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Abstract: The purpose of this study is to determine the mechanisms by which moisture can
generate cocrystals when solid particles of cocrystal reactants are exposed to deliquescent
conditions (when moisture sorption forms an aqueous solution). It is based on the hypothesis
that cocrystallization behavior during water uptake can be derived from solution chemistry using
models that describe cocrystal solubility and reaction crystallization of molecular complexes.
Cocrystal systems were selected with active pharmaceutical ingredients (APIs) that form hydrates
and include carbamazepine, caffeine, and theophylline. Moisture uptake and crystallization
behavior were studied by gravimetric vapor sorption, X-ray powder diffraction, and on-line Raman
spectroscopy. Results indicate that moisture uptake generates cocrystals of carbamazepine-
nicotinamide, carbamazepine-saccharin, and caffeine or theophylline with dicarboxylic acid
ligands (oxalic acid, maleic acid, glutaric acid, and malonic acid) when solid mixtures with
cocrystal reactants deliquesce. Microscopy studies revealed that the transformation mechanism
to cocrystal involves (1) moisture uptake, (2) dissolution of reactants, and (3) cocrystal nucleation
and growth. Studies of solid blends of reactants in a macro scale show that the rate and extent
of cocrystal formation are a function of relative humidity, moisture uptake, deliquescent material,
and dissolution rates of reactants. It is shown that the interplay between moisture uptake and
dissolution determines the liquid phase composition, supersaturation, and cocrystal formation
rates. Differences in the behavior of deliquescent additives (sucrose and fructose) are associated
with moisture uptake and composition of the deliquesced solution. Our results show that
deliquescence can transform API to cocrystal or reverse the reaction given the right conditions.
Key indicators of cocrystal formation and stability are (1) moisture uptake, (2) cocrystal aqueous
solubility, (3) solubility and dissolution of cocrystal reactants, and (4) transition concentration.
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Introduction
The effects of moisture on drug stability are of central

importance for the development of pharmaceutical products.
Water can cause chemical instability and solid phase
transformations that will compromise product safety and
bioavailability. Relative humidity dependent phase transfor-
mations are well-documented and include anhydrous to
hydrate,1-6 polymorphic7 and amorphous to crystalline

transformations.8,9 Recent studies from our laboratory dem-
onstrated that amorphous regions mediate transformations
of solid reactants to cocrystal and that moisture enhances
reactivity.10,11 These studies showed that the mechanism
involves increased molecular mobility and is associated with
the plasticizing effects of water.10,12
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Moisture sorption by hygroscopic materials can also lead
to deliquescence. This process refers to the formation of an
aqueous solution by the absorption of water vapor at a
characteristic relative humidity or deliquescent relative
humidity (DRH).13 DRH is a function of the chemistry of a
solid, solid phase composition, and temperature.14-20 It is
well-established that the presence of a second solid compo-
nent decreases the DRH. Materials used in pharmaceutical

formulations that exhibit deliquescence include sugars and
organic and inorganic salts.16,21-23 Deliquescence dependent
phase transformations for hydrates4 and deliquescence medi-
ated chemical degradation have also been published.16,24,25

Although cocrystals have been shown to prevent formation
of hydrated API during storage at high RH,26-29 various
cocrystals have shown RH dependent transformation to
hydrated API.28,29 Therefore, it appears that identifying the
mechanisms for cocrystal formation and stability would be
of practical importance if cocrystals are to be developed as
pharmaceutical products.

The research reported here is based on the premise that
deliquescence can lead to cocrystal nucleation and growth
because cocrystal solubility and thermodynamic stability are
dependent on solution chemistry. Earlier reports from our
laboratory have shown that cocrystal solubility is a function
of the cocrystal components in solution and is described by
solubility product and solution speciation.26,30,31This means
that cocrystal solubility decreases as the liquid becomes
richer in one of the cocrystal components. The important
implication of this mechanism is that supersaturation with
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respect to cocrystal can be generated by dissolving non-
equivalent amounts of its components. Supersaturation is
dependent on solution composition, and for a binary cocrystal
AB is expressed by31

Hence, if the required supersaturation for cocrystal nucleation
is attained, then cocrystals are formed. Evidence has been
presented to show increase in cocrystal formation rates with
increasing solution concentration of the more soluble reac-
tant.31,32

The thermodynamic stability of a cocrystal relative to pure
API crystal has been demonstrated to vary with the concen-
tration of reactants in solution.30,31 Moreover, in solvents
where cocrystal is more soluble than pure API, there is a
reactant transition concentration (Ctr) at which the cocrystal
solubility is equal to the solubility of pure API or API solvate.
At this concentration, both crystalline forms are at equilib-
rium. Above theCtr, cocrystal solubility is below that of API,
and therefore cocrystal is the thermodynamically stable form.
Rapid transformation of API to API cocrystal has been shown
in aqueous media for API that readily transforms to API
hydrate in pure water, e.g., carbamazepine (CBZ) to car-
bamazepine-nicotinamide (CBZ-NCT) cocrystal.31

The present study is based on the hypothesis that cocrystals
are produced when solid reactants are exposed to deliques-
cent conditions, since dissolution of cocrystal reactants in
the sorbed moisture can generate the supersaturation neces-
sary for nucleation and growth of cocrystals. Cocrystal
systems were selected from previously reported pharmaceuti-
cal cocrystals with APIs that form hydrates.28,29,33This initial
report presents results of cocrystal formation at constant RH
in (1) binary blends of cocrystal reactants (CBZ/NCT) and
(2) ternary blends of cocrystal reactants with a deliquescent
additive that is not consumed by the reaction (CBZ/NCT,
CBZ/SAC, caffeine/dicarboxylic acids, theophylline/dicar-
boxylic acids with sucrose or fructose). The influence of
deliquescent additive, solid blend composition, and RH on
the transformation rate to cocrystal was studied by on-line
Raman spectroscopy during deliquescence. To our knowl-
edge this is the first report on cocrystal formation induced
by deliquescence and on the indicators of cocrystal stability
under deliquescence processes.

Experimental Section
All chemicals were obtained from Sigma Chemical

Company (St. Louis, MO) and were of USP grade. Chemicals

were used as received without further purification. All
chemicals were characterized prior to use by X-ray powder
diffraction (XRPD) and infrared spectroscopy. XRPD of
carbamazepine and theophylline agreed with the Cambridge
Structural Database (CSD) simulated XRPD pattern of form
III monoclinic CBZ (CSD refcode: CBMZPN01) and
anhydrous theophylline (CSD refcode: BAPLOT01). The
pattern of caffeine agreed with form II anhydrous caffeine.6

All samples were sieved to collect particle size fractions
of 45-63 µm and 106-125 µm. Large crystals were hand
ground prior to sieving. Samples were annealed and char-
acterized again by XRPD and FTIR prior to their use in our
studies. These fractions were used in preparing samples to
study deliquescence by gravimetric sorption analysis and
cocrystal formation in bulk samples at constant RH. The
composition of the deliquescent additives is expressed on a
weight percent basis unless otherwise specified.

Within the scope of this paper we can define the materials
used as APIs, cocrystal formers or ligands, and deliquescent
additives as listed in Table 1. The term reactant refers to
cocrystal components, i.e., API and ligand. The deliquescence
behavior of some of the cocrystal formers (shown in italics
in Table 1) and additives has been published.20,21,23

Gravimetric Vapor Sorption. Vapor sorption studies
were conducted to determine DRH or to monitor the progress
of moisture sorption toward equilibrium under constant RH
and temperature. Both types of gravimetric vapor sorption
studies use samples of 5-10 mg with particle size of all
components between 45 and 63µm unless otherwise noted.
All studies were done on an SGA-100 symmetrical gravi-
metric analyzer from VTI Corp. (Hialeah, FL). The instru-
ment uses a microbalance (CI Electronics, Wiltshire, U.K.)
to monitor sample weight and a chilled dew point analyzer
(Edgetech, Milford, MA) to detect and control humidity in
the sample chamber. Temperature is controlled to within
0.01 °C, and the instrument RH resolution is(1%. All
experiments were conducted at 25°C.

The DRH for single components and binary blends was
determined using a nonequilibrium sorption method. This is
an isothermal method that ramps RH by 2% increments. The
relative humidity is increased incrementally when the sample
changes weight by less than 0.036% in 15 min or 240 min
whichever comes first at constant RH. While the samples
only adsorb small levels of moisture below the DRH, a large
weight increase from moisture absorption is observed once
the DRH is reached.
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Table 1. List of the Materials Used To Study Moisture
Uptake and Phase Stability

APIs cocrystal formers/ligands deliquescent additives

carbamazepine nicotinamide fructose
theophylline saccharin sucrose
caffeine oxalic acid
sulfadimidine glutaric acid

malonic acid
maleic acid
anthranilic acid
salicylic acid
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The time course of moisture sorption, and desorption in
some instances, at fixed temperature and humidity was also
studied for a variety of sample compositions. In these studies
constant RH and temperature were maintained over the
course of several days until the sample reached an equilib-
rium moisture sorption level.

Bulk Sample Studies in RH Chambers.The effects of
DRH, storage RH, particle size, and the amount of deliques-
cent materials on the rate of cocrystal formation were studied
using ternary mixtures of CBZ (III), with NCT or saccharin
(SAC), and a deliquescent additive (fructose or sucrose). In
these studies the cocrystal reactant ratio in the solid phases
was held constant at equimolar concentrations and the
composition of the deliquescent additive was varied. Raman
spectroscopy has been shown to be valuable for real-time
monitoring of cocrystal formation31,34and was used to study
cocrystal formation at constant RH and temperature.

Desired RH conditions during storage at 25°C were
generated in glass desiccators with appropriate saturated salt
solution: NaCl for 75%, KCl for 85%, and K2SO4 for 98%.35

An aluminum plate with holes was suspended above the
solution to hold samples, and a 1/8 in. thick quartz glass lid
was used to seal the chamber. The relative humidity in the
chambers was confirmed using a HydroClip SC05 RH probe
from Rotronics (Huntington, NY). Probe accuracy is(1.5%
RH/(0.2 °C.

Solid blends were stored at 0% RH in a P2O5 desiccator
and analyzed by XRPD and IR prior to introduction into
RH chambers. Quartz cuvettes containing 30-60 mg of 45-
63 µm (unless otherwise specified) crystalline blends were
introduced into the RH chambers. Phase transformation in
the blends was monitored by Raman spectroscopy. A
noncontact fiber optic probe was used to collect Raman
spectra through the quartz chamber lid. Spectra were
collected frequently over random areas of the sample for
several days. A time course of the change in spectral features
was used to monitor cocrystal formation. HoloReact software,
from Kaiser Optical Systems (Ann Arbor, MI), was used
for multivariate curve resolution to plot the change in spectral
features correlating to reactants and cocrystal. The analysis
region for CBZ-NCT systems was 924-1182 cm-1 and
CBZ-SAC was 225-300 cm-1. Samples were promptly
analyzed by XRPD and IR once removed from the chamber.
The masses of the blends before and after storage were also
noted to determine the amount of moisture sorbed.

Slurry Studies. Screening for cocrystals was carried out
according to methods published earlier.30,31 Cocrystal reac-
tants were added to aqueous solutions such that nonstoichio-
metric reactant concentrations would favor cocrystal forma-
tion. The slurries were placed in a 25°C recirculation water
bath and stirred continuously. No nucleating seeds were

added to these samples. Once removed from the water bath
the slurries were dried by vacuum filtration and promptly
analyzed by XRPD.

Raman Spectroscopy.Raman spectra of solid phases were
collected with an RXN1 Raman spectrometer equipped with
a 785 nm laser from Kaiser Optical Systems, Inc. (Ann
Arbor, MI). Crystallization in bulk samples was monitored
in situ with a fiber optic noncontact probe. Crystallization
was also monitored in microscale using a Leica DMLP
(Wetzlar, Germany) Raman microscope. Acquisition condi-
tions were optimized so that the spectra collected for bulk
studies had maximum intensity around 30-40k counts. The
spectra collected had a spectral resolution of 4 cm-1 and
were collected between 100 and 3200 cm-1.

X-ray Powder Diffraction (XRPD). XRPD was used to
identify crystalline phases and phase transformations after
exposure to various storage conditions. XRPD patterns of
solid phases were recorded with a Rigaku MiniFlex X-ray
diffractometer (Danvers, MA) using Cu KR radiation (λ )
1.54 Å), a tube voltage of 30 kV, and a tube current of 15
mA. The intensities were measured at 2θ values from 2° to
40° at a continuous scan rate of 2.5 deg/min. Samples, prior
to and after RH storage experiments, were analyzed by
XRPD. Results were compared to diffraction patterns
reported in literature or calculated from crystal structures
reported in the Cambridge Structural Database (CSD).

Attenuated Total Reflectance Fourier Transform In-
frared Spectroscopy (ATR-FTIR). IR spectra of solid
phases were collected on a Bruker Vertex 70 FT-IR (Bil-
lerica, MA) unit equipped with a DTGS detector. Samples
were placed on a zinc selenide (ZnSe) attenuated total
reflectance (ATR) crystal accessory, and 64 scans were
collected for each sample at a resolution of 4 cm-1 over a
wavenumber region of 4000-600 cm-1.

Polarized Optical Light Microscopy Studies.Particles
of cocrystal reactants and deliquescent additives were placed
in contact with each other on a slide and introduced into a
variable relative humidity microscope stage from Surface
Measurement Systems (VGI 2000M, Middlesex, U.K.). This
stage provides temperature and humidity control capability
during optical microscopy studies. The stage is computer
controlled and receives a flow of dry nitrogen that is saturated
in situ with water to the appropriate extent as monitored by
internal sensors. Water uptake, deliquescence, dissolution,
and crystallization were visually monitored with a Leica
DMPL polarizing optical microscope (Wetzlar, Germany).
Images were collected with a Spot Insight FireWire 4
Megasample Color Mosaic camera controlled with Spot
software (Diagnostics Inc, Sterling Heights, MI). Solid phases
were identified by Raman microscopy.

Results
Microscopy Study. Figure 1 shows optical microscopy

images of deliquescence-induced cocrystal formation of an
initially dry ternary system of cocrystal reactants and a sugar.
CBZ, NCT, and sucrose crystals were arranged on the
controlled RH microscope stage as shown in Figure 1A and

(34) Rodrı´guez-Hornedo, N.; Nehm, S. J.; Jayasankar, A. Process
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exposed to 95% RH. These images illustrate the sequence
of events that lead to cocrystal formation: moisture uptake,
dissolution, and crystallization.

The first stage in the formation of cocrystals is the
formation of a liquid phase as moisture is sorbed and
deliquescence proceeds as shown by the liquid domain in
Figure 1B. This is followed by dissolution of sucrose and
cocrystal reactants as indicated by the change in size and
shape of particles. NCT dissolves faster than CBZ as
expected based on their different aqueous solubilities. A new
phase is observed to crystallize from solution (Figure 1D)
near the surface of CBZ crystals. This new phase was
determined to be CBZ-NCT cocrystal by Raman micros-
copy.

Cocrystallization in Bulk Samples. The microscopy
results presented above suggest that cocrystal formation can
occur in solid blends of cocrystal reactants exposed to
deliquescence conditions. In this section we present
results on the moisture uptake behavior of bulk samples,
and the factors that determine cocrystal formation by
monitoring solid phase changes by spectroscopic and XRPD
analysis.

DRH of Single Components and Binary Blends.To
determine the DRH of blends composed of cocrystal reactants
and deliquescent additives, moisture sorption isotherms were
obtained under nonequilibrium conditions while the RH was
ramped (Figure 2). DRHs were determined for pure com-
ponents and binary mixtures of a deliquescent additive
(sucrose or fructose) with the most water soluble cocrystal
reactant (nicotinamide or saccharin) and are shown in Table
2. The weight percent of deliquescent additive in all the
binary mixtures listed would be 50% if 1 molar equiv of

CBZ were added. The weight ratios of SAC blends are lower
than those of NCT blends because SAC has a higher
molecular weight.

The DRH values of the pure components are in good
agreement with those available in the literature. The reported
DRH for fructose and sucrose is 62% and 85% respec-
tively.16,21 Slight differences between the reported DRH
values and those observed in this study for sucrose may be
due to instrument accuracy of 1% RH and the specific
conditions used for ramping RH as listed in the Experi-
mental Section. The DRH of a pure substance is decreased
by the addition of a second deliquescent component. Sim-
ilar deliquescence behavior has been observed in binary
and ternary systems with inorganic and organic compo-
nents15,17,20,21 and is explained by the effect of solute
composition on the water activity of solutions. While in this
study we report the DRH of blends at only one composition
for the purpose of investigating transformation to cocrystal,
the dependence of DRH on composition is currently being
investigated.

The DRH of binary mixtures was determined to avoid
rapid cocrystal formation associated with ternary mixtures
containing CBZ since transformation to cocrystal can affect
the resolution of DRH measurements. Furthermore, the low
solubility of CBZ in water means it should have negligible
impact on the DRH and water activity of solutions with sugar
and NCT or SAC. The DRH of ternary blends is not expected
to change in the presence of CBZ. Indeed CBZ exhibits no

Figure 1. Optical microscopy images showing moisture
sorption, deliquescence, dissolution, and cocrystallization in
CBZ/NCT/sucrose system at 25 °C and 95% RH. Symbols
C, N, and S represent CBZ, NCT, and sucrose, respectively.

Figure 2. Moisture sorption isotherms of single components
and binary blends.

Table 2. Deliquescent RH of Single Components and
Binary Blends (SD ) (0.3)

deliquescent components
and blends wt ratio mol ratio

DRH (%)
at 25 °C

sucrose 86.1
fructose 62.0
nicotinamide 94.5
NCT/sucrose 1.0:2.9 1.0:1.1 80.0
NCT/fructose 1.0:2.9 1.0:2.0 55.3
SAC/fructose 1.0:2.3 1.0:2.3 61.5
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deliquescence as anticipated from its low solubility.27,36

Consequently, ternary blends of CBZ with cocrystal former
in equimolar ratios and 50% deliquescent additive referenced
in the next section can be assumed to have the same DRH
as blends listed in Table 2.

Cocrystallization in Ternary Blends. Figure 3A shows
the changes in the Raman spectra as CBZ-NCT cocrystal
formation proceeds in CBZ/NCT/50% sucrose. Peaks at
1026.5 and 1035.0 cm-1, characteristic of CBZ-NCT
cocrystal, are observed as cocrystal formation occurs. This
is accompanied by a decrease in the intensity of the peak
characteristic of CBZ at 1041.5 cm-1. Figure 3B shows the
changes in Raman spectra as CBZ-SAC cocrystal formation
occurs in CBZ/SAC/50% fructose blends at 85% RH. A peak
at 231.7 cm-1, characteristic of CBZ-SAC cocrystal, is
observed as cocrystal formation occurs. A decrease in peak
intensity for peaks characteristic of SAC and CBZ at 246.0
cm-1 and 272.5 cm-1 respectively is also observed with
cocrystal formation. These changes in the spectra were used
to measure cocrystal formation in ternary blends during
storage as a function of ambient RH and deliquescent
additive.

The progress of cocrystal formation in CBZ/NCT/sugar
(fructose or sucrose) blends at 75% and 85% RH was
monitored over a 2 day period by Raman spectroscopy. The
initial composition of sugar in these blends was 10%, 20%,
or 50% while the cocrystal reactant molar ratio (CBZ/NCT)
was constant at 1:1. A control sample without sugar is
included at 85% RH for reference.

It is evident from Figure 4 that deliquescence generates
cocrystals. Significant cocrystal formation was observed in
CBZ/NCT/sugar blends above their DRH, while no cocrystal
formation was detected in mixtures below their DRH. For
instance, cocrystal formation occurred in ternary blends with
sucrose or fructose at 85% RH. In contrast, neither the control
sample at 85% RH nor the ternary mixtures with sucrose at
75% RH transformed to cocrystal during the course of the
study because RH was below DRH. The DRH for NCT is
greater than 85% and for NCT/sucrose is greater than 75%
as shown in Table 2.

The rate and extent of cocrystal formation appears to be
dependent on the sugar, the percentage of sugar, and the
ambient RH as shown in Figure 4. At 85% RH the fructose
blends transformed faster than sucrose blends. Faster rate
of cocrystal formation was also observed in fructose blends
stored at 85% RH than those stored at 75% RH. It can be
seen that the rate of transformation decreases with time. Time
intervals at the beginning of the transformation have rapid
cocrystal formation followed by a slow conversion period
or plateau region. Samples with less deliquescent additive
(sugar) exhibit a more gradual conversion to cocrystal as
shown by the 10% fructose at 75% RH. After the initial
interval of rapid conversion producing a small fraction of
cocrystal, the progress of transformation is slow, as indicated
by the slope of the plateau region. In contrast, higher sugar
compositions experience faster and extensive transformation
to cocrystal during the initial time interval. This behavior is
also observed with increasing ambient RH farther above
DRH as seen by comparing the 75% and 85% RH fructose
samples.

Lower rates of cocrystal formation at low sugar composi-
tion may be associated with small volumes of water uptake
and small domains of supersaturation leading to isolated
regions of cocrystal formation in the bulk of the sample. In
fact, the curves in Figure 4 have jagged features correspond-
ing to the nonuniform distribution of cocrystal nucleation
and growth sites throughout the bulk of the sample. To
resolve this spatial distribution of transformation sites, spectra
were randomly collected from different regions of the
samples. Together the spectra collected represent the average
level of transformation in the bulk.

The data in Figure 4 has been shown over a 2 day time
frame to highlight the dependence of cocrystal formation
rates as a function of blend composition and RH. Transfor-
mation was monitored over a longer period by Raman until
full conversion to cocrystal was achieved, at which point
the samples were analyzed by XRPD. Figure 5 compares
the XRPD patterns of CBZ and NCT blends containing 20%
sugar (fructose or sucrose) before and after storage at 85%

(36) Murphy, D.; Rodrı´guez-Cintro´n, F.; Langevin, B.; Kelly, R. C.;
Rodrı́guez-Hornedo, N. Solution-Mediated Phase Transformation
of Anhydrous to Dihydrate Carbamazepine and the Effect of
Lattice Disorder.Int. J. Pharm.2002, 246, 121-134.

Figure 3. Raman spectra showing cocrystal formation and
CBZ depletion in (A) CBZ/NCT/50% sucrose and (B) CBZ/
SAC/50% fructose at 85% RH.
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RH with the CBZ-NCT cocrystal XRPD pattern calculated
from CSD. XRPD pattern homology between the stored

blends and the cocrystal indicate cocrystal formation during
storage. XRPD patterns of blends containing 10% and 50%

Figure 4. Effect of RH and sugar composition on CBZ-NCT cocrystal formation in CBZ/NCT/sugar blends. Six separate panes
corresponding to two relative humidity conditions and three different sugar compositions are shown. Each pane has the same
time and composition axis scaling presented for the top right pane. The maximum of the y-axis corresponds to pure cocrystal,
while the minimum corresponds to pure reactants.

Figure 5. XRPD of CBZ/NCT/20% sugar blends confirms cocrystal formation after storage at 85% RH: 20% fructose (a) before
storage and (b) after storage; 20% sucrose (c) before storage and (d) after storage; (e) CBZ-NCT calculated from CSD.
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sugars similarly showed evidence for cocrystal formation
during storage.

The moisture sorption behavior of reactive blends was
investigated since water uptake is an important factor
affecting solution composition, supersaturation, and conse-
quently cocrystal formation. Figure 6 shows the moisture
sorption behavior of CBZ and NCT blends containing 50%
sucrose or fructose at 85% RH. An increase in weight due
to water uptake through deliquescence is observed for both
blends. Moisture sorption is faster in the fructose blend than
the sucrose blend. Both curves are characterized by a
maximum in the moisture sorption behavior followed by
desorption and leveling off. Desorption correlates with the
depletion of NCT from solution as it is consumed by
cocrystal formation. Previous moisture uptake studies of pure
CBZ-NCT cocrystal indicate very low moisture uptake
(<1%) compared to NCT (>50%) at 98% RH.27

Comparison with the progress of cocrystal formation in
these blends (Figure 4) indicates that moisture sorption and
cocrystal formation begin quickly and occur simultaneously.
Both systems shown in Figure 6 achieved an equilibrium
level of water sorption in about half a day, indicating that
phase transformation to cocrystal has reached a steady state
or is mostly complete. The time frame within which this
plateau is attained agrees with that shown in Figure 4 for
transformation in bulk samples with 50% sugar stored at 85%
RH, and corresponds to a high level of conversion to
cocrystal. Analysis of the ternary blends by XRPD and FTIR
after exposure to 85% RH in the vapor sorption analyzer
confirmed cocrystal formation.

The final water content in the ternary blend containing
fructose is∼35% while that containing sucrose is∼25%
(Figure 6). The equilibrium water content at 85% RH for
pure sugar scaled to the amount in each blend is shown by
a horizontal dashed line in Figure 6. Thus the final water
content in the ternary blends is proportional to the amount
of sugars in these blends and the equilibrium moisture content
of the sugars at 85% RH.

The rates of moisture sorption and reactant dissolution
depend on surface area and hence particle size of the
components in the blend. A decrease in cocrystal formation
rate was observed in blends of larger particles (106-125
µm; results not shown).

Cocrystallization in Binary Blends. The preceding sec-
tion showed that deliquescence generates cocrystals in ternary
blends containing a deliquescent additive (sugar) and coc-
rystal reactants. However, cocrystal formation can also occur
in binary blends if one or both cocrystal reactants are
deliquescent. Figure 7A shows the moisture sorption behavior
for an equimolar CBZ/NCT blend at 98% RH. An increase
in weight is observed due to deliquescence of NCT (DRH
) 94.5%) until a maximum is achieved, after which
desorption dominates as CBZ-NCT cocrystal (nonhygro-
scopic) forms. This behavior is similar to that of ternary
blends with sugars shown in Figure 6. Beyond the maximum,
the weight of the binary blend decreases continuously due
to depletion of NCT (hygroscopic) from solution. XRPD after
storage of the binary blend for 4 days at 98% RH confirmed
cocrystal formation (Figure 7B).

Effect of Reactant Properties on Cocrystal Formation.
The effect of cocrystal reactant properties on moisture
sorption and cocrystal formation was studied by replacing
NCT with SAC as the cocrystal reactant. NCT is highly
hygroscopic and water soluble while SAC is nonhygroscopic,
is ionizable (pKa )1.8),37 and has lower aqueous solubility
than NCT. The DRH of the SAC/fructose blend shown in
Table 2 is similar to that of pure fructose. This is due to the
nonhygroscopic nature and low aqueous solubility of SAC.

Figure 8 compares CBZ-NCT and CBZ-SAC cocrystal
formation rates at 85% RH in ternary blends of CBZ/50%
fructose and NCT or SAC. Clearly the rate of CBZ-SAC
cocrystal formation is slower than that of CBZ-NCT. This
may be a result of cocrystal solubilities, reactant dissolution
rate, and ionization in the sorbed moisture.

Figure 9A shows the CBZ-SAC cocrystal formation
in ternary blends of CBZ/SAC with fructose at 85%
RH. Cocrystal formation is more extensive and faster in
blends with higher sugar level. Figure 9B compares co-
crystal formation rates during storage of CBZ/SAC/50%
fructose blends at 75% and 85% RH. These results are sim-
ilar to those of CBZ/NCT/sugar blends where cocrystal
formation rate increases with storage RH and sugar compo-
sition.

Cocrystal Formation via Deliquescence Is Broadly
Applicable to Other Compounds. Based on the above
findings, transformation to cocrystal induced by deliques-
cence was studied with caffeine and theophylline systems.
These APIs have been reported to form cocrystals from
organic solvents and by cogrinding.28,29 Our studies show
that the cocrystals in Table 3 are generated both by slurrying
the reactants in aqueous solutions and by storing ternary

(37) Zubair, M. U.; Hassan, M. M. A. Saccharin. InAnalytical Profiles
of Drug Substances; Florey, K., Ed.; Academic Press: New York,
1984, p 487.

Figure 6. Moisture sorption in CBZ/NCT/50% sugar (fructose
or sucrose) at 85% RH. Dashed horizontal lines indicate
equilibrium moisture sorption level of pure sugars scaled to
the percent in the blends.
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blends with 20% fructose above the DRH. All cocrystals
have equimolar composition except theophylline-maleic
acid, theophylline-oxalic acid, caffeine-malonic acid, and
caffeine-oxalic acid, which have the cocrystal reactants in
a 2:1 (API:ligand) molar ratio. Cocrystal formation was
confirmed by XRPD analysis. These results illustrate broad
applicability of the concepts presented to other APIs with a
variety of cocrystal components. The kinetics of deliquescent
mediated cocrystal formation in these systems is currently
being investigated in our laboratory.

Discussion
The results of this study indicate that cocrystals can form

spontaneously when solid mixtures with cocrystal reactants
deliquesce. The mechanism for deliquescence-induced coc-
rystal formation involves three important processes as
revealed by microscopy studies (Figure 1) and illustrated in
Scheme 1: water uptake, dissolution of cocrystal reactants,
and crystallization of molecular complex. Several factors that
determine transformation kinetics are nucleation rate, growth
rate, and the density and distribution of nucleation sites.

Figure 7. (A) Moisture sorption behavior of equimolar CBZ/NCT blend at 98% RH. (B) XRPD confirms CBZ-NCT cocrystal
formation in CBZ/NCT blend after storage at 98% RH: CBZ/NCT blend (a) before storage and (b) after storage; (c) CBZ-NCT
cocrystal calculated from CSD.
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Cocrystal nucleation and growth rates will depend on
supersaturation. Supersaturation is determined by how fast
cocrystal reactants dissolve, and this in turn depends on the
amount and rate of water uptake.

How dissolution of cocrystal reactants leads to supersatu-
ration with respect to cocrystal is illustrated in Scheme 1ii
and is explained by considering the solution and cocrystal
chemistry.30,31 As the reactants dissolve in the sorbed
moisture, their concentrations increase in solution. Unequal
reactant dissolution rates, due to different solubilities and/
or surface areas, result in nonstoichiometric concentrations
of reactants in the sorbed moisture. As the deliquesced
solution becomes rich in one of the cocrystal components,
the cocrystal solubility decreases leading to ever increasing
supersaturated conditions where cocrystal is the least soluble
phase as shown in Figure 10. Cocrystal formation will be
initiated when the critical supersaturation for nucleation is
achieved. The CBZ and NCT system is particularly interest-
ing since their aqueous solubilities are so different. Due to
the higher dissolution rate of the more soluble reactant
(NCT), cocrystal nucleation occurs on the surface or in the
vicinity of the less soluble reactant (CBZ) (Figure 1).

Cocrystal Stability. Our results show that deliquescence
leads to cocrystal formation even with certain APIs that
readily form hydrates during storage1-6 or by slurry
conversion in water.36,38-41 Carbamazepine, caffeine, and

theophylline spontaneously transformed to cocrystal when
mixtures of cocrystal reactants with deliquescent additive
were stored above the DRH of the dry mixtures. This
indicates that cocrystal nucleation and growth rates were
faster than the rate of hydrate formation under the conditions
studied. The stability of cocrystal is also confirmed by the
lack of transformation to single components or hydrates
thereof.

Although the deliquescent systems reported here exhibited
cocrystal formation and stability, a reversal can occur given
the right conditions. Cocrystal can transform to single
component crystal or hydrate of reactant when cocrystal
solubility is higher than the solubility of a reactant or hydrate
thereof. This situation arises when solution concentrations
of reactants reach values below the transition concentration
as indicated in the solubility diagram (Figure 10). Previous
studies from our laboratory have shown that, although in
pure water CBZ-NCT cocrystals transform to CBZ dihy-
drate within minutes, the transformation is reversed (CBZ
to cocrystal) at high NCT solution concentrations.31,32 CBZ
cocrystals of NCT or SAC are not hygroscopic at 98% RH
and have been shown to be stable.26,27 CBZ cocrystal
formation during deliquescence is thus explained by the
relationship between solution composition and thermody-
namic stability of reactant and cocrystal phases.

Caffeine and theophylline cocrystals shown in Table 3
formed during deliquescence of blends of API/ligand/fructose
(as well as in highly concentrated aqueous solutions of
ligand) even though some of these cocrystals have been
reported to transform to hydrated API when exposed to
moisture. Caffeine-maleic acid cocrystals and theophylline
cocrystals with maleic acid, malonic acid, and glutaric acid
have been reported to transform to hydrated API when
exposed to 98% RH.28,29 Caffeine-glutaric acid has been
reported to transform to hydrated caffeine at 43% RH.29

These results clearly indicate that for the direction of
transformation to be reversed by aqueous solution composi-
tion there must be a transition concentration above which
solubility of cocrystal is less than pure API and cocrystal
formation is favorable. Therefore deliquescence will generate
conditions of cocrystal stability or instability depending on
solution chemistry including ionization and complexation
processes.

Deliquescence and Cocrystal Formation.Previous stud-
ies on deliquescence and crystallization have shown hydrate
formation in solid mixtures.1,2,4 There are also reports of
crystallization as a result of moisture loss and efflorescence
due to changes in ambient RH or DRH as composition of
solution changes.22,42-44 It is important to note that in the

(38) Rodrı´guez-Hornedo, N.; Lechuga-Ballesteros, D.; Wu, H. J. Phase-
Transition and Heterogeneous Epitaxial Nucleation of Hydrated
and Anhydrous Theophylline Crystals.Int. J. Pharm.1992, 85,
149-162.

(39) Rodrı´guez-Hornedo, N.; Murphy, D. Surfactant-Facilitated Crys-
tallization of Dihydrate Carbamazepine During Dissolution of
Anhydrous Polymorph.J. Pharm. Sci.2004, 93, 449-460.

(40) Ticehurst, M. D.; Storey, R. A.; Watt, C. Application of Slurry
Bridging Experiments at Controlled Water Activities to Predict
the Solid-State Conversion between Anhydrous and Hydrated
Forms Using Theophylline as a Model Drug.Int. J. Pharm.2002,
247, 1-10.

(41) Zhu, H.; Yuen, C.; Grant, D. J. W. Influence of Water Activity
in Organic Solvent+ Water Mixtures on the Nature of the
Crystallizing Drug Phase, 1. Theophylline.Int. J. Pharm.1996,
135, 151-160.

(42) Parsons, M. T.; Riffell, J. L.; Bertram, A. K. Crystallization of
Aqueous Inorganic-Malonic Acid Particles: Nucleation Rates,
Dependence on Size and Dependence on the Ammonium-to-
Sulfate Ratio.J. Phys. Chem. A2006, 110, 8108-8115.

Figure 8. Comparison of CBZ-NCT and CBZ-SAC coc-
rystal formation rates at 85% RH.
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studies reported here there was no RH cycling and crystal-
lization was a result of solution composition. To our
knowledge this is the first report of cocrystal formation
induced by deliquescence. This finding also makes apparent
the opportunity for producing cocrystals by green chemistry
methods. Aqueous media can generate cocrystals as il-
lustrated for carbamazepine, caffeine, theophylline, and
sulfadimidine systems.

The ability of a deliquescent material to generate cocrystals
depends on its potency for moisture uptake and on its ability
to modify the mode and rate of nucleation. Blends stored
below their DRH did not result in cocrystal formation during
the course of the study as shown by binary blends of CBZ/
NCT at 85% RH and ternary blends of CBZ/NCT/sucrose
at 75% RH. Transformation to cocrystal was however
associated with moisture uptake and storage RH above DRH
as indicated by binary blends of CBZ/NCT at 98% RH and
ternary blends of CBZ/NCT/sucrose at 85% RH.

The interplay between moisture uptake and dissolution
determines the liquid phase composition, supersaturation, and
subsequent nucleation. This is shown by the rapid initial
cocrystal formation rates of CBZ-NCT at both low and high
sugar composition when stored at RH above DRH. Moreover,
low small levels of moisture (<7%) are capable of producing
the necessary cocrystal supersaturation to initiate nucleation
as shown for the transformation to CBZ-NCT in blends with
10% sucrose or fructose at 85% RH. Deliquescent additives
can also influence nucleation by their effects on solution
viscosity, molecular associations that precede nucleation, and

(43) Braban, C. F.; Abbatt, J. P. D. A Study of the Phase Transition
Behavior of Internally Mixed Ammonium Sulfate-Malonic Acid
Aerosols.Atmos. Chem. Phys.2004, 4, 1451-1459.

(44) Zhang, Y. H.; Hu, Y. A.; Ding, F.; Zhao, L. J. FTIR-ATR
Chamber for Observation of Efflorescence and Deliquescence
Processes of NaClO4 Aerosol Particles on ZnSe Substrate.Chin.
Sci. Bull.2005, 50, 2149-2152.

Figure 9. CBZ-SAC cocrystal formation rate dependence on (A) fructose composition in ternary blends exposed to 85% RH:
control sample without sugar (gray solid line), 10% (dashed line), and 50% (black solid line) fructose, and (B) storage RH in
CBZ/SAC/ 50% fructose blends at 75% RH (dashed line) and 85% RH (solid line).

Figure 10. Schematic of solubility of cocrystal AB (SAB) and
pure component crystal A (SA) as a function of ligand
concentration B, showing the ligand transition concentration
(Ctr) and a hypothetical cocrystallization pathway where
supersaturation is generated by the unequal dissolution rates
of reactant components A and B.

Table 3. API and Corresponding Ligands That Formed
Cocrystals by Both Slurrying in Water and Deliquescence

API ligand

carbamazepine nicotinamide
saccharin

caffeine oxalic acid
maleic acid
glutaric acid
malonic acid

theophylline oxalic acid
maleic acid
glutaric acid
malonic acid

sulfadimidine salicylic acid
anthranilic acid
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to the extent that material surfaces serve as catalysts for
nucleation.

Generally one expects the amount of moisture uptake to
control the transformation rate based on its temporal and
spatial distribution. Low levels of deliquescent additive and
low moisture uptake will have the effect of reducing the
regions of deliquescence. Consequently, small domains of
supersaturation can develop in a liquid phase that is not
uniformly distributed throughout the sample leading to
isolated regions of cocrystal formation. In this case high
supersaturations are initially achieved and transformation rate
to cocrystal is initially fast, but the rate will slow or even
level off before extensive conversion. This mechanism
explains the transformation to CBZ-NCT cocrystal at the
lower fructose composition (10%) and 75% RH.

High levels of moisture sorption allow for greater exposure
of reactants to the crystallization medium and to larger extent
of cocrystal formation during the initial time period, provided
the kinetics and distribution of moisture sorption maintain
adequate supersaturation for cocrystal formation. This be-
havior is observed with the CBZ/NCT/fructose at higher RH
(85%) or higher fructose (20% and 50%) showing faster and
more extensive conversion compared to the CBZ/NCT/
fructose at 10% fructose and 75% RH. Similar behavior was
observed with CBZ/SAC/fructose blends. These results
clearly indicate that, for low fructose composition at low
RH, the transformation is occurring at relatively low
moisture uptakes where solute transport tends to be limited
to small domains of liquid phase. Faster transformation rates
with more deliquescent additive at RH above DRH were also
observed for CBZ/NCT/sucrose and CBZ/SAC/fructose.

Quite a different situation arises when high amounts of
moisture uptake lead to low supersaturation, saturation, or
undersaturation with respect to cocrystal and consequently
slow, prevent, or reverse the transformation to cocrystal.
High moisture uptake levels are associated with the hygro-
scopic nature of the blend components, the amount of
hygroscopic or deliquescent additive, and high RH values
above DRH. A reversal in the transformation to cocrystal
was observed at CBZ/NCT/50% fructose at 98% RH. CBZ

dihydrate formed after initial formation of cocrystal (results
not shown).

Moisture sorption and deliquescence of solid mixtures are
a complex function of phase composition, relative humidity,
and temperature.17,18,20The study presented here has focused
on identifying the mechanism by which deliquescence
induces cocrystal formation. Deliquescence and phase dia-
grams of composition and water activity (i.e., relative
humidity) for the systems reported here are currently being
investigated in our laboratory.

In this first report we have compared the transformation
to cocrystal with the moisture uptake behavior and deliques-
cence under nonequilibrium conditions. Our results show that
moisture uptake behavior is an indicator of cocrystal forma-
tion as shown by binary blends with deliquescent reactant
(NCT) in Figure 7A and by ternary blends with deliquescent
additive (sugars) in Figure 6.

Cocrystal formation during deliquescence is also dependent
on the properties of cocrystal reactants, cocrystals, and
solution chemistry. Reactant properties that increase
solution concentrations in the sorbed moisture such as
dissolution rate and solubility are expected to increase the
rate of transformation to cocrystal as shown by the CBZ-
NCT cocrystal formation rate relative to CBZ-SAC. In
addition, particle size and solid-state form of reactants
(amorphous, polymorphs and solvated forms) will influence
the transformation rate to cocrystal when dissolution is the
rate-limiting step.

The mechanisms for cocrystal formation reported here are
valuable to design stable formulations and predict conditions
that will preserve cocrystal. The amount of deliquescent
additive required to prevent or reverse the transformation to
cocrystal can in principle be estimated if one knows the
moisture sorption of the blend at a given composition,
temperature, and RH, and theCtr in the sorbed moisture. For
example, theCtr in water at which the solubility of the CBZ-
NCT cocrystal is equal to the solubility of CBZ dihydrate is
around 1 m.32 As a first approximation it is assumed that
additives do not changeCtr. Consequently, levels of moisture
sorption that lead to NCT concentrations above 1 m will

Scheme 1. Illustration of the Moisture Uptake Process Leading to Deliquescence, Reactant Dissolution, and Cocrystal
Formationa

a A and B are cocrystal reactants, Ds is solid deliquescent additive, and Dl is the solution phase created by deliquescence at RH greater than
DRH.
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favor cocrystal formation at adequate CBZ solution concen-
tration as shown in Figure 10. Based on the results for the
CBZ/NCT/50% fructose at 85% RH the moisture sorbed is
about 35% and corresponds to moisture retained by fructose
(70% for pure fructose at 85% RH). If one considers that
NCT will fully dissolve in the sorbed moisture of the ternary
blend, then the mass of water required to dilute NCT to the
Ctr can be calculated. The percentage of fructose in the dry
blend that will lead to the transition concentration at 85%
RH was calculated to be 80%. Therefore if CBZ-NCT
cocrystal is to be preserved in such a ternary blend, fructose
compositions must be lower than 80% in the dry blend. Our
results of cocrystal formation and stability in fructose blends
are in agreement with this estimate.

Conclusions
This work demonstrates that moisture can generate coc-

rystals when particulate systems with cocrystal reactants are
exposed to deliquescent conditions. Cocrystals of carbam-

azepine, caffeine, and theophylline were formed during
deliquescence even when these APIs can form hydrates. The
mechanisms responsible for cocrystal formation involve
moisture uptake, dissolution of cocrystal reactants, cocrystal
nucleation and growth. These mechanisms are important to
design formulations and predict conditions that will preserve
cocrystals. Cocrystal solubility dependence on aqueous
solution composition and chemistry are good predictors of
cocrystal formation and stability during deliquescence. Our
findings have important implications for a green chemistry
based approach in the use of aqueous media to produce
cocrystals.
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