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Crystal nucleation from solution is of central importance in the
chemical and biological sciences. Linking nucleation kinetics to the
properties of solutes and solvents remains a grand-challenge in
physical chemistry. Through a unique dataset of compounds able
to self-assemble via both hydrogen-bonds and aromatic stacking,
we are able to compare the importance of these two types of
interaction in driving the nucleation process. Contrary to previous
reports in which solution chemistry and hydrogen bonding have
been seen as controlling factors, we are now able to show that
cluster growth via aromatic stacking holds the key.

There can be no question of the central importance that crystal
nucleation!"! plays across not only the physical and biological
sciences but also in the industrial context of materials chemistry.
For example, in-vivo crystal nucleation of -hematin is known to
be a key process for the survival of the malaria parasite.”? Indeed
the biological activity of some antimalarial drugs is believed to
result from their interference with this process. In the worlds of
biomineralisation and protein crystallisation the discovery of
solution mediated pre-nucleation clusters and liquid-like phases
have been seen as major advances in understanding, for
example, the nucleation of calcium carbonate™ and of lysozyme."!
In the pharmaceutical sciences (which supports a market of ca. a
trillion US$ and isolates 90% of its products as crystalline
molecular solids) the control of nucleation is essential for the
processing and formulation of active ingredients into medicines.””!
Understanding the key intermolecular interactions and molecular
processes which underpin nucleation is, therefore, essential and
yet despite the existence of sophisticated theoretical treatments!'®
much remains to be done.

In recent years a resurgence of interest in this topic has taken
place, particularly for the nucleation of molecular crystals from
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solution®. This has been driven by a number of key
developments: increasing computational power enabling the study
of larger ensembles of molecules,” the availability of medium
throughput reactor devices for performing multiple experimental
repeats and, vitally, a range of accessible in situ microscopic and
spectroscopic techniques.®

A molecular understanding of processes occurring during the
early stages of crystal formation has been largely overlooked °#*!
and is predicated on the interpretation of reliably measured
nucleation kinetics. Such data can be accumulated via medium
throughput methods as in the Crystal16 methodology of Jiang and
ter Horst"” for the evaluation of nucleation rates from induction
time measurements. This, and other!'" techniques have enabled
an increasing availability of kinetic data relating nucleation rates to
supersaturation and solvent choice. However, up until now the
systems studied appear to have been chosen at random.'? |f
we are to further our understanding of the relationship between
molecular structure, crystal structure, solution chemistry and
nucleation kinetics then study of a series of structurally related
molecules is essential.'”® Accordingly, we report on a group of
four related benzoic acids (Fig.1) nucleating from acetonitrile
(MeCN), toluene, ethyl acetate (EA) and isopropanol (IPA) (nb for
solubility reasons IPA/water 1:2 mixture was used for benzoic
acid). Our overall objective was to obtain mechanistic insights
through correlations of the measured relative nucleation kinetics
(as functions of solvent and solute) with thermodynamic, structural
and molecular-scale properties of the acids.

These four molecules provide an attractive group since not only
do they all contain the important carboxylic acid functionality but

BA

Figure 1. Molecular structures of benzoic acid (BA), p-toluic acid (PTA), p-
aminobenzoic acid (PABA) and p-nitrobenzoic acid (PNBA).
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Figure 2. Nucleation rates (J) as a function of supersaturation (S) for BA, PTA,
PNBA and PABA in various solvents. Lines are derived by fitting the data to the
classical nucleation theory interface transfer control nucleation equation (Eq. 1).

they also form crystal structures in which combinations of H-
bonding and aromatic stacking determine the key packing motifs.
This offered the prospect of identifying which assembly mode
controls the nucleation process.

We derived crystal nucleation rates from induction time
measurements for our four target compounds in various solvents
and at different supersaturations using the Crystal16
methodology. All crystallisation experiments were performed by
crash cooling to 20°C except for PNBA (25°C). Further details of
the experimental procedure are given in the ESI, are well-
documented in the literature!’®'**'?l and we have recently
reported on the quantification of their uncertainties.?® These
experimental nucleation rates (J) are plotted against solution
supersaturations (S) in Figure 2. The generation of these data
required over six thousand independent crystallisation
experiments!™ involving our four targeted acids, the four selected
solvents and a range of supersaturations per system. Figure 2
allows us to derive a qualitative order of nucleation kinetics for our
compounds and also for the various solvents independently.
Firstly, if we consider each solute in turn it is roughly the case that
the order of rates, from slowest to fastest, is BA < PNBA < PABA
< PTA. Secondly, in terms of the solvent dependence it is evident
that (for each solute) nucleation is always slowest from IPA
solutions and fastest from MeCN.!"™ The solvent dependence of
nucleation has been reported previously for datasets comprising
single carboxylic acids (e.g. salicylic acid,/®@ PABA®). In these
studies, the relative difficulty of nucleation was correlated with the
strength of solvation of the carboxylic acid group in each particular
solvent and the associated difficulty of creating hydrogen-bonded
dimers. Similar solvent correlations also appear to be true for our
compounds if analysed individually across the range of solvents
(i.e. strong solvation appears to slow down nucleation). However,
when all the solute and solvent systems are taken together such a
correlation breaks down. For example, the nucleation rates of BA
and PTA differ by up to three orders of magnitude while neither
the energies of their H-bonded dimers nor the strength of solvent
binding to their acid groups can be expected to differ significantly
in any solvent. PABA and PNBA have Hammett constants of -0.66
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Table 1. Summary of the CNT thermodynamic and kinetic parameters
derived from the nucleation rate measurements. 95% confidence intervals
are given in parenthesis.

Solute  Solvent (ﬁ X;sof) Bx10 (mﬁﬁ"gﬂ)m (m Jym_z)
BA Toluene 13 5.2 10.0 4.4
(8.7-18)  (46-58)  (65-150)  (4.2-4.6)
BA  MeCN g 615—115) a i 8) (3.32.3) (2.gl(3).1)
BA AW .;,lg.e) (3.22.4) (0.;3.1) (3.3&.5)
PTA  Toluene 62—?17) (0.203;-3540) (1 3-873) (1 .:1#‘11.5)
PTA IPA (9?:9) (0.513:1 3) (3%222) it .gl;.z)
PABA  MeCN (9.;-31 8) (0.203;-2(?32) (2.%.2) (1 .;Q?J)
PABA EA (3.%.8) (0.3%.62) (0.917'?3.2) a .;lgA )
PABA  IPA it 11-23) (1.(3.3) ® :3?1'(5).0) (2.?2.7)
PNBA  IPA (15130) (5.;;.9) (802-?1173) (4.3&.9)
PNBA  EA (4.2;;.6) (0.3'28-?.1) (3.3121.0) (2.?2.4)

[a] foCo is normalized by the solubility in mol m>.

and +0.78 respectively,"® meaning that the H-bonding of the
acid group to a solvent would be stronger for PABA than for
PNBA which in turn would imply that nucleation of PABA
should be the slower if desolvation of the carboxylic acid alone
was rate limiting. This is not the case, as shown by the data in
Figure 2. Similar conclusions can be reached by examination
of the FTIR carbonyl stretch region (~1700 cm-1) of solutions
of these acids."” Identical solvation behaviour of BA and PTA
in toluene and acetonitrile is confirmed by FTIR, highlighting
again that carbonyl solvation cannot trigger the Kinetic
differences seen here. ['®

Further analysis of the nucleation kinetics of our solutes was
achieved by deriving a series of characteristic quantities from
the nucleation rate data. Firstly, we used the measured values
of J to estimate the supersaturation Sxg0 at which for each
solute/solvent system the nucleation rate achieves a value of
200 m* s (ESI). This choice is made on the basis that for all
the acids chosen Sxqo lies within the measured range (Fig. 2).
Secondly, using Classical Nucleation Theory (CNT), eq. (1),
(for interface-transfer-control) we derived the kinetic and
thermodynamic parameters A and B for the four compounds in
the various solvents (Table 1).1'"
J=ASexp(-72) (1)

These parameters reflect the two processes that define a
nucleation pathway, namely the number and size of the critical
nuclei (related to B) and the growth of these nuclei through the
critical size (related to A). Thus, from A we derived f,Cy where
fo is the supersaturation independent part of the molecular
attachment frequency and Cyis the concentration of nucleation
sites."” From the thermodynamic parameter B, the interfacial
energy y of the cluster/solution interface was calculated.
Values of these parameters are summarised in Table 1 for the
various solute-solvent systems together with their 95%
confidence intervals derived using the method of Xiao et al.?”!

In attempting to use these data to reveal potential
mechanistic processes underpinning nucleation we explored
correlations with a number of intensive properties of the
solute/solvent systems used. Experimentally derived

This journal is © The Royal Society of Chemistry 20xx
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nucleation parameters showed no correlations with
solute/solvent properties such as solubility, enthalpy of
solution, or solvent dielectric constants (ESI). To go beyond
such general considerations we then proceeded to compute
lattice energies, solvation energies, crystallisation energies
(the difference between the monomer energy in the crystal
lattice and the energy of a monomer in solution), attachment
energies and relative growth rates (G)?" for the four solutes
in the various solvent environments. All energy calculations
were done using DFT methods (PBE functional) with van der
Waals corrections®?? as implemented in the planewave-code
VASP®¥ with the inclusion of implicit solvation models (VASP-
sol).”4 Further simulation details are given in the ESI. Relative
growth rates were derived from computed attachment energies
and crystal growth morphologies.

No significant correlations were found (see ESI) except for that
seen in Figure 3 between the experimentally derived Sz and
the computed relative crystal growth rates. We note two
outliers (red points) corresponding to crystallisation
experiments from acetonitrile, a feature we are currently
investigating further. Overall, we observe that the higher the
computed relative growth rates the lower the supersaturation
values required to achieve the same nucleation rate of 200 m
s'. Such a trend suggests that in the overall nucleation
pathway from molecule to supramolecular cluster it is cluster
growth through the critical size that is rate determining for
these solutes. Indeed, this conclusion is supported by
experimental growth rate data from macroscopic PABAP® and
BAPY crystals where the relative rates follow an identical
pattern.

Given that these cluster growth rates are calculated from
attachment energies (which account for the many interactions
in the crystal) we then attempted to discern a specific rate
limiting molecular pathway by considering the strength of
individual solvent dependent solute—solute interactions which
must form as molecular attachment and consequent cluster
growth proceed. To achieve this we assume firstly that clusters
have the same packing as mature crystals and secondly that
cluster growth occurs via desolvation and attachment of
solution phase monomers to lattice sites on the cluster
surface®. In the crystal structures of these four acids two major
solute-solute interactions were identified for consideration as
the main contributors to molecular attachment - hydrogen-
bonding and aromatic stacking. While the former leads to
identical H-bonded dimers in each structure (Fig. 4a), the effect
of different para substituents on molecular shape yields
aromatic stacking motifs with considerably different geometric
arrangements and ring overlaps (Fig. 4b; Table S8). To
estimate the relative importance of these interactions as
contributors to cluster growth, pairs of molecules (see Fig.4)
related by H-bonding and aromatic stacking, were extracted
from their crystal structures. For each acid the solvent
dependent interaction energies were then calculated as the
difference (in a given solvent) between two monomers and the
extracted molecular pair (ESI). Thus, H-bonded dimerisation
energies were computed to be virtually identical for each solute
but dependent on the solvent environment®® (e.g. -89 kJ/mol in
the gas-phase and -53 kJ/mol in MeCN, ESI). These data
reconfirm the above assertion that desolvation of the carboxylic
acid group cannot be the rate-limiting step. Aromatic stacking

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Correlation between S,,, and the computed relative growth rates.
Crystallisations from MeCN are depicted in red.

however, were found to differ considerably and Figure 5 shows
the relation between stacking energies and the experimental
S200. The steady increase in Sy as the solvent dependent
stacking energy decreases suggests that cluster growth is
controlled by the attachment of molecules to growing aromatic
stacks in the molecular clusters.

This finding is revealing since although aromatic stacking is
a relatively weak interaction (between -10 and -30 kJ/mol),
within the crystal structures of our four acids, stacking is the
only continuous interaction propagating throughout the entire
crystal and hence a crucial contributor to crystal growth. Thus
from this foregoing analysis we have arrived at three major and
important conclusions for our aromatic carboxylic acids: (i) the
relative nucleation rates are not governed by monomer
desolvation alone, (ii) the relative nucleation rates are
intrinsically related to their solvent-dependent relative crystal
growth rates and (iii) the relative nucleation rates are related to
the solvent-dependent strength of aromatic stacking
interactions. Thus we arrive at the view that the nucleation rate
is determined by the rate of cluster growth which in turn is
controlled by the attachment of molecules to the nucleus via
aromatic stacking. The energetics of this process is solvent
and solute dependent.

To our knowledge this is the first experimental study to link
nucleation kinetics, solvent and molecular attachment across
such a broad dataset and certainly the first to show the key
role played by stacking interactions in the nucleation of
aromatic carboxylic acids. These conclusions have important
wider implications.

Firstly, while the self-assembly modes and consequent
structure of clusters cannot be inferred from CNT, the success
of our computational analysis rests on the assumption that
clusters have the same packing as mature crystals®l. Given the
size of the critical nucleus, as computed from the CNT values
of B, Table 1, to be between 20 and 100 molecules® this is
not unreasonable. Indeed it is completely consistent with the
enormous body of existing work in which nucleation has been
studied from a structural perspective [6].

Chem. Commun., 2017, 00, 1-3 | 3
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Figure 4. Geometries of solute-solute pairs, as present in the respective
crystal structures of the model compounds, interacting via (a) hydrogen-
bonding and (b) aromatic stacking.
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Figure 5. Correlation between S, and the computed dimerisation energies
for aromatic stacks. Crystallisations from MeCN are depicted in red.

There is thus no reason to invoke the idea of any form of
disordered, precursor phase — based on our conclusions we
may speculate that the origin of the clusters lies essentially in
the formation of aromatic stacking interactions in solution.
Indeed this suggestion appears to be consistent with recent
reports on the solvent induced aggregation of m-aminobenzoic
acid®? and imidazole®® for which stacking interactions play a
central role. Secondly, we can make an important link between
these kinetic data and the world of crystal structure prediction.
Routine computation of solvent dependent relative growth
rates as well as the energetics of propagating molecule-
molecule interactions within a predicted set of structures would
allow an experimental protocol to be devised aimed at
selecting solvents offering the highest chance of nucleating
desired computed structures.
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