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Establishing the Transitory Existence of Amorphous Phases in
Crystallization Pathways by the CLASSIC NMR Technique

Colan E. Hughes, P. Andrew Williams, Benson M. Kariuki and Kenneth D. M. Harris*®

Abstract: With the growing realization that crystallization processes
may evolve through a sequence of different solid forms, including
amorphous precursor phases, the development of suitable in-situ
experimental probes is essential for comprehensively mapping the
time-evolution of such processes. Here we demonstrate that the
CLASSIC NMR (Combined Liquid- And Solid-State In-situ
Crystallization NMR) strategy is a powerful technique for revealing
the transitory existence of amorphous phases during crystallization
processes, applying this technique to study crystallization of
pL-menthol and L-menthol from their molten liquid phases. The
CLASSIC NMR results provide direct insights into the conditions
(including the specific time period) under which the molten liquid
phase, transitory amorphous phases and final crystalline phases
exist during these crystallization processes.

It is now widely believed that amorphous phases can play an
important role as transitory intermediates in crystallization
processes.! A prominent example is calcium carbonate, for
which an amorphous phase has been reported as the precursor
to various crystalline polymorphs, both in vivo? and in vitro.!
Intermediate amorphous phases also arise during crystallization
of organic materials, including the pharmaceuticals ibuprofent!
and paracetamol.® As non-classical theories of crystal
nucleation!® often invoke amorphous phases as precursors to
crystalline products,*¥ suitable in-situ techniquesl” that allow the
identification and characterization of all solid phases present as
a function of time during crystallization offer the prospect to test
such theories through rigorous experimental investigation,
revealing intermediate solid forms that are too unstable or too
short-lived to be isolated for ex-situ characterization

NMR is very suitable for such in-situ studies because solid-
state NMR is able to readily distinguish and identify different
crystalline forms!® (e.g., polymorphs, solvates, co-crystals) and
amorphous phases,® and because liquid-state NMR is able to
characterize the liquid phase in crystallization systems. In
general, the experimental methods used to measure solid-state
NMR spectra and liquid-state NMR spectra are different, which
is exploited in the CLASSIC NMR (Combined Liquid- And Solid-
State In-situ Crystallization NMR) strategy.'® The basis of
CLASSIC NMR is to apply two different pulse sequences
alternately during in-situ NMR studies of crystallization, with one
pulse sequence selectively measuring the liquid-state NMR
spectrum and the other pulse sequence selectively measuring
the solid-state NMR spectrum, revealing complementary
information on the evolution of both the liquid phase and the
solid phase as a function of time during crystallization. A range
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of crystallization processes have been studied*®'Y py the
CLASSIC NMR strategy, as well as by in-situ studies involving
only solid-state NMR measurements, revealing the occurrence
of polymorphic transformations during crystallization[**211°l and
the discovery of new crystalline phases as intermediates on
crystallization pathways.*' Co-crystal formation by solution-
state crystallization*1'*1 and by solid-state transformations*d
have also been studied.
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Figure 1. Molecular structures of L-menthol and b-menthol.

In this paper, the CLASSIC NMR strategy is applied to monitor
crystallization of menthol (Figure 1) from the pure liquid (molten)
phases of the racemic (bL-menthol) and enantiomerically pure
(L-menthol) forms, with alternate measurement of H—3C
rampl*? cross-polarization*® (CP) NMR spectra (giving signals
only from solid phases) and direct-excitation **C NMR spectra
(applied under conditions giving signals only from liquid phases)
as a function of time during the experiment.

Menthol has widespread applications*¥ based on its fragrance,
flavour and cooling properties. These properties are associated
primarily with the naturally occurring L-enantiomer.'s! It is now
over 100 years since four polymorphic forms of L-menthol
(denoted «a, B, y and &) were first reported™® to be distinguished
by crystal habit, melting point and refractive index. The «
polymorph is the most stable form and is the only polymorph
with a known crystal structure” (although the unit cell of the B
polymorph has been reported®). More recently, the P
polymorph has been reported*®-1l to be obtained on quenching
from the melt and the y polymorph has been observed? in a
flash differential scanning calorimetry (DSC) study.

An early structural study on pL-menthol suggested? that the
most stable phase is a solid solution or “mixed crystal” of
L-menthol and D-menthol, but this material was recently
shown*®l to be a crystalline racemate with a regular ordered
structure. The existence of two other forms (denoted PR1 and
PR2) was also proposed,*® where PR stands for
pseudoracemate.?? These materials are solid solutions of the
two enantiomers, in which the end members of PR1 and PR2
correspond, respectively, to the a and B polymorphs of pure
L-menthol. While PR2 has been isolated, 28 the less stable PR1
has only been observed®? in a flash DSC experiment.
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Figure 2. CLASSIC NMR data recorded as a function of time during slow cooling of bL-menthol from 35 °C to 15 °C (at —0.33 °C min*) and on leaving the sample
at 15 °C for a further 110 min: (a) direct-excitation 3C NMR spectra and (b) *H—!3C CP NMR spectra. Dashed lines indicate the end of the cooling process.
Green arrows in (a) and (b) indicate the individual spectra shown in (c), (d) and (e). The first direct-excitation *3C NMR spectrum acquired at the start of the
experiment (35 °C) is shown in (c). *H—**C CP NMR spectra recorded at starting times of 32 min and 160 min are shown in (d) and (e), respectively.

An aspect of crystallization of L-menthol and DL-menthol that
has received virtually no attention?® is the possibility that
amorphous phases may be formed on the pathway to
crystallization. Given the low melting pointsi*®l of L-menthol
(42.9 °C) and bL-menthol (33.8 °C), the molten phases are
readily prepared and cooling under appropriate conditions may
be anticipated to lead to glass formation. However, definitive
evidence (from DSC data) for the formation of an amorphous
phase of pure menthol has been reported! only for
crystallization of menthol confined inside mesoporous silica host
materials, with no evidence® for the formation of an amorphous
phase in crystallization of L-menthol or DL-menthol from bulk
(non-confined) molten phases, in agreement with previous
literature. 23!

We first consider our CLASSIC NMR studies of crystallization
of bL-menthol from the molten liquid, both under conditions of
slow and fast cooling. In the slow cooling experiment, the
sample was initially held at 35 °C to ensure melting, then cooled
to 15 °C at —0.33 °C min~. Alternate *H—*3C CP NMR spectra
and direct-excitation *C NMR spectra were recorded repeatedly,
both during and after the cooling process (Figure 2). During the
first 30 min, a signal was observed only in the direct-excitation
3C NMR spectra (Figure 2a). The sharp peaks (J-coupled
multiplets; Figure 2c) in this spectrum indicate that only liquid
pDL-menthol was present at this stage. At ca. 30 min (T = 25 °C),
the signal in the direct-excitation **C NMR spectra due to the
liquid phase disappears abruptly, while a signal appears
concomitantly in the *H—C CP NMR spectrum (Figure 2b),
indicating that rapid solidification of the entire liquid phase
occurred at this time. At this stage, the H—'C CP NMR
spectrum comprises only broad peaks (Figure 2d), consistent
with an amorphous phase formed via a glass transition from the
molten liquid phase.

The time-dependence of the *H—!2C CP NMR spectrum in the
CLASSIC NMR experiment is shown in Figures 2b and 3. After
ca. 45 min (T = 20 °C), the broad peaks due to the amorphous

phase evolve over ca. 10 min into a set of much sharper peaks
(Figure 2e) characteristic of a crystalline solid. This spectrum
matches the solid-state **C NMR spectrum of the o polymorph
of pL-menthol (Figure S1). Thus, our CLASSIC NMR data give
clear evidence that an amorphous phase is formed initially upon
solidification. After surviving for ca. 15 min, the amorphous
phase transforms to the o polymorph of crystalline bL-menthol.
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Figure 3. Expanded version (from 13 to 27 ppm) of the *H—C CP NMR
spectra recorded during slow cooling of bL-menthol (same data as Figure 3b).
The dashed line indicates the end of the cooling process.

CLASSIC NMR studies of crystallization of DL-menthol at
faster cooling rates also reveal the transitory appearance of an
amorphous phase. For example, when DL-menthol is cooled
from 35 °C to 15 °C in less than 5 min (Figure 4), it is clear that
an amorphous phase (characterized by broad peaks in the solid-
state *C NMR spectrum; Figure 4b) was formed and persisted
for a few minutes after the temperature reached 15 °C, before
transforming to the crystalline o polymorph (Figure 4c).
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Figure 4. (a) *H—3C CP NMR spectra recorded as a function of time during
and after fast cooling of bL-menthol from 35 °C to 15 °C (the cooling process
was complete after ca. 4 mins and the sample was maintained at 15 °C for the
remainder of the experiment). Individual spectra recorded (b) between 4 min
and 5 min 20 s and (c) between 20 min and 21 min 20 s. Dashed lines in (a)
show the period during which the spectrum in (b) was recorded.

Our CLASSIC NMR studies of crystallization of L-menthol also
involved separate experiments with fast and slow cooling. In fast
cooling, the sample was held initially at 45 °C to ensure melting
and then cooled to 15 °C over ca. 5 min (average cooling rate,
6 °C min™), with *H—2C CP NMR spectra and direct-excitation
3C NMR spectra recorded alternately as a function of time
during and after the cooling process. No signal was detected in
any of the direct-excitation 3C NMR measurements, indicating
that no liquid phase was present after the first 80 s of the cooling
process (the time to record the first 'H—'3C CP NMR spectrum),
proving that the molten L-menthol solidified completely during
this period. The time-dependence of the H—'3C CP NMR
spectrum is shown in Figure 5. The first spectrum (recorded
during the first 80 s of cooling; Figure 5a) has very broad peaks
indicative of an amorphous phase, while the second spectrum
(recorded towards the end of the cooling; Figure 5b) has much
sharper peaks, characteristic of a crystaline phase. No
significant changes are observed in the 'H—'C CP NMR
spectrum at subsequent times during the experiment. The solid-
state *C NMR spectrum of the crystalline phase matches that of
the o polymorph of L-menthol reported previously®?® (Figure S1).

In our CLASSIC NMR study of crystallization of L-menthol
under slow cooling, the sample was held initially at 45 °C and
then cooled to 15 °C at —0.36 °C min~t. The time-evolution of the
direct-excitation **C NMR spectra and *H—*C CP NMR spectra
are shown in Figure S2. For the first 25 min, a signal is observed
only in the direct-excitation *C NMR spectrum (Figure S2a)
indicating that only liquid L-menthol was present. After ca. 25
min (T = 36 °C), this signal disappears suddenly, while a signal
appears at the same time in the 'H—'3C CP NMR spectrum
(Figure S2b) indicating rapid solidification of the entire sample.

However, in contrast to the results for bL-menthol (see above),
the *H—*C CP NMR spectrum for L-menthol contains sharp
peaks from the start of the solidification process, indicating the
presence of crystalline material. Although the *H—*C CP NMR
spectra recorded just after solidification (Figure S2d) and at the
end of the experiment (Figure S2e) are substantially similar, a
discernible change in the spectrum occurs after ca. 60 min (see
Figures S3 and S4), involving some increase in peak intensities
and slight peak narrowing. At values of time significantly after
the end of the cooling process, the *H—*C CP NMR spectrum
(Figure S2e) matches the **C NMR spectrum of the o polymorph
of L-menthol® (Figure S1).
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Figure 5. *H—C CP NMR spectra recorded during fast cooling of L-menthol
from 45 °C to 15 °C in ca. 5 min: (a) spectrum recorded during the first 80 s
and (b) spectrum recorded between 160 s and 240 s. In each case, both the
full spectrum (left side) and the range from 13 to 27 ppm (right side) are shown.

The change in the *H—'3C CP NMR spectrum after ca. 60 min
implies that two phases are initially present on solidification of
the sample. While one phase is clearly identified as the o
polymorph of L-menthol, identifying the second phase is more
difficult. Given the polymorphic nature of L-menthol, it is possible
that slow cooling initially produces a mixture of crystalline
phases (the a polymorph and a second crystalline phase), which
then evolves into a monophasic sample of the o polymorph by a
polymorphic transformation. However, the change observed may
also be consistent with initial formation of a mixture of crystalline
(o polymorph) and amorphous phases, with the amorphous
phase then transforming to the o polymorph over time. 26!

The results reported here demonstrate the significant potential
of CLASSIC NMR to identify and characterize the transitory
formation of amorphous phases on crystallization pathways, in
addition to the well-proven ability of this technique to identify
intermediate crystalline phases.¢ 271 Qur results constitute the
first direct spectroscopic evidence that crystallization of
pL-menthol and L-menthol from their molten phases can proceed
via intermediate amorphous phases, emphasizing the
importance of applying suitable in-situ experimental techniques
to comprehensively monitor the time-evolution of crystallization
processes. Similar in-situ solid-state NMR methodology may
also be used to identify the formation of intermediate amorphous
phases in solid-state chemical reactions. 28!



Finally, we consider the prospects for establishing structural
details of the intermediate amorphous phases observed in our
CLASSIC NMR studies of crystallization of L-menthol and
pL-menthol from their molten liquid phases. The one-
dimensional solid-state 3C NMR spectra recorded in the
CLASSIC NMR experiments reported here yield only very limited
information about the structural properties of the amorphous
phases, and more sophisticated NMR methods (for example,
two-dimensional correlation experiments) would be significantly
more informative in this regard. However, measurement of such
spectra would require substantially longer time than the lifetimes
of the transient amorphous phases observed during the
evolution of the crystallization processes reported here, so it
would be feasible to measure such spectra only if conditions
could be found under which the kinetic stabilities (and hence the
lifetimes) of the amorphous phases were increased.??!

Given the transient nature of the amorphous phases, the best
approach to gain insights into their structural properties would be
to apply other in-situ experimental methods that are able to
provide detailed structural information on amorphous phases
and for which rapid measurement of data under in-situ
conditions is possible. The most promising strategy would be to
record in-situ X-ray scattering data, followed by pair-distribution
function (PDF) analysis®? of the data for the transient
amorphous phases.’!

Clearly, for other systems in which intermediate amorphous
phases are formed on the pathway towards crystallization and
with significantly longer lifetimes than those observed here for
L-menthol and pL-menthol, a combined approach involving both
CLASSIC NMR studies (using two-dimensional correlation
experiments to record the solid-state NMR data) and PDF
analysis of in-situ X-ray scattering data would represent a very
powerful strategy for structural characterization of the
intermediate amorphous phases.

Experimental Section

Powder samples of L-menthol and pL-menthol were used as purchased
from Alfa Aesar and were confirmed by powder XRD to be the o
polymorph(t-18 in each case. High-resolution solid-state 3C NMR
spectra for each material are shown in Figure S1. For the CLASSIC NMR
experiments, the samples were sealed inside 4 mm rotors (internal
diameter 2.98 mm) and subjected to MAS at 12 kHz. pL-Menthol was

melted by heating to 35 °C and L-menthol was melted by heating to 45 °C.

The molten liquids were either cooled slowly (using a gradually
decreasing set temperature) or quickly (by immediately reducing the set
temperature to the final target temperature).’2 Determination of
temperature was based on a calibration using lead nitrate®® and verified
in the temperature range of our experiments by measurements on
methanol.?4 These calibrations took into consideration the heating effect
due to MAS. The accuracy of the temperature measurement is estimated
to be within +1 K. More detailed descriptions of the measurement
techniques used in the CLASSIC NMR experiments are given in Sl.
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