Tandem in situ monitoring for quantitative assessment of
mechanochemical reactions involving structurally unknown phases
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We report here quantitative in situ monitoring via simultaneous
PXRD and Raman spectroscopy of the mechanochemical reaction be-
tween bengoic acid and nicotinamide, affording a rich polymorphic
system with four new cocrystal polymorphs, multiple phase transfor-
mations and a variety of reaction pathways. After observing poly-
morphs by in situ monitoring, we were able to isolate and charac-
terize three of the four polymorphs, most of which are not accessible
from solution. Relative stabilities among the isolated polymorphs at
ambient conditions were established by slurry experiments. Using
two complementary methods for in situ monitoring enabled quan-
titative assessment and kinetic analysis of each studied mechano-
chemical reaction, even when involving unknown crystal structures,
and short-lived intermediates. In situ Raman monitoring was intro-
duced here also as a standalone laboratory technique for quantita-
tive assessment of mechanochemical reactions and understanding of
mechanochemical reactivity. Our results provide an important step
toward a complete and high-throughput quantitative approach to
mechanochemical reaction kinetics and mechanisms, necessary for
the development of the mechanistic framework of milling reactions.

1 Introduction

Mechanochemical milling is emerging as a versatile synthesis
techniques for a variety of chemical transformations, 12 includ-
ing synthesis and screening of cocrystal forms3~” and poly-
morphs. 814 Despite the long history of mechanochemistry 1516
and the use of milling in various branches of chemical and mate-
rials processing, 1720 the underlying mechanistic details of these
reactions are only now becoming accessible, enabled by the re-
cent development of in situ reaction monitoring techniques based
on powder X-ray diffraction (PXRD),2! Raman spectroscopy 22
and a combination of the two.2® These advanced techniques
have revealed a surprising level of complexity in milling reac-
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Fig. 1 a) Mechanochemical cocrystallisation of benzoic acid and
nicotinamide, and b) hydrogen-bonding in crystal structures of
polymorphs I and II.

tions, involving crystalline and amorphous intermediates, as well
as multi-step reaction mechanisms that can be sensitive to slight
variations in reaction conditions. 24

While qualitative evaluation of mechanochemical reaction is
now generally available, a persistent major challenge in mechano-
chemical reactions still remains the absence of their mechanistic
understanding, primarily resulting from the inability of quanti-
tative evaluation of mechanochemical reaction kinetics. Quan-
titative in situ reaction monitoring has thus far been limited to
synchrotron PXRD,2%26 and only to those systems where crys-
tal structures of all participating phases were known, enabling
Rietveld analysis. Consequently, a reaction product or an inter-
mediate with an unknown crystal structure represents an insur-
mountable problem for quantitative Rietveld analysis as well as
addressing the chemical composition of any amorphous phases
that can easily be generated during milling. 2526

To remedy the currently very scarce mechanistic understanding
of mechanochemical milling reactions, accumulation of knowl-
edge of reaction profiles for a large number of reactions and reac-
tion types will be required. While Raman spectroscopy has been
used to monitor mechanochemical reactions in situ and ex situ,
current approaches mostly relied on extracting the reaction pro-
file from changes in the intensity of a single peak.27-28 Clearly,
continuing in this fashion would present a tedious task for col-
lecting sufficient kinetic data for a variety of mechanochemical
reactions conducted under a variety of reaction conditions. Addi-
tionally, ex situ approach is not suitable for self-propagating and
air-sensitive reactions, as well as the use of volatile additives. 22

Herein, we describe tandem in situ mechanochemical reaction
monitoring, with time-resolution in seconds, combined with a



high-throughput analysis to extract reaction concentration pro-
files. Additionally, we were able to use Raman in situ monitoring
to quantitatively assess reaction profiles even in situations where
Rietveld refinement was not possible since not all of the partic-
ipating phases have been structurally characterized which hin-
dered . Our approach is verified on a challenging model system
that involves cocrystallization of pharmaceutically relevant ben-
zoic acid (ba) with the model active pharmaceutical ingredient
nicotinamide (na) in a dynamic reaction environment involving
multiple polymorphic transformations, fast kinetics, novel crys-
talline phases and short-lived intermediates (Scheme 1).

2 Experimental Section

Mechanochemical reactions were carried out by using IST500
(InSolido Technologies, Croatia) or MM301 (Retsch, Germany)
mixer mills operating at 30 Hz in translucent and amorphous re-
action vessels made from polymethylmetacrylate (PMMA). Two
halves of the vessel snapped upon closure to form a leak proof
seal. Liquids for liquid-assisted grinding were added using Gilson
automated micro pipette.

Tandem in situ monitoring experiments were conducted in
the experimental hutch of the ESRF air-conditioned to 20 °C. The
X-ray beam (A = 0.195 A) and the Raman laser (1 = 785nm) fo-
cus were positioned to approximately coincide during milling in
order to collect data on the same portion of the reaction mix-
ture. X-ray radiation wavelength of 0.195A was selected using
a multilayer monochromator. Diffraction data were recorded on
a Dectris Pilatus CdTe 2M detector positioned 1067 mm from the
sample. Radial integration of the raw diffraction images was per-
formed using PyFAL2° Exposure time for each pattern was 5
while time resolution between consecutive patterns was ca. 6.5s.
Time resolution of Raman spectra was typically 10s.

In situ monitoring was conducted at the new ID31 high-energy
beamline of the European Synchrotron Radiation Facility (ESRF)
using a ball mill custom modified to allow for simultaneous X-
ray diffraction3® and Raman monitoring.2% Reactants, 1 mmol
(122 mg) of na and 1 mmol (122 mg) of ba were weighed in sepa-
rate halves of the reaction vessel to avoid contact before milling.
As milling media two 7 mm stainless steel balls were used, each
weighing 1.4 g. Each experiment was started with a new, pristine
reaction vessel to reduce the risk of possible contamination with
crystal seeds from earlier experiments.3! Tandem in situ mon-
itoring was performed on neat grinding as well as on LAG re-
actions involving as additives water or simple aliphatic alcohols
(methanol, ethanol, 1-propanol, 1-butanol) added in the amount
of 0.1 mmol.

Where possible, quantitative Rietveld refinement3? was per-
formed on in situ collected powder diffraction patterns. Crystal
structures of III and IV are not known, which limited the use of
Rietveld refinement of data sets where they had formed. The first
diffraction pattern was sometimes excluded from the analysis due
to it still having a non-uniform mixture composition. The Rietveld
refinement on a series of patterns was performed in an automated
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fashion using the command-line version of Topas, usually always
starting from the same input file which was prepared so that each
phase had its scale factor between its lowest and highest observed
values for that milling experiment. In our case, this proved a bet-
ter approach then sequential refinement, which takes the output
of the previous refinement as an input for the next one, which of-
ten resulted in meaningless parameter values toward the end of
the run. Rietveld refinements included refinement of the param-
eters for the shifted Chebyshev polynomial used to describe the
background parameters, parameters contributing the peak posi-
tion and shape (contribution to the lorenzian and gaussian full
widths at half maximum, zero shift, unit cell parameters). The
structure models were taken as solved from powder diffraction
data (see section S6). No instrument contribution to the peak
shape was assumed. In each cycle of Rietveld refinement, after
reaching convergence, weight fractions of refined phase were out-
put to a separate file. All calculations were performed using the
program Topas.

Figures showing two-dimensional time-resolved PXRD or Ra-
man data were created using the program Mathematica with the
help of the SciDraw package.33 Background of each diffraction
pattern was subtracted prior to plotting using the Sonneveld-
Visser34 algorithm which we have implemented in Mathematica.

Laboratory in situ Raman monitoring was performed us-
ing an IST500 mixer ball mill from InSolido Technologies (Croa-
tia) operating at 30 Hz. Time-resolved in situ Raman spectra
were collected as described previously. 22 Raman monitoring was
performed using a portable Raman system with a PD-LD (now
Necsel) BlueBox laser source (excitation wavelength 785 nm)
equipped with B&W-Tek fiber optic Raman BAC102 probe, and
coupled with OceanOptics Maya2000Pro spectrometer. Probe
was positioned under the milling vessel using a movable stand,
so to place a focus of the laser 1 mm inside of the vessel. In each
experiment, after the monitoring was finished, the sample was
taken out and analyzed by PXRD.

Reaction vessel subtraction. Raman spectrum of the PMMA
reaction vessel was taken in the same experimental conditions
in which all mechanochemical experiments were performed (mill
operating at 30 Hz vessel being mounted at the same distance
from the probe). For subtracting the vessel contribution from ex-
perimental spectra, the peak at 2955cm™!, corresponding to the
C-H bond stretching of PMMA, was used as the reference for
scaling. From the ex situ analysis it was found that it does not
overlap with any peak of reactant and product phases. Spectral
range of 2889 —3007cm~! (61 points) was background corrected
with Sonneveld-Visser34 algorithm in both the experimental and
the vessel Raman spectra. The intensities of the experimental
spectrum in the range 2933 —2968cm~! (19 points) were divided
by those of the vessel spectrum. The mean quotient value was
used as the scaling factor by which the whole vessel spectrum
was multiplied and subtracted from the experimental one. This
procedure was repeated for all experimental spectra to provide
pure spectra without the vessel contribution.

Analysis of Raman spectra. For acquisition of the Raman
spectra of pure na and ba, 2mmol of each was grinded sepa-
rately in the same experimental conditions. Average spectrum



was taken as the pure spectrum for each of these two phases. The
spectra of pure I, II and III were taken from the in situ experi-
ments, from the parts of the reaction where PXRD showed that
they were present as a pure phase. All spectra were baseline
corrected using asymmetric least squares smoothing3® (AsLS)
method.

Phase IV could be observed as fleeting intermediate in LAG re-
actions with alcohols. Since it could not be isolated as a pure
phase, its Raman spectrum could not be obtained as for I, II
and III. Multivariate curve resolution - alternating least squares 3¢
(MCR-ALS) was performed on the data from LAG reactions with
ethanol, 1 propanol and 1 butanol in an attempt to estimate the
Raman spectrum of IV. Non-negativity was enforced to both mole
fraction and spectral profiles. Additionally, sum of the mole frac-
tions was required to be 1. Prior to the analysis all spectra were
normalized. The obtained spectrum of IV was very similar to III,
which also agreed well with the findings from PXRD analysis.
However, when other experimental spectra were analyzed with
this spectrum included, there were obvious artifacts in the mole
fraction profiles. Actually, it was found that by using the spectrum
of III instead of IV, more sensible results are obtained, although
it looks clear that the transient intermediate IV can not be III.

Reaction evolution profiles were analyzed by using the re-
strained classical least squares method implemented in MCR-ALS
GUI®7, including the closure and non-negativity constraints to-
gether with an equality constraint for the spectra of pure phases.
Prior to the analysis all experimental spectra and the spectra of
pure phases were normalized. Standard deviations for mole frac-
tions estimated from the k-th experimental spectrum were com-
puted from the covariance matrix:

Cov = o2(SST)~!

where S is the matrix with row-wise spectra of pure compo-
nents and o2 is the variance of the residuals for the k-th experi-
mental spectrum

, ele

n—p

and e is the vector of residuals, n is the number of spectrum
points and p is the number of estimated regression coefficients
(mole fractions).

This approach gave very good quantitative results for evolu-
tion of reaction mixture that agreed well with the quantitative Ri-
etveld analysis of PXRD data. Example quantitative Raman anal-
ysis is given in Section S4 in Figs. S9-S20.

Laboratory powder X-ray diffraction (PXRD) patterns were
collected using a Philips PW 3710 diffractometer with a CuKo ra-
diation, tension 40kV, and current 40 mA, with a flat plate sample
on a zero background in Bragg-Brentano geometry. The patterns
were collected in the 260 range of 4° to 40° with a step size of
0.02° and 1.0 s counting per step.

Thermal analysis. Differential scanning calorimetry (DSC) ex-
periments were performed on Discovery DSC (TA Instruments).
Around 2 mg of each sample was put in aluminum crucible. All
samples were measured in the range of 25°C to 400°C with a

o

heating rate of 5.0°C/min. Experiments were performed in an
inert N, atmosphere. Thermal stability of na:ba cocrystal poly-
morphs were determined from TGA experiments (Discovery TGA,
TA Instruments). Around 5mg to 10 mg of each sample was put
in platinum HT pan type. All samples were heated at the rate of
5.0°C/min up to 400 °C. Experiments were performed in an inert
N, atmosphere.

Fourier-transform infrared attenuated total reflectance
(FTIR-ATR) measurements were performed on a Perkin-Elmer
Spectrum Two instrument equipped with a diamond crystal Quest
ATR Accessory. The measurements were taken in the range of
4000-400 cm™!.

3 Results and discussion

Although na and ba are ubiquitous molecules which have com-
plementary hydrogen-bonding functionalities, and have been
widely investigated as components of cocrystals, 3847 their mu-
tual cocrystallization has not yet been described. The herein
conducted mechanochemical reactions of the 1:1 stoichiometric
mixture of solid na and ba, either by liquid-assisted grinding
(LAG) 1248 or by neat grinding (NG), led us to discover four new
crystalline phases in this cocrystal system. The phases I and II
were structurally characterized as polymorphs of the 1:1 na:ba
cocrystal while crystal structures of phases III and IV currently
remain unknown. The crystal structures of both I and II were
solved from PXRD data collected on the mechanochemically pre-
pared samples (Section S6 in the Supporting Information). In
both polymorphs the —COOH group of ba forms a hydrogen bond
towards the pyridine nitrogen of na. Whereas in I two molecules
of na associate through hydrogen bonds to form dimers, in II the
na molecules are assembled into an extended hydrogen-bonded
network (Scheme 1b).

Our attempts to solve the crystal structure of III from PXRD
data have been unsuccessful, as were attempts to grow single
crystals of III from solution (Section S7). PXRD analysis how-
ever, shows that III is obtained as a pure phase starting from the
1:1 na:ba mixture. Spectroscopic (Figs. S37, S38) and thermal
analyses (Fig. S41) are consistent with III being a 1:1 cocrystal
of na and ba and, therefore, a polymorph of I and II. In contrast,
the phase IV was observed only during in situ monitoring experi-
ments and was never obtained as a pure phase.

Tandem in situ monitoring was conducted at the new ID31
high-energy beamline of the European Synchrotron Radiation Fa-
cility (ESRF) using a mixer ball mill custom modified to allow
for tandem X-ray diffraction3® and Raman monitoring. 22 Reac-
tions were conducted in amorphous and transparent polymethyl-
metacrylate reaction vessels oscillated at 30 Hz in a horizontal
plane. The X-ray beam was passed through the bottom of the re-
action vessel while the incident laser for Raman spectroscopy was
set to enter the vessel from below and to coincide with the X-ray
beam. Reactants, 1 mmol (122 mg) of na and 1 mmol (also 122 mg)
of ba, were weighed in separate halves of the reaction vessel to
avoid contact before milling. As milling media two 7 mm stain-
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Fig. 2 Tandem in situ monitoring by (a) PXRD and (b) Raman spectroscopy of the LAG reaction of the 1:1 na:ba mixture using water. PXRD patterns
and Raman spectra of pure components are given on top. The shown portion of Raman spectra was used in quantitative analysis. (c) Comparison of
the evolution of the reaction mixture composition derived from time-resolved PXRD patterns and Raman spectra.

less steel balls were used, each weighing 1.4 g. Each experiment
was started with a new, pristine reaction vessel to reduce the risk
of possible contamination with crystal seeds from earlier exper-
iments.3! LAG reactions included 0.1 mmol (10 mol % relative to
the na:ba mixture) of water or simple aliphatic alcohols as liquid
additives.

3.1 Qualitative analysis

A LAG reaction using water (2.0 uL) as the liquid additive yielded
a stepwise reaction with polymorph I as the final product which
formed from polymorph II ca. 15 min into milling (Figs. 2, S6).
The formation of II was here preceded by the appearance of a tiny
amount of IV. Replacing water with methanol (MeOH, 4.1 uL) led
to an immediate formation of the short-lived phase IV, followed
by the formation of II (Figs. 3a, S7). The reaction was complete
within ca. 6 min, and polymorph II was stable upon further grind-
ing (Fig. S2). In repeated experiments, polymorph II was stable
even up to 3h milling. The LAG reaction using ethanol (EtOH,
6.2uL) also began with immediate formation of IV, which per-
sisted for up to ca. 2min of milling (Fig. S3). It was followed
by phase II, which transformed into I after ca. 10 min milling.
LAG reactions involving 1-propanol (1-PrOH, 7.5uL) (Fig. S4)
or 1-butanol (1-BuOH, 9.2uL) both led to III as the final prod-
uct. These two reactions also proceeded via rapid formation of
phase IV, followed by phase II which, ultimately, over a period of
ca. 10-20 minutes, transformed to phase III (Fig. 4).

Finally, we have performed tandem in situ monitoring under
neat grinding conditions. Similar to LAG with water and EtOH,
NG after 60 min milling also yielded I as the final pure product
(Figs. 5, S8). However, in situ monitoring revealed a significantly
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slower, stepwise reaction where the phase III was formed initially,
and transformed into phase I after ca. 20 min milling.

3.2 Polymorph stability

Slurry experiments revealed that I is the thermodynamically sta-
ble form of the na:ba cocrystal at ambient conditions, followed
by phases III and II in decreasing order of stability. Based on
its fast formation and fleeting existence, we surmise that IV is
the least stable among the four herein reported phases. The ob-
served mechanochemical reaction pathways exhibit stepwise re-
action mechanism that lead to increasingly stable phases in con-
sistence with the Ostwald’s rule of stages. *° Once isolated, phases
I, II and III were stable for months.

3.3 Quantitative assessment and kinetic analysis
While tandem PXRD and Raman in situ monitoring experiments
are readily compared by plotting on the same time scale, quan-
titative assessment not only provides detailed insight to species
involved in the reaction but also permits its kinetic modeling.
Quantitative assessment by PXRD monitoring was possible only
in systems where crystal structures of all participating phases
were known enabling Rietveld refinement, in a similar manner as
described previously. ©-21:26:50 Example Rietveld refinement plots
are given in Supporting Information section S3. On the other
hand, quantitative assessment via Raman monitoring is more ver-
satile, particularly if participating phases can be isolated as pure
phases.

In kinetic assessment, one caveat should be kept in mind.
Namely, the reaction mixture is warming up during milling28°1
which could influence reaction kinetics as the reaction is oc-
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Fig. 3 (a) First 10 min of in situ PXRD monitoring of a LAG reaction
using 0.1 mmol (4.1 L) of methanol. Intermediate IV can be observed in
the first minute of milling. Calculated diffraction patterns are displayed
on top. (b) Reaction profile derived from Rietveld refinement. Both
curves fit the first-order reaction rate.

curring. Recently, we have shown that even mild temperature
changes, achieved by preheating the milling assembly, can a have
a dramatic influence on reaction kinetics and mechanism. 26 Here,
all the reactions were conducted under the same reaction condi-
tions which allows us the possibility to compare different reac-
tions, even though the reaction kinetics in each individual reac-
tion may have been changing during milling.

The Raman spectra were analyzed by using the spectra of re-
actant components and of the recognized polymorphic species 1,
II and III, all recorded under the actual experimental conditions.
Most of the spectra were successfully and completely resolved by
using invariable spectral components and only reactions involv-
ing IV remained partially resolved. The concentration profiles ob-
tained from time-resolved Raman spectra are in very good agree-
ment with those obtained by Rietveld analysis of PXRD data (Fig.
2c). Taking into account that Raman spectra of polymorphs I,

II and III are sufficiently different, this indicates that under the
present experimental conditions, cocrystal formation and poly-
morphic transformations do not involve a detectable amount of
an amorphous phase. High crystallinity is also reflected in stable
diffraction peak shape as milling progresses. In general however,
a discrepancy in quantitative assessments via PXRD and Raman
monitoring could be expected since PXRD is sensitive to bulk crys-
talline phases while Raman spectroscopy is collecting the scatter-
ing signal from all of the sample. In such cases, Raman moni-
toring could be more informative of mechanochemical reaction
mechanism then PXRD since many reactions have a significant
amorphous component, 25-26

For phases that cannot be obtained pure and stable, as was the
case here for phase IV, we used multivariate curve resolution -
alternating least squares3® (MCR-ALS) to estimate the spectrum
of IV. However, the estimated spectrum of phase IV was strik-
ingly similar to the spectrum of III leading to strong correlations
between the two in a restrained classic least-squares approach to
derive reaction profiles. To avoid correlations between III and IV,
we have used the spectrum of III to model also the reaction pro-
file of IV. The similarity between spectra of III and IV, as well as
the similarity between PXRD patterns of III and IV, indicates that
these two phases have very similar crystal structures.

Quantitative reaction profiles allowed us to apply solid-state ki-
netic models®2 in order to describe the mechanistic background
of these reactions. Application of these models to mechanochem-
ical milling reaction is not straightforward since these kinetic
models were derived primarily for static solid reaction mixtures
in contrast to reaction mixtures where particles are undergoing
constant breaking and recrystallization as well as stirring by the
milling media.%” At this point, it is safer to avoid kinetic mod-
els that stipulate strong assumptions, as for example the popu-
lar KJMA kinetic model3-54 (also known as the Avrami, Avrami-
Erofe’ev, JMAEK or Johnson-Mehl model), but rather to use sim-
pler order-based kinetic models>2 or the Prout-Tompkins equa-
tion, 5556

Focusing first on the depletion of reactants na and ba, we find
it in all LAG reaction (Fig. 6) as well as in NG to be best described
by a first-order reaction rate law given by the equation:

X = Xoo + (X0 — Xeo )& K1)

where x, x. and xy represent average mole fractions of na and
ba at times ¢, « and #,, respectively. Constant k is the reaction
rate constant and fy accounts for the possible time delay from the
initiation of milling. Ideally, xo = 0.5, x. = 0, and 7y = 0 but we
have allowed a discrepancy from these values to account for the
time required for the reaction mixture to become homogeneous.
The LAG reaction using water allows us to compare kinetic
modeling on both PXRD and Raman monitoring (Fig. 7). The de-
pletion profiles derived from both techniques led to almost iden-
tical first-order reaction rate constants (Table 1) confirming the
correspondence between quantitative assessments derived from
in situ Raman and PXRD monitoring. Rates of reactant consump-
tion are considerably faster in LAG reactions as compared to NG
(Table 1, Fig. S5), consistent with the well-known accelerating ef-

1-9 |5



[N | .-

a) i b)

20

o

Time (min)

ba J| A AN low ——PXRD__phigh

L I .
11 11 M high #— e low

Intensity colour code

1.0

o] ,HW

0.6 | b |
s |1 ]
E 11 H ~Polymorph Il
o i - Polymorphs Il & IV
2 ‘F ‘na
= 04} | ‘4‘ ~ba

0.2 i

0.0

T T T T T T LA e s
1 2 3 4 5 250 500 750
2Theta (deg)

T T T
1000 1250 1500 1750
Wavenumber (cm™") Time (min)

Fig. 4 Tandem in situ monitoring by (a) PXRD and (b) Raman spectroscopy of a LAG of 1:1 na:ba using 10 mol% of 1-butanol. Diffraction patterns
and Raman spectra of pure phases are given on top of time-resolved figures. The shown portion of Raman spectra was used in quantitative analysis.
c) Evolution of the reaction mixture composition derived from time-resolved Raman spectra in b). Error bars correspond to twice the standard

deviations as obtained from the refinement procedure.

Y I N
| |A Hl ba

30

Time (min)

. |
1 2 3 4 5 500 750
2Theta (deg)

na A
ba_J|___ A AN low ——FXBB___p pigh

: s |
I m Moo N high —p g low

Wavenumber (cm™")

Intensity colour code

0.8

o
?

5

g

= B

2

2 1 ~Polymorph |
= 04 ~Polymorph Il

1 -na & ba

0.2

1250 1500 1750

Time (min)

Fig. 5 Tandem in situ monitoring by (a) PXRD and (b) Raman spectroscopy of NG of 1:1 na:ba mixture. Diffraction patterns and Raman spectra of
pure phases are given on top of time-resolved figures. The shown portion of Raman spectra was used in quantitative analysis. c) Evolution of the
reaction mixture composition derived from time-resolved Raman spectra in b). The fitted curves are displayed in black. Reactant depletion and
formation of lll are described with a first-order reaction rate and the final lll — | transformation with the PT model. Error bars correspond to twice the

standard deviations as obtained from the refinement procedure.

fect of liquid additives on mechanochemical reactivity. 2148 The
alcohols (added in the amount of 10mol%) show a constant in-
crease in reaction rate constants while LAG with water seems to
be slightly faster then LAG with MeOH.

Formation of II in the LAG reaction with water can be well fit-
ted with the first-order reaction rate, the same as for reactant de-
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pletion. The subsequent II —— I transformation exhibits a sym-
metrical and sharp sigmoidal curve that is well described by the
Prout-Tompkins (PT) model>> which assumes a reaction rate pro-
portional to both the amount of the remaining reactant (in this
case the mole fraction of phase IL, x;;) and the amount of the al-
ready formed product (mole fraction of phase I, x;). Assuming



Table 1 Reaction rate constants for the first-order depletion of na and ba derived from in situ Raman monitoring (unless stated otherwise).

Liquid (10 mol %)

NG | water

| MeOH |

EtOH | 1-PrOH | 1-BuOH

k/min~! | 0.249(2) | 0.69(2), 0.68(1)* | 0.60(1) | 0.68(2) | 0.82(2) | 1.17(D)

@ From in situ PXRD monitoring.
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Fig. 6 Fitting the concentration profiles obtained from time-resolved
PXRD monitoring for the LAG reaction using water. Depletion of
reactants and formation of Il is described by the first-order reaction rate
while the formation of | is described by the Prout-Tompkins model. Fitted
curves are shown with black lines. Error bars correspond to one
standard deviation as obtained from the Rietveld refinement procedure.

xp =1 —xy we get:

% =kx1x11 = kxI(I 7)61).

For the NG reaction, formation of III follows the same first-
order reaction rate as the depletion of reactants. The transforma-
tion of III to I commences not before all of na and ba have com-
pletely reacted (Fig. 5c) and exhibits a symmetrical sigmoidal
curve that fits best the Prout-Tompkins kinetic model. For NG
however, the PT model could not describe that well the initially
sharp formation of I and slowing down of the reaction toward the
end.

The formation of I from either II or III is an autocatalytic
nucleation-and-growth process, as indicated by symmetrical sig-
moidal growth curves describing the formation of I. On the other
hand, the rate of I — III transformation seems to be constant
corresponding to a zeroth-order reaction rate law (Figs. 4c, S4).
This transformation was notably slower then others and the coex-
istence of the two phases could be observed even for 20 min (Fig.
4).

1 PXRD
0.4 ¢ Raman

o
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Mole fraction

0.2
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Fig. 7 Comparison of the first-order kinetic modeling of reaction profiles
derived from PXRD and Raman monitoring for the LAG reaction using
water. The corresponding reaction-rate constants are given in Table 1.

3.4 The effect of liquid additive on polymorph selectivity
The formation of phase IV seems to be kinetically favored in the
presence of alcohols and water as milling additives in all LAG
reactions. It is formed immediately upon milling but is soon fol-
lowed by the formation of polymorph II. Stability of polymorph II
is dependent on LAG conditions employed, where it can remain
stable upon further milling or it can convert to either I or IIIL.
In LAG reactions, higher alcohols stabilised III while methanol
stabilised II. However, the increase in molecular weight on go-
ing from methanol to 1-butanol increased the ratio of the added
liquid volume to the mass of solid reactants, i. e. the n-value.>’
Inspired by the recent report from the Jones group, where consid-
erable control over cocrystal polymorphism was achieved simply
by changing n,!3 we decided to investigate whether the herein
observed reactivity was due to specific interactions between the
liquid additive and crystalline particles!1->8 or was it related to
the volume of the added liquid.

Therefore, we have conducted laboratory in situ Raman moni-
toring experiments in which the n-value was changed by varying
the added liquid volumes. With 9.2 uL, which is the volume orig-
inally used for 1-BuOH, and 20 L, other lower alcohols and also
water gave III as the final product (Table 2). However, an in-
creased preference for I and II was observed when using smaller
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Table 2 Reaction paths and polymorph selectivity in the
mechanochemical 1:1 na:ba cocrystal formation.

Volume (uL)
Liquid | 4.1 | 9.2 20
H,0 m | I I — 101
MeOH IV—1I I — I I — 111
EtOH m—I V—II—II | IV— I —1II
PrOH nm—I|INV—I—II|IV—I—1III
BuOH m—I V—I—II | IV—I—1II
Hexane I —-1 I —-1I I —-1I
CH,;CN I In—1I v—I1I—I

@ Formation of IV before II is likely but could not be ascertained from in
situ Raman monitoring.

volumes. For example, using 4.1 uL of either 1-BuOH, 1-PrOH or
EtOH resulted in the formation of I. On the other hand, LAG with
4.1 uL of water resulted in the formation of II, analogous to what
was seen with the same volume of MeOH.

To better understand the role of the hydroxyl group, we have
performed laboratory Raman monitoring experiments of LAG re-
actions using hexane as a pure aliphatic hydrocarbon liquid. Us-
ing up to 20 uL of hexane, we observed the same reaction path-
way as in NG, yielding initially III and finally I (Table 2, Fig. S21).
Phase III was stable in both NG and LAG with hexane while na
and ba were present after which the III — I transformation be-
gan immediately. This suggested surface nucleation of I which
was prevented during growth of phase III.

We have finally performed in situ monitoring using acetonitrile
as a polar, but aprotic liquid. Acetonitrile could disrupt hydrogen
bonds in ba and na but possibly to a lesser extent then alcohols
since it can serve only as a hydrogen-bond acceptor. Indeed, with
acetonitrile we have observed a new reaction pathway which de-
pended on the added volume but the final product was always
I. With 4.1 uL. of CH;CN we have observed direct formation of I
from na and ba (Fig. 8). With 9.2 uL, intermediate II was formed
directly from reactants and transformed later on to I. Finally, us-
ing 20uL of CH;CN, the intermediate II was preceded by phase
IV before the final formation of I. Thus, the hydroxyl group is not
necessary for the formation of IV and other liquids with hydrogen-
bonding capabilities can also catalyze its formation. On the other
hand, the hydroxyl moiety seems crucial for the stabilization of
III.

4 Conclusion

In summary, tandem in situ monitoring via PXRD and Raman
spectroscopy of the mechanochemical cocrystallisation of na and
ba revealed a rich polymorphic system with four new cocrystal
phases, multiple phase transformations and a variety of reaction
pathways that can be controlled by a careful choice of reaction
conditions. The reaction pathway and selectivity can be altered
and controlled by the type of the liquid additive in LAG reactions
as well as by its amount. The reaction kinetics were quantitatively

8| 1-9
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Fig. 8 Raman in situ monitoring of 1:1 na:ba LAG cocrystallization
using 4 uL of acetonitrile as the liquid additive. The reaction yields
directly polymorph I as the final product.

assessed from tandem in situ monitoring, performed in seconds-
time resolution, even in situations where not all crystalline phases
were structurally characterized. We found reactant depletion to
be well described by the first order reaction rate law kinetics while
product formation was usually an autocatalytic process.

We also introduce here quantitative in situ Raman monitoring
as a technique that is readily implemented in a conventional lab-
oratory as opposed to PXRD monitoring that can be performed
only at dedicated synchrotron beamlines. In systems where the
reaction mixture is highly crystalline, quantification via PXRD or
Raman monitoring will provide similar results but we anticipate
that quantitative Raman monitoring could be used to character-
ize amorphous phases which are known to occur during milling of
pharmaceutical materials®°° and in solid-state reactions in gen-
eral. Our results provide an important first step toward complete
quantification of mechanochemical reaction kinetics and empha-
size in situ monitoring as necessary analytical tools for under-
standing of mechanochemical reactivity. The ability to describe
reaction kinetics by the simple order-based and Prout-Tompkins
reaction models hints the possibility that mechanochemical re-
actions may bear stronger similarities to solution reactions than
could be expected for reactions of solids. By establishing these
procedures as a standard in mechanochemical synthesis, we an-
ticipate they will provide the basis for the development of kinetic
models of milling reactions and enable formulation of a general
mechanistic framework of these increasingly important reactions.
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