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Substitutional and orientational disorder in organic crystals: a

symmetry-adapted ensemble model

Matthew Habgood,** Ricardo Grau-Crespo® and Sarah L. Price®

Modelling of disorder in organic crystals is highly desirable since it would allow thermodynamic
stabilities and other disorder-sensitive properties to be estimated for such systems. Two disordered
organic molecular systems are modeled using a symmetry-adapted ensemble approach, in which the
disordered system is treated as an ensemble of the configurations of a supercell with respect to
substitution of one disorder component for another. Computation time is kept manageable by performing
calculations only on the symmetrically inequivalent configurations. Calculations are presented on a
substitutionally disordered system, the dichloro/dibromobenzene solid solution, and on an orientationally
disordered system, eniluracil, and the resultant free energies, disorder patterns, and system properties are
discussed. The results are found to be in agreement with experiment following manual removal of
physically implausible configurations from ensemble averages, highlighting the dangers of a completely
automated approach to organic crystal thermodynamics which ignores the barriers to equilibration once

the crystal has been formed.

1. Introduction

Disorder is frequently found in organic crystals, with around 20%
of all structures in the Cambridge Structural Database (CSD)*
reporting disorder information. It can take many forms. The
crystal constituents may be in motion (dynamic disorder),? or
different constituents may occupy a continuum of different
positions (static but continuous disorder), or each constituent may
occupy one of a limited number of possible states, or ‘disorder
components’ (static, discrete disorder).® Examples of this last
kind include disorder in species substitution and orientational
disorder in which the molecule is restricted to a few, well
defined, orientations. Static, discrete disorder has very rarely
been studied in molecular crystals.

For crystallographers, a disordered system typically results®® in a
diffraction pattern that refines to a crystal structure in which each
site or sites is occupied by one of two (or more) possible
‘components’, with some approximately known probability — for
example, the site is occupied by molecule A (component 1) or by
molecule B (component 2) with a 50:50 probability. All that can
be inferred is that within some large volume of the crystal, half of
the total sites are occupied by A and half by B. Any probability is
possible in principle, for example 74:26 found in a crystal of
eniluracil.> Any pattern in the distribution of A and B (on a super-
unit-cell scale), is exceptionally difficult to elucidate. The
characterization of the crystal is therefore incomplete. A method
for inferring short-range ordering in disordered systems based on
diffuse scattering is maturing, but requires high-quality data and
elaborate analyses.®® Superspace analysis'® can be used to

elucidate whether the ‘disordered’ sites possess incommensurate
periodicity, but this phenomenon is relatively rare in disordered
solids.

so The resultant uncertainties affect computational modellers

attempting to estimate the stability or properties of a disordered
system. A simple approximation is to perform calculations for
only the ‘pure’ solids, containing just one component, and
interpolate the results to the mixed solid in a straightforward way.

ss An example would be calculating the lattice energy of each end-

member of a 50:50 disordered system, taking the average, and
then adding a configurational entropy term for the mixing of the
two (equal to RT In 2, in this case). While this approach may
provide a working value, it is clearly unsatisfactory, as the mixing

s entropy term assumes that the components are perfectly randomly

distributed and ignores the differential interactions between them.
Furthermore, it gives no insight into the true nature of the
disorder.
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Fig. 1 The two systems (a) a p-dihalobenzene; X = Cl, Br. The two
molecules are the disorder components of the solid solution, (b) 5-ethynyl
uracil (eniluracil). The disorder components are the orientations produced

by a 180° rotation around the C,(-C, axis relative to the crystal axes.

Disorder is also a challenge in predicting the crystal structures of
organic molecules from the molecular diagram and quantitative
models of intermolecular forces.™*™® Crystal structure prediction
(CSP) methods produce a set of hypothetical crystal structures, or
‘crystal energy landscape’, which sometimes include multiple,
similar crystal structures of roughly the same energy. In these
cases there could be a disordered crystal structure, which is
stabilised by configurational entropy. This kind of landscape has
been found to correspond to actual disorder in eniluracil,®
chlorouracil,*® cyclopentane'’ and caffeine.®

There have been several studies on the modelling of discrete
disorder at levels other than the infinite dilution limit in ionic and
metallic systems wusing a combination of configurational
ensemble statistics with classical or quantum-mechanical models
for obtaining the energies and relaxed structures of
configurations. The ensemble approach incorporates temperature
effects via conventional statistical mechanics, thus allowing the
modelling of intermediate situations between the perfect order
and the perfect disorder cases. Two main approaches to
generating an ensemble have emerged. One is the enumeration-
based ‘symmetry-adapted ensemble’ approach. All the possible
configurations of the disorder components within a given
supercell are identified and their energies evaluated. The
computation time is made tractable by consideration of the
symmetry of the supercell and performing calculations only on
the symmetrically inequivalent configurations. This s
implemented in the SOD (‘Site-Occupancy Disorder’) program,*®
which has been used for modelling of many inorganic systems.™"
2 1t has also been implemented in recent versions of the periodic
electronic structure program CRYSTAL.** A variation on the
symmetry-adapted ensemble approach has used counting of
nearest neighbours to reduce the size of the unique configuration
space.”® The other approach is ‘Monte Carlo with exchange’
(MCX)® which involves the use of Monte Carlo (MC)
simulations with a modified moveset that includes the exchange
of one disorder component for another at a randomly selected
site. Various modifications of the Monte Carlo method have been
used,?*2 including parallel tempering.®® Both major approaches
build on slightly older schemes that attempt full enumeration
without symmetry adaption,® or random selection of
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configurations.® Applications of these methods have ranged from
alloys to defective metal oxides, and includes the only previous
study of 50:50 disorder in a molecular crystal.®

A third approach is the use of “special quasi-random structures”,
where components are distributed within a supercell in a way that
mimics the short-range disorder of a random structure®. These
can be useful, but the approach is unable to describe varying
levels of disorder (e.g with temperature) for a given system.

Of the two main approaches, MCX is the faster in generating a
disorder model and hence allows for a larger supercell, while the
symmetry-adapted ensemble approach guarantees a complete set
of configurations for a given supercell. However, it is not yet
clear which of the two has the advantage in terms of accuracy,
and it seems likely that the approaches are complementary, with
different methods being preferable for different materials.

Neither approach has been applied to molecular crystals. Instead,
MC algorithms incorporating changes in unit cell size and shape
have been used to probe dynamic, orientationally disordered
phases (‘plastic phases’) and the static distributions that can be
obtained by cooling them.*” These techniques are entirely
suitable for the dynamically disordered systems or static systems
with low barriers to rearrangement. Higher barriers to switching
between components will prevent these approaches from
exploring the configuration space, so they cannot be used for
studying static, binary systems, excluding a whole class of
molecular crystals from consideration. The application of one of
the major approaches used for inorganic crystals to static disorder
would therefore allow the study of a new class of organic,
molecular systems.

While the basic approaches are transferable, molecular crystals
are different in a number of ways to atomistic systems. Most
importantly, molecular crystals are frequently orientationally
disordered, in addition to static disorder that may arise from
molecular substitutions and vacancy-formation. Secondly, energy
calculations in molecular systems require different methods to
ionic or metallic systems, because of the importance of dispersion
forces and intermolecular electrostatic interactions.

There are several examples of organic crystals that display
substitutional ~ disorder,**** including solid solutions of
carbamazepine and dihydrocarbamazepine®® and of chloro and
methyl o-benzoic acids.* Many more have been shown to display
orientational  disorder,®™*"***® including the pesticide
chlorothalonil*® and stimulant caffeine.** Hence disorder
modelling is potentially valuable for understanding the solid
forms developed by the pharmaceutical industry.

In this study, the symmetry-adapted ensemble approach (a choice
discussed in Section 4.1) is applied to disorder in organic,
molecular crystal systems. The core SOD functionality is used for
the generation of symmetry-unique supercell configurations,
while the program DMACRYS®® is used for calculation of the
energies of individual configurations using realistic, anisotropic
intermolecular  potentials. To exemplify the combined
SOD/DMACRYS approach, calculations are presented on two
systems (see Fig. 1), representing respectively substitutional and
orientational disorder. The first system is the solid solution of p-
dichlorobenzene (pDCB) and p-dibromobenzene (pDBB). The
two compounds are known to have isomorphic polymorphs
(Cambridge Structural Database refcodes DCLBENO07 (a-
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polymorph), CISTON) and the solid solution, which is
isomorphic to both, has been studied experimentally®* and in
the only previous molecular crystal binary static disorder study,*®
although none of the results have been quantitatively conclusive.
s The second system is 5-ethynyluracil (eniluracil). This compound
has already been the subject of a thorough experimental and CSP
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study.® Single crystal X-ray diffraction studies of four crystals
showed variable disorder, after the crystal energy landscape
suggested this would rationalise the variable properties of
10 microcrystalline samples. A disorder study of eniluracil will also
be qualitatively applicable to the isomorphic systems

Fig. 2 Two symmetrically equivalent configurations in a 1x2x1 supercell of the P2, solid solution of pDCB and pDBB. The configuration of two pDBB
substitutions on the left is transformed into that on the right by the product of a 2, screw axis and a translation in the b lattice vector denoted by 7(b)-2;.

5-chloro and 5-bromouracil.'® It is therefore an ideal candidate
20 for validation of the method on an orientationally disordered

system, where the two disorder components are related by

rotation about the ethynyl group.

For both of these systems, free energies are calculated both for

observed and hypothetical disorder ratios, and the patterns of

25 disorder predicted within different structural motifs are identified.

a

2. General Method

2.1  Summary
technique™®

of the ‘symmetry-adapted ensemble’

3

S

The symmetry adapted ensemble technique assumes a crystal
structure in which at least one site has been identified as
disordered. As the first step, a supercell of the crystal lattice must
be chosen. The larger the supercell, the more accurate the results
will be. The number of sites which could be disordered within the
chosen supercell is denoted N. A disordered system is modelled
as an ensemble of copies of the supercell, in which differing
combinations of the disorder components are placed at the
disordered site(s). The different supercell structures are called
‘configurations’. For a symmetry-adapted ensemble, all possible
configurations of the chosen supercell are taken into account.
However, the symmetry of the crystal lattice means that only a
subset of these will actually be distinct from each other. The
process of identifying the symmetry-unique configurations is
straightforward for binary disorder, and is automated by the
program SOD. For N disordered sites, there are a total of 2N
configurations (including varying compositions for substitutional
disorder). These are considered sequentially. For each in turn, all
the configurations that are symmetrically equivalent are identified
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by application of each of the symmetry operators of the supercell
so (consisting of the space group symmetry operators combined with
each of the lattice translation vectors within the supercell).
Configurations that are marked as equivalent to one already
generated are counted but not considered further (see Fig. 2).
Once all possible configurations have been generated, either in
sequence or by symmetry equivalence, a list is obtained of (i) all
symmetry-unique configurations and (ii) their ‘degeneracies’
(denoted Q., for configuration m), in terms of symmetry
equivalent configurations. For computational convenience, this
process is usually broken up into separate steps for a number n =
0,1,2,...,N of disordered sites at which substitutions are allowed
to occur.
In group theoretical terms, this process can be thought of as
enumeration of the invariant subspaces of a basis of n site
substitutions (which, in itself, is a direct product of n spaces of
substitution at a single disordered lattice site). This is achieved by
direct calculation of the matrix representation of each of the
symmetry elements in the expanded group given by the product
of the lattice translations within the supercell with the space
group symmetry elements. Higher order space groups (i.e. a
higher symmetry system) will vyield fewer symmetrically
inequivalent configurations. The pDCB/pDBB solid solution and
eniluracil have space groups with Z =2 and Z = 4 (i.e. P2; and
P2,/c respectively). The number of symmetry operations meant
that computational constraints limited the supercells used to 16
molecules, giving 65536 (=2 configurations. This will typically
reduce to ~1000-5000 symmetry independent configurations
under the symmetry operators of an organic crystal. This is a
relatively small number of molecules in the simulation by the
standards of Monte Carlo calculations. However, in both systems,

5!

@

60

6!

@

70

75

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



3

15

16 molecules allow all nearest neighbour interactions to be
captured, and these will be the most important in determining the
stability of the disordered system.

Once the symmetry-unique configurations are identified, crystal
structures can be written out and energies (and other properties)
calculated using separate software. Average stabilities and
properties for the whole ensemble can then be evaluated (see
Section 2.3). For this study the basic SOD program was
augmented with routines to automatically generate symmetry
operators for a supercell from the symmetry information
contained in SHELX (.res)-format crystal structure files.

For each symmetry-unique configuration with lattice energy E,,
relative to infinitely separated molecules, the degeneracy Qi
gives a ‘reduced energy’

Em=E, TS

m (1)
where
S, =RInQ,_. @)

The reduced energy is a free energy for the configuration m that
takes into account only the entropy arising from its degeneracy.
All energies and entropies reported here are given per molecule,
as typically done in organic crystal thermodynamics. A
temperature of T = 298 K is used throughout this study.

2.2 Energy and properties calculations using DMACRYS

In this study, individual supercell configurations were relaxed
using a realistic model of the intermolecular potential, and their
final energies calculated, using the program DMACRYS.* The
electrostatic part of the intermolecular potential was calculated
from a representation of the isolated molecule electron density in
the form of multipoles distributed to atomic sites. This allows
local anisotropy in the charge distribution to be accurately
modelled. Multipoles up to rank 4 were used with the
electrostatic energy expansion truncated at R™®. The multipoles
were calculated using the GDMAZ2.2 program® using isolated
molecule  wavefunctions produced using the program
GAUSSIANO3® at the MP2 level of theory with a 6-31G(d,p)
basis set. (The molecular geometry was optimized at the same
level of theory.) All other terms in the intermolecular potential
were represented with an exp-6 potential that had been fitted to
organic crystal structures;®®®! in the case of bromine, the
parameters used were derived from a previously published®
anisotropic potential with the anisotropy removed. The anisotropy
makes a negligible difference in the structures examined here. All
input files required by DMACRYS to model each supercell
configuration were assembled automatically using simple
augmentations to the SOD code. As is standard for organic
crystals, all lattice energies are calculated and quoted relative to
infinitely separated molecules.

Mechanical properties were calculated separately for individual
configurations using the properties module®® built into
DMACRYS, which calculates approximate elastic constants
based on the rigid-body second derivatives of the intermolecular
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energy. These properties were then averaged over an ensemble.
2.3 Calculating ensemble averages

It is desirable to study energy as a function of the overall disorder
ratio (denoted 1), and to use the whole set of configurations to do
so. However, there is a complication. The set of configurations
includes a range of discrete ratios, n/N (where n = 0,1,2,..., N).
Hence, any given specified ratio (e.g. an experimentally derived
ratio of 73:27) is unlikely to correspond exactly to any of these,
due to the limitations of the finite supercell.

Disorder is a problem of variable composition, and it is therefore
appropriate to employ the grand canonical ensemble,®* and hence
the chemical potential, p. In this study, p is employed in a general
sense as an external constraint that will yield the desired disorder
ratio 1. This constraint reflects a real redistribution in the
probability of finding the different configurations (relative to p =
0) and arises from various physical origins discussed in section
4.1,

The chemical potential yields an additional weighting pn for
configurations with n substitutions of disorder component 2 for
component 1, for the purposes of ensemble averages. The
probability of finding each symmetry-unique configuration within
the ensemble is then given by

1 —ém+ﬂnm
—exp| ———" |,
= P RT

P

m

®)

where np, is the number of substitutions in configuration m and =
is the grand canonical partition function,

- ém+/,lnm

E=ZeXp —RTI )

To determine energies and properties for a system with a
specified disorder ratio, t, the chemical potential, p, that will
yield this ratio is determined from the equation

f:?m[”ﬁ},

by a method described in the Supporting Information (Section
S1).

System properties are obtained from the values calculated for the
individual configurations using the probabilities in eqgn (3). The
free energy is calculated using the standard formula

()

A=-RTINE+ u.7 (6)
and is considered per molecule. Pressure is approximated to zero
throughout, as is standard practice for organic crystal systems at
room temperature and pressure,® so the Gibbs and Helmholtz
free energies are identical.

4 | Journal Name, [year], [vol], 00—00
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Fig. 3 The crystal structure of a-pDCB. All molecules outside the conventional unit cell are shown in wireframe. The main structural features are the
ribbons joined by H--Cl close contacts (one shown, A, horizontal, close contacts marked by broken lines) and the molecular stacks (one shown, B,
vertical). The crystal structure obtained from the CSD for a-pDCB is P2,/a with Z' = 0.5. Since internal molecular symmetry does not affect molecule-
5 level disorder, this was transformed to P2, with Z'= 1.

Fig. 4 The major component of the crystal structure of eniluracil (as modeled by computed structure ak56°). All molecules outside the unit cell are shown
in wireframe. Stacking is parallel to the a axis. Hydrogen bonds and close contacts are marked by broken lines.

10
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5 Fig. 5 Hydrogen-bonded base-paired ribbons in the eniluracil structure; (a) a uniform non-polar ribbon. All molecules are in the same disorder component;
by crystal symmetry, the molecules on opposite sides of the ribbon are therefore in opposite orientations, (b) a polar ribbon (the two ‘sides’ of the ribbon
are in opposite disorder components, and therefore the same orientation), (c) a ribbon that is neither polar nor non-polar, with a close OO contact
(marked by an arrow), (d) ribbons in a sheet with the interdigitating molecules matching in orientation (right hand side) and anti-parallel (left hand side).

Note that all free energies mentioned in this section include only
10 the entropic contribution from configurational disorder, and are
therefore not the complete free energy for the system. Entropy
arising from the thermal motion of atoms and molecules was
neglected. However, if thermal motion entropies can be obtained,
they may be added into the reduced energy for each
15 configuration.
For each system, structural features such as hydrogen bonding
motifs and stacking affected by the disorder were evaluated for
each configuration. Average frequencies for the occurrence of
these features were calculated as grand canonical ensemble
20 averages, using the probablities in eqn (3) to quantify the content
of the disordered system in terms of the hydrogen bonding and

packing motifs.

2.4 Calculations on p-dichlorobenzene/p-dibromobenzene
25 solid solution

Structures containing pDBB were generated by pasting a gas-
phase optimized molecule of pDBB into a supercell of the crystal
lattice of DCLBENOQ7 (see Fig. 3). The pure DBB crystal
obtained in this way (i.e. by substituting all molecules for pDBB)
20 was a very close match to the experimental pDBB structure.
Relaxation using the intermolecular potential discussed in section
2.2 was used to take account of the effects of the pDBB
molecules. A 2x2x2 unit cell (16 molecules) was used, giving

This journal is © The Royal Society of Chemistry [year]
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4216 symmetry-unique configurations. This supercell captures all
nearest neighbour interactions, and is therefore sufficiently lareg
for the current study. The stability of the solid solution was
assessed using free energies of mixing, A= A(pDCB...pDBB,)-
(1-t)A(pDCB)-tA(pDBB), where the free energy of the mixed
system was calculated using eqn (6), and the free energies of the
pure components were approximated by their lattice energies of -
68.82 kJ mol™* and -61.21 kJ mol™, for a-pDCB and pDBB
respectively. Potential energies of mixing (E.) were calculated
analogously, with

E(pDCB,..,pDBB,) = 2P, E,, and the entropic energy TSix =

Anmix - Emix- No clear preferred ratio has been experimentally
established for the two components in the pDCB/pDBB solid
solution, so a range of selected ratios t was considered. The
proportion of molecular substitutions along the ribbons and the
proportion up the stacks was calculated.

2.5 Calculations on eniluracil

The binary, static disorder in eniluracil occurs with respect to the
exchange of the C,=0g carbonyl group with the Cg-Hg group (see
Fig. 1). An initial, ordered crystal structure was obtained in the
form of the P2,/c structure denoted ak56 from the CSP study of
ref’, which is the lattice energy minimum corresponding to the
major disorder component of the experimental structures. The
second component corresponds to rotation of the molecule around
the ethynyl bond (Cy,-Cy) axis within the crystal lattice. The
crystal structure is symmetric with respect to this rotation being
performed on all molecules simultaneously. Three single crystals
studied in ref° have proportions of the minor component in the
range 0.25 — 0.3 within a disorder model that encompasses all
sites (a fourth single crystal had a ratio of 0.16 in the same
disorder model but was better represented by a different, more
complicated disorder model which is not considered in this
study). For this reason, this study particularly focuses on the ratio
Texp = 0.27, which is typical of the experimental disorder ratios.
Since the two components have identical lattice energies when
unmixed, an ensemble with p = 0 must give a disorder ratio of
0.5.

The crystal structure of eniluracil has three main features:
hydrogen-bonded base-paired ribbons parallel to the b axis, close-
contacted sheets in which these ribbons interdigitate, and stacks
of the sheets parallel to the a axis (see Figs. 4,5). The
conventional unit cell already contains a ribbon-ribbon
interdigitation, so a 2x2x1 supercell (containing 16 molecules)
was chosen to model the disorder in this system, in order to
capture orientational variation with respect to all three structural
features. A larger supercell would capture more variations within
the same features, and is therefore not necessary in this study.
Again, symmetry with respect to the two disorder components
means that configurations with a disorder ratio of < 0.5 (n < 8)
map exactly to those with T > 0.5 (8 < n < 16). Only those
configurations with a ratio T < 0.5 were therefore evaluated. An
ensemble of 2565 symmetry-unique supercell configurations
were evaluated and included in ensembles. To analyse the
structural motifs, the proportions of polar and uniform non-polar
ribbons were evaluated, as were the proportion of interdigitating
molecules with matching and anti-parallel orientations, and the
proportion of orientation changes along stacks of molecules.
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3. Results

3.1 p-dichlorobenzene/p-dibromobenzene solid solution

N

\

\

o
&l

| I=d
!
.

s
&)

Amix, Emix, -TSmix [kJ mol™]

)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T = proportion dibromobenzene

0.1

o

[—Amix - - - -Ts R-K poly — = Emix]

Fig. 6 Lattice free energy of mixing (4,.), lattice energy of mixing (E,),
and configurational entropic contribution (TS, as a function of pDBB
substitution for the pDCB/pDBB solid solution. The Redlich-Kister
polynomial fitted to the lattice energy of mixing is shown as ‘R-K poly’.
The fit is so close as to make the two lines almost indistinguishable.

The mixing energies and entropies calculated at varying disorder
ratios t (Fig. 6) show that the configurational entropy
contribution to the free energy, TS, is more or less symmetric
around a minimum at t = 0.5. However, the lattice energy change
of mixing is positive and reaches a maximum at slightly lower
than 0.5. To test whether this system behaves in a similar way to
inorganic solid solutions, the lattice energy was fitted to the
Redlich-Kister polynomial,**

E i = 7= )W, +W, (22 -1)], )
as is typically done in the thermodynamic analysis of mineral
solid solutions.®” Fig. 6 shows that the behaviour is analagous, as
that data fits the equation well with W, = 6.3 kJ mol™ and W, = -
1.4 kJ mol™. Hence, the formation of the solid solution is
endothermic at all ratios, with the energetic cost of doping DCB
with DBB being somewhat higher (Wo-W; = 7.7 kJ mol™) than
the cost of doping DBB with DCB (Wy+W, = 5.0 ki mol™). This
asymmetry is expected from the larger radius of Br compared to
Cl, as the incorporation of a larger atom in a smaller atom site
should lead to a larger elastic strain in the lattice than vice versa.
The free energy of mixing arising from the combination of
entropy and energy has two minima, at t = 0.1, and a slightly
deeper one at T = 0.8. Both minima are shallow, less than 0.5 kJ
mol™. Overall, the free energy of mixing remains negative (i.e.
favourable) at all ratios. The ratio obtained with =0 is t ~ 0.45.
The proportion of molecular alternations (one molecule then the
other) along both the ribbons and the stacks is within 1% of the
value 2*(1(1-t)) for all motifs and at all ratios. This agreement
with the probability for a completely random distribution
suggests that the placement of one molecule or the other in each
lattice site is genuinely random at all ratios.

3.2 Eniluracil

The results in Table 1 contrast the energies of ordered structures
with those obtained for various ensemble averages over the

This journal is © The Royal Society of Chemistry [year]
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configurations of the 2x2x1 supercell. These include both T = 0.5
(1 = 0), and the Tep = 0.27 experimental average (see Section
2.3). Unexpectedly, both of these averages produce free energies
that compare unfavourably with the ordered, single orientation
structure. Upon investigation, it was noted that certain classes of
configurations with highly unfavourable energies had close
oxygen-oxygen contacts (see Fig. 5(c)) within the hydrogen
bonded ribbons, which would be unlikely to form during crystal
growth (see section 4.1). A typical configuration containing a
ribbon with a close OO contact is about 15 kJ mol™ less stable
than structures with the polar or non-polar ribbons. However a
sufficient number of such configurations are generated by SOD
as to make a significant contribution to ensemble averages. That
is, even though each of these configurations individually has a
low probability of occurring (as dictated by the exponential in
eqn 3), the very high proportion of them in the set of all
configurations means that close OO contacts would be expected.
This results in an unstable average structure, even taking
configurational entropy into account. Given the growth
mechanistic implausibility of such configurations a new average
was calculated, excluding any configuration that did not consist
entirely of polar or uniform non-polar ribbons. This contains just
28 configurations, and is referred to as the ‘ordered-ribbon’
average since any disorder is now the result of changes between
ribbons.

Table 1 Eniluracil lattice and free energies

Average Lattice energy -TS Free energy
scheme [kJ mol™] [kJ mol™] [kJ mol™]
Ordered -117.95 0 -117.95
(aks6)*
Ordered, -116.92 0 -116.92
polar®
O---0 close- -101.97 0 -101.97
contact®
t=05@=0) -112.35 -1.41 -113.77
Texp = 0.27 -113.357 -1.16 -114.52
Texp Ordered -117.27 -0.67 -117.94

ribbon¢,

# ‘Ordered’ indicates the basic, ordered crystal structure with no
orientational changes ( ak56).

® <Ordered, polar’ indicates a structure consisting of polar ribbons which
is orientationally ordered.

¢ ¢0---0 close contact’ indicates a structure in which all ribbons contain
O---O close contacts (see Fig. 5(c)).

4 <Ordered ribbon’ indicates the ensemble of ordered ribbon
configurations, as described in section 3.2.

To investigate the hypothetical effects of different disorder ratios,
the energies calculated for different t values using ordered-ribbon
averages are plotted in Fig. 7. As can be seen, the lattice free
energy, A, has a minimum at t = 0.1, then rises at higher disorder
ratios, becoming unfavourable to disorder (i.e. higher than the
ordered system) above T ~ 0.3. By contrast, the average lattice
energy decreases the stability, while the entropic contribution

increases the stability monotonically with 1.

Table 2 Mechanical and structural properties for eniluracil

Property Ordered Ordered, polar ~ Ordered ribbon,
(ak56) Texp = 0.27
pgem?] 1.529 1.524 1.525
C1 [GPa]? 17.2 16.9 16.9
Cy, [GPa] 413 39.7 43.6
Cas [GPa] 31.2 29.4 30.3
Cus [GPa] 105 10.4 9.6
Css [GPa] 15.2 14.6 15.1
Ces [GPal 47 4.0 4.3
Proportion 0 1 0.35
polar ribbons
Proportion 1 1 0.57
matching
interdigitations
Proportion 0 1 0.64

matching stacks

45 ® The diagonal elements (Cj;) of the elastic constant matrix, describing

50

5

6

6

7

7
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S
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stiffness to uniaxial compression (j = 1-3) and shear (j = 4-6). The matrix
is calculated in an axis system with z parallel to the crystal c axis, x
parallel to the reciprocal lattice a* axis, and y chosen to give an
orthogonal right-handed axis system.

® Since the average was only taken with respect to ribbons that were either
polar or uniform non-polar, only the proportions of polar ribbons,
matching interdigitated molecules and matching stacks are quotedlt is
emphasized that the new ensemble was constructed by deliberate
exclusion of configurations containing structural features that were judged
to be unrealistic. The manual exclusion of certain configurations from
ensembles has previously been used, for example, in the modelling of
aluminosilicates,® to remove configurations that violate Lowenstein’s
rule®.

The physically more realistic ordered-ribbon average was used to
calculate the elastic constant matrix (Cj;), as a representation of
the single crystal mechanical properties (see Table 2). The most
significant weakening in the disordered structure relative to the
ordered structure is in C4 and Cgg, representing weakness to
shear along the a and c axes; these are parallel to the molecular
sheets and the molecular stacks (see Fig. 4), respectively.
Examination of the structural motifs (Table 2) shows a preference
for uniform non-polar as opposed to polar ribbons, and a slight
preference for interdigitating molecules at ribbon junctions to be
of the same orientation. The proportion of mismatches in the
orientation of the molecules within stacks (0.36) is only slightly
lower than the value ((0.27x0.73)x2 = 0.4) that would indicate
randomness subject to the enforced disorder ratio, indicating a
low degree of ordering in favour of matching orientations within
the stacks. The structural motifs therefore suggest a degree of
ordering with respect to ribbons and sheets, but only a very slight
degree of ordering with respect to stacks. This is consistent with
interlayer interactions being the weakest among the three main
structural motifs.
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Fig. 7 Lattice free energy (4), average lattice energy (E), and configurational entropic energy (TS) as a function of minor disorder component proportion
for eniluracil. 4 and E follow the scale on the left axis, TS follows the scale on the right. The light broken line represents the lattice energy of the ordered
system.

s 4. Discussion

4.1 Energies and ensemble calculations for disordered
molecular crystals

The static disorder in these, and most molecular crystals, is
determined during crystallisation. The high barriers to solid-state
rearrangement mean that a disordered crystal will not be in
thermal equilibrium with respect to the disorder components.
The disorder is determined by the incorporation of the molecules
into the growing crystal, which occurs at relatively low
temperatures (typically < 373K) and is determined by the
kinetics of the attachment of molecules to the structurally distinct
crystal faces. This affects two aspects of the combination scheme
used to calculate average values in this study. The first of these is
the use of the grand canonical ensemble with a chemical potential
p to calculate averages for selected disorder ratios, t. The
physical significance of p, therefore includes the composition of
the surrounding solution, and the ease of adding one disorder
component or another at each type of growth site on each crystal
face. Although the composition of the solution or melt is clearly a
major factor in determining the disorder ratio in solid solutions,
the complexity of the growth mechanism for different faces of
organic crystals implies that the physical significance of p, with
regards to a real single crystal with disorder ratio t is unclear. It
may also include history-dependent factors such as defects and to
some extent | may also include energetic information that is
otherwise missing from our model, such as a correction for the
divergence between the supercell model and the real nonperiodic
crystal.
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The dynamics of crystallisation also justify the restriction of the
set of configurations included in the ensemble averages to a
selected subset, as in the ‘ordered-ribbon’ configurations used for
eniluracil. To confirm that it is reasonable to assume that the
growth mechanisms of the crystal would exclude such contacts,
we have calculated the binding energies of eniluracil trimers (see
Supporting Information Section S2), the basic units through
which the ribbons (Fig. 5) can grow from solution. A trimer with
an O---O close contact has a binding energy of only -24.7 kJ mol’
! whereas the trimers in the polar and uniform non-polar ribbons
have binding energies of -103.5 kJ mol™ and -108.3 kJ mol™
respectively. Thus the energy penalty for attaching a molecule
with a close O---O contact to a ribbon during crystal growth will
be even higher than implied by relative energy of the crystalline
configurations with the O---O close contacts (Table 1). It is
possible that a ribbon could switch between polar and uniform
non-polar character, but only through vacancy defects. This is not
likely to be a major effect, and was not considered further.

Although the exclusion of O---O close contact configurations
means that the ensemble averages calculated do not represent a
full thermodynamic equilibrium with respect to the supercells, it
provides a more realistic model for the configurations that can
occur in eniluracil crystals. The ability to identify and remove
such subsets is a good reason for using symmetry-adapted
ensembles to model disordered organic molecular systems in
preference to MCX. It seems safer to use a method which
identifies all configurations for a given supercell, and then
consider whether any high energy configurations that affect the
thermodynamic averaging because of their frequency are
plausible considering growth mode and available experimental
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4.2 p-dichlorobenzene/p-dibromobenzene solid solution

Mixing energies calculated at different compositions (disorder
ratios) for the pDCB/pDBB solid solution (Fig. 6) show that
mixing is always stable with respect to the pure phases (although
not by a wide margin, < 0.5 kJ mol™), indicating that preparation
may be possible at a range of compositions. This is supported by
experimental reports.® The shallow minima at t ~ 0.1 and 0.8
indicate that formation will be particularly favourable at these
ratios, consistent with one experimental report® that the solid
solution exhibits a miscibility gap between T = 0.3 and © = 0.72,
However, the existence of this miscibility gap has been
questioned following alternative experiments.>® The shallowness
of the two minima would indicate that the driving force for
separation into Cl-rich and Br-rich phases is small.

At all ratios, the disordered system is endothermic with respect to
the single component crystals, but the mixing is made stable by
consideration of the configurational entropy. This reaches a
maximum at T = 0.5 with a value of -1.72 kJ mol'l, matching the
binary maximum of RT In 2. The randomness of the arrangement
of the molecules within the main structural motifs (Section 3.1) is
consistent with the high degree of configurational entropy. Thus
our qualitative results are consistent those obtained for a simpler
model® of a 50:50 disordered system which assumed that the
configurational entropy was RTIn 2.

Hence, these calculations have revealed that the DCB/DBB solid
solution has a shallow miscibility gap, and also that the
distribution of the different species is (close to) fully random,
neither of which were obvious from casual consideration of the
system.

4.3 Eniluracil

The most important point to arise from this study of eniluracil is
the necessity of excluding from the ensemble used to model the
system any configurations containing highly unstable structural
features. This is physically reasonable: the repulsion between
oxygen atoms makes it highly unlikely that hydrogen bonds
would form between molecules to give the ribbon shown in Fig.
5¢ during crystal growth.

When the disorder of eniluracil is treated as an ensemble of
‘ordered ribbon’ states (those containing only polar or uniform
non-polar ribbons, see Section 3.2), the free energy at any
disorder ratio is roughly equal to that of the ordered system
(Table 1, Fig. 7). Variations in free energy with disorder ratio are
very small, of the order of 0.01kJ mol™. This type of disorder has
therefore been shown to be thermodynamically accessible, though
not markedly favourable with respect to an ordered system. In
addition, the small variations in free energy are consistent with
the appearance of different disorder ratios in separate single
crystals.® Nonetheless it is evident that there is a minimum in free
energy around t =~ 0.1, and that disorder moves from being stable
to being unstable with respect to the ordered system at around t =
0.3. Three out of four of the single crystals reported in® have
disorder ratios close to this boundary (between t ~ 0.25 and t ~
0.3), while the fourth has a ratio of 0.18 in this disorder model,
which is also in the favoured region. The variation in disorder
ratio between crystals grown in the same conditions is consistent
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with the shallowness of the energy minimum.

Many of the energy differences reported in this study are rather
small — often less than 1 kJ mol™, as generally expected for
energies of mixing.?t It is worth noting that considerable
cancellation of errors can be expected in relative energies, of
different configurations of one supercell. The energy differences
discussed here, while small, are therefore significant.

Hence, these calculations have demonstrated what could only be
qualitatively inferred from the crystal energy landscapes of ref,’
that the disorder in eniluracil is effectively disorder between polar
and uniform non-polar hydrogen bonded ribbons. It has also been
shown that this disorder results in a mechnically weaker crystal.
The ability to computationally model disorder once its presence
has been detected by X-ray crystallography is therefore of
potential relevance to processing and handling of drug molecules.

4.4 Further work

This study has introduced the capability to computationally
model static disordered organic systems that are found
experimentally. This will help to assess the validity of and
interpretation of crystallographic disorder models. It is hoped that
the approach will be further refined by comparison with the more
detailed information on disordered systems becoming available
through the study of diffuse scattering.® The scheme presented
here allows the evaluation of stability for a disordered system,
once a structure and two disorder components have been
identified. Progress towards genuinely predicting a tendency to
crystallize with disorder will require methods of analysing the
crystal energy landscapes of energetically favourable ordered
structures to determine possible disorder components. For
example, the eniluracil crystal energy landscape had various low
energy structures which would be virtually identical if Cg-Hg and
C,=0g (Fig. 1) were not distinct. Prediction of a potential solid
solution would require identification of isomorphic structures on
the crystal energy landscapes of the two molecules.

Conclusions

A method has been introduced for computational modelling of
organic molecular crystals with binary, static disorder. The basis
of this method is the implementation of a symmetry-adapted
ensemble model through a combination of the SOD*® program for
generating symmetry relationships and the DMACRYS®
program to calculate lattice energies and properties. Energies
have been calculated for the complete range of disorder ratios
using the grand canonical ensemble. The new method has been
used to model the solid solution of a-p-dichlorobenzene and p-
dibromobenzene and the orientational disorder of 5-ethynyl uracil
(eniluracil). In both cases, it was shown that disorder was
endothermic, and only became favourable when the
configurational entropy was also considered. The variation in free
energy across a range of hypothetical disorder ratios was
calculated for both systems, giving small variations and therefore
suggesting a variable ratio in both cases. This is consistent with
experimental observation. Evaluation of mechanical properties
for the eniluracil system shows that the presence of the disorder
has a macroscopic effect, mechanically weakening the crystal
relative to the analogous ordered structure. Examination of
structural motifs and of the calculated entropies for the two
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systems suggests that eniluracil has significant ordering in the
arrangement of the differently oriented molecules, but the solid
solution of pDCB and pDBB is random in its distribution of
different molecules.

The scheme presented in this study for evaluating the ensemble
averages allows for the manual removal of configurations which
are unphysical in that they are unlikely to occur during crystal
growth and yet affect ensemble averages because of their number.
Greater understanding of the mechanisms of growth, and the
kinetic barriers to solid state thermodynamic equilibration of
organic crystals will allow the development of the study of
disorder and solid solution and impurity incorporation in organic
crystals.
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