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Abstract

Many organic molecules can crystallize in either hydrated or anhydrous forms. Predicting
the formation of hydrates and their relative stability with respect to water-free alternative phases
are significant challenges. Here we use the Cambridge Structural Database (CSD) and data
informatics to identify and analyze hydrate-anhydrate structure pairs. A search method was
developed based on Simplified Molecular-Input Line-Entry strings (SMILES) matching and
implemented through the CSD Python Application Programming Interface (API). Of the >23,000
molecular hydrates containing no metal ions, ~1,400 were found have at least one corresponding
anhydrous form, yielding just over 2,000 unique pairs in the CSD. Hydrates with and without a
reported anhydrate showed a similar distribution in their water stoichiometries. Lattice symmetry
and packing fraction comparisons are reported for the paired hydrates and anhydrates. Structure
pairs with one organic component and multiple organic components showed some subtle
differences. The details and limitations of the method are in a way that can encourage and guide

other types of CSD searches using SMILES.

Introduction

It is widely known that crystallization from solution, the preferred method for obtaining
most organic molecular crystals, can yield either solvated or solvent-free phases. The most
frequently included solvent molecule in molecular crystals is water, making hydrates the largest
subclass of solvates.! The likelihood that an organic molecule will co-crystallize with water
remains difficult to predict but is important to control since each crystal form has its own unique
set of physical properties.>* A third of all pharmaceuticals are estimated to be capable of

crystallizing as hydrates.>® This estimate in part no doubt reflects the extensive solid form
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screening efforts required of the industry as well as the desirability of water as a crystallization
solvent.

Molecular hydrates are often classified based on the topology and local environment of the
water molecules within them - as channel hydrates, isolated hydrates and ion-assisted hydrates.®!°
They can alternatively be classified on the basis of their composition — stoichiometric, non-
stoichiometric or variable,!! with the exact composition of the latter dependent on the
environmental conditions. Hydrates are less frequently classified on the basis of their stability, -
14 particularly in relation to any corresponding anhydrous forms. Some hydrates are stable over a
wide temperature range while others spontaneously dehydrate under ambient conditions, either
reversibly or irreversibly. Some anhydrous forms are stable in aqueous solution whereas others
will quickly recrystallize to a hydrated form. The analysis of hydrate stability on a case by case
basis remains important, however, this approach has proven rather limited in its ability to more
generally predict hydrate properties and hydrate-anhydrate transformations.

The Cambridge Structural Database (CSD), first conceived of over a half-century ago, now
contains > 1 million structures and is an unmatched repository for small molecule crystallographic
data.!> Several previous studies have made use of large bodies of structural data in an effort to
glean potential insight into the formation of hydrated phases. These analyses have typically
focused on the water binding geometries and topologies within the structure,'¢-?! rather than on
the direct comparison of hydrated and anhydrous forms. The front-end software package
ConQuest*? is designed to search the CSD based on chemical name, formula, journal, author,
molecular structure or substructure. This makes it well suited for many types of searches, but
presents unique challenges related to searching for hydrated and anhydrous structure pairs.
ConQuest can easily generate a list of all structures containing water, but there is no efficient way
to then search for the corresponding anhydrous form of each molecule without performing literally
thousands of individual searches. The development of in-house software to facilitate this kind of
search was reported by researchers at the Cambridge Crystallographic Data Center (CCDC) over
a decade ago,?>?* though this software was never integrated into the front-end search program.

In 2015, the CCDC introduced the first version of the CSD Python API (Application
Programming Interface).?> CSD Python API enables back-end database searching with tailored
scripts written to address specific research questions beyond the capabilities of ConQuest. Here

we describe how CSD Python API scripts based on Simplified Molecular Input Line Entry strings
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(SMILES)?® enabled us to search for molecular hydrates, and to identify those with a
corresponding anhydrous crystal form in the CSD. The hydrate-anhydrate structure pairs were
then evaluated in terms of their packing fraction and lattice symmetry. Statistics generated from
all hydrate-anhydrate pairs were compared against a subset of hydrates (with no reported

anhydrous form) and a subset of anhydrous phases (with no reported hydrated form).

Representation of Organic Structures in CSD Python API

A brief discussion of linear notation languages, with a particular focus on Simplified
Molecular Input Line Entry strings (SMILES), is necessary to understand our informatics
approach. All practicing scientists rely on being able to search many different databases (e.g.
PubChem, SciFinder, ChemSpider). A common feature of all chemistry search engines is the need
to have some way to convert molecular structures, i.e. the atoms and their connectivity, into a
computer-readable format. This is possible through linear notation languages, which define the
connectivity through a string of characters. The development of the linear notation language
SMILES in the late 1980s was an important step in the advancement of chemical informatics.
Other linear notation languages were subsequently developed, including the International
Chemical Identifier (InChl),?” which was first publicly introduced in 2005 and is also now in wide
use. The specifics of how molecular structures are coded in SMILES and InChlI are a bit different,
though both notation languages have open source codes?®?° and are incorporated into the CSD
Python APIL

In this work, SMILES strings were used to represent the molecules within a given crystal
structure. The basics of molecular representations with SMILES strings are described below, but
we recommend David Weininger’s original and accessibly written 1988 paper?® for more a more
detailed description of SMILES methodology. Reading a SMILES string from left to right is
equivalent to traversing the atoms of the parent chain in a line-angle drawing in the order in which
they are connected. All non-hydrogen atoms are designated by their atomic symbols, the
multiplicity of the bond that connects each pair of atoms is indicated with symbols (though single
bonds are usually omitted), and any atoms branching off the parent chain are indicated by
parentheses. Reading an unsymmetrical molecule from left to right and right to left gives SMILES
strings which are recognized as equivalent (e.g. ethanol is CCO or OCC). For cyclic molecules,

one bond in the ring is broken and the disconnected atoms are indicated by a number placed after
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the atomic symbol (e.g. cyclohexane is CICCCCC1). Because the particular bond broken in a
ring is arbitrary, there can be many equivalent SMILES strings for a given cyclic molecule (e.g.
tetrahydrofuran is CIOCCC1 or C1COCC1 or O1CCCCl).

Each crystal structure in the CSD has a corresponding entry SMILES string that is
composed of the component SMILES string for each molecule in the lattice. When a crystal
structure contains more than one molecule, the entry SMILES string separates each component
molecule SMILES string with a period. To illustrate, the entry SMILES strings for three different

forms of 5-fluorocytosine are shown in Figure 1.

PR X

F
I X gy N Xc
k H,0 K H,C—OH
. = C1 _ _Z C1
NH, o) NT “SNH, 0 NT “SNH,
NCI1=NC(=O)NC=CIF NCI=NC(=0)NC=CI1F.0 NC1=NC(=0)NC=C1F.CO
Anhydrous Form Monohydrate Methanol Solvate
(Refcode: MEBQEQ) (Refcode: BIRMEUO2) (Refcode: MEBQOA)

Figure 1. Relationship between molecular structure and the entry SMILES string in three different
forms of 5-fluorocytosine.  The anhydrous form (refcode: MEBQEQ), monohydrate
(BIRMEUO02), and methanol solvate (MEBQOA) all contain the same component SMILES string
for the organic molecule.
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Search Strategy Overview

Our study employed the Cambridge Structural Database (V5.40, November release) which
at the time included just under 1 million crystal structure entries. We restricted our analysis to
only organic compounds containing three-dimensional coordinates and no errors. Organometallic
compounds and polymers were omitted, as were structures containing any elements aside from H
(deuterium isotope allowed), C, N, O, P, S, F, Cl, Br, and I. There were no restrictions on the R-
factor and disordered structures were permitted. After application of these criteria, the pool was
reduced to a working data set of 327,214 structures.

Scripts based on SMILES string matching (and scripts which account for their limitations)
were written and implemented in CSD Python API to perform the series of sorting steps shown in
Figure 2. All code used to implement this search is found in Supporting Information. In Step 1,
the working data set was first searched for structures which include water in the entry and/or
component SMILES string(s). The 24,210 structures that had a SMILES string for water were
placed in HYDRATE and those that did not were placed in OTHER. However, a small fraction
of hydrate structures were not identified in this initial sorting step, either because they have an
entry SMILES string of “None” or because the entry SMILES string is incomplete and missing
the water component. To capture these missing hydrates, a script was written to perform a text
search for structures with the word “hydrate” in the name and H,O; in the formula within the
OTHER list. The text search resulted in 592 additional hydrate entries that were moved to the
HYDRATE list. All structures remaining in the OTHER category were renamed ANHYDRATE.

In cases where two or more refcodes of the same entry existed, the same “Crystal Packing
Similarity” function in Mercury was used to determine whether the structures were identical or
polymorphs. When an entry in the HYDRATE and ANHYDRATE list was found to be identical,
only the first one was retained. In some cases the packing similarity tool could not be used, for
example when one of the refcodes was a disordered structure. In those cases, if the entries had
unit cell lengths and corresponding angles within 1 A and 1° of each other, the two refcodes were
considered identical. This left 23,698 unique structures in the HYDRATE-(AI) list and 286,752
in the ANHYDRATE-(AII) list.

The goal of Step 2 was to identify related pairs of hydrates and anhydrates. In order to
match structures with the same non-water components, it was important that the SMILES strings

generated in Python API account for all components. As previously described, a subset of hydrates
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structures were found to have incomplete SMILES strings due to a missing water component.
Similarly, we found that a subset of other solvates had incomplete entry SMILES strings, due to a
missing component string(s) for one or more solvent molecules. To identify and correct solvates
with incomplete entry SMILES strings, a text search for the word “solvate” in the name was
applied to all structures in the ANHYDRATE-(AIl) and HYDRATE-(AIl) lists. The name of each
solvent molecule was tagged to its corresponding component SMILES string in a dictionary. If
“solvate” appeared in the chemical name, the entry SMILES string was checked to ensure it
included all the component SMILES strings corresponding to solvent molecules listed in the name.
Any missing solvent molecules were appended from the dictionary to the entry SMILES string,
and these corrected SMILES strings were used in subsequent searches.

Two different approaches were needed to find hydrate-anhydrate pairs depending on
whether the structure had an entry SMILES string or an entry SMILES string of “None.” Those
with entry SMILES strings (97.5% of all hydrates) are considered first. For each structure in the
HYDRATE-(SMILES) list, the water component in the string was deleted. Using these
MODIFIED SMILES, an automated string-matching search was then performed against the
ANHYDRATE-(SMILES) list to identify anhydrous forms with the same organic component(s).
(One could alternatively do the reverse — identify anhydrous structures, add water to the SMILES
string, then search for hydrates.) If a hydrate-anhydrate match was identified, the structures were
put in a list of POTENTIAL PAIRS. If no match was identified, the hydrate and anhydrate
structures were placed in HYDRATE-(NO A) and ANHYDRATE-(NO H) individual lists.

The most significant limitation of SMILES string-matching is that it does not account for
stereochemistry, so automated searches can over-select for pairs that are not valid. For example,
string-matching identifies glucose monohydrate (GLUCMHI1) and anhydrous galactose
(ADGALAOLI) as a pair because the sugars have the same component SMILES string (Figure 3).
To identify the false matches in POTENTIAL PAIRS, the configuration of each chiral center in
the hydrate and anhydrate molecule(s) was determined with a customized script which mimics the
way stereochemistry is distinguished in the InChl notation language. Our script compared the
configuration of each tetrahedral atom in the structure as well as the chirality designations (e.g. R,
S, rac) in the compound name. Both of these methods require that the chirality is specified in the
database entry. If all atoms in the two structures were confirmed to have the same chirality and

there was nothing in either chemical name to indicate otherwise, the pair was considered valid and
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placed in H-A PAIRS. If the components were found to be different stereoisomers, either through
their chiral centers or chemical names, the individual entries were redirected to HYDRATE-(NO
A) and ANHYDRATE-(NO H).

A different method was needed to search for pairs when the hydrate had an entry SMILES
string of “None.” Though a relatively small percentage of structures have this designation, a match
cannot be found if either the hydrate or the anhydrate entry SMILES in the pair is “None.” For
example, after the water component is removed from the SMILES string of caffeine monohydrate
(CAFINEO1), the MODIFIED SMILES string would still be unable to match anhydrous caffeine
(NIWFEEOQ2) because it has an entry SMILES string of “None.” To correct for this type of under-
selection, a Python API script was written to compare the formula of each organic component in
the HYDRATE-(NO SMILES) list against entries in the ANHYDRATE-(AIl) list. Entries with
identical chemical formulas were then manually checked and placed in H-A PAIRS if there was a
structure match. The same process was carried out for the ANHYDRATE-(NO SMILES) list
against the HYDRATE-(ALII) list. All matches were run through the same chirality script as the
H-A PAIRS with entry SMILES strings. These combined searches yielded 2,064 H-A PAIRS,
which are generated from 1,273 unique molecules. The H-A PAIRS list includes cases where a
hydrate can correspond to two different anhydrous polymorphs, and each pair is counted.
Similarly, an anhydrate can have more than one match if the hydrate is polymorphic or if hydrates
with different stoichiometries have been reported.

While the generation of the H-A PAIRS list was done as accurately as possible, there will
always be a small number of pairs that are missed or included with an automated search. One class
of structure pairs that is potentially under-represented in the search is tautomers. Because
tautomers have different SMILES strings, SMILES string matching can not identify these pairs.
For example, the double bond and H atom positions in guanine are different in its monohydrate
(GUANMH10) and anhydrous (KEMDOW) forms.’® There may be other cases, but we presume
the number of other tautomeric hydrate-anhydrate pairs that were not counted in this search is
small. In our final manual analysis of the final H-A PAIRS list, we also identified a small number
of false hydrate-anhydrate pairs that should have been removed in the stereochemical matching
step. Such errors were typically due to missing information in one or both database entries (e.g.

hexane-1,2,4,5,6-hexaols MAFSUI and ALITOL and cis/trans isomers EQOWAJ and WOQRIF).



Step 1: Identify Hydrates
WORKING

DATASET
327,214

SMILES search
for water

Yes No SMILES string [ ANHYDRATE
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Match?
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Figure 2. Flow chart illustrating the search steps. The goal of STEP 1 was to identify all molecular
hydrate structures in the CSD. The goal of STEP 2 was to identify all unique hydrate-anhydrate
pairs. Automated steps are depicted with solid arrows. Manual steps are indicated with dashed

arrows.
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Figure 3. Three general limitations of CSD searches based on SMILES strings include: (1) the
absence of stereochemistry, (2) the absence of strings in some CSD entries and (3) different
representations for tautomeric molecules. Limitation (1) can lead to over-selection errors, whereas
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Step 2: Identify Hydrate-Anhydrate Pairs
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limitations (2) and (3) can lead to under-selection of hydrate-anhydrate pairs.
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Hydrate Stoichiometry

With a list of hydrate-anhydrate pairs generated, the next task was to determine whether
there were discernable differences in the hydrates with and without a known anhydrate form. Of
the 23,698 unique hydrate structures, only 1,476 (6.2%) had a corresponding anhydrate in the
database, while 22,222 (93.8%) did not. Table 1 compares the distribution of water stoichiometries
of all hydrates as well as those with and without a corresponding anhydrous form. The
stoichiometric sorting was based on the entry formula because SMILES strings cannot distinguish
between hydrates with stoichiometric and sub-stoichiometric water content, (e.g. monohydrates
and hemihydrates both have one water component).

Across all hydrate structures, 76.5 % were found to have a stoichiometric ratio of water
molecules per organic, with monohydrates (45.2%) and dihydrates (16.0%) representing the
largest classes. Generally, as the number of water molecules per organic increases, the relative
abundance of structures with that stoichiometry decreases. An unexpected trend was observed in
the hydrates with > 5 water molecules. Structures with an even number of waters (hexa-, octa-
and decahydrates) occurred with slightly greater frequency than those with an odd number of
waters (penta-, hepta- and nonahydrates). This preference likely stems from water’s propensity to
form discrete hydrogen bonded clusters and/or extended networks, the majority of which have
previously been shown to involve an even number of water molecules in the repeat unit.'®° The
23.5% of hydrates with a non-integral ratio of water molecules per organic were sorted into four
categories: hemihydrates, < 1 water per organic, > 1 water per organic, and undefined.
Hemihydrates (10.1%) were the largest class in this category, and the third largest category overall.

Trends in the hydrates with and without known anhydrous forms are similar, though the
data suggests that those with a known anhydrate form are slightly more likely to have 2 or fewer
waters per organic molecule. Hydrates with a paired anhydrate in the CSD were ~ 5% more likely
to be hemihydrates, monohydrates, and dihydrates compared to hydrates without an anhydrate

form.



Table 1. Unique hydrates sorted by stoichiometry. Both the number and (%) in category are

indicated.
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Hydrate
(Al

Hydrate
(NO A)

Hydrate
(H-A PAIRS)

Hydrates with an Integral Number of Water Molecules

Monohydrates
Dihydrates
Trihydrates
Tetrahydrates
Pentahydrates
Hexahydrates
Heptahydrates
Octahydrates
Nonahydrates
Decahydrates

More than 10

10,977 (45.2%)
3,893 (16.0%)
1,092 (4.5%)
759 (3.1%)
270 (1.1%)
273 (1.1%)
113 (0.5%)
145 (0.6%)
68 (0.3%)
81 (0.3%)

467 (1.9%)

10,251 (46.1%)
3,640 (16.4%)
1,037 (4.7%)
724 (3.3%)
262 (1.2%)
260 (1.2%)
108 (0.5%)
143 (0.6%)
68 (0.3%)
79 (0.4%)

455 (2.0%)

726(49.2%)
253 (17.1%)
55 (3.7%)
35 (2.4%)
8 (0.5%)
13 (0.9%)
5(0.3%)
2 (0.1%)

0 (0%)

2 (0.1%)

12 (0.8%)

Hydrates with a Non-Integral Number of Water Molecules

Hemihydrates 2,414 (9.9%) 2,247 (10.1%) 167 (11.3%)
Less than 1 1,242 (5.1%) 1,141 (5.1%) 101 (6.8%)
More than 1 1,836 (7.6%) 1,740 (7.8%) 96 (6.5%)
Undefined 68 (0.3%) 67 (0.3%) 1(0.1%)
Total 23,698 22,222 1,476

10
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Comparing Hydrate-Anhydrate Structure Pairs

By identifying systems that are capable of growing in both hydrate and anhydrate forms, it
becomes possible to probe whether hydrates and anhydrates exhibit any inherent differences in
terms of their lattice symmetry and packing fraction. For some analyses it proved instructive to
separate the 2,064 unique hydrate-anhydrate pairs into two categories — those with one organic
component (1,530) and those with more than one organic component (534). In some analyses
where the number of pairs meeting certain additional criteria was low, we looked for trends in the
unpaired hydrate and anhydrate data sets. Comparison sets of 2000 unpaired hydrates and
anhydrates were generated from the 22,222 entries in the Hydrate-(No A) and the 285,178 entries
in the Anhydrate-(No H) list by selecting alphabetical the first entries with either 1 or 2+ organic

components and no disorder.

Lattice Symmetry. Each entry in the CSD contains a tag for the lattice symmetry which can be
accessed with Python API, which simplified sorting the entries. Table 2 shows the distribution
across the seven Bravais lattices in the Working Data Set (after the removal of duplicates) as well
as different subcategories of paired and unpaired hydrates and anhydrates. Consistent with many
previous analyses of space groups, >90% of structures have triclinic, monoclinic and orthorhombic
symmetries.>'32 Comparison of hydrates and anhydrates in the H-A PAIRS list showed that the
former were ~ 5.5% more likely to adopt triclinic symmetry than the latter (21.3% vs 15.8%). The
comparison sets generated from the unpaired structures confirmed a similar bias with hydrates
more likely to have triclinic symmetry than anhydrates (25.6% vs 22.1%).

We sought to determine if this bias was unique to water or more generally related to the
number of molecules in the unit cell. Hydrates in the H-A Pairs list inherently have a larger number
of molecular components than the corresponding anhydrates. The structures in the H-A PAIRS
list were first divided into two categories — those with 1 organic component (1530 pairs) and those
with 2+ organic components (534 pairs). Comparisons made between structures in these
subcategories yielded even more dramatic differences, with 2+ organic component hydrates twice
as likely to be triclinic compared to those with 1 organic component (33.3% vs 16.3%). The
anhydrates in the H-A PAIRS list followed a similar trend where structures with 2+ organic
components were about 1.5 times as likely to adopt a triclinic cell compared to those with 1 organic

component (20.7% vs. 13.9%).

11
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Hydrates were also sorted according to their water stoichiometry, since increasing water
content also increases the number of molecular components in the lattice. Of the 1530 pairs with
one organic component, there were reasonable numbers of mono-, di- and trihydrates to draw
comparisons. In these cases, the distribution across the various lattice symmetries was the same
for each hydrate stoichiometry. Therefore, the decrease in lattice symmetry appears not to
correspond to an increase in the total number of components, but rather to an increase in the
number of chemically different components. A more detailed analysis of the symmetry elements
affected might help to better elucidate these differences but was beyond the scope of this study. A
more detailed understanding of symmetry considerations may have broader implications for the

design of functional multicomponent crystals.33-34

12
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Table 2. Structures Sorted by Lattice Crystal Symmetry.

Crystal System Symmetry
Triclinic Monoclinic Orthorhombic Tetragonal Trigonal Hexagonal Cubic
Working Data Set 22.4% 53.0% 21.8% 1.3% 1.1% 0.3% 0.09%
H-A PAIRS
Hydrates 21.3% 50.9% 20.0% 2.7% 2.9% 1.1% 1.0%
1 organic 16.3% 51.8% 22.2% 2.9% 3.9% 1.5% 1.4%
2+ organics 33.3% 48.9% 14.8% 2.3% 0.7% 0% 0%
Anhydrate 15.8% 56.5% 22.4% 2.0% 1.8% 1.2% 0.2%
1 organic 13.9% 56.4% 23.9% 2.1% 2.3% 1.3% 0.3%
2+ organics 20.7% 56.9% 18.9% 1.8% 0.7% 1.1% 0%
UNPAIRED
Hydrate-(No A) 25.6% 49.2% 20.4% 2.1% 1.6% 0.8% 0.3%
1 organic 18.0% 51.2% 25.4% 2.4% 1.8% 1.0% 0.2%
2+ organics 31.8% 47.6% 16.5% 1.8% 1.5% 0.6% 0.3%
Anhydrate-(No H) 22.1% 53.3% 21.9% 1.3% 1.0% 0.3% 0.07%
1 organic 19.8% 54.4% 23.6% 1.2% 0.8% 0.3% 0.03%
2+ organics 30.2% 49.7% 16.2% 1.6% 1.7% 0.4% 0.2%

13
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To confirm that general trends extracted from this analysis also reflect what occurs on a
case-by-case basis, each of the 2064 H-A PAIRS sorted according to which form had the higher
lattice symmetry (Table 3). The same symmetry, most often monoclinic, was found in 960 pairs.
The anhydrate had the higher symmetry in 594 pairs, and the hydrate had higher symmetry in 510
pairs. When the crystal symmetry was different — regardless of whether it was the hydrate or
anhydrate, it was usually a comparison between (a) triclinic < monoclinic, (b) triclinic <
orthorhombic or (c) monoclinic < orthorhombic. Interestingly, the relative occurrence of these
scenarios differed in 1 and 2+ organic component systems. In the systems with 1 organic
component the higher symmetry structure was most often orthorhombic and the lower monoclinic
(case ¢). In the 2+ component systems the higher symmetry structure was most often monoclinic
(case a). Although there are slight differences in the distribution of hydrates and anhydrates across
the Bravais lattices in the 1 and 2+ component crystal lists (Table 2), this does not account for the

trends observed.

Table 3. Comparison of Lattice Symmetry in H-A PAIRS.

Same Crystal Symmetry

Triclinic Monoclinic  Orthorhombic No. Pairs
1 organic 53 (7.6%) 494 (70.8%) 118 (16.9%) 698
2+ organic 56 (21.4%) 165 (63.0%) 37 (14.1%) 262

Anhydrate = Higher Crystal Symmetry

Triclinic Triclinic Monoclinic
Monoclinic  Orthorhombic Orthorhombic

1 organic 143 (33.8%)  30(7.1%) 197 (46.6%) 423
2+organic 86 (50.3%) 20 (11.6%) 45 (26.0%) 171

Hydrate = Higher Crystal Symmetry

Triclinic Triclinic Monoclinic
Monoclinic  Orthorhombic Orthorhombic

lorganic  115(28.1%)  22(5.4%) 177 (43.3%) 409
2+ organic 44 (43.6%) 7 (6.9%) 39 (38.6%) 101

14

Page 14 of 19



Page 15 of 19

CrysttngComm

Packing Fraction. Hydrates and anhydrates were then compared in terms of their packing
fraction. Structures which exhibit disorder were first removed from H-A PAIRS list, since this
can introduce errors in the calculated packing fraction. This reduced the number of hydrate-
anhydrate pairs to 1483. The H-atom positions in all structures were normalized, then the packing
fraction of each was calculated using the packing coefficient algorithm in Mercury. Most
structures had packing fractions in the 60-80% range as expected.’> We chose to limit our analysis
to pairs in which both structures had been determined from data collected at the same temperature
in order to avoid differences due to thermal expansion effects. This significantly reduced the
available data to 435 hydrate-anhydrate pairs. (note: An additional 211 additional structure pairs

have a reported temperature of “None,” but these are not considered here.)

For most structure pairs (397 of the 435), the difference in packing fraction was 5.0% or
less. Of these structure pairs, the hydrate had the higher packing fraction in 213 (54%) and the
anhydrate had the higher packing fraction in 184 (46%). Figure 4 plots the number of times the
hydrate/anhydrate has the higher packing fraction as a function of the difference between the two
structures in each pair. Blue bars correspond to pairs where the hydrate has a higher packing
fraction and red bars correspond to pairs where the anhydrate has a higher packing fraction. When
binned in increments of 0.5%, the bias appears to be largely independent of the magnitude of the
packing fraction difference. This suggests that close packing considerations may inherently

provide a small bias favoring hydrate formation.
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Figure 4. Comparison of the packing fraction differences in hydrate and anhydrate structures in
the 417 H-A PAIRS within 5% of each other that were determined at the same temperature. Data
is binned in increments of 0.5%. Pairs in which the hydrate and anhydrate have the higher packing
fraction are indicated with blue and red bars, respectively.

Conclusions

As the world’s largest repository for structural information, there are many new types of
questions that can be asked of the CSD. In this report, we have attempted to describe the benefits
and some of the limitations of SMILES string matching as a means to identify related structures
which are otherwise difficult to identify. The hydrate-anhydrate pairs search was accomplished in
a two-step process which required many validity checks and the addition of a few unanticipated
correction steps.

The hydrates with and without anhydrous forms showed nearly identical trends in their
water stoichiometries. Compositions with low numbers of water molecules per organic are
generally favored (e.g. hemi-, mono-, dihydrates), but in higher hydrates there was a slight
preference for compositions with an even rather than odd number of water molecules. In the
hydrate-anhydrate pairs, analysis of the distribution across different lattice symmetries and
packing fractions also revealed some subtle trends. In hydrate-anhydrate pairs, a bias for hydrates
to crystallize in lattices with lower symmetry relative to their anhydrous forms was apparent.
Notably, the magnitude of the bias increased with the number of unique molecular components,
an observation which has implications beyond the study of hydrates.

The general approach outlined here should be transferrable to other types of searches where
the underlying goal is to identify subtle correlations across numerous structures. We hope that

others with interest in this area can make use of the code provided.
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