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Abstract. Cocrystals and eutectics are different yet related crystalline multi-component adducts with diverse
applications in pharmaceutical and materials ﬁelds. Recently, they were shown to be alternate products of
cocrystallization experiments. Whereas a cocrystal shows distinct diffraction, spectroscopic and thermal signatures as compared to parent components, the hallmark of a eutectic is its low melting nature. However, in
certain cases, there can be a problem when one resorts to design a cocrystal and assess its formation vis-àvis a eutectic. In the absence of a gold standard method to make a cocrystal, it is often difﬁcult to judge how
exhaustive should the cocrystallization trials be to ensure the accomplishment of a desired/putative cocrystal.
Further, a cocrystal can manifest with intermolecular interactions and/or crystal structure similar to that of its
parent compounds such that the conventional diffraction and spectroscopic techniques will be of little help to
conclusively infer the formation of cocrystal in the lack of single crystals. Such situations combined with low
melting behavior of a combination brings the complication of resolving the combination as a cocrystal or eutectic since now both the adducts share common features. Based on the curious case of Caffeine–Benzoic acid
combination, this study aims to unfold the intricate issues related to the design, formation and characterization
of cocrystals and eutectics for a way forward. The utility of heteronuclear seeding methodology in establishing
a given combination as a cocrystal-forming one or a eutectic-forming one in four known systems is appraised.
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1. Introduction
Cocrystals and eutectics are multi-component crystalline solids which have varied and promising applications in pharmaceutical1 and materials ﬁelds.2 The
former belongs to the class of organic/molecular
materials1a−c,e,k,m,3 and the latter to both inorganic and
organic materials. 1a,r−u,2a−c,g In a broad sense, a cocrystal is the molecular equivalent of an intermetallic compound and a eutectic is independently an inorganic and
organic alloy.1a,s,2a,4 Recently, an evolved and inclusive deﬁnition for cocrystals has been worked out by
an Indo-US group according to which cocrystals are
“solids that are crystalline single phase materials composed of two or more different molecular and/or ionic
compounds generally in a stoichiometric ratio”.5 This
deﬁnition can be slightly modiﬁed to deﬁne eutectics as
“solids that are crystalline multi-phase materials composed of two or more different elements or compounds
in a ﬁxed stoichiometric ratio”. The issues with respect
to the structural integrity of eutectics vis-à-vis cocrystals are detailed in the Supplementary Information.
The signiﬁcance of cocrystals was built up in the
∗ For
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1990s which had been much due to their application as ‘novel solid drug forms’ vis-à-vis salts.1e−q The
decade long active research on cocrystals during 2001–
2010,1i−q triggered by Etter’s stupendous ‘hydrogen
bond rules’6 and Desiraju’s phenomenal ‘supramolecular synthon’7 concept in 1990s, by various groups1i−q,8
around the globe recently culminated with their recognition as pharmaceutical materials by the United States
Food and Drug Administration (US-FDA)1b and European Medicines Agency (EMA)1c in the years 2013
and 2014, respectively. EMA considers a drug cocrystal to be a ‘New Active Substance (NAS)’,1c if it differs in properties from parent drug, whereas US-FDA
holds it to be a ‘drug product intermediate’1b but not
as a new drug form. On the whole, there is an opportunity to exploit cocrystals to modulate physical properties of drugs as well as to safeguard intellectual property
and commercial interests both in innovation and generic
drug industry.1e,k,m,n,p,v,w
However, despite the decade long active research on
cocrystals, it is still difﬁcult to design and desirably
obtain a targeted/putative cocrystal although some success has been achieved towards this goal.9 Many unsuccessful attempts to make cocrystals were reported in
the literature,10 and on the other hand they tend to be
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under-reported which can be attributed to modest understanding of the cocrystallization phenomenon itself.
This situation is due to the fact that a combination of
substances is subject to all permutations and combinations of various factors, both internal (related to the system - substances themselves in terms of their nature,
size, shape, supramolecular compatibility, energetics)
and external (surroundings - temperature, pressure, solvent, kinetics, etc.), that dictate the product outcome of
the combination to be a cocrystal, molecular salt, solvate, solid solution, eutectic or a simple mixture of the
substances combined among other possibilities.1a,o,11
Thus, a cocrystal and a eutectic are alternate outcomes
of a cocrystallization experiment1a,12,13 (ﬁgure S1,
Supplementary Information). This author and Nangia
have recently uncovered the subtle structural interrelationships among cocrystals, solid solutions and
eutectics in molecular crystals.1a They proposed that
the same crystal engineering principles,7 which form
the basis to cocrystal design, can be utilized to design
eutectics. Further, they have appreciated the potential of eutectics as ‘novel/alternate solid drug forms’
in similar lines with cocrystals, but pointed that the
design studies on organic eutectics were sparse in the
literature.1a To this effect, this author has initiated the
studies, at Guru Row’s research group,12 on the empirical design strategies of making cocrystals and eutectics for a given set of materials. Both cocrystals and
eutectics could be reliably designed and speciﬁcally
obtained in several organic systems in a mutually exclusive manner supporting that they are alternate outcomes
of cocrystallization12 (relevant details are given in the
Supplementary Information).
It has not escaped, during those studies, this author’s
attention on the ‘curious case of caffeine–benzoic acid
cocrystal’14 which had been elusive for more than
half a century. The ﬁrst but failed attempt to make
a molecular compound (cocrystal, as per the current
nomenclature)1g,3 of caffeine and benzoic acid was
reported by Sekiguchi in 1961.15 The binary combination exhibited ‘V’-type phase diagram characteristic of
a eutectic1a,2a,10c,12,15,16 system. In 2013, Bučar et al.,14
were successful in making a 1:1 cocrystal of the combination by careful heteronuclear seeding17 experiments
(carried out based on their computational studies which
supported cocrystal formation). However, they did not
perform phase diagram analysis on either the combination or the obtained cocrystal to show that it
exhibits characteristic ‘W’-type pattern of a cocrystalforming10b,12a,15,16,18 combination. What is intriguing
from the two reports is how a combination which
exhibits ‘eutectic-type’ phase behavior (Sekiguchi’s
article)15 can form a cocrystal (Bučar et al.’s article)14 ?

Then, is the formation of eutectic and mutual exclusivity phenomenon an artefact? Is heteronuclear seeding technique14,17 a solution to accomplish the elusive
as well as any putative cocrystal? If so, is it possible to
ﬁnd seeds for every desired cocrystal? Else, can one
conclude non-occurrence of cocrystal for the combination and establish eutectic as alternate product1a,12
for the same? These issues could not be recognized
by Bučar et al., since the contest between cocrystal and eutectic to be an outcome of cocrystallization
has been appreciated subsequent to their article in the
investigations involving this author.1a,12 The above
questions need to be pursued in order to deliver a cocrystal or eutectic on demand. To answer these, at
least partly, four known systems including the caffeine–
benzoic acid (abbreviated here as CAF–BA) system
were considered in this work to appraise the pros and
cons of heteroseeding technique in establishing a combination as a cocrystal- or eutectic-forming one and thus
validate the mutual exclusivity of cocrystal and eutectic. This author has previously worked on the other
three systems of ornidazole–4-iodobenzoic acid,12b
pyrazinoic acid–nicotinamide12c and glutarimide–3hydroxybenzoic acid12d combinations which formed
eutectics respectively. However, these are borderline
cases with potential to form cocrystals. Hence, their
analogous combinations which formed cocrystals
(ornidazole–4-aminobenzoic acid,12b pyrazinoic acid–
isonicotinamide12c and glutarimide–3,5-dihydroxybenzoic acid12d ) were used for heteroseeding experiments
in an attempt to obtain their cocrystals. Given heteroseeding been well-established to control the manifestation of undesired polymorphs and consequently
generate elusive/targeted polymorphs,17,19 herein it was
applied to facilitate the manifestation of seemingly evasive cocrystals by curtailing eutectic formation. The
issues with respect to preparation and characterization
of cocrystal/eutectic are detailed in the Supplementary
Information. Further, the concerns/skepticism of establishing a combination as a cocrystal- or eutecticforming one and the validity of the preparation methods
in resolving the issues are discussed therein.

2. Experimental
2.1 Materials
All compounds were commercially available (SigmaAldrich and Alfa Aesar, Bengaluru, India) and were
used without further puriﬁcation. Solvents were of analytical or chromatographic grade and purchased from
local suppliers.
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2.2 Methods and Characterization
2.2a Liquid-assisted grinding (LAG):20 Physically mixed combinations (caffeine–benzoic acid; ornidazole–
4-iodobenzoic acid; pyrazinoic acid–nicotinamide;
glutarimide–3-hydroxybenzoic acid), in molar ratios of
about 100 mg scale, were manually ground using a
mortar-pestle for 15 min with 1–2 mL of methanol or nitromethane added. In seeding experiments, about 10 mg
of heteroseed (caffeine–2,3-diﬂuorobenzoic acid and
caffeine–salicylic acid independently for caffeine–benzoic
acid; ornidazole–4-aminobenzoic acid for ornidazole–
4-iodobenzoic acid; pyrazinoic acid–isonicotinamide
for pyrazinoic acid–nicotinamide; glutarimide–3,5-dihydroxybenzoic acid for glutarimide–3-hydroxybenzoic
acid) was added and ground. The ground materials were
analyzed by powder X-ray diffraction (PXRD) and thermal techniques to ascertain the formation of adduct.
Cocrystal exhibited distinct PXRD pattern and melting behavior but eutectics showed only a depression
in melting point compared to the parent materials.1a,12
The formation of reported cocrystals was conﬁrmed
by matching the experimental PXRD patterns with that
of the calculated proﬁles from X-ray crystal structures
available in the Cambridge Structural Database.21
2.2b Slurry crystallization (SC):22 A suspension of
physically mixed combination, in molar ratio of
200 mg scale, was made with 2–3 mL methanol or
nitromethane. In seeding experiments, about 20 mg of
heteroseed was added. The suspension was subjected to
stirring at ambient conditions for 16–48 h until a little
amount of solvent was still present and then was left for
equilibration up till complete solvent evaporation. Airdried samples were subjected to gentle neat grinding
and were analyzed by PXRD and thermal techniques.
2.2c Powder X-ray diffraction: PXRD were
recorded on PANalytical diffractometer using Cu-Kα
X-radiation (λ = 1.5406 Å) at 40 kV and 30 mA.
Diffraction patterns were collected over 2θ range of
5–40◦ using a step size of 0.06◦ 2θ and time per step of
1 sec. X’Pert HighScore Plus (version 1.0d)23 was used
to collect and plot the diffraction patterns.
2.2d Thermal analysis: DSC was performed on
samples of size 1–3 mg using a Mettler Toledo DSC
822e module. Samples were heated @ 5◦ C/min in
the temperature range 30–300◦ C under ultra high
pure nitrogen environment purged at 50 mL/min.
Melting behavior of the combinations was analyzed
on a Labindia visual melting range apparatus (MR
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13300710) equipped with a camera and a LCD monitor.
Physical mixtures of various molar compositions viz.
1:1, 1:2, 1:3, 1:4, 2:1, 3:1 & 4:1 were gently ground and
analyzed. For cocrystal or eutectic, which is a deﬁnite
stoichiometry compound, only a single melting event
(solidus and liquidus temperature is same)1a,2a,12 which
completely transforms the solid combination to molten
state was observed. For non-eutectic compositions, two
melting events viz. one pertaining to eutectic phase
(solidus - same for all the different compositions)1a,2a,12
and the other to parent materials in excess (liquidus varies with composition) in the combination were
observed.
2.3 Packing diagrams
X-Seed24 was used to make packing diagrams.
2.4 Supramolecular schematics
ChemBioDraw Ultra (version 14)25 was used to make
supramolecular schematics.
3. Results and Discussion
In this study, all the four chosen systems including
CAF–BA did not show any evidence of forming cocrystals and behaved as eutectic-forming systems in liquidassisted grinding (LAG)20 and slurry crystallization22
(SC) experiments without heteroseeds. The product
materials were analyzed by PXRD and melting behavior (DSC &phase diagrams as required) to validate cocrystal/eutectic formation. When a combination exhibits
higher or intermediate melting as compared to its parent materials, it can be concluded that the combination is a cocrystal-forming one12a even if diffraction
or spectroscopy measurements are inconclusive (which
may happen if there is crystal packing similarity between cocrystal and parents). When a combination
exhibits low melting behavior with no distinct diffraction or spectroscopic signatures, such as the case
of CAF–BA (post facto there is no crystal packing
similarity between it and its parents),14,21 the problem of resolving it as a deﬁnite eutectic or an inaccessible cocrystal arises. The same example shows the
failure of both heating (Sekiguchi’s and this study)
and grinding (Bučar et al.’s and this study) methods
which convincingly appear to induce molecular reorganization (by providing energy/activation) to result
in cocrystal. Therefore, a technique which evades or
crosses the (high) activation barrier for cocrystal nucleation and sustains the growth of cocrystal nuclei will
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Systems selected for the study and results of heteronuclear seeding experiments.

Combination
caffeine–benzoic acid

ornidazole–4iodobenzoic acid
pyrazinoic acid–
nicotinamide
glutarimide–3hydroxybenzoic acid

Seeding experiments
Cocrystal seeds
LAG

Nature of the
combination

SC

cocrystal by
Bučar et al;14
eutectic by
Sekiguchi15
eutectic

caffeine–2,3-diﬂuorobenzoic acid

cocrystal

cocrystal

caffeine–salicylic acid26

cocrystal

cocrystal

ornidazole–4-aminobenzoic acid

eutectic

eutectic

eutectic

pyrazinoic acid–isonicotinamide

eutectic

eutectic

eutectic

glutarimide–3,5-dihydroxybenzoic acid

eutectic

eutectic

be helpful to resolve cocrystal/eutectic formation for
a particular combination. Heteronuclear seeding17 followed by slurry crystallization,22 which resulted in the
formation of long elusive CAF–BA cocrystal,14 thus
has the potential to facilitate cocrystal formation. This
is because the method eludes rate-limiting nucleation
step through seed effect17 and sustains supersaturation
for cocrystal growth through solution-mediated phase
transformation.22b Consequently, heteronuclear seeding, followed by LAG and SC independently (detailed
in Experimental Section), was undertaken in this study.
The results obtained for each of the four systems subjected to heteroseeding experiments are tabulated in
table 1 and the matters in each case are discussed
individually as follows.
3.1 Caffeine–benzoic acid (CAF–BA)
Pure CAF–BA combination never yielded the cocrystal in the numerous experiments (neat grinding, LAG,
sonic slurry and solution-mediated phase transformation) carried out by the four different groups involved
in Bučar et al.’s article and has formed only upon seeding with cocrystals of caffeine and various ﬂuorobenzoic acids.14 The same phenomenon of non-formation
of cocrystal was also observed in this study in unseeded
LAG and SC experiments. Additionally, CAF–BA system did not show any sign of cocrystal formation from
its eutectic melt as analyzed by DSC (only a single
endotherm was observed) and PXRD (no new or distinct peaks were observed) and manifested ‘V’-type
pattern of a eutectic-forming system (ﬁgure 1) conforming to Sekiguchi’s study. Further, solution crystallization method always resulted in falling apart of caffeine
or caffeine monohydrate and benzoic acid upon crystallization which is understandable based on solution
kinetics. This should be the reason for Bučar et al.,
to execute ‘structure solution from powder diffraction’
technique27 to determine the 1:1 CAF–BA cocrystal

structure in the absence of single crystals. Bučar et al.,
prepared the cocrystal (powder material) by using several 1:1 caffeine–ﬂuorobenzoic acid (abbreviated here
as CAF–FBA) cocrystals and pure ﬂuorobenzoic acids
respectively, as heteroseeds. Irrespective of whether
being isomorphous28 to CAF–BA cocrystal or not, all
their CAF–FBA cocrystals resulted in a 1:1 cocrystal of CAF–BA combination. This indicates the role
of epitaxy,17,29 however isosterism between hydrogen
and ﬂuorine1a,30 may be argued as a factor. In this context, 1:1 salicylic acid cocrystal of caffeine26 (abbreviated here as CAF–SA), whose hydroxyl group (of
SA) is not isosteric with hydrogen (of BA) and further
non-isomorphous to CAF–BA cocrystal, was selected
for heteroseeding in this work (table 1). Additionally, Bučar et al.’s caffeine–2,3-diﬂuorobenzoic acid14
(abbreviated here as CAF–23DFBA) 1:1 cocrystal
(table 1) which is isomorphous to CAF–BA cocrystal
was used as a control standard. It should be noted that
both these combinations (CAF–SA & CAF–23DFBA)
are structural analogues to CAF–BA combination.
The facile formation of 1:1 cocrystals for several
caffeine–ﬂuorobenzoic acid (e.g., CAF–23DFBA)14
and caffeine–hydroxybenzoic acid (e.g., CAF–SA)26
combinations as against the elusive 1:1 CAF–BA cocrystal is a matter of interest on the ﬁrst hand. It is found
that complementarity of hydrogen bonding donoracceptor groups (or heteromolecular interactions) and
continuity in the growth of heteromolecular motifs lead
to the formation of cocrystal for a given combination,
with eutectic being formed otherwise (see table S1, in
SI).1a,12 In case of caffeine–ﬂuoro/hydroxybenzoic acid
(CAF–FBA/HBA) systems, there are each three complementary hydrogen bond donor (caffeine: methyl;
ﬂuoro/hydroxybenzoic acid: carboxylic acid & C–H)
and acceptor (caffeine: imidazole ‘N’ & carbonyl ‘O’;
ﬂuoro/hydroxybenzoic acid: ﬂuorine/hydroxyl ‘O’)
groups such that they can form at least three basic heteromolecular units. Carboxylic acid invariably forms
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Figure 1. (a) DSC of CAF (black), BA (blue), CAF–BA 1:1 physical mixture (green) and CAF–BA 1:1 co-melted material
(red). (b) Phase diagram of the system shows that it behaves as a eutectic system with a composition of 1:2 having a low
melting point of about 90◦ C as compared to parent components (CAF - 236◦ C; BA - 122◦ C). Solidus points are shown as green
ﬁlled circles and liquidus points as open red squares. (c) PXRD pattern of 1:1 CAF–BA co-melted material (middle) manifests
as a summation of parent components (top and bottom) and does not exhibit any peaks characteristic of 1:1 cocrystal.

heterodimeric units with imidazole31 and such dimers
extend into tetrameric units and so on through methyl–
ﬂuoro/hydroxyl interactions and C–H(FBA/HBA) · · · O=
C(CAF) interactions to result in cocrystals for caffeine–
ﬂuoro/hydroxybenzoic acid combinations (ﬁgure S2, in
SI). The lack of free acceptor group in simple benzoic acid to complement the methyl donor of caffeine
and supplement the growth of heteromolecular motifs,
makes it convincing to believe that CAF–BA combination does not tend to form a cocrystal because of
seemingly higher energy for the system as compared
to caffeine–ﬂuoro/hydroxybenzoic acid systems (two
vs. three basic heteromolecular units). Moreover, the
eutectic-type phase behavior (‘V’ pattern) of the system strengthens the notion of non-occurrence of its
cocrystal. However, the manifestation of the cocrystal
(ﬁgure S2, in SI) upon heteroseeding points towards
the energetics involved. The hypothesis by Bučar
et al.,14 is that even some of the parent ﬂuorobenzoic
acids can facilitate the formation of CAF–BA cocrystal
in that they form CAF–FBA cocrystals (in situ) which
act as heteroseeds and lead to CAF–BA cocrystal.
Regardless of whether CAF–FBA cocrystal or its parent

ﬂuorobenzoic acid induces the formation of CAF–BA
cocrystal, it is apparent that ﬂuorine group in the form
of ﬂuorobenzoic acid brings down the energy of CAF–
BA system (by engaging with the free methyl group)
and catalyzes cocrystal formation. To validate the role
of epitaxy, apart from isosterism, in the manifestation of CAF–BA cocrystal, CAF–BA, in this study,
was charged with hydroxyl ‘O’ acceptor in the form
of caffeine–salicylic acid (CAF–SA) cocrystal which
is both non-isomorphous and non-isostructural with
CAF–BA cocrystal.
Both cocrystal heteroseeds of CAF–23DFBA and
CAF–SA could be easily obtained, by LAG of the
respective components in methanol using a mortarpestle, which indicates favorable energetics for the
combinations to form cocrystals. At ﬁrst, heteroseeding
experiments were carried out using CAF–SA cocrystal so as to avoid the established induction of CAF–BA
cocrystal in the presence of CAF–23DFBA cocrystal.
Both the cocrystals resulted in the formation of
CAF–BA cocrystal in independent LAG and SC
experiments, upon using them as seeds, as analyzed by
PXRD (ﬁgure 2) and DSC (ﬁgure 3). A phase diagram
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was constructed for CAF–BA system by mixing the
parent materials with their 1:1 cocrystal (this is because
pure parent combinations manifested a ‘V’-type pattern
of eutectic as discussed earlier). One to three molar
CAF and BA were mixed independently with 1:1
cocrystal (2:1, 3:1, 4:1, 1:2, 1:3 and 1:4 CAF–BA compositions were made from 1/2/3 mol CAF/BA + 1:1
CAF–BA cocrystal) and were analyzed. The characteristic ‘W’-type phase diagram of a cocrystal-forming
system has manifested (ﬁgure 3b). In all, both the structural analogues of CAF–BA combination facilitated
the formation of cocrystal for the combination with
isosterism and epitaxy having independent roles in its
manifestation.
3.2 Ornidazole–4-iodobenzoic acid (ORL–4IBA)
The manifestation of cocrystal for ORL–4IBA12b system
had been anticipated on the basis of facile formation
of iodo–nitro heterodimeric unit9f which can extend the

potent carboxylic acid–imidazole heterodimer31 in the
combination such that they make tetrameric motifs and
propagate continuously building the cocrystal. However, the combination manifested as a eutectic which
was rationalized based on the mismatch of induction
strength complementarity between iodo (low +I effect)
and nitro (high –I effect) groups so that they do not
make a heteromeric unit and stabilize/propagate the heterotetrameric motifs12b (ﬁgure S3, in SI). On the other
hand, ornidazole–4-aminobenzoic acid (ORL–4ABA)
system, a structural analogue of ORL–4IBA, formed a
1:1 cocrystal.12b The strong complementarity between
amine (high +I effect) and nitro (high –I effect)
groups, unsurprisingly, facilitated cocrystal formation
for the combination (ORL–4ABA) since they can form
heterodimers1h and propagate with the carboxylic acid–
imidazole heterodimers (ﬁgure S3, in SI). Hence, ORL–
4ABA cocrystal was selected as a heteroseed to obtain
the putative ORL–4IBA 1:1 cocrystal. Independent
LAG and SC experiments following heteroseeding of

Figure 2. PXRD patterns of 1:1 CAF–BA combination subjected to LAG and SC (a) without and (b) with heteroseeds. In
the absence of seeds, the combination just manifests as a summation of parent materials (CAF (monohydrate) + BA) and does
not exhibit any peaks characteristic of its 1:1 cocrystal. 1:1 CAF–BA material from LAG and SC followed by heteroseeding
matches with the calculated X-ray diffraction pattern of 1:1 CAF–BA cocrystal.
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Figure 3. (a) DSC and (b) phase diagram of CAF–BA system subjected to heteroseeding show that it is a cocrystal-forming
system. 1:1 cocrystal melts at 106◦ C and it forms eutectics with both parent materials independently (CAF–BA:BA - 93◦ C;
CAF–BA:CAF - 103◦ C). Solidus points are shown as green ﬁlled circles and liquidus points as open red squares.

ORL–4IBA did not result in any cocrystal and corroborated the earlier study that it is a eutectic-forming
system12b as analyzed by PXRD (ﬁgure 4) and DSC
(ﬁgure 5). It appears that either the energetics provided
by the heteroseed are not sufﬁcient or the energetics
of cocrystal formation for ORL–4IBA system itself are
not favorable. Thus, the seemingly feasible cocrystal
manifestation upon heteroseeding with right seed, but
ultimately sustenance of eutectic behavior proves that
manifestation of eutectic for a given combination is not
an artefact. Furthermore, it shows that eutectic is an
alternate outcome of cocrystallization.1a,12
3.3 Pyrazinoic acid–nicotinamide (POA–NAM)
Among the pyrazinoic acid–isomeric pyridine carboxamide combinations subjected to cocrystallization, a 1:1 cocrystal has formed for pyrazinoic acid–
isonicotinamide (POA–INAM) system, and pyrazinoic
acid–nicotinamide (POA–NAM) and pyrazinoic acid–
picolinamide (POA–PAM) systems formed eutectics.12c
It is interesting to note that POA–NAM system has
more energetic advantage (of heteromolecular interactions in energy calculations) to form a cocrystal
as compared to POA–INAM system, despite which
it formed only a eutectic. Because of its potential to
form a 1:1 cocrystal and based on the knowledge of
several carboxylic acid cocrystals of nicotinamide,18,32
POA–NAM combination was subjected to heteroseeding experiments using POA–INAM cocrystal in an
attempt to obtain its putative cocrystal. LAG and SC
of POA–NAM with POA–INAM cocrystal seeds did
not result in any cocrystal and instead corroborated the
earlier study that it is a eutectic-forming system12c as
analyzed by PXRD (ﬁgure 6) and DSC (ﬁgure 7).
The result raises the question of whether or not
POA–INAM cocrystal is the right seed to make the

putative POA–NAM cocrystal, although epitaxy can
play a role. To answer this, one needs to understand
the supramolecular compatibility of POA–pyridine carboxamide combinations.12c The primary supramolecular synthons of POA–pyridine carboxamide combination are carboxylic acid–pyridine, carboxylic
acid–carboxamide and carboxamide–carboxamide centrosymmetric ring dimers, which have to be propagated
in the lattice for a cocrystal to form. In POA–INAM
system, the para location of the amide group renders
the anti-NH donor free to participate in strong hydrogen
bonds and thus facilitates the propagation of tetramers
(composed of coplanar acid–pyridine and amide–amide
dimers) leading to cocrystal formation12c (ﬁgure S4, in
SI). In case of POA–NAM combination, the anti-NH
donors in the coplanar tetrameric motifs are sterically
crowded and thus become unavailable for propagation
(ﬁgure S4, in SI). An analysis of nicotinamide cocrystals with carboxylic acid group containing partner
molecules18,32 shows that amide group has to undergo
out-of-plane twisting such that the tetramers propagate through sterically freed anti-NH and form a nonsheet type architecture in the cocrystal. Since POA–
INAM cocrystal is a sheet structure having coplanar
tetramers,12c it does not seem to be the right seed that
can provide energy for twisting of NAM’s amide group
and thus facilitate the formation of POA–NAM cocrystal. In all, epitaxy was unsuccessful with POA–INAM
and more studies using other but related nicotinamide–
carboxylic acid cocrystals need to be undertaken to
realize, if at all, the POA–NAM cocrystal.
3.4 Glutarimide–3-hydroxybenzoic acid (GM–3HBA)
Cocrystallization studies on several glutarimide–
hydroxybenzoic acid combinations resulted in a eutectic for GM–3HBA system and a 1:1 cocrystal for the
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Figure 4. Comparison of PXRD patterns of 1:1 ORL–4IBA combination subjected to LAG
and SC with and without seed shows that the combination manifests as a summation of parent
materials and does not exhibit any new or distinct peaks characteristic of a cocrystal.

Figure 5. (a) DSC of ORL–4IBA subjected to heteroseeding shows its fusion temperature at 84◦ C which matches with that
reported in (b) binary phase diagram of the system (Reproduced from Ref. 12b with permission from the Royal Society of
Chemistry, http://pubs.rsc.org/en/content/articlelanding/2014/ce/c4ce01489h#!divAbstract).
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Figure 6. Comparison of PXRD patterns of 1:1 POA–NAM combination subjected to LAG and SC with and without seed
shows that the combination manifests as a summation of parent materials and does not exhibit any new or distinct peaks
characteristic of a cocrystal.

Figure 7. (a) DSC of POA–NAM subjected to heteroseeding shows its fusion temperature at 114◦ C which matches with
that reported in (b) binary phase diagram of the system (Reprinted with permission from Prasad K D et al. 2015 Cryst. Growth
Des. 15 858 (Ref. 12c ). Copyright 2015 American Chemical Society).

Figure 8. Comparison of PXRD patterns of 1:1 GM–3HBA combination subjected to LAG and SC with and without seed
shows that the combination manifests as a summation of parent materials and does not exhibit any new or distinct peaks
characteristic of a cocrystal.
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Figure 9. (a) DSC of GM–3HBA subjected to heteroseeding shows its fusion temperature at 108◦ C which matches with
that reported in (b) binary phase diagram of the system (Reproduced from Ref. 12d with permission of the International Union
of Crystallography, http://journals.iucr.org/).

structurally related glutarimide–3,5-dihydroxybenzoic
acid (GM–35DHBA) system.12d The non-occurrence of
GM–3HBA cocrystal and rather formation of eutectic for the combination was reasoned based on the
insufﬁciency of lone hydroxyl group to propagate
the tetrameric motifs (composed of acid–imide and
hydroxyl–imide dimers) as compared to two hydroxyl
groups in case of GM–35DHBA (ﬁgure S5, in SI). The
lack of additional hydroxyl group in GM–3HBA system gives way for C–Hphenyl · · · Oimide interactions which
were opined to be not energetic enough, at least in
this case, to stabilize/propagate the tetrameric motifs
and form a cocrystal. However, given the potential for
cocrystal formation with right seeds which can facilitate the required energetics, none other than GM–
35DHBA cocrystal was employed for the purpose. LAG
and SC of GM–3HBA followed by heteroseeding with
GM–35DHBA cocrystal did not result in any cocrystal and further corroborated the earlier study that it
is a eutectic-forming system12d as analyzed by PXRD
(ﬁgure 8) and DSC (ﬁgure 9). Thus, this system also
strengthens the notion of eutectic as a product alternative to cocrystal in cocrystallization1a,12 and also that
the manifestation of eutectic for a given combination is
not an artefact.

4. Conclusions
The ﬁrst-of-its-kind study towards resolving a low melting combination as a deﬁnite eutectic or an elusive
cocrystal so as to unfold the intricate issues related
to the manifestation of eutectic/cocrystal is reported.
A supramolecular combination of two or more substances is subject to all permutations and combinations of the variables involved such that the resultant product is less predictable or variable.1a,o,7b,11 The

unpredictability associated with cocrystal formation is
a blessing in disguise in three ways viz. (i) strengthens the patentability criterion of ‘non-obviousness’ for
cocrystals,1n,33 (ii) supports the notion of eutectic formation as an alternate outcome of cocrystallization1a,12
and (iii) paves way for eutectics to be appreciated
as designable materials for various applications, particularly as novel/alternate solid drug forms in similar lines as cocrystals.1a Although organic eutectics
were known in the literature,1s,2b,c,g,34 there is a need
for the revival of research on them so as to tap their
full potential and create new options and applications.
Aakeröy, in his recent paper,35 opined that cocrystal
research has not yet become saturated. On the whole,
the study of integral design and organization of organic
eutectics and of inter-relationships between cocrystals
and eutectics is a fertile research area in supramolecular solid state chemistry and facilitates better understanding of intermolecular interactions, crystallization
and cocrystallization.1a,12 The phenomenon of mutual
exclusivity of cocrystal and eutectic is a win-win situation in cocrystallization. To establish the manifestation of cocrystal/eutectic for a given combination in an
unambiguous manner, heteronuclear seeding stands to
be one of the statutory protocols in the screening arsenal. Earlier studies on unsuccessful cocrystallization
attempts can be revisited for potential cocrystal formation. In this study, the same corroborated the selected
four systems to be cocrystal/eutectic-forming systems
irrespective of the solvent and technique employed.
Nevertheless, to minimize unpleasant surprises in the
future, more techniques should be incorporated into the
heteroseeding methodology and make it as comprehensive as possible; seeding the molten material would
be an addition in appraising the heat-stable combinations. On the other hand, ﬁnding the right heteroseeds
and heteroseed impurity in the cocrystallization product
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is a matter of concern. Further, it needs to be understood, in the case of potential cocrystal-forming systems such as those studied in this work, whether the
energetics facilitated even by right heteroseeds are
not adequate or the energetics of the combination
itself does not sustain/favor any cocrystal formation.
Computational studies,10c,14,36 crystal structure landscape studies,37 solution phase diagrams22b,38 and in
situ monitoring,39 respectively, of cocrystallization are
the ways forward and, therefore, should be undertaken
more rigorously to better understand cocrystallization
and to augment the strategies in the pursuit of delivering
a cocrystal/eutectic on demand.

2.

Supplementary Information (SI)
Supramolecular schematics, packing diagrams of
cocrystals, preparation and characterization of cocrystals and eutectics, ﬁgures S1–S5 and table S1 are available in Supplementary Information at www.ias.ac.in/
chemsci.
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and Jones W 2010 CrystEngComm 12 4038
11. (a) Childs S L, Wood P A, Rodríguez-Hornedo N,
Reddy L S and Hardcastle K I 2009 Cryst. Growth
Des. 9 1869; (b) Childs S L, Stahly G P and Park A
2007 Mol. Pharmaceutics 4 323; (c) Sarma B, Nath
N K, Bhogala B R and Nangia A 2009 Cryst. Growth
Des. 9 1546; (d) In Developing Solid Oral Dosage
Forms: Pharmaceutical Theory and Practice 2009 Qiu
Y, Chen Y and Zhang G G Z (eds.) (New York:
Academic Press); (e) Li Z J, Abramov Y, Bordner J,
Leonard J, Medek A and Trask A V 2006 J. Am.
Chem. Soc. 128 8199; (f) Perumalla S R and Sun C C
2013 CrystEngComm 15 5756; (g) Suresh K, Mannava
M K C and Nangia A 2014 RSC Adv. 4 58357;
(h) Kitaigorodsky A I 1984 In Mixed Crystals (Berlin:
Springer-Verlag)
12. (a) Cherukuvada S and Row T N G 2014 Cryst. Growth
Des. 14 4187; (b) Prasad K D, Cherukuvada S, Stephen
L D and Row T N G 2014 CrystEngComm 16 9930;
(c) Prasad K D, Cherukuvada S, Ganduri R, Stephen L
D, Perumalla S and Row T N G 2015 Cryst. Growth
Des. 15 858; (d) Kaur R, Gautam R, Cherukuvada S
and Row T N G 2015 IUCrJ 2 341; (e) Ganduri R,
Cherukuvada S and Row T N G 2015 Cryst. Growth
Des. 15 3474
13. Cocrystallization needs to be deﬁned broadly as the
study of the formation of crystalline multi-component
adducts such as cocrystals, solid solutions, eutectics, etc.
and not just be reserved to cocrystals. Otherwise, in the
light of eutectics as designable materials,1a,12 one may
tend to employ the term ‘eutectization’.
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