7.1
3 0 0 0 1 3.14 5.26 3.46 -5.31 -7.1
1 1 0 0 3 4.69 2.61 1.29 —-5.24 —6.55
3 -1 0 0 1 4.69 2.61 1.29 -5.24 —6.55
2 -1 0 0 4 4.69 2.61 1.29 -5.24 —6.55
4 1 0 0 2 4.69 2.61 1.29 -5.24 —6.55

important forms are found via the BFDH method using the programme

MORANG [31].

e The programme HABIT [8] is employed for the calculations of slice
and attachment energies using the atom-atom method by the choice

of a suitable potential.

Slice Energy Optimisation of Alpha-glycine

Slice Energy (-kcal/mol)
&

020
011
110
=031

-8 -6 -4 -2 0

Slice Shift Increment (n)

FIGURE 3 Optimisation of slice energy in the case

increment is a multiple of dy; spacing.

2

of a-glycine. Slice shift
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FIGURE 4 Some examples of predicted morphologies from [3]. (a) terephthalic
acid, an aromatic acid, (b) nortriptyline hydrochloride, (¢) naphthalene,
(d) hexamine, (e) pentaerythritol tetranitrate, an organic explosive and (f) stearic
acid, a long chain carboxylic acid.
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e Once the attachment energies are calculated the morphology of
the crystal is simulated using programmes like SHAPE [32] or
CERIUS? [29].

2.4. Effect of Impurities or Tailor-made Additives on the
Morphology of Crystals

Additives or impurities even in small amounts can affect the growth
rates of the individual faces and in turn affect the morphology of the
crystal itself. Once the impurity molecule gets into the crystal surface,
it prevents host molecules from reaching the surface and thus changes
the intermolecular bonding. In order to assess the likelihood of addi-
tive incorporation an additional factor is required which is the differ-
ential binding energy (Ab), the difference between the incorporation
energies of pure host (Eg) and the additive (E,) that is given by,

Ab = (Ex — Ey) = (E;l + Ejppy, + EATTH) — (Est, + Earr)  (7)

where Ey' is the slice energy when the central molecule in the slice is
an additive molecule and EJ;; is the energy when a slice with an addi-
tive molecule is being incorporated to the growing pure host lattice
(explained in Fig. 5). Ejy is the sum of Ejy ) and Ely ). The two
terms are considered separately as the additive can be incorporated
either in the positive or in the negative growth direction. The additive
incorporation takes place where Ab is at its minimum. If Ab is strongly
dependant upon crystal orientation then the incorporation will be
specific to one crystal face and vice versa.

Our methodology includes another parameter E’;;; which is the energy
released on the addition of a pure growth slice onto a surface on which an
additive has adsorbed. This additional parameter can thus be used as a
direct measure of the growth rate of a crystal face with an additive mol-
ecule present and hence the calculation of the crystal morphology modi-
fied due to the additive. The computer program HABIT [5,33] calculates
the modified slice and attachment energies.

There are two modes for calculations evaluating the effect of an
additive on a host crystal. In mode 1, one of the host molecules in the
central unit cell within the slice is replaced by an additive molecule.
Hence there will be (Z — 1) host molecules in the central unit cell
(where Z is the number of host molecules in a unit cell). When calcu-
lating the atom-atom interaction from the central additive molecule
the values of E4(Z) and E5(Z) [a sum of E(Z) and E.y ) (Z)]
are obtained. These energies are averaged over all space-group
symmetry related positions in one unit cell. In mode 2, an additive
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FIGURE 5 Schematic representing E (slice energy of pure host molecules),

41 (slice energy with an impurity molecule incorporated into it), Eatt (attach-
ment energy when a pure host slice is adsorbed onto a growing bulk of pure
host molecules), Ej;; (attachment energy when a slice containing an incorpor-
ated additive molecule is adsorbed onto a growing bulk of pure host molecules)
and E’;; (Attachment energy when a pure host slice is being adsorbed by a
growing bulk with an impurity molecule on the top layer).

molecule replaces the nearest molecule outside the slice. The central
unit cell contains solely the host molecules. In this mode Ey4(Z) and
ELi+(Z) and El_(Z) are calculated by the program. The differential
binding energy is calculated as given in Eq. 9 which can be rewritten
as:

Ab = E[, — Eq — AEJYVZ (8)
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(a) (b)

a-glycine

FIGURE 6 Molecular structures of (a) a-glycine and (b) d-alanine In these two
molecules the hydrogen from the carboxylic group (COOH) is attracted to the
amino group (NHj,) and it becomes NHs. (¢) The fitted and optimised d-alanine
molecule onto an a-glycine molecule within INTERCHEM (red sphere denotes
oxygen, blue sphere denotes nitrogen, large grey denotes carbon and small
grey sphere denotes hydrogen atoms).

where AEUYWZ is the difference in molecule-molecule interaction
energy between a host molecule in the central unit cell within the slice
and the closest host molecule outside the slice, E,; (referenced by
the unit cell directions U,V,W and the symmetry position, Z), and
the interaction energy between a host molecule in the central unit
cell and an additive molecule which replaces the closest host molecule
outside the slice, Eji;.

The fitting of an additive molecule on to a host lattice is achieved by
superimposing a single additive molecule on a single host molecule
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within the modeling package INTERCHEM [34] using the common
moieties of both molecules (see for example Fig. 6 of a-glycine and
lI-alanine). This method minimizes the rms difference of the Cartesian
coordinates of the corresponding atoms and converts the additive atom
positions to fractional coordinates in terms of the host lattice. The
additive molecule then substitutes the host molecule, which is used
to locate the additive, for the purposes of the optimization procedure.

For a given additive molecule values of Ab less than 10 kcal/mol are
considered sufficiently low to allow impurity incorporation on these
faces, and E'}i; defines the growth rates. When Ab is large, an additive
cannot be incorporated on that particular face and host E,; values
decide the growth rates. In this procedure all of the asymmetric
units of the host system within a unit cell are considered in turn
and this allows a predictive calculation of the impurity-modified
crystal morphology.

2.5. Global Optimization of Additive within Host Lattice

Optimizing the orientation of the additive allows the calculation of a more
physically realistic value for the differential binding energy (Ab). In order
to achieve optimization of the impurity molecules within the host crystal
lattice environment, minimization of the calculated lattice energy is
employed. In this, the position and orientation of the impurity molecule
are as a rigid body allowed to vary whereas the position and orientation
of the host molecules are kept fixed.

As a front-end to the above procedure, the centre of gravity
coordinates of the impurity molecule as defined via the fitting
procedure are used to define a centre of rotation. Rotation angles with
respect to the three Cartesian axes in the following ranges:
—180°< 0, <180°, —180°<0,<180°, 0°<0,<180° and a step size of
60° were employed. The approach defines a coarse, three dimensional
grid with 108 points in the rotational space of the impurity molecule
(treated as a rigid body) hence providing an un-biased matrix of
starting structures for subsequent minimization.

To locate each point on the grid, the requisite rotations are applied
to the atomic Cartesian coordinates of the additive molecule as derived
from the r.m.s. fitting routine. Lattice energy minimisation is then
carried out starting from each location on the grid. The calculated
lattice energies are then ranked from the lowest (most stable) to the
highest (least stable). After ranking the minima, if the same minimum
is located more than once, the lowest lattice energy obtained is taken
to indicate the global optimum-position. Thus by this grid search
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approach, a global minimum instead of a local minimum is achieved,
in principle, without any ambiguity.

It is important to note, however, that the above methodology does
not account for any local perturbation of the host lattice due to the
incorporation of additive molecules in the crystal. This could be one
of the future developments to be considered in the methodology. In
addition, in this methodology the energy optimization is carried out
within the bulk host crystal lattice rather than at specific crystal
surfaces.

The vacancy creation procedure follows the grid optimisation stage.
The best optimised position (out of the 108 starting positions) is selec-
ted from which the preferred orientation of the additive is extracted
and a molecule-molecule energy breakdown of the lattice energy is
recorded. From this energy breakdown the host molecules that are
least energetically compatible with the impurity molecule in its
optimum position are identified. These particular host molecules are
omitted to create vacancies. The additive molecule is optimized for a
second time with the same starting position but with vacancies in
the host lattice. As an example, the optimised fit of a d-alanine
molecule on a a-glycine molecule is shown in Figure 6. Following this
procedure, attachment energies are calculated in blocker mode of the
programme HABIT [4].

3. SOME EXAMPLES OF PREDICTED MORPHOLOGIES

3.1. Effects of Biphenyl on the Morphology of Naphthalene
and Phenanthrene.

Naphthalene is an aromatic hydrocarbon with two fused benzene
rings. It crystallizes in the monoclinic space group P2;/a in a bimole-
cular unit cell of dimensions @ = 8.098 A, b = 5. 953A ¢ = 8.652A and
3 =124.4° [35]. Biphenyl also crystallizes in bimolecular unit cell in
the space group P2;/a with dimensions a = 8. 120A b=>5. 630A and
c=9.510A with B =95.10° [36]. The crystallographic data were
taken from reference [35]. The intermolecular interactions for both
naphthalene and phenanthrene were calculated using a combined
Buckingham/Coulombic potential [25]. The calculated lattice
energies of naphthalene and phenanthrene are —19.4kcal/mol and
—24.60kcal/mol respectively. The attachment energies and from
these the relative rates of growth of the most prominent faces were
calculated. The differential binding energies and attachment energies
of naphthalene (both pure and biphenyl incorporated) are presented
in Table 3. These results are taken from [2]. From this table it is
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TABLE 3 Differential Binding Energy and Attachment Energies (kcal/mol)
of Pure Naphthalene, Phenanthrene, Naphthalene with Biphenyl and
Phenanthrene with Biphenyl [2]

Relaxed biphenyl naphthalene Relaxed biphenyl in phenanthrene
(hkl) Ab Eat Eag (hkl) Ab Eat | D
001 433.98 —6.18 —-5.97 001 3.14 —-5.37 —-5.79
11-1 1.06 -9.20 —-12.24 100 1.72 —6.87 —8.74
110 0.67 —-8.30 —-11.77 10-1 1.49 -9.14 —11.23
20 -1 12.58 —10.97 —13.08 0-11 2.48 —14.78 —16.75

noted that due to the high value of Ab, the (001) face is not affected by
the impurity, biphenyl. Thus the morphology of the host crystals were
predicted as shown in Figures 7 and 8.

The effects of the presence of biphenyl as an impurity on the
morphologies of naphthalene and phenanthrene were examined. In
the case of naphthalene crystals, the relaxed biphenyl impurity finds
(110) faces are the most favourable faces for incorporation (low Ab
values) while the unrelaxed additive biphenyl suggests that (11-1)
is the best site for impurity incorporation Figure 7 shows that (110)
is the most favourable face for biphenyl incorporation. Note that fewer
vacancies are required when the additive is allowed to relax its orien-
tation, in other words, creation of a larger number of vacancies than
necessary results in a physically unrealistic loss of energy or lowering
of Es.

The differential binding energy and attachment energies of phen-
anthrene (both pure and biphenyl on phenanthrene) are shown in
Table 3 [2]. The morphology of a phenanthrene crystal influenced by
biphenyl is shown in Figure 8. It is observed the face (001 ) decreases
in importance with lower E”.; while the face (10—1) increases in
importance.

3.2. Morphology of Pure Caprolactam and Its Modifications
Due to Synthesis Impurities.

In one of the routes in the commercial process of crystallisation of
e-caprolactam, various side-products, as cyclohexane, cyclohexanol
and cyclohexanone are formed. Due to their similarity to caprolactam
in terms of molecular structure, these intermediates are known to
affect the crystallisation of the final caprolactam. However, the incor-
poration of the tautomeric form “impurity” Caprolactim, into the host
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FIGURE 7 Predicted morphology of (a) pure Naphthalene, (b) effect of unre-
laxed biphenyl on the predicted morphology of naphthalene, and (c) effect of
relaxed biphenyl on naphthalene.

¢-caprolactam lattice is not straightforward as it is not tailored to the
host molecule.

e-caprolactam crystallises in space group C2/c, [37] with a monoclinic
unit cell: a=19. 28A b="1. 78A ¢c=9.57TA and $=112.39° with eight
molecules in the unit cell. The potential parameters given by Momany
et al [38] were used for the calculation. The calculated lattice energy
of the host ¢-caprolactam is —16.5kcal /mol. This compares satisfactorily
with the value of the sublimation enthalpy (20.6 kcal/mol at 338 K [39]
and 20.8 kcal/mol at 342 K [40]).
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FIGURE 8 Predicted morphology of (a) pure phenanthrene, (b) effect of unre-
laxed biphenyl on the morphology of phenanthrene and (c) effect of relaxed
biphenyl on phenanthrene.

The optimum positions of the additive molecules, cyclohexanol,
cyclohexanone and caprolactim in the host lattice are shown in
Figure 9. See below the figure for explanations regarding the intera-
tomic bonds.

The calculated differential binding energies, attachment energies
and relative growth rates of cyclohexane and cyclohexanol on the crys-
tallographically most important faces of ¢-caprolactam are given in
Table 4. The values shown here are for the optimized positions of
the additive in the host lattice. From this table it is noted that cyclo-
hexane is unlikely to partition into the three most important forms
to any great extent due to the high values of the differential binding
energies. The forms {31 —1}, {111}, {20 —2} and {40 —2} of ¢-caprolactam
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FIGURE 9 Optimal position of the impurity molecules (a) cyclohexanol, (b)
cyclohexanone and (c¢) caprolactim in the e-caprolactam host. Carbon atoms
of the impurity molecule coloured green, of the substituted caprolactam mol-
ecule magenta and of the caprolactam molecule for which the hydrogen-
bonded interactions are missing orange. The hydrogen bonds that are broken
on substitution of an impurity molecule for a host molecule are indicated by
red arrows that formed by a green arrow.

are the most affected due to the impurity cyclohexane. The modified
morphology of ¢-caprolactam with cyclohexane is shown in Figure 10.

It is observed from Table 4 that for cyclohexanol of the three pre-
dominant faces the most likely face into which the impurity incorpor-
ation takes place is (110). In addition, the forms {111}, {31 — 1}, and
{20-2} also appear in the morphology of the caprolactam crystal which
contains cyclohexanol impurity (Fig. 10).

The differential binding energies, attachment energies and the
relative growth rates of cyclohexanone and caprolactim are given in
Table 5. In the case of cyclohexanone it is noted from the table that
the differential binding energies for the forms {200}, {110} and {11 — 1}
are similar. From Figure 10, it is observed that there is not much
difference between the predicted morphology of the pure host and that
when the impurity cyclohexanone is present, except for the presence of
a significant {002} form and the appearance of the {20 — 2} form.

The effect due to the presence of the imino tautomeric form of capro-
lactam on the morphology of ¢-caprolactam is shown in Figure 10. The
differential binding energies for the three prominent forms are small.
Hence the impact of caprolactim on the reduction of growth rates on
all the faces of caprolactam will be similar.
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FIGURE 10 Calculated morphologies for (a) pure ¢-caprolactam and
e-caprolactam in the presence of (b) cyclohexane, (c) cyclohexanol, (d) cyclohex-
anone, (e) caprolactim.

6. CONCLUSIONS

In this paper the basic approach to predicting crystal morphology
based on intermolecular (non-bonded) interaction energies, drawing
down on the crystallographic structures of the materials, is presented
with particular emphasis on impurity effect processes. In our
approach the additive molecules were fitted and relaxed within the
host lattice which was treated as rigid. One of the future developments
to this approach is to see how the crystal shape will be affected by
relaxing the host lattice around the site of the impurity.
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