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Mesoscale clusters in multicomponent systems:
the effect of solution preparation and pre-
treatment on primary nucleation of a
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In this work, direct investigation of mesoscale clusters in solution using dynamic light scattering is
combined with an indirect method based on the study of primary crystal nucleation and its dependence
on the conditions of solution preparation and pre-treatment. In a novel approach we have studied how the
nucleation induction time of a pharmaceutical cocrystal, a 1:1 saccharin-carbamazepine cocrystal,
depends on different preparation and pre-treatment conditions, in particular whether solutions are
prepared by dissolving the cocrystal solids or the two coformers separately. Nucleation is clearly affected
by some pre-treatment conditions, with longer induction times obtained for a high pre-treatment
temperature and when solutions are microfiltered after dissolution. The strongest effect was observed
when comparing different starting materials, with solutions prepared using cocrystals leading to much
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shorter induction times than solutions based on the separate coformers. DLS shows that both types of
solutions contain mesoscale clusters of the order of 100-300 nm in size, but that there are clear
DOI: 10.1039/d3ce00324h differences in the amount of scattering indicating a higher cluster concentration in the solutions based on
cocrystal solids. The results suggest the possibility that mesoscale clusters can have a structural dimension,

rsc.li/crystengcomm associated with slow kinetics, which can directly affect nucleation.
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Introduction

Primary crystal nucleation is the formation of a new solid,
long-range ordered phase from a less ordered phase, driven
by thermodynamics. It directly affects properties of the
product crystals such as structure, size and shape. Despite a
long history of extensive research into the phenomenon, the
present understanding of the exact mechanisms involved in
the phenomenon is limited. Investigating the mechanisms
involved in nucleation is a challenging task. Experimentally,
direct investigation of nucleation has until recently been
limited by the molecular-level scale of the phenomena.
Recent advances in detection techniques based on scattering

of light, e.g small- and wide-angle X-ray or neutron
scattering (SAXS/SANS/WAXS), dynamic light scattering
(DLS), and Brownian microscopy/nanoparticle tracking

analysis (NTA), are gradually pushing the frontier towards a
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point where the aggregation, growth and ordering
phenomena involved in nucleation can be studied directly.
Meanwhile, nucleation continues to predominantly be
investigated indirectly through a thermodynamic/kinetic
approach, by measuring quantities such as induction times,
crystal properties and crystal size distributions which are
correlated to nucleation events.

Nucleation is often treated with the classical theory of
nucleation (CNT),"* but growing experimental evidence for
the existence and influence of mesoscale molecular
aggregates, or clusters,”® has led to the emergence of new,
non-classical nucleation theories, emphasizing the role of
clusters in the underlying mechanisms."”'® Gebauer and
Colfen proposed that nucleation can occur through
aggregation of pre-nucleation clusters,"* postulated to be
thermodynamically stable entities lacking a defined phase
boundary, which could be present in supersaturated as well
as undersaturated solutions. The two-step theory proposes that
concentration fluctuations in solution produce solute-dense
clusters with a disordered, liquid-like structure within which
ordered nuclei can arise.">?° The literature also contains
reports on cases where apparently classical and non-classical
pathways can compete under similar conditions.>* However,
so far, no single theory has been able to completely and
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comprehensively  describe the mechanisms  behind
nucleation.

It has long been an established fact that the propensity
for nucleation is sensitive to the pre-treatment history of the
system, for melts** as well as solutions of inorganic>® and
organic molecules,*”*® macromolecules,”® covering such
esoteric cases as the tendency of sugars to crystallize in
raisins,”” and how to increase the working temperature range
of energy storage materials.>® A number of studies of the
effect of superheating on the metastable zone width>*2°7%2
and nucleation induction time*?*** have established
qualitatively the effects previously reported; that the
propensity to nucleate decreases with increasing time and
temperature of superheating during pre-treatment. Nakai®’
proposed a kinetic cluster distribution model relating the
degree of undersaturation during pre-treatment to the
nucleation induction time. More recent work has shown that
nucleation of the compound fenoxycarb from isopropanol,*®
as well as two polymorphs of the compound
m-hydroxybenzoic acid from ethyl acetate,’” exhibits a
systematic dependence on the time and temperature of pre-
treatment. For the latter, results indicate that these history of
solution effects can also have a structural dimension. The
timescale of the processes involved in these effects is
significant - of the order of hours or days - which facilitates
experimental investigation of the phenomenon, but also
indicates it can play an important role for the design of
robust crystallisation processes. Using a combination of
detection techniques (SAXS, DLS and NTA), we recently
investigated solute cluster size distributions in solution as a
function of time in a range of conditions and proposed a
direct link between solute clustering and the dependence of
nucleation on pre-treatment.*®

In the present work, in a completely novel approach, the
impact of solution preparation and pre-treatment conditions
on the induction time for primary nucleation has been
investigated for a multi-component crystal - the well-studied
1:1 cocrystal between carbamazepine and saccharin. The fact
that a cocrystal consists of two components, crystallized from
a solution which can be prepared either from pure solid
phases of the individual components or by dissolution of the
cocrystal phase, is here exploited to indirectly probe
structuring in the solution. The main hypothesis is that there
will be differences between the populations of clusters
established as a result of the dissolution of different solid
phases, and that this difference could possibly affect the
tendency for the cocrystal to nucleate. Moreover, we
hypothesize that there will be some response in the clusters,
whether in the size distribution, concentration or some
inherent structure-related property, to changes in the
conditions of the solution between the dissolution and the
establishment of supersaturation.

Carbamazepine (CBZ), widely used globally as an
antiepileptic drug, is known to exist in at least four
polymorphs,®® out of which the monoclinic form III is
thermodynamically stable at room temperature.*’ Saccharin
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Fig. 1 a) The carbamazepine and saccharine molecular structures, and
b) the main intermolecular structural motif in the CBZ-SAC cocrystal
form | showing hydrogen bonds as dashed lines.
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(SAC) is an artificial sweetener used as coformer in cocrystals
of several APIs. The molecular structures of CBZ and SAC are
shown in Fig. 1a. The 1:1 cocrystal itself is known to exist in
two monotropically related polymorphs,**** with the triclinic
form I being thermodynamically stable. This cocrystal
exhibits a higher solubility than its pure coformers in
equimolar aqueous solutions, but in methanol the solubility
of the cocrystal is lower (congruent dissolution).** In the
form I structure, two neighbouring CBZ molecules form a
homosynthon through hydrogen bonding between their
carboxamide groups, while neighbouring SAC molecules
interact with this dimer through N-H---O—C and S=—O---H-
N hydrogen bonds, as shown in Fig. 1b.

The solubility of the cocrystal in ethanol has been
measured as a function of temperature, and primary
isothermal nucleation experiments have been conducted
following different pre-treatment protocols, and comparing
solutions prepared by dissolution of the cocrystal with
solutions prepared by dissolution of equimolar amounts of
the two cocrystal formers. Acknowledging the stochastic
nature of nucleation, for each set of conditions multiple
repeat experiments have been performed and the results
treated with Poisson statistics. Finally, to complement the
nucleation experiments, mesoscale clustering in solutions
has been analysed with dynamic light scattering.

Experimental work

Materials and characterisation

Carbamazepine (CBZ, CAS no 298-46-4, >98%) was supplied
by Novartis, saccharin (SAC, 81-07-2, >99%) was purchased
from Aldrich, methanol (>99.9%) and ethanol (>99.8%) was
purchased from VWR. All solvents and chemicals were used
as received. Solid samples were characterised by X-ray powder
diffraction (XRPD; Siemens D5000, Cu-Ka radiation, 4 = 1.54
A). Solid and solution samples were analysed with attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR; Perkin Elmer Spectrum Two). The commercial
CBZ material was verified by XRPD to be form IIL.*°

Cocrystal preparation

Cocrystals were produced by cooling crystallisation from an
ethanol:methanol solution. To produce one batch of CBZ-
SAC cocrystal, equimolar amounts of CBZ form III (18.8 g)
and SAC (14.6 g) were dissolved in a mixture of ethanol and
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methanol at a volume ratio of 62.5: 37.5 (250 mL) at 343 K
for 1 h in an Erlenmeyer flask. The solution was then cooled
to room temperature (298 K) in a linear temperature ramp
over the course of 9 h and then kept at this temperature
overnight. The resulting crystals were recovered by filtration
and dried on the filter paper in an oven for 2 days. This
recipe was repeated at slightly varying scale during the course
of the work. The temperature was controlled using a
cryostatic water bath (Julabo) and the solution was stirred by
a PTFE-coated magnetic stirrer controlled by a submersible
stirring plate (2Mag). The resulting cocrystal material was
verified by XRPD to be form I.

Solubility measurement

The solubility of the cocrystal phase in ethanol was
determined at different temperatures using a gravimetric
method. Cocrystal solids in excess of solubility were mixed
with ethanol in Erlenmeyer flasks, and kept agitated using a
PTFE-coated magnetic stirrer bar controlled by a submersible
stirring plate (2Mag) in a cryostatic bath (Julabo; specified
temperature stability +0.01 K) at different temperatures in
the range 278-313 K to equilibrate for 1 h. The short
equilibration time was verified at the lowest temperature.
Solutions were then allowed to settle briefly before sampling.
At each temperature, three samples of the supernatant were
collected, and filtered using pre-heated syringes equipped
with PTFE filters (0.2 pm) into dry, pre-weighed (m,;.) glass
vials. The vials were then immediately weighed again (mgy).
The solvent was allowed to evaporate completely in a
ventilated fume hood at room temperature and then in an
oven at 323 K until complete dryness (verified by repeated
weighing). The final dry weight of each vial (mgy) was
measured, and the solution concentration, in units of mass
of cocrystal per mass of solvent, calculated as:

_ Mdry — Myjal

c 0

Mgyll — Mdry

All weighing was done using a Mettler AE240 balance, with
an accuracy of 0.01 mg. The bath temperature was verified
using an external precision thermometer (VWR Traceable,
accuracy +0.05 K). The solid phase present in the suspension
at the start as after completed solubility
measurements was verified by XRPD to be form I of the
cocrystal.

well as

Primary nucleation experiments

The propensity for primary nucleation of the cocrystal from
ethanol solutions after different, controlled conditions of
preparation and pre-treatment was investigated through
measurement of the induction time. A set of preliminary
experiments were carried out to probe the dependence on
nucleation induction time on concentration, in order to
establish suitable conditions to obtain induction times of the
order of 1 h. Based on these experiments, a base case was
established, with a nucleation temperature of 283.15 K and a
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cocrystal concentration of 27.75 g kg™* ethanol corresponding
approximately to a saturation temperature of 300 K with
respect to the cocrystal solubility. At these base conditions, a
total of 210 nucleation induction time experiments were then
carried out at different conditions with respect to i) the solid
phase(s) dissolved to create the solution (the cocrystal or the
individual coformers), ii) pre-treatment temperature, iii)
agitation conditions during pre-treatment, and iv)
microfiltration after dissolution but before the pre-treatment
step.

Stock solutions were prepared by dissolving either
cocrystal solids or equimolar amounts of the separate
coformers in pre-heated ethanol in an Erlenmeyer flask
under agitation by a magnetic stirrer bar for exactly 60 min
at a pre-treatment temperature of either 305.15 K or 310.15
K. After this, each solution was transferred in 5 mL
portions to a batch of 15 to 20 smaller glass vials (70 x 25
mm) using pre-heated plastic syringes (VWR International)
with or without a syringe filter (PTFE; 0.2 pm). The vials
were capped, and kept at the pre-treatment temperature in
water bath connected to a cryostatic water bath (Julabo),
with or without continuous agitation at 100 rpm by PTFE-
coated magnetic stirrer bars (15 x 5 mm with a pivot ring)
controlled by a submersible stirrer plate (2Mag MIXdrive
60). After a controlled pre-treatment time, the vials were
moved to a second water bath kept at the nucleation
temperature, under agitation at 100 rpm by the magnetic
bars. Nucleation was detected using a high-definition
camera (Panasonic GX7), at a frame capture rate of 30
seconds. The induction time is taken as the total time from
introducing the vials in the bath at the nucleation
temperature to the time of the first detection of a change
in the solution cloudiness from the captured video. Once
nucleation had visibly occurred, the solutions became
completely opaque within 1-2 min. A reference vial fitted
with an in situ temperature probe (VWR) showed that the
solution would reach the nucleation temperature to within
0.5 K in 160 seconds, and to within 0.1 K in 320 seconds.
Solids from selected vials of each experiment were filtered,
dried and analysed with XRPD to verify that the obtained
phase was the cocrystal form I.

Dynamic light scattering

Clustering in ethanol solutions of CBZ + SAC was investigated
by dynamic light scattering (DLS). Two solutions of identical,
equimolar concentration of CBZ and SAC were compared;
one solution was prepared by dissolution of the cocrystal and
the other prepared by dissolution of the two individual
coformers. Two glass vials equipped with magnetic stirrers
were filled with 8.0 g of ethanol, capped and preheated to
305.15 K under agitation at 265 rpm in a cryostatic bath. To
one vial, 222 mg cocrystal was added, and to the other, 125
mg CBZ + 97 mg SAC was added, corresponding approx. to
the cocrystal solubility at 300 K. The solids were allowed to
dissolve completely for exactly 60 min. Each sample was then

This journal is © The Royal Society of Chemistry 2023
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transferred to a capped glass cuvette and equilibrated at
305.0 K for 5 min before DLS analysis. DLS measurements
were carried out using a Zetasizer Pro Red (Malvern
Panalytical), using a He Ne laser of wavelength 633 nm. The
viscosity of pure ethanol was used to approximate solution
viscosities. The solution temperature was controlled at 305.0
K during the analysis runs. Each sample was analysed over
10 repeat runs.

Results
Characterisation of solid phases

Solid samples of starting materials, synthesized cocrystals
and solids obtained in crystallisation experiments have been
characterised with XRPD and ATR-FTIR. XRPD patterns of
the cocrystal prepared by cooling crystallization as well as
samples obtained in nucleation experiments all match the
pattern of the cocrystal form 1.**> The IR spectra of the solid
materials match published spectra for CBZ form III,** SAC
and form 1 of the cocrystal,"” respectively. XRPD pattern
comparison and IR spectra of the solid phases are provided
in the ESLT

Solubility of the cocrystal in ethanol

The solubility of the 1:1 CBZ-SAC cocrystal in ethanol is
given in Table 1 as mass concentrations on pure solvent basis
and as mole fraction values on total basis (one mole of
cocrystal corresponding to one mole of CBZ and one mole of
SAC). The solubility values are obtained as averages over
three samples at each temperature, given together with
standard errors.

The parameters of an empirical three-parameter equation
commonly used for this purpose, eqn (2), was fitted to the
experimental solubility data using the software Origin 2022
(v. 9.9, OriginLab, USA) through minimizing the reduced y*
value of the residuals of the mole fraction solubility at the six
evaluated temperatures. The resulting coefficients are given
in Table 2 together with the goodness of fit values. The fit is
very good, with an R> value exceeding 0.999. The
experimental data together with the fit of eqn (2) are shown
in Fig. 2.

C C
= S+=+to )

Table 1 Solubility of the cocrystal in ethanol at different temperatures,
as g cocrystal per kg solvent and as mole fraction, respectively, given with
standard errors

T (K) Ceq (g per kg solvent) 10° Xeq

278.15 13.0 £ 0.10 1.42 + 0.012
283.15 15.11 + 0.095 1.66 + 0.010
288.15 18.03 + 0.079 1.976 + 0.009
293.15 21.3 £0.14 2.34 £ 0.016
303.15 30.18 £ 0.091 3.30 £ 0.010
313.15 44.09 £ 0.047 4.819 + 0.005

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Table 2 Regression parameters of eqn (2) together with goodness of fit
values

A 1596187
B -13866.2
c 22.66515
R? 0.99988
10* y2eq 0.404

Primary nucleation of the cocrystal

The thermodynamic driving force for nucleation, expressed
as a chemical potential difference, Ay, is often approximated
as:

Ap = RTyIn * (3)
Xeq

by neglecting the influence of the concentration-dependence
of the activity coefficients in solution. In eqn (3), Ty denotes
the nucleation temperature (in K), and x/x.q the ratio of the
mole fraction concentration of cocrystal in the solution to the
mole fraction solubility at Ty.

A series of preliminary nucleation experiments carried out
in the driving force range 1000-2500 ] mol™* at a nucleation
temperature of 283.15 K resulted in median induction times
in a wide range from 240 s at the highest supersaturation to
no nucleation events observed over the course of several
hours for the lowest supersaturation. The base case for
investigation was chosen to be a cocrystal concentration of
27.75 g per kg ethanol, corresponding to a saturation
temperature of 300.7 K and a driving force of 1414 kJ mol™"
for nucleation of the cocrystal at a temperature of 283.15 K.

Nucleation experiments were carried out in batches of 30
or 40 solution vials. In most cases, half the solutions in each
batch were created by dissolution of the cocrystal and the
other half by dissolution of the separate coformers. In some

50 -
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254
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C..« (g cocrystal / kg ethanol)

15

10

T T T T T T T T T 1
270 275 280 285 290 295 300 305 310 315 320
T(K)
Fig. 2 Solubility (in units of g per kg solvent) of the cocrystal in

ethanol as a function of temperature. Symbols denote experimental
data and the line shows the fit of eqn (2).
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Table 3 Summary of nucleation experiments with pre-treatment conditions, number of repeats (N) and median induction time (in min) based on

regression by eqgn (4) with 95% confidence intervals

Pre-treatment conditions Median

Solid tina £ 95%
No phase T (K) Filtration Stirring N CI (min)
la Separate 310 No Yes 15 431 + 44
1b Cocrystal 310 No Yes 15 85+ 11
2a Separate 310 No No 15 326 + 40
2b Cocrystal 310 No No 15 92 +11
3a Separate 310 Yes Yes 20 640 + 44
4a Separate 310 Yes No 15 321 +£49
4b Cocrystal 310 Yes No 15 321 + 108
5a Separate 305 No Yes 20 91.3 £ 6.3
5b Cocrystal 305 No Yes 40 53.8+2.5
6a Separate 305 Yes Yes 20 240 + 27
6b Cocrystal 305 Yes Yes 20 84.9+7.9

cases, however, the sets of identical experiments were divided
into separate batches for the solutions with different origins.
In one case, only solutions based on the separate coformers
were used. The experimental conditions are summarised in
Table 3. The 210 vials in the nucleation experiments in
Table 3 all had a controlled pre-treatment time of exactly 60
min in the vials. In addition, a set of experiments (170 vials
in total) with a longer pre-treatment time, approx. 17 h, were
carried out. As there were experimental issues with
temperature control in some of these unsupervised
experiments, they are not discussed in detail in this work,
but for the sake of transparency all experiments are tabulated
in the ESLT

The relationship between nucleation rate and induction
time has been treated in depth in the literature.*>™*’ If it can

be assumed that the important stochastic variable is the time
of formation of the first nucleus in the solution volume, the
relationship between the nucleation rate (J), the volume (V)
and the induction time (¢f) can be expressed through a
Poisson probability distribution:

P(0) =1 - exp(-A(t - 1) (@)
where P(t) is the probability that a supersaturated solution
will have nucleated at least one nucleus after time ¢, A is
equal to JV, and ¢, is the time until detection of the
nucleation event is practically possible. Nucleation rates can
be estimated from a plot of the cumulative induction time
distribution of a sufficiently large number of identical repeat
experiments, typically by assuming either a constant or a zero
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T T T T T
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0.8 4
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Fig. 3 Cumulative distributions of nucleation induction times, grouped according to experiment number in Table 3, shown together with fits of
eqgn (4) and 95% confidence bands. In each plot, the red circles represent experiments with dissolved separate coformers (set a) and blue squares

represent experiments with dissolved cocrystal (set b).
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value of ¢,. The underlying assumptions, ie. that either the
first nucleus can be detected or that it will rapidly trigger
secondary nucleation leading to sufficient crystal mass to be
detected, and that there is no variability in ¢4, can however be
questioned. Deck and Mazzotti have suggested that this
treatment will lead to underestimation of the real nucleation
rates.”®

In the present work, eqn (4) was used primarily as an
empirical model to fit to, and compare, nucleation data.
Induction time distribution plots are shown for all
experiments in Fig. 3 together with fits of eqn (4). For each
experiment, median induction times were estimated using
the fitted model (i.e. tp—ys), with values given in Table 3
together with 95% confidence intervals. Fitted coefficients of
eqn (4) are tabulated in ESLY

It can be seen in Fig. 3 that, as is commonly observed in
similar cases, the induction time distributions are relatively
broad, covering a broad dynamic range.*’° This is typically
handled by a statistical approach, through fitting of a
suitable distribution model and comparison of e.g. median
values. However, it should be stressed that the objective of
the present work is chiefly to make a qualitative comparison
of the effect of the different investigated conditions. As such,
the fits of eqn (4) are, in most cases, fairly good, with high
goodness of fit values and relatively narrow confidence
bands. However, in some cases the fits obviously do not well
describe the data, with systematic errors in residuals and/or
artefacts such as negative ¢, values.

Dynamic light scattering

DLS autocorrelation function graphs fitted by distribution
analysis to the scattering data show two decays, indicative of
a bimodal cluster distribution. This is in agreement with
similar published studies,'®'®***" and has been attributed to
so-called molecular clusters (possibly solvated solute
molecules, dimers or smaller oligomers) and larger
mesoscale clusters, respectively. Solvodynamic diameters
corresponding to the two peak values were calculated using
the standard treatment (using the Stokes-Einstein equation
to relate the obtained diffusion coefficients to a spherical
diameter). In addition, the derived count rate, in units of
counts per second, a function of the flux of scattered
photons, was recorded for each measurement. This value can
serve as a rough indication of the number concentration of
mesoscale clusters. Resulting mean solvodynamic diameters

Table 4 Mean solvodynamic diameters (ds) of molecular clusters (peak 1)
and mesoscale clusters (peak 2) and mean derived count rates, given
together with 95% confidence intervals

Dissolved solid phase

Cocrystal
Peak 1

Separate coformers
Peak 1 Peak 2

Peak 2

Mean d; (nm) 0.76 + 0.03 163 + 25.0
Mean der (10° cps) 1459 + 221

0.73 £0.03 242 +69.7
544 + 20

This journal is © The Royal Society of Chemistry 2023
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of the two cluster populations are given in Table 4 for two
solutions, together with mean derived count rates, for 10
repeat runs of each solution. Overlays of the distribution fits
to the autocorrelation data and size distributions for typical
cases are shown in Fig. 4.

The first peak in the DLS distributions correspond to
solvodynamic diameters of 0.73 and 0.76 nm, respectively,
with no statistically significant difference. This indicates the
presence of various homo- and hetero-oligomers, likely
dominated by dimers. The fact that the first peak is almost
identical in the two solutions suggests that on a molecular
level the solutions feature the same type of interactions. The
strong presence of the second peak clearly indicates the
presence of mesoscale clusters in both solutions, with
solvodynamic diameters of the order of 100-300 nm. Unlike
the first peak, this second peak differs significantly between
the solutions. For the solution prepared by dissolution of the
individual coformers, the mean size is larger (242 nm) than
for the solution prepared by dissolution of the same molar
amount of cocrystal (163 nm). For both solutions, these peaks
are associated with fairly large relative uncertainties, with the
peak corresponding to the larger size (242 nm) being the
broadest. Owing to the lack of knowledge about key
properties of these clusters, it is not possible to give a fair
estimate of how many solute molecules are involved.
However, as a thought experiment, the number of molecules
in classical clusters of similar diameters may be estimated,
using data on the cell volume of the cocrystal structure. This
results in values ranging between 5 x 10° and 15 x 10°
supramolecular CBZ + SAC units. Because of the assumptions
and uncertainties regarding cluster diameter (solvodynamic
diameter instead of ‘real’ diameter), shape (assumed
spherical) and composition (assumed pure co-crystal of
crystalline structure), the true value is likely order of
magnitude smaller, however.

As regards the derived count rate, unlike the estimated
cluster diameters it shows a clear difference between the
solutions, being almost three times higher in the solution
prepared by dissolution of the cocrystal than for the
coformer-based solution.

Discussion

In four out of six nucleation experiments the vials prepared
by dissolving the cocrystal (‘b’, shown as blue squares in
Fig. 3) nucleated earlier or much earlier than the
corresponding set prepared by dissolving the separate
coformers (‘a’, shown as red circles in Fig. 3). The difference
in median induction times between the ‘a’ and ‘b’ sets in
these experiments are well clear of statistical uncertainties.
In only one experiment (4), the results are inconclusive with
respect to the effect of dissolved phase, while in experiment
(3) the comparison cannot be made as only the coformers
were used. This clearly indicates that nucleation of the
cocrystal is affected by the solid phase used to prepare the
solution, with a strongly promoting effect observed when the

CrystEngComm, 2023, 25, 4048-4057 | 4053
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(black; primary axis) for solutions prepared by dissolution of a) cocrystal and b) separate coformers.

same phase, the cocrystal, is dissolved. The effect remains
after the solutions have been pre-treated for 1 h 9.5 K above
the saturation temperature (i.e. at 310 K), and under stirring
as well as in stagnant state. For solutions that have been
microfiltered  following dissolution, the results are
inconclusive with respect to the effect of the dissolved solid;
in experiment 4 no difference between the a and b sets is
observed, while in experiment 6 induction times for both sets
are increased compared to experiment 5 carried out under
otherwise similar conditions, with a marked difference
remaining between the a and b sets.

As for the investigated pre-treatment parameters, the
effects range from less prominent but clear to inconclusive. A
comparison between experiments la and 3a, and also
between experiments 5 and 6 (for both types of solid) shows
that filtration before pre-treatment leads to slightly increased
nucleation induction times. All these differences are
statistically ~ significant. = However, when comparing
experiments with stagnant solutions (experiments 2 and 4),
this difference was only observed for the cocrystal-based
solutions). As for the effect of stirring solutions during pre-
treatment compared to leaving them stagnant, the results are
inconclusive and the effect minor. A comparison of
experiments la and 2a shows a small but significant
difference, while a comparison of experiments 3a and 4a
shows a larger difference, indicating that stirring during pre-
treatment leads to longer induction times, but when
comparing experiments 1b and 2b, no significant difference
is observed. Finally, the influence of pre-treatment
temperature is fairly clear and consistent in these results. A
lower pre-treatment temperature consistently results in
shorter induction times, both for unfiltered (experiments 1
and 5) and filtered solutions (experiments 3 and 6). This
difference is statistically significant and observed irrespective
of the solid phase used to prepare the solutions.

As mentioned earlier, in addition to the experiments
tabulated and discussed here, a set of experiments with a
longer pre-treatment time (17 h) under various conditions
were also carried out. Although the results of these

4054 | CrystEngComm, 2023, 25, 4048-4057

experiments overall are less conclusive than the experiments
in Table 3, the overall trend seems to be that a prolonged
pre-treatment time will delay nucleation. These experiments
are tabulated in the full set of experiments in the ESL}

Overall, the results indicate: i) that the tendency of
ethanol solutions of CBZ + SAC to nucleate the cocrystal
strongly depends on the pre-treatment conditions as well as
on the solid phase(s) dissolved to create the solution; ii) that
the cocrystal nucleates much more easily when the cocrystal
is dissolved compared to when the separate coformers are
dissolved; iii) that increasing the pre-treatment temperature
and possibly also the duration leads to a reduced tendency to
nucleate; and iv) that filtration of solutions tends to decrease
their tendency to nucleate. The results of the nucleation
experiments can be explained based on the hypothesis
previously suggested®*® that solutions may contain a
population of mesoscale clusters, which at some level are
able to carry structural information, and whose
interconversion and restructuring are governed by slow
kinetics, with time constants at least of the order of hours.
The influence of the thermal pre-treatment parameters time
and temperature on the tendency of solutions to nucleate has
previously been documented for other organic systems,***’
as has the inhibiting influence of microfiltration.>”

Owing to the small length scales in combination with the
localised nature of the phenomenon, where as previously
reported'>'® at any one time only fractions of a percent of
the molecules in a solution appear to be involved in
clustering at the mesoscale level, direct investigation of the
appearance and structure of the clusters is fraught with
challenges. The DLS experiments clearly show that both
analysed solutions, prepared using different solid phases,
contain clusters in the mesoscale size range like previously
reported for other systems,®'*'>'®*! including fenoxycarb/
propanol®® for which similar solution history effects on
nucleation have also been reported.*® Moreover, the results
indicate clear differences in the -cluster-induced light
scattering depending on the method of preparation of
solutions that are identical as regards stoichiometry,
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concentration and temperature. It may be speculated, as an
explanation for the observations of both the nucleation and
DLS experiments, that the population of mesoscale clusters
initially established on dissolution of the cocrystal will differ
from that arising after dissolution of the individual
coformers. However, DLS alone cannot be used to
conclusively show exactly wherein these differences are
found. At least for this system, there is no statistically
significant difference in the mean solvodynamic diameter (cf
Table 4).

Fig. 5 compares the IR spectra of the solid phases and
solutions created by dissolution of the cocrystal and the
separate coformers, after 1 h pre-treatment at 310 K under
agitation, with and without microfiltration following
dissolution, in the region 1500-1800 cm™'. There is no
detectable difference between solutions prepared from
cocrystal or coformers, respectively. Moreover, no difference
can be observed between filtered and unfiltered solutions.
However, all solutions show clear shifts to higher
wavenumbers in the peak positions corresponding to C=0
stretching in the CBZ and SAC molecules (from 1724 to 1743
em ™ and from 1644 to 1676 cm ™", respectively) compared to

This journal is © The Royal Society of Chemistry 2023
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the spectrum of the cocrystal solid. Likewise, there is a shift
to higher wavenumber in the positions attributable to C=C
stretching in the two molecules. This indicates overall weaker
interactions of these groups in the CBZ + SAC solutions
compared to the solid state. However, the fact that no
difference is observed between the four solution spectra
confirms that the majority of molecules in solution are not
involved in mesoscale clusters, and thus are not affected by
dissolved phase or microfiltration.

The difference in the derived count rate measured by DLS
reflects the difference in scattered light reaching the detector.
Unlike IR absorption, scattering in the Rayleigh regime is
proportional to the diameter of the scattering entity raised to
the sixth power, so at least for particles smaller than the laser
wavelength the relationship between the intensity of
scattered light of two particles with diameters d; and d, can

be written:
L (d\°
r=(2) ©)

If this relationship could be assumed to approximately hold
for the entire size range covered by clusters in this work, an
average mesoscale cluster would scatter as much light as
around 10'*-10" molecular clusters. Even allowing for the
transition into Mie scattering for the larger clusters, the
derived count rate is largely expected be dominated by the
scattering from mesoscale clusters. Hence, the statistically
significant difference in count rate indicates a considerable
difference in the concentration of scattering species in the
solutions generated using different starting material, possibly
in combination with differences in the structure and density
of the clusters promoting scattering. It may be speculated
that this difference in the concentration of mesoscale
clusters, again possibly in combination with differences in
the structural makeup of the -clusters, established in
solutions on dissolution of the cocrystal phase compared to
dissolution of the separate coformers, could explain the
marked differences in nucleation induction times observed
in this work.

Conclusions

Sets of repeat primary nucleation experiments of the CBZ-
SAC cocrystal from ethanol solutions have shown that the
tendency to nucleate depends strongly on the preparation
and pre-treatment conditions. Average induction times of
cocrystal nucleation are significantly shorter in solutions
created by dissolution of the cocrystal compared to when
the two separate coformers are dissolved. Moreover,
nucleation is slower in solutions pre-treated at a higher
temperature (310 K) compared to a lower (305 K). Solutions
that have been microfiltered after dissolution and before
pre-treatment show a tendency to nucleate slower than
unfiltered solutions. Using dynamic light scattering it is
shown that populations of mesoscale clusters in the
approximate size range 100-300 nm exist in solutions after
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dissolution of cocrystal as well as of the separate
coformers, with the former apparently present in

significantly higher concentrations, in relative terms. ATR-
IR spectroscopy indicates that the absolute number
concentration of mesoscale clusters in solution is very low.
The connection between the presence and the behaviour of
the clusters and the dependence of the nucleation
behaviour of solutions on their preparation and pre-
treatment is discussed.
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