
RSC
Mechanochemistry

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 5
:4

8:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Deriving kinetic i
aDipartimento di Chimica “Giacomo Ciamici

40126 Bologna, Italy. E-mail: fabrizia.grepio
bBAM Federal Institute for Materials Researc

11, 12489 Berlin, Germany. E-mail: franzisk

† Electronic supplementary information (
components resulting from the MCR-A
Rietveld phase quantication, details o
experiments. CCDC 2305331 and 230533
CIF or other electronic format see DOI: h

Cite this: RSCMechanochem., 2024, 1,
106

Received 3rd November 2023
Accepted 6th February 2024

DOI: 10.1039/d3mr00013c

rsc.li/RSCMechanochem

106 | RSC Mechanochem., 2024, 1, 10
nsights from mechanochemically
synthesized compounds using multivariate analysis
(MCR-ALS) of powder X-ray diffraction data†

Laura Macchietti, a Lucia Casali,ab Franziska Emmerling, *b Dario Braga a

and Fabrizia Grepioni *a

Kinetics information on the progress of the mechanochemical reactions is key to their understanding and

subsequent scale-up. For crystalline materials, themost robust and testedmethod for obtaining kinetic data

is the Quantitative Phase Analysis (QPA) via Rietveld refinement. In this work, we tested the feasibility of the

Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) method on powder X-ray diffraction

(PXRD) data of mechanochemical processes by studying the system theophylline (TP) and malonic acid

(MA) in a 1 : 1 stoichiometric ratio at different milling conditions. We have highlighted the strengths and

weaknesses of the MCR-ALS method, and we demonstrated why it may be an alternative route to obtain

quantitative information on mechanochemical kinetics.
1. Introduction

Mechanically-activated reactions – classied as mechano-
chemistry – are attracting increasing attention because of their
inherently sustainable nature.1 The minimized use of solvents
and energy required, together with performances generally fast
and quantitative, make these reactions a valid alternative route
for the preparation of various classes of compounds.2–4 Apart
from all the merits of this synthetic methodology, the limit of
mechanochemistry is the poor mechanistic understanding of
the solid-state transformations involved. Since the reactions
may follow different paths with respect to conventional solution
chemistry, the outcome of these reactions cannot be taken for
granted, and scale-up of laboratory reactions is not an obvious
procedure.5 The urge to gain a deeper understanding of mech-
anistic behaviour paved the way for the development of meth-
odologies aimed at monitoring the mechanochemical
reactions, without (ideally) interfering with the milling
processes.6 Of all the methods, time-resolved in situ (TRIS)
methods for real-time monitoring via X-ray diffraction are
outstanding.7 By recording powder diffractograms with the
progress of the mechanochemical reactions it is possible to
obtain otherwise not accessible information on crystalline
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6–115
intermediates or new products, or on reaction time, thus opti-
mizing – and ideally controlling – the outcome of a synthetic
procedure.8–11 The collection of such data may be also used for
obtaining a kinetic prole: along with the information on the
evolution time of the reaction, it would also represent a further
step in the understanding of the mechanochemical reactions
and their following scale-up at the industrial level.12 By nding
the best tting of kinetic equations with the experimental data,
it is possible to gain insight into the microscopic features of
mechanical activation.13 When dealing with crystalline mate-
rials, themost powerful method for obtaining kinetic data is the
Quantitative Phase Analysis (QPA) via Rietveld renement. Such
a method provides a quantitative identication of the crystal-
line phases (reactants, intermediates, products) appearing and/
or disappearing in the course of a reaction, with concomitant
information on microstructural parameters such as crystal size
and microstrain. For in situ data collected with a synchrotron
source (and with the ball milling setup) the quality of the
powder diffractograms is signicantly worsened, thus affecting
the reliability of the Rietveld method. However, the imple-
mentation of work strategies to deal with synchrotron data
represents a turning point in performing Rietveld analysis on
synchrotron data,14 as pointed out in recent work by Lampronti
et al.15 When these work strategies are not easily applicable, or if
more in general we are dealing with unknown crystal structures
or with poorly crystalline materials, the Rietveld method may be
no longer feasible, and the strategy of the single peak analysis
can instead be utilized.16 The calculation of the normalized
areas under the Bragg peaks may represent a good alternative
strategy for the evaluation of the reaction rates, but a necessary
condition for this method to work is that the peaks under
investigation do not interfere with other peaks, i.e. the peaks of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reagents and products need to be in different angular regions of
the diffractogram. However, this ideal condition is seldom
achieved, especially with low symmetry crystals, therefore the
use of a method that instead relies on all the peaks in the dif-
fractogram or on chemometric techniques could provide a valid
help, particularly in assisting the in situ monitoring. Multivar-
iate analysis, with its ability of elaborating big data set, is
already a strategic tool for process monitoring,17 and can help
analysing the entire XRD prole, with the possibility of uncov-
ering hidden information otherwise difficult to detect. Multi-
variate analysis, at the same time, offers fast calculations able to
process the data without prior knowledge of the crystalline
phases and features,18 or in the case of complex proles, as in
the presence of amorphous phases. To this aim, dimensionality
reduction algorithms, like principal component analysis (PCA),
can be fundamental to explore and perform cluster analysis of
big datasets, as in high-throughput screening,19 to correlate
macroscopic properties20 and to extract kinetic information also
in the presence of shis in the peak position.21 In this work we
present an application of the MCR-ALS analysis to powder X-ray
diffraction (PXRD) data. The MCR-ALS (multivariate curve
resolution – alternating least squares)22,23 is a method that
enables to deconstruct a dataset of composite signals into two
separate matrices, the rst representing the signals of k “pure”
components, the second their respective concentrations
proles. The number of components, k, is a variable of the
method dened during the computational process; its ideal
value is the number of pure chemical entities present in the
sample that generates the signal of interest, which evolves with
time, e.g., following a chemical reaction. In such conditions the
mathematical deconvolution acquires a chemical meaning and
can provide direct information on the evolution of the system.
As MCR-ALS is a self-modelling method, the calculation can be
performed directly on the experimental data, without the need
for a calibration step or a prior knowledge of the signal
composition; this makes it a suitable method for monitoring
chemical transformations where multiple or unknown phases
may be present at different times, as is the case during
a mechanochemical synthesis.

While there have been several reports on the application of
such a method to the monitoring of mechanochemical
processes, it has generally been used for the treatment of
Scheme 1 Co-crystallization of theophylline (TP) and malonic acid
(MA): ball milling conditions tested in this work (variable frequency,
temperature and water amount), and the possible products, i.e., the
triclinic co-crystal TP$MA (CC-T), the monoclinic co-crystal TP$MA
(CC-M) and hydrated theophylline (TP hydrate).

© 2024 The Author(s). Published by the Royal Society of Chemistry
spectroscopic data.24–26 In this work we aim to prove its validity
in the context of the powder diffraction data, for which to our
knowledge there has been a limited application,27,28 by studying
a mechanochemical reaction characterized by a kinetics suit-
able for ex situ monitoring, namely the mechanochemical
reaction between theophylline (TP) and malonic acid (MA) in
a 1 : 1 stoichiometric ratio (see Scheme 1; symbols for milling
frequency, temperature and added solvent are taken from
Michalchuk et al.29).

2. Materials and methods

Theophylline and malonic acid were purchased from Sigma
Aldrich and used without further purication.

2.1 Co-crystal synthesis via ball-milling

2.1.1 Lab experiment for ex situ monitoring. For the neat
grinding experiments 0.7 mmol of theophylline (126 mg) and
0.7 mmol of malonic acid (73 mg) were placed in a 5 mL ball-
milling agate jar, with two agate spheres of 5 mm. The ball-
milling apparatus used was a Retsch MM 200 operating at 20
Hz, for 15 to 60 min. For the LAG experiments the same setup
was used with the addition of 30 mL of water. Data sets for the
MCR-ALS calculations were prepared measuring the same
sample of approximately 60 mg, obtained in 30 min grinding
experiment, at the end of the milling process (t0) and aer 30
min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 20 h, 24 h, 28 h and 45 h. In between
measurements the sample was kept in a close vial. An addi-
tional data point was added, as rst observation, corresponding
to a sample measured at the end of a 15 min grinding
experiment.

2.1.2 Synchrotron experiment for in situ monitoring. The
mechanochemical reactions between malonic acid (43.93 mg)
and theophylline (76.07 mg) in a 1 to 1 stoichiometry were
performed in a vibration ball mill (Pulverisette 23, Fritsch,
Germany) in a Perspex jar (12 mm diameter), with an 8mm steel
ball; frequencies and water volumes are given in Section 3.

2.2 X-ray powder diffraction (XRD)

2.2.1 Ex situ monitoring. Diffractograms were recorded on
a PANalytical X'Pert Pro automated diffractometer equipped
with a PIXcel detector in the Bragg–Brentano geometry, using
Cu Ka radiation (l = 1.5418 Å) in the 4–50° 2q range (contin-
uous scan mode, step size 0.0394°, counting time 45.135 s,
Soller slit 0.04 rad, antiscatter slit 1/2, divergence slit 1/4, 40 mA
40 kV).

2.2.2 In situ monitoring. In situ X-ray diffraction measure-
ments were performed at 10 s intervals at the mSpot beamline
(BESSY II, Helmholtz Centre Berlin for Materials and Energy).
The reactions were carried out in a vibration ball mill (Pulveri-
sette 23, Fritsch, Germany) using a custom-made Perspex
grinding jar (12 mm diameter). The experiments were con-
ducted with a wavelength of 0.7314 Å using a double crystal
monochromator (Si 111). The obtained scattering images were
integrated with the Dpdak-soware30 and background corrected
with a Python script.
RSC Mechanochem., 2024, 1, 106–115 | 107
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2.3 Single crystal X-ray diffraction

Single crystals for the triclinic polymorph of the theophylli-
ne$malonic acid co-crystal (CC-T) were obtained dissolving 0.4
mmol of theophylline and 0.4 mmol of malonic acid in 8 mL of
chloroform/ethanol 10 : 1, heated at 40 °C to facilitate the
dissolution. The solution was then cooled and le to evapo-
rate.31 The same procedure applied changing the solvent with
a 10 : 1 chloroform/methanol mixture produced single crystals
of both triclinic e monoclinic polymorphs.

Single crystal data for the triclinic andmonoclinic TP$MA co-
crystals was collected at room temperature on an Oxford Xca-
libur using Mo-Ka radiation, equipped with a graphite mono-
chromator and a CCD Sapphire detector. The SHELXT32 and
SHELXL33 programs were used for the solution and renement
of the structures based on F2, implemented in the Olex2 so-
ware.34 All non-H atoms were rened anisotropically. Hydrogen
atoms were added in calculated positions, and rened riding on
their respective C, N and O atoms.

The program mercury35 was used for the calculation of the
powder X-ray patterns based on single-crystal data, either
retrieved from the Cambridge structural database (CSD)36 or
obtained in this work.
Fig. 1 Different conformations observed formalonic acid in CC-T (top
left, two independent molecules) and in CC-M (top right) at room
temperature (see ESI†). Different packing arrangements are associated
with these differentmolecular conformations in the CC-T (bottom left)
and CC-M (bottom right) theophylline$malonic acid co-crystals at
room temperature. H atoms omitted for clarity in the two packings.
2.4 Multivariate analysis

The MCR method allows the decomposition of the data matrix
D(s×n) (n variables, s observations) into the k-components matrix
S(k×n) and the respective concentration proles C(s×k), according
to the equation:

D(s×n) = C(s×k) × S(k×n) + E(s×n)

where E represents the residuals matrix of the difference
between the model and the original data.

The alternating least squares calculation (ALS) allows to
optimize the output through an iterative process. Starting from
the result of the rst step, at each iteration the above equation is
solved alternately for the C or S matrix, until a convergence
criterion is met. The rst iteration requires an initial estimate of
either the concentrations or the pure proles, that can be
evaluated with different methods.23,37 The SIMPLISMA algo-
rithm38 was chosen here for the initial calculation of the pure
components proles, but the number of these components
needs rst to be dened; in this work models were computed
starting from two and up to four components, evaluating for
each dataset the plausibility of the results by matching the pure
proles with the reference X-ray diffraction patterns calculated
on the basis of single crystal data.

To obtain a chemically acceptable solution it is possible to
impose a number of constraints;23 in our case non-negativity on
both the concentration and the pure proles, and the closure of
the concentrations were employed. At the end of the computa-
tional process the concentration values obtained were normal-
ized in the 0–1 range.

All calculations were performed with Python (v3.10.11)39

scripts to integrate a SIMPLISMA algorithm developed in-house
and the MCR-ALS from the Spectrochempy library (a complete
108 | RSC Mechanochem., 2024, 1, 106–115
documentation of the module, with tutorials, is available at
https://www.spectrochempy.fr/stable).40

The MCR-ALS method was applied to powder X-ray diffrac-
tion data collected in both ex situ and in situ experiments. The ex
situ data was corrected for baseline to shi the diffractograms
vertically, as close as possible to the zero axis, and allow a better
deconvolution of the proles during the calculation. The
correction was achieved with a linear interpolation of the two
extremes of the XRD prole followed by subtraction of the
minimum value of the linearly corrected prole. Lastly the data
was area normalized during the MCR calculation through the
‘normSpec’ parameter of the function.

The in situ data was pre-treated at rst with the soware
DPDAK for the integration of the data, then with a Python script
for the subtraction of the background.
2.5 Rietveld analysis

Phase quantication analysis was performed using the soware
TOPAS 6;41 a Chebyshev function and a pseudo-Voigt (TCHZ
type) were used to t the background and the peak shape,
respectively. The zero error, displacement of the sample, and
the lattice parameters of the phases were allowed to t.
3. Results and discussion
3.1 Preliminary test and intermediate identication

To test the feasibility of applying the MCR-ALS method to
a mechanochemical process, we selected from the literature
a mechanochemical reaction characterized by a kinetics suit-
able for ex situ monitoring. The system of choice is a 1 : 1 stoi-
chiometric mixture of theophylline (TP) and malonic acid (MA).
A co-crystal of theophylline and malonic acid is known in the
literature in two polymorphic forms: a monoclinic form (CC-M),
reported by Trask et al.42 [refcode XEJXAM, T = 180 K], obtained
by manual grinding, and a triclinic form (CC-T), recently re-
ported by Stanton et al.31 [refcode XEJXAM01, T = 150 K], ob-
tained by solvent slow evaporation. Single crystals of both
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Results of the MCR-ALS calculation with 3 components for the
ex situ data set: (a) normalized concentration corresponding to the C
matrix; (b) comparison of the pure profiles resulting from the decon-
volution (S matrix) in solid lines, and, in dotted lines, the reference
patterns calculated from single crystal data.
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monoclinic and triclinic co-crystals, depicted in Fig. 1, were
reprepared in this work and their structures redetermined at
room temperature (see Section 2.3); the corresponding calcu-
lated patterns could thus be compared directly with those
measured at room temperature for the products of the grinding
experiments.

A preliminary test of one hour milling under neat grinding
(NG) conditions at 20 Hz with two 5 mm balls resulted in
a powder that was analysed by XRD. As can be seen from the
blue pattern in Fig. 2, the reagents are still present, together
with traces of CC-M. Additional peaks, however, marked with
the green arrows, were found to partially match the pattern
simulated for the triclinic polymorph of theophylline$malonic
acid, CC-T,31 although the complex mixture prole did not allow
for an easy identication.

The same mixture was analysed again three hours aer the
end of the grinding process (orange line in Fig. 2): there is an
evident increase in the intensity of the signals for CC-M, along
with the disappearance of the additional peaks mentioned
above, suggesting the presence, in the pristine grinding
product, of a transient phase. Theophylline is reported to
spontaneously form co-crystals with nicotinamide in tablets,43

and water and humidity were suggested to be the key factors in
the transformation.44 The most recent study on this matter45

also analysed the theophylline-malonic acid system, but in the
absence of grinding of the reagents the formation of the triclinic
co-crystal was not observed.

This preliminary nding of a possible transient phase made
the reaction between theophylline and malonic acid the perfect
multi-component system to test with the MCR method, and the
spontaneous transformations accompanying the grinding
process allowed an easy setup for the monitoring.

The data acquired, as described in Section 2.4, was analysed
with the MCR-ALS method, and the best model was obtained
with three components. From the concentration proles
(Fig. 3a) it is possible to follow the evolution of the calculated
components. In this experiment the component 1 (orange line)
Fig. 2 Experimental XRD patterns acquired at the end of the grinding proc
angular positions of the reflections calculated, on the basis of single crys
arrows, with 2q values in bold, evidence the unassigned reflections.

© 2024 The Author(s). Published by the Royal Society of Chemistry
progressively increases with time, being thus consistent with
the product, i.e., the co-crystal. The component 2 (blue line)
follows a reverse trend, therefore we can assume it represents
the reagents. Finally, the component 3 (red line) shows a rapid
increase in the rst hours of the monitoring, then slowly
decreases to zero, in agreement with the appearance of a tran-
sient phase and its subsequent transformation into the nal
product.

To evaluate the goodness of the deconvolution and the reli-
ability of the kinetics, the patterns calculated with the MCR
ess (blue) and after 3 h (orange). Black, red and blue trianglesmarks the
tal data, for theophylline, malonic acid and CC-M, respectively. Green

RSC Mechanochem., 2024, 1, 106–115 | 109
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Fig. 4 (a) Barplots comparison between the normalized concentra-
tions calculated for each time point by the MCR-ALS method (blue),
with phase quantification performed via Rietveld analysis on the dif-
fractogram of the respective time point (orange), divided by compo-
nent. Rietveld values for the “reagents” correspond to the sum of the
theophylline and malonic acid results. (b) Boxplots of the absolute
differences between the quantification of the two methods (data in
column “a”), divided by component. The upper and lower bars
correspond to the minimum and maximum values of the distribution;
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method for the pure components were compared with the
reference patterns (Fig. 3(b)) based on our new room tempera-
ture (see ESI†) single crystal data. As it is evident from Fig. 3(b),
there is almost a perfect match between the two sets of patterns.
The ‘reagents’ component (n°2) ts the combination of
theophylline form II (refcode BAPLOT01)46 and of malonic acid
form b (refcode MALNAC),47 corresponding to the starting
materials; since the deconvolution originates from the varia-
tions of the data set, and the reagents simultaneously disappear
upon co-crystal formation, the signals due to theophylline and
malonic acid are detected by the method as a single component.
The ‘product’ component (n°1), as expected, ts the pattern of
the monoclinic co-crystal.

A relevant result is the prole behaviour of component 3,
accompanying the transient kinetics, that perfectly matches the
XRD pattern of CC-T, the triclinic polymorph of the theo-
phylline$malonic acid co-crystal. We have evidence that the
patterns obtained through the model data allow a reliable and
easy identication of all the phases constituting the solid
mixture.

Concentrations and pure patterns returned by the calcula-
tion are in arbitrary units:23 when normalized, concentration
values represent the weight of the contribution of each pure
component to the corresponding mixture signal.48 Therefore it
is important, for a correct interpretation of the results, to be
aware of the characteristics of the pure component matching
each concentration prole. The presence of mixed components
for example, will affect the quantitative calculation: the
concentration proles can still be diagnostic of the evolution of
the process, but the returned values will not be associable to
a single solid form.
the red line shows the mean value.
3.2 Quantitative analysis on ex situ data

If the deconvolution results in chemically pure proles, the
concentration values obtained can be used for quantitative
analysis. For spectroscopic data an additional calibration step is
usually required to convert the model output into meaningful
concentration units, and several approaches are possible, either
internal (correlation constraint49) or external50 to the MCR-ALS
algorithm. With powder diffraction data, phase quantication
is evaluated as relative percentage of each solid form in the
mixture; in terms of measurement units, the normalized
concentrations of the calculation can potentially represent the
percentage of the corresponding solid phase in the sample.

In the calculation previously shown the components were
consistent with chemically pure phases, therefore we tested the
quantitative application of the method by comparing the
normalized percentages obtained with phase quantication
computed via Rietveld analysis.

The Rietveld quantication was applied to the experimental
patterns, registered starting from the end of the 30 min
grinding (t0), as described in Section 2.5.

The results, divided by component, are reported in Fig. 4(a),
compared with the normalized concentrations of the MCR
method. The comparison shows a good match between the two
methods. The box plots in Fig. 4(b) visualize the absolute
110 | RSC Mechanochem., 2024, 1, 106–115
differences between the results of the two calculations;
a maximum difference of seven percentage points can be
observed, registered on the reagents data, while the mean
values (red line) are of 4% and 3% for the reagents and CC-T
respectively, and lower than 2% for the monoclinic co-crystal.
The comparison highlights a negative offset on all the Rietveld
values for the reagents and an over-quantication on all the
triclinic co-crystal values.

Quantitative analysis by means of power diffraction data has
limits in its accuracy, due to numerous factors affecting the
diffraction pattern, such as preferred orientation, peak broad-
ening and amorphization of the solid sample (as an example, an
analysis of preferred orientation effects has been added to ESI,
Section 4†).

Taking into account these effects and amean error of around
10% that has been reported for the Rietveld method,51 the
normalized MCR values obtained for the dataset shown here
appear reasonable in estimating (i) the concentrations of each
component in the system and (ii) their evolution.

3.3 Study of the process kinetics via in situ monitoring

These preliminary ndings allowed a rst characterization of
the system and of the phases involved. On the basis of these
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the experiments performed and the relative
conditionsa

Name Condition Frequency (Hz) Temperature (°C) Water (mL)

L1 NG 25 RT —
H1 NG 50 RT —
H2 NG 50 RT —
T50 NG 25 50 —
T80 NG 25 80 —
HW60 LAG 50 RT 60
HW30 LAG 50 RT 30
LW30 LAG 25 RT 30
LW10 LAG 25 RT 10

a L: low frequency (25 Hz), H: high frequency (50 Hz); W60, W30, W10:
LAG condition with relative water volume (60, 30 and 10 mL,
respectively); T50, T80: experiments at 50 °C and 80 °C, respectively.
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results, we decided to investigate further the application of the
MCR-ALS method to in situ synchrotron data. To evaluate the
effect of process variables on the kinetics, both neat grinding
(NG) and liquid assisted grinding (LAG) conditions were
explored: grinding frequency and temperature were varied for
the NG tests, while for the LAG experiments frequency and
water volume were changed. Each condition was tested in
duplicate, but, for sake of clarity, only one experiment will be
discussed when no signicant difference between the two was
observed. A summary of the conditions analysed can be found
in Table 1.

3.3.1 Neat grinding (NG) at room temperature. Of the three
experiments at room temperature here reported, the best MCR-
ALSmodel was obtained with three components for all datasets.
Fig. 5 Normalized concentration profiles obtained by the MCR-ALS calc
RT experiments, b: effect of temperature). The profiles are grouped based
patterns. All tests at higher temperature were performed at the grinding f
50 and 25 Hz, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Comparisons of pure components with reference patterns are
reported in the ESI† (ESI Section 3) showing a good separation
of the three phases, consistent with the ex situmodel previously
described (Section 3.1). The intermediate component gives rise
to an independent prole in the 25 Hz trial (L1) (Fig. ESI 6†),
while both 50 Hz datasets (H1, H2) result in a mixed prole of
the triclinic co-crystal and traces of the monoclinic polymorph
(Fig. ESI 4–5†). This latter outcome results, as already seen for
the reagents, from insufficient variability of the data, due here
to the rapidity of the transformation compared to the acquisi-
tion rate employed, i.e., to the number of acquisitions preceding
the transformation; if signals for the new phase are registered
before enough acquisitions for the previous phase have been
collected, the method cannot completely separate the two
proles.

It is important to notice, though, that the characteristic
diffraction peaks of the triclinic form are detectable only on the
intermediate component (component 2); the corresponding
kinetic prole, therefore, is representative of its evolution, even
if the quantication cannot be extremely accurate, since it
includes traces of other phases.

Once the correct solid phase has been assigned to each
calculated component, it is possible to qualitatively compare
the kinetics of the different NG experiments, as shown in Fig. 5.

An analysis of the two 50 Hz curves (H1 and H2) evidences
a faster kinetics with respect to the lower ball milling frequency
experiments (L1). However, H1 and H2 show a markedly
different behaviour, starting at ca. 10 min, for all components,
suggesting a greater variability of the process in this milling
conditions. The variability affects in particular the intermediate
phase, that in H2 not only decreases at an earlier stage but
ulation for the in situ neat grinding (NG) data, divided by component (a:
on the comparison of the relative pure profile with the reference XRD

requency of 25 Hz, while the H2 and L1 tests correspond to RT tests at
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Fig. 6 Selected comparisons of the pure profiles (S matrix) obtained
by the MCR-ALS calculation for the LAG data set with the reference
pattern from single crystal structures: (a) “reagents” component con-
taining exclusively the theophylline profile, (b) “reagents” component
matching theophylline and the triclinic co-crystal, (c) “products”
component matching the monoclinic polymorph and the theophylline
hydrate.
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reaches a lower concentration at its peak. To exclude that the
observed differences were due to computing inaccuracies, the
proles were compared with the experimental XRD pattern.
Fig. ESI 13† reports the progression, in the rst 20 min, of the
characteristic peaks of CC-T and CC-M, next to the calculated
proles; the times of appearance and relative heights of the
peaks match the curves returned by the model, supporting the
hypothesis of a variable kinetics, and validating the model
results. This case, while supporting the known and obvious
importance of repetitions, presents a clear example of how in
situ monitoring, combined with a method that allows an easy
visualization of the data, can be a valid tool to rapidly identify
variations in the process.

3.3.2 Neat grinding: the effect of temperature. The second
variable considered for the kinetics evaluation was temperature;
further tests were performed at 50 °C and 80 °C. For these
experiments the frequency was kept constant at the lower value
of 25 Hz, since it was expected that the raise in temperature
would accelerate the transformation.

For these data sets the best models were obtained with two
components for the experiment at 50 °C, and with three
components for the experiment at 80 °C.

The analysis of the pure proles for the 50 °C test (Fig. ESI
7†) shows a good match of the decreasing component with the
proles of the reagents, while the “product” component
matches the monoclinic polymorph (CC-M). No traces of CC-T
seem to be detected by the model, but a closer inspection of the
experimental data (Fig. ESI 14†) shows, between 5 and 14
minutes, the characteristic peak of the triclinic form at 6.8°,
although its intensity is too low to be quantied by the model.

The components proles for the 80 °C experiment (Fig. ESI
8†) shows a separation into three components, analogous to the
room temperature tests. Similarly to the RT 50 Hz case, the
intermediate component unambiguously includes the triclinic
form, but shows also evident contributions from both the
monoclinic form and theophylline. This suggests a fast transi-
tion, coherent with the increase in temperature, as observed
with the 50 °C test, but, contrary to the previous result, the
intermediate phase gives rise to a higher signal that was indeed
detected by the method.

The faster transformation kinetics, due to the higher
temperature, can be clearly observed in Fig. 5(b), where the
corresponding concentration proles are compared with the RT
results previously discussed. On the basis of these observations,
a hypothesis can be formulated for the conversion, namely
a two-steps reaction mechanism: the reagents combine rst to
give CC-T (step I), then CC-T transforms into the more stable
CC-M (step II). The variation in the CC-T concentration with the
increase in temperature would suggest an inuence of this
variable on the rate of the rst reaction: at RT (green line) the
formation of CC-T is the rate determining step, and the
appearance of the more stable co-crystal CC-M depends on the
formation of the triclinic polymorph; upon raising the
temperature to 50 °C (red line) formation of CC-T occurs more
rapidly and immediately converts to CC-M, i.e. only traces of CC-
T can be detected and the appearance of CC-M occurs 20
minutes earlier; at 80 °C (orange line) a further acceleration of
112 | RSC Mechanochem., 2024, 1, 106–115
the rst reaction results in the accumulation of CC-T, which is
again observed, and its transformation in CC-M is now the rate
determining step.

The proles obtained show that, while the co-crystal kinetics
is accelerated by the increase in temperature, a full conversion
is still not achieved aer 60 min of grinding. In the present
system, therefore, an increase in the grinding frequency
appears to be a better option, compared to an increase in
temperature, to improve the conversion time.

3.3.3 LAG conditions. The co-crystal formation in liquid
assisted grinding (LAG) conditions was also investigated.
Preliminary laboratory scale tests showed the complete forma-
tion of the stable CC-M aer 60 min of grinding in the presence
of water. In situ experiments were conducted (i) at 25 Hz in the
presence of 30 or 10 mL of water, and (ii) at 50 Hz in the presence
of 60 or 30 mL of water. Tests conditions are summarized in
Table 1.

The addition of water introduces a further variable, since
theophylline is known to easily transform, in the presence of
water,52 to its hydrated form. The hydrated form of theophylline
© 2024 The Author(s). Published by the Royal Society of Chemistry
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would thus need to be considered as a potential, additional
constituent of the reaction mixture.

The best results were obtained with the MCR-ALS deconvo-
lution method when two components were used for all collected
datasets. An analysis of the pure proles shows that the prod-
ucts component matches the prole for CC-M, but theophylline
hydrate is also present in almost all experiments. The only
exception is the 10 mL and 25 Hz test, which shows a barely
noticeable signal of hydrated theophylline. Fig. 6(c) shows an
example of the deconvolution process (see ESI Section 4† for the
complete set of results). The reagent component in the tests
with higher water content, for both 25 Hz and 50 Hz (30 mL and
60 mL, respectively), matches the pure theophylline pattern
(Fig. 6(a)), while the tests with lower water content, 10 mL for the
25 Hz test and 30 mL for the 50 Hz, also show the signal of CC-T
(Fig. 6(b)).

Based on the pure proles analysis, we can assume that the
formation of CC-T is an extremely rapid event (compared to the
acquisition rate employed), occurring at the very beginning of
the process, therefore the CC-T diffraction peaks are interpreted
by the computational method as part of the reagents prole.
Fig. 7 Normalized concentration profiles of the “reagents” compo-
nent obtained by the MCR-ALS calculation for the LAG experiments.

Fig. 8 (a) Comparison of the “product” component obtained by the
theophylline hydrate and monoclinic co-crystal are highlighted in light bl
reference. (b) Experimental patterns of the LW30 and LW10 test at select
with the characteristic peaks of theophylline hydrate and triclinic co-cry

© 2024 The Author(s). Published by the Royal Society of Chemistry
Moreover, this phase is detected by the method only when lower
volumes of water are added to the reagents mixture, suggesting
that water has an active role in the kinetics of the solid phase
transformation, leading to the formation of CC-T only at low
water contents.

The metastable form CC-T rapidly transforms into the stable
form CC-M; however, the appearance of CC-T affects the
kinetics of the process. In Fig. 7 the reagents concentration
proles are compared, and a noticeable difference emerges
between the experiments with lower (LW10, HW30) and higher
(LW30, HW60) water content. The lower water content tests
show a slower decreasing prole, coherent with the formation
of the triclinic polymorph that, with its appearance, delays the
formation of the products.

From a model evaluation perspective, this result shows that,
even if the formation of CC-T does not result into a separate
component, the concentration proles still indicate the pres-
ence of an additional chemical process. A more detailed anal-
ysis of the effects of the CC-T kinetics on the concentration
proles can be found in the ESI† (ESI Section 7).

To further explore the inuence of water on the process, we
need to consider, in addition to the solvent role in the formation
of the co-crystal, the potential formation of theophylline
hydrate.

For all experiments, except for the LW10 test, the charac-
teristic peaks of the hydrate could be recognized in the PXRD
patterns, and the hydrate is also correctly observed in the
product component. Aer 20 to 60 minutes of grinding the
pattern of the hydrated theophylline is still identiable, sug-
gesting that the hydrate is a stable product competing with the
CC-M form. Evidence of this can be seen in Fig. 8(a), where the
proles for the second component (the products) are compared
with the characteristic peaks, highlighted in light blue and
orange, of theophylline hydrate and CC-M, respectively.
MCR-ALS calculation for the LAG data. The characteristic peaks of
ue and orange respectively, with in dotted line the calculated pattern as
ed time points of 20 s (black), 80 s (blue), 130 s (red) and 260 s (yellow),
stal highlighted in light blue and green, respectively.
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The product component for the ball milling experiments
with lower water content, (LW10 - purple and HW30 – green)
also show a lower relative intensity of the hydrate peaks with
respect to those of CC-M, supporting the hypothesis of the
competition between the two transformations, as an increase in
water favours the formation of the hydrate. Moreover, under
equal water volume conditions, as in the 30 mL of the 25 Hz
(LW30 – red) compared to 30 mL of the 50 Hz (HW30 – green)
test, a higher milling frequency results in a higher CC-M
content.

Competition also seems to take place between theophylline
hydrate and CC-T, as can be seen in Fig. 8(b), where the patterns
for the two 25 Hz experiments (LW10–LW30) are compared. The
two tests differ only for the added water volume and show
different behaviours with respect to the appearance of CC-T.
The plot collects the diffractograms sampled at equal time
points for both tests. It is noticeable that with 10 mL of water the
triclinic form appears and is fully formed aer 80 s, while the
hydrate starts appearing between the 80 s and 130 s. Upon
increasing the volume to 30 mL, no traces of CC-T are visible
between 20 s and 80 s, despite the slower kinetics formation of
the hydrate, that only appears aer 80 s of grinding. This
suggests an inhibition of CC-T formation in the presence of an
excess of water.

4. Conclusions

In this work we tested the feasibility of the MCR-ALS method on
PXRD data of mechanochemical processes by studying the
system theophylline (TP) and malonic acid (MA) in a 1 : 1 stoi-
chiometric ratio.

We rst applied the MCR-ALS method on data collected ex
situ at different milling times, and then we tested the quanti-
tative information of the method by comparing the normalized
percentages obtained with the phase quantication computed
via Rietveld analysis on the same data set. Considering that
a mean error of around 10% has been reported for the Rietveld
method, the normalized MCR values obtained appear reason-
able in estimating the concentrations of each component in the
system and their evolution over time.

By applying the MCR-ALS method on data collected in situ,
we then managed to better evaluate the strengths and the limits
of the method. In fact, through the investigation of mechano-
chemical reactions performed at different milling conditions
(frequency, water amount, temperature), we observed that the
method is no longer reliable for obtaining quantitative infor-
mation when the solid-state transformations involved are too
fast compared to the acquisition rate. However, the method is
still capable to detect fast changes over time, therefore we can
still have a qualitative information on the evolution of the
reaction and obtain a kinetic prole.

Finally, in situ monitoring helped us to gain insight into the
solid-state reactivity of the system under study. For example, we
observed for the rst time the triclinic polymorph as transient
phase in the synthesis via grinding; we also explored the effect
of temperature on the transformation, showing how the
increase in temperature, while inducing an initial speeding of
114 | RSC Mechanochem., 2024, 1, 106–115
the conversion, does not allow the reaction to be quantitative.
By comparing the NG and LAG conditions, the in situ experi-
ments reveal that the presence of water in the solid-state
transformation is the key to speed up the process, even with
a potential competitive hydrate formation, that was in this case
possible to investigate. Depending on the milling frequency
a specic amount of water was needed to obtain the desired
product; also a higher ball milling frequency, with the same
amount of water, results in a more quantitative reaction. It is
evident, therefore, that this method could be employed as a tool
to optimize a mechanochemical process.

In conclusion, this work has demonstrated the validity of the
MCR-ALS method as an alternative way of obtaining quantita-
tive information on mechanochemical kinetics. In fact, the
monitoring of the mechanochemical reactions may highlight
the appearance of unknown or poorly crystalline phases for
which the Rietveld method would be no longer suitable.
Moreover, the application of the MCR-ALS method on in situ
data represents a powerful tool to gain insight into the mech-
anochemical behaviour and thus optimize the mechanochem-
ical processes.

Author contributions

LM, FG and LC conceived the project; LM and LC planned the
experiments and analysed data. FG and EF supervised the
project. All authors discussed the results, wrote and com-
mented on the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The support of the University of Bologna (RFO scheme, FG, DB),
a PNRR DM 352/2022 project co-nanced by CHEMESSENTIA
S.r.l (LM) are acknowledged. The EU Horizon project IMPAC-
TIVE is also acknowledged (LC, EF).

Notes and references

1 O. Galant, G. Cerfeda, A. S. McCalmont, S. L. James,
A. Porcheddu, F. Delogu, D. E. Crawford, E. Colacino and
S. Spatari, ACS Sustain. Chem. Eng., 2022, 10, 1430–1439.

2 C. Blazquez-Barbadillo, J. F. González, A. Porcheddu,
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