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The prediction of the phase behaviour of a mixture of solid components when they come into contact is of
high interest in fast growing research fields such as mechanochemistry and deep eutectic solvents (DESs).
This paper provides a friendly predictive tool (PoEM, i.e. Predictor of Eutectic Mixtures), along with some
guidelines and quantitative references, to quickly estimate the variation in the melting point due to the
mixture of reactants for a mechanochemical process. An empirical model that estimates the ideal
eutectic point and includes deviation from ideality based on intermolecular interactions is presented

here, allowing for the design of synthetic procedures for solvent-less cocrystallization processes. POEM
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Accepted 30th September 2024 calculations are validated by comparing the prediction with experimental behaviour of a number of
mixtures with a low melting eutectic mixture. Finally, as a working example we consider how to identify

DOI 10.1039/d4mr00080c coformers for the synthesis of a cocrystal containing thymol such that the cocrystallization would
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Introduction

The use of mechanochemistry has emerged as an attractive, cost
effective and sustainable tool for covalent'® or supramolecular
syntheses.”™ The most impactful benefit of mechanochemical
protocols is the significant reduction of solvent waste; other
advantages include different reaction pathways that can some-
times be exploited thus obtaining a specific polymorphic form,
in some cases, forbidden via solution chemistry.*>** In mech-
anochemical processes, the jar loaded with the reagents and the
milling bodies is accelerated in the mechanochemical setup,
triggering the breaking and forming of covalent bonds or
supramolecular aggregates as a result of the impacts occurring
within the jar. Although many studies appeared in recent
literature focusing on the in situ monitoring of different
mechanochemical reactions,'®*” the mechanism of the reaction
paths is far from being understood.*®*** Many variables concur
with the outcome of a mechanochemical reaction and even the
effect of the mixing of the reagents could have a role in the
overall mechanochemical reaction. It has been suggested that
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proceed through the formation of a metastable liquid phase.

proceeding through liquid intermediates may facilitate the
activation of the mechanochemical process.>** The a priori
knowledge of whether a reaction mixture could give rise to a low
melting eutectic mixture would be of great impact for the
experimental design of mechanochemical protocols. In this
paper we focus on mechanochemical processes driven by the
formation of a liquid eutectic phase due to the mixing of the
starting materials. The occurrence of a low melting eutectic
mixture as an intermediate product may lead to faster conver-
sions towards the final products, since liquid phases can
promote mass transport and molecular mobility, which are
often critical aspects of mechanochemical reactions both in
vibrational milling and resonance acoustic mixing (RAM).>2*
Indeed, in RAM the intimate mixing between molecular
components represents the most critical aspect for the success
of the ball-free mechanochemical reaction.”**® Additionally,
liquid mixtures overcome the limitation posed by surface
interactions between solid particles, inherent in solid-state
reactions.

Basic thermodynamics tells that the eutectic point of
a binary mixture results from the intersection of solidus-lig-
uidus equilibrium curves of the two components, each
described by Schroeder-van Laar's equation®” (eqn (1)), which
links the actual melting temperature (T¢,) of the (i) compo-
nent with its molar fraction (x;) and activity coefficient (y,) in the
mixture; the slope and intercept of the curve depend on the
enthalpy of fusion (AH;) and melting temperature (7;) of the
pure component (i):

RSC Mechanochem., 2025, 2, 61-71 | 61


http://crossmark.crossref.org/dialog/?doi=10.1039/d4mr00080c&domain=pdf&date_stamp=2025-01-10
http://orcid.org/0000-0003-1183-277X
http://orcid.org/0000-0002-5787-3609
http://orcid.org/0000-0001-5675-9372
https://doi.org/10.1039/d4mr00080c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00080c
https://pubs.rsc.org/en/journals/journal/MR
https://pubs.rsc.org/en/journals/journal/MR?issueid=MR002001

Open Access Article. Published on 08 October 2024. Downloaded on 12/23/2025 2:59:18 AM.

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

(cc)

RSC Mechanochemistry

AH; (1 1
In(y,x;) = R (f T ) &Y

Binary mixtures are usually described assuming an ideal
behaviour of the components (y = 1), observed when the
interactions in the mixture are of the same magnitude as the
interactions in the separate components, i.e. the enthalpy of
mixing is equal to zero. However, when the heteromeric inter-
actions in the mixture are predominant (y < 1) or weaker (y > 1)
with respect to the homomeric interactions in the separate
components, the mixture is not-ideal and the actual molar
fraction in eqn (1) is scaled by using the activity coefficient v,
whose values depend on the composition.

The estimation of the effect of intermolecular interactions
on modulating the melting point of the eutectic mixtures has
been already investigated by computational methods, in
particular in the field of deep eutectic solvents (DESs).>*?
However, these calculations are often considerably time-
consuming, with several parameters being refined to predict
the lowering of the eutectic melting temperature due to devia-
tion from ideal behaviour of a binary mixture.

We aim at delivering a set of user-friendly guidelines to
assess whether two molecular components would give a low-
melting eutectic phase when mixed together, in order to
quickly understand the characteristics of the starting mixture in
the mechanochemical process. We base our approach on the
regular solution theory,*® where the intermolecular interactions
between components are described through the experimental
parameter x, as an approximation of the activity coefficient®

(eqn (2)):
Iny=x(-x) ()

The value of x can be experimentally determined knowing
the melting temperature and composition of the eutectic point
of the binary mixture.

We provide here a readily usable general approach to predict
the melting point for a mixture of reactants in mechanochem-
ical processes, accounting for the divergence from ideal
conditions.

Results and discussion
Method outline

The prediction of the eutectic temperature and composition
requires the experimental melting data of the two components
in eqn (1), and the estimation of the non-ideality parameter x in
eqn (2). The eutectic point is then calculated as the intersection
of the two branches of the binary phase diagram (Fig. 1). While
x can be derived from the experimental determination of the
eutectic melting point, its value is hard to predict by a compu-
tational approach. Our method is outlined in Scheme 1 and
aims to correlate the experimental y value of a training set of
binary mixtures with some general indicators, which can be
related to non-ideal behaviour through a qualitative estimate of
intermolecular interactions between the compounds
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Fig. 1 Schematic representation of the binary phase diagram under
the ideal condition (x = 0, black line), and in the presence of positive (x
< 0, red line) or negative (x > 0, blue line) deviations from ideality.

composing the mixture. This is depicted in the top section of
Scheme 1. Once a robust correlation model is developed for this
training set, this allows us to derive an operational estimate of x
for new pairs of molecules of interest by simple considerations
of their propensity to form heteromeric synthons. This esti-
mated y allows us in turn to derive a prediction for the eutectic
behaviour in terms of the melting point and composition, by
elaborating eqn (1). This is represented in the bottom part of
Scheme 1, showing the use of the novel tool POEM. Since x
describes how the chemical species interact when mixed
together, we tried to qualitatively correlate the interaction
parameter x with some of the properties of the molecular
partners from which the out-of-ideality behaviour of the mixture
can be predicted. Starting from a training set of 36 binary
mixtures, we determined the experimental x values at the
eutectic points by combining eqn (1) and DSC measurements.
For each system the interaction parameter x has been calcu-
lated from the discrepancy gap between the melting tempera-
ture experimentally determined at the eutectic point and the
melting temperature of the eutectic mixture under the hypoth-
esis of the ideal conditions. The larger the deviation of the
eutectic melting point between real and ideal conditions, the
larger the contribution of the interaction parameter y which is,
in turn, correlated with the propensity of the chemical species
to form heteromeric interactions.

In parallel, the propensity of these binary mixtures to exhibit
non-ideal behaviour was represented through the interaction
energies (AAG) between the two components calculated as
proposed by Hunter,*” through the elaboration of the MEP
values.

The scatterplot correlating experimental deviations from
ideality expressed by x and the simulated interaction energies
of the molecular pairs calculated by Hunter's method, allowed
us to identify windows of x which likely corresponded to ranges
of AAG (Fig. 2, and Table 1). Interaction energies may also be
associated with the presence of typical supramolecular syn-
thons known in the literature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Schemel Top: flow chart of the method proposed here for estimating x values from MEP calculations. Bottom: flow chart of POEM's calculation

modes with corresponding input and output variables.

AAG (kJ_moI‘l)

Fig.2 Plot of interaction energies AAG versus x values for the training
set of binary mixtures. Data are divided into three domains, according
to less favourable (red), more favourable (green), or ideal interactions
observed in the experimental binary mixtures. Data points are depicted
with colours corresponding to the respective domains; black dots
refer to outlier values.

Table 1 Experimental ranges of interaction energies AAG (kJ mol™?)
and corresponding x values

AAG < -1
—4<X<0

—-1<AAG<1
_4<X<1

1<AAG<3
—2<x<3

AAG > 3
0<x<3

Someone wishing to mix two compounds in a mechano-
chemical process may then (i) estimate the strength of their
supramolecular synthons, (ii) make the hypothesis of the cor-
responding y value, and finally (iii) evaluate the eutectic melting

© 2025 The Author(s). Published by the Royal Society of Chemistry

point and composition from Schroeder-van Laar's equation
(Scheme 1).

The overall method mentioned above has been implemented
into a ready-to-use predictive software POEM (i.e. Predictor of
Eutectic Mixtures), coded in Python language, to evaluate the
eutectic properties (i.e. melting temperature and molar
composition) from Schroeder-van Laar's equations as a func-
tion of the interaction parameter x. It also provides a plugin to
plot the resulting binary phase diagram. In addition, POEM can
also provide indications of potential molecular partners for
a molecule of interest by scanning a landscape of possible
compounds characterized by different 7; and AH,. This could
help to design mechanochemical synthetic strategies mediated
by liquid eutectic intermediates.

Method setup

Calculation of the eutectic point requires the assessment of the
extent of deviations from ideality of the mixture. The activity
coefficient (v) in a mixture depends on an interaction parameter
(x) and the composition terms (1 — x;°), as in eqn (2). Under the
ideal conditions (y = 1) x = 0, deviations from ideality result in
the interaction parameter diverging from zero. In this case, the
heteromeric interactions within the binary mixture can be more
(x < 0) or less (x > 0) prone to occur with respect to the homo-
meric interactions in the separate components (Fig. 1).** The
difference between heteromeric and homomeric interactions
can be quantified following Hunter's approach.*® The AAG of
formation for the mixture is calculated considering that
chemical species may act as both donors and acceptors in
intermolecular interactions (eqn (3)):

AAG/KI mol ™' = (a1 + axf2) — (a1fa + aaBy) (3)
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Scheme 2 Chemical sketches of the individual components used in
the training set of binary mixtures.

Hunter's parameters o and (§ respectively describe the best
donor and acceptor functional groups in the two components 1
and 2 (eqn (3)).

The terms (181 + @,8,) and (e, 8, + @xf) account for the free
energy of homomeric and heteromeric contributions, respec-
tively. A widely used approach to estimate the magnitude of
these intermolecular interactions based on the donor/acceptor
contributions considers maxima and minima (Epax and Epin)
of molecular electrostatic potential (MEP) surfaces. E;.x and
Enmin values have been used to estimate the strength of hydrogen
bond interactions, both in solution and solid states, or even
predict the likelihood of cocrystallization.***¢ Hunter et al.*’
showed that the E,.x and E,,;, of the MEP surfaces can be
converted in the « and § parameters (eqn (3)) taking into
account empirical properties depending on the functional
group properties as donor (m,, ¢,) or acceptor groups (mg, cg):

a = myEnax + ¢y (4)
B = mﬁEmin + g (5)

Considering these assumptions, we built a training set based
on 9 molecules (Scheme 2) containing a variety of functional
groups found in natural or Generally Recognized As Safe (GRAS)
ingredients, for which we have computed the MEP and calcu-
lated the « and § parameters according to eqn (4) and (5). The
interaction parameter y was derived from the combination of
eqn (1) and (2) and finally correlated with AAG (Fig. 2, and Table
1) in order to obtain a qualitative model to predict the eutectic
point of any binary mixture among compounds similar to those
considered here.

Training set of binary mixtures

The selection of chemical species in the training set of binary

mixtures was based on simple molecular scaffolds,
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characterized by both hydrogen bond donor and acceptor
moieties, thus exploiting the most recurrent and stabilizing
intermolecular interactions that might occur upon mixing
(Scheme 2).

For all the molecules in the training set, the MEPs were
computed (see the ESIT) and « and § parameters were obtained
considering the groups with the highest and lowest MEP values
(eqn (4) and (5)).

The interaction energies AAG within the mixtures of Scheme
2 were calculated by using eqn (3) (see the ESI for detailst). For
the same mixtures, the experimental values of x were obtained
by fitting eqn (1) to the actual eutectic data determined by DSC
measurements. The interaction energy AAG versus x values
calculated for the experimental binary mixtures are then plotted
in Fig. 2.

Three main domains arise from the plot which can be corre-
lated with the interaction energy observed under ideal (yellow
area) and not-ideal (green and red areas) conditions. In the range
—1 < AAG < 1 (Fig. 2, yellow domain), binary mixtures exhibit
close to ideal behaviour, with y lower than 1 in absolute value.

This range is populated by mixtures in which components
present either a similar chemical structure (e.g. PHE-DQUI and
BA-HBA) or competitive functional groups (e.g¢ PHE-BP and
DQUI-BP) (details in the ESIT).

In the case of positive deviation from ideality (Fig. 2, red
domain), x values consistently remain positive for AAG > 1, with
a tendency to increase as the interaction energies become
higher, meaning that the interactions in the mixture are less
favourable than in the separate components.

When negative deviations from ideality are observed (Fig. 2,
green domain), the interactions in the mixture are more
favourable than in the separate components (AAG < 0), and the
interaction parameter x has negative values. The maximum value
observed within the training set was xy = 3.08 for the binary
mixture of APY-DQUI, while a minimum of x = —3.69 was
reached for the binary mixture HBA-HQUI. Only a few outliers
fall outside these areas, involving binary mixtures where the
simplifications assumed in Hunters's model only partially
account for the thermodynamic properties of the systems, sug-
gesting that other effects might be involved (Fig. 2, black dots)
(see the ESIT). The distribution of the binary mixtures of the
training set in Fig. 2 leads to the definition of four levels of AAG
corresponding to different values of x (Table 1).

This classification can be used for estimating a window of
eutectic conditions for any binary mixture similar to the ones
considered here: once the AAG is computed with eqn (3) based
on MEP calculations, an estimate of the interaction parameter x
is derived from Table 1, and can be used in eqn (1) and (2).
Repeating the calculations for the x limiting values of the
pertinent window provides the borders of the temperature range
where the actual melting occurs for the eutectic mixture of the
components under examination. In the case of ionic interactions
within the binary mixture, which is typically observed in DESs,
the eutectic point may largely deviate from the ideal conditions,
and the interaction parameter y results in deeply negative values
(x < —4), so these cases are not considered in our model.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Predictive tool for calculating binary eutectic mixtures (POEM)

Based on this estimation of x, we developed a quick tool to
evaluate a likely range for the actual eutectic point of a binary
mixture. The ideal eutectic point of a binary mixture can be
calculated from enthalpies and temperatures of fusion of the two
components, by intersecting the curves derived from eqn (1)
based on the Schroeder-van Laar's theory. Prediction of the
actual eutectic point requires the correction for non-ideality
through eqn (2), within the theory of regular solutions. Eqn (6)
combines eqn (1) and (2) and relates the actual composition for
component i (x;) to the melting temperature of the mixture Ty .

AH; (1 1
ln(x,-) +X(1 —X,')2 = R (T — T l ) (6)

The Schroeder-van Laar's curves (eqn (6)) of the two
components intersect at the actual eutectic point, whose
calculation requires the value of the non-ideality parameter .
This can be estimated from Table 1, if the magnitude of inter-
molecular interactions occurring within the mixture (AAG) is
known, or if it issimply qualitatively postulated by comparison
of the possible synthons active in the mixture. This routine has
been implemented in POEM (i.e. Predictor of Eutectic Mixtures),

liquid

-
I

THYMOL - 2,2'-BIPYRIDINE

s\ 2\
A\

View Article Online

RSC Mechanochemistry

a ready-to-use software that predicts the actual eutectic point
(Teuty Xeut) of molecular binary mixtures.

PoEM offers a graphical user interface (GUI) which allows us
to perform fast calculations and visualize the results in plots or
tables. Two different algorithms are coded in POEM, namely the
single-plot, and multi-tables (see the ESI for detailst). In the
single-plot algorithm, the ideal binary phase diagram of
a mixture is presented by plotting the Schroeder-van Laar's
curves calculated from the enthalpies of fusion and melting
temperatures of the two components (AH;, Ty, AH,, T) set as
the input.

The estimated actual binary phase diagram is also reported,
based on the interaction parameter x defined by the user; the
actual plot is superimposed with the ideal plot (x = 0) offering
a graphical visualization of the effect of the intermolecular
interaction within the mixture (Fig. 3, bottom) (see the ESIf).
The characterization of mechanochemical syntheses or cocrys-
tallization that might proceed through the formation of liquid
intermediates, such as the low melting eutectic phase, finds
a direct application in the use of the single-plot algorithm.

The second function of POEM, the multi-table algorithm, can
be useful for cocrystal design. In particular, POEM does not
provide hints of the likelihood that two components will form
a cocrystal, but facilitates the choice of the properties of

: e

THYMOL, x = 0
2.2-BIPYRIDINE, X = 0

— THYMOL, X = -0.96 © 038 30203

22'BIPYRIDINE, x = 0.96 @ 041,293.16

325

300 e

275

250

Temperature (K)

0.0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1.0

Xm (2,2'-BIPYRIDINE)

Fig. 3 Top: optical microscopy images at 100 x magnification for thymol (THY) : 2,2’ bipyridine (BPY) binary mixture collected under ambient
conditions. (a) Separated crystals of the chemical species. (b) A liquid eutectic phase is observed when they are put in contact. (c) The liquid
eutectic phase grew until the minor component is still present. (d) Residual solid thymol embedded within the eutectic liquid phase. Bottom:
PoEM output from the single-plot plugin: Schroeder-van Laar's curve plotted for THY for x = 0 (dashed blue line) and x = —0.96 (solid blue line)
and for BPY for x = 0 (dashed orange line) and x = —0.96 (solid orange line). Eutectic point calculated under the ideal conditions (grey point, x =

0) and under real conditions (red point, x = —0.96).
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Fig. 4 Tables generated by POEM of the eutectic compositions (left) and melting temperature (right) obtained combining thymol (molecule of
interest) with 10 x 10 hypothetical coformers at different x values (—4, —2, 0, and 3). Cells reporting melting temperature are depicted using
a colour gradient, shifting towards red for Tt > 298 K, green for T < 298 K and white for T = 298 K.
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coformers if it is desired that cocrystallization might proceed
through a liquid precursor. Mechanochemical syntheses of
cocrystals may be in fact triggered by a transient liquid eutectic
phase, as described by Mazzeo et al.>* The formation of a low
melting eutectic intermediate requires suitable thermodynamic
properties of the two coformers.

Given a molecule of interest, whose melting temperature and
enthalpy are known, POEM simplifies the selection of coformers
by providing predictive tables reporting the hypothetical
eutectic points between the molecule of interest and an array of
100 virtual coformers defined by the thermodynamic parame-
ters AHg,s and Ty,s. The virtual coformers are simulated span-
ning ranges of enthalpies of fusion and melting temperatures
on a 10 x 10 grid, whose combinations cover a significant
number of common organic compounds (see the ESIt). Each of
these 10 x 10 (AH;, T;) combinations is regarded as a potential
molecular partner of the molecule of interest, overall simulating
100 potential binary mixtures. The algorithm returns four tables
calculated at 4 different x levels (namely —4, —2, 0, and 3),
mirroring the x ranges as reported in Table 1 spanning from the
interaction parameter under ideal conditions (x = —0) to very
high (x = —4) or moderate positive (x = —2) or negative (y = +3)
deviation from ideality. As an example of the output tables we
report the virtual eutectic melting temperatures and composi-
tions for simulated binary mixtures in the hypothesis of the
cocrystal syntheses containing thymol as the molecule of
interest (Fig. 4). For a quick and easy graphical evaluation of the
conditions for which a low melting eutectic intermediate is
likely to occur upon mixing of the components in a mechano-
chemical process, the eutectic temperatures are depicted using
a colour gradient centered at around ambient temperature,
shifting towards red for Te, > 298 K, green for T, < 298 K and
white for Te, = 298 K.

Although the usual interest involves finding the conditions for
which low melting eutectic mixture can trigger cocrystallization,
the opposite need could also occur, trying to avoid the formation
of low melting intermediates: in this case coformers showing
higher T¢, should be preferred. The combinations which result in
eutectic mixtures under ambient conditions can be easily visual-
ised, and the design of cocrystallization proceeding through
liquid intermediates (or avoiding it) can be rationally addressed
by choosing coformers with melting enthalpy and temperature
fitting the green (or red) range of the grid.

Validation of POEM's calculations

The formation of an intermediate liquid phase upon mixing of
solid components has been often underrated in crystal engi-
neering although various examples have been reported in the
literature for the synthesis of cocrystals upon the formation of
metastable liquid eutectic mixtures under ambient conditions.
These observations could have been predicted by using POEM.

A validation test was run to assess the reliability of POEM in
predicting the eutectic point of binary mixtures for a few cases
already reported in the literature known to form a low-melting
eutectic mixture (Fig. 5). The melting enthalpies and tempera-
tures of the chemical species of the binary mixtures were
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BP
Fig. 5 Representation of hydrogen bond interactions between
components of selected binary mixtures from the literature that give
a low melting eutectic mixture. Donor and acceptor groups are
depicted in blue and red respectively. BP: benzophenone, CAM:
camphor, DPA: diphenylamine, LAU: lauric acid, MEN: menthol, PYR:
pyrazine, and THY: thymol.

Table 2 Experimental and calculated T.,: and calculated x for the
binary mixtures with low melting eutectic points reported in the text.
Calculated Tg,t were obtained by PoEM considering the range of
favourable interactions (=4 < x < 0, Table 1)

Binary mixture  Tey (€Xp.)  Tewe (X = —4) Tewr (x =0)  x (calc.)
DPA-BP*® 286.43 K  264.64 K 296.56 K —1.17
THY-PYR*’ <293.15K 248.14 K 288.03 K <0.43
THY-MEN*"*2  <260.00 K  249.88 K 286.77 K < —2.80
MEN-CAM* 283.20 K 236.12 K 289.72 K —0.44
MEN-LAU** 291.64 K 267.45 K 294.11 K —0.34

experimentally re-determined through DSC measurements to
ensure homogeneity of the dataset (see the ESIf). For the
systems whose eutectic temperature was not specified, it is
assumed to be below 293.15 K, since observation of a liquid
intermediate was reported in the original papers. The results of
POEM's calculations are summarised in Table 2.

The agreement between experimental and estimated melting
temperatures depends on the value of x introduced in eqn (6).
Since this value cannot be computed with precision, we suggest
that some robust upper and lower limiting values of x are
considered, in order to derive a temperature range where the
actual eutectic melting occurs.

On a qualitative-based evaluation, we considered all these
binary mixtures prone to form favourable heteromeric interac-
tions, and thus we attributed an interaction parameter —4 < y <
0. POEM's calculations at x = —4 and x = 0 returned a range of
eutectic temperatures that include the experimental T, (Table
2). For comparison, the actual x values calculated at the
experimental T, are also reported in Table 2. As shown in
Table 2, binary mixtures whose ideal behaviour (y = 0) suggests
a melting point below room temperature, show a higher chance
to observe a liquid eutectic mixture also for experimental non-
ideal behaviuor (y < 0).

The selected systems exemplify low melting eutectic
mixtures characterized by moderate interaction parameter x
values, which may represent an alternative approach to design
DES systems, generally based on strong interactions between
components (typically ionic) and large negative x values.
Chemical mixtures with low melting temperatures and high
affinity may help the formation of liquid eutectic mixtures.
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As a further proof of concept, we considered the combina-
tion of thymol (THY) and 2,2-bipyridine (BPY), where the
functional groups of THY and BPY suggest the probable
formation of hydrogen bond interactions. For this mixture
PoEM predicts a low melting eutectic mixture under ideal
conditions (x = 0, Tey: = 302.03 K) (Fig. 3, bottom), pointing to
a promising liquid eutectic mixture if the mixing interactions
are favourable. In fact, as predicted, when crystals of THY and
BPY are mixed at 293.15 K, a liquid phase is formed at the
contact surface (Fig. 3, top). In agreement with favourable
hydrogen bonds between the partners, the interaction param-
eter lowers the eutectic melting point below room temperature.
In this case, in fact, x must be lower than —0.96, which is
consistent with the x values calculated for analogous PHE/THY
and DQUI/THY binary mixtures (training set, see ESI}), since
both PHE and DQUI present N aromatic sites acting as
hydrogen bond acceptors as for BYP.

To ensure PoEM reliability when using datasets collected by
different users or using literature thermodynamic data, we also
tested a few cases of binary mixtures already reported in the
literature, entering melting enthalpies and temperatures
provided by the authors or, if missing, by the National Institute
of Standards and Technology (NIST).** The first set of the
components are not likely to form strong intermolecular
interactions upon mixing (Table 3, upper part), thus, for these
cases we set the interaction parameter in the range 0 < x < 2,
which are the most popular values for positive interaction
energies (AAG) as shown in Fig. 2, assuming that heteromeric
interactions are comparable or even less favoured than
homomeric ones. The rest of the binary mixtures from the
literature here considered are composed of molecules quite
likely to interact favourably (Table 3, bottom part), thus for
these cases we considered the range 0 < x < —4, well populated
by systems with negative interaction energies as reported in

Table3 Experimental and calculated T, and calculated yx of reported
binary mixtures obtained from thermodynamic data provided by
authors (%) or the NIST (®). Calculated T.. were obtained by PoEM
considering the range of non-favourable interactions (0 < x < 2, upper
part); the range of favourable interactions (—4 < x < 0, lower part)*

Binary mixture = Teye (€xp.)  Teur (x =0)  Tewr (x =2)  x (calc.)
BN-AAP®)*6 366.15 K 363.83 377.17 K 0.27
PNP-AAP®)16 353.15 K 343.05 K 370.58 K 0.74
BPH-HB®*” 341.50 K 325.90 K 339.89 K 2.57
BNA-HB(®8 351.15 K 343.55 K 368.12 K 0.63
MBA-ORL®*° 351.15 K 349.61 K 357.16 K 0.24
Binary mixture  Teye (€Xp.)  Tewe (X = —4) Tewe (x =0)  x (calc.)
BN-RC(®8 360.15 335.19 367.69 —0.79
BPH-BBP)>° 302.65 272.31 304.45 —0.21

“ AAP: 4-aminoacetophenone, BB: bibenzyl, BN: benzoin, BNA: 4-
bromo-2-nitroaniline, BPH: biphenyl, HB: 3-hydroxybenzaldehyde,
MBA: 4-methylbenzoic acid, ORL: ornidazole, PNP: 4-nitrophenol, and
RC: resorcinol.
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Fig. 2. As shown in Table 3, the experimental T, fit in the
range of eutectic temperatures calculated at the limiting values
both for favourable and non-favourable mixing free energies.
One exception is BPH-HB, whose calculated y = 2.57 at the
experimental T, evidences a strong destabilization of the
binary system, still located at the limit of the 0 < x < 3 range
reported in Table 1 and Fig. 2. This shows that POEM's results
are robust and general and can be applied to any user dataset.
It is important to remark that using a sensible and wide x
range ensures a reliable estimate of the actual temperature
window comprising the eutectic value.

Conclusions

Knowing the characteristics of the starting mixture is funda-
mental for the rational design of a mechanochemical process.
In cases where the starting compounds are simple organic
neutral molecules, it may be that their mixture gives rise to
a low melting eutectic liquid phase, which could either facil-
itate the mechanochemical process by creating a liquid
intermediate or prevent physical mixing by creating a sticky
slurry. We here report a simple method to derive the eutectic
melting temperature and composition for real mixtures,
simulating a reasonable not-ideal behaviour without the need
for massive computational effort. The interaction parameter x
between chemical species involved in the binary mixture is
evaluated on the basis of the AAG of formation, calculated
from the « and @ parameters derived from the MEP for each
chemical species.

Once x is known, the eutectic point can be predicted from
Schroeder-van Laar's equation for real cases. A limiting value of
x can also be estimated by qualitative considerations, and the
borders of a range comprising the eutectic point can be derived.
This method has been implemented in the software POEM (i.e.
Predictor of Eutectic Mixtures). POEM can ideally be used to
predict whether two chemical species can give rise to a low
melting eutectic phase when mixed together. It also allows us to
rationally drive the choice of coformers which form a low
melting mixture with a molecule of interest providing tables of
potential eutectic mixtures from the combination of 10 x 10
enthalpies of fusion and melting temperatures. It also provides
a plugin to plot the final binary phase diagram.

PoEM can be freely downloaded from https://
cristallografia.org/software/ and authors welcome feedback on
case studies.

Experimental
Materials and methods

All the reagents and solvents were purchased from Sigma-
Aldrich Chemical Co. and used with no further purification.

Synthetic procedures

Binary mixtures were prepared at a molar ratio close to their
ideal eutectic composition (x = 0). The two components of the
mixture were gently ground until a homogeneous powder was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formed, avoiding the occurrence of undesirable events such as
phase transitions or cocrystallizations. Binary mixtures of APY-
THY, BP-THY, and IMZ-THY formed a liquid phase at 293.15 K,
which was assumed to be the melting temperature of their
eutectic mixtures.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry analysis was performed with
a PerkinElmer Diamond equipped with a model ULSP 90
ultracooler. The measurements were performed in closed 10 pL
Al-pans under a constant flow of nitrogen (20 pL min '), using
a temperature gradient of 5 °C min™".

Pure components were analysed with a heating-cooling-
heating firing profile, determining the experimental melting
temperatures and enthalpies of fusion (7; AH;) used for the
estimation of Schroeder-van Laar's equilibrium curves. The
firing profiles varied according to the melting temperature of
each compound. Binary mixtures were analysed with a single
heating ramp aiming at measuring the melting temperature of
the eutectic mixtures.

The enthalpy of the endothermic or exothermic events was
determined by the integration of the area under the DSC peak,
which is reported inJ g~ .

Molecular electrostatic potential (MEP) calculations

Interaction energies between the components of binary
mixtures were calculated using MEP surface values, intro-
duced into Hunter's parameter (« and () equations (see the
ESIt). MEPs were calculated by Crystal Explorerl7 package
software at the 6-31G(d) level of theory using either 0.0300 or
0.0104 e bohr? isodensity surfaces to account for secondary
ionic interactions. The highest positive value (Ena.x) of each
MEP surface was used to calculate the o parameter, whilst the
lowest negative value (En,i,) was used for the § parameter.
Interaction energies (AAG) were obtained by the difference of
homomeric (a;8; + ay8,) and heteromeric (a8, + ay04)
interactions. A detailed description of the method supported
by calculated parameters and interaction energies is reported
in the ESL.{

MEP calculations were performed on the crystal structure of
all components used in the binary mixtures, with normalized
hydrogen distances. CSD Refcodes of crystal structures used are
reported in the ESIL.}

POEM's calculation methods

PoEM calculates the eutectic point of binary mixtures using
the Scipy optimize function®* that ensures that Schroeder-van
Laar's curves of the two components converge at the eutectic
point, by varying one (Xe,) or two parameters (X, and x). The
eutectic composition of the mixture (x.,) is constrained
within a range from 0 to 1. The optimization process is per-
formed on equations derived from eqn (6) (specifically eqn
(S2) and (S3) in the ESIf). Further information is available in
the ESLt
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