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We demonstrate the ability to controllably desolvate a crystal-solvate system in a step-wise fashion
through polymer-assisted grinding by varying the type and proportion of polymer agent used. A plausible
mechanistic explanation is proposed based on a combination of experimental evidence and computational
analysis. Specifically, Raman spectroscopy, total scattering pair distribution function analysis and computed
reaction energies suggest that the desolvation process is associated with preferred interactions between
the solvent molecules and specific polymers. This approach could potentially be extended to any type of
material, including heat-sensitive materials, where classical desolvation by thermal processes is not
possible, and provides an additional route for formulation processing.
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Introduction

Desolvation involves removing solvent molecules from a
substrate, an active site, or from within a structure. It can
occur during the processing of food" or pharmaceuticals,”
organic synthesis,® and activation of porous compounds.*® As
with solvate formation, desolvation is also an important lever
for controlling the physicochemical properties, stability, and
reactivity of a specific solid product. The primary method for
inducing desolvation is through heating. Examples of
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uncontrolled desolvation as a consequence of combining heat
and process-induced stresses have been reported.*’ For
example, Raijada et al.® explored the combination of heating
and the addition of a polymer through hot melt extrusion for
investigating the dehydration of nitrofurantoin monohydrate.
Interestingly, the released water remained in the molten
polymer during heating and had a plasticizing effect on the
drug-polymer mixture.’

Mechanochemistry’®™ is well established in providing
suitable conditions for obtaining different solid forms of the
same molecule or molecular system.'>™'® However, its
application specifically for desolvation processes is not yet
widely studied. To the best of our knowledge, only one
study'” has reported the conversion of discrete complexes to
corresponding coordination networks by mechanochemical
dehydration  using liquid-assisted grinding  (LAG).
Mechanochemical dehydration was observed to be more
effective than heating or immersion in bulk solvents. Work
by Strobridge et al.'® suggests that the efficiency of hydration
and dehydration processes through LAG can be adjusted by
modification of water activity, e.g. by the addition of small
amounts of liquid during LAG reactions. Meanwhile, Hasa
et al.” have recently reported that polymer-assisted grinding
(POLAG) is efficient for the dehydration of carbamazepine
dihydrate.*®

Herein, we demonstrate the possibility to control the
solvate stoichiometry of an organic system through POLAG-
based mechanochemical desolvation. We suggest that the
driving force to remove solvent molecules from the solvate by
POLAG involves different affinities between the selected
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polymer and solvent molecules.”® If we consider the POLAG
process to be an equilibrium between desolvation <«
solvation, then the energy of binding of the solvent molecule
with a specific site of the polymer chain would be crucial for
moving such equilibrium towards desolvation. In other
words, the thermodynamic driving force of the reverse
process (solvate formation) during mechanochemical
desolvation would decrease if the solvent molecules are
already stabilized within a polymeric network. Therefore,
adjusting the polymer chemistry and amount used should
enable the regulation of the desolvation rate in the solid
state.

Results and discussion

A recent mechanochemical solvate screen using theophylline
(thp) and 2-pyrrolidinone (2-pyr), a solvent with negligible
vapor pressure,” resulted in two different stoichiometric
solvates: theophylline-2-pyrrolidinone monosolvate (thp)-(2-
pyr) and sesquisolvate 2(thp)-3(2-pyr).>* Either solvate could
be obtained through both mechanochemical synthesis and
cooling crystallization, and were stable at room temperature.

As shown in Fig. 1(a and b), the hydrogen bonding motifs
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Fig. 1 (a) Molecular structures of thp and 2-pyr and the crystal
structure of (thp)-(2-pyr). (b) Crystal structure of 2(thp)-3(2-pyr). The
packing of thp molecules is highlighted on the far right, with the
locations of 2-pyr molecules represented by a turquoise hypersurface.
(c) The variable-temperature XRPD patterns of 2(thp)-3(2-pyr) heated
from 28 °C to 130 °C at a rate of 1 °C min™.
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found in the two solvates are different. In (thp)-(2-pyr),
heterodimers are formed between thp and 2-pyr via two N-
H---O hydrogen bonds. In 2(thp)-3(2-pyr), 2-pyr molecules
form homodimers, one of which additionally interacts with
two thp molecules via single N-H---O hydrogen bonds.

Here, 2(thp)-3(2-pyr) provides a system for investigating
the possibility of removing solvate molecules in a stepwise
fashion ie. 2(thp)-3(2-pyr) — (thp)-(2-pyr) — thp (form II)**
and controlling the extent of removal within a given step. We
first tested this by thermal routes. Thermogravimetry and
calorimetry experiments previously demonstrated that non-
isothermal heating of 2(thp)-3(2-pyr) results in a primarily
one-step desolvation process (the associated TGA data are
reproduced from Hasa et al. in ESI} Fig. $2).>* In the present
study, we have carried out systematic variable-temperature
X-ray powder diffraction (VT-XRPD) measurements at heating
rates of 1, 5, and 10 °C min %, and the data are shown in
Fig. 1(c) and ESIf Fig. S3 and S4, respectively. These
measurements confirm that desolvation begins around 80-90
°C, where the 2(thp)-3(2-pyr) transforms into pure thp. At the
slowest heating rate of 1 °C min™", (thp)-(2-pyr) is observed as
a transient minority phase just above 80 °C.

We then tested the possibility for stepwise desolvation via
mechanochemical milling. All milling experiments were run
for 60 min (further details in ESIf section S3.1). First, neat
milling of preformed 2(thp)-3(2-pyr) was performed. This did
not result in any significant desolvation (ESI} Fig. S5). Next, a
series of POLAG experiments were carried out using 200 mg
of preformed 2(thp)-3(2-pyr) with varying amounts of
different polymers. The repeat units for the polymers used
are shown in ESIf Fig. S1. The mass ratio of polymer additive
to reactant mass is designated as 0 for the POLAG reactions
here,** and the experiments were performed over a range of J
= 0.05-0.75. XRPD patterns of the products were measured,
and multiphase Rietveld refinements® >’ were performed to
track the trends in phase transformation within the POLAG
products. The resulting trends in phase fractions are plotted
in Fig. 2.

The trends in phase transformation show three different
outcomes: (1) no significant desolvation, (2) partial or (3)
stepwise desolvation. The first outcome was observed for
poly(acrylamide) (PAM), Fig. 2(a), where 2(thp)-3(2-pyr)
remained the predominant phase even at J = 0.75. The
second outcome was the most common. Desolvation to pure
(thp)-(2-pyr) was observed for poly(ethylene glycol) 1000
(PEG), Fig. 2(g). Most other polymers led to a partial
transformation to (thp)-(2-pyr) to varying extents, Fig. 2(b-f),
intermediate to the results for PAM and PEG. These polymers
include poly(4-vinylpyridine) (P4VP) and derivatives of PEG
(1. PEG dimethyl ether (PEGDME) where the OH groups of
PEG are replaced with methyl groups, and 2. Kolliphor®
P188, which is a poly(propylene oxide)-poly(ethylene oxide)
triblock  copolymer). Interestingly, = grinding  with
polyvinylpyrrolidone (PVP), which is the polymer of 2-pyr,
also resulted in only a partial transformation. Finally, the
third outcome was observed for poly(acrylic acid) (PAA),

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ce00162d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 22 February 2022. Downloaded on 8/4/2025 1:36:44 PM.

(cc)

CrystEngComm

100

S —_——
(a) (e)
AT |
+ )
60 ¢ 2(thp)3(2-pyr) + i
¢ (thp)-(2-pyr) I

40 thp 1

o

go| ¢® @ i

20—’¢o.¢ --+ ~ J
0:::::::::'T".

so-+ (c) i |
60-+ - __++ + |

40 + + R
20-++ : 1 ——++ +

o::::::::::l"‘

80 - . + .

60 + A i
40 I

¢

Py Py L

0 1 L 1 L L 1 1 5 1 1 1 IL P
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
)

Fig. 2 Relative phase fractions of 2(thp)-3(2-pyr), (thp)-(2-pyr), and
pure thp with qualitative trends (thick shaded lines) of solid products
after milling for 60 min with different amounts of polymer (given as a
function of ¢) for (a) PAM, (b) Kolliphor®, (c), PVP, (d) PVA, (e) PEGDME,
(f) P4AVP, (g) PEG, (h) PAA. Bars on the data points represent three
standard deviations of the extracted values, and the trends were
roughly approximated by fitting an appropriately shaped function to
the extracted phase fractions (see ESIf for details).

phase fraction (wt.%)

Fig. 2(h). Low J values led to a transformation of 2(thp)-3(2-
pyr) into (thp)-(2-pyr), while pure thp (form II) became the
predominant product at ¢ values in the range 0.35-0.75. The
associated XRPD patterns for all samples can be found in
ESIt Fig. S6-513.

On further inspection of the trends at lower ¢ in Fig. 2,
the amount of 2-pyr molecules supported by a given amount
of polymer appears to be saturable, so more polymer is
required to drive further desolvation. However, the total
amount of desolvation achievable for a given polymer also
appears to have limits. For instance, POLAG reaction with
PVP and P4VP were extended to J = 2.0 (extended plots shown
in ESIf Fig. S14). The amount of transformation from
2(thp)-3(2-pyr) into (thp)-(2-pyr) appears to asymptote to

This journal is © The Royal Society of Chemistry 2022
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~50% for PVP, and to ~80% for P4VP with little change from
0 = 0.5 to 2.0. For PEG, transformation to (thp)-(2-pyr)
appears to go to 100% by o ~ 0.5. It is likely that different
POLAG conditions can alter this behavior. Overall, our results
reveal that the extent of desolvation through POLAG depends
on both the type and amount of polymer. Controlled
variation in other experimental parameters including the
milling time, frequency, or the amount of the preformed
solvate were not explored here, but could provide additional
means to further optimize the selectivity.

Based on the polymer screening presented above, PAM,
PEG, and PAA were chosen as a basis to further investigate
the driving forces underlying the desolvation behavior. Two
sets of POLAG experiments were carried out. First, the given
polymers and 2(thp)-3(2-pyr) were milled with 6 = 0.75.
Second, we also milled the polymers with either pure 2-pyr or
pure thp using the same molar ratios of 2-pyr or thp as in
the case with 2(thp)-3(2-pyr). Further details are given in ESI}
section S3.2.1. The latter set of experiments gives us the
opportunity to search for signals indicating specific
interactions between pure 2-pyr or pure thp and the
polymers. We could then look for these corresponding
signals in the results for the POLAG experiments with
2(thp)-3(2-pyr). The phase pure samples and corresponding
POLAG products were characterized using pattern fitting
analysis of Raman spectra,®® X-ray total scattering data, and
the associated pair distribution functions (PDFs)**° (see
ESIt section S3.2). Raman allows us to probe changes in the
molecular environments, while the XRPD and PDF data give
insights into long- and short-range correlations in atomic
density. For crystalline samples, XRPD measurements and
Rietveld refinement were also further utilized.

We first discuss the effects of grinding the polymers with
pure 2-pyr. The high-energy XRPD patterns for the milled 2-
pyr-polymer mixtures and pure components are compared in
Fig. 3(a-c). Each pattern was fitted by a weighted sum of the
diffraction patterns of the pure components, and differences
between the observed pattern and weighted sum in all three
cases indicate changes in one or both of the pure phase
structures. Since PEG is crystalline, this misfit for 2-pyr-PEG
could simply result from a decrease in the crystallite size of
PEG. These changes could also result from the take-up of 2-
pyr, but this is unclear. The patterns for PAM and PAA on the
other hand show that they are completely amorphous. The
first sharp diffraction peaks for the amorphous mixtures with
PAM and PAA cannot be described as a two-phase mixture of
the pure components, and this suggests mixing at a
molecular level. The associated Raman spectra and fits are
shown in Fig. 3(d-f). For 2-pyr-PAM, all the peaks in the
spectrum can be explained by the pure components. For 2-
pyr-PEG, the peaks can also be explained by the pure
components, but with misfits in the relative intensities that
suggest modifications to the structure of PEG. Finally, the
most notable case is for 2-pyr-PAA, which shows a significant
modification to the bands from 1600-1780 cm™*. The sharp
peak at ~1660 cm ' may be associated with the v(C=0)

CrystEngComm, 2022, 24, 2305-2313 | 2307
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Fig. 3 Measured, background-subtracted XRPD patterns of the pure components and mixtures obtained from milling 2-pyr with (a) PAM, (b) PEG,
and (c) PAA. The corresponding Raman spectra are given in (d)-(f). Here, both XRPD and Raman spectra were assessed by least squares fitting of
the background subtracted, pure component patterns. The boxed region in (f) highlights a zoomed view of modified peaks that are not explained

by the pure component spectra.

stretch band (amide I) of 2-pyr,”® where the broad shoulder
feature at higher wavenumber may reflect the distribution of
e.g. hydrogen bonding environments in the liquid state. The
splitting of this peak into two distinct bands for 2-pyr-PAA
gives direct evidence for distinctly different interaction
environments for 2-pyr after grinding with PAA. Expanded
plots for all Raman spectra and fits can be found in ESI}
section $4.6.

We next discuss the PDF analysis for products of POLAG
with 2-pyr. PDF analysis in particular is a useful technique
for distinguishing structural signals related to changes in
local interactions and short-range order in molecular
systems.””° As a reference point for the assessment of
materials with known structures, the crystal structure models
for 2(thp)-3(2-pyr), (thp)-(2-pyr), and thp were refined to
obtain the best match between simulated and experimental
PDFs. The fits show very good agreement, Fig. 4(a). Model
refinement was not feasible for the amorphous mixtures
from the mechanomilling runs since we do not have accurate
models of these complex materials. As an alternative, the
structuring could be investigated by comparison of PDFs
from the POLAG samples with linear combinations of the
pure constituent phase datasets (Fig. 4(b), ESI} section S4.5).
This also resulted in good agreement (e.g. Ry = 7% for PAM).
Thus, most of the PDF signal of the POLAG samples can be
explained as linear combination of polymer and 2-pyr
structure, allowing a direct measurement of phase mixtures.
However, close inspection reveals some signals in the
difference curve (between the POLAG sample and the best-fit
linear combinations) suggesting additional structural
modifications in the constituents produced by the POLAG
process. In particular, a long-wavelength oscillation in the
difference curve may indicate modifications to the
intermolecular packing, similar to that observed in

2308 | CrystEngComm, 2022, 24, 2305-2313

amorphous drug-polymer dispersions®”*' and saccharide

mixtures.*>** As a further example, in Fig. 4(c), we show a
similar comparison in which 2(thp)-3(2-pyr) is fit by the pure
constituent phase thp and 2-pyr. Here, the fit is very good up
to around 4-5 A where the signal is dominated by the
intramolecular structures. However, there are different
intermolecular crystalline packing arrangements between thp
and 2(thp)-3(2-pyr), and also a different local arrangement of
2-pyr in the liquid state. This is evidenced by peaks in the
difference curve seen around 2.8-3.8 A that correspond to the
changed formation of N-H---O connections. At higher
distances, a substantially larger difference is observed, which
corresponds to the differences in intermolecular packing
density between thp and 2(thp)-3(2-pyr) when they exhibit
molecular level mixing. In general, the positive and negative
signals in these difference curves represent an increase or
decrease in the average density of the mixture with respect to
the weighted contributions of pure components at a given
distance. The resulting difference curves from all three
POLAG mixtures with 2-pyr are plotted in Fig. 4(d) compared
to the difference from the model case of 2(thp)-3(2-pyr) in
Fig. 4(c). The long distance oscillations for 2-pyr-PAM and 2-
pyr-PAA show a similar frequency while 2-pyr-PEG shows
oscillations with a slightly different frequency. This may
reflect the fact that PAM and PAA have amide and carboxyl
groups respectively with the same frequency along the
backbone that could act as preferential interaction sites for 2-
pyr. PEG, on the other hand, is a polyether with no side
groups. Thus, we could expect different modifications to the
density distributions based on the different orientations 2-
pyr might assume with respect to the polymers. We note that
the difference in the wavelength of the oscillation of the
residual versus that of liquid 2-pyr rules out that the observed
oscillations are simply over-subtracted liquid 2-pyr. Distinct,

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Results of crystal structure model refinement to the PDFs of

solvates and pure thp (form Il), (b) POLAG mixture of 2-pyr-PAM
described by summation of the pure components, (c) 2(thp)-3(2-pyr)
compared to a summation of thp and 2-pyr, and (d) a comparison of
the differences from pure component fits to 2-pyr-PAM, 2-pyr-PEG, 2-
pyr-PAA, and 2(thp)-3(2-pyr) showing modifications to average atomic
density correlations. The differences were obtained using a lower Qpax
cutoff of the total scattering.

sharp features are present in the residual from 2-pyr-PAA over
a range of 3 < r < 6 A. These are most likely coming from
the addition or removal of specific bonding interactions
between solvent and polymer molecules. This is supported by
the similarity to the features observed in the model
difference curve for 2(thp)-3(2-pyr) over this range. This then
likely represents the local structural modification
corresponding to the spectroscopic changes seen in the
Raman spectrum.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

—— observed

—— simulated
difference

- -~ background

(a)

thp (non-milled)

Rup = 8.93%
wpa = 15.03%

R
AAMMJ N i

thp-PEG
Rup = 6.30%

I Rupa = 10.20%

A A

(b)

2(thp)-3(2-pyr)-PAA

Rup = 3.83%
Rupd = 13.94%

L

thp-PAM

Rup = 4.29%
Rupa = 19.27%

thp-PAA

Rup = 4.27%
Rupa =22.10%

10 20 30 40 50
26 (°/ CuKa;)

Fig. 5 Measured XRPD patterns and simulated patterns from Rietveld
refinement for thp (a) without milling, and the POLAG products from
(b) thp-PEG (background contains contribution from crystalline PEG),
(c) 2(thp)-3(2-pyr)-PAA, (d) thp-PAM, and (e) thp-PAA. Relative
crystallite size decreases from (a) to (e); asterisks (*) in panel (a) mark
aberrations from the detector, which were excluded from the
refinement.

The effects of grinding the polymers with pure thp are
next examined. The XRPD patterns of the milled thp-polymer
mixtures and associated fits from Rietveld refinement are
shown in Fig. 5. In each case, crystalline thp remains in the
product but with varying extents of crystallite size reduction
and/or structural disorder indicated by broadened diffraction
peaks and increased diffuse scattering. The thp products in
order from largest to smallest crystallite size are non-milled
thp, thp-PEG, 2(thp)-3(2-pyr)-PAA, thp-PAM, thp-PAA.
Modifications to small molecule crystallite size and size
distribution on co-grinding with polymers is a well-
established phenomenon and therefore not surprising in this
case.** Differences between the POLAG samples and pure
components of the thp-polymer mixtures observed by Raman
and PDF (ESIf sections S4.5 and S4.6) suggest that the
crystallite size reduction is accompanied by structural
modifications to thp. The difference signal in the PDF could
not be unambiguously identified by a modified thp form II
structure or other known**™*” or proposed®® polymorphs
(ESIt Fig. S42). We cannot rule out the possibility of
nanocrystalline form I11," though no structure is currently
available to confirm this. We note the following: (1) thp
always remains, (2) the extent of crystallite size reduction

CrystEngComm, 2022, 24, 2305-2313 | 2309
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does not strongly correlate with the polymers achieving the
best desolvation, and (3) the thp product from milling
2(thp)-3(2-pyr)-PAA is more ordered than thp milled with PAA
alone. The last point suggests that the processes related to
mechanical disordering differ in the presence of 2-pyr. Thus,
this is not likely the primary factor determining the
mechanochemical desolvation behavior.

Finally, having investigated the POLAG mixtures with 2-
pyr or thp, we can look at the results for the target system of
POLAG with 2(thp)-3(2-pyr). In this case, Rietveld refinements
could again be wused to track the extent of phase
transformation (ESI{ section S4.3). We observed minimal but
similar levels of transformation from 2(thp)-3(2-pyr) to
(thp)-(2-pyr) for both PAM and PEG under these conditions,
but as expected, complete transformation to thp for PAA.
Differences in the result for PEG here could be caused by
slight changes either in the equipment used or the amount
of material used in the reaction. These resulting Raman and
PDF data were also subjected to multicomponent pattern
fitting as above. Here additional components were added to
the fits to account for the signals that could be expected due
to the contributions from 2-pyr-polymer and thp-polymer. In
particular, the signals of the 2-pyr-PAA and thp-PAA structural
modification were detected by both PDF and Raman pattern
fitting to the POLAG mixture of 2(thp)-3(2-pyr)-PAA (ESI} Fig.
S36 and S50). This suggests that the desolvation of 2-pyr from
2(thp)-3(2-pyr) with PAA occurs via a similar mode of
interaction observed in the POLAG product for 2-pyr-PAA.
Thus, while it appears that 2-pyr can interact with each
polymer investigated, at least from the liquid state, the
development of distinct molecular environments and
structural correlations on grinding either liquid 2-pyr or
2(thp)-3(2-pyr) with PAA results in a more favorable
interaction between the PAA and 2-pyr, relative to PAM or
PEG. This further drives the desolvation towards the pure
unsolvated thp form II, as observed experimentally. We
should also consider that the occurrence of signal resembling
that of thp-PAA coincides with the largest degree of crystallite
size reduction for this sample (Fig. 5(e)). This may suggest
that the disordering effect seen on grinding thp-PAA may also
be associated with some degree of mixing, and this may also
contribute to the behavior seen for 2(thp)-3(2-pyr).

It is important to note that the polymers tested in this
study are expected to absorb atmospheric moisture, to
varying extents,”® and such water content can potentially
affect the ability to stabilize the removed 2-pyr molecules.
However, this does not appear to be the primary factor for
the observed desolvation effects. PAM, PEG, and PAA,
for example, are all used in superabsorbent polymer
technologies, but show widely varying desolvation behaviors
for 2(thp)-3(2-pyr). Published sorption data (e.g. for PVP,
P4VP, PAA, or PEG)**™® do not appear to suggest a clear
correlation with relative desolvation behaviors, although
moisture sorption can depend on specific chain length,
polymer crystallinity, temperature, relative humidity, states of
absorbed water, etc.™> Thus, follow-up investigation of
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possible effects of moisture content may be warranted.
Regardless, the observed behaviors could be justified without
considering water, as follows.

To further understand the origin of the observed behavior,
models for specific intermolecular interactions were prepared
and reaction energies were computed as the sum of product
energies minus the sum of reactant energies (weighted by the
appropriate stoichiometries) using the Molecular Mechanics
COMPASS-II forcefield®® as implemented in Materials Studio.
Since these are supramolecular reactions, such computations
involve the calculation of the stability of all condensed
phases involved. Lattice energies for crystalline systems were
calculated by geometry optimization of their experimental
crystal structures as found in the Cambridge Crystallographic
Database: thp form II (BAPLOTO01)," (thp)-(2-pyr)
(PICMOG),>* and 2(thp)-3(2-pyr) (PICMIA).>*> Consistent
calculation of amorphous energies for all polymer and
(polymer)-(2-pyr) systems required a comprehensive
procedure to generate realistic amorphous models that were
then geometry optimized (see ESI} section S5). Assuming that
temperature and entropy effects are similar in reactants and
products (i.e., they can be neglected), the reaction energy was
used as a predictor of the reaction driving force.

For the 2(thp)-3(2-pyr) to (thp)-(2-pyr) conversion, reaction
energies with all three polymers were computed to be
negative (-1, -6, and —27 kJ mol ™ for PEG, PAM, and PAA
respectively) suggesting that all three polymers are in
principle capable of converting sesquisolvate to the
monosolvate. However, for the (thp)-(2-pyr) to thp conversion,
only the reaction with PAA was computed to be negative (-18
k] mol™) suggesting that only PAA is capable of further
desolvating the monosolvate into pure thp, in agreement
with the experimental observations. Solvation of PAA was
calculated to provide a significantly higher driving force than
with PAM or PEG. PAM was found to be slightly more
stabilizing than PEG, contrary to that observed
experimentally, which may suggest important kinetic or other
factors at play that are not considered by these models.

These reactions can also be understood as a balance
between crystalline desolvation and polymer solvation. Thus,
the reaction energy can be calculated as

— stal olymer
AEreaction - AE(&Z};Olvation + AEEOI\}IIation

where AESYS®@L . involves the removal of 2-pyr from the

crystalline solvate (desolvation, a positive term), and
AEROY™MEr - inyolves the stabilization of the polymer via

Polymer)-(2-pyr
Reactants | AErcacion (Polymer)-(2-pyr)

(thp)

Products
f AEdesnlvation

E Polymer
(thp)-(Z-pv} {
Fig. 6 Scheme breaking down the reaction energy into the crystalline

desolvation term and the polymer solvation term.
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insertion of 2-pyr into its amorphous matrix (solvation, a
negative term). In the absence of a polymer (neat grinding),
only crystal desolvation takes place, which is unfavorable
thermodynamically and thus explains why neat-grinding of
the solvates does not result in phase changes.”> Thus for the
reaction to occur, the energy released upon solvation of the
polymer must be greater than the energy required to
desolvate the crystalline form (Fig. 6).

Solvation energies for the three polymers were calculated
to be -67, =72, and -93 kJ mol™ for PEG, PAM, and PAA
respectively. Crystal desolvation energies for 2(thp)-(2-pyr)
and 2(thp)-3(2-pyr) were calculated to be —-66 and -75 k]
mol ™" respectively. These calculations support that PAA is the
most active polymer and that desolvation of the monosolvate
requires more energy than the sesquisolvate, because 2-pyr is
more tightly bound to the thp molecules in the monosolvate
than in the sesquisolvate structure.

Our previous study’®> demonstrated that there is a
favorable (negative) energy gain in forming 2(thp)-3(2-pyr)
and that its formation involves (thp)-(2-pyr) as an
intermediate  product. In the present case, the
thermodynamics of the system are altered by the presence of
polymer, and the results above indicate that the driving force
for desolvation of 2(thp)-3(2-pyr) depends strongly on the
driving force for the solvation of the polymer, and thus on
the polymer nature. In rationalizing the conversions, the
system always goes to a state of lower energy. Thus upon
milling of thp and 2-pyr only, the energy is progressively
lowered in going from thp to (thp)-(2-pyr) to 2(thp)-3(2-pyr).
Upon addition of polymers, the inverse reactions are
observed because the polymer lowers its energy more than
thp upon solvation with 2-pyr. The reaction energy is
therefore a fine balance between the energy penalty needed
to desolvate theophylline and the energy released upon
solvation of the polymer.

Conclusions

In summary, we have shown the possibility of controlling
desolvation of organic systems through POLAG by changing
the amount and type of polymer. In general, there are two
possible scenarios in a POLAG process. First, the polymer
additive does not participate actively during the
mechanochemical reactions. Such a case was previously
demonstrated where the amount of the polymer additive does
not significantly affect the kinetics of a solid state reaction.”*
In contrast, this study presents a second case where the
polymer additive participates actively in the solid state
reaction through specific interactions, and the amount used
is crucial for obtaining the desired solid product.**>°

A stepwise removal of solvent molecules from the selected
solvate was not feasible through standard heating (with
heating rates of 10, 5, and 1 °C min™"), but milling for only
60 min in the presence of different polymers allowed for
tuning the solvent removal from higher to lower
stoichiometric solvation and even to the non-solvated solid.

This journal is © The Royal Society of Chemistry 2022
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The combination of Raman spectroscopy and total scattering
PDF analysis here has allowed us to specifically probe the
vibrational and structural signals associated with these
interactions. Features could be assigned to changes in
hydrogen bonding interactions between the solvent 2-pyr in
the liquid state versus in the polymer, and were subsequently
observed to also occur in the case of desolvation from the
solvate crystal.

Grinding with polymers (instead of heating alone)
represents an important finding; that different polymers can
remove only a certain amount of solvent from the crystal
structure may open new avenues in the field of
supramolecular chemistry. We believe that this process can
be particularly useful for desolvating heat-sensitive materials,
and for controlling solvation/desolvation processes in e.g.
solid-state batteries. Finally, these experiments also highlight
the importance of understanding the overall stability of
multi-component mixtures and the various supramolecular
forms that may result, as is important for tablets formulated
as mixtures of solid-form active pharmaceutical ingredients
and polymers.
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