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Despite the growing importance of solid-state reactions, their thermodynamic characterization has
largely remained unexplored. This is in part due to the lack of methodology for measuring the heat
effects related to reactions between solid reactants. We address here this gap and report on the first
direct thermodynamic study of chemical reactions between solid reactants by isothermal calorimetry.
Three reaction classes, cationic host—guest complex formation, molecular co-crystallization, and
Baeyer-Villiger oxidation were investigated, showcasing the versatility of the devised methodology to
provide detailed insight into the enthalpy changes related to various reactions. The reliability of the
method was confirmed by correlation with the values obtained via solution calorimetry using Hess's law.
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Introduction

During the last few decades research on chemical transforma-
tions in the solid state has received tremendous attention.'
The related studies have opened up simple synthetic routes to
otherwise inaccessible materials or provided greener production
processes for numerous valuable chemicals.**>' However,
there are still unexplored aspects within this field,>* and we
are still far from a complete understanding of the kinetics and
thermodynamics governing the outcomes of solid-state reactions.
Most recently, advances have been made in elucidating the
mechanisms of reactions in the solid state.*>** This was achieved
through in situ monitoring of reaction mixtures using spectro-
scopic techniques (Raman, NMR and IR spectroscopies) and
diffraction methods.**°

On the other hand, thermodynamic studies within the field
of mechanochemistry have not yet received appropriate atten-
tion. Several reports focusing on solid-state thermodynamics
clearly demonstrated that such an approach is fundamental for
the systematic advancement of the field. Beleguer et al. reported
on the thermodynamic control of the reaction outcome for
disulfate exchange reactions relevant for covalent dynamic
synthesis.’**' Monteiro et al. performed measurements of
chemical potentials of various solid phases and identified the
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understanding of the factors governing solid-state processes.

driving force for the mechanochemical synthesis of strontium
titanate.®> Extensive thermodynamic investigations of various
metal-organic frameworks have been performed, providing a
detailed understanding of the stability and reactivity of these
systems.**¢ It should be noted that computational methods
have also allowed reasonable assessment of thermodynamic
parameters for solid-phase reactions.®”*

Typically, dissolution calorimetry supported by DSC, isothermal
adsorption calorimetry, and low temperature heat capacity determi-
nation comprise the experimental toolbox for the study of thermo-
dynamics underlying mechanochemically driven processes.*
Hence, the established route towards related reaction enthalpies
is a detour involving construction of thermodynamic cycles (TCs),
whereas direct determination of the reaction enthalpies by isother-
mal calorimetry for processes between solids has not yet been
unveiled.

Studies which discuss the heat effects during mechanochemical
reactions have focused mainly on the mechanistic aspects of the
temperature change, rather than its thermodynamic implica-
tions.**** Research on the thermal effects of mechanochemical
reactions performed in a ball-mill reported by Uzarevic et al. exposed
that the temperature in the reactor during milling depended
primarily on the frictional properties of the powder material present
in the jar.*® Heat resulting from the reaction itself had negligible
impact on the measured temperature, and the reaction enthalpy
could not have been even roughly assessed by the applied method.
In contrast, Kulla et al. did notice a significant effect of the reaction
heat on the temperature inside the mill by performing thermo-
graphic measurements.** However, the collected data could not
yield reliable reaction enthalpies.
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These studies implicate that in order to monitor the thermo-
dynamic parameters of solid-state reactions directly, the focus
should be put on performing the experiments in isothermal mode,
detecting the heat as it is exchanged with the surrounding, which
is the very concept of isothermal calorimetry.” Indeed, the
demand for calorimeters suitable for investigating the processes
occurring in the solid state has been identified in the midst of the
20th century.*® High temperature isothermal calorimetry has since
been extensively applied in metallurgy,” ™ ceramics and cement-
related studies,®®>* while low temperature experiments have mainly
been related to in pharmaceutical studies.*>*>>” The research
involved calorimetric studies of various solid-state reactions ie.
sintering,”® oxidation of ascorbic acid,> polymorphic transitions,*
amorphous-to-crystal relaxations®® and other modifications in
crystallinity.®*®* In addition, the value of calorimetric methods
has been recognized in the process of determining excipient
compatibility™ and desolvation characterization.”® It should be
stressed out that all of these investigations were performed by
placing the reactant in a calorimetric vessel and monitoring the
heat slowly evolving as the reaction advanced spontaneously. Argu-
ably, this provided a valuable insight into the kinetic and thermo-
dynamic parameters of important reactions occurring in the solid
phase, illustrating the tremendous sensitivity of modern isothermal
calorimeters. However, to the best of our knowledge, isothermal
calorimetry has not been applied to study reactions between two or
more solid reactants taking place upon their mixing, which is of
special interest for the field of mechanochemistry.

Although the well-established approach based on Hess’s law
does provide a path towards solid-state reaction enthalpies, it
requires tedious work and involves several long-lasting experi-
ments. More importantly, experimental difficulties related to
the construction of thermodynamic cycles such as solubility
issues or slow reaction kinetics sometimes hinder the applica-
tion of the methodology. Thus, applying and optimizing iso-
thermal calorimetry for direct thermodynamic characterization
of reactions between two or more solids is vital for further
advancement of mechanochemistry.

Herein, we explored the potential of using a robust Calvet-
type calorimeter equipped with a cell originally designed for
studies of dissolution processes to directly measure the enthalpy
of reactions between solid compounds at room temperature. We
demonstrated that the commercially available calorimetric system
developed by Setaram is suitable for direct enthalpic characteriza-
tion of a variety of mechanochemically relevant processes.

Experimental
Materials

In this work, the following reactants were used: 4-tert-butyl-
cyclohexanone (4-tBuCH; Sigma Aldrich, 99%), 3-chloroper-
benzoic acid (mCPBA; Sigma Aldrich, <77%), KHSO, (Kemika,
>99%), 18-crown-6 ether (18C6E; Sigma Aldrich, 99%), benzo-
phenone (BZP; Sigma Aldrich, 99%), and diphenylamine (DPA;
Pliva, purissimum). KHSO, was ground and dried at 155 °C for
3 h before use (grinding was repeated after drying). 18-Crown-6

68 | Phys. Chem. Chem. Phys., 2024, 26, 67-75

View Article Online

PCCP

ether was quickly ground and then placed into a desiccator
filled with P,0s overnight. All other reactants were also finely
ground in a mortar prior to their usage for solid-state reactions
in the calorimeter.

Solvents used were as follows: deionized (MilliQ) water and
acetonitrile (MeCN; J. T. Baker, HPLC Gradient Grade).

Database studies

Literature PXRD patterns [refcode] for all reactants and pro-
ducts of solid-state reactions tested in this work were obtained
by performing the relevant Cambridge Structural Database
(CSD) searches enabled by the Cambridge Crystallographic Data
Centre (CDCC): BZP [BPHENO12], DPA [QQQBVP04], BZP-DPA
[BZPPAMO1], 18C6E [HOXOCD], (18C6EK)HSO,-2H,0 [WIGNAC].

Preparation of salts, cocrystals and complexes

(18C6EK)HSO,-2H,0 was synthesized mechanochemically from
18C6E (120.0 mg; 0.454 mmol) and KHSO, (61.8 mg; 0.454 mmol)
in a 10 mL stainless-steel jar with two stainless-steel balls 7 mm in
diameter (Retsch MM200 Shaker Mill operating at a frequency of
25 Hz for up to 90 min). The direct product of ball-milling in this
case was a mixture of (18C6EK)HSO,-2H,0 and (18C6EK)HSO,.
Therefore, the product mixture was transferred into a mortar
where it was thoroughly ground with water (16.4 puL; 0.908 mmol)
in order to obtain pure (18C6EK)HSO,-2H,0.

Metastable liquid BZP-DPA was obtained by thoroughly
mixing BZP (147.0 mg; 0.807 mmol) with DPA (136.5 mg;
0.807 mmol) in a small glass beaker with a spatula. BZP-DPA
solid molecular complex was obtained by fast crystallization of
metastable liquid BZP-DPA induced by cooling (1 h at 4 °C).

Powder X-ray diffraction experiments

PXRD experiments were performed using a Malvern PANalytical
Aeris X-ray diffractometer with Cu K, (1.54056 A) radiation at 15
mA and 40 kV. The scattered intensities were measured with a
line (1D) detector. The angular range was from 5 to 40° (20) with
a 1/8° used slit and a time of recording of 2.5 min. Data analysis
was performed using the program Data Viewer (Omnic Specta
Software 9.9.549, Thermo Fisher Scientific, 2018).

Calorimetric method for solid-state reactions

Reaction enthalpies of solid-state reactions and dissolution
reaction enthalpies were measured using a Calvet calorimeter
(SETARAM BT 2.15) at 25.0(1) °C. The temperature of the
calorimeter block was controlled by a thermostat (Huber CC
905). Detector calibration tests were done with naphthalene:
AfsH® =143.3 ] g ' (vs. theoretical: 147.6 & 4.3 ] g *; Installa-
tion and Commissioning Checklist of SETARAM BT 2.15.).
Identical Hastelloy mixing cells (S60/58285) were used as refer-
ence and reaction cells. Each cell comprises two compartments
(upper volume = 2.9 cm?, lower volume = 2.6 cm®) separated by
a PTFE membrane (0.05 mm). Typically, the lower parts of both
cells were filled with the same amount of a reactant and in
some cases, a minor amount of liquid facilitating the reaction.
The second reactant was placed on the membrane of the
reaction cell and both reference and reaction cells were

This journal is © the Owner Societies 2024
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mounted inside the calorimeter. When thermal equilibrium
was reached and the baseline established, stirrers were pushed
down into the cells piercing the membrane. The stirring rate
was then set to 120 rpm. Pushing the second reactant (placed
on the PTFE disc) into the cell enabled a controlled start and
advancement of the reaction. Identical stirring was performed
in both cells thus accounting for the heat effects of the stirring.
Data acquisition and processing were performed using
CALISTO software (Setaram). Processed data were represented
using OriginPro 2021.

Solid-state reactions were performed with the following
amounts of samples in the lower part of the cell (LP) and on
the membrane (MEM):

e 200-231 mg of mCPBA (LP) and 15-41 mg of
4-tBuCH (MEM);

e 146-210 mg of 18C6E with 7-10 uL of H,O (LP) and 23-38 mg
of KHSO, (MEM);

¢ 28 mg of DPA with 0.5 mg of BZP-DPA(s) (LP) and 30 mg of
BZP (MEM);

e 50-90 mg of DPA (LP) and 47-86 mg of BZP (MEM);

e 56-111 mg of BZP-DPA(l) (LP) and 0.5-1 mg of BZP-
DPA(s) (MEM).

Dissolution enthalpies

Dissolution enthalpies of reactants and products of solid-state
reactions were determined by means of Setaram BT 2.15 Calvet
calorimeter (at 25.0(1) °C) and TAM IV (TA Instruments) calori-
meter (at 25.0000(3) °C) in chosen solvents. When the Setaram
Calvet calorimeter was used, dissolutions were performed with
1.5 mL of solvent with the mass of the sample varying from 11
to 40 mg. The solvent volume used for the dissolution experi-
ments in TAM IV was 17 mL. For the TAM IV calorimeter,
samples were directly weighed into the cartridges (V = 40 uL),
with their mass varying from 6 to 22 mg. The stirring rate in the
TAM 1V calorimeter was set to 60 rpm, whereas in the Setaram
calorimeter, it was set to 120 rpm. In both calorimeters, the
samples were expelled into the solution once the equilibrium
has been established. The dissolution heats obtained with the
TAM IV calorimeter were corrected for the blank experiment
(empty cartridge). The heat flow was recorded every 0.5 s (TAM
IV) or every 2.7 s (Setaram). Data acquisition and processing
were performed using CALISTO software (Setaram). Processed
data were represented using OriginPro 7.0.

ITC

Microcalorimetric measurements were performed by an iso-
thermal titration calorimeter Microcal VP-ITC at 25.0(1) °C. The
enthalpy changes were recorded upon stepwise, automatic
addition of titrant solution (2.9 x 10~ > mol dm ) to the analyte
solution (5.4 x 10~* mol dm™®). A blank experiment was carried
out in order to make corrections for the enthalpy changes
corresponding to the dilution of the titrant solution in the pure
solvent. The dependence of the successive enthalpy change on
the titrant volume was processed using the Microcal OriginPro
7.0 program.

This journal is © the Owner Societies 2024
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NMR

NMR spectra were recorded by means of a Bruker Avance III HD
400 MHz/54 mm Ascend spectrometer equipped with a 5 mm
PA BBI 1H/D-BB probe head with z-gradient and automated
tuning and matching accessory. All proton spectra were
acquired at 25.0 °C by using 64 K data points, a spectral width
of 20 ppm, a recycle delay of 1.0 s, and 16 scans. CDCl; was
used as a solvent and TMS as an internal standard for proton
chemical shifts.

Characterization of reactants used for solid-state reactions

Microscopy and XRD experiments were used for aggregate size
analysis and crystal domain size analysis of the reactants (see
ESIT, Section 1 for details) confirming that the dimensions of
the reactant particles are well beyond the nm-scale. Thus, no
influence of their size on A.H for a solid-state reaction was
expected.

Results and discussion
Experimental setup for isothermal solid-state calorimetry (ISSC)

The methodology used in this work was applied in a specific
manner, which prompted us to devote this section to the most
important aspects of the experimental setup (in addition to the
description given in the Experimental section). As already
stated, the cell in which we performed the solid-solid reactions
has been devised for dissolution experiments (Scheme 1). It is
thus equipped with a stirrer that is optimized for mixing
liquids. The mechanical force imposed by such a stirrer is mild
and introduces rather low and constant heat flow, still ensuring
contact between the reactants and thus enabling the reaction
progress. Another key advantage of the cell applied in this work
was the fact that the two solids could be separated by a
membrane, allowing complete thermal equilibration of the
cells prior to the mixing of reactants. The reaction is initiated
by combining the reactants upon piercing the membrane.
The isolated piercing of the membrane and the falling of the
solid reactant to the bottom of the cell have negligible heat
effects which was demonstrated by numerous experiments
(approximately 0.1% of a typical reaction heat signal, Fig. S3,
ESIT). The heat introduced by stirring is the same in both cells
because the stirrers of the reaction and reference cells are
practically identical and are driven by the same motor. Since
the generated heat is effectively exchanged with the heat sink, it
does not affect the system temperature. However, we did detect
a slight shift in the baseline upon turning the mixing on, which
could be ascribed to small differences in friction of the two
stirring devices (Fig. S4, ESIt). By applying the tangential
sigmoidal integration algorithm in the signal processing for
solid-state reactions, this effect was almost completely elimi-
nated from the integrated heat. When the analogous integration
procedure is performed on blank experiment signals, the result-
ing heat is <2% from the one obtained for the reactions.
When the reaction does not occur, the signal does not
significantly differ from the one obtained by membrane

Phys. Chem. Chem. Phys., 2024, 26, 67-75 | 69
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@ = reactants
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Scheme 1 Calorimetric cell system used and experimental procedure for direct monitoring of reactions in the solid state: (a) equilibration phase; (b)
reaction initiation; (c) reaction advancement and heat-flow measurement. A reference cell with a practically identical stirrer, filled with only one reactant
is also present in the calorimeter and differential heat power is measured during the experiment.

piercing without the reactant present in the cell (Fig. S5, ESIT).
Hence, in a case of an unsuccessful experiment (no reaction), a
negligible heat signal is expected and such event is easily
recognised by the current methodology.

In a typical experiment, the reactant added to the bottom of
the cell was in significant excess related to the one placed on
the membrane. This ensured that the entire sample of the
limiting reactant was in contact with the other reagent and
facilitated its complete transformation. Such an experimental
design provided a straightforward way to determine the reac-
tion extent as it could be equated to the amount of limiting
reagent. Indeed, PXRD analyses of the material produced in the
calorimetric experiments confirmed the transformation of the
limiting reagents and enabled product identification. Thus, the
quantitative characterization of the resulting mixtures was
generally not required.

In order to further validate the methodology applied for
determination of reaction extent, we determined the limit of
detection (LOD) of our experimental setup. Two typical solid-
state standards were used and diffractograms of their various
mixtures were recorded (ESIt, Section 3). The obtained LOD value
was 2-5%, which was within the tolerated experimental error.

The total reaction heat was determined by integrating the
measured signal during the experimental procedure, avoiding
the requirement for kinetic modelling. A small amount of
water was added in the case of potassium complexation by
18-crown[6] ether to aid the grinding process and accelerate the
reaction. If possible, the total amount of the material, the molar
ratio of the reactants and the volume of the solvent added were
varied in repeated experiments to confirm that the measured
reaction enthalpy did not depend on these parameters.
Typically, the reactions were completed within 0.5-1 hour after
combining the reactants and the heat evolved during the
experiments could be effectively conducted and measured,
providing isothermal conditions (the temperature fluctuation
during an experiment was £0.1 °C or lower). The entire experi-
ment would require from 1.5 to 3 hours (including the pre-
reaction thermal equilibration and evolution of the heat signal)
depending on the kinetics of the reaction.

70 | Phys. Chem. Chem. Phys., 2024, 26, 67-75

The heat generated by mixing was readily accounted for by
comparing the heat flow in the reaction cell with that in the
reference cell filled with only one of the reactants (the one
present in excess) submitted to the same stirring rate as the
reaction cell.

The enthalpies for most of the investigated reactions could
additionally be elucidated by thermodynamic cycles. The ther-
modynamic data required for this purpose were determined by
measuring dissolution enthalpies of the reactants and products
as well as determining the reaction enthalpies in the same
solvent. This provided strict cross-evaluation of the methodol-
ogy by comparing the results measured by the direct solid-state
calorimetric procedure with the parameters based on TCs. In all
cases, the data obtained by both methods were in satisfactory
agreement, demonstrating the applicability of ISSC and the
reliability of the corresponding data.

Based on the experience gathered so far using the presented
methodology, we can provide a few experimental guidelines in
order to obtain the most reliable results:

(1) Using an excess of one reactant is recommended to ensure
contact and complete reaction. If stoichiometric amounts of
reactants are used, great attention should be put on the quanti-
tative determination of the product mixture. Visual inspection of
the calorimetric cell after the experiment is advised to make sure
reactants were thoroughly mixed and none of the reactants
remained on the cell walls or membranes.

(2) The reactants should be finely ground prior to the
experiment to increase the reaction rate. Measurements of
the particle size upon sample treatment are recommended.

(3) Addition of a small amount of solvent (LAG conditions) is
encouraged to facilitate the reaction. Special care should be
taken in such cases to ensure correct identification of the
product, considering the possibilities of solvate formation.

(4) The monitored reaction should be relatively fast and heat
evolution should be finished within 2 hours after mixing the
reactants. This should be taken as a “rule of thumb” and it
depends on the total heat exchange during an experiment (with
higher enthalpy changes, a longer experiment duration can
be used).

This journal is © the Owner Societies 2024
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Host-guest chemistry — potassium complexation by 18-crown[6]
ether

The discovery of crown-ethers has facilitated the development
of host-guest chemistry,’® and to date, these macrocycles are
the reference point for the supramolecular complexation of
various cations.®””®® Numerous hybrid receptors with crown
ether functionality as the cation-binding site have been
reported and the underlying complexation processes have been
investigated in solution by a plethora of methods, including
calorimetry.”””" Most recently, crown-ether derivatives have
been exploited in catalysis,”> drug-delivery systems,”® supra-
molecular polymers,”* ferroelectrics, etc.”> Moreover, these
macrocycles have been applied in crystal engineering as mod-
ules rendering complex superstructures.”® Braga et al. reported
that 15-crown[5] or 18-crown[6] ether (18C6E) form complexes with
alkali, transition metal or ammonium cations combined with
polyprotic inorganic and organic anions form crystalline mole-
cular salts based on hydrogen bonded anionic networks.”®”®
However, to the best of our knowledge, no attempts were made
to investigate the heat effects related to the above described
reactions.

We found that by mixing 18C6E and KHSO, in the calori-
metric cell, the macrocyclic potassium complex (dihydrate) was
formed quantitatively (Scheme 2), as confirmed by PXRD of the
resulting material (Fig. S7, ESIt). In this experiment, an excess
of crown ether relative to KHSO, was used and a catalytic
amount of water was added to 18C6E prior to the measurement.
Integration of the exothermic peak which occurred upon mixing
of the reactants (Scheme 2b) yielded the reaction enthalpy of the
solid-state complexation which amounted to —14.5 kJ mol "
(Table S3, ESIY).

The thermodynamic cycle required to calculate the reaction
enthalpy in the solid state was constructed by measuring the
dissolution enthalpies for 18C6E, KHSO, and their complex in
water (Fig. S8-S10 and Tables S4-S6, Scheme S1, ESIf). In
addition, the complexation of potassium ions by 18C6E in
water has been investigated earlier, providing the related
stability constant and reaction enthalpy (log K = 2.14(2), A,H =
—23.4(8) k] mol").”® These data were used to account for the
complex formation in solution and applied for devising the TC.
The enthalpy of the solid-state process calculated from Hess’s
law (A.H = —17.2(7) k] mol ") was a bit more negative but still
in satisfactory agreement with the value determined directly
by ISSC.
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Molecular complexation - reaction between benzophenone and
diphenylamine

Co-crystal formation plays a central role in crystal engineering
and the benefits of the materials attained by co-crystallization
have been utilized in various technologies.>"**"®> The synthesis
of co-crystalline materials is strongly dependent on mechan-
ochemical methods, as the reactions performed in the absence
of solvent often yield otherwise inaccessible products.®

Chadwick et al. found that by placing solid benzophenone
and diphenylamine in contact, a molecular complex is formed
upon mechanical agitation, accompanied by a yellow coloration
of the material at the interphase of the two powders.?**> The
crystal structure of the material revealed that H-bonds between
the carbonyl oxygen and the amine NH-group stabilize this co-
crystal. It was also found that the binary system containing
benzophenone and diphenylamine is characterized by two
eutectics.?® The melting points of the mixtures were generally
above 30 °C which suggested that melting is not expected at
25 °C. Chadwick et al. thus postulated that the mechanism of
co-crystallization involves a metastable liquid state (deep eutec-
tic formed at equimolar ratio) from which the molecular
complex is crystallized upon seeding, agitation or cooling.
The mechanism of the BZP-DPA complex formation was later
studied in detail by Biliskov.®”

We extended the thermodynamic understanding of the
described process by measuring the related enthalpy changes
using isothermal calorimetry. When the typical experimental
conditions were applied, i.e. when one of the reactants was in
excess (n(DPA)/n(BZP) = 4.9), a slurry-like material was obtained,
and the expected co-crystal was not detected. In contrast, by
mixing the reactants in the equimolar ratio in the calorimetric
cell, the metastable liquid was formed, accompanied by an
endothermic peak (Fig. 1a).

The system remained in this state for the entire duration of
the experiment (>2 h). Although this was not the desired
outcome of the experiment, it enabled the calculation of the
enthalpy for the formation of the metastable liquid (AH =
30.8 kJ mol™'; Table S7, ESIf). Cooling the metastable liquid
containing BZP and DPA yielded yellow crystalline material, i.e.
the desired BZP-DPA molecular complex (confirmed by PXRD
analysis). This material was subsequently used as a seed in the
calorimetric cell. A small amount (0.5 mg) of BZP-DPA
was placed with DPA in the calorimetric cell and BZP was set
on the PTFE membrane. After thermal equilibration, BZP was

(a) . (b)
3
(o 5
Y o AH = -14.5(3) k mol!
[ j +KHSO, T Lo 2
K/O\) 0 * k *
en'do 40 80 120
t/ min
. J

Scheme 2 (a) Host—guest complex formation studied in this work and the related reaction enthalpy determined by isothermal solid-state calorimetry at

25 °C. (b) Related thermogram.
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endo 60 90 120
t/min

Fig. 1 (a) Thermogram for the formation of the metastable liquid BZP—
DPA (n(BZP) = n(DPA) = 0.412 mmol) performed in the Setaram Calvet
calorimeter at 25 °C. (b) Thermogram for the crystallization of the
metastable liquid BZP-DPA (n(BZP) = n(DPA) = 0.314 mmol) forming
BZP-DPA co-crystal performed in the Setaram Calvet calorimeter at 25 °C.

combined with DPA containing the seed which resulted in an
endothermic signal followed by a prolonged exotherm (Fig. 2
and Table S8, ESIT).

The PXRD analysis of the resulting material (Fig. S11, ESIY)
suggested that most of the starting material was transformed to

5_
2 7
E ool /’(//4// 277z — X
Q %‘
tf//‘
Z
5 7
i} 7
7
v
v -10 -1 T T
endo 40 60 80

t/ min
Fig. 2 Thermogram for the formation of BZP-DPA cocrystals (n(BZP) =
n(DPA) = 0.165 mmol) performed in the Setaram Calvet calorimeter
at 25 °C.
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the desired BZP-DPA co-crystal with a small amount of the
reactants still present in the mixture, probably due to very rapid
crystallization. The enthalpy for the reaction (Scheme 3a) was
calculated by integration of the entire signal measured during
the experiment and assuming complete transformation of the
reactants, which provided the value A;H = —1.4(3) k] mol .

The reaction enthalpy for the BZP-DPA formation in solid-
state was also measured by performing the experiment in a two-
step fashion (Scheme 3b). First, a larger amount of metastable
liquid BZP-DPA was formed by a thorough mixing of BZP and
DPA (n/n=1) in a beaker. The obtained liquid was weighed into
the reaction cell of the calorimeter while the DPA-BZP seed
(0.5 mg) was placed on the PTFE membrane. After the equili-
bration period, the membrane was pierced, allowing contact of
the crystal seed with the liquid. This resulted in rapid co-crystal
formation accompanied by a significant exothermic signal
(Fig. 1b) yielding the reaction enthalpy for crystallization of
the molecular complex (Table S9 and Fig. S12, ESIf). As
described above, the reaction enthalpy related to the formation
of the metastable liquid BZP-DPA has already been deter-
mined. The overall enthalpy of the co-crystallization reaction
could be calculated as the sum of the two reaction enthalpies
providing the value A.H = —3.4(7) k] mol". The obtained value
was similar to the one determined in the one-step approach,
but the two-step method is undoubtedly a more reliable one, as
it provides pure product and an unambiguous determination of
reaction extent.

It is possible that the discrepancy in the determined values
was caused by the fact that a certain amount of reactants
remained in the system when the reaction was performed in one
step. Both values were more negative but still in acceptable agree-
ment with the one determined by TC (AH = —0.4(7) k] mol ¥
Scheme S2, ESIT). Although the discrepancy in the measured values
is somewhat outside the repeatability of the measurements the
agreement of data obtained by the two methods is more than
acceptable given the complexity of TC construction. It should be
noted that in the case of host-guest chemistry, the reaction enthalpy
determined by TC was more negative, while the opposite was
obtained in the case of the BZP-DPA system. This finding suggests
that the two methods applied do not provide systematically different
values.

The dissolution experiments were performed in acetonitrile
(Fig. S13-S15 and Tables S10-S12, ESIt). Additionally, the
dissolution enthalpy of the metastable melt was determined
yielding 7.7(8) kJ] mol ' (Fig. S16 and Table S13, ESI{). The
complexation between DPA and BZP was not detected in the
solution, as shown by ITC (Fig. S17, ESIt). This provided the

a) DPA(s, seeded with the complex)+ BZP(s) &1==14@)kimoly  p7p ppA(s)

b) DPA(S) + BZP(S) AH=30.8(1) kJ moI": BZP_DPA(I) AH=-34.2(2) kJ mol‘1: BZP-DPA(S)

seeding

Scheme 3 Molecular complexation (co-crystal formation) between benzophenone and diphenylamine is studied in this work. Direct (a) and two-step
(b) procedure for reaction enthalpy determination using isothermal calorimetry.
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Scheme 4 (a) Baeyer-Villiger oxidation studied in this work and the related reaction enthalpy determined by isothermal solid-state calorimetry at 25 °C.

(b) Related thermogram.

information required for obtaining the reaction enthalpy
related to the formation of the metastable liquid from the TC
which was again in good agreement with the value obtained by
isothermal calorimetry (Scheme S2, ESIY).

Organic synthesis — Baeyer-Villiger oxidation

The Baeyer-Villiger oxidation is one of the essential transfor-
mations in organic synthesis due to its wide applicability and
high reaction yields.®® Since it was first reported in 1899,%° this
reaction has been applied on an immense number of starting
materials.’>" Most recently, chemists have devoted their attention
to performing this reaction with reduced impact on the environ-
ment using less harmful oxidants and solvents.”>®* In line with the
green approach towards chemical synthesis, it was demonstrated
that the Baeyer-Villiger transformation could be readily performed
in the absence of solvent.”* It was found that oxidation of 4-tert-
butylcyclohexanone (4-tBuCH) by m-chloroperoxybenzoic acid
(mCPBA) occurred almost instantly upon grinding the reactants
(Scheme 4a), making it an exemplary reaction in organic synthetic
mechanochemistry.”> Prompted by its general importance and
applicability, we selected this reaction for our solid-state calori-
metric investigations based on the available literature data.

After mixing the reactants (4-tBuCH placed on the membrane
and mCPBA added to the cell in excess), a small endothermic
peak was detected in the short initial phase of the reaction,
followed by a very pronounced exotherm (Scheme 4b). The
minor endothermic process could be ascribed to the formation
of eutectic, i.e. melting of the reactants upon mixing, whereas
the strong exotherm is the consequence of the oxidation
coupled with crystallization of the caprolactone product. The
reaction enthalpy could be reliably measured providing the
value —217(5) kJ mol ™" (Table S14, ESIf). The mixture obtained
after the calorimetric experiment was characterized by "H NMR
and it was evident that the ketone was fully transformed to y-
tert-butyl-¢-caprolactone (Fig. S18, ESIT). On the other hand, in
solution (dichloromethane), this reaction took overnight, and
the reaction did not proceed quantitatively even with a high
excess of the oxidant used. This hindered the determination of
the related reaction enthalpy in solution and consequently
the construction of the required TC. The fact that the process
could not be readily studied by thermodynamic cycle using
dissolution calorimetry showcased the advantage of the direct
characterization of the reaction by ISSC and emphasized the
value of this work.

This journal is © the Owner Societies 2024

Conclusion

To the best of our knowledge, this study reports the first isother-
mal calorimetric investigation of solid-state reactions induced by
mechanical agitation and demonstrates a wide applicability of the
developed approach to study solid-state reactions of various types
featuring reaction enthalpies ranging from only a few k] mol~* to
more than 200 k] mol . We have directly measured the related
reaction enthalpies and cross-evaluated the obtained values with
the ones obtained from solution data by Hess’s law applying
thermodynamic cycles. In all cases, the values obtained by both
methodologies were in good agreement. In summary, the
described approach may provide the necessary means to fill the
gap in the thermodynamic understanding of solid-state and
mechanochemical reactions.
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