Using HOESY NMR spectroscopy to characterise pre-nucleation aggregates
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Pre-nucleation aggregates are important species on the crystallisation pathway. Here we combine
heteronuclear Overhauser effect spectroscopy (HOESY) and molecular dynamics calculations to
study the self-association of a model system — benzoic acid. Our findings indicate that
heteronuclear Overhauser effects arise from diffusion-limited pre-nucleation aggregates and that
self-association is solvent dependant.

Introduction

Solute molecule self-association into diffusion-limited pre-nucleation aggregates is the first step in
the formation of crystal nuclei during crystallisation. In order to understand the fundamental
processes behind crystallisation and crystal nucleation, it is important not only to study the
properties of the bulk crystalline phase obtained at the end of the crystallisation, but also to
investigate the preceding steps® which play a decisive role in determining the crystal properties and
structure. There is, however, a limited number of techniques that allow to probe the pre-nucleation
aggregates and solute molecule self-associates. Some insight into the self-association process has
been obtained using nuclear magnetic resonance (NMR)**, Fourier-transform infra-red (FTIR) and
ultra-violet and visible light (UV-Vis) spectroscopies*®, small- and wide-angle X-ray scattering
(SAXS/WAXS)®, cryogenic transmission electron microscopy (cryo-TEM)’, atomic electron
tomography (AET)?, and molecular dynamics (MD) simulations®*°. Nevertheless, information at
molecular level on the complexes formed by solute molecules during self-association, especially
for the larger aggregates, is still poor.

NMR spectroscopy is one of the most powerful and versatile techniques, used to investigate
structural and dynamic properties of molecules in solution. Besides providing information on
through-bond connectivity of atoms, various NMR spectral parameters (e.g. chemical shifts,
nuclear relaxation rates, nuclear Overhauser effects) report on the surrounding chemical
environment of each nucleus in the studied molecule. While most of these parameters offer indirect
information about molecular interactions, the nuclear Overhauser effect (NOE) can provide direct
evidence of short inter- nuclear distances and is particularly valuable for probing through-space
inter- molecular contacts. NOE arises from magnetisation transfer through space via cross
relaxation between nuclei that are usually within ~5 A. However, inter- molecular NOEs have a
different distance dependence dominated by longer-range components and they can extend
beyond 10 A, Such inter- atomic contacts are formed during the solute molecule self-association,
therefore, NOE could be an important tool to characterise the geometry of such complexes.

The heteronuclear Overhauser effect (HOE) is a cross relaxation process similar to the NOE, but
leading to through-space magnetisation transfer between nuclei of two different elements. It has
been widely applied to probe inter- molecular contacts between small molecules in different
systems such as ionic liquids*?, surfactant micelles™ metal-organic frameworks* and nucleoside
hydrates™. Although the intermolecular HOEs are weaker than NOEs, they allow measurement of
unambiguous contacts between self-interacting molecules.

Here we explore the possibility to characterise small molecule self-association in pre-nucleation
aggregates by exploiting the heteronuclear Overhauser effect. We apply the 2D HOESY NMR
technique to study the self-association of benzoic acid as a model system, which has been
thoroughly characterised in previous studies'®*8. The information obtained from HOEs is
complemented with molecular dynamics (MD) calculations to predict the self-associate structure.

Experiment design
In order to detect inter- molecular NOEs between solute molecules, several conditions need to be
satisfied. First, cross-relaxation between solute molecules has to occur faster than the self-



associate dissociation. Since small solute molecules have short correlation times, the cross-
relaxation rates are usually slow, and as a consequence NOEs may be too small to be observed.
However, cross-relaxation between solute molecules in pre-nucleation aggregates is facilitated by
their restricted mobility and increased solution viscosity. Second, the nuclei involved in inter-
molecular contacts need to be separated spectroscopically and inter- molecular contacts need to
be distinguishable from intra- molecular contacts. This rules out the possibility to study single
component systems in absence of isotope labelling, because in such systems intra- and inter-
molecular interactions are indistinguishable. To overcome this obstacle, we chose a system of two
structurally very similar compounds — benzoic acid (BA) and pentafluorobenzoic acid (pFBA) that
are able to hetero-associate. Both compounds share the same functional groups — an aromatic ring
and a carboxylic group, and their aromatic substituents (protons and fluorine atoms) are of similar
size. Both compounds are also known to crystallise as stacked centro-symmetric carboxylic
dimers, just like their co-crystal®® (see Fig. SI1). Additionally, the aromatic protons and fluorines
allow separation of the NMR signals of the two molecules as well as discrimination between ortho,
meta and para sites. Furthermore, **F to *H cross-relaxation rate is almost as fast as from *Hto *H.
Thus, this model system perfectly meets the requirements for measuring inter- molecular contacts
and is also expected to give a rather accurate approximation of the self-association process that
occurs in single component systems.

Concentration dependant self-association

Initial HOESY spectra were measured for high concentration (~2 M) BA:pFBA 1:1 solution in
methanol-D,. The obtained spectra showed several HOEs, confirming that aromatic protons of BA
are in close proximity to fluorine atoms of pFBA (Fig. 1.A, see Sl for experimental details). The
experimental parameters were optimized using this sample and used for all other samples.

Fig. 1.B-D shows all the possible inter- molecular HOEs between non-labile atoms of BA and
pFBA. In case of totally random self-associates the relative ratio of these HOEs is approximately
4(B) : 2(C) : 1(D), which is equal to the ratio of equivalent spin pairs giving a particular HOE. Our
experimental data show deviations from this ratio (Fig. 1.E), which indicates presence of preferred
interactions between solute molecules. In addition, the HOE signal ratio markedly depends on the
solution concentration. No HOE cross peaks were detected for low concentration solutions below
0.1 M, most likely, because of minor fraction of pre-nucleation aggregates.

At highest BA:pFBA concentrations the HOE signal ratio shows relatively small deviation from
random self-association (red dashed line in Fig. 1.E). This is in-line with our previous studies®
showing a great variety of self-associates present in para-aminobenzoic acid solutions in organic
solvents, with comparable fractions of various 11-1t stacked and hydrogen bonded self-associates.
Such scenario is likely in this system and would appear as a random distribution. At lower
concentrations HOESs arising from para- site interactions, and to lesser extent also from meta-
sites, become proportionally less intense. This suggests that the equilibrium of self-associates is
shifted to complexes where both solute molecules interact mostly through carboxylic groups and/or
are stacked in an arrangement where ortho- and meta- sites are in close proximity, while para-
sites are not.
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Fig. 1. (A) **F-*H HOESY spectrum of 2 M BA:pFBA 1:1 solution in methanol-D,. Proton and fluorine atom labelling is
given below. (B, C and D) Possible **F-*H HOESs in BA:pFBA solution. (E) Relative intensity of experimentally observed
(filled circles) and theoretically calculated (empty circles, see Sl for computational details) HOEs as a function of 1:1
BA:pFBA methanol-D, solution concentration. Red dashed line represents the relative HOE intensity for totally random
self-associates. Light orange area indicates the uncertainty of experimental data. Colour coding matches the subfigures
A-D.

Our MD simulation data support these observations. BA and pFBA molecules in 2 M methanol
solution are densely packed (see MD simulation snapshot in Fig. SI3.B), thus, satisfying the *F-'H
inter- nuclear distance requirements necessary to observe the HOEs. The solute molecule self-
associate size distribution (Fig. 2.A) indicates that BA and pFBA monomers are the energetically
favoured species in most solutions, except those near saturation. This explains rather limited NMR
experiment sensitivity at low concentrations, as the concentration of self-associates satisfying HOE
conditions are several times lower than the actual solution concentration. The preferred solute
molecule interactions in all systems studied (the same as experimentally) are T1t-1t stacking (see
Table SI1). There is, however, a large diversity of these aggregates — T-shaped, face-to-face, offset
and various intermediate 11-1T stacked species (see Table SI1). The considerable aggregate
conformational heterogeneity is also evident from the BA and pFBA molecule relative orientation
and intermolecular distance free energy surface (FES, Fig. 2.B) and BA pFBA dimer spatial
distribution function (SDF, Fig. 2.C). The FES shows two distinct basins — one corresponding to



parallel face-to-face and offset 1t-1t stacked solute molecules, and second, considerably wider and
more populated one, corresponding to other -1t stacking and hydrogen bonding interactions. MD
simulations suggest that hydrogen bonding is less common than Tt-1t stacking, besides it is mostly
asymmetric, as previously determined using neutron-scattering*®. While there are considerable
differences in the fraction of solute molecules involved in self-association upon changes in
concentration, the ratio of 1t-1t stacked and hydrogen bonded self-associates changes only slightly
with concentration (see Table SI1).
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Fig. 2. (A) Probability of the solute molecule to be part of the cluster of specific size (top), and energetic penalty
associated with the formation of this self-associate (bottom). (B) Free energy surface of self-associated solute molecule
dimers in 0.5 M methanol solution as a function of intermolecular distance and relative orientation. Red dashed line
represents intermolecular distance in face-to-face 11-1t stacked dimers. Red circle indicates location of hydrogen bonded
dimer found in BA pFBA co-crystal. (C) The spatial distribution function of BA molecules around pFBA molecule in 0.5 M
methanol solution.
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The calculated time averaged HOE signal ratios match experimentally observed ratios for high
concentration BA pFBA solutions (down to ~0.5 M, see Fig. 1.E). The pattern of HOE signal ratio
changes with solution concentration generally follows the trend observed in the experiments,
however, the magnitude of the changes in calculated HOE signal ratios is noticeably less
pronounced. The main discrepancy is slight preference for self-associates with intensive HOEs
between ortho- and meta- substituents in our experimental data.

An analysis of the aggregates average lifetime shows that all self-associated species possess a
dynamic character. The hydrogen bonded interactions between two BA and pFBA are nearly twice
as long as 1t-1t stacking (Table SI1), however, it is several orders of magnitude lower than the
molecular tumbling correlation times. Therefore, for low concentration solutions, the observed
HOEs are more likely to represent time-averaged intermolecular contacts within smaller
aggregates (dimers, trimers), while for high concentration solutions large self-associated
aggregates with longer lifetimes are observable directly and are the main species contributing to
the HOEs.

Formation of large, partly ordered diffusion limited aggregates is also supported by the observation
that the maximum HOE intensity is measured after some equilibration time, which we attribute to
the time necessary for solute molecule self-association into larger aggregates. This indicates that



the HOEs measured arise from large diffusion limited pre-nucleation aggregates alongside two-
step nucleation pathway?, rather than small short-lived aggregates like dimers, trimers, etc.

Solvent role in self-association

Solute molecule self-association is solvent dependant, and solvent used for the crystallisation is
considered to be one of the key factors affecting crystallisation outcome for polymorphic
systems'”?°, Although there are no reported BA polymorphs, the system studied can be used as a
proof of concept, to characterise molecular synthons found in various solvents. To evaluate the
solvent role on the self-association, HOE signal intensities were measured for 0.5 M BA pFBA
solutions in cyclohexene-Di,, benzene-Dg, chloroform-D, methanol-D,, pyridine-Ds and acetic acid-
D, (see Fig. 3). The relative intensity of nearly all HOE signals increases with solvent polarity,
indicating that the average distances between all measured spin pairs decrease. This is likely a
result of 1-11 stacking interactions becoming more favoured than hydrogen-bonded interactions in
polar, hydrogen bond donor solvents (inter- nuclear distances are longer in hydrogen bonded
dimers — see Fig. Sl4 and SI5). Thus, our data support the assumption that solute molecule
carboxylic hydrogen bonding will dominate in non-polar solvents, as there are no other hydrogen
bond donors in the solution that might compete for hydrogen bonding.

HOE signal ratios calculated for the respective systems from MD simulations are in-line with the
experimentally obtained data, however, again, the magnitude of the ratio differences between the
solvents is slightly underestimated (see Fig. 3). Hydrogen bonding is favoured in low polarity
solvents (see Table SI2.), where a large fraction of solute molecules is involved in hydrogen
bonded oligomer formation, and only small fraction of solute molecules exist as monomers.
Moreover, the fraction of symmetric hydrogen bonding is more than 2 times higher in non-polar
solvents due to lack of competitive hydrogen bonding from solvent. The extensive hydrogen
bonding results in considerably higher aggregate lifetimes in non-polar solvents, however, nowhere
near the HOESY mixing times. There is no clear correlation between the fraction of -1t stacked
molecules and solvent polarity.

This example demonstrates that it is possible to use HOE measurements to estimate the dominant
self-associates in various solvents and, thus, rationalise the correlation between the solute
molecule self-associates in the solution and molecular synthons observed in solid crystalline
material. Nevertheless, as shown by the supporting MD calculations, there is a considerable
variety of self-associates present in the solution besides the dominant aggregate species.
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Fig. 3. The relative intensity of experimentally observed (filled circles) and theoretically calculated (empty circles) HOEs
of 0.5 M 1:1 BA pFBA solution as a function of solvent used. Solvents are arranged according to their polarity and
hydrogen bond donating/accepting properties® — aprotic non-polar solvents are on the left, polar hydrogen bond
donor/acceptor solvents on the right. Red dashed line represents the relative NOE intensity for totally random self-
associates. Light orange area indicates the uncertainty of experimental data.



Conclusions

In this work, the relative **F-*H HOE intensity measurements were combined with MD calculations
to analyse the self-association of benzoic acid. Here we show that the HOEs measured are mainly
due large diffusion limited pre-nucleation aggregates, and the HOE signal ratios measured give the
structural description of these self-associates. The obtained results demonstrate that there is a
great variety of interactions present in the solution and self-association is both, concentration and
solvent dependant. We believe that the method can also be applied for studying the potential self-
associate rearrangement in a cooling crystallisation experiment. Methods that rely on HOE
measurements are scarcely exploited to study small molecule self-association and crystallisation
processes, however, we believe that by wisely selecting systems that allow to decouple intra- and
inter- molecular interactions, such method could yield significant insights on self-association and
crystallisation process.
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