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Abstract

We debate the role of liquid additives in liquid-assisted mechanochemistry, highlighting how
miniscule amounts of liquid profoundly and mostly inexplicably affect the mechanism and outcomes
of mechanochemical reactions. A critical analysis of well-known mechanochemistry studies, along
with those reporting emerging concepts (such as the competitive liquid effect and dual-function
liquids) underpins the complexity and mystery surrounding mechanochemical processes and suggest

where the most series gaps in our understanding of mechanochemistry lie.

1. Introduction
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Mechanochemistry is an area of green chemistry that promotes and/or accelerates chemical reactions
by applying mechanical energy through various techniques, including milling, shearing, extrusion,
speed mixing, resonant acoustic mixing, etc.!?

Unlike conventional solution-based synthetic and crystallisation methods, which are traditionally
applied using copious amounts of solvent, mechanochemical processes regularly enable chemical
transformations in the solid state under solvent-free conditions, whereby minute amounts of solvents
are added to facilitate these conversions. This approach dramatically reduces the need for hazardous
and costly solvents (thereby aligning with the principles of green and sustainable chemistry3-6), opens
new reaction pathways in synthetic chemistry, and enables supramolecular recognition processes that
are otherwise inaccessible in the solutions,® !0 thus opening new avenues for controlling product
formation and solid-state properties.'!

Mechanochemistry has continuously attracted great interest across various fields,!?>"'® mostly in
pharmaceutical sciences and pharmaceutical research and development,®!®2° (Figure 1) where such
milling and other mechanochemical processes are now habitually used to optimise solid-state
properties of active pharmaceutical ingredients (APIs); mostly to improve solubility, stability, and

bioavailability through amorphization, and salt and cocrystal formation. %16-21-25

Fields of Application of Mechanochemistry
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Figure 1. Applications of mechanochemistry with a particular emphasis on the pharmaceutical
science.
Among the various mechanochemical techniques, liquid-assisted grinding (LAG) has emerged as a

highly versatile and widely used method due to its simplicity and proven effectiveness across a broad
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range of systems, as extensively demonstrated in many mechanochemical studies and elaborated 6g s
in comprehensive reviews over the past three decades.?3!

LAG involves the promotion of chemical reactivity and solid-phase transformations in the presence
of low amounts (typically a few microliters per milligram of solid) of one (or more) liquid additive
to control reaction rates, product selectivity, and reaction pathways. 3234

Initially introduced as a practical means to improve reproducibility,?® the role of liquids in LAG has
since evolved well beyond that of passive facilitators. Today, liquid additives are recognised as active
and sometime essential components in the reaction environment, capable of modulating reactivity
and directing supramolecular assembly, or even altering the chemical nature of the mechanochemical
product. 3338 Depending on the quantity and physicochemical characteristics, the presence of liquid
additives can promote or inhibit transformations, mediate polymorphic transitions or stabilise
metastable intermediates.?627353941 Ag a result, LAG has transitioned from an empirical approach
into a more controllable and tuneable strategy, where careful selection of the liquid component
enables rational design of the solid-state outcome.

In this Highlight, we discuss the role and applications of liquid additives in mechanochemical
reactions, with a particular focus on their physicochemical properties - including polarity, hydrogen
bonding capacity, viscosity, molecular mobility, etc. We also identify challenges and gaps in our
understanding LAG, and discuss emerging concepts such as the use of liquid mixtures and probing

the competitive behaviour of multicomponent liquid additives (Figure 3).3637 Lastly, the use of

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

molecular dynamics or other computational methods**=° to enable rational design and control of
mechanochemical reactions, and thereby step away from current highly empirical trial-and-error

approaches.
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2. Historical perspective on the use of liquid additives in mechanochemical processes

The earliest documented use of a liquid additive in a mechanochemical reaction dates to the fourth
century B.C., when cinnabar (HgS) was ground with vinegar to release elemental mercury. In this
rudimentary process, the liquid (vinegar) presumably acted as a lubricant, facilitating particle contact
and accelerating reactivity.*® Over the centuries, mechanochemistry has been sporadically explored
in the context of inorganic materials, metals, and alloys, particularly for applications in metallurgy,
ceramics, and catalysis.!? In these early studies, liquids were typically added to improve milling
efficiency or control physical parameters of the mechanochemical environment. During these times,

LAG was commonly referred to as "solvent-assisted grinding" or more generically "wet milling"
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(Figure 2). These terms clearly highlight how liquid additives are used primarily, to eontinl
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mechanical processes, rather than controlling chemical reactivity and selectivity.?¢

While the history of mechanochemistry spans over many centuries,’ it is only within the last three
decades that the technique has been increasingly applied to soft matter, particularly in organic
chemistry and pharmaceutical solid-form design.*’*? This shift has resulted in a surge in publications
and patents, underlining the growing importance of mechanochemistry as a viable synthetic strategy.
In this context, the term “kneading” was also introduced, particularly within pharmaceutical solid-
state chemistry, to describe processes involving the incorporation of small amounts of liquid during
grinding. More refined terms such as "solvent-drop grinding" (SDG) and ultimately LAG (Figure 2)
have therefore emerged, mirroring a deeper understanding of the role of liquids in directing and
enabling solid-state transformations in molecular systems.?¢

In line with these developments, the present Highlight will focus on the use and behaviour of the
liquid additives in organic mechanochemical reactions, and particularly on applications involving
pharmaceuticals and related molecular systems.

At the core of early mechanochemical investigations of soft materials was the empirical observation
that different quantities of a liquid can have different effects on the reaction outcome. In response to
this, the # parameter’® (equation 1) was introduced to quantify the amount of liquid intentionally
added to the mechanochemical reactor, and to standardise how LAG reactions are reported, thus

enabling better reproducibility and comparison between systems.
_ V (liquid, uL)
"~ m (sample, mg)

a
The 5 parameter enabled the classing of different environments based on the solvent-to-solid ratio:
o 1 =0; classed as neat grinding (NG), where no liquid is intentionally added.'?’
o 0 <y <2;classed as LAG, where the addition of small amounts of liquid alters the process
without dissolving the solid components.
e 2 <y <12; described as slurrying, where more liquid is added to create a thick slurry that
facilitates mixing and grinding.
e 1> 12; described as solution-based reaction, in which the components are fully dissolved in
a solvent to achieve complete mixing and reaction.
Within the # values for LAG, the liquid does not necessarily dissolve the solid components but can
enhance the mobility of the reactants at the interfaces and improve the frequency and efficiency of
the collisions among different solid particles.® Such picture, however, was proved too simplistic as a

growing number of reports demonstrated that not all liquids were equally effective under identical
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milling conditions. Indeed, it was suggested that the chemical nature of the liquid - sugh as peldrity, o
hydrogen bonding ability, and dielectric constant — are likely to affect product selectivity,
crystallinity, and reaction rates.3#3749-59

Subsequently, the concept of variable amount liquid-assisted grinding (VALAG) was proposed to
reflect the more nuanced continuum of solid-liquid interactions. Rather than drawing strict boundaries
between NG, LAG, and slurry methods, VALAG emphasises that the outcome of a mechanochemical
reaction is dynamically modulated by the precise liquid loading and its interaction with the solid
components.3? Several notable examples showed that even slight variations of the volume could steer
the system toward different solid forms — whether by stabilising metastable polymorphs or enabling
the formation of multicomponent solids that were inaccessible by solution methods.32-33-3%4159 In this
context, in one of the most recent examples, Lombard et al. observed that by simply varying the
amount of liquid used during the mechanochemical formation of multicomponent crystals was
sufficient to alter the chemical nature of the dominant intermolecular interactions within the system.
Specifically, higher liquid amounts (y = 6 uL mg™) favoured the formation of halogen-bonded
cocrystals, whereas lower liquid levels ( = 0.25 pL mg™) increasingly promoted hydrogen-
bonding.®® This finding neatly illustrates how quantitative control over the liquid can go beyond
structural modulation and determine the predominant type of non-covalent interaction in a solid,
thereby directing the supramolecular character of the resulting solid form. A series of striking

examples published earlier are discussed below.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 2. Schematic representation of some key stages of the development of liquid-assisted
mechanochemistry. Adapted from reference 32, with permission from Elsevier, Advanced Drug

Delivery Reviews, copyright 6164781277936.
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The impact of liquid additives on a given mechanochemical process is governed by both intrinsic

physicochemical properties and extrinsic parameters including the stoichiometric ratio, nature of the

solid components, and some other mechanochemical experimental conditions. Depending on these

factors, liquids can serve a wide range of functions within the same system.3>40:41,59.61.62 Tpy what

follows, we categorise these functions into four major categories (Figure 3):

e Promoters, where the presence of a specific amount of a liquid additive (or a liquid mixture)

enables product formation.

e [nhibitors and prohibitors, where the addition of the liquid slow down or entirely suppress

specific reactions.

e Solvate-forming and structure-directing liquid agents, where the additive leads to the

formation of solvated crystals or drives the mechanochemical product to a specific polymorph

including metastable phases.

e Dual-role liquids, where the presence of a single liquid acts both as a solvate-forming agent

and a reaction promoter when used in excess.

Promoter
Enhances reactivity or enables
formation of target product

Inhibitor / Prohibitor

Slows down or suppresses
reactions

Solvation & Phase Agent
Mediates solvation,
polymorphism, or direct topology

(¥ e

Dual-Role
Acts as both promoter and solvate-
forming agent, depending on amount

Figure 3. Classifying the role of liquid additives in a mechanochemical reaction into four major

categories.
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3.1 Promoters of reactions 01 101056 e s oTmas
In a typical role, the liquid additive acts as reaction promoter by enhancing molecular diffusion and
improving contact between solid particles. This is particularly effective when the added liquid
improves surface wetting or reduces interparticle friction, thereby facilitating energy transfer during
milling.?° In pharmaceutical mechanochemistry, such effect is particularly evident during the
synthesis of crystalline multicomponent solids. Indeed, several studies have shown that NG often
leads only to physical mixtures or amorphous materials, whereas the addition of a small amount of a
liquid enables the formation of new crystalline solids. One of the first reported examples is the
carbamazepine-nicotinamide cocrystal, where LAG with ethanol or acetonitrile drastically
accelerates the reaction compared to NG.5> The same study also suggested that liquids enhance
molecular mobility without dissolving the reactants, leading to rapid and complete cocrystal
formation. Similarly, caffeine-based cocrystals (for example: caffeine-glutaric acid and caffeine-
citric acid) show significant rate enhancements in the presence of polar protic solvents like methanol
or water.5>6* This promoting effect has also been observed in the cocrystallisation of sulfadimidine
and saccharin, where LAG with isopropanol yields a highly crystalline product within minutes, while
NG is inefficient, or alternatively, leads to amorphous phases.®> A further compelling example is the
mechanochemical formation of salts between ethacridine and salicylic or acetylsalicylic acid. In this

case, only LAG with small amounts of aqueous solvents afforded highly crystalline, anhydrous salts

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

in high yields, while both solution-based approaches and NG led to hydrated or undefined phases.!?

3.2 Inhibitors and prohibitors: when liquids slow or suppress reactions
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Unexpectedly, certain liquids can slow down or even completely suppress mechanochemical
transformations. The inhibitive and prohibitive nature of liquid additives,*>#! was first systematically
investigated using a vinpocetine-oxalic acid salt as model compound.*! The mechanochemical
screens were conducted under LAG conditions using a range of different solvents (Figure 4), and
revealed that:

e Acetonitrile and acetone slowed down or delayed product formation. The desired
multicomponent solid was nonetheless accessible through extended milling times or under
modified conditions. These liquid additives were therefore described as inhibitive.

e FEthylene glycol and dimethyl sulfoxide prevented solid-state reaction. A product could not be
obtained even after prolonged milling of reactants. These additives were hence described as

prohibitive.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ce00778j

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

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

(cc)

CrystEngComm Page 8 of 36

e Polar alcohols and coordinating solvents acted as reversing agents, redirecting the t&4¢tion,
pathway and favouring the stabilisation of starting materials instead of the salt.
A possible explanation of such different behaviour could be attributed to the competitive solvation
and strong interactions between the liquid and one or more of the reactants that can prevent the
necessary intermolecular contacts leading to product formation. These findings challenge the
traditional assumption that all polar protic or hydrogen-bonding solvents are necessarily beneficial in
LAG. For example, while water often promotes reactivity, it can also act as an inhibitor or template,
depending on the system.% The described studies also suggest that the chemical affinity of the added
liquid and the solid reactants must be carefully considered together with the physical parameters such
as viscosity or volatility. What appears as a simple additive can modulate the energy landscape of the
reaction, shifting equilibria, stabilising metastable forms, or even diverting entirely the reaction
pathway. It is therefore clear that the role of liquids in LAG goes beyond the promotion of solid-state
reactions and transformations, and that liquids can be powerful gatekeepers in mechanochemical
systems. Recognising and classifying such behaviours is an initial necessary step toward the rational

design of LAG protocols.

ine
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Figure 4. (A) Molecular structures of vinpocetine and oxalic acid and the crystal packing of (top) the
polymorphic forms (top) I and (bottom) II of the vinpocetine-oxalic acid salt, (B) summary of LAG
experiments performed with liquid additives that vary in their chemical nature and quantities used,
(C), Diagram summarising all interconversion LAG experiments performed and highlighting the
catalytic, inhibitive and prohibitive actions of the studied liquid additives. Adapted from reference

41, published under a CC-BY license.
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3.3 Solvate-forming and structure-directing liquid agents

Liquids can also play a central role in product selectivity and supramolecular assembly. This includes
both solvation effects, where a solvent guides the formation of solvated crystal structures, and phase
mediation, where the choice of the liquid determines the formation of specific metastable polymorphs,
or even new solid forms. 27-33:49,33,59,61,67-71

A particularly illustrative case was recently reported by Brekalo and co-authors, 7> who employed
LAG to systematically map the rich polymorphic landscape of zinc imidazolate (Znlm;), one of the
most polymorphic members of the zeolitic imidazolate framework (ZIF) family. Central to this work
is the demonstration that the liquid additive is not merely a reaction accelerator but a decisive
structure-directing agent capable of stabilising, shaping, and even templating distinct Znlm,
topologies. The roles of the polarity, size, shape, and chemical functionality of a liquid additive were
probed in a mechanochemical screen using 45 liquids. The screen highlighted how geometric and
chemical features of the additive control the outcome of a mechanochemical reaction, and in this case,
determine which Znlm, framework emerges. Specifically, the use of the 45 liquid additives enabled
the formation of eight framework topologies, fourteen distinct crystals forms, two new crb-type
structures, and several amorphous phases. The liquid therefore likely acted as a template, occupying
and stabilising transient or metastable cavities during nucleation. For low-density frameworks (e.g.,
cag, neb, crb), this stabilisation is essential, as these materials are thermodynamically disfavoured in
their ‘empty’ forms, but the encapsulation of appropriately shaped guests (in form of the liquid
additive) enabled their mechanochemical synthesis. Interestingly, several liquids induced time-
dependent or condition-dependent transformations: short milling times yielded one framework,
whereas prolonged milling led to another, reflecting gradual shifts in guest-framework stability or
rearrangement barriers. In specific cases liquid additives also stabilised amorphous Znlm, phases that
later crystallise when the guest is removed, highlighting the inhibitive role of specific liquids. The
authors also pursued periodic DFT calculations of empty frameworks to corroborate experimentally
observed trends. It was suggested that dense structures lie lowest in energy, while open metal-organic
frameworks (MOFs) cluster at 20-25 kJ/mol higher in energy. Liquid additives therefore operate
primarily by lowering the effective free energy of specific loaded frameworks, thus enabling access
to topologies that would otherwise be difficult to access. The strong parallel between solvothermal
templation strategies and the mechanochemical results further demonstrates that many templating
principles can be directly transferred to solid-state synthesis, necessitating an expansion of the variety

of liquid additives that are habitually used in mechanochemical reactions. Overall, the Brekalo study

10
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establishes that the liquid additive is the dominant steering factor in mechanochemigal MOF: form
discovery, not only accelerating reactions but actively directing framework topology via pore filling,
geometric matching, kinetic modulation, and stabilisation of metastable forms, providing an excellent

foundation for additive-directed MOF synthesis.

3.3.1 Polymorphic conversion mediated by LAG
The role of liquid additives can have a profound effect on the resulting polymorphic outcome during
a mechanochemical reaction. Indeed, by investigating the cocrystallisation of trimorphic system
formed by caffeine and anthranilic acid (Figure 5A), in a study published in 2016,% it was observed
that not only the identity but also the amount of the added liquid is decisive on the polymorphic
outcome. Specifically, by using a series of alcohols as additives, it was observed that varying the 7
value could selectively access all known polymorphic forms of cocrystal system (Figure 5B). 3 Other
liquid additives such as ethylene glycol or acetonitrile were highly selective for a specific polymorph.
Importantly, in that study it was also observed that the versatility of some liquids on producing
different polymorphic forms depending on the 7 value can be altered through presaturation with one
of the cocrystal coformers. For example, while LAG with different 77 values of ethanol could generate
pure cocrystal either in the polymorphic form I or II of the caffeine-anthranilic acid system, additional
LAG experiments with ethanol presaturated with either caffeine or anthranilic acid, selectively

produced polymorphic form II (Figure 5C).
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Figure 5. (A) Molecular structures of caffeine and anthranilic acid, and the crystal packing of the

three known polymorphic forms of the cocrystal, (B) Summary of LAG experiments performed with

different amounts of alcohols having different molecular weight, (C) Summary of LAG experiments

with ethanol performed with different volumes of liquids previously saturated with either pure

caffeine or anthranilic acid. Green, blue, and yellow balls represent solid products containing X-ray

pure cocrystal form I, form II, and form III, respectively, while red balls indicate a solid product

containing a mixture of either polymorphic form I and II or form I and III. Adapted from reference

35, published under a CC-BY license.
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Other studies have also shown that subtle variations in liquid properties such as polarity, hydrogen

8J

bonding ability, surface solvation effects or dielectric constant can bias the system toward one
polymorph over another.2’-4%-3136.57.71.73-76 Numerous studies have substantiated this behaviour,
demonstrating that LAG can reproducibly mediate polymorphic interconversion as a function of the
liquid used. For example, polymorphic salts of trimethoprim with L- and D-lactic acids were shown
to undergo reversible interconversion between two forms, a and P, depending on the liquid
environment: methanol favoured the formation of the a-polymorph, while a 5:1 acetonitrile-water
mixture directed the system toward the B-form.”” Also, in the mechanochemical synthesis of
nicotinamide-ascorbic acid cocrystals, ethanol LAG led to form I, with form II being an intermediate,
while a reaction involving methanol as additive yielded form I, which subsequently transformed to
form II — a phenomenon not correlated with bulk solubility, suggesting a templating role of the liquid
through transient solvation or stabilisation of specific intermediates.”®

In a more recent study’”® Germann et al. monitored the mechanochemical formation of caffeine-
glutaric acid cocrystal system by using in-sifu synchrotron X-ray powder diffraction. Specifically,
LAG experiments were performed using a highly polar liquid such as acetonitrile and a low-polar
additive such as 1-dodecanol, and the kinetics of cocrystal formation were compared to those obtained
through NG (Figure 6). It was observed that LAG with acetonitrile at # = 0.05 uL mg™! yielded
cocrystal form I almost instantaneously. This was soon after followed by a transformation into form

IT as the final product, reaching a steady state within 15 minutes. Interestingly, additional LAG

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

experiments at 7 = 0.12 and 0.17 pL mg ! suggested that, while the overall rate of cocrystallisation is
higher, the kinetics of conversion of cocrystal form I to form II were not significantly affected by a

higher amount liquid additive (Figure 6). The kinetics of polymorph conversion (form I — form II),

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

however, strongly depended on the amount of the liquid additive in the case of LAG reactions with a

(cc)

less polar liquid such as 1-dodecanol. Additional LAG experiments with such liquid revealed that,
form I was obtained as the final product within 10 minutes of milling during LAG at # = 0.05 pL
mg !, while form II started appearing after ca. 30 min at # values of 0.12 and 0.17 pL mg™!,
respectively. Generally, the development of in-situ techniques has provided significant contributions

to the understanding of LAG.%

13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ce00778j

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

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

(cc)

CrystEngComm Page 14 of 36

i 5 H . s = View Article Online
Caffeine Glutaric acid LAG with acetonitrile %&Qﬁh@%@@%ﬁ&]

o]

/ 100

~ N
N
Pyl ? 80
o7y N ® 2
< S 60
g g
. £ £ 40}
= =
At o 2 2
~ X 2 = ‘
A b 0 T T T T T
Wy 0 10 20 30 40 50
e Time / min
100 100+
g S b & kA & s o 80 =
sl e ddamel o Liwmsl ol s oA T L S = ! Pt
e Lo F . [ =
ST Sl e ¥ el loa 8P, acialis L Al A S § 60| - / ]
iane Ep s e siione ¥ o .-@#__;_a%".'-:i}?__.*’ 3 0 ! \n =0.12uL mg™! g
o el wnnedy wore. gl et s 2 z
i s P s Hfe g P 2 20l ™ @
. T R e Iyt AV A A fla A =
e ey S A g R g e i 0 _{}“*L\.a_
Cocrystal form | Cocrystal form Il g g 190 15
Time / min Time / min
P 100
Neat grinding 100
f)(glu) - 1T
(caf)(glu) 0 L ® //""'_"_- o W
(caf)(glu) - I ¢ caly d / -~
i A 5 WP Y m § oo / f 5 604, /
. 2 ‘1 =0.05uL mg-! g Y/ N=0.05puLmg™!
& L g w0 f\n pLmg 8w hi.\ n I
5 60 SN A\ 5 3
5 T 203118/ N\ ® 204 fX
'g 4 = \'\\__‘__* = .j
E b 0 — 0 ‘
2 2 0 5 10 15 0 10 20 30 40
= Time / min Time / min
0 —M- Glutaric acid —M- Caffeine — M- Glutaric acid —M— Caffeine
0 10 20 30 40 50 €0
3 4 259fw 6 7 ——— —B—(cafp(glu)- 1 —M—(caf)(glu) - Il —M-(caf)(glu)-1  —M—(cafy(glu) - Il

Figure 6. Molecular structures of caffeine and glutaric acid, the crystal packing of the two known
polymorphic forms of the cocrystal, and quantitative analyses of the reactants and products from
sequential Rietveld refinement of the time-resolved monitoring reaction under different experimental

conditions. Adapted from reference 79.

An even more intricate example of liquid-mediated polymorphic control was demonstrated by
Belenguer et al.,*! who reported the reversible and quantitative interconversion of three distinct
polymorphs of a disulfide compound via ball milling. In that study, LAG enabled selective and
reversible interconversion between three crystalline polymorphs of a disulfide compound, including
anewly discovered form. LAG with specific solvents such as water or acetonitrile directed polymorph
interconversion by stabilising crystal surfaces at the nanoscale, shifting the apparent thermodynamic
order and allowing access to metastable forms unattainable by recrystallisation. The authors showed
that each polymorph is obtained with a characteristic and reproducible crystal size, confirming that
LAG governs both nucleation and growth under milling equilibrium. The work highlights the
complex interplay between liquid properties, surface effects, and nucleation pathways, emphasising

the important and diverse role of liquids in directing polymorphic outcomes.>¢-8!
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3.3.2 Cocrystal-to-salt conversion mediated by LAG 01 101056 e s oTmas
Recent studies have increasingly highlighted the profound impact of the liquid additive on the
outcome of the mechanochemical product, particularly in the conversion of salts into cocrystals.

In the early work by Losev and Boldyreva,?? it was reported that the mechanochemical reaction
between B-alanine and DL-tartaric acid gave distinctly different outcomes depending on the
crystallisation protocol. Slow evaporation or LAG reliably produced the stable cocrystal, whereas
NG and fast anti-solvent precipitation promoted the formation of a metastable salt due to rapid
nucleation. The authors show that even trace amounts of water in the form of atmospheric moisture
can shift the mechanochemical pathway, revealing that nominally ‘dry’ grinding often tends to be
inadvertent LAG. Once the cocrystal has nucleated, it dominates all subsequent crystallisation
attempts, rendering the salt a disappearing solid form. Interestingly, they also observed that in a
VALAG experiment the amount of the added liquid could further influence the nature and stability
of the resulting solid forms: ‘dry’ milling conditions (facilitated by the moisture form air) favoured
the metastable salt, intermediate amounts (7 = 0.08 pL mg™) promoted the formation of the

thermodynamically stable cocrystal, while great amounts of water ( = 1.43 pL mg™) occasionally

led to the formation of physical mixtures, or a reversion to metastable phases (Figure 7).

HO'

B-alanine DL-tartaric acid

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

‘dry’ VALAG - water

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

(cc)

Molecular salt 1:1 Cocrystal 1:1 Salt-Cocrystal Mixture

Figure 7. Schematic representation of the mechanochemical reaction outcome between B-alanine

and DL-tartaric acid under NG and VALAG conditions. Adapted from reference 82.

A more recent study by Daolio et al.®® provided additional insight into this phenomenon by
investigating the mechanochemical reactivity between quinoline and pamoic acid. Under NG

conditions, the authors obtained a neutral cocrystal, whereas LAG in the presence of tetrahydrofuran
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or dimethyl sulfoxide led to the formation of two distinct solvated salts. This transformation not gty
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altered the stoichiometry of the final products but also caused a profound change in the interaction
networks, shifting from neutral hydrogen bonding to ionic interactions being stabilised by solvent
coordination. The authors proposed that the coordinating ability of the polar aprotic solvents,
combined with the enhanced mobility, and the solvation environment provided during LAG, favoured
proton transfer and stabilised the resultant salt forms.

Together, these examples underscore how subtle changes in the reaction environment — particularly
the presence of liquid additives, as well as their nature and quantity — can trigger a proton transfer

that ultimately leads to salt formation.

3.3.3 Solid-state chiral reorganisation mediated by LAG
LAG can also promote the structural reorganisation of chiral species through solid-solid
cocrystal-cocrystal reactivity,3 where enantiomeric cocrystals composed of theophylline and tartaric
acid — specifically (theophylline),-(L-tartaric acid) and (theophylline),-(D-tartaric acid) — were
subjected to LAG with water. Under such conditions, the two distinct enantiomeric solids were
dismantled into their constituent components and reassembled into a new racemic cocrystal,

(theophylline),-(DL-tartaric acid) (Figure 8).

liquid-assisted
grinding

@ nitromethane ¢

>

t=20 min
left-handed right-handed racemic
cocrystal cocrystal cocrystal
(theophylline),® (theophylline),® (theophylline),e
(L-tartaric acid) (D-tartaric acid) (DL-tartaric acid)
cocrystal cocrystal cocrystal

Figure 8. Chiral reorganisation mediated through liquids in mechanochemistry. Adapted from

reference 83.
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This process highlights the dynamic, reversible nature of solid-state interactionssyirider
mechanochemical conditions, where the presence of a small amount of liquid enables molecular
reorganisation without requiring full solubilisation. The liquid additive thus acts as a molecular
mobility enhancer, facilitating the reassembly of components into a new crystalline architecture with
altered stereochemical characteristics. The authors attributed this transformation to the increased local
diffusion and interfacial rearrangement enabled by the liquid, which allowed for equilibration
between homochiral and heterochiral assemblies. This example illustrates how LAG can be used to

manipulate chiral recognition and assembly processes in the solid-state.

3.3.4 Solvate formation mediated by LAG
Liquid additives commonly incorporate themselves into the crystal structure of a mechanochemical
product, thus forming solvates. Numerous examples have been reported in which specific protic or
polar aprotic liquids with strong coordinating ability act as solvate-forming agents, stabilising
otherwise inaccessible crystalline arrangements.>6467:8487 A particularly illustrative case features a
systematic study of the mechanochemical behaviour of physical mixtures of theophylline and 2-
pyrrolidone, where the use of a VALAG approach enabled the isolation of two distinct solvates: a 1:1
monosolvate and a 2:3 sesquisolvate (Figure 9).3° The use of lower liquid loadings (# = 0.4 uL mg™")
favoured the rapid formation of a monosolvate, whereas higher values (7 > 0.4 uL mg™) led to a

slower transformation into the thermodynamically more stable sesquisolvate. This transformation did

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

not occur directly but proceeded through a stepwise mechanism: the monosolvate formed first and,
under conditions of excess liquid, it gradually reorganised itself into the sesquisolvate. To better

understand such behaviour, the authors conducted ex-situ kinetic experiments, interrupting the

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

milling process at different time intervals and applying quantitative powder X-ray diffraction and

(cc)

Rietveld refinement (Figure 9). These analyses revealed the sequential nature of the transformation
and provided a direct link between the observed crystallisation kinetics and the physical properties of
the solvates. Specifically, attachment energy calculations showed that the cleavage planes of the
monosolvate are significantly weaker - almost four times less cohesive - than those of the more stable
sesquisolvate. This suggests that crystal breakage and surface generation, which are necessary for
solvent contact and molecular rearrangement, act as the rate-limiting steps in the transformation. The
stronger interfacial cohesion in the sesquisolvate thus explains its slower formation kinetics. This
example underscores the importance of finely tuning the amount of liquid additive, and not just its

identity, to steer the crystallisation pathway.

17


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ce00778j

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

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

(cc)

CrysttEngComm

View Article Online

Theophylline:2-pyrrolidone 1:1 motEr Hi039/D5GE00778]

)\JD Ef %b

1:2
1:1.9
1:1.8
1:1.7
1:1.6 e
1:1.5 0
1:1.4
1:1.3
1:1.2
1:1.1

1:1
1:0.9
1:0.8
1:0.7
1:0.6
1:0.5
1:0.4
1:0.3
1:0.2
1:0.1

jﬁf‘ 100 W -
4 .

Component %
3 o
o (=}

~
=}

0 10 20 30 40 50 60 70 80 90 100 110 120
Milling time (min)

<—THEO Form Il @ I - isolvate

Theophylline:2-pyrrolidone 1:1.7 molar ratio

Theophylline:2-pyrrolidone molar ratio
=
8

Component %
B (-]
(=] o

~
=]

[+] 10 20 30 40 50 60 70 a0 90 100
0 6 $-9

mole % of each component 0 10 20 30 40 50 60
. ., Milling time (min)

@ Non-solvated theophylline B Monosolvate M Sesquisolvate
- Theophylline formil —@&-M I —@-5

Figure 9. Molecular structures of theophylline and 2-pyrrolidone, the hydrogen bonding of the two

theophylline-2-pyrrolidone solvates, and ex-sifu experiments performed using different

stoichiometric ratios between theophylline and 2-pyrrolidone. Adapted from reference 59.

3.4 Dual-role liquids: simultaneous solvate-forming agents and crystallisation promoters

In some mechanochemical reactions, the added liquid can simultaneously act both as a structural
component and as a reaction promoter. A recent example is provided by the mechanochemical
synthesis of a cocrystal solvate of praziquantel, niclosamide and acetic acid, where the latter was
added in excess to promote the reaction and improve crystallinity.®' The role of acetic acid was found
to be highly dependent on its quantity. Specifically, when milling was performed using a
stoichiometric amount of acetic acid necessary for the formation of a 1:1:1 cocrystal solvate, the
reaction did not yield a pure ternary phase. Instead, a physical mixture of the ternary cocrystal solvate
and the known binary and anhydrous cocrystal was consistently observed.?> When an excess of acetic
acid was added, the mechanochemical reaction moved toward the formation of the ternary cocrystal
as a pure phase (Figure 10). Such example emphasises the need of carefully considering the quantity

and properties of the liquid additive, as it can have multiple roles in a reaction. Such multi-role
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behaviour can offer strategies to overcoming synthetic limitations or accessing diffjcult-td=0biaj

multicomponent forms with desirable crystallinity and stability.
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Figure 10. Some experimental results showing the use of acetic acid as liquid additive in

stoichiometric amount (7=0.13 uL mg') and in excess (7=0.40 uL mg"') for the synthesis of the
ternary cocrystal as a pure phase. Adapted from reference 61, published under a CC-BY license.

4. Multicomponent liquid additives: a new dimension

While much of the LAG literature focuses on pure liquid additives, recent studies began to explore
the intricate field of mixtures of liquid additives, where two (or more) liquids interact to influence
solid-state reactions in unexpected ways. This emerging version of LAG can provide further
possibilities for directing product formation during LAG. For example, liquid components in the
mixture can also compete, producing outcomes that do not simply sum their individual effects.

hydration behaviour of magnesium naproxen using LAG with mixtures of water and ethanol.?’ In that
study, the authors observed that the modulation of the water activity through water-ethanol mixtures
enabled the rational selection of distinct hydrated phases. Specifically, the authors observed the
formation of a monohydrate coordination polymer, a discrete tetrahydrate complex, and a highly

hydrated phase, depending on the composition of the solvent mixture. This work established a critical
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enabling selective crystallisation outcomes in pharmaceutical systems.

In a more recent study involving theophylline,?® LAG experiments with water yielded the well-known
monohydrate form of this molecule, while LAG with 2-pyrrolidone produced a monosolvate or
sesquisolvate (depending on the amount of 2-pyrrolidone). Interestingly, during LAG experiments
with water:2-pyrrolidone mixtures (tested in various molar and volumetric ratios), neither water nor
2-pyrrolidone fully incorporated into the solid unless used in significant excess (Figure 11A).
Interconversion experiments revealed that 2-pyrrolidone solvate preferentially formed compared to
the monohydrate form, demonstrating a clear competitive mechanism (Figure 11B). Several
mechanism were proposed to rationalise the outcome of the described reactions: (i) different liquids
can adsorb onto different solid surfaces, favouring one interaction over another and controlling the
reaction outcome; (ii) co-solvents may compete for solvation of reactants or intermediates; the one
with higher affinity will possibly dominate, blocking alternate pathways; (iii) interactions between
co-solvents can modify the microenvironment (e.g., viscosity, wetting), either through synergistic or
antagonistic effects, impacting nucleation and growth dynamics.

Building on this, another recent study,?” explored the formation of praziquantel hemihydrate through
LAG using binary liquid systems composed of water and one of five co-solvents with varying water
miscibility: acetic acid (AA), 2-pyrrolidone (2-pyr), ethanol (EtOH), ethyl acetate (EA), and hexane
(HXN). It was noticed that: (i) water-miscible solvents (AA and 2-pyr) significantly reduced or
completely inhibited hemihydrate formation compared to pure water; (ii) hexane, immiscible with
water, allowed hemihydrate formation (Figure 11C). Furthermore, in co-solvent systems, AA and
2-pyr preferentially replaced water in the crystal structure - underpinning the competitive inclusion

seen in crystalline theophylline.
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phase corresponds to a different colour in the pie chart: yellow represents the amount of anhydrous

(cc)

theophylline, blue, green and dark green are the amounts of the theophylline monohydrate (theo:H,O-
mh), theophylline monosolvate (theo:2-pyr-ms) and theophylline sesquisolvate (theo:2-pyr-ss),
respectively. B) Solid phase composition (weight fractions) recovered at the end of the
interconversion studies starting from preformed theo:H,O-mh, theo:2-pyr-ms, theo:2-pyr-ss phases
in the presence of individual liquids or H,O:2-pyr mixtures. Each solid phase corresponds to a
different colour in the pie chart: yellow represents the amount of anhydrous theophylline, blue, green
and dark green colours indicate the amounts of the theo:H,O-mh, theo:2-pyr-ms and theo:2-pyr-ss,
respectively. C) Solid phases recovered from each molar fraction of H;O:AA/2-pyr/EtOH/EA/HXN
mixtures. Green circles stand for solid phase present and red circles for solid phase absent. D) Solid
phases recovered from the interconversion milling experiments. Adapted from references 36,37,

published under a CC-BY license.
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The recognition of synergistic or competitive behaviour among liquids unlocks new possibilities'in

CrystEngComm Page 22 of 36

mechanochemical syntheses:

Competitive systems can allow selective access to multicomponent forms, including mixed
solvates or metastable polymorphs.

By strategically combining liquids with different physicochemical properties - such as
polarity, hydrogen-bonding capacity, or miscibility — one can fine-tune the local solvent
environment to modulate crystallisation pathways. For instance, adjusting the water activity
by introducing water-miscible co-solvents can be used to selectively stabilise or destabilise
hydrated phases.?’

Rational design of competitive liquid environments can not only improve reproducibility and
control over reaction outcomes but also enable the tuning of reaction kinetics. This can be
achieved by integrating systematic experimentation through LAG with mixtures of liquids on
model drug systems, and computational studies, such as crystal structure prediction,
attachment energy modelling, and emerging machine learning frameworks.*>* In
mechanochemical systems, nucleation and growth processes remain inherently non-linear and
can proceed through both primary and secondary pathways, like traditional crystallisation
phenomena. However, under LAG conditions, these processes are continuously perturbed by
mechanical impacts and shear forces that can dynamically modify local supersaturation,
defect generation, and surface energy distribution. As a result, the mechanical input does not
replace nucleation and growth but acts as an additional variable that couples with these non-
linear pathways to influence reaction kinetics and phase evolution. Integrating systematic
LAG experimentation with computational and modelling approaches can therefore provide
deeper insights into how these coupled effects can be steered toward predictive control in

mechanochemical synthesis.

5. Is it currently possible a rational design of the liquid additive?

As mentioned above, the exact mechanisms by which the liquid additives impact LAG are so far not

understood. It is, however, generally accepted that the added liquid primarily facilitates molecular

diffusion and enhances contact between solid particles, thus promoting reactivity.?’ To better

rationalise and predict such effects, several physicochemical parameters have been qualitatively

correlated with LAG outcomes. These features can help rationalising differences in reaction kinetics

and product selectivity:
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Polarity and polarizability: liquids with different dielectric constants or polarizabiliti¢s can,
promote molecular diffusion and reactant wetting to different extents. These factors can
determine the direction of a mechanochemical reaction or the stabilisation of certain phases
(e.g., polymorphs).88:89

Viscosity and surface tension: these two parameters can possibly affect the distribution
efficiency of a specific liquid over solid particles during milling, and the efficiency of the
energy transfer among the solid particles. Viscosity plays a direct role in molecular mobility
within the liquid layer. The Einstein-Stokes relationship is often invoked to qualitatively
describe how higher viscosity can reduce diffusivity and molecular rearrangement.”
However, it must be noted that this equation, derived for spherical Brownian particles in a
continuous viscous fluid, does not strictly apply to heterogeneous solid-liquid systems typical
of LAG. Another reference can be the Stokes drag framework, which similarly relates
mobility to viscous resistance but allows for discussion in terms of mechanical energy
dissipation and frictional forces at particle interfaces. In mechanochemical reactions,
mechanical impacts and shear forces continuously disturb local equilibria, transiently
enhancing molecular mobility even within highly viscous or confined environments. In LAG,
these non-equilibrium effects explain why liquids with different viscosities can lead to
markedly different reaction kinetics and product selectivity despite deviations from ideal
diffusive behaviour. °1-

Molecular geometry and conformational flexibility: the spatial arrangement and rigidity of the
liquid molecules can possibly affect the outcome of a mechanochemical reaction. It is indeed
possible that rigid molecules such as acetonitrile would interact differently at particle surfaces
compared to more flexible, multidentate species such as ethylene glycol. This difference in
molecular geometry and flexibility can possibly explain the distinct polymorph selectivity
observed for these two liquids in the study of Hasa et al. 3

Volatility and evaporation dynamics: highly volatile liquids can partially or totally evaporate
during milling, altering 7 over time and introducing variability in reaction outcomes. This can
affect not only the kinetics but also the crystallinity and reproducibility of the final
product.?-%4

Hydrogen-bond donor and acceptor abilities: quantified through parameters such as the
Kamlet-Taft a (donor) and B (acceptor) scales. >>% These properties can be very useful for a
better understanding of possible interactions of a specific liquid with functional groups of

molecules present on the surface of reactants. For example, during cocrystal formation, the
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ability of a solvent to engage in hydrogen bonding has been linked to polymorph seleetivity

and templating behaviour,43:49-35.36

In addition to these descriptors, it must be considered that during mechanochemical processes such
as ball-milling, the mechanical energy is delivered through repetitive collisions and shear forces. The
presence of a liquid introduces a medium for mechanical energy dissipation. According to the
fluctuation-dissipation principle, the microscopic fluctuations that occur at thermal equilibrium are
conceptually related to the response of a system to an external mechanical perturbation. In this
context, the liquid additive can act as a medium that not only facilitates molecular motion but also
mediates how the mechanical energy is distributed within the reacting mixture.” Furthermore, the
way a liquid can wet a solid surface depends on parameters such as surface energy, interfacial tension,
and contact angle; a lower contact angle reflects better wetting and increased surface coverage, which
in turn promotes more effective molecular interactions between reactants. These interfacial
phenomena can possibly affect the way crystal nucleation and growth of a specific system proceed.
It must be mentioned, however, that in a typical LAG reaction the confined liquid layers are just a
few molecules thick, thus the behaviour of the solvent can significantly deviate from the bulk
properties.’%%

Despite significant progress, the lack of universal predictive models - that is, comprehensive
theoretical or computational frameworks capable of quantitatively relating liquid properties, reactant
surface chemistry, and milling parameters to reaction outcomes - still constrains rational LAG design.
Liquid effects are inherently system-specific and depend not only on the liquid properties but also on
the reactant surface chemistry and the milling conditions (e.g., frequency, jar material etc.),'%0-193 as
well as on the balance between kinetic and thermodynamic control regimes. 39324 A deeper
integration of physical models from tribology, materials science, and molecular simulations can help
uncover the underlying mechanisms and enable more predictive control over mechanochemical

reactions. 104

6. The (long) road ahead

Over the past three decades, the importance of liquid additives in mechanochemistry has significantly
increased. What was once dismissed as non grata in mechanochemical reactions has ultimately
established itself as a key component, a shift made possible by studies showing that mechanochemical
transformations, reaction kinetics and product selectivity can be finely tuned through the smart choice

of liquid additives. Although LAG is transforming mechanochemistry, we are still far from fully
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grasping how and why it works so well. Several aspects require exploration tg_ advatice: opr)
understanding of the fascinating processes involved. For example, although at a first glance the
scenario within a milling jar can appear unsophisticated, there are numerous scenarios that require
consideration: is the liquid additive remaining “liquid” or it is affecting the milling atmosphere (or
both)? What are the consequences of creating a liquid layer around the particles of the reactants?
Does the thickness of such layer changes within time considering that the particle size and size
distribution of the solid reactants change as the mechanochemical process proceeds? Why are certain
liquids preventing specific reactions, while others are dismantling preformed products?*! A more
multidisciplinary approach, involving computational and experimental work, must become the norm
in mechanochemical research to offer answers to these questions. Such approaches have recently
addressed how the molecule of the additive affects reactions at the surface of the solid reactants in
LAG. For example, Ferguson and co-workers have pioneered the use of molecular dynamics to probe
the early stages of mechanochemical reactions.*>** Their work has demonstrated how solvent
molecules engage in transient, directional interactions with the surfaces of solid reactants, guiding
the assembly of supramolecular structures and intermediates. These simulations have not only
predicted what liquids can drive the mechanochemical reaction towards specific products but have
also helped rationalising why certain solvates or polymorphs emerge under defined LAG conditions.
In a more recent study,* Ferguson and co-workers showed how different solvents with different

polarity and hydrogen-bonding ability exhibit distinct interaction patterns with solid surfaces. The

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

simulations captured transient clustering of liquid molecules at reactive sites, which in turn correlated
with experimentally observed polymorph selection and reaction rates, offering one of the first

atomistically grounded insights into solvent effects in LAG (Figure 12).
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Figure 12. (top) Schematic representation of the simulation strategy employed in the work. (bottom)
Snapshots of molecular dynamics depicting the local environments of the liquid additive molecules

in a LAG reaction. Adapted from reference 43, published under a CC-BY license.

Yet, despite these promising advances, significant challenges persist. High computational time
required renders extremely difficult understanding the effect of liquid additives combined with other
experimental parameters. An interesting example is reported from Germann and co-authors'® who
reported that the mechanochemical formation of a nicotinamide-adipic acid cocrystal and the
interconversion of polymorphs is strongly affected, and can be controlled, by the choice of milling
assembly. Specifically, the numbers and the size of the milling media and the material of the jar (steel
or polymeric) can be used to direct polymorphism of mechanochemical cocrystallisation, enabling
the selective synthesis, and even reversible and repeatable interconversion of cocrystal polymorphs.
Importantly, by using in-situ diffraction techniques Germann and co-authors observed that the
modification of energy input in the mechanochemical system permitted the selective synthesis of

either the more stable room temperature cocrystal polymorph or the new metastable high-temperature
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form. Indeed, in-situ techniques - ranging from X-ray diffraction to Raman spectrgscopy = allgsy
researchers to peek inside the mechanochemical reaction vessel, thus allowing us to monitor structural
and chemical changes as a dynamic process, rather than forcing us to piece together an understangind
using several ex-situ snapshots of the process. However, the difficulties on the experimental setup
and the challenges related to the limits of specific analytical techniques render in-situ real-time
experiments still sporadic. Indeed, future efforts need to go beyond the modified mill at the beamline
and reduce possible analytic limitations through combining different characterisation techniques. In
this context, some very interesting efforts have been reported, both for the in-situ monitoring
mechanochemical reactions without using synchrotron radiation and the combination of different
analytical techniques.!%>19 efforts could be spent on the expansion of the analytical tools. For
example, tomographic techniques can offer a powerful means to visualise the internal structure of
mechanochemical systems under realistic conditions. By providing three-dimensional information on
particle size, distribution, and mixing efficiency, tomography can possibly reveal how the addition of
liquids influences the evolution of microstructures during a mechanochemical reaction. These
spatially resolved insights help bridge the gap between macroscopic reaction behaviour and
microscopic material transformations, possibly offering a more holistic understanding of LAG
processes. Another interesting integration would be on the use of isotopically or chemically labelled
liquids for tracing their fate during LAG. Labels allow researchers to follow how the liquid distributes

across particle surfaces, participates in intermediate formation, or becomes incorporated into reaction

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

products. Such measurements reveal whether the liquid acts merely as a dispersant or plays a direct
chemical role in bond formation and transformation.!”” By illuminating these subtle pathways,

labelled liquids can provide some of the most direct evidence available for deciphering some of the

Open Access Article. Published on 11 December 2025. Downloaded on 12/24/2025 2:42:58 PM.

enigmatic mechanisms that govern LAG processes. Complementing techniques such as real-time and

(cc)

Raman spectroscopy or NMR provide direct access with the use isotopically or chemically labelled
liquids can possibly allow researchers to trace the precise course of the additive within the
mechanochemical setting.

The complexity of a multicomponent environment - where liquid-solid affinity, co-solvent
competition and kinetic versus thermodynamic control continues to limit our ability to reliably predict
the outcome of a LAG process. While descriptors such as polarity, dielectric constant, or hydrogen-
bonding parameters have proven useful, they fall short of fully capturing the nuanced roles that liquids
can play. Moreover, liquid mixtures remain a largely underexplored and unsystematised aspect of
LAG. Only a handful of studies have investigated how co-solvent systems modulate reaction
outcomes, and comprehensive frameworks to interpret such behaviour are still lacking. An especially

underexplored aspect is also the use of chiral liquid additives. Although chirality plays a critical role
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mechanochemical outcomes has not been systematically studied. Understanding how enantiopure or
racemic liquids affect reaction kinetics, stereoselectivity, or phase formation could open entirely new
avenues for asymmetric or enantiospecific mechanochemistry.

Looking forward, several promising directions are emerging. The integration of machine learning and
data-driven methodologies holds great promise for uncovering relationships between liquid properties
and mechanochemical reactions, enabling more rational selection of optimal solvent systems — be
they single components, well-defined co-solvent mixtures, or dynamically variable compositions
such as those used in VALAG protocols. Another approach that may become increasingly valuable
is resonant acoustic mixing (RAM), which eliminates the need for milling media. In particular, liquid-
assisted RAM could provide new opportunities to improve selectivity and efficiency in
mechanochemical transformations, complementing conventional LAG strategies.!%8115 The
exploration of increasingly complex liquid environments — including ionic liquids,’®!'¢ deep eutectic
solvents,'!” and porous liquids!'® — offers exciting opportunities to create microenvironments that
stabilise specific intermediates or promote unique reactivity pathways inaccessible under more
conventional experimental conditions. Such ‘“designer liquids” could become key tools for
programming selectivity, improving efficiency, or enabling transformations under milder conditions.
Furthermore, the development of continuous-flow platforms for liquid-assisted mechanochemistry
can bridge the gap between laboratory discovery and industrial scalability.!!®120 Unlike traditional
batch milling, continuous-flow systems allow solid reactants and liquid additives to be fed steadily
into a reactor, where shear and grinding forces are applied in a controlled manner. This configuration
provides unique advantages: (i) precise and reproducible dosing of liquids, (ii) tuneable residence
time and shear rate, (iii) efficient mixing under constant operating conditions, and (iv) facile coupling
with several real-time analytical tools such as Raman or PXRD for in-situ monitoring. As a result,
continuous-flow  mechanochemistry enables scale-up while simultaneously improving
reproducibility, reducing solvent waste, and allowing direct translation of optimised laboratory
conditions into industrially relevant processes.!?!-123

Although the road ahead is still windy and steep, we envision and anticipate a future in which the
selection of liquid additive to be used in LAG is not driven by empirically derived intuition, but
through predictive models based in experimental validation and computational simulations. Such
concepts are already well-established in solution-based synthesis and there is no reason to believe
that their systematic application cannot be extended to LAG. The achievement of such knowledge

will possibly unlock unprecedented levels of control and functionality in solid-state synthesis.
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