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In this study, nuclear magnetic resonance (NMR) is used to investigate the crystallisation behaviour of aspirin within a

mesoporous SBA-15 silica material. The potential of dynamic nuclear polarisation (DNP) experiments is also investigated

using specifically designed porous materials that incorporate polarising agents within their walls. The formation of the

metastable crystalline form 1l is observed when crystallisation occurs within the pores of the mesoporous structure.

Conversely, bulk crystallisation yields the most stable form, namely form I, of aspirin. Remarkably, the metastable form I

remains trapped within the pores of mesoporous SBA-15 silica material even 30 days after impregnation, underscoring its

persistent stability within this confined environment.

Introduction

Despite the significance of crystallisation phenomena in
various fields such as chemistry, materials science, and biology
(e.g. biomineralization), gaining a comprehensive
understanding of these processes can often be challenging.1* In
fact, the intricate mechanistic pathway that leads from
molecules dispersed in a solution to the formation of the initial
crystalline assembly (referred to as the critical nucleation
cluster) and subsequent growth towards the final crystalline
phase is a complex phenomenon. Additionally, the process can
be further complicated by the evolution of the system through
different temporary phases, such as amorphous phases or
metastable polymorphs, before achieving the desired
crystallisation product. A thorough comprehension of the
complete mechanistic pathway is crucial for advancing our
knowledge of crystallisation processes and serves as a
prerequisite for devising experimental strategies to effectively
control the formation of specific polymorphs. Unfortunately,
the observation of metastable crystalline forms can sometimes
be difficult.

For example, aspirin, alternatively also known as acetyl
salicylic acid, is a long-standing medicinal drug that exists in
various forms. The initial crystal structure of aspirin was
determined in 1964 while the polymorphism of aspirin has long
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been speculated based on notable disparities in melting point
and dissolution rates during experimental measurements.> ©

Subsequently, in 2004, Ouvrard and Price made a prediction
regarding the presence of a second crystal structure of aspirin
using crystal structure prediction techniques.” Following this,
experimental observation® and successful crystal structure
determination were achieved for form Il of aspirin.®
Subsequently, Bond et al. confirmed the crystal structure by
performing X-ray diffraction on higher purity crystals and
showed that form | (i.e., the most stable form of aspirin) and
form Il had very similar structures.’® Hence, it is likely that forms
I and Il existed as inter-grown crystal.!! Later, in 2017, a third
form of aspirin, known as form IV, was obtained from molten
aspirin.1?

In 2019, Peksa et al. explored the crystallisation of aspirin
within the pores of porous glass composites characterized by
different pore sizes. Raman spectroscopy and differential
scanning calorimetry (DSC) experiments allowed them to
identify that distinct crystalline forms of aspirin were present
within the pores of the material.3 In fact, it is widely established
that the process of crystallisation occurring within nanopores
has the ability to generate and stabilize polymorphs that would
otherwise be metastable under typical bulk crystallisation
conditions.3 1416

In this study, we used nuclear magnetic resonance (NMR) to
study the crystallisation of aspirin within the pores of a
mesoporous SBA-15 silica material. In fact, the precise
measurement of solid-state NMR chemical shifts’-2¢ allowed
for reliable identification of the different solid forms (e.g.
polymorphs) present during crystallisation processes.?’-2°
However, it is worth noting that transient solid forms, which are
typically present in minimal quantities, may not be detectable
in NMR studies due to the inherently low sensitivity of the
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technique, thereby resulting in the potential inability to observe
short-lived intermediate phases.

To address these challenges, employing low-temperature
solid-state  NMR and dynamic nuclear polarisation (DNP)
experiments can prove to be a valuable strategy.3® 3! In
principle, using low temperature can trap transient forms, while
DNP experiments can overcome the inherent challenges
associated with the low sensitivity of NMR, especially when
monitoring transient forms.32 33

In DNP experiments, microwave radiation is applied to the
sample, facilitating the transfer of electron spin polarisation
from unpaired electrons to the nuclear spins, thereby
enhancing the strength of the NMR signal.3*4? However, the
addition of paramagnetic polarising agents**->! to the typically
diamagnetic sample may alter the properties of the system
being investigated, posing a potential concern when applying
DNP experiments to the study of crystallisation processes.
Usually, the polarising agents are dissolved in specific solvents,
such as water/glycerol or tetrachloroethane, to promote glass
formation during freezing, which helps maximising the
efficiency of DNP by ensuring a homogeneous dispersion of the
radical across the sample. Nevertheless, using glass forming
agents in crystallisation experiments can potentially impact the
outcome of the crystallisation process.>? >3

In the case of crystallisation processes occurring in confined
conditions, these issues can be overcome by integrating the
polarising agent within the walls of nanostructured porous
materials.>*->® This ensures that (i) the polarising agent and the
molecule undergoing crystallisation in the solution exist in
separate phases, and (ii) the polarising agents are uniformly
distributed throughout the entire sample. Notably, DNP
polarising agents, such as TEMPO nitroxide radicals, were
incorporated into the pore walls of silica materials.> 5> 57, 58
Interestingly, these materials proved useful for monitoring
crystallisation processes using DNP experiments.>®

In this study, we investigated the crystallisation of aspirin
within the pores of a mesoporous SBA-15 silica material, which
possesses pores with a diameter of approximately 7-8 nm. Our
experiments used two kinds of mesoporous SBA-15 silica
materials, i.e. with and without polarising agents incorporated
into their walls, enabling us to explore the potential of DNP
experiments in the case of aspirin. Our results indicate that,
under confinement, crystallisation of form Il is favoured
compared to bulk conditions.

Results and discussion

Fig. 1 illustrates our strategy for monitoring the crystallisation
of aspirin within mesoporous SBA-15 silica material. The
mesoporous material is impregnated with an undersaturated
solution of aspirin dissolved in ethanol (0.8 M) at ambient
temperature and stored in an open vial within a desiccator at a
fixed humidity of 43%, allowing crystallisation to proceed
through solvent evaporation. After 2 days, the material is
extracted from the vial and transferred to a solid-state NMR
rotor. The rotor is then inserted into the DNP solid-state NMR
spectrometer at a temperature of 98 K, rapidly quenching the

2| J. Name., 2012, 00, 1-3

crystallisation process. Subsequently, no further evolution of

the crystallisation process occurs, and the resulting sample
View Article Online

represents the crystallisation system frBé?Q@foEG?Dﬂ?BHb??fKOf

quenching. A variety of NMR experiments can then be
conducted on this so-called "frozen" crystallisation system.
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Fig. 1 Schematic representation of crystallisation of aspirin within the pores of
mesoporous SBA-15 silica material (with or without wall-embedded TEMPO radicals).
The mesoporous silica material is impregnated with a solution of aspirin in ethanol (0.8
M). Evaporation of solvent (ethanol) leads to crystallisation of aspirin within the pores of
the material.

Concurrently, an identical solution of 0.8 M aspirin dissolved
in ethanol was allowed to crystallise under bulk conditions to
compare the favoured crystalline forms within confined
conditions with those obtained through bulk crystallisation.
After 2 days of crystallisation, 13C CPMAS NMR experiments
were performed on both the mesoporous silica impregnated
with the aspirin/ethanol solution and the crystals obtained from
bulk crystallisation. Furthermore, a 3C CPMAS NMR experiment
was performed on the commercial aspirin used to prepare the
solution.

Fig. 2 displays the 3C CPMAS NMR spectra recorded at a
temperature of 98 K for these three samples. Specifically, Fig.2c
corresponds to the spectrum recorded for the commercial
aspirin. The observed 13C chemical shifts matched with the
expected 3C chemical shifts of form I. Fig.2b shows the 13C
CPMAS NMR spectrum recorded on the crystals obtained from
the bulk crystallisation; the spectrum is identical to the 13C
CPMAS NMR spectrum obtained for the commercial form.
Therefore, the bulk crystallisation of aspirin in ethanol also led
to the formation of form I.

Finally, Fig. 2a shows the spectrum recorded on the
impregnated mesoporous SBA-15 silica material, where 3
distinct phases can be observed. The sharp signals matched
with the signals of both the commercial and the bulk crystals,
and hence correspond to the 3C NMR signals of form I.
Moreover, the broad signals are probably due to the amorphous

This journal is © The Royal Society of Chemistry 20xx
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aspirin/ethanol frozen glass phase. Interestingly, a third signal
is observed in the region corresponding to the methyl group, as

shown in Fig.3.
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Fig. 2: (a) 13C CPMAS NMR spectrum recorded for a mesoporous SBA-15 silica material
without wall-embedded TEMPO radicals and impregnated at room temperature with a
solution of aspirin in ethanol (0.8 M). The spectrum was recorded 2 days after
impregnation. (b) 3C CPMAS NMR spectrum recorded for a powder sample of aspirin
subsequently obtained from a solution of aspirin in ethanol. (c) 3C CPMAS NMR
spectrum of commercial aspirin. All spectra were recorded without microwave
irradiation and at a temperature of 98 K. Signals labelled with "*" correspond to spinning
side bands.

Notably, this third methyl 3C NMR signal appears as a low
intensity shoulder on the main peak and has a chemical shift of
20.9 ppm, which may correspond to form Il of aspirin.60 62

In fact, it has been shown that the 3C CPMAS spectra of form
I and form Il exhibited variations primarily in the methyl 13C
peak.? 0. 61 Specifically, at room temperature, the *3C chemical
shift of the methyl group in form | was found to be 20.0 ppm,
compared to 20.7 ppm in form Il. At a temperature of 105 K, the
chemical shift slightly shifted with the methyl group of form |
being at 19.8 ppm and form Il at 20.9 ppm.®! Importantly, it is
not possible to reproduce the 3C NMR spectrum shown in Fig.
3 when only two signals are used in the deconvolution, as
shown in the Supplementary Information.

As a result, the confined crystallisation of aspirin in a
mesoporous SBA-15 silica material seems to have led to the
detection of 3 different phases, aspirin molecules in solution,
form | and form II.

It is well known that NMR allows amorphous phases to be
distinguished from crystalline phases on the basis of signal line
widths, with amorphous phases giving rise to significantly
broader lines. In fact, the signal from amorphous phases of
aspirin/ethanol frozen solution can be suppressed through a Ty,
relaxation filter experiment. This method relies on differences

This journal is © The Royal Society of Chemistry 20xx
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in the relaxation times of aspirin in crystalline and amorphous

phases.>® 62 The Ty,-filtered 13C CPMAS NMR spectrum is shown
View Art%le Onlin

in Fig. 4 where the 3C NMR resonances arising, from the
amorphous phase have been completely suppressed, whereas

the 33C NMR resonances corresponding to the crystalline forms
I and Il of aspirin are still observed. Overall, the results
presented in Fig.2-4 clearly demonstrate that form Il of aspirin
is formed when crystallisation confined
environment.

occurs in a

13C chemical shift (ppm)

Fig. 3 13C NMR resonances corresponding to the methyl group of aspirin spectrum (blue
curve) recorded at 98 K on a mesoporous SBA-15 silica material 2 days after
impregnation with a solution of aspirin in ethanol (0.8 M). The Gaussian peaks used for
the deconvolution are shown as filled grey shapes and their sum is shown as a dotted
purple line. The 3 Gaussian peaks correspond to the individual 3C NMR resonances of
the amorphous phase (Am), and the crystalline phases of form | and Il of aspirin.
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Fig. 4 T,,-filtered 3C CPMAS NMR spectrum recorded on a mesoporous SBA-15 silica
material impregnated with a 0.8 M solution of aspirin in ethanol. This experiment was
recorded 2 days after material impregnation, without microwave irradiation and at a
temperature of 98 K. Signals labelled with "*" correspond to spinning side bands. The *3C
NMR chemical shift of the methyl group signal of forms | and Il are at 19.8 ppm and 20.9
ppm, respectively.

It should be noted that all the spectra shown in Fig. 2-4 were
recorded using a mesoporous SBA-15 silica material without
polarising agents incorporated into its walls. As a result, no DNP
experiments were conducted in this case.

In order to assess whether DNP experiments could improve
the sensitivity of NMR experiments conducted on aspirin,
similar experiments were performed utilising a mesoporous
SBA-15 silica material with polarising agents incorporated into
its walls. In principle, under microwave irradiation, the large
polarisation of the electronic spins of the TEMPO radicals
located within the walls of the material should be transferred to

J. Name., 2013, 00, 1-3 | 3
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the different phases of aspirin. Unfortunately, no DNP
enhancement was observed in our case.

These results are consistent with those reported by Hanrahan
et al., where a relatively modest DNP enhancement of 7.5 was
measured for an aspirin powder impregnated with a 16mM
solution of TEKPol in 1,3-dibromobutane.?® TEKPol radical
typically provides much higher DNP signal enhancements than
TEMPO, which may explain why we did not observe any DNP
signal enhancement in our experiments. Another potential
explanation for the lack of DNP enhancement in our experiment
could arise from the polarisation transfer that occurs in the
mesoporous SBA-15 silica material, which is still ill-understood.
It may be speculated that the low density of H spins in our
inorganic materials may not correspond to the optimal
polarisation transfer through H spin diffusion from the
electronic spins located within the walls of the material towards
the pores.®® Moreover, this polarisation transfer is further
reduced in our experiments by the fast rotation of the methyl
groups in aspirin molecules, acting as a potential relaxation sink,
thus leading to poor DNP polarisation transfer. 6466 |n fact, at a
temperature of 98 K, a 'H T, relaxation time of =~ 3s was
measured in the case of aspirin form I. As a result, the enhanced
polarisation quickly dissipates through *H relaxation before it
can spread throughout the sample.6-68

Conclusions

Although DNP experiments performed with tailored porous
materials proved ineffective in the case of aspirin, these results
nonetheless demonstrate that form Il of aspirin can be obtained
when the crystallisation occurs within the pores a mesoporous
SBA-15 silica material. This result confirmed that unstable
crystalline forms can be stabilised in confined environment.
Importantly, evaporation of ethanol from the crystallisation
system does not reach completion in our experiments. For a
sample left in a sealed desiccator at room temperature and
fixed humidity (43%) for 30 days after impregnation, the 3C
CPMAS NMR spectrum recorded at 98 K still contains a broad
signal due to the amorphous aspirin/ethanol frozen solution,
together with sharp signals corresponding to forms | and Il of
aspirin. Interestingly, even 30 days after the start of
crystallisation, the metastable form Il of aspirin remains
trapped and stabilized within the mesoporous silica material at
room temperature. We also note that, although CPMAS
experiments are intrinsically nonquantitative, the significant
difference between the signal intensities of both forms allowed
us to conclude that form Il was present in a smaller amount than
form |, but no attempt was made at this point to precisely
quantify their respective amounts (using, for instance, multi-CP
experiments).5?

Importantly, the experimental strategy used here confirmed
to be a powerful method to reveal the existence and possibly to
investigate the structure of transient crystalline forms. These
forms typically evolve too rapidly in bulk solution to be detected
using typical NMR measurement conditions. Moreover, this
approach is adaptable for exploring various crystallising
substances and solvents, offering a versatile means to gain fresh

4| J. Name., 2012, 00, 1-3

insights into a wide array of crystallisation systems. In future

studies, it would be interesting to monitor Wh\?thir tlhg lDNP
NMR sensitivity could be improvedDaylo%igfgvééggém%give

materials, such as porous polymers with nitroxide radicals
grafted in the bulk matrix.”® In fact, it can be anticipated that
the higher 'H density in this kind of porous materials may yield
more efficient polarisation transfer from the polarising agents
towards the target, potentially enhancing the sensitivity of DNP
solid-state NMR experiments for studying crystallisation in
confined media.

Experimental
Mesoporous Silica

The SBA-15 mesoporous silica materials were synthesized by
the method of Besson et al. (particle size <10um).>* The
mesopores have cylindrical shape (diameter, 7-8 nm) and are
connected through micropores.

The materials with wall-embedded TEMPO radicals were
through heating of the corresponding bis-
alkoxyamine.>*5¢ The radical concentration (0.52 + 0.03
mmol/g) and the uniform distribution of radicals were
established by electron paramagnetic resonance.”?

DNP enhancements (eDNP) measured on a 0.2 M aqueous
solution of U-13C/>N proline were used to evaluate the radical
concentration and homogeneous distribution in the SBA
material. Values of eDNP measured for the material used in this
study are comparable to those reported previously for SBA
materials with similar radical concentrations.>*

obtained

Sample Preparation

Aspirin was purchased from Sigma-Aldrich and used without
further purification. Absolute ethanol was purchased from Carlo
Erba.

An undersaturated solution of aspirin (0.8M) in ethanol was
prepared in a glass vial (2ml), at room temperature. The
solution was then stirred for 10min, until aspirin molecules
were completely dissolved. The solution was passed through a
0.45 ul poly(tetrafluoroethylene) syringe filter in order to
remove any insoluble particles left in the solution.

A volume of 40 ul of the aspirin solution was used to
impregnate 20 mg of mesoporous silica material. The amount
of aspirin solution used for impregnation was approximately
equal to the total pore volume of the mesoporous material,
based on the total mass and specific surface area of the material
(determined by the Brunauer-Emmett-Teller (BET) method),
while the pore size distribution was calculated from desorption
isotherms using the Barrett—-Joyner—Halenda (BJH) method. This
procedure maximizes the loading of aspirin within the pores
while minimizing the residual amount of aspirin on the exterior
surfaces of the mesoporous material.

The sample was stored in a glass vial (2 ml) left open in a
desiccator at a humidity level of 43% and a temperature of 22°C.
Humidity was controlled by a supersaturated aqueous solution
of potassium carbonate. A few days after impregnation of the
silica (i.e., 2 days), the sample was packed in a 3.2 mm sapphire

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00123k

Page 5 of 8

Open Access Article. Published on 16 July 2024. Downloaded on 7/27/2024 8:28:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

rotor and quenched in the MAS DNP spectrometer at 100 K in
order to identify the crystalline form of aspirin favoured under
confined conditions. The remaining 110 ul of the solution of
aspirin was stored in a glass vial (2ml) left open in a desiccator
at a humidity level of 43% and a temperature of 22°C. A few
days later, when the crystals are formed (i.e., 2 days), the
crystals were packed in a 3.2 mm sapphire rotor and quenched
in the MAS-DNP spectrometer at 100 K in order to identify the
crystalline form of aspirin favoured under bulk conditions in
ethanol.

NMR experiments

DNP solid-state NMR experiments were carried out on a
Bruker 9.4 T wide-bore magnet (*H and 13C Larmor frequencies
400 MHz and 100 MHz, respectively) operated by an AVANCE-
Il HD spectrometer and equipped with a Bruker 3.2mm low-
temperature double-resonance DNP 'H/{?°Si-13C} CPMAS probe
with MAS frequency of 8 kHz. The spectrometer was equipped
with a microwave source, a gyrotron, allowing the microwave
irradiation of the sample. The field sweep coil of the NMR
magnet was set so that the microwave irradiation corresponds
to the maximum DNP enhancement of TOTAPOL (i.e., 263.334
GHz). At the output of the probe waveguide, the estimated
power of the microwave beam was 4W.

The H-13C CPMAS experiments NMR spectra were recorded
with a MAS frequency of 8 kHz (i.e., standard MAS frequency for
MAS DNP experiments performed with 3.2 mm probe). The H
90°C pulse duration was 2.5 ps. *H decoupling was performed
using SPINAL64 and with a nutation frequency of 100kHz. The
contact time was set to 2 ms and the contact pulse on H was
linearly ramped from 60 to 90 kHz. The 'H T; relaxation time was
measured using a saturation-recovery 'H-13C CP pulse
sequence. The H-13C CPMAS spectra were recorded with a
relaxation delay of 9s and 7168 repetitions.

The Ty,-filtered H-3C CPMAS experiment was performed
using the same parameters as the 'H-13C CPMAS experiment
and with a 'H spinlock r.f. field amplitude of 40 kHz and a
duration 5= 20 ms.

Data availability

ESIT contains the signal deconvolution of the data shown in Fig. 3
using only 2 Gaussian peaks. The raw data presented in the
manuscript is available at
https://zenodo.org/10.5281/zenodo0.12688845.
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ESIT contains the signal deconvolution of the data shown in Fig. 3 using only 2 Gaussian peaks.
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