Mining Predicted Crystal Structure Landscapes with High
Throughput Crystallisation: Old Molecules, New Insights
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Organic molecules tend to close pack to form dense structures when they are crystallised from organic solvents. Porous

molecular crystals defy this rule: they contain open space, which is typically stabilised by inclusion of solvent in the

interconnected pores during crystallisation. The design and discovery of such structures is often challenging and time

consuming, in part because it is difficult to predict solvent effects on crystal form stability. Here, we combine crystal structure

prediction (CSP) with a robotic crystallisation screen to accelerate the discovery of stable hydrogen-bonded frameworks.

We exemplify this strategy by finding new phases of two well-studied molecules in a computationally targeted way.

Specifically, we find a new ‘hidden’ porous polymorph of trimesic acid, 3~TMA, that has a guest-free hexagonal pore

structure, as well as three new solvent-stabilized diamondoid frameworks of adamantane-1,3,5,7-tetracarboxylic acid

(ADTA). Beyond porous solids, this hybrid computational-experimental approach could be applied to a wide range of

materials problems, such as organic electronics and drug formulation.

Introduction

Organic crystalline solids are useful in many applications, such
as organic semiconductors,*? in pharmaceutical formulations,3
and for molecular separations using porous crystals.*> To
achieve the optimum functionality for a given application, we
must be able to produce crystal structures with specific
packings of the molecular building blocks. This is because
different polymorphs are known to have different bulk material
properties.® For example, porous molecular organic crystals are

known to have polymorph-dependent gas adsorption
properties, and this has been used to modulate gas
selectivity.”® Control over the crystallisation of organic

molecules is a long-standing problem, and the field of ‘crystal
engineering’®!! predates developments in bonded frameworks
such as metal organic frameworks (MOFs)*?!* and covalent
organic frameworks (COFs).*>16 Indeed, the huge success of
MOFs and COFs can be explained by the structural predictability
that ensues when the less directional and weaker non-covalent
interactions in molecular crystals are replaced by stronger,
more directional metal-organic bonding and covalent bonding
in framework materials. There are reasons, however, to
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consider non-bonded crystalline molecular frameworks for
certain applications: for example, it has proved challenging to
produce large, high-quality single crystals for MOFs'” and
COFs, 820 whereas high-quality organic crystals are often more
accessible. By contrast, in the specific case of porous molecular
crystals, preservation of this crystallinity upon desolvation may
be more challenging. Further, molecular crystals can change
their structure in response to guest inclusion, and this has led
to applications in porosity “switching””® and in the separation
of organic hydrocarbons.?'-23

It remains difficult, however, to predict how a candidate
molecule will crystallise and, hence, to design new function: in
this regard, molecular crystals are at a disadvantage with
respect to MOFs and COFs. To tackle this, we have used crystal
structure prediction (CSP)?*?’ to guide the discovery of
molecular crystals with porous host structures.?®?° In a recent
study, calculated energy-structure-function maps?®3°were used
to pre-screen the probable function of molecules in silico prior
to experiment; in this case, for porosity, methane storage
capacity, and guest molecule selectivity. This led to the
discovery of hydrogen bonded organic frameworks (HOFs)
based on rigid triptycene benzimidazalones  with
unprecedentedly low bulk densities (0.41 g cm-3) and apparent
Brunauer-Emmett-Teller surface area (SAger) as high as 3230 m?
g1.2° The experimental porous crystal structures were found to
correspond to low density, stable regions, or ‘spikes’ on the
energy-density representation of the predicted crystal energy
landscape. We proposed that such features might be used to
predict the formation of other porous HOFs in the future.

HOFs31-3> are a sub-class of porous solids whose structures are
driven by hydrogen bonding, which is typically weaker than the
directional coordination bonding in MOFs.3® Hence,



assumptions about crystal packing based on intuitive ‘rules’ are
more prone to fail.373° For example, even though the hydrogen
bonding in the benzimidazalone molecules that we studied?’ is
particularly strong and directional, there are at least four
competing porous polymorphs that are all defined by 1-
hydrogen-bonded tapes. There
dominant porous form, and although all

dimensional is no single
porous

polymorphs can be identified as low-energy structures on the

four

CSP landscape, the specific polymorph that is produced by
experiment is influenced by the choice of crystallisation solvent.

More generally, hydrogen bonding has been used to control
the supramolecular assembly of a huge range of organic
building blocks,*® most commonly using carboxylic acid groups.
The study of hydrogen bonded nets can be traced back to 1969,
when Duchamp et al.*! reported the ‘a—polymorph’ of trimesic
acid (TMA; Fig. 1a), which comprises triply interlocked pleated
hexagonal networks of TMA molecules. Seventeen years later,
Herbstein reported the first non-catenated hexagonally
arranged networks of TMA, which were stabilized in an offset
arrangement by disordered alkane guests.*? Herbstein also
showed that TMA can be crystallised from the vapor, by
condensation onto a cold surface, to produce a y—polymorph,*?
which was recently shown to adsorb acetic acid reversibly after
activation.** Zaworotko reported a 2:1 TMA:acetic acid solvate,
which features triply inclined interpenetration between
truncated 1D and hexagonal 2D nets.*> The 2-D ordering of TMA
on metal surfaces has also been investigated,*® and TMA is an
archetypal ligand for MOF synthesis (e.g., HKUST-1).#” As such,
TMA has been widely studied by the crystal engineering
community for decades. The continued fascination with this
molecule results from the complexity of its solid form landscape
and the large number of competing structures that can be
produced.

A second archetypal example is adamantane-1,3,5,7-
tetracarboxylic acid (ADTA, Fig. 1b), which was reported in 1988
by Ermer to form a 5-fold interpenetrated diamondoid
hydrogen-bonded net.*® Broadly speaking, the molecular
assembly followed the intuitive design rules; that is, the
tetrahedral node led to a 3-D diamondoid net. However the 5-
fold interpenetration could (presumably) not have been
predicted a priori, although an analysis of crystal density did
show that a 5-fold form matched experiment (1.65 g cm3),
while a hypothetical non-interpenetrated diamondoid net was
suggested to have a density of just 0.336 g cm3.19% To
modulate the interpenetration, Ermer later functionalized the
adamantane core with dioxo or dimethylidene groups to

sterically direct the formation of 3-fold and 2-fold
interpenetrated networks, respectively.*®
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Figure 1. Chemical structures of TMA (a) and ADTA (b).
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In this study, we use CSP calculations to uncover the underlying
structural landscapes for carboxylic acid-bearing molecules,
using the classic TMA and ADTA systems as examples. These
molecules were studied as part of wider computational
screening for latent porous structures within the predicted
crystal structures of small molecules. CSP highlighted TMA as an
attractive target for further crystallisation experiments. These
molecules introduce a new challenge: unlike the triptycene
benzimidazalones in our previous study,?® which can be
considered as rigid molecules with a single conformation, the
carboxylic acids in TMA and ADTA can adopt different possible
conformations that must be accounted for in the CSP search.
While CSP can provide valuable insights into a molecule’s
structural preferences, we are not yet able to account for the
effect of crystallisation solvent in a computationally affordable
way.?42750 This is a particularly acute problem when searching
for porous molecular crystals, where solvent stabilization
increases the energetic range of possible structures on the
lattice energy landscape, sometimes up to thousands of
candidates. As such, experimental crystallisation screens are
needed to identify the conditions needed to access interesting
in the
crystallisation screening has previously been used to explore

predicted structures laboratory. High throughput
the solid form diversity of active pharmaceutical ingredient.>% >2
In this study,
crystallisation screening protocol to search for polymorphs of
interest that are predicted by CSP.

we develop a high-throughput robotic

Results and discussion

Crystal structure prediction - TMA

The energy-density distribution of predicted TMA crystal
structures is shown in Figure 2a (further information about the
CSP methodology is provided in the Experimental section). The
expense of searching the crystal packing space with multiple
independent, conformationally flexible molecules in the
asymmetric unit limited us to predicting crystal structures with
1 and 2 molecules in the asymmetric unit (Z'= 1 and 2). Hence,
our landscape of predicted structures does not contain the
known Z'= 6 o—TMA,* nor the Z'= 3 y—TMA structures.*? For
comparison to the CSP structures, the energies of a— and
y—-TMA were calculated from ordered approximations of their
high-Z" disordered structures (see Figure 2a) Approximations in
the treatment of disorder and of the conformational strain in
these structures means that these models will be less stable
than the true a. and y polymorphs. Still, their energies are within
7.7 (o) and 8.2 (y) kl/mol of the CSP global minimum, which is
within the usual energetic range of polymorphism,®3 and lie on
the low energy edge of the energy-density distribution, where
observed structures are often found. Furthermore, we find
hexagonal networks of hydrogen bonding, as seen in a—TMA
and y—TMA, across the crystal structure landscape; predicted
crystal structures containing this motif are shown as orange
points (Z'= 1) and red points (Z'= 2) in Figure 2a.

The CSP results show the usual overall trend towards higher
lattice energies at lower crystal density. However, we observe
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two clear low-energy ‘spikes’ of unusually stable, low density
structures in the density regions around ~0.8 and 1.1 g/cm3,
significantly below the densities of the known o (p = 1.44 g/cm3)
andy (o= 1.34 g/cm3) forms. The minimum of the lower density
spike, whose structure, 1, is shown in Figure 2b, has a density of
0.85 g/cm3 and an energy 17.3 kJ/mol above the global
minimum predicted structure, while the minimum of the higher
density spike, 2, shown in Figure 2c, is 14.8 kJ/mol above the
global minimum. These ‘spike’ features are reminiscent of the
isolable

low-energy, low-density spikes corresponding to

porous structures on the crystal structure landscape of
triptycenetrisbenzimidazolone.?® The shape of the energy-
density distribution suggests that these sets of crystal structures
occupy deep, low energy regions of the lattice energy surface
separated from the region of densely-packed structures by a
large energy barrier. Moreover, the predicted lattice energies
for 1 and 2 are both within 20 kJ/mol of the predicted global
Given that we isolated previously
polymorphs of triptycene benzimidazalone molecules that were
predicted to be 49.6 kJ/mol above the global minimum but
stabilized by crystallisation solvent,?® this gave us confidence
that 1 and 2 might be accessible by experiment.

minimum structure.
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Figure 2. az] CSP map for TMA (Z'=1 black, Z°'=2 grey) with structures containing
hexagonal hydrogen bonded sheets colored orange (Z2'=1) and red (Z'=2). Energies
and densities of the optimised versions of the known a and % polymorphs are
indicated by crosses (see text and ESI for details); b) hypothetical porous structure
corresponding to the energy-density spike mini-mum structure, 1, at 0.855 g/cm3,
and; c) the spike minimum energy structure, 2, at 1.11 g/cm3.

The lowest energy crystal structure (1) in the 0.85 g/cm?3 spike
features hexagonal arranged networks of hydrogen bonded
TMA molecules, as in a— and y—TMA. Importantly, these
hexagonal nets are planar and aligned in the crystal structure,
in contrast to previously reported TMA solvate structures*? that
feature offset arrangements of hexagonal TMA nets. Other low
energy structures in this spike are very similar, but differ in
conformation of TMA within the hexagonal sheets, distortion of
the hexagonal pores or breaking of the hydrogen bonded

This journal is © The Royal Society of Chemistry 20xx

hexagons to form hydrogen bond interactions between layers
of TMA. Hexagonal pores in the 1.1 g/cm?3 predicted structure,
2, are collapsed in one direction of the hydrogen bonded sheets
(Figure 2c), forming a structure that is intermediate between
the open hexagonal sheets and the ‘flower’ monolayers
sometimes seen at liquid-substrate interfaces.®*>> As in
predicted structure 1, the remaining hexagonal pores in 2 are
aligned, forming open channels.

Neither of the low-energy structures in these pronounced
spikes on the CSP landscapes corresponds to a previously
reported crystal structure of TMA. Thus, these predicted crystal
structures and their expected stability provided a strong
impetus to re-examine the crystallisation behaviour of TMA, for

which we developed a HT crystallisation screen.

Crystallisation screen — TMA

For the HT crystallisation screen with TMA, we screened 224
‘good/bad’ solvent combinations and 56 ‘good-good’ solvent
combinations (where, good-solvents dissolved TMA at
concentration of > 15 mg/mL at RT, and bad-solvents dissolved
TMA at concentration of < 15 mg/mL at RT). Hence, we
screened a total of 280 crystallisation conditions using a
Chemspeed robot platform. After evaporation of the ‘good
solvents’ at room temperature, as well as all or part of the bad
solvents, we collected the crystalline products and recorded
PXRD data after drying the samples in air. Using a library of
simulated PXRD patterns for previously reported TMA crystal
structures obtained from the Cambridge Structure Database
(CSD) and the literature (see ESI, Table S3), we identified six
potential ‘hits’ (see ESI, Figure S5), which produced structures
that appeared to be unknown. We determined all six structures
using single crystal X-ray diffraction (Table 1, see ESI, Tables S5-
6 for full refinement details); as a result of the hexagonal
layered packing of the TMA molecules in these six solvates, we
observed a close similarity between the simulated PXRD pattern
of the a priori predicted low-density polymorph, 1, (Figure 2b)
and the experimental PXRD patterns (see ESI, Figure S5). This
shows that CSP, coupled with HT crystallisation screening, can
identify new forms of ‘old’, well-studied molecules in a targeted
way.

Table 1. Summary of new TMA crystal structures discovered from crystallisation
screen.

Structure Good- Bad-solvent!® Space
code® solvent!™ group
TMA_2-33 THF n-butylbenzene P3,21
TMA_3-31 EtOH cyclohexanone C2lc
TMA_3-36 EtOH Ph,0O P1
TMA_4-18 2-propanol EtOAc C2lc
TMA _6-18 1-propanol EtOAc P1
TMA_7-35 1,4-dioxane 1,3-dimethoxybenzene C2/m
TMA_8-32 1-butanol mesitylene P3,21
TMA 8-35 1-butanol 1,3-dimethoxybenzene C2/m

[a] Structure codes correspond to crystallisation solvents numbers listed in ESI,
Table S2. The hexagonal forms are: 2-33, 3-31, 3-36, 7-35, 8-32, and 8-35. Both 4-
18 and 6-18 are non-hexagonal forms that show hydrogen bonding to the
crystallisation solvent. [b] Solvents that dissolved TMA at concertation > 15 mg/mL
at RT. [c] Solvents that dissolved TMA at concentration < 15 mg/mL at RT.
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Figure 3. a) Computed similarity in PXRD patterns of activated 6—TMA against all CSP structures of TMA, using constrained dynamic time-warping (see ESI for details). Similarity is
plotted on a logarithmic scale, where the most similar PXRD patterns correspond to dark red shaded points; b) Comparison between predicted and experimental 5~TMA PXRD
patterns (the predicted structure is TMA structure 1 (Figure 2b); c) overlay of the predicted (blue) and the experimental (red) 3-TMA structures. The experimental structure was

derived from solvent exchange followed by activation of TMA_2-33.

The need for HT methods is clear: only 6/280 (~2%) of the
experimental conditions trialled gave a crystalline form with a
PXRD pattern that was similar to that of the predicted structure,
1. The vast majority of crystallisation conditions led to either
direct crystallisation to the known a—polymorph or produced
an unstable, transient phase that transformed into the
a—polymorph upon loading onto the PXRD plate. This explains
why 8—TMA has remained hidden for 50 years.**

We also identified two other structures in this HT screen,
crystallised from 2-propanol/EtOAc and 1-propanol/EtOAc
(TMA_4-18 and TMA_6-18, Table 1), which feature hydrogen
bonds between the TMA molecules and hydroxyl groups in the
solvent molecules; these structures are 1:1 solvates (see ESI,
Table S7).

We next focused on determining the properties of the six new
hexagonally-packed TMA phases in more detail.

For the hexagonally packed TMA structures, we observed

differences in the crystallographic symmetry due to the stacking
geometry of the hexagonal TMA networks. Among these
structures, we found a close structural match, based on
comparable simulated and experimental PXRD patterns,
between the predicted low-density polymorph, 1 (Figure 2b),
and the two solvates; 1,4-dioxane/1,3-dimethoxybenzene
(TMA_7-35) and 1-butanol/1,3-dimethoxybenzene (TMA_8-35)
(see ESI, Figure S5).
Hence, even though solvent affects the packing of TMA
molecules in these structures, we could identify crystal
structures that closely match the predicted low-density
polymorph, 1 (Figure 2b).

To investigate the stability of the hexagonally packed TMA
structures (TMA_2-33, 3-31, 3-36, 7-35, 8-32, and 8-35) in the
absence of the crystallisation solvent, we exchanged the solvent
in the pores with the n-pentane and then activated the crystals

by evacuating at room temperature for 2 hours. PXRD analysis
showed that all six of the resulting n-pentane solvates
transformed to the same phase after activation.

The experimental PXRD pattern of the resulting, activated
material was compared to the simulated patterns of the full set
of predicted crystal structures using constrained dynamic time-
warping (see ESI for details), which highlights a high similarity of
the activated material to the predicted structures in the 0.8
g/cm3 spike on the CSP energy-density map (Figure 3a). Visual
comparison shows that all of the evacuated samples match the
simulated PXRD pattern of the predicted polymorph, 1 (Figure
3b; ESI, Figures S6-11). These results show the potential for
automated matching of materials from HT crystallisation
screens against databases of predicted structures, which could
rapidly identify likely structures of new materials.

Table 2. The crystal structure of predicted structure 1 (pred.) and experimental (expt.)
3-TMA.

Space alA b /A c/A gl VA3
Group
Pred. C2/m 26.27 16.92 3.72 93.87 1651.8
Expt. C2/m 26.08 16.48 3.68 95.08 1573.3

We next studied the transformation and activation in more
detail using the THF/n-butylbenzene solvate (TMA_2-33). After
complete exchange of the crystallisation solvent with n-
pentane, which was determined using *H NMR (see ESI, Figure
S12), we used thermogravimetric analysis (TGA) to determine
the n-pentane solvent evaporation rate from the crystal pores
at room temperature (see ESI, Figure S13). Using single crystal
XRD, we showed that the pentane-solvated TMA_2-33
structure undergoes a single-crystal to single-crystal
transformation to a solvent free form, 3—TMA (Table 2, see ESI,
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Figure 4. a) Diamondoid hydrogen bonding network formed by ADTA (red: O; grey: C; white: H). b) CSP map for ADTA. The different colors highlight the number of unique hydrogen-
bond networks interpenetrated within each structure: blue are 5-fold, yellow are 4-fold, green are 3-fold, red are 2-fold interpenetrated. Charcoal are non-interpenetrated
diamondoid hydrogen bonded networks and light grey dots show structures that do not contain the diamondoid hydrogen bonding; c, d, e) Comparison between predicted and
experimental (c) 5-, (d) 4-, (e) 3- fold interpenetrated structures, blue: prediction; red: experiment; e). Solvent molecules in the experimental 4- and 3-fold interpenetrated structures

are hidden.

Table S7 and Figure S14-15). The crystal packing of TMA
molecules in the single crystal structure of 6—TMA are in
excellent agreement with the predicted low density packing in
1, not only in the hexagonal packing on TMA molecules, but also
in the stacking of these sheets. The structural similarity was
assessed using an overlay of atomic positions of the predicted
and single crystal structures within a cluster of molecules taken
from each structure, using the COMPACK algorithm; this yielded
an RMSD of 0.345 A for a 20-molecule comparison. Unit cells are
compared in Table 2 and an overlay of predicted and single
crystal structures is shown in Figure 3c.

From experimental PXRD patterns, we found that 6—TMA was
thermally stable up to 110 °C (see ESI, Figure S16). In addition,
5—TMA is porous to nitrogen and has a SAger of 910 m? g at
77.3 K (see ESI, Figure S17). However, the PXRD pattern
recorded after gas sorption analysis indicated that there was a
small amount of the non-porous a—TMA polymorph in the
sample (see ESI, Figure S18). Investigating this further, we found
that 3—TMA transforms to a—TMA at 130°C (see ESI, Figure
S$16,19) after 6 hours under dynamic vacuum at room

temperature (see ESI, Figure S20), or after standing in humid air
after activation (see ESI, Figure S21), indicating that 6—TMA is
metastable, as often observed for porous molecular crystals
with low densities. This might explain why 6—TMA (1) was not
discovered before; conceivably, it might never have been
discovered without the guidance provided by CSP. By contrast,
we did not find any experimental evidence for predicted form
2; this might be because 1 is more effectively stabilized by
solvent,?®>% and hence 2 is not competitive.

Crystal structure prediction — ADTA

Encouraged by our success with 3—TMA, we applied CSP to
explore the space of possible crystal structures of ADTA. The
known, dense crystal structure of ADTA features double
hydrogen bonds at each carboxylic acid group (Figure 4a) and
close packing is achieved via 5- fold interpenetration of the
resulting diamondoid networks.

A group of predicted crystal structures at the global minimum
of the CSP landscape (Figure 4b) contain this 5-fold
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Figure 5. PXRD pattern map for ADTA from 228 crystallisation conditions. red = 5-fold, maroon = 4/5-fold mixture, orange = 4-fold, green = 3-fold, a = amorphous

The 41 crystallisation conditions that could not be identified as one, or a mixture,

hase.
of these phases, based on their PXRD patterns, are starred. Of these 41 conditions,

we determined 2-fold crystal structures for the 3 crystallisations highlighted in blue.

interpenetrated diamondoid hydrogen bonding. One of these
predicted structures, 5.6 kJ/mol above the global minimum,
reproduces the known crystal structure accurately (Figure 4c),
with a root mean squared deviation in atomic positions of 0.28
A within a cluster of 20 molecules taken from the observed and
predicted crystal structures (Table 3, Figure 4c). The low-energy,
high density region also contains crystal structures that are not
based on the diamondoid hydrogen bonding framework.

The same diamondoid hydrogen bonding as found in the
known crystal structure, but with lower degrees of
interpenetration, is found in many of the other predicted
structures towards lower crystal densities and higher lattice
energies. Figure 4b highlights these structures, with different
colors indicating the number of unique hydrogen-bond
networks interpenetrated within each structure. While most of
these structures occur within the bulk of the energy-density
distribution of structures, the most stable predicted structures
for each degree of interpenetration, from 5-fold (p = 1.57
g/cm3) down to 2-fold (p = 0.324 g/cm?) interpenetration, lie
just below the low-energy ‘leading edge’ of the energy-density
distribution. These structures corresponding to the lowest
energy instances of each level of interpenetration are found at
approximately equally-spaced intervals of density and they lose,
on average, around 20 kJ/mol of lattice energy per lost degree
of interpenetration of the hydrogen bonding networks (Figure
4b). The energetic stability of these diamondoid hydrogen-
bonded structures relative to other crystal packing
arrangements is not as pronounced as the ‘spike’ of structures
containing the new & polymorph, 1, on the TMA landscape (Fig.
2a). However, this double hydrogen bonding motif clearly
provides greater stability than any other hypothetical crystal
packing of similar density in the cases of 3-fold, 4-fold and 5-fold
interpenetration.

Within the nearly-linear energy-density relationship among
the lowest energy structures with each degree of
interpenetration, the predicted 4-fold interpenetrated
structure is particularly stable, being located just 10.4 kJ/mol
above the global minimum predicted 5-fold interpenetrated
structure (and 4.8 kJ/mol above the known 5-fold crystal
structure). This falls within the usual energetic range of
polymorphism in organic crystals,>® and we expected therefore
that this structure should be accessible under the right
crystallisation condition. A large number of predicted structures

6 | J. Name., 2012, 00, 1-3

with 3-fold interpenetrated diamondoid hydrogen bonded
networks are found in the region around 1 g/cm3 (cluster of
green points in Fig. 4b). The many possibilities for 3-fold
interpenetration, compared to higher and lower degrees of
interpenetration, can be rationalized by the number of available
permutations for arriving at 3-fold interpenetrated structures
by the removal of 2 networks from the 5-fold interpenetrated
structure.

A non-interpenetrated diamondoid crystal structure is also
found among the predicted structures, along the same roughly
linear energy-density relationship as the lowest energy 2-fold,
3-fold, 4-fold and 5-fold interpenetrated forms. This non-
interpenetrated structure, 78.6 kJ/mol above the global
minimum 5-fold network, has a density of 0.324 g/cm?3, in
excellent agreement with the structure hypothesized by
Ermer.*” However, the CSP results show that, at these low
densities, there are many energetically preferable structures
with similar densities and different hydrogen bonding. The
presence of alternative, lower energy structures in this density
region suggests that the non-interpenetrated structure is too
unstable, so is unlikely to be observed. Moreover, even if it
could be formed as a solvated structure, its position on the CSP
landscape suggests that it might not occupy a sufficiently deep,
isolated energy basin to be kinetically stable as an unsolvated
structure.

Crystallisation screen — ADTA

By employing the same HT crystallisation workflow developed
for TMA, we screened 192 ‘good-bad’ solvent’ combinations,
and 36 ‘good-good’ solvent combinations for the crystallisation
of ADTA (where, good-solvents dissolved ADTA
concentration of > 3 mg/mL at RT, and bad-solvents dissolved
TMA at concentration of < 3 mg/mL at RT ). Using the predicted
3-, 4-, and 5- fold structures as a reference (Table 3 and Figure

at

4) along with experimental X-ray diffraction data (see ESI,
Tables S8-9), we found that 5 sets of conditions led to new ADTA
crystal forms with 3-fold interpenetrated diamondoid hydrogen
bonded networks, 81 conditions led to 4-fold interpenetration,
and 77 conditions led to 5-fold interpenetration (Figure 5; see
ESI, Figure S22). We also identified 22 crystallisations that
and 5-fold
interpenetrated structures (Figure 5). The remaining conditions

appeared to give a phase mixture of 4-

produced two amorphous samples, and 41 structures that could

This journal is © The Royal Society of Chemistry 20xx



not be identified as one, or a mixture, of the 3-, 4-, or 5-fold
structures by simply comparing PXRD patterns (see ESI, Figure
$23-28).

We obtained a single crystal structure of the 4-fold
interpenetrated form from the THF crystallisation (ADTA_2-2,
see ESI, Table S8). In ADTA-0.25(THF), there are THF molecules
ADTA molecules,
rationalizing the formation of the 4-fold structure from this

located in extrinsic voids between
crystallisation solvent. The arrangement of ADTA molecules in
this solvated structure was compared to CSP structures and
found to agree very well with the lowest energy 4-fold
interpenetrated structure from the CSP calculations: an overlay
of 20-molecule clusters gave an RMSD in atomic positions of
0.379 A, Figure 4d (unit cell parameters are compared in Table
3). We found that the THF molecules were trapped in the
extrinsic cavities, and TGA showed that the THF molecules
remained in the crystal lattice until ~ 210 °C (see ESI, Figure S29-
32). To remove THF solvent from the 4-fold structure, a sample
of ADTA_2-2, was heated at 210 °C for 2.5 h, and NMR was used
to check for THF in the desolvated sample (see ESI, Figure S33).
After activation at 210 °C, this material was found to be non-
porous to N, at 77 K. Structural changes in the material were
monitored in a subsequent variable temperature PXRD study
(see ESI, Figure S35), which showed gradual transformation to
the 5-fold interpenetrated structure. This transformation was
complete at 350 °C.

The 3-fold structure was only clearly observed in the
crystallisation screen when tetradecane was used as the bad
solvent (Figure 5). We characterized the 3-fold structure using
the ethanol/tetradecane (ADTA_3-38) and
dioxane/tetradecane (ADTA_7-38) crystallisations. Disordered
tetradecane solvent occupies 1-D pores in both of the 3-fold
structures, rationalizing their formation with this bad solvent,
but we observed slight differences in crystallographic symmetry
for these structures; Fddd for ADTA_3-38 vs. /41/amd for
ADTA_7-38 (see ESI, Tables S8). This finding can also be
explained by the tetradecane solvent, which appeared to be
more ordered in the Fddd ADTA_3-38 structure, distorting the
interpenetrated packing of diamondoid networks. Again, based
on comparison of ADTA atomic coordinates in the single crystal
and predicted structures, we find good agreement between the
ADTA arrangement in the observed structures and the
predicted 3-fold interpenetrated structure (Figure 4e, see also
unit cell parameters in Table 3).

The PXRD patterns from the HT crystallisation screen that
could not be assigned to 3-, 4-, or 5-fold structures were mostly
crystallised using the structurally-related bad solvents o-xylene,
m-xylene, p-xylene, mesitylene, 1,2-dimethoxybenzene, and
1,3-dimethoxybenzene (SI, Figure S23-28). We used the THF
crystallisations with the following bad solvents to determine the
X-ray crystal structures for three of these hits: o-xylene
(ADTA_2-27), 1,2-dimethoxybenzene (ADTA_2-34), and 1,3-
dimethoxybenzene (ADTA_2-35) (see ESI, Table S9). In the
crystal structure of ADTA_2-34 we found ordered 1,2-
dimethoxybenzene between ADTA molecules, whereas the
aromatic solvents in ADTA_2-27 and ADTA_2-35 were too
disordered to model accurately. However, the three structures,
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ADTA_2-27, ADTA_2-34, and ADTA_2-35 have the same
underlying 2-fold interpenetrated structure. The crystallised 2-
fold interpenetrated structures that we isolated experimentally
did not have exact matches on the crystal structure landscape.
In the case of ADTA_2-34, there are two symmetrically
inequivalent ADTA molecules in the structure, which was not
considered in the CSP search. For the other observed structures
with 2-fold interpenetration of hydrogen bond networks, the
absence of exact experimental matches can be rationalized by
the larger solvent content with respect to the 3-fold and 4-fold
structures. Due to weak, non-directional interactions between
interpenetrated hydrogen bonded networks, the solvent
molecules have an important influence on the relative
arrangement of the two hydrogen bonding networks of ADTA
molecules that is not considered during CSP, which does not
include solvent molecules. To test this, we manually removed
the solvent molecules from the ADTA_2-35 structure, replaced
the ADTA molecule with the lowest energy conformer used in
CSP and lattice energy minimized the resulting structure. The
packing in the optimized structure is found in some of the higher
energy 2-fold interpenetrated CSP structures, differing mainly
in the conformation of ADTA.

To characterize the experimental stability of the 2- and 3- fold
structures, we subjected solvated crystals to direct activation
under vacuum at 100 °C. We also activated the materials by first
exchanging the crystallisation solvent with n-pentane and then
evacuating at room temperature. However, we found that the
2-fold and 3-fold structures transformed in the solid state to the
5-fold structure after activation under both conditions (see ESI,
Figures S36-40); neither the 2-fold nor 3-fold interpenetrated
packing of ADTA have been isolated as solvent-free crystals.

Overall, the experimental results correlate very well with the
observations from the ADTA CSP energy landscape: structures
with 5-, 4-, 3- and 2-fold interpenetration of diamondoid
hydrogen bonding networks all fall along the low energy,
leading edge of the energy-density distribution of structures
and are all observed experimentally, whereas the non-
interpenetrated structure is not in a stable region of the energy
landscape and has not been observed. Furthermore, of those
levels of interpenetration that are observed, only the 5-fold and
4-fold structures are stable without solvent inclusion. In the
case of the 5-fold interpenetrated structure, this is due to close
packing of ADTA molecules and this is the overall lowest energy
packing mode of the molecule. For the 4-fold interpenetrated
structure, the ability to maintain the structure after evacuation
of solvent from the pores may relate to the particular stability
of this structure on the energy landscape (Figure 4b).
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Table 3. The crystal structure of predicted and experimental ADTA structures.

Space alA c/A V/IA
Group
Predicted 5-fold form 14,/a 7.28 2294 12153
Experimental 5-fold form 14,/a 7.48 2211  1235.6
(ADTA_3-3)
Predicted 4-fold form 14,/a 16.11  23.32  6052.3
Experimental 4-fold form 14,/a 16.40 2240 60245
(ADTA_2-2)
Predicted 3-fold form 14,/amd 16.48 7.76 2108.5
Experimental 3-fold form 14;/amd 16.43 7.36 1986.0
(ADTA_7-38)
Experimental 2-fold form 14,/a 16.24 2238  5901.7
(ADTA_2-34)
Experimental 2-fold form Pn3 1441 1441 14844
(ADTA_2-27)
Experimental 2-fold form P4,/nnm 1143 1143 14942
(ADTA_2-35)

Conclusions

In summary, while both TMA and ADTA have been studied
widely for decades, CSP calculations indicated that there were
promising unknown porous crystal structures for both
molecules. A number of these predicted phases were
subsequently discovered in the laboratory using a HT method to
rapidly screen hundreds of different crystallisation conditions.
This integrated CSP / experimental screening strategy greatly
accelerated the discovery of these new materials: indeed, they
would likely have remained undiscovered without this
approach. CSP can tell us whether to look and, if so, what to look
for: this is a huge advantage over ‘blind screening’ approaches.
For context, TMA and ADTA were selected from a broader array
of candidate hydrogen-bonding molecules, most of which did
not show interesting low-energy porous structures on their
structure landscapes. As such, we would not have studied these
molecules at all in the laboratory without the computationally-
guided expectation that there were new structures to be found.

Our hybrid computational / experimental approach allowed
us to find new solvated structures for TMA, including the
targeted hexagonal crystal packing, 1, and for ADTA, including
structures with lower degrees of hydrogen bond network
interpenetration that supplement the known 5-fold form.
Furthermore, a desolvated porous polymorph of TMA, 5—-TMA
(SAger = 910 m?/g), was found by solvent exchanging one of
these structures (TMA_2-33) with pentane. The crystal
structure of 3—TMA matched well with the lowest-energy
predicted structure from a pronounced ‘spike’ in the CSP
landscape. This demonstrates that this combination of
computation and HT crystallisation can accelerate discovery for
materials with desirable physical properties, such as
microporosity.

More generally, the combination of CSP with HT crystallisation
screening has the potential to aid the discovery of materials for
a wide range of other applications. Indeed, this approach is not
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limited to porous materials, but could be applied to a wide
range of physical properties that are calculable from structure,
such as charge transport>” and optoelectronic properties.

Experimental
Crystal structure prediction

Conformers for both TMA and ADTA were generated using the
low-mode sampling method>®>° implemented in Schrédinger’s
Maestro package,®® with energies modelling using the
OPLS2005 force field.®* All unique conformers were then re-
optimized using density functional theory (DFT), at the B3LYP/6-
311G(d,p) level of theory, leading to two conformers for TMA
and six for ADTA. These conformers were used as starting points
for CSP, which was performed with low discrepancy sampling of
crystal packing variables, using the Global Lattice Energy
Explorer®? software. Crystal structures were generated using all
conformers of both TMA and ADTA in the 25 most common
space groups with one molecule in the asymmetric unit, and
with two molecules in the asymmetric unit for TMA (in 7 space
groups). Crystal structures were lattice energy minimized using
the crystal structure modelling software DMACRYS;>®
intermolecular interactions within the predicted
structures were calculated using the FIT atom-atom force

crystal

field,®® combined with atomic multipole electrostatics. Total
energies were calculated as a sum of the force field
intermolecular energy and the dispersion corrected DFT energy
of the molecular conformer.

Lattice energies of the known polymorphs (a0 and y) were
calculated using the same force field, using molecular
geometries obtained from constrained optimisation of the
molecules taken from the experimental structures. The
molecular energies, relative to the lowest energy gas phase
conformer, were added to the force field calculated
intermolecular energy. Due to disorder of carboxylic acid groups
in both the o and y polymorphs, calculations were based on one
configuration, chosen to satisfy all expected hydrogen bonds
(see ESI for details).

Full details of the computational methods are provided in the
supporting information.

High-throughput crystallisation screen

For the high-throughput (HT) crystallisation screen, we initially
screened the solubility of TMA and ADTA in 44 commercially
available aliphatic and aromatic solvents (see ESI, Table S1), by
attempting to dissolve TMA (15 mg) or ADTA (3 mg) in 1 mL of
each solvent at room temperature. The solvents which
dissolved = 15 mg/mL of TMA, or = 3 mg/mL of ADTA, at room
temperature, and had boiling points < 120 °C, were used as
‘good solvents’ for the crystallisation screens (see ESI, Table S2).
In total, we used 8 ‘good’ solvents for TMA (methanol, THF,
ethanol, 2-propanol, tetrahydropyran, 1-propanol, 1,4-dioxane,
and 1-buanol) and 6 ‘good’ solvents for ADTA (methanol, THF,
ethanol, 2-propanol, 1-propanol, and 1-butanol) to prepare
stock solutions of these molecules (15 mg/mL for TMA and 3
mg/mL for ADTA). The remaining organic solvents that
dissolved < 15 mg/mL TMA, or < 3 mg/mL ADTA at room
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temperature were used as bad solvents for the crystallisation
screen. In total, we used 28 and 30 bad solvents to direct the
crystallisation of TMA and ADTA, respectively. Isooctane and
tetradecane were not used for the TMA crystallisation screen
because TMA solvates have been reported in the literature.*®
The crystallisation screens were carried out on a Chemspeed
SWING POWDERDOSE using the
experimental design shown in the ESI (section 2.1.1 for full

Technologies robot
experimental details). Using this robot, we could add the bad
solvents at different rates to create different crystallisation
conditions. For the TMA crystallisations reported here, 1 mL of
‘good solvent’ and 1 mL of bad solvent was added into each
crystallisation vial. For the ADTA crystallisations, 2 mL of ‘good
solvent’ and 2 mL of bad solvent was added into each vial. After
evaporation of the crystallisation solvent at room temperature
over several days, the crystalline materials were transferred
into HT 96-well PXRD plate with a mylar film base. PXRD
patterns were recorded over the 26 range 2-40, on a
PANalytical Empyrean diffractometer (Cu-Ka), operating in
transmission geometry mode, and equipped with a HT
screening XYZ sample stage and PIXcel detector. The PXRD
patterns for the screened crystallisation conditions were
compared with the simulated PXRD patterns for the predicted
crystal structures and previously reported TMA and ADTA
crystal structures from the literature (see ESI, Table S3-4) using
PANalytical X’Pert HighScore software package (PW3212). X-ray
crystal structures were determine using Rigaku MicroMax-007
HF rotating anode diffractometer (Mo-Ka radiation, 1 =0.71073
A, kappa 4-circle goniometer, Rigaku Saturn724+ detector); or
at beamline 119, Diamond Light Source, Didcot, UK using silicon
double crystal monochromated synchrotron radiation (A =
0.6889 A, Pilatus 2M detector).

Full details of the experimental methods are provided in the
supporting information.
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