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Abstract
Pharmaceutical cocrystals comprise one active pharmaceutical ingredient (API) and at least one small molecule excipient 
coformer. While solvent evaporation and mechanochemistry are the preferred methods for their synthesis, some cocrystals 
are known to form spontaneously at ambient conditions when powders of input materials are mixed—a process not yet fully 
understood. Aqueous humidity is also known to accelerate spontaneous cocrystal formation. We report here the extent of 
spontaneous cocrystallization for 14 cocrystal systems, at four levels of humidity. The binary cocrystals in our study consist 
of a model API (caffeine, theophylline, nicotinamide) and a small chain diacid coformer (oxalic acid, malonic acid, maleic 
acid, fumaric acid, succinic acid, glutaric acid). The spontaneous cocrystal formation was monitored ex situ by powder X-ray 
diffraction over several weeks. Our results show cocrystal formation in all 14 systems to varying extent and are consistent 
with literature reports that higher humidity correlates with more rapid cocrystal formation. We find that cocrystals contain-
ing smaller coformers often form faster. Based on our findings, we identify several cocrystals as candidates for future study.

Graphical Abstract

Keywords  Cocrystal · Pharmaceutical · Powder X-ray diffraction · Humidity · Solid phase

Abbreviations
CA	� Caffeine
TH	� Theophylline
NA	� Nicotinamide

 *	 Manish A. Mehta 
	 manish.mehta@oberlin.edu

1	 Department of Chemistry and Biochemistry, Oberlin 
College, 119 Woodland Street, Oberlin, OH 44074, USA

http://orcid.org/0000-0002-6525-3071
http://orcid.org/0000-0002-6358-0642
http://orcid.org/0000-0001-7327-0245
http://crossmark.crossref.org/dialog/?doi=10.1007/s10870-022-00922-8&domain=pdf


	 Journal of Chemical Crystallography

1 3

OA	� Oxalic acid
MA	� Malonic acid
ME	� Maleic acid
FU	� Fumaric acid
SU	� Succinic acid
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PXRD	� Powder X-ray diffraction

Introduction

The study of cocrystals—multicomponent molecular crys-
tals—is a burgeoning field in both materials and pharmaceu-
ticals research [1, 2]. Several methods have proven effective 
in synthesizing cocrystals from solid-state molecular constitu-
ents. Two that provide the most consistent and effective results 
are precipitation via solvent evaporation and liquid-assisted 
mechanochemistry [1–6]. When applying solvent-based meth-
ods on an industrial scale, however, these techniques pose sub-
stantial environmental concerns [7, 8]. Solvent usage alone 
accounts for about 20% of all anthropogenic volatile organic 
compound (VOC) emissions. In the past 15 years, VOC 
emission reduction in industries other than fuel and trans-
portation has stagnated [9, 10]. Development of solvent-free 
synthesis methods that rival the efficiency of current indus-
trial approaches is thus an important step in reducing VOC 
emissions [7]. Mechanochemistry is one such green synthesis 
method [8, 11, 12], but another has recently gained attention: 
some cocrystals form spontaneously when powders of input 
materials are mixed, eliminating the need for energy input 
in grinding [7, 13–16]. Furthermore, solvent vapors, includ-
ing aqueous humidity, are known to accelerate spontaneous 
cocrystallization in many systems [14–16]. The mechanism 
by which coformers react in the solid state, as well as the cata-
lytic role of solvent vapors, however, is not fully understood; 
however, there have been recent advances in understanding the 
role of vapor sorption and hygroscopicity in cocrystal forma-
tion [17–22]. Current research efforts to test the veracity of 
proposed transport mechanisms have not yet yielded a satisfac-
tory kinetic model [23–26]. Additional data on the kinetics, 
molecular dynamics, and energetics of spontaneous cocrystal-
lization are thus needed to establish a mechanism consistent 
with experimental evidence [18–22]. Here we present kinetics 
data for the spontaneous solid-state cocrystallization of four-
teen different cocrystal systems at four humidity levels and we 
discuss trends in the data based on structure and experimental 
factors.

Experimental

We studied binary cocrystals that comprise of one of three 
model Active Pharmaceutical Ingredients, or APIs (Caf-
feine, CA; Theophylline, TH; Nicotinamide, NA) and one 

of six short chain diacids (Oxalic Acid, OA; Malonic Acid, 
MA; Maleic Acid, ME; Fumaric Acid, FU; Succinic Acid, 
SU; Glutaric Acid, GA). Chemical structures of the APIs 
are shown in Fig. 1 and those of the diacids coformers 
are shown in Fig. 2. None of the cocrystals studied here 
are hydrates, which obviates complications arising from 
the incorporation of water into the crystal structure. All 
compounds were purchased from Sigma Aldrich, were 
reagent grade, and used without further purification. Each 
cocrystal’s composition—both coformers and stoichiom-
etry—is presented in Table 1 in the format API:diacid. 
The stoichiometric ratios are the same as those reported 
in the literature [27–32]. Not all binary combinations form 
a cocrystal or were singled out for this study, although 
the structures of all 14 cocrystals studied here have been 
previously reported [27–32]. Six of the 14 cocrystals form 
in a 1:1 ratio, while the remaining eight form in a 2:1 ratio 
of API:diacid.

Powder X-Ray Diffraction (PXRD) was used to collect 
reference traces for all materials in Table 1 (individual cofor-
mers and cocrystals) and to track all kinetics experiments. 
Data were collected on a RIGAKU Ultima IV diffractometer 
(Cu Kα; λ = 1.581 Å; 2θ sweep 5°–40°, sweep speed 4°/
min) using an aluminum sample holder. Reference cocrystals 
in Table 1 were made by mechanochemical means using a 
Retsch 400 MM ball mill (25-mL stainless steel jar, one 
stainless steel shot). Particle size of starting materials is 
known to influence the rate of spontaneous cocrystalliza-
tion [16]. To allow for consistent data sets, input materials 
(API, coformer) were manually sieved separately to collect 
powder fractions with 45–90 μm grain size. PXRD traces 

Fig. 1   Chemical structures of the three model APIs used in this study

Fig. 2   Chemical structures of the six diacid coformers used to form 
cocrystals with the APIs in Fig. 1
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of all coformers and cocrystals are provided in the Supple-
mentary Information.

Previous work has shown that the presence of solvent 
vapors, including water vapor, can enhance the rate of 
cocrystallization in some systems—a process sometimes 
referred to as accelerated aging or vapor digestion [14, 33]. 
In this study, we set out to survey the effect of humidity by 
tracking cocrystal formation kinetics over a long period of 
several weeks. Spontaneous cocrystallization experiments 
were conducted at room temperature at four levels of rela-
tive humidity (RH) for each cocrystal system: 0% RH, 50% 
RH, 75% RH, and ambient laboratory conditions. A 0% RH 
environment was created in a 500-mL glass jar with a layer 
of calcium sulfate desiccant on the bottom. The jar with 
the desiccant was heated for 24 h in a drying oven prior to 
use. A 50% RH environment was created in a 500-mL glass 
jar using a saturated calcium chloride solution on the bot-
tom, and a 75% RH environment was created using a satu-
rated sodium chloride solution. The jars were sealed with a 
threaded lid. Samples were exposed to the various humidity 
environments by placing the PXRD aluminum sample holder 
on a plastic stage raised above the jar bottom. Ambient con-
ditions were achieved by placing the aluminum sample hold-
ers in a covered petri dish exposed to the atmosphere in the 
laboratory.

To conduct a spontaneous cocrystallization experiment, 
coformers were weighed out in an stoichiometric ratio of 
either 2:1 or 1:1 (API:diacid), as determined by the product 
cocrystal and consistent with the ratios reported in the lit-
erature. The coformers were milled separately for 25 min at 
25 Hz and sifted to select the 45–90 μm grain size fraction. 
Sifted coformers were then weighed (to within ± 1 mg) in the 
appropriate stoichiometric ratio of API:diacid and combined 
in a 15-mL glass sample vial to a total of at least 500 mg 
mixture. This mixture of powders in the vial was stirred 
vigorously by a vortexer for 2 min, then sifted three times 
through a stack of 40- 60- and 80-mesh sieves to achieve 
optimal mixing of powders without mechanical crushing. 
Aliquots of the mixture were immediately packed into 

aluminum PXRD sample holders and scanned by PXRD for 
the first time point. Each sample holder contained approxi-
mately 100 mg of sample in a well cavity with a depth of 
1 mm. The samples were then placed in their humidity expo-
sure chambers and only removed for 15 min at a time for 
periodic data collection. An average experiment involved 
collection of 6–8 traces for each sample over several weeks. 
An explanation of the method for extracting coformer and 
cocrystal signal from the PXRD traces and generating the 
resultant growth curves are given in the Supplementary 
Information.

Results and Discussion

We note at the outset that all the systems studied here form 
cocrystal spontaneously to some extent when input pow-
ders are mixed and left to stand. The study of solid-state 
cocrystallization reactions is in its infancy. Lacking a faithful 
kinetic model for the process, we are unable to report rate 
constants, and thus we base our observations on empirical 
growth curves derived from PXRD traces of cocrystalliz-
ing mixtures taken at various time points. A PXRD data set 
of a 2:1 mixture of caffeine and malonic acid, respectively, 
subjected to a 50% RH environment, is shown in Fig. 3. 
The physical mixture of the two coformers, manifested as 
two superimposed PXRD traces at the first time point (0 h), 
is seen to give way monotonically to the cocrystal trace. 
Two non-overlapping peaks in the PXRD traces, one from 
a coformer and one from the cocrystal, are singled out to 
track the fraction of cocrystal present in the mixture. The 
2θ values of these peaks for each cocrystal system are given 
in Table S1. Growth curves for the caffeine-malonic acid 
cocrystal, CA:MA (2:1), at four humidity levels are shown 
in Fig. 4. Within experimental error, cocrystal is formed 
irreversibly at all humidity levels.

Two trends emerge when comparing cocrystallization 
data across all systems. The first and more robust trend is 
that of humidity’s effect on cocrystallization. As we found 

Table 1   Cocrystal components and their stoichiometric ratios, with the model API given in the first column and the diacid coformer given in the 
first row. Cocrystals not included in this study or cocrystals that do not form are marked with an X in the appropriate entry

Oxalic

Acid

(OA)

Malonic 

Acid 

(MA)

Maleic 

Acid 

(ME)

Fumaric 

Acid  

(FU)

Succinic 

Acid  

(SU)

Glutaric 

Acid 

(GA)

Caffeine

(CA)
2:1 2:1

1:1

2:1
2:1

Theophylline

(TH)
2:1 1:1 1:1 1:1

Nicotinamide

(NA)
2:1 2:1 1:1 2:1 1:1



	 Journal of Chemical Crystallography

1 3

in our detailed studies of the CA:MA (2:1) cocrystal system, 
solvent vapors can dramatically catalyze the cocrystalliza-
tion process [14, 25]. For each cocrystal system, without 
exception, samples exposed to 75% RH experienced the 
most rapid and complete conversion from starting material 
to cocrystal. Conversely, samples held in desiccant cham-
bers experienced little to no cocrystal conversion when 
tracked over an equivalent time period. Samples at ambient 
conditions and 50% RH consistently achieved comparable 
rate and extent of cocrystallization, and in some cases their 
growth curves crossed. Within this established phenomenon 
of solvent vapor digestion, a few cocrystals displayed nota-
ble deviations from the trend. The NA:MA (2:1) system did 
not appear to produce any cocrystal at ambient conditions 
despite achieving almost 50% conversion at 50% RH. This 
experiment was repeated at ambient conditions by the same 
procedure, and it yielded the same result. The NA:SU (2:1) 
system displayed an irregularity at 50% RH, where the 50% 
RH experiment more closely matched the desiccant chamber 
(0% RH) data than it did data from the experiment run at 
ambient conditions. The TH:GA (1:1) and CA:ME (2:1) sys-
tems both appear to produce cocrystal at 75% RH, but data at 
other levels of humidity indicate negligible cocrystallization. 
This result suggests that some systems may spontaneously 
form cocrystal only above a solvent vapor pressure thresh-
old, which in itself may constitute an important clue to the 
molecular mechanism.

The second trend we observe is that of the rate and extent 
of cocrystallization with respect to the coformers themselves. 
Excepting oxalic acid, the prevailing trend with respect to 
coformers is that longer chain diacids exhibit lower rate and 
extent of cocrystallization. In the case of caffeine, CA:MA 
(2:1) cocrystal formed more rapidly and to a greater extent 
than did CA:ME (1:1), which in turn was more rapid than 
CA:ME (2:1) and CA:GA (2:1). The CA:ME (2:1) system 
is comparable to CA:GA (2:1) at 75% RH. At lower humid-
ity levels, CA:ME (2:1) shows only small conversion to 
cocrystal, thus limiting any comparisons between these two 
systems at lower humidity levels. The theophylline systems 
exhibit the same trend with respect to malonic acid, maleic 
acid, and glutaric acid. One notable difference is that each 
diacid cocrystallized with theophylline to a greater extent 
over the same period of time when compared to reaction 
with caffeine. Nicotinamide cocrystals exhibit one exception 
to this trend in NA:GA (2:1). The relative rate and extent of 
cocrystallization with respect to nicotinamide for each cofor-
mer is as follows: NA:MA (2:1) > NA:GA (1:1) > NA:FU 
(1:1) > NA:SU (2:1). Diacids formed cocrystal with nicoti-
namide at a significantly slower rate and to a lesser extent 
when compared to their counterpart reactions with caffeine 
and theophylline. The comparison of nicotinamide cocrys-
tals to caffeine and theophylline cocrystals is made difficult 
by the lack of NA:ME cocrystal and the inability for caffeine 

Fig. 3   PXRD traces of a 2:1 mixture of caffeine and malonic acid 
subjected to 50% relative humidity. The panels show the spontaneous 
emergence of CA:MA (2:1) cocrystal over nearly 12 days. By 282 h, 
the formation of cocrystal is over 80% complete, as shown in Fig. 4. 
The time points are given in the upper right of each panel in hours. 
The arrow at 2θ = 27.06° indicates the peaks used to monitor the dis-
appearance of a coformer (caffeine), and the arrow at 2θ = 22.46° is 
used to monitor the emergence of cocrystal. Distinct, non-overlapping 
peaks, such as these, are used to generate growth curves. Reference 
PXRD traces of caffeine, malonic acid, and the cocrystal are given in 
Figure S3

Fig. 4   Growth curves for the formation of caffeine and malonic 
acid cocrystal, CA:MA (2:1). Each data point was generated using 
PXRD from a sample exposed to the associated humidity in the leg-
end (upper right). The fraction of signal corresponding to cocrystal 
is plotted on the vertical axis. The sample exposed to 75% RH shows 
fast, quantitative conversion. Samples kept at ambient conditions 
and exposed to 50% RH show nearly the same rate of conversion to 
cocrystal. This figure is repeated as Figure S4 in the Supplementary 
Information
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and theophylline to cocrystallize with fumaric and succinic 
acids. These discrepancies may be attributable to the signifi-
cant difference in chemical structure of nicotinamide when 
compared to the other two APIs. Both caffeine and theophyl-
line are fused-ring structures, differing by a single methyl 
group, while nicotinamide is a monocyclic compound on a 
pyridine scaffold with one amide functional group (Fig. 1). 
These structural differences lead to different synthons in the 
cocrystal. With the exception of glutaric acid in the case 
of nicotinamide, all diacids follow the same trend: shorter-
chain diacids form cocrystal faster.

Oxalic acid is the only coformer to buck the trend in 
diacid chain length. Oxalic acid lacks methylene or methine 
groups between its carbonyl carbons, restricting its intramo-
lecular torsion to a single dihedral angle between the two 
carboxyl groups. This decreased conformational flexibility 
relative to other diacids may belie the lower rate of cocrys-
tallization with APIs relative to malonic acid. Further kinet-
ics studies will be needed to confirm the interplay between 
internal torsional degrees of freedom and alkyl chain length 
in cocrystallization.

Additional features in the data are worth noting. Some 
cocrystal systems studied here show rapid cocrystallization 
upon initial mixing. This is evident in the first data point in 
many growth curves, taken soon after mixing the input pow-
ders. Systems such as CA:MA (2:1), TH:MA (1:1), TH:ME 
(1:1), TH:GA (1:1), and NA:MA (2:1) show 10–30% con-
version at the first data point, while other systems show no 
detectable signs of conversion in the early stages. Rapid 
formation of cocrystal at the outset does not appear to cor-
relate with later conversion. For example, TH:GA (1:1) 
forms cocrystal quickly at 0% RH, 50% RH, and ambient 
conditions, but it shows no additional conversion beyond 
the initial amount, while at 75% RH, cocrystal continues to 
form, leading to nearly 90% conversion at 200 h. A similar 
pattern is seen in the TH:ME (1:1) system. Some of the 
variation we observe in cocrystal formation is likely due to 
imperfect mixing of the crystallites of the input materials, 
leading to pockets of crystallites of one material surrounded 
by the other material. While we have taken measures to 
ensure thorough mixing of powders, there is no guarantee 
of perfect mixing at the crystallite level. The data suggest 
that crystallites must come into physical contact to initiate 
spatial diffusion, which eventually leads to cocrystal forma-
tion. Imperfect mixing at the crystallite level will necessarily 
attenuate cocrystal formation.

In virtually all data sets, cocrystal formation is mark-
edly slower at 0% RH compared with other humidity levels. 
While ambient conditions fluctuate with the local weather, 
they are closest to 50% RH overall, and growth curves for 
the two track in most cases within experimental error. Many 
systems, however—CA:ME (1:1), CA:ME (2:1), TH:OX 
(2:1), TH:ME (1:1), TH:GA (1:1), NA:FU (1:1), NA:SU 

(2:1)—show a dramatically faster and greater extent of 
cocrystal formation at 75% RH compared with other humid-
ity levels used in our study. We intentionally did not use 
humidity levels greater than 75% RH, in order to avoid deli-
quescent conditions, which are known to induce alternate 
pathways to cocrystal formation—namely, dissolution and 
recrystallization from solvent droplets [33]. In some cases, 
such as CA:MA (2:1), CA:ME (1:1), CA:ME (2:1), TH:OX 
(2:1), TH:ME (1:1), TH:GA (1:1), NA:FU (1:1), and TH:SU 
(2:1), the data suggest a threshold level of humidity, above 
which cocrystal forms much faster. There does not appear 
to be any obvious pattern to this behavior. This observation 
further underscores what has already been reported about 
vapor-catalyzed reactions in the solid state, and it further 
underscores the need for its molecular mechanism. It also 
provides important clues about vapor catalysis of solid-state 
cocrystallization reactions, and it leaves open the possibility 
that there may not be a universal mechanism of molecular 
transport for all systems that is consistent with the data pre-
sented here.

Conclusion

Results from experiments reported herein demonstrate the 
acceleration effect of humidity on spontaneous cocrystalli-
zation in 14 different cocrystal systems. Comparison across 
cocrystal systems indicates that coformer structure plays an 
important role in the rate at which cocrystal is formed, with 
longer-chain diacids tending toward a slower reaction rate. 
We have also identified several cocrystals beyond CA:MA 
(2:1) that react quickly and reach near-quantitative conver-
sion: TH:MA (1:1), TH:ME (1:1), and NA:MA (2:1) all 
achieve > 90% conversion to cocrystal within two weeks 
at 75% RH, making them strong candidates for further 
study. We have intentionally chosen systems that are free of 
hydrates, although the issue of hydrates and hygroscopicity 
warrants a follow-up study such as this one [18, 19, 21]. 
Investigations of the systems in this study by microscopy and 
solid-state NMR are ongoing in our laboratory. It is worth 
noting that malonic acid reacts quickly and quantitatively 
with all three APIs in our study (caffeine, theophylline, and 
nicotinamide), which raises intriguing questions linking its 
structural features with its reactive nature. The fact that all 
cocrystals in our study exhibit spontaneous cocrystallization 
to some extent has consequences for their thermodynamic 
and kinetic stability relative to the input materials [34]. 
Work is underway in our laboratory to make fundamental 
thermodynamic measurements on cocrystals.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10870-​022-​00922-8.
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