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INTRODUCTION 
 

Crystals in Supramolecular Chemistry 
 

The contributions to this volume stem from the two-day Transactions symposium held at the 
annual ACA meeting, Chicago, IL, July, 2004.  Each of the four half-day sessions represented 
diverse aspects of a crystallographic/chemical approach to supramolecular chemistry.  This volume 
is organized to reflect the sessions of the symposium: Crystal Structure Prediction, Crystal Growth 
Mechanisms, Crystal Structure Design, and Applications of Crystal Design. 

Many scientists are still trying to answer Gavezzotti’s question “Are Crystal Structures 
Predictable?”1 in the affirmative, so it seems appropriate that 10 years later the first paper in this 
volume is a report by Price et al. on the current state of methods used for predicting crystal 
structures. Joel Bernstein’s contribution follows, in which he lends his unique historical and 
scientific perspective to a discussion of crystal structure prediction and polymorphism.  A more 
statistical view of how molecules crystallize is provided by Pidcock and Motherwell, in which they 
describe a molecular box model for crystal packing.  Along these lines, Lauher contributes a 
discussion of the use of subperiodic groups in analyzing molecular assemblies.  The following 
paper, from Davis et al. provides a description of experimental methods for predicting whether a 
particular co-crystalline phase is possible. 

From the question of crystal structure prediction, we move to the mechanisms for crystal 
growth. The first contribution in this section is from Kahr et al., who probe crystal growth from the 
fluorophore luminescence observed during confocal laser scanning microscopy.   Methods for in 
situ studies of the crystal growth of a Cu(II) coordination complex are given by Palmore et al.  
Swift et al. discuss the crystal structure and growth of uric acid, including an analysis of epitaxial 
growth of two different crystalline phases.  Finally, Seaton and Blagden examine interfaces and 
epitaxy of benzoic acid and benzamide from both computational and experimental points of view. 

The third section of the volume is concerned with the design of supramolecular assemblies.  
Hosseini et al. provide examples of tectons that, when combined with metal ions, lead to 1-D 
coordination networks.  Hydrogen bonding produces a 1-D organic assembly in a paper by 
MacGillivray et al. Next, Brammer et al. discuss inorganic and organic halogens as design tools, 
including electrostatic potential calculations and experimental results.  Finally, Aakeröy et al. 
demonstrate that boronic acids are not just for cross-coupling reactions anymore, they also can be 
used to create hydrogen-bonded networks. 

Crystalline material applications are being achieved through crystal design, as demonstrated by 
the final two papers.  Braga et al. provide examples of reactions performed with crystalline 
organometallic solids, while Ward et al. describe host compounds that facilitate selective inclusion 
from isomeric mixtures of methylated benzene guests. 

The four sessions of the 2004 ACA Transactions symposium and the four sections in this 
volume demonstrate the ways in which chemists look at crystals, from computational methods of 
crystal structure prediction to practical uses of crystalline materials. The topic was inspired by Ray 
Davis, then the ACA President, who has for years been dedicated to both Chemistry and 
Crystallography.  I thank him, as well as the Donors of The American Chemical Society Petroleum 
Research Fund, for the partial support of the 2004 ACA Transactions Symposium. 

 
Alicia Beatty 
Mississippi State University 
Starkville, Mississippi 
August 2, 2005 

                                                
1 A. Gavezzotti, Acc. Chem. Res. 27 (1984) 309-314. 
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CRYSTAL STRUCTURE PREDICTION AND POLYMORPHISM - SOME 
MUTUAL INSIGHTS 

 
 

Sarah (Sally) L. Price, Binal Patel, Pinky Pridhanani-Jethani and Antonio Torrisi 
 Dept. of Chemistry, University College London, 20 Gordon St, London WC1H 0AJ, UK 

 
 
1. ABSTRACT 
 
Computational crystal structure prediction seeks to predict the crystal structure of an organic molecule from 
the chemical diagram. The blind test of crystal structure prediction, organized by CCDC in spring 2004, 
gives an independent measure of the current state of development of such methods. However, interpreting 
the results is complicated by the possible polymorphism of the test molecules. 
 
Most methods of crystal structure prediction are based on a search for the crystal structure that corresponds 
to the global minimum in the lattice energy. This generates a set of hypothetical crystal structures that are 
energetically feasible, which usually includes many structures that are not observed. Some of the variety 
that can be displayed in the types of hypothetical low energy structures is illustrated by the low energy 
structures obtained for imidazole, uric acid and 2,6-diamino-3,5-dinitro pyrazine, and discussed in terms of 
their crystallization behaviour. Progress towards a reliable method for computational crystal structure 
prediction raises many questions about the factors that determine polymorphism, whilst providing insight 
into the crystallization options for specific molecules. 
 
 
2. INTRODUCTION 
 
The ultimate aim of computational scientists working on organic crystal structure prediction is to find a 
methodology of predicting the full crystal structure (i.e. space group, cell constants and fractional atomic 
coordinates), given just the chemical diagram of the molecule. Once we have a reliable method for crystal 
structure prediction, it would be a practical aid in the design of new molecular materials with desired 
supramolecular properties. It would also have to quantify the factors that determine which crystal structures 
are adopted by organic molecules. Our progress towards this aim has been charted by the blind tests [1,2] 
of crystal structure prediction which have been organized by the Cambridge Crystallographic Data Centre. 
The results of the test held in 2004 [3] actually had fewer correct predictions than in previous years, 
possibly because of the increased complexity in the crystal structures used within the test (particularly the 
removal of the Z'=1 restriction). Nevertheless, there have been some correct predictions, even under such 
blind test conditions. The polymorphism amongst the blind test molecules (one case known for the test [1], 
another polymorph found later [4]) clearly demonstrates some of the fundamental challenges in crystal 
structure prediction. 
 
Most of the successful predictions of crystal structures in the blind test have been based on searches for the 
global minimum in the lattice energy. This corresponds to searching for the thermodynamically most stable 
crystal structure, but approximating the free energy by the lattice energy. The assumption that the observed 
crystal structure will be the most thermodynamically stable one is clearly a good starting point, as we 
expect that most slow crystallization methods would yield the thermodynamically stable structure. 
However, since there are many examples of molecules that have two or more polymorphs that appear to be 
stable under the same thermodynamic conditions, including concomitant polymorphs that crystallize in the 
same batch [5], we clearly need to go beyond just thermodynamic considerations and also consider kinetic 
factors. The cases where a thermodynamically more stable polymorph has not been discovered until a 
pharmaceutical compound has been in production for some time (such as ritonavir [6,7]), or after the 
metastable form has been known for over a century [8], clearly are a complication to assessing the success 
of crystal structure prediction. However, they also point to a major potential benefit of such work – to warn 
of the potential existence of a more stable polymorph. Crystallization strategies to search for this 
hypothetical form could then be developed [9]. Thus, although crystal structure prediction studies tend to 
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find more energetically feasible crystal structures than known (or expected) polymorphs, consideration of 
the set of such structures can aid the understanding of the supramolecular behaviour of the molecule. 
 
This paper reports some examples of searches for the minima in the lattice energy for small rigid 
molecules, chosen to illustrate some of the different types of crystal energy landscapes that have been 
observed, as well as the challenges facing computational crystal structure prediction. 
 
 
3. METHOD 
 
Essentially the same methodology was applied to generate a set of lattice energy minima for imidazole, uric 
acid, and 2,6-diamino-3,5-dinitropyrazine, with any variations discussed in the specific section. Molecules 
that would normally be considered as rigid were chosen, as the modeling method uses rigid molecules, to 
avoid requiring an intramolecular potential to model the deviations in the molecular structure caused by the 
packing forces. The experimental molecular structure was taken from the most accurate determination in 
the Cambridge Structural Database [10]. For X-ray determinations, the bonds to hydrogen atoms were 
elongated to standard neutron values [11]. The MP2 6-31G** wave function for this molecular structure 
was calculated using GAUSSIAN [12], and analyzed by GDMA [13] to give a distributed multipole [14,15] 
(DMA) representation of the charge density. This molecular structure was then optimized at the same level 
of ab initio theory to give an approximation to the gas-phase molecular structure, and the corresponding 
DMA obtained. 
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Scheme 1. Imidazole (1), Uric acid (2), 2,6-diamino-3,5-dinitropyrazine (3). 
 
 
The DMA model of the molecular charge density was used to calculate the electrostatic contribution to the 
lattice energy within DMAREL [16,17], with the charge-charge, charge-dipole and dipole-dipole terms 
being evaluated by Ewald summation and the remaining terms in the multipole expansion up to R-5 
calculated by direct summation up to a molecule-molecule separation of 15 Å. Thus, this approach is 
modeling the electrostatic contribution to the lattice energy essentially to the accuracy of the wave function, 
and thus automatically modeling the electrostatic directionality [18] in hydrogen bonding and π−π stacking 
arising from lone pair and π [18] electrons. All other contributions to the intermolecular forces were 
assumed to be represented by an empirical repulsion-dispersion potential of the form 
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where atom i in molecule 1 is of type ι, and atom k in molecule 2 is of type κ. The parameters were those of 
the FIT potential [19], which extended the empirically fitted potential of Williams et al. [20,21] for C, HC, 
N and O atoms to also cover hydrogen bonding (HN), except where the transferability of the C parameters 
proved unsatisfactory. The adequacy of the intermolecular potential was tested by comparing the 
experimental crystal structure with the closest lattice energy minimum obtained with the intermolecular 
potential, keeping the experimental molecular crystal conformation rigid (ExptMinExpt). This was 
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contrasted with ExptMinOpt, the corresponding lattice energy minimum obtained using the ab initio 
optimized molecular structure (and corresponding DMA), to determine the effects of the differences in 
conformation between the crystal and the “gas-phase” molecules.  
 
The search for the low energy minima in the lattice energy used the ab initio optimized molecular structure 
in the program MOLPAK [22] to generate up to 200 densely packed crystal structures in each of 29 most 
commonly found packing types with Z'=1, including the P1, 

! 

P1 , P21, P21/c, P21212, P212121, Pna21, 
Pca21, Pbca, Pbcn, C2/c, Cc and C2 space groups. Each of these crystal structures was then lattice energy 
minimized using DMAREL, using the same intermolecular potential. Thus the closest approximation to the 
experimental crystal structure that it would be possible to find in the search would be equivalent to 
ExptMinOpt. Any minima that did not correspond to a true minimum in the lattice energy, as judged from 
the second derivative properties, were excluded. 
 
 
4. RESULTS 
 
4.1 Imidazole 
Imidazole is an ideal system for this particular method of modeling the molecular crystal, as it is 
undoubtedly rigid and there is a published crystal structure [23] determined by neutron diffraction at 103 K.  
The crystal comprises chains of N−H···N hydrogen bonded molecules. The FIT+DMA model potential 
satisfactorily reproduces this crystal structure and the frequencies of the low energy k=0 intermolecular 
lattice vibrations both by lattice energy minimization and lattice dynamics [24] and in a Molecular 
Dynamics simulation [25]. This is confirmed in Table 1, where it is also clear that the minor differences 
between the ab initio optimized and neutron molecular structures have a very small effect on the structure 
obtained by lattice energy minimization. 
 
 

Table 1 
The modeling of the experimental crystal structures by lattice energy minimization 

a Range of measured heats of sublimation [28]. Where required, cells have been transformed to the same axis setting using PLATON 
[29]   

  a/Å b/Å c/Å  β /° Density 
g cm-3 

Lattice 
Energy      
kJ mol-1 

Imidazole  Expt  P21/c 7.569   5.366   9.785 119.08 1.302 -67  -85a 

[23] ExptMinExpt 7.718   5.461   9.814 120.69 1.270   -78.4 
 ExptMinOpt 7.721   5.501   9.839 121.05 1.263   -75.1 
 Closest in search 7.721   5.501   9.839 121.05 1.263   -75.1 
Uric Acid  Expt  P21/c 6.208   7.403 14.464 114.90 1.852  
[26] ExptMinExpt (ACC) 6.187   7.151 14.477 113.81 1.905 -181.6 
 Closest in search (Expt) 6.187   7.152 14.477 113.81 1.906 -181.6 
 ExptMinOpt (ACC) 6.926   7.390 14.126 112.72 1.842 -164.9 
 Closest in search (Opt) 6.296   7.390 14.125 112.72 1.842 -164.9 
2,6-diamino-3,5-  Expt  P21/c 9.014 12.960   6.394 100.77 1.812  
dinitropyrazine ExptMinExpt (SCF) 8.875 12.882   6.161   94.03 1.891 -145.3 
[27] ExptMinOpt (SCF) 8.919 13.025   6.139   91.40 1.864 -135.8 
 Closest in search 8.918 13.023   6.141   91.79 1.865 -135.9 
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Figure 1. The distribution of low energy structures found in a search for minima in the lattice energy of imidazole. The minimum 
corresponding to the known crystal structure (ExptMinOpt) is denoted by the open triangle. 
 
 
The low energy minima in the lattice energy found in the search (Figure 1) show the typical result of there 
being a large number of crystal structures within 10 kJ mol-1 of the global minimum (an estimate of the 
likely maximum energy difference between polymorphs [30]), with a small variation in density. 
Nevertheless, the search has found ExptMinOpt as the global minimum. 
 
Comparison of the unique low energy crystal structures shows a range of variations from the known crystal 
structure. Some of the crystal structures that are very close to the global minimum are virtually 
indistinguishable by visualization, though differences are apparent in the powder pattern. However, within 
less than 2 kJ mol-1, there are structures where hydrogen bonded molecules are coplanar, whereas the tilt 
between adjacent molecules in the experimental structure is over 50 °.  Other structures show considerable 
variations on the simple anti-parallel stacking of the hydrogen bonding chains in the observed structure, 
and yet are only 3 to 5 kJ mol-1 less stable. This includes some polar crystals, which could have a 
destabilising dipole moment [31] if grown under unusual conditions. Nevertheless, all the low energy 
crystal structures are based on the same hydrogen bonding network, and the anti-parallel arrangement of 
the chains is favoured. 
 
Concluding, the known crystal structure of imidazole is found as the thermodynamically most stable static 
structure at 0 K. Although other crystal structures are thermodynamically feasible, they have the same 
dominant hydrogen bonding motif. Hence, it seems unlikely that the conditions of crystallization could be 
readily manipulated to give a kinetic advantage in nucleation and growth to an alternative structure that 
could result in a long-lived polymorph. 
 
4.2 Uric Acid 
Uric acid contrasts with imidazole in that it has 4 hydrogen bond donors and 3 acceptors, and thus can form 
a variety of hydrogen bonds. It is medically relevant as it is found in human kidney stone deposits, in both 
the monoclinic anhydrate form and the less stable dihydrate form. The latest crystal structure 
determinations in the Cambridge Structural Database by Ringertz [26,32] date back to the mid 1960s. Thus, 
when the experimental crystal structure was found to differ from the essentially planar ab initio optimized 
structure in that the N2−H2 bond deviated by 17 ° from planarity (Figure 2a), it seemed likely that this 
deviation could have been an artefact of the X-ray determination. Attempts to reproduce the experimental 
crystal structure using the FIT potential revealed that it appeared to overestimate the repulsion due to the 
carbon atoms, and so ACC in equation (1) was empirically reduced by 35 % to 240335 kJ mol-1.  This gives 
an acceptable reproduction of the crystal structure with either molecular model (Table 1, Figure 2b), 
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though the differences in the molecular structure made a reasonable difference to the reproduction of the 
crystal structures and hydrogen bond lengths, with the most marked effect being the lower lattice energy 
with the non-planar N2−H2 bond. 

Figure 2. (a) Overlay of the experimental (red) and ab initio optimized (cyan) molecular structures of uric acid. (b) Overlay of the 
experimental crystal structure (black) of uric acid [26] with ExptMinOpt (red), the minimum obtained with the ab initio optimized 
molecular structure and same potential used in the search.  
 
 
The search for minima in the lattice energy, with the ab initio optimized molecular model (Figure 3a), 
found the experimental structure as one of the less dense structures almost 5 kJ mol-1 above the global 
minimum. Many of the denser, more energetically favourable structures used different combinations of 
hydrogen bond donors and acceptors. For example, a hypothetical structure only 1.1 kJ mol-1 above the 
global minimum has the same N1−H1···O1=C1 cyclic double hydrogen bond motif as the experimental 
structure, but the five membered ring forms a double hydrogen bond motif using N4−H4···O3=C5 instead 
of N3−H3···O3=C5, and the single hydrogen bonds also differ in nature and orientation (Scheme 1 defines 
the atom labelling). This implies that should a route be found to form such crystal structures, there is likely 
to be a significant barrier for a solid state transformation to the known structure.  
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Figure 3. The distribution of low energy structures found in a search for minima in the lattice energy of uric acid with (a) the ab initio 
optimized molecular structure and (b) the molecular structure found in the known crystal structure. The minima corresponding to the 
known crystal structure (ExptMinOpt for (a), ExptMinExpt for (b)) are denoted by the open triangles. 
 
 
Given the uncertainty in the computational model being used for the molecular structure and intermolecular 
forces of uric acid, another search was performed using the experimental molecular structure (Figure 3b). 
This time, the known structure was found at the global minimum in the lattice energy. The structures that 
were previously predicted more stable than the known structure were also found again within about 6 kJ 
mol-1 of the minimum. This significant change in the relative energies of the crystal structures was 
consistent with the distortion of N2−H2 forming a shorter hydrogen bond in the known structure.  
 
Thus, the quality of the computational model for uric acid considerably limits the confidence that can be 
placed in the relative energies of the hypothetical structures. The ab initio optimized structure was 
generated at the correlated MP2 6-31G** (d,p) level, which gives marked pyramidalization of the amino 
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groups and very slight non-planarity to the structures of guanine and adenine [33], in contrast to the less 
realistic SCF wavefunctions. Thus the ab initio method used is certainly likely to be correct in that the large 
deviation of N2−H2 from the plane would not be found in the true gas phase structure, but it is difficult to 
give a reliable estimate of the energy penalty for the conformational distortion. It is quite likely to be much 
less than one kJ mol-1. Hence, the known crystal structure is one of the lowest in energy, and may well be 
the thermodynamically preferred structure. The calculations also show that hypothetical structures with 
different hydrogen bonding motifs are competitive in energy.  
 
We attempted to grow crystals of uric acid suitable for X-ray diffraction by solvent evaporation, slow 
cooling and vapour diffusion, but this was unsuccessful, as were attempts to repeat a gel-filtration method 
[34]. Such experiments were severely limited by the low solubility of uric acid in many solvents. Uric acid 
crystals up to 250 µm can be grown from hot aqueous solutions [35]. Thus crystallization conditions for 
growing good uric acid crystals are limited, and hence it is not yet possible to say whether this has 
prevented us from finding new polymorphs.  
 
4.3 2,6-diamino-3,5-dinitropyrazine 
This molecule (Scheme 1) involves hydrogen bonding groups that are often used in energetic materials, 
and is closely related to stable insensitive explosives that are under development. The recently determined 
X-ray crystal structure [27] at 204 K, shows extensive inter- and intramolecular hydrogen bonding forming 
sheets in the ab plane. These sheets are stacked along the c direction in a P21/c structure. The 
intramolecular hydrogen bonding ensures that the molecule is almost planar within the crystal, and so the 
differences in using the ab initio optimized molecular structure and the experimental molecular structure 
were small. The FIT model potential was able to reproduce the structure of the hydrogen bonded sheets 
well (Figure 4a), and their parallel stacking, but produced a significant error in the β angle (Table 1, 
Figure 4b).   Since the distributed multipoles of an SCF wave function produced a somewhat better 
reproduction of the crystal structure than the MP2 wave function, possibly because the potential was 
parameterized in conjunction with an SCF electrostatic model, this less realistic electrostatic model was 
used for the search.  It seemed unlikely that any minor modifications of the FIT potential would improve 
the close layer stacking in this dense crystal structure. Thus, the reproduction of this crystal structure limits 
the confidence that can be placed in the modeling. 
 

 
Figure 4. Overlay of the experimental crystal structure (black) of 2,6-diamino-3,5-dinitropyrazine [27] with ExptMinOpt (grey), the 
minimum obtained with the ab initio optimized molecular structure and same potential used in the search. (a) View showing sheet 
structure (b) overlay of cell perpendicular to the sheets. 
 

 
 
 



Sarah (Sally) L. Price, Binal Patel, Pinky Pridhanani-Jethani and Antonio Torrisi 
 

American Crystallographic Association                                 ACA Transactions 2004, 39, 2-13 
 

8 

Cell volume per molecule / Å3 

-150

-145

-140

-135

-130

-125

-120

170 175 180 185 190 195

P1

P-1

P21

P21/c

Cc

C2

C2/c

P21212

P212121

Pca21

Pna21

Pbcn

Pbca

ExptMinOpt

 
Figure 5. The distribution of low energy structures found in a search for minima in the lattice energy of 2,6-diamino-3,5-
dinitropyrazine. The minimum corresponding to the known crystal structure (ExptMinOpt) is denoted by the open triangle.  
 
 
The search for minima in the lattice energy, using the ab initio optimized molecular structure, found the 
experimental structure (ExptMinOpt) 7.5 kJ mol-1 above the global minimum (Figure 5). Virtually all the 
more stable structures are based on the stacking of sheets, although there are marked differences between 
the hydrogen bonding motifs within the sheets. Figure 6 contrasts the sheet found in the most stable 
structure, with that found experimentally. The experimental sheet contains a distortion of a plausible dimer 
structure, with a NH2 group intermolecularly hydrogen-bonded to both the NO2 groups of one neighbour. 
However, this is compromised with a NO2 group hydrogen bonded to a N−H of another neighbour 
producing a close N=O···O=N contact. The sheet in the global minimum structure has a NO2 to NH2 
distorted double hydrogen bond, and a NH2 hydrogen bonding to NO2 groups in different molecules which 
produces a short N=O···N(pyrazine) contact.  Many of the hydrogen bonds are quite long, and vary in 
length with the small rearrangements that occur in the different crystal structures based on similar sheets. 
Thus, the hydrogen bonding in both sheets in Figure 6 is compromised by the inevitable proximity of close 
interactions between electronegative atoms. The relative energies of the structures would change further if 
the modeling allowed low energy distortions of the NH2 and NO2 groups. Indeed, when the experimental 
molecular structure was used in the search, the energy gap between the most stable crystals structure with 
either sheet shown in Figure 6 reduced from 7.5 to 4.3 kJ mol-1. This shows that the minor conformational 
distortions favour the observed sheet. However, the global minimum sheet found by the computational 
model is certainly thermodynamically competitive to the known sheet.  
 
There are many low energy structures in Figure 5 because the sheets can overlay in a variety of ways. 
Figure 7 shows some of the different stackings found for the sheet (Figure 6a) which was predicted to give 
the most stable structure.  Whilst the pyrazine rings are not vertically stacked, they may overlay various 
hydrogen bonding regions, with partial overlap with either amino or nitro groups. In most cases, the sheet 
dipole moments alternate, though there are cases (e.g. Figure 7b and c) where the packing produces a polar 
crystal structure. It is also worth noting that the small scale of the search (Z'=1 in limited space groups) will 
limit the number of alternative stackings of the sheets that could be found. It is likely that other crystals 
structures could be constructed that mixed the modes of stacking to give more complicated structures of 
similar energy. 
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(a) (b) 
 

                 
Figure 6. The sheet structure of 2,6-diamino-3,5-dinitropyrazine found in (a) the global minimum energy structure in the search, 
contrasted with (b) the corresponding model of the experimental sheet structure (ExptMinOpt). The dotted lines denote contacts 
between nitrogen and oxygen that are less than the sum of the van der Waals radii, which includes both hydrogen bonds and short 
intermolecular contacts between heteroatoms, drawn using Mercury [36].  
 

 

 
Figure 7. Some of the alternative sheet stackings found for 2,6-diamino-3,5-dinitropyrazine, based on the same sheet structure (a) 
global minimum AM93 (P21/c), lattice energy, Ulatt= -143.4 kJ mol-1,  (b) AA91 (P1), Ulatt=-142.6 kJ mol-1, (c) AV79 (Pna21), Ulatt=-
136.9 kJ mol-1, (d) AB88 

! 

(P1)  Ulatt=-135.5 kJ mol-1. Hydrogen atoms have been removed for clarity. 
 
 
Given the problems in reproducing the experimental crystal structure, and the sensitivity to low energy 
distortions of the molecular structure, we can have little faith in the relative energies of the different 
structures that fall within this small energy range of 7.5 kJ mol-1 of the global minimum.  However, given 
the nature of the hydrogen bonded sheets, it is very plausible that there are a variety of positions for 
stacking the sheets above each other. The bumpiness of the repulsive wall above the molecule, as modelled 
by the isotropic atom-atom potential is likely to be unrealistic because the π electron density etc. may well 
flatten this shape. The high density of 2,6-diamino-3,5-dinitropyrazine and related energetic materials 
probably implies that a specific, non-empirical, anisotropic atom-atom repulsive potential (c.f. the recently 
developed model for the chlorobenzenes [37]) would be worth developing for more realistic computational 
modeling. Nevertheless, whilst improving the intermolecular potential may well reproduce the stacking in 
the known structure better, and reorder the energies, it is likely that there will remain alternative hydrogen 
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bonded sheets of 2,6-diamino-3,5-dinitropyrazine, and alternative stackings of the sheets that are 
energetically competitive. 
 
An experimental search for new polymorphs of 2,6-diamino-3,5-dinitropyrazine was carried out in 
conjunction with the theoretical search. It is soluble in dimethylformamide (DMF), dimethylsulfoxide 
(DMSO) and 1-methyl-2-piperidinone (NMP), and partially soluble in water, methanol, 1,4-dioxane and 
tetrahydrofuran. From a range of crystallization experiments, the only crystals formed which were suitable 
for single crystal X-ray diffraction were the known structure [27] (by crystallization from NMP), and the 
known DMSO solvate [38]. A large number of the microcrystals obtained from DMF and 1,4-dioxane were 
heavily layered or twinned, consistent with the twinning problems encountered in the original structure 
determination [27].  
 
 
5. DISCUSSION 
 
This paper studies the crystal energy landscapes of three contrasting small polar molecules. This clearly 
reveals how the problems of crystal structure prediction studies can vary with the molecule. Imidazole is an 
ideal example for computational work as it has been very widely studied both experimentally, to give an 
accurate molecular and crystal structure with reliable proton positions, and computationally, in the 
development of model potentials. The other two examples are of molecules chosen for their own intrinsic 
interest, which appeared to fall within the capabilities of the computational methodology. Uric acid 
demonstrates the sensitivity of the lattice energies to the position of a hydrogen bonding proton. The dense, 
stacked sheet structure of 2,6-diamino-3,5-dinitropyrazine proved too challenging for the interactions 
between stacked molecules to be accurately modelled by the transferable isotropic atom-atom repulsion-
dispersion model. Thus, in both cases, there is more uncertainty in the relative lattice energies than for 
imidazole. Nevertheless, the three molecules have very different crystal energy landscapes, which can 
cautiously be interpreted as having rather different implications for the likelihood of polymorphism in these 
systems. 
 
The only distribution of lattice energy minima that can be unambiguously interpreted is when the known 
structure is found at the global minimum, with no other structures within the energy range of 
polymorphism, allowing for the inherent inaccuracies in the intermolecular potential, the molecular model 
and the use of lattice energy rather than free energy. In such a case, the prediction is clear that no other 
crystal structure is thermodynamically feasible, and it is predicted that no polymorphs are possible. An 
example of this is Pigment Yellow 74, where the known structure was predicted [39] to be 12 kJ mol-1 more 
stable than any hypothetical structure generated in the search. Despite many crystallizations of Pigment 
Yellow 74, through various synthetic routes, no polymorphs have been detected.  
 
When the energy gap between the global minimum and other hypothetical structures is smaller, so that 
there are hypothetical structures that are thermodynamically plausible as potential polymorphs, the kinetic 
aspects of polymorph formation have to be considered. Does a metastable structure have such a kinetic 
advantage in nucleation and crystal growth, and difficulty in transforming to the more stable crystal 
structure, that it is likely to be an observed polymorph? The dynamical motions of molecules within 
crystals also complicate the thermodynamic argument. Are the differential effects of temperature and 
pressure on the different crystal structures likely to change the order of thermodynamic stability relative to 
the 0 K lattice energies? Whilst we cannot answer these questions in general, we can make tentative 
predictions in the cases of specific energy landscapes. 
 
Imidazole has the known crystal structure as the global minimum in the lattice energy, and rigid-body 
harmonic phonon estimates suggest that it is likely to remain the thermodynamically most stable structure 
under reasonable variations in temperature. The low energy hypothetical structures all adopt the same 
hydrogen-bonding chain motif. Thus, given that forming these hydrogen bonds is likely to be a key step in 
the nucleation process, and that transformation between different low energy structures would not 
necessitate changing the hydrogen bonding motif, it seems unlikely that crystallization conditions could be 
readily devised that would give a long-lived alternative polymorph. (If crystallization conditions could be 
devised so that the hydrogen bonded chains were parallel and the crystal polar, it would be more difficult 
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for the structure to rearrange to the more thermodynamically stable structure, so this seems the most 
probable hypothetical route to a metastable polymorph.) 
 
In contrast, uric acid is predicted to have a variety of low energy structures, with different combinations of 
donors and acceptors used in the hydrogen bonding. Thus, if the hypothetical structures could be formed, 
there is likely to be a significant barrier to a solid state transformation to the known form. The key to 
forming polymorphs is to get alternative hydrogen bonds to form a nucleus which then grows. However, 
experimentally, the ability to nucleate one of the hypothetical crystal structures is clearly limited by the 
poor solubility of uric acid. It is tempting to speculate that the specificity of the conditions required to grow 
even small crystals of uric acid could be a result of the molecule’s complex choices of possible hydrogen 
bonds. Polymorphism in uric acid, with diverse supramolecular structures and properties, is 
thermodynamically feasible, and we need to understand its nucleation and growth before it will be clear 
what kinetic factors determine the lack of polymorphs found to date. 
 
The low energy crystal structures of 2,6-diamino-3,5-dinitropyrazine show a strong preference for forming 
hydrogen bonding sheets. However, there are at least two hydrogen bonded sheet motifs (Figure 6) that are 
unlikely to interconvert easily. Thus, it is possible that the observed sheet structure might be kinetically 
rather than thermodynamically preferred, although the sensitivity of hydrogen bonding to low energy 
changes in molecular structure means that it could be the thermodynamically most stable form. The relative 
energy differences for different stackings of the same sheet, and the energy barriers for transformation by 
slipping the sheets, are too small to be given meaningfully by the transferable intermolecular potential used 
in this study. Hence, it is impossible to say whether, once formed, any differences in the position of 
stacking of the sheets would be quickly lost by transformation to the most stable stacking of these sheets. 
An alternative possibility is that a variety of sheet stackings are energetically and kinetically feasible, and 
therefore this system could exhibit organic polytypism. This phenomenon has been demonstrated in picryl 
bromide (2,4,6-trinitrobromobenzene), where five of six polymorphs have recently been solved by X-ray 
diffraction by Gilardi [40]. All contain planar sheets with identical packing motifs, but the sheets stack in 
different ways, giving between 3 and 18 molecules in the asymmetric unit. Thus, the energy landscape of 
2,6-diamino-3,5-dinitropyrazine suggests the possibility of polymorphs that differ in both the hydrogen 
bonding motif, and the possibility of many related polymorphs based on polytypic stackings of the same 
sheet. No polymorphs have yet been characterized, though there are problems in growing untwinned 
crystals, and also in trying a wide range of different crystallization conditions. Thus, the crystal structure of 
2,6-diamino-3,5-dinitropyrazine is particularly hard to predict because the range of low energy structures 
includes both different hydrogen bonded sheets and various ways of stacking these sheets. Kinetic factors 
are likely to play a major role in determining which crystal structures are found. 
 
 
6. CONCLUSION 
 
Computational crystal structure prediction is still far from its goal of being able to predict the crystal 
structure of an organic molecule from just the chemical diagram. Nevertheless, it is clear that whilst some 
crystal structures can be predicted by just searching for the global minimum in the lattice energy, many 
molecules have such a variety of low energy crystal structure packings, that even predicting the 
thermodynamically most stable crystal structure remains a challenge. The current study illustrates the 
problems of accurately evaluating the lattice energy when there are small, low energy distortions which 
affect the positions of hydrogen atoms, and in accurately modeling the intermolecular forces involved in 
the dense stacking sheets of planar molecules. Improving on lattice energy minimization to model free 
energies [24] is also required before we can predict relative thermodynamic stabilities sufficiently 
accurately for molecules which have a variety of crystal structures within the energy range of 
polymorphism. 
 
To use computational methods to predict polymorphism clearly requires computational modeling of kinetic 
effects. Whilst simple models for crystal growth can be applied [41], a method of predicting relative ease of 
nucleation is a major experimental and theoretical challenge. However, as this paper illustrates, crystal 
structure prediction calculations do at least show the types of low energy crystal structures that are 
available to the molecule. There may be only one predominant motif, which can then be predicted with 
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confidence. The structures of the hypothetical crystals may help devise strategies for obtaining new 
polymorphs [9,42], or at least encourage the successful search for new forms [43,44]. It may suggest that 
simple new polymorphs with very different structures and supramolecular properties are unlikely. It is 
conceivable that having a complex set of solid state packing possibilities may hinder the nucleation and 
growth of good crystals, though this would be hard to establish. Although computational crystal structure 
“prediction” studies raise more questions than answers, they certainly contribute to the fun of studying 
polymorphism. 
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1. ABSTRACT 
 
to predict: to foretell, prophesy, announce beforehand 

Oxford English Dictionary 
 
Since the early days of structure determination by diffraction methods the prediction of crystal structures of 
small to medium-sized organic molecules from a structural formula has been a goal and a constantly 
recurring theme of crystallographers. The challenge is even greater when considering the additional factor 
of the possible existence of polymorphic forms of the material, since true predictive capability requires 
accounting for all crystal forms and their relative stability. While considerable progress has been made and 
some practitioners have even claimed that the goal has been achieved, a great deal still needs to be learned 
and done before one can state with any degree of confidence the ability to predict a crystal structure from a 
structural formula alone, much less its polymorphic forms. An even greater challenge is the prediction of 
solvates, including hydrates. This contribution attempts to summarize some of the current thinking on the 
subject. 
 
 
2. INTRODUCTION 
 
At the outset to this contribution, I want to make it clear that I am an enthusiastic believer in the importance 
of computational approaches to the understanding of interactions within molecular crystals and their 
potential for aiding in the solution of crystal structures, as well as for surveying the energy landscape for 
possible, even as yet unknown, structures. I have been following the development of this field for nearly 
forty years, even with occasional personal forays into it. I am impressed by the progress that has been 
made, and I enthusiastically support and encourage those who are attempting to develop and refine the field 
in general and its applications to polymorphs in particular. The rapidly increasing interest in polymorphism 
in recent years, from the purely scientific point of view to the commercial and intellectual property aspects 
has led to increasing (perhaps more correctly intense) interest in our ability to predict ab initio the existence 
of multiple crystal forms for a particular compound. I do think that some of the hyperbole and optimism of 
the past decade concerning our ability to predict even the possible existence of polymorphs was misplaced, 
and this paper is an attempt to present my perspective on the current situation. Although I have attempted to 
be objective, this minireview is the view from one person’s perspective, which must per force carry some 
bias.  
 
As with many aspects of chemistry, much discussion and debate surround our definition of terms, and the 
associated frame of reference. In this case, what do we mean by the term “to predict’? The Longman’s 
Dictionary has a slightly different definition from that given by the OED above: “to see or describe in 
advance as a result of knowledge, experience, thought, etc.” Using classical physics we can predict the path 
of a cannon shell or an interplanetary space probe.  In chemistry we can often predict the outcome of a 
reaction or the bonding geometry around an atom. In the current context I view a prediction as the ability to 
see or describe in advance a crystal structure simply on the basis of its molecular structure. The key phrase 
in this definition is ‘in advance’.  For a sound scientific prediction we don’t have to do the experiment to 
know what the result will be. It may be technologically challenging or difficult to carry out the experiment, 
but we expect the known scientific truths to be valid and the accepted scientific laws to be obeyed.  By 
either dictionary definition above the notion of a prediction in scientific terms carries with it some degree 
of confidence, implied in the Longman’s definition “as a result of knowledge, experience, thought, etc.” 
That is, we expect the prediction to be proven.  
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In the context of the historical development of “predicting” crystal structures of small to medium 
molecules, 1994 was a particularly notable year, with two nearly simultaneous publications. One was the 
official announcement by Molecular Simulations Inc. (now Accelrys) in July of the availability of the 
“Polymorph Predictor” program [1]. The second event was the publication in October of the stimulating 
paper by Angelo Gavezzotti [3] entitled “Are crystal structures predictable?” to which he gave the emphatic 
one word opening response “No!” The dichotomy is glaring. How can there be a program for predicting 
multiple crystal structure (i.e. polymorphs) if we can’t even predict a single crystal structure? Part of the 
problem arises, of course, from how each author interprets of the definition of predict, and we will attempt 
to address that aspect of the question as well as making a general assessment of the current situation as seen 
from the perspective of this viewer. 
 
 
3. SOME HISTORICAL BACKGROUND 
 
In the current context of automated CCD diffractometers and “black box” programs for the solution, 
refinement and presentation of crystal structures it may be difficult to imagine (or to recall) the days when 
the few text books on crystal structure analysis (e.g. 4,5]) contained whole chapters on “Trial and Error 
Methods” for solving crystal structures, more correctly for providing the initial model. In many ways these 
were essentially means for describing the crystal structure in advance as a result of knowledge experience, 
thought, etc., i.e. predicting the crystal structure. Much thought and effort went into these methods, since 
the cost in time and work (often on the order of months) in getting it wrong could be frustrating, if not 
disastrous. With the advent of powerful desktop or laptop computers armed with efficient software for 
structure solution (generally by direct methods) and refinement, those chapters have disappeared from the 
textbooks. However, the earlier need to use every means possible to arrive at a possible crystal structure 
spawned some pioneering work and led to considerable understanding of the nature of crystals and crystal 
structures.  
 
The classic work in this area is Kitaigorodskii’s Organic Chemical Crystallography [6], which contains 
many still-valuable observations and insights on the nature of intermolecular interactions in molecular 
crystals. Kitaigorodskii also built a “structure seeker” for the prediction/solution of crystal structures by 
incorporating the principles of van der Waals radii and closest packing into a mechanical model.  In the 
middle 1960’s many of these ideas were incorporated by (the late) Don Williams into his PCK5 program 
[7], various versions of which he used as an aid for solving the structures of dibenzoylmethane [8], 2,4,6-
triphenylverdazyl [9] and others employed in solving the structures of some monosaccharides [10].* A 

                                                
∗A personal note. In 1968 I was a postdoctoral fellow in Ken Trueblood’s lab at UCLA. He was 
working with Don Cram on the structures of paracyclophanes. One of these that came into the lab was 
the hydrocarbon [2.2]meta,para cyclophane, which crystallized in the space group P212121.  In those 
days (before the birth of MULTAN, SHELX, etc.) such a light atom noncentrosymmetric structure was 
considered non-routine at best and often not solvable, and it might have been laid it to rest. However, 
the rigid molecule is very similar to [2.2]para,para cyclcophane which crystallizes in tetragonal space 
group P42/mnm, and we had been reinvestigating the structure originally reported by Kathleen 
Lonsdale [11]. The cell constants of the two structures were also very similar; however, whereas the 
para,para derivative had crystallographic site symmetry mmm (a very rare case for molecular crystals 
[6]), in space group P212121 Z’=1, the meta,para derivative was required to have crystallographic site 
symmetry 1. The four arrangements possible for the meta and para rings were generated as input into 
the Williams PCK5 program at the locations suggested by the tetragonal structure. One of the four 
produced a significantly lower packing energy than the others as a trial structure, and refined smoothly 
on data collected manually on a General Electric quarter-circle diffractometer. However, the exocyclic 
C-C single bonds were approximately 1.62Å, a value much larger than any previously published. 
Another set of data led to identical results, which we felt could not be published due to this 
anomalously long bond. Sometime later, Renault et al. published another structure of the 
compound[12, also] in P212121, but with Z’=2, in which 3 out of 4 of the C-C single bonds exceeded 
1.54, and subsequently many C-C single bonds exceeding the ‘standard’ 1.54Å have been reported. 
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parallel development at the time was Bill Busing’s WMIN program [13], which was used by Kvick and 
Noordik to aid in solving the structure of 2-amino-4-methylpyridine [14]. 
 
The field has expanded rapidly over the past thirty years, with an increasing number of practitioners 
developing a variety of methods. At least three useful summaries with many references to the historically 
important and current developments have been given by Verwer and Leusen [2], Gavezzotti and Filippini 
[15] and Price [16]. Price et al. also compiled a useful ‘atlas’ of organic molecules which have been used in 
crystal structure prediction studies carried out by lattice energy calculations [17]. Of the ~190 structures 
reported in this survey 9 are denoted by the authors as having been carried out “in advance of an 
experimental investigation” – much in the way that traditional predictions would be made. 
 
The title of this paper involves the confluence of two subjects – the calculation of crystal structures on the 
one hand and polymorphism on the other hand. Some historical developments of the former were noted 
above. In many ways the beginning of modern systematic study of polymorphism also can be traced to the 
1960’s with two landmark papers by McCrone [18, 19]. In the first of these McCrone made an oft-quoted 
provocative statement about the occurrence of polymorphism:  
 
“Every compound has different polymorphic forms, and the number of forms known for a given compound 

is proportional to the time and energy spent in research on that compound.” 
 
In spite of the implied universalism of this statement, there are many very well researched compounds for 
which polymorphism has not been discovered: naphthalene, sucrose and the pigment perylene red are but a 
few notable examples. Statistics on the occurrence of polymorphism are hard to come by, because almost 
any data set is biased, and many instances of polymorphism are not properly reported (this includes false 
positives as well as false negatives). For instance, a survey of the Cambridge Structural Database on the 
keywords “polymorph,” “form,” “phase” and “modification” indicates that about 4% of the included 
structures are polymorphic. A search on “hydrates and “solvates” results in about 23% hits. This survey is 
biased by the fact that it includes only compounds for which the crystal structures have been reported.  
Perhaps closer to the other extreme, Steve Byrn recently summarized work from SSCI on over 150 
compounds for which >87% had more than one form, 37% were hydrates and 31% were solvates [20]. 
These statistics may be biased by the fact that some samples at least were known to be polymorphic when 
received, or special efforts were made to identify multiple crystal forms, even if relatively unstable. 
Additional statistical surveys have been reported [21]. 
 
The general situation is somewhere in between these two sets of statistics: the existence of multiple crystal 
forms (polymorphs and/or solvates) is not surprising when found, but cannot be foreseen or expected for 
any compound. Essentially, this has been the state of our knowledge and understanding for many years, and 
given the increasing interest and importance of multiple crystal forms, it is not surprising that considerable 
efforts would be made to “predict” the possible existence of polymorphs in particular, and multiple crystal 
forms in general. One result was the announcement of the “Polymorph Predictor” program in 1994. 
 
 
4. WHAT WE CAN DO; WHAT WE CAN’T DO 
 
In the introduction to a chapter in a 1997 book entitled Theoretical Aspects and Computer Modeling of the 
Molecular Solid State edited by Angelo Gavezzotti, Robert Gdanitz, one of the authors of the Polymorph 
Predictor program, quoted three authorities on their view of our ability to predict crystal structures [22]. In 
a since oft-quoted statement John Maddox, past editor of Nature, wrote in 1988 [23]:  
 
“One of the continuing scandals in the physical sciences is that it remains in general impossible to predict 

the structure of even the simplest crystalline solids.” 
 
Similar skepticism was voiced by F. Hawthorne [24]:  
 
“Thus a rigorous general solution to the question of crystal structure prediction may not be forthcoming in 

the near future.” 
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and Fagan and Ward [25]:  
 
“Unfortunately, the molecular interactions in a lattice become too complicated for any human or computer 

to handle.” 
 
Nevertheless, in the same opening paragraph, Gdanitz [22] concluded that:  
 

“….quite a few articles on predicting molecule crystal structures have been published, showing that the 
problem has now become a rather routine task” (emphasis added). 

 
Perhaps the telltale hint of the author’s true estimation of one’s predictive ability is the title of the chapter, 
“Ab Initio Prediction of Possible Crystal Structures”.  The prediction of possible crystal structures may be 
routine, but the prediction of the crystal structure clearly is not.  
 
A similarly over optimistic view of the situation may be found in the chapter by Verwer and Leusen [2] in 
stating that  
 

“…computational methods and algorithms that allow packing simulations with many degrees of 
freedom,…were not developed until this decade (e.g. the 1990’s), making true ‘ab initio’ crystal structure 

predictions possible on the basis of molecular information alone.” 
 
Possible, perhaps, but the rate of success still leaves a lot to be desired before it can be claimed that the 
problem has been solved, and crystal structures in general, or polymorphic structures in particular, can be 
reliably predicted.  In reviewing the general situation of the predictability of polymorphs in general, 
Gavezzotti’s emphatic “No” in 1994 and subsequent developments, Dunitz succinctly summarized the 
situation in 2003. His current answer to the question is [26]: 
 

“…still ‘No’, although at certain levels of discussion a ‘Maybe’ or even a conditional ‘Yes’, may be 
entertained as possible responses”. 

 
Perhaps the greatest service to this effort of developing methods to computationally survey possible crystal 
structures has been performed by the Cambridge Crystallographic Data Centre, with a series of 
competitional “blind tests.” Developers and practitioners of these methods have been invited three times 
since 1998 to apply their methods to attempting to predict the crystal structures of three compounds on the 
basis of molecular information alone.  The crystal structures of the candidate compounds have been done 
but not published.  The results of two of these blind tests have been published [27, 28]. The rules for the 
competition say as much about our current ability to computationally predict crystal structures as do the 
results of the competition. These rules were laid out, “[t]o give a reasonable chance of success within the 
practical limits of known computer programs∗…”: 
 

- maximum number of atoms including H atoms did not exceed 40; 
- space group required to be one of the ten most frequently encountered (i.e. P21/c, P-1, 

P212121, C2/c, P21, Pbca, Pna21, Cc, Pbcn, C2); 
- one molecule in the asymmetric unit;∗∗ 

                                                
∗ The ground rules for the second blind test are quoted here. They differ only slightly from the first. 
∗∗ Most of the programs used for computing the lattice energy can not take into account the possibility of 
the molecule lying on a crystallographic special position (Wyckoff position). In a recent survey [29] it was 
shown that for Z’=1 approximately 71% of the molecules lack molecular symmetry, while those that have 
an inversion center retain that in more than 80% of the cases, those with a rotation axis retain it in 
approximately 50% of the cases, while those with mirror plane retain that element in about 30% of the 
cases. Most of these structures with retention of symmetry would not be included in the computed crystal 
structures since the programs are not capable of handling them. In some algorithms, especially those that 
compare the calculated powder pattern with an experimental one, the proper spatial arrangement of the 
molecules might be found, but the space group would not be correctly assigned. Such was the case, for 
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- no solvent molecules or co-crystals; 
- no disorder in the determined structure; 
- hydrogen atoms located experimentally in the determined structure. 

 
In addition, the three candidate molecules were categorized by perceived increasing difficulty for 
prediction: 
 

- rigid molecule with only C, H, N and O atoms, less than 25 atoms; 
- rigid molecule with some less common elements (e.g. Br), less than 30 atoms; 
- flexible molecule with two degrees of acyclic torsional freedom, less than 40 atoms. 

 
What classes or features of structures are considered too difficult or too challenging for such a competition? 
“Medium” or “large” molecules (>~40 atoms), all of the metal-containing complexes, most of the 
compounds with less common elements, molecules with more than two conformational degrees of freedom, 
salts, solvates, and structures with more than one molecule in the asymmetric unit, or molecules lying on 
special crystallographic positions (inversion center, 2-fold axis, etc.). While the eight allowed space groups 
comprise approximately 80% of the CSD, by adopting such a restriction one is already reducing one’s 
chance of success by 20%. This is a considerable fraction of the compounds that are of interest to “small 
molecule” chemists. 
 
What kind of success was achieved for the two blind tests for which results have been published?  There 
were three molecules (but four structures – see below) and 11 participants in the first blind test, for a total 
of 44 chances of success. Each participant was allowed three choices for each solution, so actually there 
were 132 possible solutions. There were seven correct predictions, five of them being the first of the three 
choices. 7/44 is a 16% success rate.  
 
It turned out that the behavior of one of the compounds was particularly relevant to the title of this paper. 
The compound is a liquid at room temperature, and was crystallized (in orthorhombic Pbca) in situ at low 
temperature in a capillary on a diffractometer for the data collection and structure determination, which 
served as the first structure of reference for the first blind test. A breakdown in the cooling system led to 
melting, and all subsequent attempts at crystallization yielded a monoclinic P21/c structure [29,30]. The 
sequence of events suggests that the monoclinic form is the more stable one, in accord with Ostwald’s Rule 
of Stages, and that the orthorhombic form should be classified as a disappearing polymorph [31]. In terms 
of the computational prediction of crystal structures, the important point here is that four out of the seven 
correct responses in the first blind test were for the orthorhombic structure (the less stable form) and if it 
had not been found initially, the number of correct predictions would be reduced to three  (7% success 
rate). Moreover, if the monoclinic structure had initially crystallized one might never have known about the 
existence of polymorphs in this system. 
 
Seventeen groups participated in the second blind test, carried out on three structures for a total of 51 
possible correct answers. The structures were correctly predicted by two groups for the first molecule, by 
four groups for the second molecule, with no correct answers for the conformationally flexible third 
molecule. The success rate is therefore 6/51 or 12%. The participants did conclude that there had been 
significant progress on the ability to generate crystal structures for rigid molecules, and if the solution were 
to be found among the top six, rather than the top three, solutions the success rate would rise significantly. 
The failure of all participants to find a solution for the third molecule in the second round led to additional 
attempts to prepare a polymorphic structure which might be found among the higher ranked computed ones 
[32]. The authors determined that the blind test reference structure exhibited an unusual conformation, 
which made the calculations less likely to succeed. After determining the cell constants of more than 80 
crystals they obtained a second polymorph of the material crystallized from nitromethane; however, it 
crystallizes with two molecules in the asymmetric unit with two different molecular conformations, so that 

                                                                                                                                            
instance, for the original version of the “Polymorph Predictor”, which yielded a solution for benzene in 
space group P212121 (Z=4, Z’=1, molecules on general positions), when it should have been Pbca (Z=4, 
Z’=0.5, molecules on inversion centers). 
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it would not have been included in any of the possible structures for the blind test calculated at the current 
level of capability. 
 
The example of acetic acid demonstrates one of the major difficulties and challenges still to be overcome.  
An attempt to computationally predict the crystal structure(s) of acetic acid using both the grid-search 
method [33] and the Monte Carlo approach [34-36] led to ~100 structures within a narrow energy range of 
5 kJ/mol. With various modifications the experimental structure always had a low energy, but it was not 
possible to distinguish it from the many other solutions. This led the authors to suggest that “other factors 
need to be considered for genuine structure prediction.”  In the realm of synthetic organic chemistry, a 
parallel situation would be to claim that one has carried out the synthesis of the desired product which 
indeed may be found in the reaction mixture along with ~100 other products, but we don’t know how to 
independently identify or isolate that desired product.  
 
All the methods for calculating lattice energies of possible crystal structures lead to a list that must be 
ranked. Ideally, the real or possible polymorphic forms appear as the most stable forms in that list. 
Historically, success has been measured by whether a structure, or polymorphic structures can be properly 
accounted for, or predicted in that list and subsequently found. I would like to suggest an alternative 
developmental approach, which I believe has been applied to a much lesser extent, but may be more 
systematic and fruitful in terms of the long term development of these methods.  
 
The polymorphic systems to be studied should be very well characterized in terms of the relative 
thermodynamic stability of the various forms, monotropism, enantiotropism, heats of transition, and heats 
of sublimation, etc., if possible. In the end, the lattice energies that are calculated can and should be 
benchmarked against those experimental quantities. I do not underestimate the difficulties in obtaining 
good quality thermodynamic data for all of these quantities, especially sublimation enthalpies, and the 
paucity of laboratories where such measurements are made. The least demanding benchmark for one of 
these calculations is that it reproduces the experimentally determined energetic ranking of the various 
polymorphic forms, without regard to the actual quantities involved. At the next level of stringency, the 
computed differences in energy between the various polymorphic forms should conform to the 
experimentally determined differences. As the most demanding test, the computed lattice energies should 
match the experimentally determined ones.  Such a developmental process should result in a force field and 
search procedure that are at least suitable for a class of functional groups and molecules similar to those of 
the test molecule or group of molecules. Attempts to develop ‘universal’ methods or force fields are 
reminiscent of the search for the Holy Grail.  
 
The computational “proof of concept” experiment would then be to use that force field and those 
computational methods to generate, ab initio, the crystal structures of all of the known polymorphs in the 
energetic order in which they are known to exist. Suitable (albeit demanding) test systems, might be a 
compound like ROY, for which seven polymorphs have been identified and characterized [37,38], or p’-
methylchalcone, for which 13 polymorphic forms have been reported [39] and at least 5 structures have 
been determined [40]. 
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Table 1 
  Crystal forms obtained for N,N’dithiobisphthalimide [from 41] 

 

 
 
 
 
This process for developing reliable computational methods does not deal with any of the simplifying 
limiting assumptions made for the blind tests. For crystal structure prediction those will have to be dealt 
with as well. Some of the challenges are represented by the variety of polymorphs and solvates reported for 
the relatively simple molecule N,N’-dithiobisphthalimide, summarized in Table 1 [41]. The three solvent-
free polymorphs represent a challenge that might be considered possible today, but “predicting” the other 
four solvated motifs is way beyond our current capabilities. 
 
The description above might leave the impression that computational methods have not progressed 
sufficiently to provide useful chemical and structural information. As noted at the outset, the contrary is 
true. In conjunction with a variety of analytical techniques, these methods can provide guidelines and 
confirming parameters for modeling possible crystal structures. We are still a long way from crystal 
structure or polymorph prediction, but we can learn something about what we might want to look for and 
obtain structural information when crystal structure analysis is difficult or not possible. The recent case 
history of acetaminophen illustrates this synergism. 
 
Acetaminophen/paracetamol (e.g. Tylenol®) is the most widely used analgesic and antipyretic which has 
been known to be dimorphic for many years [42]. The commercially used Form I requires binders for 
formulation; Form II does not require binders, but transforms to Form I. Considerable effort has gone into 
improving the solid state properties of acetaminophen, including the search for additional crystal forms that 
might have improved formulation and stability properties, and these efforts included a computational 
search for possible new forms. Verwer and Leusen [2] completed one such study with the conclusion that  
 
“Recalculation of the lattice energetic…established that this third structure is actually too unstable to exist.”  
 
Chemists often see the prediction of the nonexistence of a substance as a challenge to make it,* and this 
case was no different. In fact, at the time the statement was made there was already evidence in the 

                                                
* Philosophers of science have also argued against this approach.  For instance, the relevant quotation in a 
recent book by the father-philosopher/son-scientist, Buddhist monk team: “But not to be able to find 
something is no proof of its nonexistence.”[43]. 
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literature for a third form, detected by microscope hot stage methods [44-46]. Beyer et al. carried out 
another set of calculations on the possible crystal structure of the compound [47]. Almost simultaneously, a 
set of experiments based on high throughput crystallizations found evidence for a third form, which was 
characterized by hot stage microscopy and Raman spectroscopy [48]. The X-ray powder diffraction pattern 
measured by Peterson et al. [48] also closely matches one of the low energy computed structures of Beyer 
et al., although the latter had ruled it out as a possible structure on the basis of packing considerations.  In 
any event, the combination of experimental and computational techniques led to significant advances in the 
characterization and understanding of this system, and it is this synergism, especially between 
computationally-derived models for crystal structures and powder diffraction [49] which promises to 
provide the greatest immediate and near term benefit. 
 
 
5. THE CHALLENGES 
 
What is the current status of our ability to predict crystal structures in general and polymorphs in 
particular? The situation was recently summarized by S.L. Price, one of the leading practitioners in the field 
[16]:  
 

“We cannot yet computationally predict the possible polymorphs of any given organic molecule.” 
 
As we have pointed out above, and as Price further notes, the computational studies can provide useful 
information about polymorphs that we might want to look for. They say nothing about their existence or 
how they might be prepared. In fact, as Dunitz has noted in the same vein [26]: 
 

“We have a long way to go before we can think of predicting which polymorph will be 
obtained under any given circumstances.” 

 
From the computational point of view it must be shown that calculated lattice energies can truly reflect or 
reproduce experimentally determined energetics. This will require much more work on force fields, and the 
development of computational tools for determining lattice energies. Good thermodynamic data are also 
required on polymorphic systems to provide the standards against which these calculations can be 
measured. It is still difficult to distinguish between the global minimum and local  minima in computational 
studies, which means that it is not always possible to computationally determine which polymorphic form 
is the most stable, and how others may be thermodynamically related to it. Price has also pointed out the 
necessity for assessing and modeling kinetic factors in the growth of different polymorphs.  
 
In order for the computational techniques to be truly predictive, they must be more comprehensive. Hence, 
on the more practical level some of the computational challenges that must be met along the way were 
noted above. (In the following the numbers in parentheses are the current percentages of entries in the 
CSD). Molecules containing only C,H,N,O comprise about %18.5 of the CSD. Provision must be made for 
modeling crystals with conformationally flexible molecules, molecules larger than ~40 atoms, crystals of 
salts, solvates (14.3% of CSD) and hydrates (10.1% of CSD), cocrystals, crystals of organometallic 
compounds (56%), crystals with more or less than one molecule in the asymmetric unit (35%), crystals in 
the ‘less common’ space groups (12.7%) – in short the technique must be generalized to cover all the 
possibilities that are regularly encountered in laboratory situations.  
 
By noting our current limitations Price and Dunitz have touched on some of the exciting challenges facing 
those studying the chemistry of crystal forms – polymorphs and solvates. I would define them with three 
rather general questions which we would like to be able to answer for any specific system: 
 

- How many different crystal forms can we expect? 
- How do we go about preparing those different crystal forms? 
- What will be the properties of those different crystal forms if and when I obtain them? 
 

This contribution made an attempt to assess where we are with regard to the computational tools used to 
address the first question. There has indeed been significant progress since Kitaigorodskii’s pioneering 
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work in the area, and in closing I was reminded of Martin Luther King’s inspiring remarks in a memorable 
speech at the Lincoln Memorial 41 years ago: 
 

“We’ve come a long way, but we’ve got a long, long way to go.” 
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1. ABSTRACT 
 
The distribution of values obtained by taking ratios of cell length to molecular dimension for thousands of 
crystal structures shows a remarkable degree of order and consistency amongst space group and Z subsets.  
A model has been proposed to rationalise these findings which is based upon the consideration of the close-
packing of three-dimensional objects, in this case, boxes.  The box model of crystal packing has been 
shown to reproduce key features of the distribution of cell length/ molecular dimension ratios and is 
proposed to be a viable description of molecular crystal packing.  Thousands of experimental structures 
have been assigned to the "packing patterns" of the box model and analysis of these subsets of molecules 
has led to some interesting observations about crystal packing.  For example, it has been shown that the 
position of the molecular centre in the unit cell (in fractional coordinates) is correlated with the packing 
pattern assigned to the structure.  It is found that the packing patterns are not populated equally by 
experimental structures; the packing patterns characterised by low surface area are populated to a greater 
extent.  Unit cell dimensions have been shown to be related to molecular dimensions in a systematic way.  
Thus a new understanding of crystal structures is emerging where molecular shape is of primary 
importance.  A brief outline of applications of the model to crystal structure prediction and polymorphism 
is given.   
 
 
2. INTRODUCTION 
 
The seminal work of Kitaigorodskii [1] established the theory of close-packing as being a fundamental rule 
governing the structure of molecular crystals.  Kitaigorodskii used the principle of close-packing to 
elucidate relationships between molecular and crystallographic symmetry and to propose which space 
groups allowed the efficient packing of molecules of particular point group symmetries.  Despite the 
success of close-packing in helping to rationalise many aspects of molecular crystal structures, close-
packing as a "structure-directing" force has largely been ignored.  Thus it is known that all crystal 
structures are close-packed but the impact of close-packing on the structure of the unit cell and contents is 
not understood.  In this paper we present a summary of recent work that has concentrated on the 
parameterisation of close-packing in molecular crystal structures.   
 
 
3. THE SEARCH FOR CLOSE PACKING 
 
A close-packed structure is a regular structure.  Thus for an array of close-packed spheres, the positions of 
the centres of touching spheres are evenly spaced in all directions.  Molecules are not generally spherical 
and molecular shape has to be taken into consideration when looking for similar patterns in a network of 
molecular centres.  Our approach to searching for close-packing within a unit cell is fundamentally 
geometrical: each cell axis is divided by a molecular dimension to establish the amount of "linear space" 
required by the molecule[2,3].  To perform this analysis, the length of the unit cell axes, the molecular 
dimensions and the orientation of the molecule within the unit cell are required pieces of information.  
Datasets of crystal structures belonging to space group P21/c, P-1, P21, P212121 and C2/c were obtained 
from searching the Cambridge Structural Database [4] using Conquest [5].  To perform the searches, the 
space group and Z were specified, and the number of chemical entities in the structure was restricted to 
one.  For each structure, the molecule was described by three dimensions and these were determined from 
using the three, perpendicular principal axes of inertia (PAI) of the molecule.  The extent of the molecule 
along each of the three perpendicular axes (including van der Waals radii) was measured (difference 
between the maximum and minimum coordinates along each axis), hence three molecular dimensions, L, M 
and S where L>M>S.  For the purpose of the calculation of cell length/molecular dimension each molecular 
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dimension was paired with the unit cell axis to which it was most closely aligned.  Thus, the angles 
between each PAI and all cell axes (for an orthogonalised cell) were calculated.  For two of the PAIs the 
smallest angle between the PAI and the cell axes was chosen thus pairing two molecular dimensions with 
two (different) unit cell axes, the third pairing being assumed.  For each cell axis - molecular dimension 
pairing, the ratio of cell length to molecular dimension was calculated.  Thus, each crystal structure is 
characterised by three ratios, henceforth pattern coefficients.[3] 
 
Graphs of pattern coefficient vs. frequency, calculated for structures belonging to P21 (Z= 2), P21/c (Z = 4) 
and C2/c (Z=8) are given in Figure 1.  There are a number of interesting observations to be made regarding 
Figure 1.  Firstly the graphs are clearly very structured: the ratios of cell lengths to molecular dimensions 
do not give rise to a random distribution of values, rather the data cluster in discrete ranges.  Secondly the 
graphs of Figure 1 show a reasonable degree of similarity to one another: the corresponding peaks between 
the graphs are centred at approximately the same values of pattern coefficient.  A result of these findings is 
that molecular dimensions are systematically related to cell dimensions (cell dimension = molecular 
dimension (Dmol) * pattern coefficient).  Molecules in crystal structures form a regular array and the graphs 
of Figure 1 show that there is a fundamental structure to the unit cell that is independent of space group, 
and to a first approximation, Z.       
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Figure 1.  Graphs of pattern coefficient (cell length/ molecular dimension) vs. observations calculated for structures belonging to P21 
(a), P21/c (b), and C2/c (c). 
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4. THE BOX MODEL OF CRYSTAL PACKING 
 
The graphs of Figure 1 clearly show that the spatial arrangement of molecules in unit cells is ordered.  
However, a model is required that explains the number, the positioning and relative heights of the peaks 
observed.  In the graph of structures belonging to P21, there are two peaks, the first peak at approximately 
0.9 and the second peak at approximately 1.4.  The height of the first peak is greater than the height of the 
second peak and hence it is more common for a cell length to be described by 0.9Dmol than 1.4Dmol.   A 
model, based on the close-packing of 3-dimensional objects, in this case, boxes, is proposed to provide a 
basis for understanding these observations [2,3].  For a given number of identical boxes, with three unequal 
dimensions, L, M and S where L>M>S, there are a limited number of ways of stacking the boxes with faces 
touching and edges aligned.  For example, for two boxes there are 3 ways of stacking the boxes using the 
above criteria and these "packing patterns" are shown in Figure 2.  The differences between the packing 
patterns, the different surface areas and overall dimensions of the arrangements are determined by which 
faces of the boxes are in contact.  Each packing pattern for 2 boxes can be said to belong to the 112 family 
where the integers are the pattern coefficients, analogous to the situation described for molecular crystal 
structures.  Thus, the overall dimensions of an array of two boxes are given by 1x, 1x and 2x a box 
dimension.  To encapsulate this information in the packing pattern name, we adopted the method of placing 
the unique pattern coefficient last, with the box dimension to which it relates.  Thus the packing patterns 
shown in Figure 2 are named (from left to right) 112L, 112M and 112S.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  The three possible packing patterns for 2 boxes (dimensions L, M and S where L>M>S), named (from left to right) 112L, 
112M and 112S. 
 
 
Using the same method as above,  2 families of packing patterns are generated for 4 boxes, those of the 221 
packing pattern family (221L, 221M and 221S) and the 114 packing pattern family (114L, 114M and 
114S).  For eight boxes, two packing pattern families are possible; the 421 (6 members) family and the 222 
(1 member) family. 
 
Plotting the pattern coefficient vs. occurrence, for a given number of boxes, produces histograms which 
model the graphs of Figure 1.  For 2 boxes, regardless of whether the packing pattern is 112L, 112M or 
112S, the pattern coefficients (ratios of overall dimensions to box dimensions) are 1,1,2 and so the peak at a 
pattern coefficient value of 1 is twice has high as the peak at the pattern coefficient value of 2.  The 
histograms for 2, 4 and 8 boxes are shown in Figure 3.    A comparison of Figure 1 and Figure 3 indicates 
that the box model reproduces the form of the graphs shown in Figure 1.  Certainly, in terms of the number 
of peaks and the positioning of the peaks, the box model is a viable description of the experimental data.  
The heights of the peaks in Figure 1 are determined by the number of contributing structures to each 
packing pattern.  In the histograms of Figure 3 it is assumed that there are equal numbers of each packing 
pattern present hence an exact correspondence between the peak heights of Figures 1 and 3 is not expected. 
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Figure 3.  Histograms of pattern coefficient vs. frequency of occurrence for packing patterns for a) two, b) four and c) eight boxes.  
The histograms for both 4 and 8 boxes represent peak heights obtained for equal occupancy of each packing pattern family.  Thus for 
four boxes, the histogram represents the pattern coefficient counts from a  221 packing pattern and a 114 packing pattern and for eight 
boxes the histogram represents the pattern coefficient counts from a 421 and 222 packing pattern. 
 
 
5. PACKING PATTERNS AND CRYSTAL STRUCTURES 
 
The structure observed in the graphs of Figure 1 indicates that molecular packing is very regular and unit 
cell axes are related to molecular dimensions in a systematic way.  The conceptually simple box model of 
crystal packing reproduces key features of the experimental graphs of Figure 1, notably the number and 
position of the peaks observed.  The relative heights of the peaks (or more accurately the areas of the 
peaks) are determined by the number of contributing structures but the trends observed are consistent with 
the box model of crystal packing.  Hence, thousands of experimental structures belonging to space groups 
P21/c, P-1, P21, P212121 and C2/c have been assigned to a packing pattern by measuring the goodness of fit 
between the experimental pattern coefficients and "ideal" pattern coefficients[3].  Datasets of structures 
belonging to the same packing patterns and space group have been collated and analysed.  A number of 
interesting observations are presented below. 
 
 
5.1 Position of Molecular Centres and Packing Patterns 
It was found that not all orientations of packing pattern in the unit cell were equally popular, for example, 
for structures belonging to P21/c, the "1-direction" of a packing pattern (i.e the "1" of the 221 or 114 
packing pattern families) was most commonly found aligned with the unit cell a axis and the unit cell c axis 
most commonly accommodated multiple molecular centres.  This observation indicated there were 
correlations between the symmetry operators of a space group and the packing pattern of the structure.  
Hence, the positions, xc, yc and zc in fractional coordinates of molecular centres for structures assigned to 
particular packing patterns were surveyed [6].  Scatterplots of the positions of molecular centres (projected 
on to a plane) for structures belonging to P21/c are shown in Figure 4.  For structures belonging to a 221 
packing pattern family where the 1-direction of the packing pattern is aligned with the unit cell a axis, the 
position of the molecular centre on cell axis a (xc) appears unconstrained.  The symmetry operators in the b 
and c directions, which explicitly include translations of 1/2 are capable of accommodating the 2-directions 
of the packing pattern (Figure 4, a).  However, if the 1-direction of structures belonging to the 221 packing 
pattern family is aligned with the b or the c axis, and hence the a axis is required to accommodate 2 
molecules, it can be seen that the molecular centre for these structures is found at xc = 1/4.  The symmetry 
operators of space group P21/c transform x to 1-x only: from a starting position of 1/4, symmetry operators 
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generate a further position at 3/4, i.e. two positions evenly spaced along the a axis.  The scatterplot of the 
distribution of molecular centres assigned to a 114 packing pattern is shown in Figure 4, c.  It can be seen 
that positions corresponding to 1/8 on the b and c axes are favoured.  Thus when four molecules are aligned 
with the b or c axis, the molecular centre is found at a position of 1/8 on the b or c axis, respectively.  
Inspection of the symmetry operators of P21/c reveals why this is so.  From a starting point of yc or zc = 1/8, 
symmetry operators generate further positions at 3/8, 5/8 and 7/8, i.e. four positions evenly spaced along 
the cell axis.  The a axis cannot accommodate four molecules as the symmetry operators (see above) only 
generate 2 positions.  These scatterplots illustrate that there is a physical basis for the packing patterns.  The 
packing patterns are due, at least in part, to the position the molecule adopts in unit cell, with respect to the 
symmetry operators [6].  
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Figure 4.  Scatterplot showing the distribution of molecular centres (in fractional coordinates) for structures belonging to P21/c (Z=4) 
and packing pattern 221L where 1L is aligned with the unit cell a axis (a), packing pattern 221L where 1L is aligned with the unit cell 
b axis (b), packing pattern 114S where the 4S direction is aligned with either the unit cell b or c axis (c). 
 
 
5.2 Distribution of Experimental Structures Over Packing Patterns   
A property of packing patterns constructed from the same number of boxes is that the volume of the total 
arrangement is the same.  However, the total surface area of the arrangements is not the same.  For 
example, in the packing pattern family 112, it can be seen (Figure 2) that the total surface area of the 112L 
arrangement, where the smallest faces of the boxes are touching, is greater than the surface area of the 112S 
packing pattern, where the largest faces of the boxes are touching.  Similar arguments apply to the packing 
patterns constructed from 4 boxes, the 221 packing patterns have a lower surface area than the 114 packing 
patterns, the lowest surface area packing pattern being 221L and the highest surface area packing pattern 
being 114L.  Thus, low surface area packing patterns are generated by minimising the repeats of L and 
maximising the repeats of S, in the packing pattern.  As mentioned previously, thousands of experimental 
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crystal structures belonging to one of the top 5 space groups have been assigned to a packing pattern [3].   
The packing patterns are not evenly populated by experimental structures and it was found that the packing 
patterns characterised by low surface area were populated to a greater extent.  For example, for Z=2 
structures belonging to space groups P21, P-1 or P21/c, 52 % of structures were assigned to the 112S 
packing pattern (6686/12863 structures) and only 16 % of structures were assigned to the 112L packing 
pattern [3].  Similar observations were made for Z = 4 structures: 43 % of structures assigned to one of the 
221 packing patterns were assigned to 221L and only 26 % were assigned to 221S.  The 114 packing 
pattern family (characterised by higher surface area than the 221 packing patterns) accounts for only 15 % 
of Z = 4 structures.  Correlations between molecular shape and packing pattern have also been observed.  
For example, if a molecule has a shape classified as a disk or a rod then it is more likely to be found in a 
structure described by a low surface area packing pattern than its cubic counterparts.  Molecules of an 
awkward shape can achieve better surface area for volume properties by aggregating in low surface area 
packing patterns [3].   
 
 
5.3 Close-Packing Revealed 
The similarity of the graphs in Figure 1 to one another is remarkable and is in accord with the box model 
of crystal packing.  Therefore beneath the intricacies of intermolecular interactions and symmetry operators 
is a regular structure that appears to be the foundation to thousands of experimental crystal structures.  The 
form of the graphs in Figure 1 have been analysed in some detail [7] and the results are summarised as 
follows.  Gaussian fitting of the graphs has led to the parameterisation of the graphs, and the parameters, as 
expected, are remarkably similar.   The peak broadening observed as the pattern coefficient increases has 
been explained in terms of perturbations to the box model caused by the orientation and overlap of the 
molecule within the unit cell.   One significant conclusion obtained from the analysis of the graphs is that, 
in general, molecular packing mediated by symmetry operators is more efficient than molecular packing 
mediated by translation only.  This conclusion was based upon the relative position of the first peak, the 
"translation peak" to the peaks centred at higher pattern coefficient values (the symmetry peaks).  Thus cell 
axes which accommodate two (or four) molecules related by symmetry operators are shorter than the 
distance required by the equivalent number of molecules related by translation [7].   
 
Coupling this result with the previous finding of preference for low surface area packing patterns yields an 
intriguing view of molecular crystal packing.  As previously stated low surface area packing patterns 
require that the large faces of the boxes are touching, for example, in the 112S packing pattern, the LM 
faces of the boxes are in contact.  The analysis of the graphs indicates that symmetry operators are more 
efficient at packing molecules than translational symmetry.  Therefore, in molecular crystal structures, it is 
most common for the "large faces" of the molecule to be related by symmetry operators, the more efficient 
mode of packing, and the small faces of the molecule to be related via translation [7]   
 
 
6. APPLICATIONS 
 
The simple model of crystal packing presented in the earlier sections has practical applications.  In 
polymorphism studies, the ability to classify polymorphs into structural types is desirable to aid the 
discussion of the similarities and differences between polymorphic structures.  A brief survey of 
polymorphs found in the CSD indicates that polymorphs often belong to different packing patterns [3].  The 
packing pattern name encapsulates information regarding the spatial arrangement of molecules with respect 
to one another and the overall shape of the unit cell and thus represents a simple but useful means of 
classification. 
 
In terms of the box model of crystal packing there are "natural" polymorphs.  For example a "natural" 
polymorph of a 112S structure is a structure belonging to 221L, 221M or 114S, since the packing patterns 
221L, 221M and 114S can be built from the addition of two 112S units.  Thus if a favourable interaction 
between symmetry related molecules is present in the 112S structure, a "natural" polymorph would 
preserve the interaction.  A survey of the occurrence of "natural" polymorphism is in progress. 
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Crystal Structure Prediction (CSP) may be assisted by the packing pattern results outlined above.  In 
principle we can use the broad packing pattern statistics to reduce the search space for CSP trials or to 
provide a means of filtering the results of CSP trials.  A limited number of CSP trials were performed on C-
H only containing molecules using estimated ranges for cell dimensions, calculated from the molecular 
dimensions and pattern coefficients [3].  An increase of 50 % in the rate of successful prediction (correct 
solution at lowest energy) was observed when estimated cell ranges were used, instead of the more usual 30 
x 30 x 30 Å cell, but the trial was not large enough to draw firm conclusions.   
 
Indexing of powder patterns is another application of the relationship between molecular dimensions and 
cell dimensions.  Similarly to crystal structure prediction, the estimated cell ranges can be used to narrow 
the search space or can be used to sort results of powder pattern indexing for the most likely solution.  This 
is an, as yet, untested application of the box model. 
 
 
7. CONCLUSIONS 
 
The box model of crystal packing represents a unified description of thousands of experimental crystal 
structures.  The uniform nature of the graphs presented in Figure 1 indicates that at a fundamental level, 
crystal structures are very similar.  The spatial arrangement of molecules in structures is regular, and the 
space group, Z, type of molecule, nature of intermolecular interactions do not appear to have a significant 
impact on the fundamental rules governing crystal packing.  However, there is plenty more work to be 
done.  Although unit cell dimensions can be estimated from molecular dimensions, and probabilities can be 
attached to the likelihood of certain packing patterns arising in particular orientations in the unit cell, we 
still do not know why a specific molecule adopts a particular structure, or packing pattern.  This type of 
detail may of course be beyond this empirical approach.  However, we believe that the study, in the context 
of the packing patterns, of molecular shape, polymorphism and intermolecular interactions will prove 
fruitful. 
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1. ABSTRACT 
 
This paper presents a short discussion of how symmetry can be used to analyze the molecular assemblies 
that are found within molecular crystals. Discrete molecular assemblies have no translational symmetry and 
can be described by their point group symmetry. One-dimensional 

! 

" -networks have one dimension of 
translational symmetry and are described by their rod group symmetry. Two-dimensional 

! 

" -networks have 
two dimensions of translational symmetry and are described by their layer group symmetry. Three-
dimensional 

! 

"-networks have three dimensions of translational symmetry and are described by their space 
group symmetry. The recent publication of the International Tables for Crystallography, Volume E 
Subperiodic Groups gives us the first official definition of the rod and layer groups, making this sort of 
analysis more practical for the average crystallographer.  
 
 
2. INTRODUCTION 
 
In the year 2002, a new volume of the International Tables for Crystallography, Volume E Subperiodic 
Groups was published [1].  This wonderful book, edited by V. Kopsky and D. B. Litvin, has yet to make 
the New York Times bestseller list, but it should nevertheless find its place on the desk of every crystal 
engineer or supramolecular chemist. Why? Because the subperiodic groups describe many of the things we 
make. 
 
Supramolecular chemistry is all about assemblies of molecules. Many such molecular assemblies ultimately 
yield a molecular crystal. Crystals embody the idea of infinite order, order described by space group 
symmetry. Indeed any crystallographer knows that to fully investigate or report the structure of a molecular 
crystal it is essential to establish the space group symmetry of the crystal.  
 
Yet, the concept of space group symmetry is usually far from the mind of a supramolecular chemist, who 
typically starts with a single molecular compound (or perhaps two in a binary system) and tries to predict 
how the molecules will assemble. The possible point group symmetry of a single molecule is usually 
apparent, but the space group of a molecular crystal is usually far from obvious at the early design stage. 
One knows that the properties of the eventual molecular crystal do depend upon the space group. Optical 
and magnetic properties are symmetry dependent. Chiral molecules will assemble with different space 
group symmetries than will achiral molecules or racemates. Yet how does one begin to predict the space 
group at an early design stage?  Should one even care about crystallographic symmetry at the 
supramolecular design stage? 
 
I believe that a supramolecular chemist should care. If a molecular assembly is going to yield a crystal then 
symmetry relationships between the molecules will ultimately determine the structure. Molecular 
assemblies incompatible with crystallographic symmetry will simply not form in most cases. However, it is 
not true that one must worry about the final space group. Often it doesn’t really matter. What matters is the 
symmetry of the targeted molecular assembly. 
 
 
3. MOLECULAR ASSEMBLIES 
 
Molecular assemblies are groups of molecules that associate in some form, via hydrogen bonds, 

! 

" -

! 

"  
stacking, metal-coordination or some other form of intermolecular bond.  In terms of symmetry there are 
four fundamental types of molecular assemblies based upon the dimensionality of their periodicity, Table 1. 
[2] 
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Discrete Assemblies contain a finite number of molecules. Perhaps a dimer, a trimer, or a hexamer, if the 
molecules are alike; perhaps a host-guest complex, if the molecules are different.  Discrete assemblies have 
no periodicity so their symmetry properties can be defined by their point group symmetry. If a discrete 
assembly is found in a crystal its point group must be one of the 32 allowed crystallographic point groups. 
The particular point group must be a subgroup of the space group of the entire crystal. 
 

! 

" -Networks are assemblies of molecules with one dimension of translational symmetry. The addition of 
one direction of translational symmetry requires a new type of subperiodic group symmetry, the rod group.  
There are 75 crystallographic rod groups. Standard international (Hermann-Mauguin) symbols for the rod 
groups have now been defined by Kopsky and Litvin [1] in the new International Tables for 
Crystallography, Volume E. In general the symbols are similar to the well know space group symbols. 
 
All rod groups are primitive so each rod group symbol begins with a lower case script letter p.  Either one 
or three entries follow designating the symmetry elements corresponding to the three crystallographic 
directions.  The one periodic direction is assigned to be in the z direction. If one knows the standard space 
group symbols the rod group symbols are equally easy to interpret. The rod group p112 describes has a 
single two-fold along the c translational axis. Conversely the rod group p211 has a periodic array of two-
fold axes perpendicular to the c axis.   
 
The rod group of an 

! 

" -network must be a subgroup of the space group of the entire crystal and a 
supergroup of the point group of any molecule or molecular assembly contained within the network. 
 

! 

" -Networks are assemblies of molecules with two dimensions of translational symmetry. The addition of 
two directions of translational symmetry also requires a new type of subperiodic group symmetry, the layer 
group.  There are 80 crystallographic layer groups. Like the rod groups, standard international (Hermann-
Mauguin) symbols for the layer groups have now been defined [1].   
 
Each layer group symbol begins with a lower case italic letter p for the primitive groups or a lower case 
italic letter c for the centered groups.  Again the z direction is designated at the unique direction meaning 
that a and b are the axes of translation. For example layer group p21/b11 has a two fold screw axis along 
the a axis with a perpendicular b glide plane.  
 
The layer group of a 

! 

" -network must be a subgroup of the space group of the entire crystal and a 
supergroup of the point group of any molecule or molecular assemblies or the rod group of any 

! 

" -network 
contained within the network. 
 

! 

"-Networks are assemblies of molecules with three dimensions of translational symmetry. Since they are 
periodic in three directions their symmetry will be designated by one of the 230 standard space groups.  
The space group of a 

! 

"-network does not have to be the same as the space group of the crystal, but the 
space group of the network must be at least a subgroup of the space group of the crystal. The point group of 
any molecule or molecular assembly, the rod group of any α-network, or the layer group of any 

! 

" -network 
contained within the 

! 

"-network must be a subgroup of the space group of the 

! 

"-network. 
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Table 1 
Four Fundamental Supramolecular Structures 

Structure Type No translations Group Symmetry 

Discrete assembly Translation in one direction Point group symmetry 

! 

" -Network Translations in one direction Rod group symmetry 

! 

" -Network Translations in two directions Layer group symmetry 

! 

"-Network Translations in three directions Space group symmetry 

 
 

    
Figure 1.  At the upper left, the molecule dicyclohexylurea [3] forms an 

! 

" -network with p112 rod symmetry. On the upper right the 
molecule diphenyl urea [4] forms an 

! 

" -network with pc11 rod symmetry. On the bottom the biphenyl urea [5] derivative has p1121 
rod symmetry. 
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The molecular assemblies or networks that make up a given crystal are sometimes obvious, but to a certain 
extent they are in the eye of the beholder. Two supramolecular chemists looking at the same crystal 
structure may define the networks differently, because they may choose to focus on different intermolecular 
interactions. However in principle the process of assigning networks can be quantified by using the 
energies of intermolecular interactions as a guide. 
 
In any molecular crystal each molecule will be surrounded by others and there must be a net favorable 
intermolecular energy of interaction. Usually one particular intermolecular interaction and its symmetry 
related equivalents can be identified as the single most favorable interaction. Some other intermolecular 
interaction can be viewed as the second most favorable and so forth. The most important intermolecular 
interaction will define a molecular assembly of some order, perhaps a discrete molecular assembly or an 

! 

" -network. Adding the second intermolecular interaction will often lead to a higher order network.   
 
Crystal design can thus follow a simple thought process. A molecule is designed to form intermolecular 
bonds with one or more other molecules. The symmetries of the resulting intermolecular bonds determine 
the group symmetry and translation dimensionality of the molecular assemblies. The molecular assemblies 
in turn self-assemble to give more complex structures of higher order symmetry, ultimately leading to a 
crystal. 
 
 
4. EXAMPLES 
 
To illustrate how one uses the subperiodic groups to analyze structures let us engage in some ex post facto 
crystal design and take apart some known structures. We will focus on the urea and oxalamide molecular 
functionalities since they have played a very important part in our research program. 
 
4.1 Ureas 
The N,N’-disubstituted ureas are excellent molecules for designing supramolecular structures, because their 
paired hydrogen bonds are very dependable.  The two hydrogen atoms of one urea chelate the oxygen atom 
of its neighbor.  Symmetrical ureas with no steric problem very commonly retain their molecular two-fold 
axis within a crystal. The common molecular assembly of a N,N’-disubstituted urea is thus a 

! 

" -network of 
p112 rod symmetry, Figure 1. If the substituent is large other symmetries are found, such as pc11 rod 
symmetry for diphenyl urea or p1121 for the biphenyl derivative.  
 
Of course other symmetries are possible for urea 

! 

" -networks. The unsymmetrical urea [6] shown in 
Figure 2 has an intramolecular hydrogen bond forces each urea molecule to twist by 90° relative to the 
neighboring molecules in the 

! 

" -network. This forced 90° twist results in a 41 screw axis giving the 

! 

" -
network p41 rod symmetry. 



Symmetry and Crystal Design 

American Crystallographic Association       ACA Transactions 2004, 39, 31-40 35 

 
Figure 2. This asymmetric urea has an intramolecular hydrogen bond that forces each molecule to twist 90° with respect to its 
neighbors. The rod symmetry of the molecular assembly is p41. 

 
Figure 3. Dimethyloxalamide [10] is a typical centrosymmetric oxalamide. The molecule sits on an inversion center and the 
intermolecular hydrogen bond forms about an inversion center. The rod symmetry of the 

! 

" -network is p 1̄ The oxalamide on the right 
is chiral [7]. A similar 

! 

" -network forms, but without the inversion center, the molecules are related by simple translation. The rod 
symmetry of the 

! 

" -network is p1. 
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Figure 4. The top drawing shows the 

! 

" -network formed by the urea of glycine [8]. The urea molecules form an 

! 

" -network of p112 
rod symmetry. The carboxylic acid functionalities form a centrosymmetric dimer about an inversion center. Adding an adjacent 
inversion center to the p112 rod group generates the p2/b11 layer group. The bottom drawing shows the 

! 

" -network formed by the 
oxalamide of glycine [9]. The oxalamide molecules form an 

! 

" -network of p ̄1 rod symmetry. The carboxylic acid functionalities form 
a centrosymmetric dimer about an inversion center. Adding an adjacent inversion center to the p ̄1 rod group generates the p ̄1 layer 
group. 
 
 
 
4.2 Oxalamides  
The oxalamides, diamides of oxalic acid, are an extraordinary group in terms of crystallographic symmetry. 
Like the urea functionality an oxalamide forms two hydrogen bonds. Symmetrical oxalamides have a 
molecular inversion center that is commonly preserved in crystals. Moreover, the intermolecular bond 
formed between two symmetrical oxalamides is also intrinsically centrosymmetric; see dimethyl oxalamide 
[10] in Figure 3. This means that the natural 

! 

" -network favored for a symmetrical oxalamide has p1̄ rod 
symmetry.  
 
If a symmetrical oxalamide is chiral, then inversion symmetry is prohibited.  The symmetry of the resulting 

! 

" -network cannot be p1̄ nor can it contain a glide plane. One would normally think of a two fold 21 screw 
axis, but in the case of an oxalamide a 21 screw axis is incompatible with the geometry of the paired 
hydrogen bonds. Thus one can predict that with some confidence that the 

! 

" -network will have p1 rod 
symmetry with neighboring oxalamides related by simple translation only. 
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Figure 5. The top figure shows the 

! 

" -network formed by the diamide of the urea of glycine [6]. The urea forms the usual p112 

! 

" -
network. The 

! 

" -networks in turn are linked together by helix of amide hydrogen bonds that from about a 21 screw axis. Adding a 
parallel screw axis to the p112 rod group generates the centered c211 layer group. The bottom figure shows a second polymorph of 
the oxalamide of glycine. Each centrosymmetric oxalamide forms carboxylic acid to amide hydrogen bonds to four neighboring 
molecules. The layer symmetry is p21/b11. There are no 

! 

" -networks. 
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! 

" -Networks. Adding an additional chemical functionality to a urea or oxalamide can bring about 
additional strong intermolecular interactions and thus a higher order network. Consider the urea and 
oxalamides derived from the simplest amino acid, glycine, Figure 4. Both of these groups form the 
expected primary 

! 

" -networks, p112, for the urea and p 1̄ for the oxalamide.  Each molecule has a 
carboxylic acid side group.  Carboxylic acids are well known to form centrosymmetric dimers. That is the 
case here as well, in both cases an adjacent inversion center is added to the original 

! 

" -network.  Adding an 
inversion center to the rod group p112 generates the layer group p2/b11. Adding an inversion center to the 
rod group p1̄ generates the layer group p 1̄. These compound both form obvious layer structures with the 
hydrogen bonded 

! 

" -networks defining the networks. In the case of the urea, the layers pack in an off set 
manner like a stack of logs. This generates a centering operation and the final space group of the resulting 
crystal is C2/c. The oxalamide layers pack via simple translation and the space group of the crystal is p1̄. 
 
The 

! 

" -networks shown in Figure 4 both contain two intersecting 

! 

" -networks one based upon the urea or 
oxalamide hydrogen bonds and a second based upon the carboxylic acid hydrogen bonds. The rod 
symmetry of the carboxylic acid chains in the urea structure is p2/c11, the oxalamide carboxylic acid 
chains have p1̄ rod symmetry. Many 

! 

" -networks are formed by the intersection of two 

! 

" -networks, but 
this is certainly not a requirement.   
 
Consider the two 

! 

" -networks shown in Figure 5. The diamide of the urea of glycine forms a conventional 
urea 

! 

" -networks, which are in turn linked together via amide hydrogen bonds. There is no second 

! 

" -
network within the 

! 

" -network shown. However, there is still an unused set of anti amide hydrogen atoms. 
These hydrogen atoms form additional hydrogen bonds to the amide oxygen atoms of neighboring layers. 
This unites the entire structure into a complex three-dimensional 

! 

" -network, which in this case is the entire 
crystal.  
 
The oxalamide of urea forms a second p21/c polymorph in addition to the p1̄ polymorph shown in Figure 
4. In the p 1̄ polymorph the hydrogen bonds were amide to amide and carboxylic acid to carboxylic acid. In 
the p21/c polymorph the hydrogen bonds are like to unlike, amide to carboxylic acid. The resulting p21/b11 

! 

" -network has no 

! 

" -sub-networks.  
 
4.3 Complex Structures 
The value of a proper symmetry treatment is that it becomes relatively easy to describe and to see 
relationships between relatively complex structures.  The networks do not need to be based solely on 
hydrogen bonds. Consider the two coordination polymers shown in Figure 6. In both cases the symmetrical 
urea derived from 3-aminomethylpyridine is allowed to react with a transition metal salt. 
 
The first structure is a copper nitrate derivative. The urea molecules form an 

! 

" -network of pc11 rod 
symmetry with the two pyridine rings adopting different conformations. Each of the two pyridine nitrogen 
atoms is coordinated to a Cu+2 atom sitting an inversion center. The resulting square planar copper atom 
thus joins neighboring 

! 

" -networks together to form a two-dimensional 

! 

" -network. The symmetry of the 

! 

" -network is p21/b11, the layer group generated when an adjacent inversion center is added to rod group 
pc11. 
 
The second structure features the same ligand, but a different metal salt, silver tetrafluoroborate. In this 
case the urea preserves its twofold axis and the 

! 

" -network has p112 rod symmetry.  The four coordinate 
Ag+1 atoms adopt a tetrahedral, 4̄, geometry. Adding an external 4̄ center to the rod group p112 generates 
the space group p4 In this case there is no 

! 

" -network. 
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Figure 6. The top drawing shows a 

! 

" -network formed by the reaction of Cu(NO3)2 with the urea of 3-aminopyridine [12]. The 
bottom drawing shows the 

! 

"-network formed by the reaction of AgBF4 with the same ligand [13]. A top view of the 

! 

"-network is 
shown for the silver structure. 
 

5. FINAL COMMENTS 
 
The use of subperiodic groups to analyze supramolecular structures has been made much easier by the 
publication of the International Tables for Crystallography, Volume E Subperiodic Groups.  The 
nomenclature for the rod and layer groups has now been standardized and is now readily available to all. 
The systematic evaluation of supramolecular structures in terms of symmetry is important because of the 
importance of intermolecular symmetry in crystallography.  
 
In the common case of one molecule per asymmetric unit, crystallographic symmetry requires that each 
molecule within a crystal is related to every other molecule by some symmetry operation. This means that 
every intermolecular interaction will correspond to a specific symmetry operation. When designing a 
supramolecular structure one normally thinks of intermolecular interactions in terms of chemical forces, but 
should consider the symmetry of the intermolecular bond. Certain intermolecular bonds might be quite 
strong, but are simply not possible in a crystal.  This will happen if there is no possible symmetry operator 
that can relate the two molecules. 
 
Supramolecular chemistry and crystal design is not simple. The forces between molecules are weak and 
hard to predict. We need all tools and help that we can gather. A proper use of subperiodic symmetry is one 
useful tool that should not be overlooked.   
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I.  ABSTRACT 
 
Thermomicroscopy is a technique with a broad range of applicability, and includes a number of microscopic 
methods used to observe phenomena at variable temperatures.  The behavior of a sample observed through a 
temperature change can be used to decipher or estimate a variety of properties including purity, decomposition, 
crystal form, polymorphic forms, comparison of hydrate versus anhydrate forms, characteristics of binary mixtures, 
and many others. [1, 2, 3] These properties could sometimes be analyzed through other techniques and instruments 
that usually involve more time, effort, and starting material.  Thermomicroscopic techniques require small quantities 
of material, often as little as a few crystals, and are often less time intensive than other methods by at least an order 
of magnitude.   
 
A current focus of our research is to use thermomicroscopic methods to observe the main features of the 
temperature-composition melting point diagram for two-component systems and to determine whether cocrystalline 
phases are formed between the two components.  Normally the determination of such a phase diagram would take 
many hours and a considerable amount of material, involving heating different mixtures of the components to 
determine the primary features of the diagram. Using the technique that was termed “mixed fusion” by Kofler and 
Kofler [4] and called “the contact method” by McCrone, [5] it is possible to determine the main features of the 
melting point diagram and the presence of newly formed compounds (i.e., cocrystalline phases) in a single 
experiment, in a much shorter time, and with only a few milligrams of material. 
 
In this contribution, we first describe the technique and illustrate it with some previously known cocrystalline 
systems. Then we present some results obtained on some new quasiracemic systems. Finally, we present the results 
of some preliminary attempts to calculate the observed phase diagrams from thermodynamic data. 
 
 
2.  INTRODUCTION 
 
The idea of using the microscope to determine chemical and physical properties of compounds arose in the 
nineteenth century. The earliest mixed fusion experiments using a microscope hot stage to elucidate cocrystal 
formation were carried out in 1877 by Lehmann. [6]  Kofler and Kofler refined these methods over many years, and 
modern mixed fusion methods are based on their work. [4]  They developed and polished techniques for compound 
identification, molecular weight determination, purity testing, polymeric analysis, and determination of composition 
diagrams.  For controlled heating under the microscope, the Kofler Hot Stage was developed, and the Kofler 
approach is still the basis for other hot stage designs.  Modern hot stage models are capable of reproducible 
temperature measurements to a few tenths of a degree, and the experiment is often carried out under computer 
control.  Different designs and heating methods give different temperature ranges that the hot stage can 
accommodate accurately, and the choice is made based on the function desired for the particular experiment, and not 
on design aspects.  
 
 
3.  EXPERIMENTAL 

 
The schematic design of the experiment is shown in Figure 1. In our laboratory setup, the hot stage, heating 

unit, and software were provided by Instec Inc., Boulder, Colorado.  The heating unit is Instec model STC200D and 

                                                
1 Present Address: SSCI, Inc., 3065 Kent Avenue, West Lafayette, IN 47906 
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is controlled via a computer using the Instec program WinTemp.  Observations were made through an Olympus 
BS41 polarizing microscope using a 10X objective and crossed polars. Images were first recorded with a Panasonic 
digital video recorder. Later this approach was superseded by the recording of individual frames using an Olympus 
C4040-Z digital camera controlled through the computer using another Instec program, WinDito. 

 

 
Figure 1. A schematic of computer-controlled thermomicroscopy apparatus. Various methods of recording images can be used, including video 
recording and sequential digital or analog photography. 
 
 
The mixed fusion sample is prepared by first melting a small amount of the higher melting component at one edge 
of a cover slip on a microscope slide (Figure 2, point A). As the sample melts, it is drawn under the cover slip until 
it occupies about half the area of the cover slip. After this melt has cooled and solidified, the second (lower melting) 
component is placed at another edge of the cover slip, preferably near the other component (Figure 2, point B). As 
this lower-melting component is then melted, it is drawn under the coverslip and dissolves some of the first 
component at the boundary where they meet. This area is termed the mixing zone, and is the region of interest for 
these techniques.  The sample is then allowed to cool.  After the preparation has completely solidified, the mixing 
zone is observed under the microscope on a hot stage while the temperature is raised at a controlled rate. 
 
 

 
 

Figure 2. Preparation of the mixed fusion sample. The shaded region represents the solid phase of the higher melting component. The second 
(lower melting) component is introduced at point B. 
 
 
4.  RESULTS AND DISCUSSION 
 
At some point in the mixing zone, there should be a 1:1 ratio of the two components.  Moving from this point 
toward either pure component, the proportion of that component increases.  Thus, a composition gradient exists 
across the mixing zone. It is in the mixing zone that there is a potential for new cocrystal structures to be formed. 
These cocrystals have different properties, in particular different melting behavior, from either of the pure 
components. When the sample is heated and observed under crossed polars, only solid phases will be visible, 
because they direct the polarized light so it is not blocked by the other polarizer. Liquid phases, on the other hand, 
allow the light to pass through unchanged, so no light reaches the microscope. Thus when a portion of the sample 
melts, it is quickly seen and easily recognized as a black line or region. Any new cocrystalline phases in the mixing 
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zone will be easily detectable under crossed polars during heating, due to the distinctive features of the melting point 
phase diagram. 
 
Figure 3 shows the three fundamental types of mixtures formed from the mixed melting of two components A and 
B: (i) conglomerate, in which the two components each exist in separate crystalline regions, (ii) cocrystal or 
compound formation, in which a distinct crystalline region is formed with different properties than either 
component, and (iii) solid solution, in which the two components are miscible in the solid phase.  

 

 
 

Figure 3.  Three fundamental types of mixtures formed from the mixed melting of two components A and B. 
 
 
These three situations can be distinguished experimentally by their binary melting point phase diagrams.  For 
conglomerate crystallization (Figure 4), the presence of each component lowers the melting point of the other one, 
so the melting point decreases from either side of the diagram. These curves eventually meet at some minimum 
melting point, termed a eutectic point.  When a compound (cocrystalline phase) of stoichiometry AB is formed, the 
diagram has the general appearance shown in Figure 5, with three melting point maxima (pure A, pure B, and 
cocrystal AB) separated by two eutectics.  When an ideal solid solution is formed, the melting point increases 
smoothly as shown in Figure 6. Nonideal solid solution diagrams can exhibit either a maximum or a minimum. 
 

 
Figure 4. The binary melting point diagram for conglomerate crystallization of A and B. 
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Figure 5. The binary melting point diagram for compound (cocrystal) formation with stoichiometry AB. 

 
Figure 6. The binary phase diagram for an ideal solid solution of A and B. 
 
 
If the two components simply recrystallize as separate microcrystals in the mixing zone (conglomerate 
crystallization), a melting point diagram with a single eutectic is expected, as in Figure 4. In the mixed fusion 
experiment, this would appear as a single black region of melt that gradually spreads as the temperature is raised.  If, 
instead, a new cocrystalline phase is formed, the mixed fusion experiment would show two black regions (eutectics), 
perhaps at different temperatures, with the cocrystalline phase between them. These two situations are contrasted in 
Figure 7. The cocrystalline phase could have a higher or a lower melting point than either pure component, or it 
could be intermediate between the two (the case shown in Figure 5).  If cocrystal structures with different 
stoichiometries are stable, there will be a corresponding number of eutectics (melt lines) that separate all the 
different crystalline phases. 
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(a) (b) 

 
Figure 7. Schematic representations of the correspondence between melting point diagrams and the appearance of the mixed fusion samples.  (a) 
Conglomerate sample, with a single eutectic, which appears as a single black region of melt in the mixed fusion experiment. (b) Cocrystal 
formation, which gives two eutectics that appear in the mixed fusion experiment as two black regions of melt flanking the solid cocrystalline 
phase. 
 
 
The mixed fusion experiment can be illustrated with mixtures of (R)- and (S)-mandelic acid. In this experiment, the 
two components A and B are the two enantiomers of this chiral acid, and the “compound” that is formed is the stable 
racemic phase.  Though the results of this mixed fusion experiment were recorded as a continuous video, they are 
illustrated here as individual snapshots at temperatures in Figure 8.  At the temperature 105.1 oC, all phases are 
solid. By 107.5 oC, the two eutectics are just visible as narrow black stripes near the center of the diagram, with the 
racemic phase in between. In the next several shots, the melt broadens as the racemic phase melts by 109.0 oC.  This 
series illustrates clearly the situation where the cocrystal (racemate in this case) melts at a lower temperature than 
either pure component (enantiomers in this case). 
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Mandelic acid 105.1 oC     Mandelic acid 107.5 oC 

   
 
Mandelic acid 108.0 oC Mandelic acid 108.4 oC 

  
 
Mandelic acid 108.6 oC Mandelic acid 109.0 oC 

  
Figure 8. Some observations of the mixed fusion behavior of mandelic acid. The two sides of the sample are the two enantiomers of mandelic 
acid. The low melting cocrystalline phase is racemic mandelic acid. 
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By contrast, the melting points of the enantiomers of malic acid are lower than that of the racemate. This behavior is 
clearly seen in the series of observations in Figure 9. At 101.1 oC, all phases are solid. The eutectics then appear and 
melting occurs toward the pure component regions at increasing temperature, until the two pure (enantiomeric) 
phases are completely melted by 106.2 oC, at which point the racemate is still solid. 
 
 
Malic acid 101.1 oC Malic acid 101.8oC 

   
 
Malic acid 103.2 oC Malic acid 104.4 oC 

  
 
Malic acid 105.0 oC Malic acid 106.2 oC 

  
Figure 9. Some observations of the mixed fusion behavior of malic acid. The two sides of the sample are the two enantiomers of malic acid. The 
high melting cocrystalline phase is racemic malic acid. 
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The catechol/p-phenylenediamine system is shown in the series of Figure 10.  Now one component (catechol, on the 
left) has a lower melting point than the other (p-phenylenediamine, on the right).  Through the first several frames 
shown, up to 113.2 oC, one eutectic and then the other appear, flanking what seems to be one cocrystalline phase. 
But by 119.2 oC, a third eutectic appears, clearly indicating the presence of two cocrystalline phases. Then the two 
cocrystalline phases melt at almost the same temperature. 
 
 
Catechol/p-Phenylenediamine Catechol/p-Phenylenediamine 

   
 
Catechol/p-Phenylenediamine Catechol/p-Phenylenediamine 113.2 oC 

  
 
Catechol/p-Phenylenediamine 119.2 oC Catechol/p-Phenylenediamine 

  
Figure 10. The mixed fusion behavior of the catechol (left) /p-phenylenediamine system. 
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Two experimental melting point phase diagrams for this catechol/p-phenylenediamine system have appeared in the 
literature, with different conclusions. Rai interpreted the diagram in Figure 11 on the basis of a single 1:1 
cocrystalline phase, [7] while Dhillon had already taken a nearly identical diagram (Figure 12) as evidence for a 2:1 
catechol:p-phenylenediamine phase. [8]  The mixed fusion experiment clearly shows the presence of both cocrystal 
phases, suggesting that the phase diagram should be more carefully drawn as in Figure 13. 
 
 

 
Figure 11. The catechol/p-phenylenediamine phase diagram as drawn by Rai. [7] 
 

 
Figure 12. The catechol/p-phenylenediamine phase diagram as drawn by Dhillon. [8] Note that this diagram the mole fraction of catechol 
increases to the left. 
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Figure 13. A suggested reinterpretation of the phase diagram of catechol/p-phenylenediamine showing both the 1:1 and 2:1 
catechol:p-phenylenediamine phases indicated by the mixed fusion experiments. 
 
 
We have determined the previously unreported crystal structure of the 1:1 phase, as shown in Figure 14. So far, we 
have not obtained suitable crystals of the 2:1 phase. 

 

 
Figure 14.  A drawing of the crystal structure of the 1:1 cocrystal of catechol/p-phenylenediamine. 
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Based on the phase diagram of Figure 15, Rai and Rai reported a 1:1 urea/resorcinol cocrystalline phase, [9] the 
structure of which (Figure 16) was reported by Pickering and Small. [10]  Kofler and Kofler comment on the 
dimorphic phase change of this cocrystalline phase (at temperatures below the well-known resorcinol phase change). 
This change can be seen on careful inspection of the series in Figure 17 (though it is much easier to see in the 
dynamic recording that, unfortunately, cannot be reproduced here). 

 

 
Figure 15. The melting point phase diagram for the urea/resorcinol system. 

 

 
Figure 16. The crystal structure of the urea/resorcinol 1:1 cocrystal. 
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Urea/Resorcinol 54.0 oC Urea/Resorcinol 57.2 oC 

   
 
Urea/Resorcinol 59.0 oC Urea/Resorcinol 62.1 oC 

  
Figure 17. Mixed fusion behavior of the urea/resorcinol system, showing the solid-state phase change of the cocrystal, as evidenced by the 
changing appearance in the mixing zone. 
 
 
We have made extensive studies [11] of a particular kind of cocrystals termed quasiracemates. [12] In 
quasiracemates, the shape similarity of two near-enantiomers facilitates formation of a structure that is nearly 
centrosymmetric. This packing arrangement can be achieved by cocrystallizing two components, (R)-X and (S)-X’, 
where X and X’ represent molecules that are sterically similar, though they might be electronically quite different. 
The strong preference for (near-)centrosymmetric packing can lead to an approximately centrosymmetric 
arrangement that sometimes mimics that of at least one of the corresponding racemates. One such system is the pair 
of substituted phenoxypropionic acids shown in Figure 18. [13]  In this system, the two enantiomers are 
isostructural, as are the two racemates, and the quasiracemate mimics the structure of the racemates, as suggested by 
comparison of the unit cell data and symmetries shown in Figure 19. We have determined crystal structures of both 
of these enantiomers (Figure 20), both racemates (Figure 21), and the quasiracemate (Figure 22). (This is not 
invariably the case, however, as we have seen in some other such sets of compounds.)  Excerpts from the mixed 
fusion experiment for these compounds appear in Figure 23. 
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Figure 18. Two sterically similar phenoxypropionic acid derivatives that form quasiracemic cocrystals. 

 

 
Figure 19.  Relationships among the crystal structures of the two substituted phenoxypropionic acids shown in Figure 18. 
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Figure 20.  Comparison of the crystal structures of the enantiomers of the two substituted phenoxypropionic acids shown in Figure 18. 

 
Figure 21.  Comparison of the crystal structures of the racemates of the two substituted phenoxypropionic acids shown in Figure 18. 

 



Studies of Phase Relationships in Cocrystal Systems 
 

American Crystallographic Association ACA Transactions 2004, 39, 41-61 
 

55 

 

 
Figure 22.  Comparison of the crystal structure of the quasiracemate of the two substituted phenoxypropionic acids shown in Figure 18 with 
those of the two pure racemates (bottom left, bottom right). 
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DiCl/ClNO2 phenoxypropionic acids 110.0 oC DiCl/ClNO2 phenoxypropionic acids 114.0 oC 

   
 
DiCl/ClNO2 phenoxypropionic acids 116.6 oC DiCl/ClNO2 phenoxypropionic acids 120.4 oC 

  
 
DiCl/ClNO2 phenoxypropionic acids 121.7 oC DiCl/ClNO2 phenoxypropionic acids 125.9 oC 

  
 
Figure 23. Some results of the mixed fusion experiments for the substituted phenoxypropionic acids of Figure 18. 
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Some substituted carbamate compounds also form quasiracemates, for which the mixed fusion thermomicroscopic 
results are summarized in Figures 24 and 25.  
 

 
Figure 24. Mixed fusion results for a pair of bromo- and methoxy- substituted carbamic acids. 

 

 
Figure 25. Mixed fusion results for a pair of bromo- and methyl- substituted carbamic acids. 
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The equations of Schroeder-Van Laar [14] and of Prigogine-Defay [15] have been used with reasonable success to 
simulate (or predict) the melting point diagrams of enantiomer/racemate systems from measured thermodynamic 
data of the pure phases. [16]  These two equations (omitting usually negligible specific heat terms in the former) are 
shown in Figures 26 and 27, respectively. 
 

 
Figure 26.  Simplified version of the Schroeder-Van Laar equation 

 

 
Figure 27.  The Prigogine-Defay equation 
 
 
We have made some preliminary attempts to apply these equations to quasiracemate phase diagrams, with somewhat 
mixed results.  The approach is summarized in Figure 28. For the system of trichloro-substituted propionic acid 
derivatives shown in Figure 29, the results are remarkably good. But for the set of dichloro/chloronitro-substituted 
propionic acids discussed earlier, the fit of calculated to experimental melting point curves in Figure 30 is much less 
satisfactory.  We presume that the poor fit in such cases is attributable to a significant lack of ideality of the melt that 
is in equilibrium with the solid phases. 
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Figure 28. Application of the equations of Schroeder-Van Laar and of Prigogine-Defay to the simulation of melting point phase diagrams for 
quasiracemic systems. 

 
Figure 29.  Comparison of melting point curves as calculated with the Schroeder-Van Laar and Prigogine-Defay equations with experimental 
curves for some trisubstituted propionic acid derivatives. 
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Figure 30.  Comparison of melting point curves as calculated with the Schroeder-Van Laar and Prigogine-Defay equations with experimental 
curves for the quasiracemic system of Figures 18-23. 
 
 
5.  CONCLUSION 
 
We have found the thermomicroscopic observation and recording of mixed fusion behavior to be quite convenient 
and useful in screening binary mixtures for possible cocrystal formation, and are currently extending our studies to 
include other types of systems. 
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1. ABSTRACT 
 
We present a method of labeling polygonal growth hillocks in crystals based on the luminescence of 
fluorophores that have become oriented and overgrown in selected vicinal slopes. Potassium hydrogen 
phthalate doped with triarylmethane dyes in the fast slopes of the (010) hillocks are well suited to this 
illustration. Confocal laser scanning microscopy is used to map the spatiotemporal distribution of screw 
dislocations throughout the crystal, and fractal analysis is used to characterize the distribution. This 
technique provides a relatively easy and efficient way to study the evolution of growth-active hillocks 
within as-grown crystals. 
 
 
2. TRADITIONAL METHODS FOR IMAGING CRYSTAL GROWTH DEFECTS 
 
Crystal growth from solution at low supersaturation often requires screw dislocations [1], displacements of 
adjacent crystal layers characterized by a Burgers vector with a component perpendicular to the crystal 
face. A step created in this way winds itself in a spiral around the dislocation core, sending out successive 
steps. This results in topographical features known as hillocks, shallow hills with persistent step edges. 
Real crystals often grow through the emergence, competition, and poisoning of many hillocks. The 
description of a crystal growth mechanism must incorporate this dynamic, which in turn requires the 
localization of screw dislocations in space and time.  
 
A number of microscopies have been used to image screw dislocations and growth hillocks in crystals. 
Reflected light differential interference contrast (DIC) microscopy is one of the most common techniques 
for detecting hillocks on highly reflective surfaces [2]. Scanning tunneling microscopy (STM) [3] and 
atomic force microscopy (AFM) [4] have been used to image hillocks and other surface defects at high 
resolution, but they are restricted in their field of view (< 100 × 100 µm2). Real-time phase-shifting 
interferometry can reveal surface topography within a larger field (2 × 2 mm2), but with poorer resolution 
[5]. These techniques are limited to defects present on the surface during the analysis. X-ray topography [6] 
shows departures from the perfect crystal structure in the crystal volume, but all defects are projected onto a 
common plane. This method is good for recording long-range distortion and/or strain fields associated with 
macroscopic crystal deformation, however it does not give dynamic information and it often requires highly 
collimated synchrotron radiation in crystals of the highest quality [7]. Transmission electron microscopy 
(TEM) has similar limitations and sample preparation can be laborious [8]. Cathodal luminescence (CL), 
visible light emitted from a sample during electron bombardment, has been used by Reeder et al. to 
qualitatively image hillocks in minerals with transition metal inclusions that have undergone chemical 
zoning on the vicinal faces of growth hillocks [9]. It requires material properties and guest ions such that 
incident electrons can excite an electron into the conduction band, resulting in a hole. Light is produced 
upon recombination of the hole with a free electron. CL is restricted to surface layers and produces 
significant amounts of heat. 
 
 
3. DYEING HILLOCKS 
 
3.1 Dyeing Crystals 
We have made a systematic study of the process of dyeing crystals [10], and have shown that simple 
molecular and ionic crystals including sulfates, phosphates, and carboxylates can orient and overgrow a 
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wide variety of colored or luminescent molecules during growth from solution. These dyed crystals, 
typically containing about 1 dye molecule per 104 - 106 host molecules, display both intersectoral and 
intrasectoral chemical zoning. Intersectoral zoning occurs when impurities express different affinities for 
symmetry distinct growth sectors. For example, KH2PO4 shows a strong tendency to incorporate anionic 
dyes only on the {101} faces during growth [11]. Intrasectoral zoning may result from the selective 
interactions between the impurities and the distinct vicinal hillock slopes. This type of chemical zoning was 
additionally observed on the {101} surfaces of KH2PO4 by Zaitseva and co-workers [12], using the anionic 
dyes, amaranth and Chicago sky blue, that we had previously shown to have an exclusive affinity for these 
faces [11b]. The observation of intrasectoral zoning required the introduction of the dye during late growth, 
thereby coloring only a thin surface layer, so that the patterns of color were not confounded by the 
superposition of many colored hillocks throughout the growth sector. Amaranth was found to recognize 
two out of the three vicinal slopes, while Chicago sky blue preferred the remaining one. 
 

 
Figure 1. Representation of KAP habit with {010} growth sectors colored in green. 
 
 
Luminescence labeling of hillocks with dyes was first seen in K2SO4 containing o-aminobenzenesulfonate 
[13]. This mixed crystal showed striking blue bands associated with the {021} faces when illuminated with 
ultraviolet light, due to recognition by the luminophore of the slowly advancing steps growing toward (001) 
but not the faster steps growing toward (010). Intrasectoral zoning was also observed in α-lactose 
monohydrate crystals grown in the presence of green fluorescent protein (GFP) [14]. The (010) sector of α-
lactose monohydrate grows unidirectionally toward +b through a spiral dislocation mechanism, resulting in 
polygonal hillocks that partition the face into four vicinal regions that are pair-wise related by 2-fold 
symmetry [15]. GFP only recognizes the lateral slopes with the greatest step advancement velocity. 
Adenosine monophosphate and adenosine triphosphate were also found to recognize the slopes of KH2PO4 
eschewed by amaranth [16]. 
 
3.2 Dyeing Potassium Hydrogen Phthalate 
One of the most remarkable crystals in its ability to orient and overgrow dye molecules is potassium 
hydrogen phthalate [17] (conventionally abbreviated KAP for potassium acid phthalate, C6H4·COOH·COO-

K+, space group Pca21) [18]. KAP is easily grown from aqueous solution as large {010} plates with well-
defined growth hillocks and perfect (010) cleavage planes. Figure 1 shows an idealized KAP crystal with 
the {010} growth sectors in green. Because the c direction is polar, the steps that propagate in the +c and –c 
directions are different in structure (Figure 2a) [19]. Differential recognition of additives for these steps 
leads to intrasectoral zoning on the b-face (Figure 2b). We have observed intrasectoral zoning from over 
25 different dyes in KAP, examples of which are shown in Figure 3. Luminescent labels that bind, say, to 
the “fast” steps (Figure 3b-d) that are widely spaced in preference to the “slow” steps that are closely 
spaced (Figure 3a) reveal themselves in patterns of light bounded by the perimeters of the fast slopes; the 
vertices of the colored chevrons mark the core of the screw dislocations. The correspondence between 
hillocks evidenced by DIC and by fluorescence microscopy is seen in Figure 4. Figures 4a and b show the 
DIC and fluorescence micrographs, respectively, of the triarylmethane dye acid violet 17 (4), within the 
fast slope of the KAP hillocks. In comparison, Figures 4c and d show KAP dyed with rhodamine labeled 
ribonuclease within the slow slope. KAP, with its largest expressed face growing through a screw 
dislocation that can be identified by intrasectoral zoning of luminophores, is an excellent model system for 
the optical investigation of hillock dynamics.  
 



T. Bullard, M. Kurimoto, S. Avagyan, S. H. Jang and B. Kahr 
 

American Crystallographic Association      ACA Transactions 2004, 39, 62-72 64 

 
Figure 2. KAP Hillocks. (a) KAP crystal habit, viewed down b-axis, with (010) growth hillock and absolute indices.  The orientation 
of the fast (-c direction) and slow (+c direction) moving slopes of a growth hillock is shown on (010) face. (b) Crystal of KAP with 
light green SF yellowish within the fast slopes of the (010) hillocks. Crystal size is 2 × 2.5 × 0.4 cm. (c) Triarylmethane dye, light 
green SF yellowish (LGSFY) [Colour Index #42095]. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.  Intrasectoral zoning in the (010) growth hillocks of KAP. (a) Fluorescein [Colour Index #45350] recognizes the “slow” 
slope. (b) 2’,7’-dichlorofluorescein, (c) acid violet 17 [Colour Index #42650], and (d) 1,1’,3,3,3’,3’-hexamethylindodicarbocyanine 
Iodide (HIDCI) recognize the “fast” slope, a far more common mode of adsorption. Average lateral crystal dimension is 6 mm. 
 
 
 
 
 
 
 
 
 
 



Luminescence Imaging of Growth Hillocks in Potassium Hydrogen Phthalate 
 

American Crystallographic Association       ACA Transactions 2004, 39, 62-72 65 

 
Figure 4. KAP hillocks imaged by reflected light DIC microscopy (left) and fluorescence microscopy (right) displaying (a) acid violet 
17 (4) in the fast slopes and (b) rhodamine-labeled ribonuclease in the slow slopes. Arrows point to the screw dislocation cores of 
corresponding hillocks between left and right images. 
 
 
Triarylmethane dyes tend to show an affinity for the fast slopes of the (010) KAP hillocks. Remarkably, 
these dyes have surprisingly little effect on the habit of the KAP crystal. However, even in cases where the 
polyhedral volume of the whole crystal is hardly perturbed, the hillock morphology may be substantially 
altered. Figure 5a displays the results from 4 interacting with the fast steps of the (010) hillock and 
strongly altering its morphology in the –c direction; the steps are no longer straight. Figure 5b shows that 6 
interacts with both the fast and the slow steps of the (010) hillocks, giving it a uniform color and altering 
the hillock morphology such that steps on both slopes are curved. The morphological changes shown in 
Figures 5a and b are very similar to those seen with other additives, such as tri-valent cations, that have 
been shown to dramatically alter the growth hillock morphology in KAP [20]. It is by no means obvious 
that two such closely related compounds would have such distinct effects on the color and hillock 
morphology of KAP crystals. Interpreting this behavior requires a deeper understanding of the recognition 
mechanisms.  
 

 
Figure 5. Triarylmethane dyes (~10-5 M) in KAP with corresponding DIC micrographs of hillock morphology. (a) Acid violet 17. (b) 
Brilliant blue R [Colour Index #42660]. Size of crystals is about 6 × 8 ×1.5 mm. 
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3.3 ...With Light Green SF Yellowish  
KAP crystals containing the triarylmethane dye 1 in the fast slopes of the (010) hillocks were selected for 
further analysis. Crystals were grown from aqueous solution in a 30°C water bath by slow evaporation. At 
typical dye concentrations (10-5 M), 1 has no observable effect on the hillock morphology. There is 1 dye 
molecule per 130,000 KAP molecules in whole crystals.  
 
The dyed regions of these crystals appear green in white light and emit in the red upon excitation (630 nm). 
The linear dichroism (LD) is slight but greater anisotropy can be seen in the fast slopes that contain most of 
the dye (Figure 6). The LD increases slightly, with the average dipole orientation aligning closer to the a-
axis, for greater dye concentrations. LD was imaged by the rotating polarizer method in conjunction with a 
CCD camera [21].  

 
Figure 6.  Linear Dichroism at 610 nm of 1 in fast slope of KAP (010) hillock. Image taken with MetriPol [21Error! Bookmark not 
defined.]. The parameter ε = (ax – ay)/2, where ax and ay are the absorption coefficients for orthogonal orientations. 
 
 
4. CONFOCAL LASER SCANNING MICROSCOPY 
 
In real crystals, screw dislocations can begin and end at any point, so they do not always make it to the 
surface to be observable in reflected light [22]. However, the fluorescent dyes are incorporated within the 
crystal throughout the growth process. Thus, even after subsequent overgrowth, the luminophores create a 
record of hillock evolution in patterns of light that can be revealed by successive cleavage or with a 
confocal luminescence microscope. Confocal laser scanning microscopy (CLSM) produces “optical 
sections” of the sample, with illumination and detection restricted to a single diffraction-limited point in the 
sample. The field-of-view and resolution are adjustable based on the objective and pinhole size used, with 
the capacity to achieve single molecule resolution at low dye concentrations. Likewise, the scan speed 
versus signal-to-noise ratio may be adjusted for the specific application (in situ or ex situ). Due to its ability 
to eliminate “out-of-focus” light, confocal microscopy can be used to image a “fossil record” of dyed 
hillocks throughout the crystal, even those that are no longer growth-active on the surface. Furthermore, by 
selecting an appropriate scanning step height for the z-series, it is possible to create a three-dimensional 
reconstruction of the dislocation patterns. 
 
The KAP/1 crystals were imaged using a Leica TCS SP/NT confocal microscope with 568 nm krypton ion 
laser excitation source [23]. By focusing from the crystal bottom through to the top, the number and 
position of the hillock dye patterns that formed throughout the (010) sector were recorded (Figure 7). Each 
image represents a 20 µm thick optical section, which is thick enough such that the z-coordinate can 
roughly be taken as time of growth. The spatiotemporal distribution of all hillocks that occur throughout a 
crystal as it grows are then mapped out using ImageJTM software by recording their positions in each 
optical section and comparing them to the positions from previous and subsequent sections. In the sample 
crystal shown in Figure 7, 61 growth active hillocks were found, of which 32 propagated through to the 
surface. The lifetimes of the growth hillocks varied from ~20 µm (seen in only one section) to ~320 µm 
(lasting through the entire crystal). The average hillock lifetime was ~140 µm. The average density for the 
whole b-face area was 3.2 dislocations/mm2.  
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Figure 7. (a) Confocal slices of KAP/1. Images are read from the bottom (lower right) to the top of the crystal (upper left). Step size 
(image thickness) is 20 µm. Luminescence develops on the fast slopes of {010} growth hillocks, with vertices marking the dislocation 
core. Image size is 4 × 5.5 mm. (b) Slice 4 (top right optical section) in which the screw dislocations are found at the vertices formed 
by the overlaid white lines bounding the fast slopes of the hillocks.  
 
 
4.1 Fractal Analysis 
Fractal analysis can be used to determine whether the screw dislocation cores throughout the crystal are 
randomly distributed, fractal-like, or correlated with one another [24, 25].  There are a variety of methods 
for computing fractal dimensionality. Three of the most common methods include the box dimension or 
box counting, the information dimension, and the mass dimension. In general form, these methods are 
based on the power law n(s) ~ sd, where n(s) is a number and s is a size, both of which are specifically 
defined by the particular method used, and d is the fractal dimension. For example, the simplest algorithm 
for determining the fractal dimension of a system is to use “box counting”, which consists of filling the 
plane with a grid of boxes of chosen size, s. After counting the number of boxes that enclose parts of the 
object, n(s), the box size is reduced and the process is repeated. The results are plotted as the log[n(s)] 
versus log[1/s], and the fractal dimension is given by the slope of the line. An example of a plot from the 
box counting method is given in Figure 8, showing a comparison between the distribution of screw 
dislocation cores from the optical section featured in Figure 7b, on which 40 hillocks were found, and the 
corresponding distribution of randomly generated points. The box dimension calculated for the screw 
dislocation distribution is 1.09, while that of the random distribution is 1.32. Figure 9 shows a plot of the 
box dimension results for all optical sections displayed in Figure 7 as a function of height in the crystal b-
face. As can be seen from this plot, the values for the fractal dimension converge to about 1.1 for the 
distribution of screw dislocation cores but rise to about 1.3 for the random point distributions, indicating 
that the dislocation distribution is non-random.  
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Figure 8. Box counting plot for distribution of screw dislocation cores from the optical slice shown in Figure 7b. Squares show data 
for the hillock pattern shown in the inset, while diamonds show the data that results from generating a random distribution of the same 
number of points.  
 
 
 

 
Figure 9. Results of box dimension calculations for all optical sections shown in Figure 7. Squares show hillock data, while diamonds 
show dimensions for an equal number of points randomly distributed. 
 
 
 
 
 

 
Figure 10. Box counting plot for the hillock growth sequence from the optical section shown in Figure 7b. Squares show data for the 
hillock pattern shown in the inset, while diamonds indicate the results from generating a random sequence of the same number of 
points. 
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Figure 11. Resulting box dimensions for all optical section sequences. Squares show hillock data, while diamonds show dimensions 
for the paths resulting from randomly generated points. 
 
 
This analysis can be taken a step further by looking at the sequence of hillock growth and evolution. New 
patterns are obtained by connecting the points, representing screw dislocation cores, according to the order 
in which each hillock appears in the confocal optical sections. These patterns can be compared to those of a 
random sequence generated within the boundaries of the crystal’s b-face. Figure 10 shows the box 
counting plot for the patterns corresponding to the optical section displayed in Figure 7b. The box 
dimension calculated for this hillock sequence pattern is 1.44, while that of the corresponding random walk 
is 1.53. When the results for all optical sections are plotted versus the height in the crystal b-face (Figure 
11) it is seen that the fractal dimension for the hillock sequence converges to about 1.4, which is lower than 
the random walk dimension of 1.5, again indicating a non-random pattern. 
 
Screw dislocation distributions can alternatively be characterized by calculating the ‘mass dimension’, 
N(r). With this method, one counts the number of points that fall within the circle of a radius, r, from a 
point located near the center of the system, normalized by the total number of points in the system [24]. 
This relation only holds true for a certain range of r-values if the system has a finite boundary [25]. Doing 
this calculation for the optical section shown in Figure 7b, shows that the hillock distribution closer to the 
center of the b-face results in a mass dimension of 1.74, however in scanning out further from the center, 
approaching the boundaries of the b-face, the mass dimension drops to 0.26 (Figure 12). This change in 
mass dimension indicates differing behavior at two length scales, with higher density of points at the small 
length scale and a smaller density at the large length scale. In other words, the screw dislocation cores tend 
to cluster, and they also accumulate more towards the center of the b-face than at the edges. Analyzing the 
hillock distribution from all optical sections projected into a single plane produces a similar behavior. The 
results are quite different, however, for the corresponding pattern of randomly generated points (Figure 
13). For the random distribution the mass dimension stays at a fairly constant value of 1.50 for all length 
scales, and it is less than that of the hillock distribution near the center of the b-face, indicating an even 
distribution with minimal clustering. All together, the fractal analysis shows that the screw dislocation 
distribution is not only non-random but tends to cluster, indicating a correlation between the positions of 
neighboring dislocations.  
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Figure 12. Mass dimension plot for the distribution of screw dislocation cores in the optical section shown in Figure 7b. Change in 
slope indicates different behavior at two length scales, as well as an aversion to the b-face edges. 
 
 

 
Figure 13. Mass dimension plot for the distribution of random points. Constant slope shows all length scales have the same mass 
dimension of 1.50. 
 
 
6. CONCLUSION 
 
Crystals of potassium hydrogen phthalate (KAP) with luminescent dyes intrasectorally zoned in the (010) 
vicinal hillock slopes provides an excellent model system for the optical investigation of hillock dynamics 
and crystal growth through the screw dislocation mechanism first proposed by Frank [26]. The family of 
triarylmethane dyes show an affinity for the fast slopes of the (010) KAP hillocks. Confocal imaging of 
luminescently labeled hillocks in crystals offers a new and relatively easy method for investigating the 
distribution and evolution of screw dislocations. Unlike most surface probes, this technique fixes when and 
where hillocks arise during crystal growth, thus extracting temporal information from as-grown crystals. 
Yet, CLSM may also be used in situ if desired. In contrast to other bulk probes, the confocal images are 
restricted to specific focal planes, minimizing background from out-of-focus light. Single crystals of KAP 
dyed with triarylmethane dye, light green SF yellowish (10-5 M), in the fast slopes of the (010) hillocks 
were imaged using a confocal microscope. Fractal analysis of the screw dislocation patterns indicates a 
non-random distribution and a tendency to cluster, alluding to a possible correlation mechanism between 
neighboring screw dislocations during crystal growth. CLSM is commonly used in the biological fields to 
study samples labeled with luminescent probes [27], but to the best of our knowledge, this has not 
heretofore been used to study growth mechanisms in luminescently labeled crystals.  
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