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ABSTRACT: We report a novel process in which pharmaceutical cocrystals are
sublimed, transported by a carrier gas, and directed at high velocity at a substrate,
where nano- and microscopic cocrystals are formed. It affords a “touch-free”,
nonmechanical, single-step means of particle size reduction and surface coating
of cocrystals.

Organic cocrystals are important in pharmaceutical
products, energetic materials, foods, and other applica-

tions.1−3 The molecular packing and crystal structure of the
cocrystal differ from those of the pure ingredients, often
yielding a solubility advantage (SA) when compared to the
pure ingredient, i.e., achieving a higher dynamic concentration
in a biological system than with a pure form.4 Different
coformers can be employed to make cocrystals of the same
active ingredient with different SAs, melting points, and/or
mechanical characteristics to meet the potential needs of an
application, without modifying the active ingredient’s molec-
ular structure (and therefore, biological action mechanism).5

Guiding principles and methods have been developed for the
selection of coformers and creation of cocrystals.6−11 These
approaches have been limited to generating cocrystals in
essentially bulk powder form, convenient for crystal structure
determination and property assessment but limited in the
ability to drastically reduce particle size or create different drug
product formats.
Here, we demonstrate a new approach for processing

cocrystals in which bulk cocrystals or cocrystal powder is
sublimed into a carrier gas and impinged at high velocity onto
a cooled substrate. Simple sublimation of cocrystals has been
reported in the past;12−15 yet, control of yield, particle size, and
placement were lacking. In this work, a regime is achieved in

which both components of the cocrystal desublimate
simultaneously, enabling the formation of nano- and micro-
scopic cocrystals on the target surface. This gas-assisted process
facilitates aseptic processing, a high degree of control over
process variables, compatibility with process automation, and
continuous manufacturing flow, and by enabling the formation
of cocrystalline coatings on arbitrary substrates, it greatly
minimizes direct drug substance and drug product handling.
Consider the apparatus schematic in Figure 1. A 10 mm

diameter steel tube with a 1 mm diameter orifice on the
downstream end contained preformed cocrystal, kept at the
desired temperature.16 Nitrogen entered the tube at a rate
controlled by a Sierra Instruments Smart-Trak 2 digital mass
flow controller, picking up the vapor of the cocrystal and
impinging on a cooled borosilicate glass substrate, while the
substrate was rastered, as shown. The cocrystals loaded into
the apparatus as test-cases consisted of carbamazepine−

Received: October 25, 2021
Revised: January 28, 2022
Published: February 4, 2022

Communicationpubs.acs.org/crystal

© 2022 American Chemical Society
1528

https://doi.org/10.1021/acs.cgd.1c01241
Cryst. Growth Des. 2022, 22, 1528−1532

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IC
H

IG
A

N
 A

N
N

 A
R

B
O

R
 o

n 
Fe

br
ua

ry
 7

, 2
02

3 
at

 1
3:

41
:4

2 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

http://pubs.acs.org/page/cgdefu/vi/index.html
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shea+Sanvordenker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siddharth+Borsadia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steve+Morris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nai%CC%81r+Rodri%CC%81guez-Hornedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+Shtein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.1c01241&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01241?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01241?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01241?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c01241?fig=agr1&ref=pdf
https://pubs.acs.org/toc/cgdefu/22/3?ref=pdf
https://pubs.acs.org/toc/cgdefu/22/3?ref=pdf
https://pubs.acs.org/toc/cgdefu/22/3?ref=pdf
https://pubs.acs.org/toc/cgdefu/22/3?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.1c01241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf


succinic acid (CBZ−SUC) and indomethacin−saccharine
(IND−SAC), presynthesized following previously reported
procedures using the solvent evaporation method.17,18 The
amount of cocrystal loaded allowed for sufficient mass flow out
of the nozzle orifice and for slow depletion during
experimentation.
Differential scanning calorimetry (DSC) and thermogravi-

metric analysis (TGA) were performed on the pure
components and on the cocrystal (Figure 2). A TA
Instruments DSC Q200 was used with a 40−400 °C heating
range and 10 °C per minute heating rate; it was sufficient to
collect initial heating curves, without a cooling and secondary
heating step. The initial melting peak temperature and
enthalpy of melting values for each sample were determined
using Universal Analysis software from TA Instruments. A TA
Instruments TGA Q500 was used with a 25−400 °C heating
range and a 10 °C/min heating rate. Powder was placed into a
5 mm diameter aluminum sample pan, itself placed and
centered in a platinum hang pan. Enthalpies of sublimation
were determined by fitting a classical Arrhenius behavior
model. Key parameters from the TGA and DSC data are
summarized in Table 1, which agree with published values for
the pure and cocrystal species.17−20 The TGA curves for both
systems show that cocrystals can be vaporized without
thermally degrading, with a corresponding preferred range of
process temperatures (Table 2).
Unlike in other sublimation-based processes, the entire

cocrystal is processed at once, and substantially smaller crystals
are obtained as the output. For example, scanning electron
micrographs (SEMs) (see Figure 3), collected on a JEOL
IT500 SEM, clearly show the prevalence of large (>100 μm)
crystallites in bulk synthesized and dried CBZ−SUC; grinding
obtains only a slight reduction in size. The material processed
here by sublimating the cocrystal whole, followed by
transporting the vapors by a carrier gas, followed by direct
impingement of the gases onto a cooled substrate, however,
yields a coating that exhibits dramatically reduced particle
sizes, well below 10 μm, without any mechanical impaction of
the particles during the process.
Powder X-ray diffraction (PXRD) measurements were

collected at room temperature (∼300 K), on a Rigaku Miniflex
600 with a CuKα X-ray radiation source (λ = 1.54 Å), at a fixed
tube voltage of 40 kV and a fixed tube current of 15 mA.

Figure 1. Apparatus diagram.

Figure 2. TGA and DSC results on APIs, coformers, traditionally
formed cocrystal powders for (a) CBZ−SUC and (b) IND−SAC.
The insets show Arrhenius type plots (i.e., log(rate) vs T−1) which
were used to extract the enthalpy of sublimation.

Table 1. DSC and TGA Results

melting sublimation

material
Tonset
(°C)

Tpeak
(°C)

ΔHmelt
(kJ/mol)

ΔHsub
(kJ/mol)

Tlow
(°C)

Thigh
(°C)

CBZ 189.2 190.8 26.5 203.3 220 280
SUC 187.9 190.6 33.0 96.5 140 230
CBZ−SUC 189.1 189.4 94.6 282.7 200 230
CBZ−SUC
print

187.4

IND 160.2 163.4 33.5 114.2 200 320
SAC 225.4 228.1 36.3 107.0 200 290
IND−SAC 181.7 183.5 73.7 102.4 200 280

Table 2. Process Settings Used to Generate Desublimate

process parameter CBZ−SUC IND−SAC
mass loaded (mg) 100 200
cocrystal temperature (°C) 170 200
nitrogen flow rate (SCCM) 150 200
separation distance (mm) 2 4
substrate temperature (°C) ∼25 20
raster velocity (mm/s) 0.32 0.32
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Diffraction patterns were recorded for polycrystalline thin films
on glass and powders with the beam scanned between 5 and
40° (2θ). Peak positions were compared to known peak
positions for pure components and cocrystals to identify the
presence of any new crystalline phases after desublimation.
The as-deposited films of CBZ−SUC retain the key peaks at
2θ = 5.8°, 9.7°, 11.5°, 14.7°, 22.8°, and 29.9° previously
identified with the cocrystal state (Figure 4a)17,21 Four new
minor peaks appeared as well, corresponding to the
desublimated β phase of succinic acid (2θ = 22.1°, 27.2°,
32.5°)22 and Form I of carbamazepine (2θ = 28.2°).23

As-deposited films of IND−SAC were amorphous but began
to convert to cocrystals upon annealing above 60 °C, as PXRD
data (Figure 4b) and optical micrographs (Figure 5) show. A
cocrystal phase peak at 2θ = 5.4° appeared above 120 °C.18 As-
deposited SAC remained in the same phase as the powder.
During the process, CBZ−SUC was heated to below its

melting point. In contrast, IND−SAC was heated above its
melting point to allow for sufficient deposition rates during
printing. To determine if the cocrystals melt congruently or
incongruently, PXRD was performed on melted and cooled
samples. PXRD of melted IND−SAC in Figure 6 indicates it
remains a cocrystal once cooled. The characteristic peak at 5.4°
is present, as well as all other peaks corresponding to the
solvent-evaporated formed cocrystal. This suggests the
cocrystal does not separate into individual liquid phases
upon melting, therefore indicating that the components
volatilize in a stoichiometric ratio. This contrasts with the
result of melted and cooled CBZ−SUC, which does not
recrystallize into the same phase as indicated in Figure 6.
Fortunately, CBZ−SUC remains below the melting temper-
ature during processing, avoiding this potential issue. Addi-
tional care should be taken when investigating a cocrystal that
must be processed above its melting temperature.
Thermal analysis provides a starting basis to determine the

process window for successful cocrystal formation via a
desublimation process. The target temperature for the process
is preferably in a region where the sublimed active
pharmaceutical ingredient (API) and coformer readily remain
in the vapor phase. Too low a temperature, and the less volatile
compound may desublimate within the heated tube, altering
the ratio of API to coformer that will react to form a cocrystal
and reaching a cooled surface.24 Moreover, decreasing
temperature reduces the sublimation rate and thus restricts
the amount of material that can be processed. The upper
temperature limit of the process is largely dictated by the
thermal stability of each component. For example, CBZ may
begin to decompose appreciably before reaching 180 °C, well
below its melting temperature.25 These factors result in a
relatively slim heating window of 160−170 °C for CBZ−SUC.
The lower end of this window was determined by analysis of
sublimation rates in the experimental apparatus based on initial
thermogravimetric analysis. Sublimation rates were found to be

higher in the apparatus at heating temperatures identical to the
TGA due to a larger amount of material used and convective
transport. This allowed for lower temperatures to be used,
particularly beneficial in the case of CBZ due to its
decomposition well below the sublimation range in the TGA.
On the other hand, IND is stable up to 248 °C, well above its
melting point.26 To achieve similar desublimation rates as
CBZ−SUC, heating to above the melting point was necessary.
The optimal heating range was determined to be 200−225 °C;
above 225 °C may be viable as well, as indicated by the linear
nature of the Arrhenius plot (i.e., logarithmic mass loss rate
versus inverse temperature) in that range (Figure 2b).
Different temperature ranges may apply if a different process
pressure is used.

Figure 3. SEM of (a) CBZ−SUC cocrystal formed via solvent
evaporation, (b) postground in agate mortar, and (c) desublimated
CBZ−SUC on glass. 200 μm scale bar.

Figure 4. PXRD of powder and deposit for (a) CBZ−SUC and (b)
IND−SAC systems. Arrows indicate characteristic cocrystal peaks,
and stars and dagger correspond to SUC and CBZ peaks, respectively.
(Small amounts of non-cocrystallized CBZ and SUC may be present
(e.g., peaks at 2Θ ≈ 17.5, 19.5, 20.5, 24.5°) in conventionally made
powder and the desublimated/deposited material.)
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Substrate temperature also plays an important role in
successful cocrystal desublimation. For CBZ−SUC, the
cocrystal was formed with the substrate held above room
temperature, but less success was observed for colder
substrates (e.g., 10 and 25 °C); IND−SAC was found to
desublimate into an amorphous solid, requiring an annealing
step to crystallize into IND−SAC. A broader range of substrate
temperature control may be advantageous for achieving single-
step desublimation of cocrystals with behavior similar to the
IND−SAC cocrystal.
We have shown here a route for creating organic cocrystal

coatings consisting of micron-size cocrystals through a “touch-
free”, gas flow-assisted, vapor-based approach, without the
need for any mechanical grinding or solvents in the formation
of the coating. The process conditions and apparatus
dimensions are well controlled and suggest that the process
and its output are highly scalable. This technique opens the
door to single-step processing and deposition of cocrystal
systems to broaden the choice of feasible drug delivery
applications.
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