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al reactivity inhibited, prohibited
and reversed by liquid additives: examples from
crystal-form screens†

Mihails Arhangelskis, a Dejan-Krešimir Bučar, *b Simone Bordignon,c

Michele R. Chierotti, c Samuel A. Stratford, d Dario Voinovich, e William Jonesd

and Dritan Hasa *e

We demonstrate that liquid additives can exert inhibitive or prohibitive effects on the mechanochemical

formation of multi-component molecular crystals, and report that certain additives unexpectedly prompt

the dismantling of such solids into physical mixtures of their constituents. Computational methods were

employed in an attempt to identify possible reasons for these previously unrecognised effects of liquid

additives on mechanochemical transformations.
Introduction

Multicomponent molecular crystals,1 such as salts and cocrys-
tals, are highly valuable materials in pharmaceutical,2,3 medic-
inal4 and agrochemical5,6 research and development. They are
also being investigated for applications in molecular elec-
tronics,7 energetic materials science8–10 and pigment chem-
istry.11 Their functionality, and their signicance to the
management of patent life-cycles of specialty chemicals,12,13 has
stimulated the development of various crystallisation and
screening techniques for the rapid and thorough discovery of
multicomponent molecular solids.14 Among those, mechano-
chemical tools15 emerged as particularly prominent as a result
of their efficiency and accessibility.16

The mechanochemical preparation of salts and cocrystals—
whether performed manually using a mortar and pestle, or
automatically using mixer mills—is usually conducted in the
presence of catalytic amounts of liquid additives to facilitate
nucleation,17 to increase crystallisation rates,18 to enhance the
crystallinity19 of the solid and to control polymorphism.20 In
aw, 1 Pasteura Street, Warsaw 02-093,

ege London, 20 Gordon Street, London

University of Turin, Via Giuria 7, Torino

mbridge, Lenseld Road, Cambridge CB2

al Sciences, University of Trieste, Piazzale

a@units.it

(ESI) available: Experimental methods,
ermal analyses and DFT calculations.
rystallographic data in CIF or other
071g

69
some cases, a mechanochemical reaction will not occur in the
absence of such additives.21,22 The well-known benets of using
catalytic amounts of liquids in mechanochemical reactions,
and the dearth of published reports (or even anecdotal
evidence) demonstrating any detrimental effects of liquids,
generally eliminates the inclination to knead materials in the
absence of such additives.16 Only a small number of published
reports mention such detrimental effects, and there is
a pronounced shortage of comprehensive studies investigating
instances wherein liquid additives have failed to facilitate coc-
rystal formation. The inability to mechanochemically form
a multi-component crystal in the presence of a liquid additive
has been, so far, associated with different phenomena. Studies
by Frǐsčić et al. and Shan et al. have attributed failed cocrys-
tallisation attempts to the poor solubility of the cocrystal
components in the liquid additive.17,18 A more recent study by
Tumanov et al., on the other hand, demonstrated that the
absorption of atmospheric water by hygroscopic solids leads to
the formation of viscous reaction mixtures wherein the reactant
particles aggregate, thereby terminating the mechanochemical
reaction.23

Here, we describe instances wherein liquid additives unex-
pectedly inhibit, prohibit or reverse mechanochemical reac-
tions. We suggest that the described inhibition and prohibition
cannot merely be attributed to the poor solubility of the coc-
rystal components, or to the hygroscopicity and the viscosity of
the reactants, but occurs through a mechanism different to
those that have been earlier proposed.17,18,23 Our ndings not
only emphasise the multiplicity of roles that liquid additives
can have in liquid-assisted grinding (LAG) processes, but also
highlight the urgent need to adjust current protocols for highly
popular liquid-assisted mechanochemical crystal-form screens,
which are nowadays routinely performed in both academic and
industrial settings.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Our interest in vinpocetine24 (vin, Scheme 1)—a synthetic vinc-
amine derivative used in the management of cerebrovascular
conditions25—inspired an extensivemechanochemical salt screen of
vin involving a range of carboxylic acids and led to the discovery of
a vin hydrogenoxalate salt, (Hvin+)$(Hoxa�). The reactants, vin and
oxalic acid (H2oxa, Scheme 1), were expected to form such a salt
owing to their pKa values, which exhibit a DpKa value of approxi-
mately 6.5; a value that is signicantly higher than the suggested
threshold for salt formation.26,27 We subsequently performed
a polymorph screen of this salt, the main aims of which were: (1) to
elucidate the role of solvent polarity and its chemical nature (protic
vs. aprotic) on the polymorphismof the (Hvin+)$(Hoxa�) salt, and (2)
to determine how various quantities of the liquid additive affect the
polymorphic outcome of the mechanochemical reaction. The
second aim was prompted by the recent discovery of the fact that
both the nature and amount of the liquid used in LAG reactions
(dened by the h parameter17) can signicantly affect the poly-
morphism of a mechanochemically prepared crystal form.28 Other
experimental parameters, such asmilling frequency or the amounts
of the starting materials used, were not varied in any of the per-
formed LAG experiments reported here. Our results revealed the
unusual inhibiting and prohibiting action of liquid additives in LAG
crystal-from screens.
Fig. 1 Powder X-ray patterns of: (a) vin, (b) H2oxa and (c) the product
obtained by neat grinding for 60 min of vin and H2oxa (h¼ 0 mL mg�1).
Diffractograms of products obtained via LAG of vin and H2oxa, using
various amounts of different liquid additives, are shown in: (d) ethyl
acetate at h ¼ 0.05 mL mg�1), (e) ethyl acetate at h ¼ 0.15 mL mg�1, (f)
ethyl acetate at h ¼ 0.30 mL mg�1), (g) nitromethane at h ¼ 0.15 mL
mg�1, (h) nitromethane at h ¼ 0.30 mL mg�1, (i) ethanol at h ¼ 0.15 mL
mg�1 and (j) ethanol at h ¼ 0.30 mL mg�1.
Results and discussions

Neat grinding of vin and H2oxa for 60 min (in the absence of any
liquid additives, h ¼ 0 mL mg�1) yielded an amorphous salt
(Fig. 1). The formation of this salt was established using powder
X-ray diffraction, and both 13C and 15N CPMAS solid-state NMR
spectroscopy. In particular, it was observed that the signal at
29.3 ppm, corresponding to the N1 atom in crystalline vin
(Scheme 1), shied downeld to 44.8 ppm in the spectrum of
the amorphous solid (Fig. 2). This signal shi is consistent with
those previously reported for vin salts24 and for other solids
containing protonated aliphatic nitrogen atoms.29 We further
showed that a crystalline salt does not form even when small
amounts of liquid additives are used (h ¼ 0.05 mL mg�1). The
formation of amorphous and poorly crystalline solids in LAG
experiments is well known in cases where small amounts of
liquid additives are used, and is oen attributed to the evapo-
ration of the volatile liquid additives before or during the
milling process. We note, however, that this is not the case here,
since liquids that exhibit low vapour pressures, namely
dimethyl sulfoxide and 2-pyrrolidone, also yielded amorphous
solids at h ¼ 0.05 mL mg�1.
Scheme 1 Molecular structures of vinpocetine (vin) and oxalic acid
(H2oxa), the constituents of the vinpocetine hydrogenoxalate salt. The
two basic vin sites are highlighted as N1 and N2.

Fig. 2 15N CPMAS spectra of vin, crystalline (Hvin+)$(Hoxa�) forms I
and II and amorphous (Hvin+)$(Hoxa�). The signal shifts, affiliated with
the proton transfer from H2oxa to vin, for the studied material are
highlighted in blue. The 13C spectra are shown in Fig. S34 in the ESI†
document.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 3264–3269 | 3265
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Fig. 3 Helical hydrogen-bonded Hvin+:Hoxa� assemblies in the
crystal structures of: (a) form I, viewed along the crystallographic
planes (4�01) and (010); (b) form I, viewed along the crystallographic
axis c. Crystal packing diagrams of Hvin+:Hoxa� assemblies in: (c) form
II, viewed along the crystallographic planes (103) and (010); and (d)
form II, featuring voids (highlighted in yellow) and viewed along the
crystallographic axis a.
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Experiments under LAG conditions, where liquid-additives
were used in amounts greater than h ¼ 0.05 mL mg�1, resul-
ted in three different outcomes. Based on these outcomes, we
were able to classify the liquid additives in mechanochemical
crystal screens of (Hvin+)$(Hoxa�) as catalytic, inhibitive and
prohibitive.

The rst group of liquid additives, consisting of hexane,
ethyl acetate, acetone and acetonitrile, enabled the formation of
two crystalline (Hvin+)$(Hoxa�) forms (see Fig. S1–S4 in the ESI†
document). While hexane facilitated the formation of form I at h
¼ 0.15 mL mg�1 and h ¼ 0.30 mL mg�1, LAG experiments
involving acetone, acetonitrile and ethyl acetate resulted in the
formation of solvates, which swily undergo a complete des-
olvation at ambient conditions to yield a second polymorph of
the salt (form II). Both crystal polymorphs were established as
salts using 15N CPMAS NMR spectroscopy and through the
presence of the characteristic 44.3 ppm signal of the protonated
N1(vin) atom in the NMR spectra (Fig. 2). The formation of
solvates was conrmed through thermal analyses, and in the
case of the ethyl acetate solvate, also by single crystal X-ray
diffraction studies. All liquid additives that enabled the
formation of a crystalline (Hvin+)$(Hoxa�) salt were described
as catalytic liquid additives (Table 1).‡.

The crystal structure of form I was determined using labo-
ratory powder X-ray data. The salt crystallises in the P21 space
group with one Hvin+ cation and one Hoxa� anion in the
asymmetric unit. The Hoxa� anions form helical molecular
chains via C (5) O–H/O� hydrogen bonds30 (Fig. 3a). The
helical structures are le-handed and exhibit a 7.6 Å pitch. The
Hvin+ cations link to the helical tapes via D(2) N+–H/O�

hydrogen bonds30 (Fig. 3a and b). The Hvin+:Hoxa� assemblies
interact with each other through C–H/O forces.

Form II was structurally characterised by single crystal X-ray
diffraction using a crystal of an ethyl acetate salt hemisolvate,
which was grown via slow solvent evaporation from an ethyl
acetate solution and then spontaneously, rapidly and
completely desolvated at ambient conditions in a single-crystal-
to-single-crystal fashion.31 Structural analyses showed that the
polymorph crystallises in the chiral space group C2; again, with
one Hvin+ cation and one Hoxa� anion in the asymmetric unit.
Table 1 Summary of liquid-assisted and neat grinding experiments perfo
aprotic), polarity (3) and quantities used (h)a

Liquid additive
Protic vs.
aprotic 3

h/mL

0.05

Hexane Aprotic 1.89 -,
Ethyl acetate Aprotic 6.02 -

Acetone Aprotic 20.7 -

Acetonitrile Aprotic 37.5 -

Ethanol Protic 24.5 -
Methanol Protic 32.7 -

2-Pyrrolidone Protic 23.6 -

Nitromethane Aprotic 35.9 -

DMSO Aprotic 47.2 -

a Amorphous salt: -, physical mixture of reactants: B, form I: O, form

3266 | Chem. Sci., 2021, 12, 3264–3269
The structure also features helical Hoxa� chains that are,
similarly to those seen in form I, sustained by C(5) O–H/O�

hydrogen bonds30 and that interact with Hvin+ cations via D(2)
N+–H/O� hydrogen bonds.30 The pitch of the helical chain is,
however, somewhat shorter and only 6.3 Å long (Fig. 3c). The
helical assemblies interact with each other with a set of C–H/O
interactions that is different to that observed in form I. Notably,
the crystal structure of form II exhibits sizeable voids (Vvoid ¼
105 Å3 at 150 K), which are aligned along the crystallographic
planes (110) and (002) (Fig. 3d). Details pertaining to the
structural characterisation of forms I, II and the ethyl acetate
hemisolvate are described in the ESI document (Fig. S32–S33
and Tables S1–S2†).

The relative stability of the two polymorphs was evaluated
using periodic DFT-d methods and the CASTEP plane-wave
code.32 The crystal structures were optimised using the Per-
dew–Burke–Ernzerhof (PBE) functional,33 combined with the
many-body dispersion (MBD*) correction.34 The calculations
revealed that form II is 14.3 kJ mol�1 more stable than form I.
rmed with liquid additives that vary in their chemical nature (protic vs.

mg�1

Type of liquid additive0.15 0.30

BO O Catalytic
: :

: :

: :

- - Inhibitive
- -

B B Prohibitive
B B

B B

II: :.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the outcomes of liquid-assisted grinding
experiments involving multi-component crystals in the presence of
prohibitive liquid additivesa

Crystal form

Structural changes

Nitromethane DMSO 2-Pyrrolidone

(Hvin+)$(Hoxa�), form I O B -

(Hvin+)$(Hoxa�), form II - B -
(thp)$(23diFBA) B B B

(thp)$(26diFBA) - B C

2(thp)$3(ana) - B C

(ibu)$(nic) - - -
(pca)$(oxa) - B C

(caf)$(cou) - - -

a No structural change observed: -, partial or full decomposition into
physical mixture of reactants: B, partial or full decomposition into
physical a mixture of a reactant and a new crystal form: C,
polymorphic transformation: O.

Fig. 4 Diagram summarising all interconversion LAG experiments
performed and highlighting the catalytic, inhibitive and prohibitive
actions of the studied liquid additives.
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Such relative stabilities are unexpected considering the higher
density of form I, as compared to that of form II, but not
unusual bearing in mind that the majority of cocrystals pack
less efficiently in the crystalline state than their constituents.35

We note that forms I, II and amorphous (Hvin+)$(Hoxa�) show
similar in vitro dissolution proles, despite their signicant
structural differences (Fig. S35–S37 in the ESI† document).

The second group of liquids consists of ethanol and meth-
anol. Both liquids enabled the formation of an amorphous salt,
but not the formation of a crystalline product under LAG
conditions at h values higher than 0.05 mL mg�1 (Fig. 1 and S5–
S6 in the ESI† document). Since the additives appeared to curb
or slow down the crystallisation of the product, they are
described as inhibitive liquid additives (Table 1).

Lastly, the use of a third group of liquids, involving 2-pyr-
rolidone, dimethyl sulfoxide and nitromethane, unexpectedly
yielded only physical mixtures of the reactants upon milling for
60min at higher h values (0.15 and 0.30 mLmg�1) (Fig. 1 and S7–
S9 in the ESI† document). This group of liquids appeared to
preclude any chemical or physical reactivity and was accord-
ingly categorised as prohibitive liquid additives (Table 1).

The prohibitive action of these three liquids clearly demon-
strates that, in general, the role of liquid additives is signicantly
more complex than being solely a lubricant that facilitates
molecular diffusion between colliding particles,36 or a means to
lower an energy pathway to the nucleation of a crystal form.37 The
initially observed prohibiting action of these additives raises the
obvious question of whether they are indeed prohibiting the
formation of a salt, or whether they are only severely delaying the
transformation of a physical mixture of reactants into a crystalline
salt through a transient amorphous salt phase.

To further test the prohibitive nature of this class of additives,
we performed LAG experiments that involved the milling of the
amorphous and crystalline salt forms with each of the prohibitive
additives (namely nitromethane, DMSO and 2-pyrrolidone) for 60
min. Remarkably, the experiments revealed the disintegration of
the salt into a physical mixture of the reactants when DMSO was
used as additive (Table 2), thus proving that this liquid is indeed
prohibiting the formation of the target solid. Such disintegration
was not observed in LAG experiments involving nitromethane or 2-
pyrrolidone. This observation is particularly interesting in light of
the fact that forms I and II could not be converted into a physical
mixture of crystalline vin and H2oxa in the absence of liquid
additives. Instead, the crystalline (Hvin+)$(Hoxa�) salt was trans-
formed into an amorphous salt when ground for 60 min without
additives. The amorphous product was subsequently converted
into crystalline forms I and II without difficulty using catalytic
additives ethyl acetate and hexane (respectively), thereby empha-
sising the diversity of roles that liquid additives can play in
mechanochemical crystal-form screens (Fig. 4 and S10–S12 in the
ESI† document).

Further studies were focused on the role of water as inhibitor of
the mechanochemical salt formation. Specically, we aimed to
elucidate whether atmospheric water suppresses the mechano-
chemical reactivity of vin:H2oxa physical mixtures through the
formation of viscous and thus unreactive solids, as previously
observed by Tumanov et al.23 These studies were prompted by the
© 2021 The Author(s). Published by the Royal Society of Chemistry
inevitable introduction of water into vin:H2oxa reaction mixtures
owing to the hygroscopic nature of anhydrous H2oxa and its fast
conversion into its hydrated form. Mechanochemical experiments
involving water as additive have revealed the formation of
a hydrated (Hvin+)$(Hoxa�) salt, as evidenced by powder diffrac-
tion and thermogravimetric analysis. This demonstrates that the
presence of atmospheric water (and water included in the crystals
of H2oxa) does not inhibit or prohibit mechanochemical reactions
between vin and H2oxa in any of the discussed experiments (see
Fig. S25–S31 in the ESI† document).

In an effort to understand the observed effects of the selected
liquid additives on the mechanochemical formation of
(Hvin+)$(Hoxa�), and to identify how various solvents affect
its nucleation behaviour, we employed simple and accessible
DFT-d calculations to study proton transfers from H2oxa to vin,
Chem. Sci., 2021, 12, 3264–3269 | 3267
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and the stability of Hvin+:Hoxa� assemblies in a range of
solvent environments, which were represented using
a continuum SMDmodel (see Table S3 in the ESI† document for
computational results and a brief discussion thereof).38 The
inability to rationalise the prohibitive, inhibitive and catalytic
actions of the studied additives on the crystallisation of forms I
and II using such basic DFT-d methods suggests that more
elaborate computational methods need to be employed. We
envision that a fundamental understanding of the described
phenomena will be likely reached through the combined use of
large-scale molecular dynamics simulations and DFT-
d calculations. We note that molecular dynamics simulations
were recently successfully employed by Ferguson et al. to
simulate the early stages of mechanochemical cocrystallisations
and to study the effects of small amounts of liquid additives on
mechanochemical cocrystal formation,37 while DFT-
d calculations were utilised by Belenguer et al. to evaluate
solvation and surface effects on the stabilities of mecha-
nochemically prepared polymorphs of organic compounds.39

The prohibitive action of liquid additives described herein is
not an isolated case, as evidenced by other instances where the
addition of a particular liquid to a solid reaction mixture
precluded the formation of a cocrystal. For example, one such
instance was recently discovered in our laboratories during an
unrelated study of supramolecular synthons in a series of coc-
rystals composed of theophylline and uorobenzoic acid
isomers.40 The cocrystallisation of theophylline (thp) with the
uorobenzoic acids was attempted through LAG and it was
found that a cocrystal cannot be prepared using 2,3- and 2,6-
diuorobenzoic acid (23diFBA and 26diFBA, respectively) as
cocrystal formers when nitromethane is used as liquid additive.
While the cocrystallisation of the elusive cocrystals was readily
achieved using ethanol as additive (Fig. S23–S24 in the ESI†
document), the fact that nitromethane prohibited the forma-
tion of (Hvin+)$(Hoxa�) and the two theophylline cocrystals
raised the question of whether its prohibitive action is specic
only to the three studied solids, or whether nitromethane (as
well as 2-pyrrolidone and DMSO) can be more generally regar-
ded as prohibitive. Our curiosity was further heightened by
a serendipitous discovery during an attempt to prepare form I of
the (Hvin+)$(Hoxa�) salt. Specically, we found that the inad-
vertent use of cyclohexane, instead of hexane, prevented the
formation of the salt. This recalled the fact that cyclohexane
precluded the formation of three different cocrystals in studies
reported by Frǐsčíc, Childs, Rizvi and Jones.17,18 With these
examples in mind, we subjected the two thp cocrystals and
another four arbitrarily selected cocrystals (which are based on
thp, H2oxa, ibuprofen (ibu), paracetamol (pca), caffeine (caf),
nicotinamide (nic), anthranilic acid (ana)) to LAG in the pres-
ence of the prohibitive additives. We found a substantial
number of cases in which the use of a prohibitive additive led to
the decomposition of the cocrystal into a physical mixture of its
constituents (Table 2 and Fig. S38–S57 in the ESI† document).
The mechanistic aspects of the observed cocrystal disintegra-
tion are, so far, not understood. But keeping in mind that
nitromethane, for example, is commonly and successfully used
in cocrystal screens,40 we reason that the prohibitive action of
3268 | Chem. Sci., 2021, 12, 3264–3269
a liquid additive is specic to certain multi-component crystal
systems, rather than general and applicable to a larger group of
cocrystal systems.

Conclusions

We have shown that mechanochemical reactivity can be
inhibited, prohibited and reversed with the use of liquid addi-
tives. Our ndings, and attempts to rationalise them, stress the
current gaps in our knowledge about the role of liquid additives
in mechanochemical reactions, as well as the urgent need to
study and understand solvent effects in mechanochemical
reactions. Our discoveries also suggest that widely accepted and
commonly utilised procedures for mechanochemical crystal-
form screens (wherein the use of only one solvent as liquid
additive is deemed as suitable), should be revised. Specically,
we recommend the use of numerous types of liquid additives in
crystal form screens in order to eliminate the possible occur-
rence of false negative results, which can seriously obstruct the
development of marketable functional materials in industrial
research and development exercises. We also speculate that
liquid additives may be able to act prohibitively in other
mechanochemical processes relevant to chemical and materials
synthesis.41,42 We are therefore engaging in further studies to
elucidate the mechanisms through which the reported solid-
state reactions are catalysed, inhibited and prohibited. These
will also include investigations into the role of (un)intentional
seeding on the action of the different additive types.43,44
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Notes and references
‡ We note that ethyl acetate, acetonitrile and acetone may be also suitably
described as reactants in the mechanochemical formation of the hemisolvate of
the (Hvin+)$(Hoxa�) salt. But considering that these liquids also template the
formation of solvent-free and porous form II, we nd that they are well suited to be
described as catalytic liquid additives.
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