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Abstract

Solid-state cocrystallisation is of contemporangrast, because it offers an easy and efficient
way to produce cocrystals, which are recognizepraspective pharmaceutical materials. Research
explaining solid-state cocrystallisation mechanissnisnportant, but still too scarce to give a broad
understanding of factors governing and limitingséneeactions. Here we report an investigation of
the mechanism and kinetics of isoniazid cocrysafion with benzoic acid. This reaction is
spontaneous; however its rate is greatly influenlbgdenvironmental conditions (humidity and
temperature) and pre-treatment (milling) of the gl@mThe acceleration of cocrystallisation in the
presence of moisture is demonstrated by kinetidissuat elevated humidity. The rate dependence
on humidity stems from moisture facilitated reagaments on the surface of isoniazid crystallites,
which lead to cocrystallisation in the presencéaizoic acid vapour. Furthermore, pre-milling the
mixture of the cocrystal ingredients eliminated theuction time of the reaction and considerably

increased its rate.

Keywords: Cocrystallisation; mechanochemistry; effect ohsig; spontaneous reactions; solid-

state kinetics.

Introduction

In recent years, pharmaceutical cocrystals haveacatd the attention of scientists as
prospective materials with tuneable properties. &ample, cocrystals of active pharmaceutical
ingredients (API) offer better stability? solubility’ and bioavailabilit§ compared to their parent
drugs. However, before cocrystals are producedsimidlly, a sufficient understanding of the
conditions governing their formation and decomposiinto separate compounds must be acquired
to evaluate their stability. Cocrystals can formorgjaneously in physical mixtures of their

compounds;® but purposefully they are prepared by crysw@itn from solvent,™ from



melt!®'” by spray dryin'® or by mechanical treatmefft?* The latter method has gained
recognition in scientific laboratories and is enyad extensively to synthesize new polymorphs,
cocrystals and salts. It is fast, easy to perfaeguires minimal or no use of solvéhand offers a
pure product with a controlled polymorphic yiéfdin addition, mechanochemistry allows inter-
conversion between sditand cocrystafs of different stoichiometry. However, a currentwback

of this method is the large number of unknown paans that can influence the outcome of the
reaction. Such parameters are relative humfditgmperature rise and force distribufibin the
reaction vessel during milling. The mechanical éooan act on the compounds by friction, shear
and impact and each of these effects can leadliifeaent product’ The mechanical treatment can
introduce various changes in the crystalline matancluding crystal defects, strain and partial

amorphisation, as well as a reduced size of ctitesf>?°

thereby increasing the reactivity of
crystalline compounds. Mechanochemical reactiomspraceed through different routes involving
amorphisatiorf or liquid phase (eutectic melt) formatidnExperimental observations indicate that
some systems undergo transitions only during ngiffimnd the reaction terminates on stopping the

treatment, while other systems can continue tot reer removing the mechanical impatt

Another parameter influencing the outcome of meokgnthesis is relative humidity. High
humidity can lead to moisture sorption which plags important role in cocrystallisation
reactions:’* The water uptake is enhanced when using hygrosamgirystal componetit®r by
the presence of deliquescent additfvasd amorphous phadtln most of the moisture facilitated
reactions water has been shown to partially digséhe compounds and to allow nucleation of

cocrystal in the liquid phade™=°

Although valuable work towards understanding meolkhemical and spontaneous
supramolecular reactions of organic compounds lieady been performed;?”***%here are still
several uncertainties left. Useful information abdhe mechanisms of cocrystallisation and
environmental conditions governing cocrystal fonmatand decomposition into its compounds can

be extracted from kinetic data. However, the imetigtion of kinetics in terms of solid-state



reaction mechanisms is not straightforward andnofegjuires sets of additional measurements to
confirm and to explain the proposed reaction meshas This report aims to consider and to
evaluate the experimental conditions influencing taite of mechanochemical cocrystal formation.

The antitubercular drug isoniazid was chosen asodemcompound, since it is known to form

cocrystals with acid$™2 and its cocrystals can be obtained mechanochémféa® Furthermore,

the isoniazid—benzoic acid cocrystal forms spordasly and cocrystallisation is accelerated by

pre-milling the reactant mixture. The rate of tresction depends on the environmental conditions
of storage and on pre-treatment of the sample.iader the effect of these parameters on the rate
of cocrystal formation, a series of experiments evearried out. Parameters such as relative
humidity, temperature and the initial milling freepcy were considered in the course of these
experiments. In addition, we demonstrate the impatte sample spinning speed under conditions
of magic angle spinning (MAS) solid-state NMR a#&tyas one of the factors that substantially

increases the rate of cocrystallisation.

Experimental Section

Materials. Benzoic acid and isoniazid were procured from conerak suppliers. 5 g of
isoniazid and 5 g of benzoic acid were milled safmy in the Retsch MM301 ball mill (10 mL
stainless steel vials with one 1 cm stainless $taklin each) for 15 minutes to reduce the pagticl
size. The milled samples were annealed by keegiaghhient conditions for 2 weeks and sieved to
obtain the fraction of 75 to 150 pm.

Mechanochemical cocrystallisation0.2743 g of isoniazid and 0.2442 g of benzoic &tid
molar ratio) were gently blended together in a mnortith the pestle before co-milling to reduce the
effect of composition inhomogeneity. Cocrystallisatwas performed by milling the mixture of the
starting compounds in a Retsch MM301 ball mill.niszid and benzoic acid were milled in 5 mL
stainless steel grinding jars with one 6 mm stamlsteel ball in each milling jar. For kinetic
experiments milling was performed with two 8 mm ahtee 6 mm stainless steel balls in each
milling jar. Two different milling ball sizes werehosen after initial experiments, since they offere
better data reproducibility compared to equalledimilling balls. Samples were ground at ambient
conditions (45-55% relative humidity (RH) and 2022 for various time periods with a frequency

of 20, 25 or 30 Hz. The average composition ofréaction mixture after milling was determined



by removing the powder from the grinding jar andcily mixing it in a mortar to homogenize the
composition. The milling product was analysed byger X-ray diffraction (PXRD) immediately
after the experiment.

Cocrystallisation kinetics in pre-milled isoniazid and benzoic acid 1:1 mixtures.The
cocrystallisation kinetics in pre-milled isoniazadd benzoic acid 1:1 mixture (0.2743 g of isoniazid
and 0.2442 g of benzoic acid) was investigatedgusirsitu powder X-ray diffraction experiments
at elevated temperature and relative humidity. Pphe-milled mixtures were loaded into the
humidity chamber and subsequent diffraction pastevare recorded until no further changes in the
diffraction patterns were observed. Several setexpieriments were performed to evaluate the
effect of relative humidity, temperature and theatiah milling frequency. The effect of the
temperature was studied by performing experimen5a40, 45, 50 and 55 °C temperature and
60% RH for samples that were pre-milled for 5 masuat 20 Hz. The influence of the relative
humidity was evaluated by acquiring the X-ray d@ifftion data at 60, 70 and 80 % RH and 40 °C
for samples that were pre-milled for 5 minutes @tahd 25 Hz. The influence of the pre-milling
frequency was considered by performing the milliag5 minutes with a frequency of 20, 25, 30
Hz and recording the kinetic data of cocrystalimaat 60% RH and 40 °C.

In-situ PXRD at controlled temperature and humidity. The cocrystallisation experiments
of isoniazid and benzoic acid were performed usmgBruker AXS D8 Discover powder
diffractometer (Bruker AXS GmbH, Germany) equippeith an MRI humidity chamber. Copper
K, radiation £=1.5418 A) was used in the experiments. Data weleated using a flat sample
(depth of 0.8 mm) holder in the Bragg—Brentano geioyn

The X-ray diffraction measurements were performedaaious temperatures (35, 40, 45, 50
and 55 °C) and various RH (60, 70, 80%). Diffractfmatterns were recorded with 0.02° step size
and a scan speed of 0.1 s per step in éha2ge from 3 to 30°.

Spontaneous cocrystallisation kinetics in isoniazidand benzoic acid 1:1 physical
mixtures. Physical mixtures (1:1) of isoniazid (0.0686 g) dmhzoic acid (0.0611 g) were stored
in desiccators with various relative humidity (38, 75, 84 and 97 % RH) at 30 °C. Diffraction
patterns were periodically recorded over a perib87days. The humidity in the desiccators was
maintained using saturated salt solutions (NaB&#¥ RH; NaBr for 58% RH; NaCl for 75 % RH;
KCI for 84% RH and KSO, for 97% RH)>*

Cocrystallisation in pre-milled 1:1 mixtures of ismiazid and benzoic acid at elevated
temperature and dry air. Pre-milled (20 Hz, 5 min) isoniazid and benzoiadakil mixturesvere
stored in desiccators containingd3 to ensure dry air. These desiccators were magadn 30, 50
and 70 °C temperature. The composition of the sasnphs monitored using PXRD analysis.

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction analysis of the isoniazdd



benzoic acid physical mixtures kept at varioustiradahumidity and pre-milled mixtures kept at dry
air was performed using a Bruker AXS D8 Advance gemdiffractometer (Bruker AXS GmbH,
Germany) equipped with a LynxEye position sensitletector and Cu &radiation £=1.5418 A),

40 kV, 40 mA. Diffraction patterns were recordedhné 0.02° step size and a scan speed of 0.1 s
per step in the@range from 3 to 35°.

Rietveld analysis. The quantitative Rietveld analysis of the X-rayfrdi€tion data were
performed using the Bruker Topas 4.2 softwaveth the fundamental parameters (FP) approach.
The crystal structures of isoniaZid(CSD refcode INICACO1), benzoic agld(CSD refcode
BENZACO01) and the isoniazid — benzoic acid cociydta(CSD refcode SETRIU,
10.5517/ccyw9jm) were obtained from the Cambridgecdural Database (CSE)and used in the
calculations.

A 3" order Chebyschev polynomial was used to desctibebackground of the powder
patterns. It was assumed that the sample is cliggt@nd does not contain an amorphous phase, as
significant background changes were not observeaglthe experiments. The unit cell parameters
were refined and the results were corrected foorti®n and sample displacement. The average
composition of the sample over the time period ssaey to record the pattern was obtained and
ascribed to the midpoint of the pattern recordinggt

Cocrystallisation in 1:1 unmilled and pre-milled mixtures of isoniazid and benzoic acid
under conditions of Magic Angle Spinning (MAS) usilg solid-state NMR. Physical mixtures
(1:1) and pre-milled mixtures (5 min, 20 Hz) of ngarid (0.2743 g) and benzoic acid (0.2442 g)
were prepared according to the procedure desciibedde previous sections immediately before
solid-state NMR analysis. The materials were padkedirconia rotors and placed in the NMR
probe immediately after the sample preparationvtichany impact of environmental changébl-
13C CP (cross polarisation) MAS NMR spectra were @equat 25 °C using spinning rates of 5 or
10 kHz. Due to the long pulse delay (180 s) ofréracting compounds, spectra of sufficient quality
could only be acquired over a period of 6 hourseraf28 scans. Five or three experiments for each
spinning rate were carried out over a period oh80rs in the case of pre-milled materials and 18
hours for physical mixtures, as no changes aftex ime were observed (Figs. S6 and 87
Supporting Information). The resulting solid-stdMR spectra show the average pictures of the
structural and dynamical processes taking placenglwocrystallisation of isoniazid and benzoic
acid in the six-hour time intervals.

Solid-state NMR analysis.Solid-state NMR spectra were acquired using a BrakéANCE
Il spectrometer equipped with a 4 mm triple resmeaprobe at 400.23 MHz fdH and 100.64
MHz for *C. The'H-'*C cross-polarization/magic angle spinning (CP/MAB)R spectra were
acquired using a RAMP CP pulse sequence. The MAS raere 5 or 10.0 kHZH n/2 pulse



length and pulse delay were optimized to 18@nd 180.0 s, respectively. The contact time durin
CP was set to 2.0 ms and a SPINAL64 decouplingapatied during acquisition. The Hartmann-
Hahn condition¥ were set with hexamethylbenzene (HMB). 512 scaaeevacquired for pure
crystalline compounds and 128 during cocrystallisaexperiments. Th&C chemical shifts were
recorded with respect to tetramethylsilane (TMS).

Analysis of the cocrystallisation kinetics under MA conditions. The spectra were de-
convoluted using a Gaussian-shape fitting functising Fityk 0.9.8° and integrated peak areas
were compared for both MAS rates. Comparison ofciheystallisation kinetics of isoniazid and
benzoic acid at MAS rates of 5 and 10 kHz was basethe intensity of the peak at 172.3 ppm,
which is attributed to the carbonyl group of bezacid.

DVS analysis.The water vapour sorption—desorption isothermsafiazid and benzoic acid
1:1 physical mixture were measured with a TA Q5@¥0 instrument at 30, 40 and 50 °C. The
relative humidity was increased with a step siz&%f from 5% to 95% RH and decreased to 5%
RH again. The dwell time at each RH was 1 h. Thmepsa was dried at 60 °C for 1 hour prior to
analysis.

Scanning electron microscopy (SEM).The particle size and morphology of isoniazid,
benzoic acid and the cocrystal were analysed ustagning electron microscopy (SEM) using a
JEOL JSM-5910 LV SEM Scanning Electron Microscopgthvan accelerating voltage of 20 kV.
The working distance was 9 mm. The samples wergespd with gold in an argon atmosphere at
room temperature before examination.

Hot stage microscopy (HSM).Formation of the isoniazid—benzoic acid cocrystpbru
heating (at 90 °C) was followed using a Leica DM2L&ptical microscope, equipped with the
Mettler Toledo FP 82 HT hot stage and FP 90 tentpexacontroller. The microscope was also
used to observe the sublimation of smaller benaoig crystals at ambient conditions (45-55% RH
and 20-22 °C) for 20 hours.

AFM analysis. The AFM height images (2Bm x 25um) and force measurements were
recorded in QI mode (Quantitative Imaging mBjl@t room temperature in air at a resolution of
256 x 256 pixels using the NanoWizard 3 (JPK Imagnts AG) AFM system. The maximum force
determined by the vertical deflection of the cawir (i.e., setpoint) was set to 3.AN, and the
scan rates were automatically controlled by thee@gth (1um), extension time (5 ms) and
retraction time (5 ms). Soft cantilevers (NanoWcohidow-Cont) were used and the typical force
constant of the cantilever was 0.2 N'niThe force constant for each of the cantilevers wa
calibrated using the thermal noise metfioBor thein situ AFM humidity studies an enclosure was
constructed and the humidity inside the enclosuras viollowed by a Fischer Scientific
Humidity/Temperature Pen. For each change in huynide sample was allowed to equilibrate for



at least 48 hours.
FTIR analysis. The FTIR spectra were recorded using a Perkin El8gectrum BX
instrument in the range 550—-4000 ¢rwith a resolution of 2 ci. Each spectrum was generated

by co-addition of 64 interferograms.
Results and Discussion

Our initial intention was to analyse the kinetidsttte mechanochemical cocrystallisation of
isoniazid and benzoic acid, however direct momigof the process was hampered by continuation
of the reaction after stopping the milling. The édins of cocrystal formation in these pre-milled
samples was found to depend on the milling frequeaicd on the conditions (temperature,
humidity) of sample storage. These observations himmportant implications on the quality of
kinetic data analysis, so cocrystallisation in préled samples was studied at various temperatures
and humidity; and the cocrystallisation rate inledl samples was compared to that in unmilled
physical mixtures. The kinetics of cocrystallisatiovas followed usingn-situ powder X-ray
diffraction (PXRD) and complementary data were wi#d by solid-state NMR and IR
spectroscopy. In addition scanning electron miapgc(SEM), atomic force microscopy (AFM)
and dynamic vapour sorption (DVS) were employedlbtain qualitative information about the
mechanism of cocrystallisation and to understaedrfiolvement of water vapour in this reaction.

Structural considerations of the isoniazid—benzoicacid cocrystal. Cocrystallisation
proceeds through the disintegration of the isodiarid benzoic acid crystal structures, followed by
the emergence of a cocrystal. These processesstuglied by structural characterisation methods,
such as solid-state NMR, FTIR and XRD. The FTIRcspen of the physical mixture of isoniazid
and benzoic acid is a superposition of the indi@ldcomponent spectra, showing no interactions

between these compounds (Figure 1a).
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Figure 1. FTIR spectra of isoniazid, benzoic acid, theirgbg mixture, the physical mixture
after 5 h at 40 °C anch. 97 % RH and their cocrystal (a) atd- **C CP MAS solid-state NMR
spectra of isoniazid, benzoic acid, their physimoalture and cocrystal acquired at a MAS rate of 10

kHz (b). The NMR peak assignments refer to labeBigure 2.

However, when the physical mixture was stored avatkd humidity, the FTIR bands
characteristic to isoniazid and benzoic acid grigulisappeared and the new distinctive cocrystal
bands appeared in the spectra (Figure S1 in Supgdnformation).

The most pronounced changes observed in these $pHEra are related to functional groups
that are involved in hydrogen bonding: the carba@glup of benzoic acid, the pyridine ring and the
hydrazide group of isoniazid. These changes irrast®ns are illustrated by the comparison of the
crystal structure of the isoniazid-benzoic acidrgs@P® with the structures of its constituents
(Figure S2 in Supporting Information). For examplee comparison of structures revealed that the
C(3) hydrogen bonding chain between the hydrazideigs in isoniazid is retained in the crystal
structure of the cocrystal. Meanwhile, the-IN- --N hydrogen bonds between the hydrazide and

pyridine groups in isoniazid are broken, allowingwnhydrazide—hydrazid&3(10) synthons to



form in the cocrystal. The asymmetric unit of teerystal and the atom numbering scheme used

throughout this account are given in Figure 2.

Figure 2. Asymmetric unit and atom numbering scheme of szndi-benzoic acid cocrystal.

Similarly to the FTIR results, théd-*C CP MAS solid-state NMR spectrum of the physical
mixture of isoniazid and benzoic acid shows an layeof the individual spectra of these
compounds, while in the spectrum of the cocrystalsaerable changes in the positions of peaks
are observed (Figure 1b), implying changes in thelenular environment resulting from
cocrystallisation. A detailed comparison of the RTdnd solid-state NMR spectra and the crystal
structures of isoniazid, benzoic acid and theirgstal is presented in the Supporting Information.

Kinetics of the mechanochemical cocrystallisation foisoniazid and benzoic acid.The
cocrystallisation of isoniazid and benzoic acid easily be achieved through mechanochemical
treatment. However, when mechanochemistry is usedbtain cocrystals, milling frequency
becomes one of the most important factors detenmirthe rate of the conversinand,
consequently, the composition of the product. Th#uénce of milling frequency on the
mechanochemical cocrystallisation rate of isoniaxitth benzoic acid was investigatew kinetic
experiments at 20, 25 and 30 Hz. The milling wadopmed for various time periods and the
composition of the product for each milling expesmh (Figure 3) was determined using Rietveld

analysis of the PXRD patterns.
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Figure 3. Conversion fraction wcrsta @S @ function of time for isoniazid — benzoic acid

mechanochemical cocrystallisation at 20, 25 anH 30

The impact of the frequency is illustrated by saléimes faster cocrystallisation at 30 Hz
compared to 20 Hz. The initial rate of cocrystahiation ‘Z—V: for milling at 30 Hz was about 4.1 %

min™, while for 20 Hz it was 0.7 % mih The accelerating effect of a higher milling freqay on
the reaction rate has been shown béfoemd is related to better mixing of the reactamd a
removal of the product from the reactant interfdéarthermore, milling with a higher frequency
may introduce higher energy to the reaction sydigrareating crystal defects, strains and reducing
the average particle sfZ€¢° A higher density of defects in the crystallitesuld consequently lead
to a larger amount of possible nucleation sitee Tdlevance of nucleation sites created during
milling is also confirmed by the decrease of induttimes with increasing milling frequency. The
induction time (extrapolated intersection of th@cystaCurve with thetime axis) for the reaction at
20 Hz wasca. 17 min, while at 25 Hz it wasa. 10 min and at 30 Hz — only about 2—3 min.

In addition, milling in the ball mills creates ané dependent temperature gradient as a result
of friction. The higher is the milling frequencyhe higher temperature is achieved. For example,
the temperature during milling at our typical expemtal conditions for 200 min with 30 Hz

reached 49-51°C while it reached only 33-34 °Craumilling for 200 min at 20 Hz. The increase



of the temperature during the reaction increases vidppour pressure of benzoic acid, which
undergoes sublimation, therefore uniform experimleoabnditions are not maintained through the
experiment. The vapour pressure of benzoic aciteazes exponentially with the temperaftirt.
proved difficult to achieve a complete conversioratcocrystal and a loss of benzoic acid from the
solid samples was observed. Both observations reagttbibuted to an equilibrium between solid

and gas phase benzoic acid:

Benzoic acid (gas)

Isonaizid + - Cocrystal

Benzoic acid (solid)

Scheme 1.A schematic representation of the isoniazid — benacid cocrystallisation

reaction

The effect of RH on the rate of cocrystallisationn pre-milled mixtures. Analysis of the
milling products of isoniazid and benzoic acid skdwthat cocrystallisation in these samples
continued after stopping the mechanical treatmewt i#&s rate depended on relative humidity.
Samples milled for 5 minutes with 20 and 25 Hz freacy were chosen for further analysis, since
no observable conversion to cocrystal occurretiegd milling conditions (Figure 3). The impact of
the humidity on the rate of cocrystallisation wasgestigated by storing such pre-milled samples at
60%, 70% and 80% RH, 40 °C and recording sequegmiaber diffraction patterns. The amount of
cocrystal in the sample as a function of time (Fegd) was determined from the quantitative

analysis of PXRD data.
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Figure 4. Conversion fraction wcrystai@s a function of time in a pre-milled (20 Hz artdr2z

for 5 min) isoniazid and benzoic acid mixture at@@nd 60%, 70% and 80% RH.

The accelerating effect of increasing RH on therystallisation kinetics implies that
moisture facilitates the reaction. Since waterdsincluded in the product crystal structure, ityma
serve as an intermediary solvent or as a plasticitethe early stages of the reaction the surfsce
the sample is readily available for the vapour #mel reaction is facile and fast. However, the
reaction slows down with an increasing amount ef phoduct, which makes water access more
difficult. Furthermore, as the amount of reactantshe sample decreases, the rate of cocrystal
formation is reduced by the hampered migratiorhefreactants.

Since PXRD does not provide information on watetake by the sample, the DVS method
was used to observe the moisture sorption by palysiixtures of isoniazid and benzoic acid
(Figure 5). The sorption—desorption isothermsité¢mnt temperatures (30, 40 and 50 °C) do not
show observable water sorption below RH=80%. Howesxen very small (undetectable by DVS)

amounts of water can plasticize the surface oftaljtes and promote reactions at their interfaces.



90
30°C
0.98 -

70
0.96

40°C | 5

RH (%)

2 0.94 -

0°C

0 500 1000 1500 2000 2500
Time (min)

Figure 5. The water sorption — desorption isotherms of igpidi and benzoic acid physical
mixtures at 30, 40 and 50 °C. The blue line shdvesrélative humidity programme, the other lines

indicate the relative weight of the samples (w)aference to their initial, dry weight.

Interestingly, the DVS isotherms show a linear mass throughout the experiment resulting
from the sublimation of benzoic acid even at terapges as low as 30 °C. The temperature
dependent vaporisation of benzoic acid implies tredting results in a higher vapour pressure
which can lead to a faster reaction involving a ghsse reactant. Later, however, the loss of
benzoic acid from the solid sample causes decortigosif the cocrystal as has been shown by our
previous experiments.

The surface reaction on isoniazid crystallites at levated humidity. The DVS results
indicate that moisture expedites the reaction bylifgmg surface properties rather than by partially
dissolving the crystallites. In order to understabdtter the surface processes leading to
cocrystallisation, the response of isoniazid sw@féo the presence of water and benzoic acid
vapours was investigated using an atomic forceontmpe equipped with a custom-made humidity
enclosure. Figure 6a shows AFM images of an isahiaingle crystal under ambient conditions
(50% RH) and after storing the same crystal at Fd%for two days, together with histograms of

the height distributions for each image.



(a) if > l‘-c

50% RH

)
=
@

Frequency

o

o

200 400 600 BOO
Height (nm)

(b) B
50% RH

s

~Frequency

o

5 10 15
Adhesion (nN)

(c)

r S

=
-~ Frequency g

o 200 400 600 800
Height (nm)

(d)

I=

Frequency

2.
=
o

: 5 10 15
adhesion Adhesion (nN)

Figure 6. AFM height (a) and adhesion (b) images and histogr of height and adhesion
values in the image data, of isoniazid crystalazefat 50% and 78% RH. Scale bar in each case is
2000 nm; z-scales in the images are 500 nm and f®mnthe 50% RH images and 1000 nm and 12
nN for the 78% RH images. Height (c) and adhesmnirhages and histograms of rough and
smooth regions [corresponding to regions ‘r' andins(a) and (b)] of the crystal surface after

storage at 78% RH. Scale bar in each case is 100@-3cales are 500 nm and 12 nN.

The height images show that the isoniazid crystalen ambient conditions presentsoagh
(mean height = 172 nm, r.m.s. roughness = 63 nmfidcai with salient features. Since the salient
formations were not displaced by the tip of the ARddntilever they were assumed to be
characteristic to the crystal surface. After stgrthe same crystal at 78% RH for two days, the
AFM images show increased surface heterogeneitis, augreater overall roughness (mean height =

310 nm, r.m.s. roughness = 190 nm), but includirgpnent areas where the surface is much



smoother. It has been reported elsewMetieat water adsorption at elevated humidity leamls t
reordering and smoothing of the crystal surfacectmrystal materials.

Figure 6b shows adhesion maps obtained using tlmeagde of the AFM for the same areas as
presented in Figure 6a. These maps show that iharsignificant increase in adhesion of the AFM
probe to the crystal at higher humidity, with thean adhesion increasing from 0.74 nN (r.m.s.
adhesion = 0.66 nN) to 2.96 nN (r.m.s. adhesion5¥)2 Both height distribution and the adhesion
distribution for the sample imaged at high humidiyhibits much greater heterogeneity, with
regions having adhesion similar to the ambient edsegside regions with much higher adhesion.
The regions of high adhesion appear to be thosk detreased roughness. In the height and
adhesion images of the high humidity sample we hawvelled two regions ‘s’ and ‘r’ for ‘'smooth’
and ‘rough’, and Figures 6¢c and 6d present heiglt adhesion maps of those areas. The
histograms corroborate our initial observations dathonstrate that those are the smooth regions
(mean height = 597 nm, r.m.s. roughness = 58 nat)lthve high adhesion (mean adhesion = 5.71
nN, r.m.s. adhesion = 3.23 nN), consistent withititerpretation that the smoothed regions are the
result of water sorption by the crystal.

To test if a surface reaction of isoniazid with beic acid vapour could take place, a crystal
of benzoic acid was placed in a close proximityato isoniazid crystal. AFM images were
recorded, after at least 48 h equilibration, far tdoniazid crystal at ambient conditions (50% RH,
24 °C), low humidity (28% RH, 24 °C) and elevatedridity (83% RH, 26 °C). The AFM images
at ambient and low humidity do not show considexabifferences in the isoniazid surface

morphology (Figure 7) and the same features cadegified.
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Figure 7. AFM height (a) and adhesion (b) images and histogr of height and adhesion
values in the image data of isoniazid crystal sigfem the presence of benzoic acid at 50%, 28%

and 83% RH. Scale bar in each case is 2000 nnalessare 1000 nm and 6 nN.

The height and adhesion values for measuremethgs¢ conditions were also similar (mean
heights 416 and 389 nm, r.m.s. roughnesses 95&and7mean adhesions 0.49 and 0.81 nN, r.m.s.
adhesions 0.37 and 0.54 nN, respectively). At edelzdumidity (83% RH), however, new more
pronounced salient formations on the surface ofigsmd were observed. The adhesion of the
surface in the high humidity experiment was fouade slightly higher (mean adhesion = 1.17,

r.m.s. adhesion = 0.88 nN) compared to adhesitowaand ambient humidity. These observations



imply that at elevated humidity the adsorption fter promotes molecular rearrangements in the
surface layer. In the absence of benzoic acidrésslts in recrystallization of the crystal surfalre
the presence of benzoic acid, however, the moidaaiétates the reaction with benzoic acid as it
vaporizes and is deposited on the surface of thaiagid crystal. Therefore, a cocrystallisation of
two compounds appears possible even without direntact between their crystallites. Similar
observations have been reported for halogen borsyisigms, which formed cocrystala physical
vapour depositiof®

Effect of temperature on the rate of isoniazid — bezoic acid cocrystallisation.Another
parameter that can significantly influence the @fteocrystal formation is temperature. In the case
of the isoniazid and benzoic acid cocrystal, insieg temperature not only supplies more energy,
but also raises the vapour pressure of benzoic. &ath the reaction rate and the degree of
vaporization can be deduced from variable temperaRXRD experiments. Kinetic data were

acquired for pre-milled (5 min, 20 Hz) samples&t40, 45, 50 and 55 °C (Figure 8).
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Figure 8. Conversion fraction Wcysta @S a function of time for isoniazid—benzoic acid
cocrystal formation from pre-milled mixtures (20 ,HZ min) at 35, 40, 45, 50 and 55 °C

temperature and 60% RH.



The kinetic data presented in Figure 8 confirm $ignificant effect of temperature on
cocrystallisation kinetics and show that the ihiteges %) increase exponentially with temperature

(Figure S3 in Supporting Information). The vapdima of benzoic acid during the reaction is
confirmed by a lower crystalline acid content (% compared to isoniazid in all cocrystallisation
experiments (Figure S4 in Supporting Informatioetedmined by PXRD). Isoniazid reacts with
benzoic acid in the stoichiometric ratio of 1:1,isahe absence of benzoic acid vaporisation the
amount of both compounds would decrease equallg.Klietic experiments discussed above were
performed at RH=60%. To investigate if the formataf the cocrystal can take place without the
assistance of water vapour, further experimentsyrair were performed.

Pre-milled (20 Hz, 5 min) isoniazid and benzoiaatil mixtures were placed in desiccators
with P,Os at 30, 50 and 70 °C temperature. It was foundttietocrystallisation takes place even

at 0% RH, as shown by PXRD patterns recorded fempiled mixtures after keeping samples at

these conditions for 24 h (Figure 9).
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Figure 9. PXRD patterns of isoniazid—benzoic acid 1:1 mil{gd Hz, 5 min) mixture before

and after storing at 0% RH and 30 °C, 50 °C antC7/@mperature for 24 h.

The cocrystal content in the sample after stora@® &C for 24 h was 12% while at 50 °C the
cocrystal content in the sample reached 76%. A®C’@& full conversion was achieved. A small

amount of excess isoniazid, however, was foundetpresent in the latter sample, because part of



benzoic acid had vaporized. These experiments shatwcocrystallisation is possible without the
presence of water vapour; however, it is slow abiant temperatures compared to reactions at
elevated humidity. During longer storage perioder@nthan 1 week) a decrease in the amount of
cocrystal was observed, indicating decompositiothefcocrystal at 50 °C and 70 °C. The presence
of benzoic acid was not observed in the PXRD padt@f the decomposition product, suggesting
that it vaporizes upon, or immediately after, deposition.

Since at elevated temperature cocrystallisationocanr through eutectic meltifiy hot stage
microscopy experiments were conducted to assespaissibility. The HSM micrographs in Figure

10 show a stepwise depiction of the eutectic mglind the following cocrystallisation from melt.

Figure 10. Cocrystal formation from the eutectic melt of igemd and benzoic acid at 90 °C
after (a) 0 min; (b) after 0.6 min; (c) after 1.4nmn(d) after 3.7 min; (e) after 6.15 min; (f) aft20

min.

At 90°C a rapid formation of liquid phase arouneé ttocrystal components was observed.

After the eutectic melting, a new cocrystal reailstes from the melt. Since the eutectic melting



takes place only at 90 °C the cocrystallisationrumilling or temperature assisted experiments is
not expected to occur through melting.

The effect of pre-miling frequency on the rate of isoniazid—benzoic acid
cocrystallisation. The experiments conducted for pre-milled sampledevated humidity showed
that the frequency of pre-milling has a significaftect on the rate of cocrystallisation. The
contribution of this parameter was investigateddetail by milling the reaction mixture for 5
minutes with various frequencies (20, 25 and 30 &tw) measuring the cocrystallisation rate in the

milling products at 40 °C and 60% RH (Figure 11).
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Figure 11. Conversion fraction wicysta @S @ function of time for isoniazid—-benzoic acid
cocrystal formation from mechanochemically actidammpounds at 40 °C and 60% RH for

various pre-milling frequencies (20, 25, 30 Hz).

The cocrystallisation in mechanically activated migs proceeds without an apparent
induction time (Figures 4 and 8) implying that thecleation of the cocrystal is initiated by milling
PXRD analysis of the fresh samples milled at 2@%rHz for 5 min does not show detectable
amounts of cocrystal and the sample milled at 30cbiztains~14% cocrystal (Figure 1). After

storing pre-milled samples in the humidity chambieeir composition rapidly changes as the



cocrystal is formed; and the higher has been thienmirequency, the faster is the conversion. The
accelerating effect of milling is a result of reddcparticle size, crystal defects, strains and mgixi
of the compound®?° The higher is the frequency of milling, the smajarticle size and larger
surface area are achieved. The changes in pasimdeand morphology introduced by milling to
isoniazid and benzoic acid crystallites were obsgrusing scanning electron microscopy (Figure

12).

Figure 12. SEM images of (a) benzoic acid (75 — 186 fraction); (b) benzoic acid after
milling (30 Hz, 5 min); (c) isoniazid (75 — 150n fraction); (d) isoniazid after milling (30 Hz, 5

min).

Although only the 75 — 15@m fraction of sieved isoniazid and benzoic acid glas was
used for all experiments, the particle size distidn of these samples varies in a wide range
(Figure 12, a and c). As expected, milling redubesaverage particle size in the sample (Figure 12,
b and d). The crystallites no longer exhibit thstidct crystal habit characteristic to isoniazidlan
particle surfaces after milling appear rougher,idating that surface defects may form during
milling. A higher density of such defects after linij increases the sublimation r&teof a
compound. As benzoic acid tends to sublime, itsoxaption behaviour after milling (30 Hz, 5

min) was observed using an optical microscope (Ei@b in Supporting Information). The smaller



crystallites gradually disappeared from the milkinple even at room temperature and their
disappearance became obvious in less than 2 hours.

Cocrystallisation at elevated humidity without meclanical activation. Although a
significant dependence of cocrystallisation rateshe pre-milling frequency was observed, it was
not clear how fast these reactions were comparétetoeaction in physical mixture.

In order to estimate the reaction rate in unmiadples, 1:1 physical mixtures of isoniazid
and benzoic acid were stored and maintained aC38ntd RH of 38%, 58%, 75%, 84% and 97%.
Diffraction patterns of the samples were recordedoglically over a period of 27 days. Figure 13

shows the conversion fraction in these samplesfascéion of storage time.
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Figure 13. Conversion fraction wiystar @S @ function of time for isoniazid—benzoic acid
cocrystal formation in physical mixtures at variae$ative humidity (38%, 58%, 75%, 84% and

97%) at 30 °C.

The results of this experiment show that cocryistaiion without mechanical activation is
considerably slower compared to cocrystal formaiiora pre-milled mixture. Even at high RH
values (above 84% RH, 30 °C), the cocrystallisategquires several days for the product yield to

exceed 80%, while it takes only about 1 hour fochamically activated reactants at 80% RH (at



40 °C). A significant induction time (several days) these experiments is observed at lower RH
values (lower than 75% RH). The slow cocrystaliatand the long induction time confirm the
importance of mechanochemical treatment to init@erystallisation and to activate reactants by
introducing additional energy in the form of crystefect§’ and larger surface area. The
cocrystallisation in physical mixtures and its rdegpendence on relative humidity concur with the
results of AFM experiments and suggest that the pkhase formed on the surface of isoniazid
crystals at elevated humidity in the presence akbi& acid vapour was the cocrystal.

Kinetics of isoniazid—benzoic mechanochemical cocstallisation under conditions of
magic angle spinning. We used solid-state NMR to obtain molecular lewstails of
cocrystallisation of isoniazid and benzoic acidriDg these experiments an accelerating effect of
magic angle spinning (MAS) on the cocrystallisatrate was observed. To estimate the extent of
this effect, measurements at different MAS ratesevperformed and compared for both pre-milled
and unmilled samples. The comparison was basedt@rnntensity changes of the peak of the
benzoic acid carboxyl group. This peak was seledtedause the carbon of the carboxyl group does
not have directly attached protons and thereforensities of the corresponding peaks are least
affected by kinetics of the magnetizat®he use of the MAS rate of 10 kHz for the acquisitdf
'H-*C CP/MAS NMR spectra of the mechanically activatgidture of benzoic acid and isoniazid
lead toca. 50% decrease of the amount of benzoic acid inéheting mixture after 30 hours. The
decrease of benzoic acid content at the MAS rat® kiHz was significantly lower — only 28%
(Figure 14). These observations are corroboratettidyncreased intensity of the peaks attributable
to the cocrystal and the decrease of isoniazid peaksities (Figures S8 and S9, Tables S1 and S2
in the Supporting Information). In contrast, themilled physical mixture of isoniazid and benzoic
acid showed no conversion into the cocrystal uedber 5 or 10 kHz MAS speed for over 18 hours

(Figures S6 and S7 in Supporting Information).
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Figure 14. Comparison of the normalised peak intensity at3 ppm attributable to benzoic

acid during cocrystallisation under MAS conditiats$ and 10 kHz spinning rates.

The impact of humidity and temperature changeshencbcrystallisation rate under MAS
conditions was practically eliminated as each sam@s spun in dry compressed air (dew point —
80 °C) in tightly sealed rotors and the experimetaiamperature was maintained at 25 °C. Similarly
to other results discussed before these experinmmtirm the promotive effect of mechanical

treatment on cocrystallisation.

Conclusions

We have demonstrated a spontaneous cocrystalhsatith a volatile compound, as
illustrated by the reaction between isoniazid aetzZoic acid. This reaction is accelerated by
environmental conditions, such as elevated relativemidity or temperature and by
mechanochemical activation. The rate and the meéstmaof cocrystallisation are also influenced by
the vaporisation of benzoic acid, as it undergeesperature dependent sublimation. The results
indicate that volatile solid compounds can initiatsurface reaction by first being deposited on the
crystallites of the other cocrystal former. Suchfate reactions benefit from the presence of
moisture, which facilitates molecular movemenita the adsorption of small amounts of water.

Cocrystallisation is also enhanced by mechanicivaton of the reaction mixture. The long



induction time characteristic to cocrystallisationphysical mixtures was not observed for pre-

milled samples, indicating that nucleation had tak#ace during the mechanical treatment.

Therefore, an efficient method for the preparatodrthe isoniazid—benzoic acid cocrystal would

include co-milling the cocrystal components (with @cess benzoic acid) and storing the product
at elevated humidity for a short period of timeatthieve complete conversion. The storage period
should not exceed a couple of hours to avoid vapban of benzoic acid, which can lead to

decomposition of the cocrystal.

This study expands the current understanding afrbgéneous supramolecular reactions and
contributes to a better understanding of cocrystahation, stability and decomposition. These are
important to the design of stable drug formulatjas unpredicted spontaneous cocrystallisation or
cocrystal decomposition can lead to changes inymtodomposition, followed by implications on
patient health. Meanwhile, a comprehensive undedstg of these processes allows optimizing the

experimental conditions and technologies for cdatysreparation.
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