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We present a discussion of the range of NMR techniques that have been utilized for in situ
monitoring of crystallization processes, highlighting the opportunities that now exist for
exploiting the versatility of NMR techniques to reveal insights into the changes that
occur in both the solid phase and the liquid phase as a function of time during
crystallization processes from solution. New results are presented from in situ NMR
studies of a range of crystallization processes using the CLASSIC NMR strategy and
other techniques, specifically covering the following topics: (i) crystallization of glycine
from aqueous solution at low temperature, revealing the relatively long-lived existence
of a pure phase of the highly meta-stable B polymorph, (i) the complementarity of
'H—13C cross-polarization NMR and direct-excitation *C NMR techniques in probing
the evolution of the solid and liquid phases in in situ NMR studies of crystallization
processes, (i) in situ NMR studies of the process of guest exchange between
a crystalline host—guest material in contact with the liquid phase of a more favourable
type of guest, and (iv) systematic studies of the influence of magic-angle sample
spinning on the behaviour of a crystallization system.

1. Introduction

Crystallization is a vital process in many chemical, biological and physical
systems,'”” but much still remains to be understood about fundamental aspects of
crystallization mechanisms. Crystallization processes are generally governed by
kinetic factors, which often result in the formation of meta-stable solid phases
rather than the thermodynamically stable phase; in many cases, the crystallized
phase evolves through a sequence of different solid forms, which differ in crystal
structure (and may also differ in composition), before arriving at the final crys-
tallization product. Clearly, understanding the sequence of events that occur
during crystallization is a first step towards the development of deeper insights
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into mechanistic aspects of crystallization processes. In this regard, experimental
methods that allow direct in situ monitoring of crystallization systems provide the
best opportunity to understand details of the changes that occur in both the solid
phase and the liquid phase as a function of time during crystallization from
solution.

While several experimental strategies® (including techniques based on
diffraction, microscopy and various types of spectroscopy) have been developed
for in situ studies of crystallization processes, it is only in relatively recent years
that solid-state NMR strategies have been developed in this field.*** In principle,
solid-state NMR spectroscopy is a highly suitable technique for characterization
of crystallization systems, as it is generally straightforward to distinguish
different solid forms of a given type of molecule (such as polymorphs, hydrates,
solvates and/or co-crystals) based on their high-resolution solid-state NMR
spectra.

In the present paper, we focus on in situ NMR studies of the crystallization of
organic materials from solution, in which the same type of molecule exists in both
the solution and solid phases. In general, the crystallization processes of interest
do not involve chemical transformations but instead involve the evolution of
a given type of molecule from an initial solution phase to a solid phase, and in
some cases with further evolution of the solid phase through a sequence of
transformations between different solid forms.

In particular, we are interested in the development and application of in situ
NMR strategies that exploit the selectivity of NMR to detect only the solid phase in
the heterogeneous solid-liquid systems that exist during crystallization from
solution, allowing the solid particles produced at an early stage of the crystalli-
zation process to be observed, and allowing the evolution of different solid phases
to be monitored as a function of time. We are also particularly interested in the
development of in situ NMR strategies (such as the CLASSIC NMR technique)
that yield essentially simultaneous information on the complementary changes
that occur in the solid phase and in the liquid phase as a function of time during
a given crystallization experiment. Such studies have been shown to lead to the
discovery of new crystalline phases that arise as transient intermediates on
crystallization pathways,' to reveal the important role that amorphous solids may
play as precursors to crystalline phases,'® and to enable quantitative studies of the
kinetics of crystallization processes.'” A range of different types of material have
been studied, with some focus on crystallization of organic molecular solids, but
also encompassing processes for the formation of other types of solid, including
metal-organic framework' and cement' materials. To date, a range of different
NMR-active nuclei have been studied, primarily spin- nuclei ("H, '*C, *°Si and
*1p) but also one case of a quadrupolar nucleus® (*’Al). Representative examples
of in situ NMR studies of crystallization processes are given in Table 1, including
information on relevant experimental parameters in each case.

After giving a brief overview (Section 2) of a range of in situ NMR strategies that
may be used to monitor the evolution of crystallization processes, we present new
results from four separate areas of investigation (Section 3) which have been
selected partly on the basis that they may stimulate discussion on specific aspects
of the application of NMR methodology in this field.
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2. Background to techniques
2.1 In situ solid-state NMR

In situ solid-state NMR studies of crystallization from solution (Fig. 1) typically
start from an undersaturated solution at high temperature, which is then cooled
to a temperature at which the solution becomes supersaturated, and crystalliza-
tion is then a thermodynamically favourable process. The emergence, growth and
evolution of the solid phase are monitored as a function of time by recording the
solid-state NMR spectrum of the system repeatedly during the crystallization
process. The time-resolution of the in situ NMR study depends on the time to
record an individual spectrum. Clearly, the time to record each spectrum must be
sufficiently short to represent adequate time-resolution of the in situ study, but
must be sufficiently long to ensure that the quality of the spectra recorded at each
stage of the crystallization process is sufficiently high to allow the solid form(s)
present to be identified. In previous in situ solid-state NMR studies, the time
resolution has typically ranged from a few minutes to tens of minutes, with
specific examples given in Table 1.

In the case of crystallization of organic materials from solution, in situ solid-
state NMR studies generally focus on recording *C NMR spectra using the
"H—"3C cross-polarization (CP) NMR technique, together with magic-angle
sample spinning (MAS) and high-power 'H decoupling. The 'H—"*C CP NMR
technique selectively detects the solid phase in the types of heterogeneous solid—-
liquid systems that exist during crystallization from solution, with the liquid
phase “invisible” to the measurement.

It is important to note that in situ solid-state NMR studies of crystallization are
generally carried out on a relatively small scale (e.g., compared to laboratory-
based crystallization experiments) as the volume of the crystallization solution
is limited by the volume of the NMR rotor (ca. 25 pL for the standard liquid-state
inserts used with MAS NMR rotors of 4 mm diameter; see Section 2.6.1 for more
details of the liquid-state inserts). For this reason, an important consideration is
to maximize the sensitivity of the experimental design in order to ensure that

MAS MAS MAS MAS MAS
> S == e ==
Cool
Homogeneous Formation of Growth of Polymorphic Growth of
Solution Polymorph A Polymorph A Transformation Polymorph B
In-Situ Solid-State NMR Spectra Recorded as a Function of Time
7z
o |
AV A
‘Chemi:;al Si’uﬂI IChemit‘:al Shif(I ‘Chemi(‘:al ShiftI IChemiz‘ia\ Shif(I lChemic’al ShiﬂI

Fig.1 Schematic of the in situ solid-state NMR strategy to study crystallization processes,
showing a crystallization system in which a meta-stable polymorph (polymorph A; orange)
is formed initially, followed by transformation to produce a more stable polymorph
(polymorph B; purple), with polymorphs A and B distinguished on the basis of their solid-
state NMR spectra.
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spectra of adequate quality can be recorded in a sufficiently short time during the
crystallization process. Isotopic labelling may be essential in certain cases, and it
is clearly also advantageous to measure the in situ NMR data at high magnetic
field. In this regard, we note that the majority of our research in this field is
carried out at the UK High-Field Solid-State NMR Facility.

In considering applications of in situ solid-state NMR methods to study
materials formation processes in a wider context, it is relevant to note that there
has been much activity*” in the study of processes in which the solid phase is
produced by chemical transformations of precursor species in solution, including
zeolite synthesis as a prominent example. Such processes are often carried out
under hydrothermal conditions, which require the use of specialized NMR rotor
technology®***?*° to allow in situ studies to be carried out within a solid-state NMR
spectrometer under the rather harsh conditions and high temperatures associ-
ated with such reactions.

2.2 In situ liquid-state NMR

In situ solid-state NMR studies of crystallization may be unfeasible when long
acquisition times are required to measure the solid-state NMR spectrum (e.g.,
when the spin-lattice relaxation time is long); this situation is particularly
problematic in the study of rapid crystallization processes. Under these circum-
stances, in situ liquid-state NMR may be the only viable approach to study the
crystallization process, given the much faster acquisition times for liquid-state
NMR. While in situ liquid-state NMR cannot reveal the identity of solid phases
present during crystallization, it nevertheless provides insights into the changes
in the liquid phase that arise as a consequence of crystallization. For example,
analysis of the decrease in the liquid-state NMR signal intensities provides
quantitative information on the decrease in the amount of dissolved species in
the liquid phase as a function of time during crystallization, and changes in
liquid-state NMR chemical shifts may provide insights into changes in solution-
state interactions and speciation during crystallization. For in situ liquid-state
NMR spectra of solutions undergoing crystallization, it is generally advanta-
geous to record the data on a solid-state NMR spectrometer using rapid magic-
angle sample spinning in order to alleviate the problem of significant line
broadening that can arise (due to poor shimming) in liquid-state NMR spectra of
solutions containing crystallized solid particles.

We note that several liquid-state NMR studies®** have focused on under-
standing solute-solute and solute-solvent interactions in solutions with the aim
of gaining insights into the modes of molecular aggregation that exist at early
stages of the pathway towards crystal nucleation. In general, such studies have
focused on stable solutions (i.e., saturated or undersaturated solutions) or meta-
stable solutions at low degrees of supersaturation prior to crystallization, and
have not actually investigated systems during the process of crystallization.

It is also relevant to mention the opportunity to use liquid-state NMR tech-
niques to monitor the crystallization of nanocrystalline materials, as demon-
strated by an in situ '°F NMR study®® of crystallization of calcium fluoride (CaF,)
nanocrystals. In this case, the '’F NMR spectrum of the nanocrystals contains
distinct peaks from the surface and core regions, allowing the particle size to be
estimated as a function of time from the relative intensities of these peaks.
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2.3 CLASSIC NMR: combined liquid-state and solid-state in situ NMR studies
of crystallization processes

The CLASSIC NMR (Combined Liquid- And Solid-State In situ Crystallization
NMR) strategy has been developed to allow both in situ solid-state NMR data and
in situ liquid-state NMR data to be recorded in a time-resolved manner during
a given crystallization experiment. Clearly, this strategy provides the opportunity
to understand the complementary changes that occur in both the solid phase and
the liquid phase as a function of time during crystallization from solution. The
solid-state NMR spectra reveal the time-dependent changes in the total amount of
the solid phase (e.g., allowing quantitative information on crystallization kinetics
to be determined) and the time-dependent changes in the identity of the solid
phase (e.g., allowing polymorphic evolution to be understood), while the liquid-
state NMR spectra reveal the time-dependent changes in the concentration of
the solution and the time-dependent changes in solution-state speciation and
intermolecular interactions that arise due to the crystallization process.

The CLASSIC NMR strategy was first demonstrated™ in a study of crystalliza-
tion of m-aminobenzoic acid from DMSO involving the alternating measurement
of two types of NMR spectrum repeatedly during the crystallization process,
specifically: (i) "H—"?C CP NMR spectra (with high-power 'H decoupling) to
selectively measure the NMR signal of the solid phase, and (ii) direct-excitation
3C NMR spectra (with no "H decoupling and a relatively short recycle delay) to
selectively measure the NMR signal of the liquid phase. Following this type of
experiment, the measured data are separated into a set of time-resolved "H—"*C
CP NMR spectra (representing the evolution of the solid phase during the crys-
tallization process) and a set of time-resolved direct-excitation >*C NMR spectra
(representing the evolution of the liquid phase during the crystallization process).

Acquisition @ @ G Sequences
Repeated
Measurement

fstart Time tend

Data
i Time-Resolved
Analysis Data Set(1)
tstarl Time tend
Time-Resolved
Data Set@
Estart Time tend
Time-Resolved
Data Set(®)

tstart Time teng

Fig. 2 Schematic of the CLASSIC NMR technique, illustrated for the case in which in situ
NMR spectra are recorded as a function of time during crystallization by repeated
measurement of a set of three pulse sequences (shown in red, green and blue) repre-
senting the “repeating group”. After completing the experiment, the three sets of data are
separated to give a set of time-resolved NMR spectra for each of the three pulse
seguences.
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Subsequent applications have generalized the CLASSIC NMR strategy to
involve a “repeating group” of more than two pulse sequences (Fig. 2), for example
involving the measurement of NMR spectra for two or more different types of
nucleus for the liquid phase and/or the solid phase. By careful choice of the pulse
sequences in the repeating group, the CLASSIC NMR approach offers a versatile
strategy to monitor time-dependent changes in both the solid and liquid phases
during crystallization, with each type of spectrum yielding insights into the
changes that occur in a specific aspect of the crystallization system. An important
consideration, however, is the fact that the time-resolution of the in situ NMR
study depends on the time to record the data for all the pulse sequences in the
repeating group. Thus, a compromise must be reached between the number of
different pulse sequences in the repeating group and the need to ensure that the
total time to record all the spectra in the repeating group is sufficiently short to
represent a suitable time-resolution for monitoring the evolution of the crystal-
lization process as a function of time. In practice, the time resolution of CLASSIC
NMR experiments may range from a few minutes to tens of minutes (specific
examples are given in Table 1).

In addition to CLASSIC NMR, another strategy developed recently***” to allow
the study of both solid and liquid phases during crystallization is a DNP-based
technique in which hyperpolarized suspensions are subjected to rapid crystalli-
zation, with the hyperpolarized nuclei incorporated into the rapidly formed
crystalline phase; this technique has been used to study the time-dependence of
*'P NMR spectra for solute species and for the solid phase in crystallization of
calcium phosphate. Another technique developed®® for the study of mixed-phase
systems is SASSY (Simultaneous Solid and Solution Spectroscopy) NMR, which
allows liquid-state and solid-state NMR spectra to be recorded using a single pulse
sequence, with post-processing of the experimental data allowing the separate
NMR spectra for the solid and liquid phases to be extracted. While SASSY NMR
has been applied®® to study various mixed-phase systems, applications for in situ
studies of crystallization processes have not (at the time of preparing this paper)
been reported.

2.4 Measuring in situ NMR data for both liquid and solid phases in the same
spectrum

In certain circumstances, it may be feasible to record NMR spectra for both the
solid and liquid phases in a crystallization system using a single type of NMR
measurement, with the peaks arising from the solid and liquid phases distin-
guished simply from their isotropic chemical shifts.'® For solid materials in which
the molecules undergo significant molecular motion, the relaxation properties
may be comparable to those of liquid phases, allowing signals from both the solid
phase and the liquid phase to be recorded under the measurement conditions
normally used to measure high-resolution liquid-state NMR spectra. Clearly, the
application of this approach for in situ NMR monitoring of crystallization
processes is advantageous as it allows the evolution of both the solid and liquid
phases to be monitored in a strictly simultaneous manner (we recall that, in the
CLASSIC NMR strategy, the solid and liquid phases are sampled at alternating
time-points during the crystallization process, rather than at identical time-
points). However, a disadvantage of recording the data for both phases in the
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same spectrum is the likelihood that the chemical shifts of some signals from the
solid and liquid phases will be very similar, leading to peak overlap in the NMR
spectrum and potentially obscuring information on the evolution of each phase.
The approach of recording in situ NMR data for both the liquid and solid phases
in a single type of spectrum is demonstrated in Section 3.2.

2.5 Ex situ NMR techniques to study crystallization processes

In addition to the in situ NMR methods discussed above, an ex situ solid-state
NMR strategy has been developed® to allow the sensitivity advantages of
dynamic nuclear polarization (DNP) NMR"* to be exploited in the study of
crystallization processes. In this strategy, a crystallization solution is divided into
several NMR rotors, with the crystallization process allowed to evolve simulta-
neously in each rotor. At specific time-points during the crystallization process,
one of the rotors is inserted into the solid-state DNP NMR spectrometer and
quenched rapidly to low temperature (ca. 100 K) to form a frozen solution, thus
stopping the crystallization process. As the crystallization system does not evolve
further after quenching, the frozen solution represents a “snap-shot” of the
system at a specific time-point on the crystallization pathway. Solid-state DNP
NMR spectra are recorded after quenching each frozen solution, allowing detailed
information on the time-evolution of the crystallization system to be established.
Applications of this ex situ solid-state DNP NMR strategy have included studies of
crystallization of glycine from bulk aqueous solution,* within confined envi-
ronments in mesoporous materials,** and in the presence of various crystalliza-
tion additives.*

2.6 Experimental and technical considerations

2.6.1 Sample holders for in situ NMR studies of crystallization from solution.
For in situ NMR studies of crystallization from solution (or other liquid-
containing phases), a crucial requirement is that the NMR rotor containing the
sample can be subjected to MAS without the risk of leakage of the liquid from the
rotor. For this purpose, all our in situ NMR studies of crystallization from solution
have used the high-resolution inserts (HR-MAS inserts) supplied by Bruker. These
inserts comprise a sample tube (made from Kel-F) into which the crystallization
solution is placed. The open end of the tube is sealed with a plug and screw, and
then inserted into a standard 4 mm MAS NMR rotor.

2.6.2 Temperature control and calibration. An important consideration for in
situ NMR studies of crystallization processes is accurate measurement and
control of the temperature of the sample inside the NMR rotor, as crystallization
processes are generally influenced significantly by temperature. This issue is
particularly important in the context of MAS NMR experiments, given that MAS is
well known to cause a heating effect on the sample within the rotor. Clearly,
variable-temperature NMR probes have a temperature sensor, but as the sensor is
external to the sample, the temperature measured by the sensor does not
necessarily correspond to the true temperature of the sample. Given the impor-
tance of controlling temperature in crystallization experiments, it is essential to
carry out careful temperature calibrations in conjunction with in situ NMR studies
of crystallization processes.
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The main method for temperature calibration used in our work is based on the
known temperature dependence of the chemical shift difference between the two
"H NMR resonances for methanol,*** which allows the absolute temperature
inside the NMR rotor to be determined (within the temperature range in which
methanol is a liquid phase). In the first stage of the temperature calibration
procedure, the "H NMR spectrum is measured for a sample of methanol at several
different values of temperature (i.e., Tsensor, as indicated by the temperature
sensor) and, for each temperature, at several different values of MAS frequency
(vmas)- Under each set of conditions specified by Tsensor and vpas, the true
temperature inside the NMR rotor (Tiye) is established from the measured 'H
NMR spectrum of methanol, yielding sets of values of Tiye, Tsensor and ¥pas. From
numerical fitting of these data, an equation is determined expressing Tiyue as
a function of Tsensor and vyas. Thus, to carry out subsequent experiments at
specific values of Ty, and vyus, the equation is used to determine the value of
Tsensor that should be set on the temperature controller to correspond to a true
sample temperature equal to Tiyye.

For calibration of temperatures outside the range in which methanol is
a liquid, we have used the **’Pb NMR chemical shift for lead nitrate,* which has
a linear temperature dependence. However, as this method depends on a single
resonance in the **’Pb NMR spectrum, it is necessary first to record the **’Pb
NMR spectrum at a reliably known temperature (7., allowing all other
temperatures to be determined relative to Tier.

Finally, it is reasonable to expect that temperature gradients may exist within
the NMR rotor, although this issue has not yet been investigated in our work.
However, as in situ NMR studies of crystallization from solution involve a fluid
phase within the NMR rotor (initially a homogeneous liquid phase and subse-
quently a dispersion of solid particles within the liquid phase), it is plausible that
the fluidity of the sample under MAS may promote efficient mixing, allowing all
parts of the sample to experience the same average temperature even if
a temperature gradient does exist within the rotor.

2.6.3 Cooling protocols for crystallization experiments. As illustrated in the
examples in Section 3, in situ NMR studies of crystallization are usually carried out
by cooling an undersaturated solution below a temperature at which the solution
becomes supersaturated. In general, two types of cooling protocol are used in
such studies, described as “quench cooling” and “controlled cooling”.

In quench cooling, the crystallization solution at the initial temperature (Ts¢art)
of the experiment is cooled to a target temperature (Tiargec) as rapidly as possible
for the cooling device used, typically without indicating a specific cooling rate.
This process is essentially an uncontrolled cooling from Tiar tO Tiarger, and the
actual profile of temperature as a function of time is not necessarily well defined.
However, this approach allows the target temperature to be reached in the
shortest possible time for the cooling device used. For the typical temperature
ranges used in in situ NMR studies of crystallization (e.g., for the experiments
discussed in Section 3.4, Tseare = 50 °C and Tiarger = 20 °C), the process of rapid
cooling usually takes less than ca. 5 min. A significant advantage of the quench
cooling protocol is that, with the exception of the initial period of rapid cooling,
the entire crystallization experiment is carried out at a constant temperature
(Ttarget)-
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The controlled cooling protocol also starts from an undersaturated solution at
temperature Ty, but in this case the temperature controller is set to cool the
sample at a specific cooling rate to reach the target temperature Ttargec (the lowest
cooling rate in the set-up used in our experiments is ca. 0.01 °C min~'). In
principle, the rate of cooling is constant throughout the cooling period, although
cooling may occur more slowly on approaching Ti,ge: in order to avoid over-
shooting. In the controlled cooling experiments described in Section 3, the
quoted cooling rate is the average rate during the cooling period, given by (Tstare —
Ttarget)/ Atcool, Where At oo is the time for the solution to cool from Ty tO Tearger-
Clearly, the controlled cooling protocol allows a versatile range of cooling rates to
be used (recalling that certain crystallization processes may require a specific
cooling schedule).

2.6.4 Method for measuring CLASSIC NMR data. In order to measure
CLASSIC NMR data, we require a method to record all the different types of
spectrum in the repeating group multiple times throughout the crystallization
experiment, and then to store all the spectra of a given type separately after
completing the experiment. For this purpose, we have written an au program
(called classic) for the Bruker TopSpin software. The classic program (which is
available on request from the authors) sets up the repeating group of data
acquisitions using the standard pulse programs to measure each type of spec-
trum. This data collection protocol is then run during the crystallization experi-
ment using the multizg command. After completing the experiment, the au
program fidtoser is used to copy all the spectra of a given type recorded at different
values of time into a single two-dimensional dataset. Each two-dimensional
dataset represents the evolution of one type of NMR spectrum in the repeating
group as a function of time during the crystallization experiment.

3. Results and discussion
3.1 Polymorphic evolution in the crystallization of glycine at low temperature

Crystallization of glycine (H,NCH,CO,H) has been studied extensively in poly-
morphism research, including the first in situ solid-state NMR studies® of crys-
tallization of organic materials. Three polymorphs of glycine (denoted a, B and v)
are known®*>* under ambient conditions. In terms of thermodynamic
stability,**® the y polymorph is the most stable and the B polymorph is the least
stable. The three polymorphs are readily distinguished®” by high-resolution solid-
state "*C NMR; the isotropic chemical shift for the *C environment in the
carboxylate group (o, 176.5 ppm; B, 175.5 ppm; v, 174.5 ppm) is particularly
diagnostic.

Previous in situ solid-state "*C NMR studies® showed that, on cooling a solu-
tion of glycine in water (with the water at natural isotopic abundance) from 65 °C
to ambient temperature, the o polymorph was the only solid phase observed
throughout the experiment (total time, 13 h). In contrast, different behaviour was
observed for the same crystallization experiment carried out® for a solution of
glycine in deuterated water (D,0O); while the o polymorph was again observed as
the initial solid phase, a polymorphic transformation was observed after ca. 2 h
from the a polymorph to the stable y polymorph. Notably, the least stable
B polymorph of glycine was not observed in these in situ solid-state ">*C NMR
studies of crystallization of glycine from water at ambient temperature. However,
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an in situ solid-state ">C NMR study*® of crystallization of glycine from a meth-
anol-water solution reported that an essentially pure sample of the B polymorph
was observed as the initial crystallization product, before starting to transform
almost immediately to the o polymorph; the amount of the o polymorph then
increased, with a corresponding decrease in the amount of the  polymorph until
the sample was a pure phase of the o polymorph. In ex situ DNP NMR studies®® of
crystallization of glycine from water, a mixture of the o and B polymorphs was
observed in the early stages of the crystallization process.

As our previous in situ solid-state ">C NMR studies of crystallization of glycine
from water did not reveal conditions suitable for the formation of a pure sample
of the B polymorph, we were motivated to explore the crystallization of glycine
[**C-labelled (99%) in the carboxylate group; denoted 1-"*C-glycine] from water
(with natural isotopic abundances) at low temperatures. To allow aqueous solu-
tions of 1-"*C-glycine to be cooled to significantly lower temperatures without
freezing, a small amount of glycerol was added to the crystallization solution
(representing 5% by volume of the solvent) to serve as an anti-freezing agent. The
solution of 1-'*C-glycine in water-glycerol was cooled (in ca. 5 min) from +20 °C to
—10 °C using the quench cooling protocol and then maintained at —10 °C for the

Time / hr
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x10
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0.5 1 1.§ 2 25 3 35
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Fig. 3 (a) Intensity contour plot showing the in situ *H—C CP NMR spectra recorded as
a function of time during crystallization of 1-1*C-glycine from water—glycerol at —10 °C.
Contours are based on a log scale with a factor of 2 between adjacent contours. The
isotropic peak due to the B polymorph is at ca. 175.5 ppm, and the isotropic peak due to
the o polymorph is at ca. 176.5 ppm. (b) Selected spectra from (a) recorded at 0.8 h (blue),
1.7 h (red) and 3.4 h (black). (c) Relative intensities of the signals due to the B polymorph
(black) and a polymorph (red) as a function of time during the crystallization process.

530 | Faraday Discuss., 2025, 255, 520-552  This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00079j

Open Access Article. Published on 28 June 2024. Downloaded on 1/23/2026 3:04:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

remainder of the experiment. The evolution of the crystallization process was
monitored by the CLASSIC NMR strategy, involving alternate recording of
"H—">C CP NMR spectra and direct-excitation *C NMR spectra as a function of
time. We focus here on the evolution of the '"H— '*C CP NMR spectra as a func-
tion of time (Fig. 3). While no solid phase was observed in the early stages of the
experiment, a signal at ca. 175.5 ppm appeared in the "H — >C CP NMR spectrum
at ca. 0.55 h, indicating that the initial solid phase was a pure sample of the
B polymorph of glycine. Subsequently (at ca. 1.36 h), another peak also emerged at
ca. 176.5 ppm, characteristic of the o polymorph of glycine. After a brief period of
co-existence of these two peaks, the intensity of the peak for the a polymorph
increased rapidly, while the peak for the B polymorph disappeared (Fig. 3c).

The experiment was repeated under several different cooling schedules, in
each case starting from the same composition of the solution of 1-'*C-glycine in
water-glycerol at a temperature (20 °C or higher) at which the solution is
undersaturated (in practice, our crystallization experiments started at tempera-
tures between 20 °C and 40 °C). In all experiments involving quench cooling of the
solution to either —10 °C or —15 °C, the  polymorph was produced as the initial
crystallization product, which transformed subsequently to the o polymorph. In
contrast, quench cooling of the solution to —5 °C instead produced the a poly-
morph directly as the initial crystallization product, with no evidence for the
presence of the B polymorph. Furthermore, in an experiment using the controlled
cooling protocol from +20 °C to —15 °C at 0.12 °C min~ ", crystallization was
observed to occur at +8 °C, producing the o polymorph as the crystallization
product.

Clearly, the presence of glycerol allows the crystallization of glycine from
aqueous solution to be extended to lower temperatures (significantly below the
freezing temperature of pure water). Our in situ NMR studies indicate that, on
quench cooling of a solution of glycine in water-glycerol to —10 °C or —15 °C,
formation of the B polymorph is the favoured nucleation pathway, resulting in
a pure sample of the B polymorph as the initial crystallization product. Clearly,
this crystallization strategy represents a viable approach for producing a relatively
long-lived sample of the pure B polymorph of glycine. In the results shown in
Fig. 3, the B polymorph exists as a pure phase for ca. 0.81 h before the emergence
and rapid growth of the o polymorph, coinciding with the rapid disappearance of
the B polymorph.

Clearly, glycerol plays an important role in preventing freezing of the aqueous
solution and thus allowing crystallization to take place at lower temperatures than
would be possible for a solution of glycine in pure water. It is relevant to question
whether, in addition to serving as an anti-freezing agent, the presence of glycerol
may actually play an active role in directing the crystallization pathway to produce
the B polymorph, for example through favourable interactions that promote the
formation of pre-nucleation clusters and aggregates on the pathway towards
nucleation of the B polymorph. However, our observation that quench cooling of
a solution of glycine in water—glycerol to —5 °C produced the o polymorph tends
to suggest that the critical factor in generating the  polymorph on rapid cooling
to —10 °C or —15 °C is the lower temperature rather than the presence of glycerol.

It is relevant to note that a previous low-temperature in situ solid-state **C and
N NMR study has reported®® crystallization of glycine from an amorphous
“frozen solution” formed by rapidly quenching an aqueous solution of glycine to
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145 K. On subsequently warming the amorphous frozen solution to 211 K, a sharp
peak appears at 173.5 ppm characteristic of a crystalline phase, which is assigned
on the basis of a variety of NMR measurements, including 'H-">C HETCOR,
"H-""N HETCOR and "*C-"3C dipolar build-up data, as the dihydrate phase of
glycine (which was previously reported® from in situ powder X-ray diffraction
studies under the same conditions). On further increasing temperature in the in
situ solid-state NMR study, the crystalline glycine dihydrate phase was observed to
transform to the B polymorph of pure glycine.

3.2 Highlighting the complementarity of cross-polarization and direct-
polarization NMR measurements in studying the evolution of crystallization
processes

As discussed in Section 2.3, CLASSIC NMR studies of crystallization processes
often involve the alternating measurement of 'H—">C CP NMR spectra and
direct-excitation ">*C NMR spectra to reveal information on the evolution of the
solid and liquid phases during the crystallization process. However, it is impor-
tant to highlight the complementarity of these techniques and to appreciate that
the information that each technique provides about the evolution of the crystal-
lization system may differ in important aspects. In this regard, we consider the
results from a CLASSIC NMR study of crystallization from an aqueous solution of
glycine, prepared using glycine '*C-labelled (99%) in the carboxylate group
(denoted 1-**C-glycine) and water with natural isotopic abundances. The aqueous
solution of 1-"*C-glycine was subjected to controlled cooling from 65 °C to 20 °C
over 13.3 h (at a rate of 0.056 °C min~ ') and maintained at 20 °C for a further 3 h.
CLASSIC NMR measurements were carried out by alternate recording of "H— *C
CP NMR spectra and direct-excitation ">*C NMR spectra (in each case, high-power
"H decoupling was applied and the recycle delay was 5 s). The time resolution of
the CLASSIC NMR study was 2.68 min. Under these measurement conditions, the
"H—">C CP NMR spectra contain signals only from the solid phase, whereas the
direct-excitation *C NMR spectra contain signals from both the solid and liquid
phases.

At the start of the crystallization process, glycine is present only in the liquid
phase, giving rise to a characteristic signal in the direct-excitation "*C NMR
spectra (Fig. 4a and c). However, as the experiment progresses, a peak emerges at
ca. 176.5 ppm in the "H—">C CP NMR spectra (Fig. 4b and d) indicating the
formation of a solid phase, which is identified from the isotropic **C chemical
shift as the a polymorph of glycine. A relatively weak peak is also observed in the
direct-excitation >C NMR spectrum at ca. 176.5 ppm due to the solid phase [this
peak is weak due to slow '*C spin-lattice relaxation of the o polymorph; the
value® of T;(**C) = 11.9 s is longer than the recycle delay (5 s) used in measuring
the direct-excitation "*C NMR spectra]. Throughout the remainder of the crys-
tallization experiment, no other peaks for solid phases are observed and the
o polymorph is the only solid phase present.

We now consider the variation in the intensities of the peaks for glycine in the
solution phase (from the direct-excitation "*C NMR spectra; Fig. 4e) and for the
solid phase (o polymorph) of glycine (from the "H— "*C CP NMR spectra; Fig. 4f),
focusing initially on the first 8 h of the experiment, during which the crystalli-
zation system is subjected to slow cooling. During this period, the intensity of the
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Fig. 4 Intensity contour plots showing (a) the direct-excitation **C NMR spectra and (b)
the *H—*C CP NMR spectra recorded during the CLASSIC NMR study of crystallization of
1-3C-glycine from water. Contours are based on a log scale with a factor of 2 between
adjacent contours. (c) Direct-excitation **C NMR spectra and (d) *H—*C CP NMR spectra
recorded at O h (black), 4.4 h (blue) and 8.9 h (red). (e and f) Relative signal intensities as
a function of time in the CLASSIC NMR studly for (e) the direct-excitation **C NMR spectra
and (f) the *H—'C CP NMR spectra. In (e), the blue line represents 1-*C-glycine in
solution, the red line represents 1-1*C-glycine in the solid phase, and the orange line
shows the same data as the red line expanded by a factor of 4.

peak for glycine in the solution phase (in the direct-excitation *C NMR spectra)
decreases essentially linearly as a function of time, reflecting a decrease in the
concentration of the solution phase as the amount of crystallization increases.
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Correspondingly, the intensity of the peak for the a polymorph of glycine (in the
"H— "*C CP NMR spectra) increases as a function of time. However, in contrast to
the linear decrease in the amount of glycine dissolved in the solution, the increase
in the amount of the crystallized a polymorph exhibits an essentially exponential
time dependence. As the loss of glycine from the solution phase results in the
formation of solid glycine, an important question is why the decrease of the peak
for the solution phase in the direct-excitation **C NMR spectra and the increase of
the peak for the solid phase in the 'H—'*C CP NMR spectra exhibit such
markedly different time dependences.

A plausible explanation for the very different time-dependences is that the
'"H—"*C CP NMR measurements do not necessarily detect the entire population
of particles of the o polymorph within the solid phase. Our previous studies'® have
estimated that, for "H— "*C CP NMR to give a signal for solid particles produced
under the typical conditions used for in situ NMR studies of crystallization
processes at ambient temperature, the particle volume must be larger than about
4 x 107 A?%; this volume corresponds to a minimum particle diameter of dp,i, =
420 A for contributing a signal in the *H—*3C CP NMR spectrum. For solid
particles smaller than this critical size, the rotational correlation times are too
short to give cross-polarization; therefore, these particles do not contribute to the
signal in the "H— "*C CP NMR spectrum. For this reason, at the early stages of the
crystallization process, when very few particles may have grown to the critical size
required to give a signal in the "H— "C CP NMR spectrum, the rate of increase of
the signal in this spectrum will be significantly slower than the rate of decrease of
the signal in the direct-excitation "*C NMR spectra for glycine in the solution
phase. However, in subsequent stages of the crystallization process, most of the
glycine lost from the solution phase will readily become incorporated in the
growth of larger particles of the o polymorph, resulting in the exponentially
increasing signal observed in the "H— "*C CP NMR spectra as a function of time.
Potentially, a more detailed analysis of this situation could be developed in which
the differences in the time-dependences of the signal for solution-phase glycine in
the direct-excitation **C NMR spectra and the signal for solid-phase glycine in the
"H—"3C CP NMR spectra are used as a basis to gain more quantitative insights
into the changes in the size distribution of solid particles as a function of time
during the crystallization process, and such models will be explored in due
course. However, in the present case, quantitative analysis of the time-
dependences is complicated by the fact that the crystallization process was
carried out under conditions in which the temperature of the system was
decreased continuously; thus, the kinetics of relevant processes (including
precipitation from the solution phase, crystal nucleation and crystal growth), all
of which are temperature dependent, also become time-dependent in the context
of the slow cooling experiment.

Another interesting feature concerns the behaviour of the crystallization
system between about 8.1 h and 8.8 h, at which the rate of decrease in the
intensity of the peak for glycine in the solution phase (in the direct-excitation **C
NMR spectra) exhibits an abrupt change to a more rapid decrease, which is not
matched by an abrupt change in the rate of increase of the intensity of the peak
for the solid phase in the "H—"*C CP NMR spectrum. Again, a plausible expla-
nation is that the abrupt decrease in the amount of glycine in the solution phase
may correspond to the formation of a significant amount of small solid particles
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that are smaller than the critical size required to contribute any significant
change to the "H—">C CP NMR spectrum.

We recall that the direct-excitation "*C NMR spectra also contain a weak peak
for the solid phase (o polymorph). Interestingly, between about 8.1 h and 8.8 h,
the intensity of this peak shows an abrupt increase (Fig. 4e), coinciding with the
period during which the intensity of the peak for glycine in the solution phase
exhibits an abrupt decrease. In this regard, the behaviour of the peak for solid-
phase glycine in the direct-excitation *C NMR spectra matches the behaviour
of the peak for solution-phase glycine in the same spectra, indicating that an
abrupt increase occurs in the total amount of glycine present in the solid phase
(representing solid particles of all sizes) at this stage of the crystallization process.
Clearly, these observations highlight the fact that, in detecting the solid phase in
crystallization systems, the "H—**C CP NMR and direct-excitation *C NMR
techniques may detect different populations of the solid particles present,
depending on the distribution of particle sizes.

Finally, an important aspect for future investigation is to explore whether the
use of "H—"3C CP NMR to study the solid phase as a function of time in crys-
tallization experiments carried out under conditions of slow cooling is influenced
by the gradual change in the temperature of the system. In this regard, two
aspects of the temperature dependence of "H— ">C CP NMR measurements are
relevant.

First, for solid particles dispersed in a liquid phase, the smallest size of particle
(dmin) that can contribute to the 'H—C CP NMR spectrum is temperature
dependent. Based on our previous study,'® the value of d,;, at temperature T is
estimated from the following equation (assuming a spherical particle):

o = (6kBTTC>”~"

(T)

where 7n(7T) is the viscosity of the liquid phase and . is the limiting value of
correlation time®® (ca. 10 ps) required to observe a signal in '"H—"*C CP NMR
experiments. For the experiment on the crystallization of glycine under slow-
cooling conditions discussed above, the value of d;, is estimated (assuming
the known temperature dependence of the viscosity of pure water®) to be d;, =
591 A at the initial temperature (65 °C) and dp,;, = 426 A at the final temperature
(20 °C). Thus, as the crystallization system is cooled, the threshold for detecting
solid particles is extended to include particles of smaller size. However, we note
that, for crystallization processes in which the later stages are dominated by
crystal growth, the amount of solid particles with a size comparable to (or smaller
than) d,i, may not be significant. Another important issue for future study is to
assess the validity of approximating the viscosity of an aqueous crystallization
solution by the viscosity of pure water. It is also relevant to consider the fact that
the viscosity of the crystallization solution (and hence the value of d,;,) will also
change with time during crystallization, both because the solution becomes
progressively more dilute and because the amount of solid particles dispersed in
the solution increases with time.

Second, as "H— ">C CP depends on various NMR relaxation properties of the
solid phase, the intrinsic efficiency of CP is clearly temperature dependent, and
will therefore vary between the initial and final temperatures in a slow-cooling
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crystallization experiment. A previous study® of the temperature-dependence of
the "H— "*C CP efficiency for solid glycine suggests that, for a CP contact time of 2
ms (as used in our experiment), there is only a small change in CP efficiency in the
temperature range of our experiment, decreasing by ca. 5% between 65 °C and
20 °C. However, this previous study only reported the CP efficiency for the
methylene "*C environment of glycine and did not specify which polymorph of
glycine was studied. Clearly, to derive a more definitive understanding of this
issue in the context of the CLASSIC NMR results presented here, future studies
will determine the temperature dependence of the "H—'*C CP efficiency for
a monophasic sample of the a polymorph of glycine as a function of temperature,
including analysis of the CP efficiency for the carboxylate *C environment.

Finally, it is clear from this discussion that slow-cooling crystallization
experiments are intrinsically complex, as they involve the interplay of several
different temperature dependent factors, which influence the physico-chemical
properties of the crystallization solution and the kinetics of the crystallization
process, as well as the sensitivity of the NMR technique used to probe the
evolution of the system with time. In this regard, it is pertinent to recall (see
Section 2.6.3) that in situ NMR studies of crystallization processes based on the
quench cooling protocol have a significant advantage in ensuring that the
majority of the crystallization process (i.e., except for the first few minutes) is
carried out at constant temperature.

3.3 In situ NMR studies of guest exchange processes in solid inclusion
compounds

We now focus on a preliminary application of in situ NMR techniques to study
guest exchange in solid host-guest materials. While this type of process does not
actually involve crystallization, it nevertheless represents a process to generate
new crystalline solids by the exchange of different types of molecule between
a pre-formed crystalline material and a liquid phase in contact with the crystalline
material. Our study to monitor the exchange of molecules between a crystalline
solid and a liquid phase is focused on crystalline urea inclusion compounds,®*7*
which are solid host-guest systems based on one-dimensional tunnels in a crys-
talline host structure constructed from a helical hydrogen-bonded arrangement
of urea molecules (Fig. 5a). The types of guest molecules that form urea inclusion
compounds are typically based on long-chain n-alkanes [CHj3(CH,),CH3] or
terminally substituted n-alkanes, such as o,w-dibromoalkanes [Br(CH,),,Br], as
these molecules have suitable size-shape compatibility to be accommodated
within the urea host tunnels, which have a diameter’ of ca. 5.5-5.8 A. In most
urea inclusion compounds, the guest molecules undergo rapid reorientational
motion”*7® around the long molecular axis (in the linear conformation that the
guest molecules must adopt inside the host tunnel structure), which is parallel to
the host tunnel axis. As a consequence, signals from the guest molecules in urea
inclusion compounds may be observed in NMR spectra recorded under condi-
tions normally used for liquid-state NMR. For this reason, previous in situ NMR
studies™ have shown that crystallization processes of urea inclusion compounds
can be monitored using direct-excitation *C NMR measurements, in which
signals from molecules in both the solid and liquid phases are observed in the
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Fig. 5 (a) Structure of a urea inclusion compound containing «,w-dibromoalkane guest
molecules (viewed along the host tunnel axis). The host structure is a honeycomb-like
arrangement of one-dimensional tunnels comprising a hydrogen-bonded network of urea
molecules. The guest molecules in the tunnels are shown with random orientations
around the tunnel axis, reflecting the orientational disorder that exists at ambient
temperature. (b) Schematic of uni-directional guest exchange in a urea inclusion
compound. A single crystal of the urea inclusion compound containing an original type of
guest molecule (green) is dipped into the liquid phase of a new type of guest molecule
(blue), such that one end of each host tunnel in the crystal is in contact with the liquid
phase. The guest exchange process occurs if the new guest forms a more stable inclusion
compound than the original guest.

same spectrum and are distinguished (at least for certain '*C environments) on
the basis of their isotropic *C chemical shifts.

It is relevant to note that many solid host materials, such as zeolites, find
important applications in molecular separation processes, based on the selec-
tivity of the host structure for incorporating guest molecules of specific size and
shape. Such applications typically involve the selective adsorption of guest
molecules within the empty host tunnel structure. However, in contrast to
zeolites, the host tunnel structure in urea inclusion compounds is stable only
when it is filled with a dense packing of guest molecules; the “empty” urea tunnel
structure does not exist, with removal of the guest molecules from urea inclusion
compounds leading to the collapse of the tunnel structure to form the pure
crystalline phase of urea. For this reason, applications of urea inclusion
compounds involving the selective adsorption of guest molecules within the
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empty host structure are clearly not viable. Nevertheless, it has been shown”"”®
that guest exchange in urea inclusion compounds can occur by a mechanism that
fulfils the requirement that the host tunnels remain fully occupied by guest
molecules throughout the process. In particular, as shown schematically in
Fig. 5b, transport of guest molecules along the host tunnels in a single crystal can
be achieved by inserting new guest molecules into the tunnels at one end of the
crystal (e.g., by dipping one end of the crystal into the liquid phase of the new
guest), with the original guest molecules expelled from the other end of the
crystal. This process is thermodynamically favoured if the urea inclusion
compound containing the new guest molecules is more stable than that con-
taining the original guest molecules.

Previous in situ studies’™®® of guest exchange in urea inclusion compounds
have primarily used confocal Raman microspectrometry to monitor the type of
uni-directional guest exchange process shown in Fig. 5b. In addition, bi-
directional guest exchange has also been observed® in urea inclusion
compounds, in which new guest molecules enter the host tunnels at both ends of
the original crystal. In this case, transport of the new guest molecules occurs in
both directions along the host structure, in principle with equal probabilities of
guest transport in one direction in some tunnels and in the opposite direction in
other tunnels. Guest exchange has also been demonstrated® by completely
immersing the crystals containing the original type of guest molecules in the
liquid phase of a potential new guest molecule, in which the guest exchange
process is expected to involve bi-directional guest transport within each indi-
vidual crystal.

These guest exchange processes occur by diffusion of guest molecules into and
out of the ends of the host tunnels in the crystals of the urea inclusion compound,
together with diffusion of the guest molecules along the host tunnels inside the
crystals (as shown directly by the confocal Raman microspectrometry studies” ).
We note that, as urea is essentially insoluble in the long-chain hydrocarbons that
constitute the liquid phase in the guest exchange experiments, no significant
dissolution occurs when crystals of the urea inclusion compound are in contact
with the liquid phase in these experiments. However, the possibility that some
extent of local dissolution and/or recrystallization of the crystal surfaces may
occur (e.g., at the ends of the host tunnels) cannot be ruled out, as the surface
properties of the crystals under the experimental conditions of the guest exchange
processes have not yet been investigated.

Here we report a preliminary CLASSIC NMR study of guest exchange in urea
inclusion compounds, in which a multi-crystal sample of the urea inclusion
compound containing 1,8-dibromooctane guest molecules was soaked in pure
liquid tetradecane at 20 °C. From previous studies,'®® it is known that tetrade-
cane represents a more favourable guest molecule than 1,8-dibromooctane for
inclusion in the urea tunnel structure. Thus, guest exchange is expected to occur
when crystals of 1,8-dibromooctane/urea are in contact with pure liquid tetra-
decane. To monitor guest exchange in this case, the key diagnostic peaks in the
solid-state "*C NMR spectrum are those due to the CH; group (ca. 15 ppm) and/or
the CH,CH; group (ca. 25.2 ppm) of tetradecane guest molecules in the urea
inclusion compound, and those due to the CH,Br group (ca. 35.9 ppm) and/or the
CH,CH,Br group (ca. 31.5 ppm) of 1,8-dibromooctane guest molecules in the urea
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Fig. 6 Intensity contour plots showing the three types of NMR spectrum recorded as
a function of time during the CLASSIC NMR study of the guest exchange process for
a multi-crystal sample of the 1,8-dibromooctane/urea inclusion compound in contact
with liquid tetradecane: (a) 'H—C CP NMR spectra, (b) direct-excitation **C NMR
spectra, and (c) *H NMR spectra. Contours are based on a linear scale in (a) and (b) and a log
scale with a factor of 2 between adjacent contours in (c). (d) *H—*C CP NMR spectra
recorded at different times during the guest exchange process, with the specific times
indicated by the link to the time axis in (). (€) The region of the *H—13C CP NMR spectrum
corresponding to the CHs groups of tetradecane guest molecules in the urea inclusion
compound recorded at the end of the guest exchange experiment. The distorted baseline
(“wiggles") arises because the acquisition time under high-power *H decoupling is limited
to ca. 40 ms; as a result, the end of the FID for the very sharp peaks due to the CHz groups
is not measured.

inclusion compound. Throughout this discussion, underlining is used to indicate
the specific "*C environment corresponding to a peak in the >C NMR spectrum.

Our CLASSIC NMR study (Fig. 6) used three different pulse sequences in the
repeating group to measure the following data as a function of time during the
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guest exchange process: (a) "H—">C CP NMR spectra (with high-power 'H
decoupling and a recycle delay of 5 s), (b) direct-excitation >*C NMR spectra (with
high-power 'H decoupling and a recycle delay of 3 s), and (c) "H NMR spectra. The
time resolution of the CLASSIC NMR study was 8.75 min. While the direct-
excitation '*C NMR and 'H NMR spectra are consistent with the expected
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Fig.7 Relative intensities of peaks in the *H—**C CP NMR spectra recorded as a function
of time in the CLASSIC NMR study of guest exchange for a multi-crystal sample of the 1,8-
dibromooctane/urea inclusion compound in contact with liquid tetradecane, showing
peaks for the three types of molecules in the urea inclusion compound: (a) 1,8-dibro-
mooctane (the original guest), (b) tetradecane (the new guest), and (c) urea. Error bars are
determined from the peak fitting process; the error bars in (c) are smaller than the symbols
used to represent the data points. In (a), integrated intensities are shown for the following
13C environments: CH,Br (blue), CH,CH,Br (green), and the other 13C environments at the
centre of the 1,8-dibromooctane molecule combined (red). In each case, the data are
scaled such that the relative intensity for the first measurement is equal to 1. In (b), inte-
grated intensities are shown for the following *C environments: CHz (blue), CH,CHs (red),
CH,CH,CH3 (green), and the other 13C environments at the centre of the tetradecane
molecule combined (black). In each case, the data are scaled such that the relative
intensity for the final measurement is equal to 1.
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changes in the liquid phase, in which the amount of tetradecane in the liquid
phase decreases as a function of time and the amount of 1,8-dibromooctane in
the liquid phase shows a corresponding increase, we focus primarily on the
changes occurring in the crystalline phase as a function of time from analysis of
the "H— "*C CP NMR spectra (Fig. 6a) and the solid-state component of the direct-
excitation >C NMR spectra (Fig. 6b).

First, it is clear that guest exchange had already commenced during the period
of ca. 10 min between preparing the NMR rotor (containing liquid tetradecane
and the multi-crystal sample of the 1,8-dibromooctane/urea inclusion compound)
and the start of data acquisition, as the first 'H— >C CP NMR spectrum recorded
(see Fig. 6d) shows the presence of signals characteristic of tetradecane guest
molecules in the urea inclusion compound. As time progresses, the intensities of
the peaks for tetradecane guest molecules in the urea inclusion compound
increase progressively (Fig. 6d and 7b). Simultaneously, the intensities of the
peaks for 1,8-dibromooctane guest molecules in the urea inclusion compound
decrease (Fig. 6d and 7a), with the rate of decrease mirroring the rate of increase
of the peak intensities for the tetradecane guest molecules.

An important question relating to guest exchange processes of this type is
whether the integrity of the crystalline host structure is maintained during the
guest exchange process, which may be assessed by monitoring the peak for urea
in the urea inclusion compound (163.8 ppm) as a function of time. Importantly,
the intensity of this peak remains constant throughout the experiment (Fig. 7c),
indicating that no degradation of the crystalline integrity of the urea host struc-
ture occurs as a consequence of guest exchange. Furthermore, there is no
evidence for any change in the chemical shift of this peak nor the appearance of
any new peaks arising from other solid phases containing urea during the guest
exchange process [we note that the isotropic **C chemical shift (162.6 ppm) of the
pure crystalline phase of urea, which would be a plausible product of degradation
of the urea inclusion compound, is significantly different from that of the urea
inclusion compound)].

A further interesting aspect of the solid-state *C NMR spectra is that two
isotropic peaks are observed for the CH; group of tetradecane in the urea inclu-
sion compound (Fig. 6d and e). These peaks arise because the isotropic “*C
chemical shift for the CH; groups of tetradecane is different depending on
whether the adjacent guest molecule in the host tunnel is another tetradecane
molecule, corresponding to a CHj---CH; end-group interaction (15.0 ppm), or
a molecule of 1,8-dibromooctane, corresponding to a CH;---Br end-group inter-
action (15.4 ppm). In contrast, the isotropic "*C chemical shifts for the CH,Br end-
groups of 1,8-dibromooctane guest molecules in CH,Br---Br and CH,Br---CH;,
end-group interactions in urea inclusion compounds are sufficiently close that
a single peak is observed at ca. 35.9 ppm. We note that the possibility to observe
different types of end-group interaction between guest molecules in crystalline
urea inclusion compounds from solid-state ">C NMR spectra (not in the context of
in situ studies of crystallization) has been reported previously,*** and method-
ology to use this information to derive fundamental information on the energetics
of such materials has been developed.®*® Clearly, deriving quantitative information
on the changes in the relative amounts of the CH;---CH; and CHj3---Br end-group
interactions as a function of time may provide additional insights into the
structural changes that occur during the guest exchange process. However, as the
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relative efficiencies of "H— "*C CP for the CH, groups in CH;+--CH; and CHj3--Br
end-group interactions have not yet been established, quantitative analysis of the
relative intensities of the peaks in the "H—">C CP NMR spectra for the different
end-group interactions cannot be carried out at this stage. Furthermore, while
individually resolved peaks are also observed in the direct-excitation *C NMR
spectra for the CH; groups of the tetradecane guest molecules in CH;---CH; and
CH;---Br end-group interactions, the signal-to-noise ratio for these peaks is too
low to allow reliable quantitative information to be obtained. Future studies will
explore this aspect of the guest exchange process in more depth, allowing the
analysis of the time-dependent changes in peak intensities in the in situ NMR data
to be carried out on a rigorous quantitative basis.

3.4 Exploring the effect of MAS frequency on in situ NMR studies of
crystallization processes

An important question relating to in situ NMR studies of crystallization from
solution is whether crystallization pathways may be influenced by subjecting the
crystallization system to rapid magic-angle sample spinning (MAS), as required to
achieve good spectral resolution. Rapid spinning exerts a centrifugal pressure on
the sample, which is estimated'® to be about 50-70 atm under typical conditions
used for in situ solid-state NMR studies of crystallization processes. While such
pressures are unlikely to induce polymorphic transitions directly in the solid
phase (they are much lower than the values of pressure typically required to
induce polymorphic transformations in organic solids®”*®), the pressure gener-
ated by MAS may have a greater influence on the solution phase in crystallization
systems. As MAS imposes a pressure gradient within the sample (pressure
increases with distance from the rotation axis), the effect of MAS on a homoge-
neous solution is to introduce a density gradient and a non-uniform distribution
of concentration within the solution (we recall that solubility is a function of
pressure). The non-uniform nature of this crystallization environment may clearly
influence crystallization processes occurring within the solution. Thus, the
application of rapid MAS has the potential to influence the mechanism and/or the
final outcome of crystallization processes (it is relevant to note that a solid-state
transformation for which the polymorphic identity of the product obtained is
influenced significantly by MAS has been reported®).

As an exploratory investigation of the potential effects of MAS on crystallization
processes, we focus on in situ liquid-state "H NMR studies of co-crystal formation
from a solution containing a 1:1 molar ratio of benzoic acid (BA) and penta-
fluorobenzoic acid (PFBA) in dichloromethane-d,. This crystallization process has
been studied previously’® by in situ liquid-state 'H and 'F NMR at a MAS
frequency of 12 kHz. BA and PFBA form a 1 : 1 co-crystal material®*~> based on a -
stacked structure with the phenyl and pentafluorophenyl rings of the BA and
PFBA molecules alternating along each stack and with hydrogen-bonding
between BA and PFBA molecules in adjacent stacks. In the previous in situ
liquid-state "H NMR study,'® no changes were observed in the early stages of the
experiment (indicating that no crystallization occurred), but the "H NMR spec-
trum changed abruptly after about 39 min, with a significant decrease in peak
intensities signifying sudden dilution of the solution phase as a result of rapid
crystallization. The significant lag time before crystallization occurs is consistent
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with slow nucleation kinetics; during this time, the supersaturated solution is
“waiting” for a rare (stochastic) nucleation event, which then triggers a significant
amount of rapid crystallization. The abrupt crystallization event is also associated
with significant shifts in the positions of peaks in the liquid-state '"H NMR
spectrum, reflecting changes in the intermolecular interactions in the solution
phase.*

In the present work, we have investigated the same crystallization system by in
situ liquid-state "H NMR, with experiments carried out using different values of
MAS frequency and with all other experimental conditions identical. In these
experiments, an undersaturated solution containing a 1 : 1 molar ratio of BA and
PFBA in dichloromethane-d, at 50 °C was subjected to quench cooling (in less
than ca. 5 min) to 20 °C, with the crystallization solution then maintained at 20 °C
for the remainder of the experiment. We note that, in order to ensure that the
crystallization experiments at different MAS frequencies are all carried out with
the same true temperature of the sample (20 °C), it is critically important to apply
the method for temperature calibration (which takes into account the heating
effects due to MAS) described in Section 2.6.2.

The results from the in situ liquid-state '"H NMR experiments, summarized in
Fig. 8, exhibit two types of behaviour: (i) the occurrence of an abrupt crystalliza-
tion event of the type observed previously (identified by a sudden decrease in the
intensities of the peaks in the liquid-state '"H NMR spectrum and shifts in the
peak positions, as shown in Fig. 9), or (ii) no evidence of crystallization
throughout the duration of the experiment. From Fig. 8, it is clear that there is
a higher probability of crystallization occurring at higher MAS frequency (vyas)-
Thus, in all five experiments at vyas = 12 kHz, the abrupt crystallization event

MAS
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o
@
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®

12 kHz

0 5 0 15 20 25 30 35 40 45
Time / hr

Fig. 8 Summary of results from the in situ liquid-state *H NMR study of crystallization of
the BA—PFBA co-crystal material at different MAS frequencies. Each experiment is rep-
resented by a horizontal bar. Experiments in which crystallization was observed to occur
are labelled 1-6, and are represented by a green bar; in each case, the length of the bar
indicates the time at which the abrupt crystallization event occurred. Experiments in which
crystallization was not observed are represented by a red bar; in each case, the length of
the bar indicates the total time over which *H NMR data were measured. More information
about experiments 1-6 is given in Table 2.
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Fig. 9 Intensity contour plots showing the evolution of the in situ liquid-state 'H NMR
spectrum as a function of time during crystallization of the BA—PFBA co-crystal material at
the following MAS frequencies: (a) 12 kHz (experiment 1), and (b) 7.5 kHz (experiment 6).
Contours are based on a log scale with a factor of 2 between adjacent contours.

occurred within 2.6 h of the start of the experiment, with an average time of
0.89 h. In contrast, for experiments at lower MAS frequency, crystallization was
observed only in one case (at vyas = 7.5 kHz), with the abrupt crystallization event
occurring at ca. 8.3 h. For all other experiments (at vyus = 3 kHz, 7.5 kHz, 10 kHz),
no crystallization was observed within the duration of the experiment, which
included experiments as long as 43 h at vyas = 3 kHz and 25 h at nyus = 7.5 kHz.

We now discuss the results of the experiments in which crystallization was
observed to occur, specifically experiments 1-5 at vyjas = 12 kHz and experiment 6
at vyas = 7.5 kHz, focusing on the peak for the 'H environment in the carboxylic
acid group (which represents the average "H environment due to proton exchange

Table 2 Results from experiments in which crystallization was observed to occur in the in
situ liquid-state *H NMR study of crystallization of the BA—PFBA co-crystal material at 20 °
C using different MAS frequencies (vmas), showing the time (t..ys) at which the abrupt
crystallization event occurred, the total time (o) Of the in situ NMR study, and the
changes in the intensity (Alcyyst and Algna) and chemical shift (Adcryst and Adgngy) Of the peak
due to the carboxylic acid groups of BA and PFBA, as defined in the text. Experiment
numbers correlate with those indicated in Fig. 8. For the experiments at ymas = 12 kHz
(experiments 1-5), the mean values of Alcryst, Alfina Adcryst and Adgng are also shown,
together with the corresponding standard deviations (S.D.)

Analysis of

experiments

Experiment 1-5

1 2 3 4 5 6 Mean S.D.
vpvas/kHZ 12 12 12 12 12 7.5 — —
Leryst/min 33.25  56.75 155 3.25 19.5 4975  — —
trotar/Min 49.75 129 43.5 21.25 2225 769 — —
Alerysd/ % —-60.12 —62.21 —63.16 — —64.92 —54.99 —62.60 2.00
Alginal/% -70.32 —69.76 —72.91 —70.43 — —61.35 —70.86 1.40
Aderys/ppm  —0.690  —0.729 —0.747 — —0.735 —0.641 —0.725 0.025
Abfina/ppm  —0.782  —0.809 —0.839 —0.784 — -0.715 —0.804 0.027
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Fig. 10 Variation in signal intensity as a function of time for the 'H NMR peak due to the
carboxylic acid groups of the BA and PFBA molecules in the in situ liquid-state 'H NMR
study of crystallization of the BA-PFBA co-crystal material. The plot shows the period of
time from 4 min before the abrupt crystallization event (which occurs at time tcyys) to
16 min after this event. Results are shown for experiments at MAS frequencies of 12 kHz
(experiments 1-5) and 7.5 kHz (experiment 6). For each experiment, the data are
normalized such that the relative peak intensity in the last spectrum recorded before tcyys;
is 100%.

between BA and PFBA molecules). In this regard, it is instructive to consider the
changes in both the signal intensity and the "H NMR chemical shift for this peak
as a function of time during the crystallization process, and details of the results
are given in Table 2 and Fig. 10.

In Fig. 10, the signal intensity is shown as a function of time in the region of
the abrupt crystallization event (which occurs at time tys; see Table 2). In all
cases, the abrupt crystallization event is associated with a sudden decrease in
signal intensity, denoted Al which is defined as the change in peak intensity
between the spectrum recorded immediately before the abrupt crystallization
event and the spectrum recorded immediately after completion of this event. For
a period of about 10 min after the abrupt crystallization event, a further gradual
decrease in signal intensity is observed (see Fig. 10), and the intensity then
remains constant for the remainder of the experiment, indicating that the crys-
tallization system had reached equilibrium. We also consider the total decrease in
signal intensity during the entire crystallization process, denoted Algy,;, which is
defined as the change in peak intensity between the spectrum recorded imme-
diately before the abrupt crystallization event and the final spectrum recorded at
the end of the experiment. We note that experiment 4 did not give a reliable value
of Al as crystallization occurred before the sample temperature had reached
20 °C, and experiment 5 did not give a reliable value of Al4,, as this experiment
was stopped a few minutes after the abrupt crystallization event (i.e., before the
system had reached equilibrium).

For the experiments at vyas = 12 kHz, the change in signal intensity corre-
sponding to the abrupt crystallization event (Al.; see Table 2) is between
—60.1% and —64.9% [mean value (Al.yy) = —62.6%; standard deviation
0(Alys) = 2.0%; based on the results from experiments 1, 2, 3 and 5], and the
change in signal intensity after completing the crystallization process (Algna; see
Table 2) is between —69.8% and —72.9% [(Algna) = —70.9%; 0(Algna) = 1.4%);
based on the results from experiments 1, 2, 3 and 4]. In contrast, for the

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 255, 520-552 | 545


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00079j

Open Access Article. Published on 28 June 2024. Downloaded on 1/23/2026 3:04:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

crystallization process observed at vyss = 7.5 kHz (experiment 6), the changes in
signal intensity are significantly smaller, with Al = —55.0% and Algn, =
—61.4%. These results indicate that a significantly lower amount of solid phase is
produced in the crystallization process at vyas = 7.5 kHz compared to vyas = 12
kHz, both immediately after the abrupt crystallization event and after the crys-
tallization system had reached equilibrium. While these conclusions are based on
a relatively small number of observations, the differences in crystallization
behaviour at the different MAS frequencies are nonetheless significant. Thus, the
difference between the value of Al . at 7.5 kHz and the mean value (Al ) at
vmas = 12 kHz is 7.6%, which is greater than 3 times the standard deviation
[0(Alrys)] in the values of Al at vmas = 12 kHz. Similarly, the difference
between the value of Al at vyas = 7.5 kHz and the mean value (Algp,)) at vyas =
12 kHz is 9.5%, which is greater than 6 times the standard deviation [¢(Alf4)] in
the values of Alg,q at vyas = 12 kHz.

From the results for Alg,,;, the fact that the amount of solid phase produced
after the crystallization process had reached equilibrium is significantly higher at
vmas = 12 kHz compared to vyas = 7.5 kHz indicates that the solubility of the BA-
PFBA co-crystal at 20 °C is lower under conditions of higher MAS frequency.
Furthermore, as the concentration of the supersaturated solution at 20 °C before
crystallization was the same in all experiments, it follows (given the lower solu-
bility at vyas = 12 kHz) that the supersaturation of the solution at 20 °C before
crystallization occurred would have been higher at vyas = 12 kHz than at vyag =
7.5 kHz, which is fully consistent with the observation from our results that crystal
nucleation (which triggers the abrupt crystallization event) occurs after a signifi-
cantly shorter time at vyas = 12 kHz, resulting in the lower values of .. observed
(see Fig. 8 and Table 2).

The "H NMR chemical shift due to the "H environment in the carboxylic acid
groups also changes significantly at the abrupt crystallization event (see Fig. 9),
moving suddenly to lower chemical shift. The change in chemical shift associated
with the abrupt crystallization event, denoted Adys (Table 2), is measured from
the same spectra used to determine Al (as defined above). After the abrupt
crystallization event, the chemical shift continues to change gradually before
reaching a constant value. The total change in chemical shift during the entire
crystallization process, denoted Adgna (Table 2), is measured from the same
spectra used to determine Alg,, (as defined above). As shown in Table 2, both
Adcryse and Adgng are significantly larger at vyag = 12 kHz than at vyag = 7.5 kHz.
Specifically, the difference between the value of Adcryse = —0.641 ppm at vyas = 7.5
kHz and the mean value (Ad¢s) = —0.725 ppm at vyas = 12 kHz is 0.084 ppm,
which is greater than 3 times the standard deviation [0(Adcrys) = 0.025 ppm] in
the values of Adcrys: at vmas = 12 kHz. Similarly, the difference between the value
of Adgna = —0.715 ppm at vyas = 7.5 kHz and the mean value (Adgpa) =
—0.804 ppm at rymas = 12 kHz is 0.089 ppm, which is greater than 3 times the
standard deviation [o(Adgna) = 0.027 ppm] in the values of Adgnar at vpas = 12
kHz.

The fact that both Adcrys and Adgn, depend on the MAS frequency is clearly
related to the fact, discussed above, that crystallization at the higher MAS
frequency (vmas = 12 kHz) produces a solution of lower concentration both
immediately after the abrupt crystallization event and after the crystallization
process reaches equilibrium. Clearly, the different concentrations of the solution
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phases produced following crystallization at the different MAS frequencies give
rise to differences in the nature and extent of the intermolecular interactions in
these solutions (including hydrogen-bonding involving the carboxylic acid groups
of the BA and PFBA molecules), which will have a direct consequence on the 'H
NMR chemical shifts observed. Furthermore, the solution-state chemical shifts at
different MAS frequencies may also be influenced directly by the pressure effects
arising from MAS, including perturbations in the nature of the intermolecular
interactions (for example, slight changes in average hydrogen-bond distances)
resulting from the density gradients induced within the solution by the applica-
tion of MAS.

Clearly, these preliminary results highlight the fact that important differences
in the nature of crystallization systems may arise as a function of MAS frequency,
and more detailed investigations into the fundamental origin of these effects are
merited. Furthermore, these observations raise the possibility that rapid macro-
scopic sample spinning may have a well-defined effect on the nature of crystal-
lization solutions and their crystallization behaviour, which suggests that the rate
of sample spinning could potentially be used as an experimental variable in
controlling the behaviour and outcome of crystallization processes in such cases.

4. Concluding remarks

There is now considerable scope to apply in situ solid-state NMR strategies to
study the evolution of the solid phase during crystallization processes, allowing
details of the formation and transformation of intermediate solid phases
produced on crystallization pathways to be understood. The CLASSIC NMR
strategy significantly extends the scope of in situ NMR monitoring of crystalliza-
tion from solution by establishing simultaneous and complementary information
on the time-evolution of both the solid and liquid phases. The results of in situ
NMR studies of crystallization processes presented in this article, some of which
are preliminary investigations into new aspects of this field, have been selected to
stimulate discussion that may lead to improved understanding on specific
aspects of the application of NMR methodology in this field. With the develop-
ment of new and more powerful NMR strategies to explore the time-dependence
of crystallization systems, we are confident that this field will advance signifi-
cantly in the coming years.

5. Methods

5.1 Instrumentation

NMR experiments were carried out on two different instruments: (a) a Bruker
AVANCE III NMR spectrometer (20.0 T; *C Larmor frequency, 213.8 MHz) at the
UK High-Field (850 MHz) Solid-State NMR Facility based at the University of
Warwick, and (b) a Bruker AVANCE III HD NMR spectrometer (9.4 T; **C Larmor
frequency, 100.64 MHz) at Cardiff University.

5.2 Experiments in Section 3.1

The experiments reported in Section 3.1 were carried out on the Warwick
instrument using an HXY 4 mm probe, with the crystallization solution
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[comprising 1-*C-glycine in a water-glycerol solution (5% glycerol by volume)]
contained in an HR-MAS insert (made from Kel-F). The concentration of the
solution was 3.17 mol dm 3. The CLASSIC NMR study was carried out by sub-
jecting the crystallization solution to quench cooling (in about 5 min) from +20 °C
to —10 °C, with a MAS frequency of 12 kHz. The CLASSIC NMR measurements
involved the following pulse sequences in the repeating group: (a) "H—"*C CP
NMR (CP contact time = 2 ms; high-power 'H decoupling; recycle delay = 6 s), and
(b) direct-excitation **C NMR (high-power "H decoupling; recycle delay = 3 s). The
time-resolution of the CLASSIC NMR study was 2.56 min.

5.3 Experiments in Section 3.2

The experiments reported in Section 3.2 were carried out on the Warwick
instrument using an HX 4 mm probe, with the crystallization solution
(comprising 1-'*C-glycine in water) contained in an HR-MAS insert (made from
Kel-F). The concentration of the solution was 5.80 mol dm >, The CLASSIC NMR
study was carried out on subjecting the crystallization solution to controlled
cooling (at a rate of 0.056 °C min~ ") from 65 °C to 20 °C, with a MAS frequency of
12 kHz. The CLASSIC NMR measurements involved the following pulse sequences
in the repeating group: (a) "H— "*C CP NMR (CP contact time = 2 ms; high-power
'H decoupling; recycle delay = 5 s), and (b) direct-excitation *C NMR (high-power
"H decoupling; recycle delay = 5 s). The time-resolution of the CLASSIC NMR
study was 2.68 min.

5.4 Experiments in Section 3.3

The experiments reported in Section 3.3 were carried out on the Cardiff instru-
ment using an HX 4 mm probe, with the multi-crystal sample of the 1,8-
dibromooctane/urea inclusion compound soaked in pure liquid tetradecane
contained in an HR-MAS insert (made from Kel-F). The CLASSIC NMR study was
carried out to monitor the evolution of the guest exchange process as a function of
time at 20 °C, with a MAS frequency of 10 kHz. The CLASSIC NMR measurements
involved the following pulse sequences in the repeating group: (a) "H—"C CP
NMR (CP contact time = 2 ms; high-power "H decoupling; recycle delay = 5 s), (b)
direct-excitation >*C NMR (high-power 'H decoupling; recycle delay = 3 s), and (c)
"H NMR. The time-resolution of the CLASSIC NMR study was 8.75 min.

5.5 Experiments in Section 3.4

The experiments reported in Section 3.4 were carried out on the Cardiff instru-
ment using an HX 4 mm probe, with the crystallization solution [comprising
benzoic acid and pentafluorobenzoic acid (1 : 1 molar ratio) in dichloromethane-
d,] contained in an HR-MAS insert (made from Kel-F). The concentration of the
solution was 1.99 mol dm > for both benzoic acid and pentafluorobenzoic acid. In
each experiment, the solution was cooled from 50 °C to 20 °C using the quench
cooling protocol. The evolution of the crystallization system was monitored as
a function of time at 20 °C using liquid-state '"H NMR measurements, with
different MAS frequencies (3 kHz, 7.5 kHz, 10 kHz or 12 kHz) used in different
experiments. The time-resolution of the in situ liquid-state 'H NMR study was
15 s.
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