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ABSTRACT: We demonstrate a controllable mechanochem-
ical synthesis of cocrystal polymorphs of ascorbic acid
(vitamin C) and nicotinamide (vitamin B3) on different
scales and without using bulk solvents. Next to the previously
described polymorph of the 1:1 cocrystal, which is one of the
first cocrystals approved for human consumption, we report
here a new, thermodynamically more stable polymorph
detected during in situ synchrotron powder X-ray diffraction
monitoring of milling reactions. The new polymorph is
currently available exclusively by mechanochemical synthesis,
and its crystal structure was determined from synchrotron
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powder X-ray diffraction data. Laboratory in situ monitoring by Raman spectroscopy provided direct insight into the cocrystals
formation and was further used to optimize the manufacturing procedure. Subgram synthesis using a laboratory mixer mill was
transferred to the 10 g scale on a planetary ball mill and continuous manufacturing using a twin-screw extruder. Both cocrystal
polymorphs perform excellently in tableting, thus alleviating the notoriously poor compactible properties of vitamin C, while the
mechanochemical cocrystallization does not harm its antioxidant properties.

KEYWORDS: Mechanochemistry, Active pharmaceutical ingredients, Polymorphism control, Large-scale processing,

Twin-screw extrusion

B INTRODUCTION

The use of mechanochemistry in modern materials chemistry
continues to grow because of its efficiency, selectivity, and
ecological suitability in obtaining the desired products.'™*
Those characteristics go along with the increasing need to
create more sustainable drug manufacturing processes, as has
been stressed recently by the consortium of pharmaceutical
companies.” Mechanochemistry in the pharmaceutical industry
is primarily used as a screening technique for solid forms of
polymorphs, salts, and cocrystals of active pharmaceutical
ingredients (APIs)," but its role in the synthesis of APIs is
becoming increasingly important.'’~"> One way of transferring
laboratory-scale mechanochemical production to larger
manufacturing scales is utilizing twin-screw extrusion
(TSE)."® TSE process is based on adding the reaction mixture
through the feeder at one end, and two corotating screws are
used for mixing, shearing, and conveying of the material that
exits on the other end. TSE is used for the continuous
production of a variety of chemicals, such as organics,"*™"°

metal—organic frameworks (MOFs),"”'® organic light-emitting
diode (OLED) materials,'® and cocrystals.zo*
Cocrystallization is a convenient way of improving chemical
and physical stability,”>™>* compressibility”® and bioavailabil-
ity”” =" of APIs. More than a decade of extensive research in
the area of pharmaceutical cocrystals has shown that they offer
enhanced API properties and more diverse space of solid forms
for APIs that lack ionizable functional groups, which is a
requirement for salt formation.”’ Despite apparent advantages
cocrystals may offer, their appearance on the market is still very
scarce,”” which is mainly up to their previous regulatory
classification as well as manufacturing scale-up concerns.’
Latest US Food and Drug Administration (FDA) guidance for
pharmaceutical industry states that from a regulatory
perspective, a cocrystal of API and suitable coformer is



considered analogous to a new polymorph of APL** That
means that API cocrystal is now in the same class as API
polymorphs and salts. The expectations are that there will be a
significant increase in API cocrystals becoming available on the
market as evidenced by the recent commercialization of
sacubitril—valsartan cocrystal drug by Novartis, branded as
Entresto, to treat chronic heart failure.®®

Vitamin C is common in pharmaceutical and food
supplements industry and has the largest productlon among
all vitamins, estimating 110 kilotons per year.’® One of the first
cocrystals approved for human consumption by the FDA
(21CFR172.315) is cocrystal of vitamin C (r-(+)-ascorbic
acid, asc) and nicotinamide (a form of vitamin B3, na) as a
formulation for inclusion into multivitamin preparations.”” It is
known for this cocrystal (from now on I, Figure 1) to have
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Figure 1. Molecular structures of nicotinamide (form of vitamin B3)
and L-(+)-ascorbic acid (vitamin C) and the reaction conditions for
the preparation of two polymorphs of (asc)(na) cocrystal.

antiscorbutic properties (preventlon of scurvy) and certain
activity against tuberculosis.***” It was recognized in the
1940s, when in an attempt to prepare capsule of vitamin C
with nicotinamide, authors observed its anomalous behavior
and change of the reaction mixture color to yellow.*’ Further
study revealed that nicotinamide and vitamin C are forming
1:1 “addition compound,” either by crystallization from
ethanol (EtOH) or by mechanical mixing and latter was
patented by Gelatin Products Corporation.* In 1949,
Wenner " identified this compound to be a molecular complex,
not salt, which was confirmed almost 70 years later, after
solving the structure of I in 2016.*

Here, we report extensive research on the transfer of
mechanochemical cocrystallization procedures to various
scales, demonstrated on the reaction between asc and na
(Figure 1). We used recently developed in situ monitoring of
mechanochemical transformations** by synchrotron powder X-
ray diffraction (PXRD),* ™ to detect the existence of a new,
thermodynamically more stable cocrystal polymorph (asc)(na)
II(from now on II, Figure 1). Laboratory rnonltorlng of milling
reactions using in situ Raman spectroscopy was further used
to optimize the production procedures. For larger scales, we
aimed to selectively prepare both cocrystal polymorphs on a 10
g scale via planetary ball milling and also to transfer these batch
processes into a continuous TSE process on the industrial scale
(~1 kg/hour rate). We solved the crystal structure of II from
PXRD data and the slurry competition experiments were used
to establish the thermodynamic relationship with I. The direct
tableting of cocrystal polymorphs prepared in the solid-state
was assessed to try to account for poor tableting properties of
vitamin C.”>7*

B EXPERIMENTAL SECTION

Chemicals and Solutions. L-(+)-ascorbic acid 99+% and
nicotinamide 99% were purchased from Alfa-Aesar and used as
received. For liquid-assisted grinding (LAG) experiments we used p.a.
methanol (MeOH) and p.a. EtOH from Kemika. ABTS ((2,2'-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) was purchased from
Sigma-Aldrich. 5 mM solution of ABTS was prepared in 0.1 M
phosphate buffer, pH = 7.4. Trolox (6-hydroxy-2,5,7,8-tetramethy-
chroman-2-carboxylic acid) was purchased from Sigma-Aldrich. A S
mM solution of Trolox was prepared in ethanol. Phosphate buffer (0.1
M), pH = 7.4, was prepared from disodium phosphate dihydrate and
monosodium phosphate dihydrate purchased from Kemika. Potas-
sium peroxydisulfate was purchased from Merck and 65 mM solution
was used. S mM EtOH solutions of I (mechanochemical synthesis), II
(mechanochemical synthesis), I (isolated from EtOH solution), L-
(+)-ascorbic acid, nicotinamide, and mixture of L-(+)-ascorbic acid
and nicotinamide were prepared in p.a. EtOH. All the chemicals were
of analytical grade, and all solutions were prepared with ultrapure
water from Millipore Milli-Q_system (Milli-Q, USA) if not stated
otherwise.

Cocrystallization Experiments. Mechanochemical cocrystalliza-
tion experiments by ISTS00 mixer mill (InSolido Technologies) were
performed in 14 mL of poly(methyl methacrylate) (PMMA) jars
using the same reaction conditions: 250 mg overall mass of reactants
in 1:1 stoichiometric ratio (0.838 mmol of asc and 0.838 mmol of
na), 20 uL of appropriate liquid additive (if not stated otherwise), two
stainless steel balls of 7 mm diameter as grinding media (each
weighing 1.42 g), 30 Hz grinding frequency, and 60 min grinding
time. Solution cocrystallization experiments were done by dissolving
50 mg of a solid mixture containing nicotinamide and L-(+)-ascorbic
acid in 1:1 stoichiometric ratio (0.168 mmol of asc and 0.168 mmol
of na) in 0.5—1 mL of appropriate solvent.

Ten Gram Scale by Planetary Ball Milling. Planetary ball
milling was performed by mixing 5.9 g of vitamin C and 4.1 g of
nicotinamide in a S0 mL zirconia jar. EtOH (0.8 mL) or MeOH (1.6
mL) was added as the liquid additive, and four 10 mm zirconia balls
were used as milling media. Reaction time was 60 min at 400 rpm.

Twin-Screw Extrusion. The continuous mechanochemical syn-
thesis was carried out in Rondol 21 mm LAB TWIN corotating,
intermeshing twin-screw extruder (TSE). All contact points were
made of stainless steel. Total barrel length was 630 mm, leading to L/
D ratio of 30. Apart from forward-conveying sections, screws were
equipped with three kneading blocks comprising 5 mm wide bilobed
elements arranged in 30°, 60°, and 90° stagger angles with lengths of
65, 25, and 50 mm, respectively. The barrel of the extruder consisted
of five individual heating/cooling sections and was kept at 40 °C to
ensure smooth screw rotation. For the purpose of this experiment, the
die at the end of the extruder barrel was removed, and the extruded
material was collected in a weighed beaker. Reactants were gently
premixed in a beaker and fed manually through the first feed port. The
screw speed was kept at 180 rpm, at which torque was kept at 90% of
the maximum value, providing as high as possible throughput for the
current screw configuration. To facilitate longer residence times and
ensure higher conversion, the obtained product was fed through the
extruder one more time.

Preparation of ABTS**. The ABTS** solution was prepared 24 h
before spectroscopic measurement by mixing 0.5 mL of 65 mM
K,S,04 and 25 mL of S mM ABTS prepared in 0.1 M phosphate
buffer, pH 7.4.°° The mixture was left in the dark at room
temperature. For this study, the ABTS®** solution was diluted with
0.1 M phosphate buffer, pH 7.4, to an absorbance of 0.739 + 0.02 at
734 nm. ABTS®" is stable radical (radical was stable for more than 2
days when stored in the dark at room temperature).

Measurement of Antioxidant Activity. One milliliter of the
ABTS"*" solution was placed in 1.5 mL spectroscopic cuvette. After a
steady state of absorbance (cca 1 min) was reached, S yL of measured
sample, Trolox standard, or antioxidant solutions was added to the
cuvette and mixed for S s. The changes in absorbance were read after
1 and 4 min. All determinations were carried out in triplicate.



Characterization. X-ray powder diffraction data was collected on
PANalytical Aeris diffractometer with Ni-filtered CuK radiation, and
with the X-ray tube operating at 7.5 mA and 40 kV. Fourier-transform
infrared attenuated total reflectance (FTIR-ATR) spectra were
recorded on PerkinElmer SpectrumTwo spectrometer equipped
with a diamond cell in the range of 4000—450 cm™ and with a
resolution of 4 cm ™.

Particle Size Distribution. The particle size distribution was
obtained using laser diffraction analyzer SALD-3101 (Shimadzu,
Japan) with measuring range from 0.3 to 3000 ym. Dry measuring
unit was used and the samples were dispersed at 0.4 MPa. Presented
particle size distribution is a mean value of three measurements.

Tableting. For the tableting process, 10 g of I and II obtained by
planetary ball milling was used. Compression was performed using an
eccentric single punch tableting machine TDP-ST (Zhejiang Wisely
Machinery Co. Ltd., China) equipped with 8 mm round punches. All
tablets were produced using equal compression force and 5 mm
charging depth.

Surface Characterization of Tablets. Surface morphology of
prepared tablets was examined using stereomicroscope SZX 16
(Olympus, Japan) at magnifications of 25X.

In Situ Monitoring. PXRD monitoring of the milling reactions
was performed in amorphous PMMA jars with two stainless steel balls
as milling media at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, at ID15A beamline. For reactions, we
used remotely operated ISTS00 (InSolido Technologies) mixer mill
produced for this kind of measurements and operated at 30 Hz. Beam
energy was set to 69 keV (1 = 0.1797 A) to achieve the best possible
resolution between diffraction peaks. X-ray beam was set to pass
through the bottom of the jar and exposure time for each pattern was
S s. Diffraction data were recorded on a Dectris Pilatus CdTe 2 M
detector positioned 730 mm from the sample, radial integration of the
raw diffraction images was performed with an in-house Matlab script.
Experimental hutch was air conditioned to 21 °C. Laboratory in situ
Raman spectroscopy was performed in the same experimental
conditions using portable Raman system with OceanOptics
Maya2000Pro spectrometer coupled with PD-LD (now Necsel)
BlueBox laser source (4 = 785 nm) with B&W-Tek fiber optic Raman
BAC102 probe. Raman probe was positioned ~1 cm from the bottom
of the jar and Raman spectra were collected as described previously.*’

Analysis of Raman Spectra. First, PMMA jar contribution was
subtracted from each spectrum, and remaining spectra were baseline
corrected and normalized with the Euclidian norm. Details of the
procedure can be found elsewhere.®” Spectra were arranged in a data
matrix and subjected to the multivariate curve resolution—alternative
least-squares (MCR-ALS) procedure to extract spectral and
concentration profiles.”’ Additional constraints, like closure and
non-negativity in spectral and concentrations spectral contributions
were used to obtain physically meaningful results.”> Additionally,
spectra of pure components from the MCR-ALS procedure were
compared to the actual Raman spectra of reactants, I and II. The
spectrum of the unknown intermediate phase from MCR-ALS could
not be obtained in pure form since it also contains the contributions
from the reactants, I and I

Crystallographic Section. Powder diffraction data for the crystal
structure solution of II was collected in a capillary on a high-
resolution powder diffractometer at the 11-BM beamline of the
Advanced Photon Source, Argonne National Laboratory, IL,
USA, with a radiation wavelength of 0.457705 A. The structure was
solved by simulated annealing in direct space taking advantage of
known molecular fragments of L-(+)-ascorbic acid and nicotinamide
which were treated independently as rigid bodies. Structure solution
was recognized after meaningful networks of hydrogen bonding were
formed. Structure refinement was finally performed on atoms using
geometry restraints on bond distances and angles as well as planarity
restraints on nicotinamide molecule. All calculations were performed
using the program Topas. The CIF file, also containing the measured
and calculated diffraction patterns, has been deposited with the
Cambridge Crystallographic Data Centre (CCDC) under the

deposition number 188326S. These data can be obtained from the
CCDC upon request.

B RESULTS AND DISCUSSION

In Situ Mechanochemical Reaction Monitoring. We
aimed to develop a mechanochemical procedure for the
production of (asc)(na) cocrystal, both on the laboratory and
multigram scale. As the mechanochemical reactivity signifi-
cantly increases by the addition of liquids in liquid-assisted
grinding (LAG),”*™® we tested several liquids as additives for
milling reactions (Table S1 and Figure S1). Monitoring of the
mechanochemical reaction between asc and na using 20 uL of
EtOH as the liquid additive revealed fast consumption of
reactants and almost immediate occurrence of an intermediate,
short-lived phase which was not possible to isolate as it occurs
concomitantly with reactants and lives for ~15 min. The
formation of known phase I (Figures 2 and 4a, 4c) started after
S min and finished after 25 min of milling. We isolated I as the
final product after 60 min of milling,
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Figure 2. Time-resolved X-ray powder diffraction patterns of in situ
monitoring of milling 1:1 reaction mixture of vitamin C and
nicotinamide using ethanol as the liquid additive. Color code: Blue,
high intensity; red, low intensity.

Switching to MeOH additive induced a change in the
reaction pathway. Milling the reaction mixture of asc and na
with 20 yL of MeOH revealed the fast occurrence of the same
intermediate phase that lived concomitantly with reactants for
approximately 3 min. Formation of I is finished after 9 min of
milling. Further milling resulted in the occurrence of a new
phase, II, which started to form after 20 min and with the
simultaneous diminishing of diffraction peaks of I (Figure 3).
However, subsequent analysis of the final pattern collected
after 90 min of milling revealed that the final product is a
mixture of I and II (Figure S12).

Intermediate that can be seen in LAG with EtOH and
MeOH does not appear in neat grinding (Figure S3).
Therefore, it seems that its formation is favored only in LAG
conditions.

To obtain only II, we increased the volume of added MeOH
to 40 uL since the liquid additive volume can have a substantial
effect on the reaction outcome.””” In situ Raman monitoring
of LAG reaction with 40 yL of MeOH revealed much faster
cocrystallization. Form I, which formed in first 10 min of
milling, transformed to II as observed in LAG with 20 uL of
MeOH, but this time the transformation was completed after
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Figure 3. Time-resolved X-ray powder diffraction patterns of in situ
monitoring of milling 1:1 reaction mixture of vitamin C and
nicotinamide using methanol as the liquid additive. Color code:
blue, high intensity; red, low intensity.

40 min of milling (Figures 4b and 4d). The final product was
pure solid phase II, with FTIR-ATR and Raman spectrum
similar to I (Figures S10 and S11).

Crystal Structure Studies. Crystal structure of II was
solved from PXRD data (Figure S) with crystallographic
parameters as given in Table 1.

b

LY
-

I (asc)(na) Il

(asc)(na) |

(asc)(na) |

Intensity / a.u.

Intensity / a.u.~~

2
3

50 §

Time / min
P
8
L
Time / min
@
8

20 ]

200 400 600 800 1000 1200 1400 1600
Raman shift / cm!

200 400 600 800 1000 1200 1400 1600
Raman shift / cm!

d) o IO
.o.s 7
307 /
©
' 500 e |
+ asc+na -1 . 3
- intermediate | & 05 zr;tsecr)r(n::)lzlate
(asc)(na) | ‘; 0.4 -
z |- (asc)(na) Il
T3
g ;
0.2
014y £ N\
. ‘:;'!‘D-r:‘{ M O TS i
E 2 2 2 o
v 0 Forerrt sz et
20 30 40 50 60 10 20 30 40 50 60
Time / min Time / min

Figure 4. Time-resolved Raman spectra of in situ monitoring of
milling 1:1 reaction mixture of vitamin C and nicotinamide using (a)
ethanol and (b) methanol as the liquid additives. Color code: red,
high intensity; blue, low intensity. Reaction profiles extracted with
multivariate curve resolution alternative least-squares procedure from
Raman monitoring of milling 1:1 reaction mixture of vitamin C and
nicotinamide using (c) ethanol and (d) methanol as the liquid
additives.
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Figure S. Rietveld fit for the refinement of the crystal structure of IL
The high-angle region of the pattern is enlarged to reveal more detail.
Radiation wavelength is 0.457705 A.

Table 1. Crystallographic Data for II

molecular formula C,H,N,O,
formula weight (g mol™") 298.28

space group P2,

a (A) 7.749926 (33)
b (A) 33.38721 (15)
¢ (A) 5.081955 (22)
a (deg) 90

p (deg) 99.13411 (28)
7 (deg) 90

vV (A% 1298.2735 (99)
VA 4

temperature (K) 298

radiation type synchrotron
wavelength (A) 0.457705

R, 0.049

R, 0.062

GOF 1.17

R(F?) 0.022

Both polymorphs crystallize in chiral space groups, I in the
triclinic P1 and II in the monoclinic P2; space group.
Asymmetric units of both polymorphs contain two molecules
of asc and na. They both exhibit very similar intermolecular
and crystal packing interactions characterized by chains of
hydrogen bonding interactions and by a ring R,*(9)
heterosynthon in which one —OH group of asc forms a
hydrogen bond with the C=O group of na, while the C=0
group of asc forms a hydrogen bond with the —NH, group of
na(Figure 6a and 6b).%® Network of hydrogen bonds further
assembles into layers (Figure 6¢ and 6d).

Solution Screening and Relative Stability Measure-
ments. After obtaining two polymorphs mechanochemically,
for comparison, we also performed solution cocrystallization.
We dissolved mixtures containing asc and na in different
solvents (Table S2 and Figure S1) allowing for full solvent
evaporation, and isolated yellow precipitates. As evidenced
from the PXRD data, solution cocrystallizations resulted
exclusively in I, even when the bulk solvent was MeOH,
which is in agreement with the literature.” As opposed to LAG



Figure 6. Hydrogen bonding motives in (a) I and (b) IL Both
structures exhibit similar hydrogen bonding interactions and are
stabilized by R,%(9) supramolecular synthon between asc and na
molecules. Hydrogen bonded networks form layers in (c) I and (d) IL

experiments, where the addition of water resulted in the
formation of pure II (Figure S1) but with nonhomogeneous
distribution of milled solid (Figures S2 and S4), attempt to
crystallize product from water resulted only in brown glutinous
solution which darkened over time, without any crystals
occurrence.

The thermodynamic relationship between polymorphs was
determined in the slurry experiments in acetonitrile, in which
both polymorphs have low solubility, and at room temperature.
Equal amounts of both polymorphs were stirred in acetonitrile
for 24 h, after which the solid in the slurry was carefully
isolated and dried in air. PXRD data revealed that the dried
sample was pure II, revealing the complete transformation of I
to a more thermodynamically stable II (Figure S6). Results
from the slurry experiments are in agreement with Ostwald’s
rules of stages:”’ less thermodynamically stable I appears first
and then transforms to II upon continued milling (Figure 4d).
Both polymorphs are however bench-stable for at least six
months (Figure S7).

Scaling up Manufacturing Processes for Both
Cocrystal Polymorphs. Scaling up mechanosynthesis of
both polymorphs to 10 g has been achieved with the planetary
mill. We used TSE for solid-state flow synthesis on a 100 g test
scale. For 10 g scale, we used Fritsch Pulverisette 6 planetary
mill operating at 400 rpm, and zirconia milling equipment to
avoid pollution of products. Transfer of mixer mill to planetary
mill synthesis was successful for both polymorphs, and both
MeOH and EtOH additives resulted in the quantitative
formation of target polymorph form after 60 min of milling
(Figure S8).

For TSE experiments, we used Rondol 21 mm LAB TWIN
extruder with 630 mm long barrel and five individual heating
sections (Figure 7). We premixed asc and na in a glass beaker
before started to adding it carefully through the feeder, and 40
mL of EtOH or MeOH were added through the adjacent inlet
for approximately 110 g of the reaction mixture. As a standard
TSE procedure, the obtained mixture was fed through the
extruder one more time to ensure the better transformation of
reactants to the desired product. In the same manner as on the
laboratory scale, selective synthesis and polymorphism could
be controlled even during the continuous manufacturing
process (Figure S9). Rietveld analysis of the extrusion products
showed some excess of reactants in case of I (Figure S13),
whereas we obtained phase pure IT (Figure S14). At the screw
speed of 180 rpm, the accomplished throughput was in the
range of 21-23 g/min for each extrusion cycle. As for the
space-time yield (STY) for these three different reactors, mixer
mill provided the lowest STY of 440 kg m™ d™!, whereas the

Figure 7. Twin-screw extruder used for the continuous synthesis of
(asc)(na) polymorphs. All contact points are made of stainless steel.

use of planetary mill significantly increased the STY to 4800 kg
m~ d~!, In accordance with recent reports,"*~'° continuous
processing by TSE resulted in orders of magnitude increase in
STY, amounting to ~324 400 kg m— d".

Antioxidant Activity of Prepared Cocrystal Poly-
morphs. To test the effect of the mechanical action on the
activity and quality of vitamin C, we performed TEAC assay
(Trolox equivalent antioxidant capacity), a standard test for
estimation of activity of vitamin C, which was first reported by
N. J. Miller et al”' and later improved.”” TEAC is a
measurement of antioxidant strength based on Trolox (6-
hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid) and ex-
pressed in Trolox Equivalents, estimated from the loss of color
when antioxidant is added to the blue-green chromophore
ABTS ((2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid))
radical cation (ABTS®*). The antioxidant reduces ABTS®* to
ABTS causing decolorization (Figure S18). The Trolox
equivalents were calculated by dividing the difference in
absorbance of the sample (AA = A(ABTS**)-A(sample)) with
the difference in absorbance of the Trolox (AA = A(ABTS**)-
A(Trolox)).

For all measurements, 5 mmol solutions were used. After 1
min, pure L-(+)-ascorbic acid demonstrated the Trolox
equivalent of 0.964 + 0.096 (mean of three determinations
+ standard deviation.), that is, antioxidant activity is
substantial as expected (Table 2). The nicotinamide
demonstrated the low Trolox equivalent of 0.005 + 0.003,
revealing low antioxidant activity. I and II obtained by

Table 2. Trolox Equivalents after 1 and 4 min for 1-
(+)-Ascorbic Acid, Nicotinamide, I (Planetary Ball Milling),
II (Planetary Ball Milling), I (Solution Synthesis), and the
Mixture of L-(+)-Ascorbic Acid and Nicotinamide

Trolox equivalent

sample 1 min 4 min
asc 0.964 + 0.096 0.965 + 0.089
na 0.00S + 0.003 0.009 + 0.00S
I-mech 0.481 + 0.050 0.482 + 0.050
II-mech 0.438 + 0.009 0.440 + 0.008
I-solution 0.485 + 0.048 0.486 + 0.048

asc and na (1:1) mixture 0.508 + 0.045 0.510 + 0.050



planetary ball milling displayed similar Trolox equivalents
compared to I obtained from solution, amounting to 0.481 +
0.050, 0.438 + 0.009, and 0.485 =+ 0.048, respectively. This
activity, stemming from the lower quantity of vitamin C in
cocrystal is similar to the blind probe solution, containing
vitamin C and nicotinamide in similar quantities, which
demonstrated the Trolox equivalent of 0.508 + 0.045. After 4
min, the antioxidant activity of all samples was not significantly
higher when compared to the one observed after 1 min, which
indicates fast reaction kinetics. These results confirm that the
proposed milling procedures do not harm the antioxidant
activity of vitamin C.

Mechanical Properties and Particle Size Distribution
of Cocrystal Polymorphs. Both (asc)(na) cocrystal
polymorphs prepared on a 10 g scale in a planetary ball mill
were tested for their compressibility in the tableting process
without any additional particle size reduction. Before measure-
ment and tableting, samples were separated using 1 mm sieve
to remove larger chips of the material. Initially, we compared
the particle size distribution of reactants, asc and na to
obtained cocrystal polymorphs (Figures S15—S17). Pure asc
has a very broad particle size distribution (0.3—1000 ym), and
most of the particles are in the range from 30 to 1000 ym,
while na particles are in the range from 10 to 200 ym. Both
initial samples have very poor flowability and compressibility,
and it was not possible to obtain their tablets by direct
tableting, as they clogged the tableting machine. Wide size
distribution is preferable in tableting and results in better
packaging of particles and tablet strength. Smaller particles
have a dual role, filling the voids between particles and also act
as glidant by sticking to the surface of bigger particles and
improving powder flowability.”> Samples from extrusion are
also characterized by a large ratio of big particles and large
flakes, and these samples were unsuitable for tableting
assessment without additional mechanical treatment. On the
other hand, cocrystal polymorphs obtained from planetary ball
mill displayed excellent flowability and compressibility. Both
samples have a high content of smaller particles (<10 ym), and
similar particle size distribution (Figures SIS and S16). As
evidenced from tablet stereomicrographs, tablets of both
cocrystal polymorphs have a smooth surface (Figure 8a and
8b). Both samples were compressed at S mm charging depth,

r v

c) “- d)

Figure 8. Surface of the tablets prepared by direct tableting of (a) I-
planetary and (b) II-planetary and thickness of the tablets of (c) I-
planetary and (d) II-planetary. All samples were compressed as
received without additional mechanical treatment.

but depending on the compressibility of the powder, different
thickness and hardness were obtained with II having slightly
better compressibility (Figure 8c and 8d). After tableting, both
I and II retained their respective solid forms (Figure S19). It
can be concluded that both polymorph samples were suitable
for direct compression. However, to achieve better quality of
the tablets, additional pulverization of the products or the
addition of some excipients may be necessary. Molecular
sheets that further form layers, which can be found in crystal
structures of both I and II (Figure 6¢ and 6d), resemble the
crystal packing in orthorhombic polymorph of paracetamol.”*
It was shown how these layers contribute to better
compression behavior making orthorhombic polymorph of
paracetamol suitable for direct tableting process as well.””

B CONCLUSION

We demonstrated here how mechanochemistry enables fast,
controllable, and scalable synthesis of polymorphic cocrystals,
shown on an FDA-approved pharmaceutical cocrystal of
vitamin C and nicotinamide. State-of-the-art in situ monitoring
of milling reactions was used here to detect and capture new
polymorph II, thermodynamically more stable when compared
to the known form I, and so far accessible exclusively by
milling. Selective synthesis and polymorph control were
successfully scaled up to 10-g scale and to flow extrusion
processing using different liquid additives and milling
conditions. The activity of vitamin C was not deteriorated by
mechanochemical stress or inclusion into a cocrystal, and the
cocrystals showed excellent tableting properties. To the best of
our knowledge, this is the first example of polymorphic control
in a TSE process reported to date. Considering the importance
and potential in the pharmaceutical industry that cocrystals
gained recently, we believe that examples of large-scale
production are necessary to help to implement mechanochem-
ical procedures as green and sustainable manufacturing
processes.
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