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Crystal-to-crystal polymorphic phase transition in
a cocrystal accompanied by expansion and
surface wettability change†

Plabon Saikia,a Poonam Gupta, a Tridib R. Nathb and Naba K. Nath *a

In this study, cocrystallization of n-propylparaben and a ditopic

bipyridine-based azine derivative in a 2 : 1 stoichiometric ratio

was carried out. The resulting single crystals of the cocrystal

displayed crystal-to-crystal polymorphic phase transformation on

heating. The phase transformation is associated with naked-eye

visible expansion and cracking of the single crystals. The two

polymorphs are distinct in their surface wettability.

Polymorphism is a unique phenomenon exhibited by
crystalline materials, where the molecules of the materials are
packed in more than one crystalline arrangement,
consequently leading to their distinct physical and chemical
properties.1,2 Polymorphism is pertinent in industries such as
drugs,3 agrochemicals,4 food,5 dyes and pigments,6 etc.
Cocrystals7,8 are multicomponent crystal forms containing
more than one molecule in a stoichiometric ratio, bound by
non-covalent interactions, and the properties of materials can
be tuned9–11 by suitable selection of coformers. A cocrystal
can also exhibit polymorphism,12 and both crystal forms are
patentable.13,14 A polymorphic material can undergo crystal-
to-crystal phase transformation from one form to another by
applying heat15–22 and occasionally by mechanical stress23–25

or light.26,27

Heat-induced crystal-to-crystal polymorphic phase
transition coupled with the thermosalient effect28–34 or
crystal deformation such as bending,35,36 twisting,37 change
in shape and size,38–40 etc. has recently attracted much
attention. This particular class of single crystals mainly
undergoes two types of polymorphic phase transitions on

heating: martensitic and reconstructive phase
transformation.16,41–43 The martensitic phase transition
involves cooperative and displacive molecular motions, most
likely in a layer-to-layer fashion. In contrast, reconstructive
transformation involves the formation of nuclei, and the
transition transpires by slow molecular diffusion across the
transition interface in a molecule-by-molecule fashion. A
crystal undergoing nucleation and growth phase transition
often loses its structural integrity after the transformation,
whereas in the martensitic phase transition, the initial and
transformed phases have structural similarity, and single
crystals retain their integrity even after the transformation.

Heat-induced mechanical effects displayed by single
crystals are rare, and only a handful of examples of cocrystals
exhibiting such effects are reported.29,37,44 A recent study by
Rawat et al. showed that the thermosalient nature of single
component systems could be carried forward to
multicomponent crystals by using suitable coformers.29 Liu
et al. reported heat-responsive and self-healing single crystals
of a cocrystal of coronene and TCNB.44 Gupta et al.
cocrystallized probenecid and 4,4′-azopyridine in a 2 : 1
stoichiometric ratio; the resulting single crystals displayed
mechanical responses to heat, light and mechanical force by
displaying twisting, bending, and self-healing.37 Research on
stimuli-responsive crystalline materials is evolving due to its
importance in elucidating the fundamental understanding of
the role of intermolecular interactions and molecular packing
in material properties. This understanding further leads to
the development of new materials that have vast potential in
various domains, such as sensors, actuators, data storage,
memory devices, etc.

Our previous work on the cocrystallization of a
symmetrical ditopic hydrogen bond acceptor and coformer
containing n-alkyl chains resulted in stimuli-responsive
single crystals.37,45 In continuation, we have cocrystallized a
bipyridine-based hydrogen bond acceptor and a coformer
with n-alkyl substitution and serendipitously discovered a
heat-responsive single crystal. In this study, we report a 1 : 0.5
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stoichiometric cocrystal of n-propylparaben (PP) with (1E,2E)-
1,2-bis(pyridin-4-ylmethylene)hydrazine (BPA) (Fig. 1) single
crystals, which when heated displayed irreversible expansion
and cracking, while undergoing crystal-to-crystal polymorphic
phase transformation and wettability reversal.

The coformers BPA and PP were synthesized (see the ESI†
for details) and characterised by FT-IR (Fig. S1†) and 1H NMR
(Fig. S2 and S3†). The cocrystal was obtained by slow
evaporation (see the ESI† for details), and FT-IR (Fig. S1†)
and X-ray diffraction (Fig. S4, Table S1†) were used to
characterise the resulting single crystals.

The cocrystal crystallized in a triclinic P1̄ space group with
one molecule of PP and half a molecule of BPA in its
asymmetric unit (Fig. S4, Table S1†). In the crystal structure,
O–H groups of the two PP molecules form hydrogen bonds
with the two pyridine nitrogen of BPA by the O–H⋯N
hydrogen bond (d = 1.80 Å, D = 2.754(3) Å, θ = 171°) to create
the basic structural unit (Fig. 2a). These units are connected
via the C–H⋯O hydrogen bond (d = 2.75 Å, D = 3.485(4) Å, θ
= 133°) between the ester CO group and the C–H of the
n-propyl chain and offset π⋯π interactions (3.437(4) Å)
between the pyridine rings. The stacks of the hydrogen-
bonded units of PP and BPA connect to the neighbouring
units via C–H⋯O (d = 2.80 Å, D = 3.366(4) Å, θ = 120°) and C–
H⋯ π (d = 2.96 Å, D = 3.686(5) Å, θ = 132°) interactions
(Fig. 2b) to complete the three-dimensional packing (Fig. 2c).

When the cocrystal was characterised by performing
differential scanning calorimetry on a crystalline sample, an
endothermic peak appeared in the temperature range of 70–
80 °C with a peak position at 72 °C, followed by a melting
endotherm at 103 °C (Fig. 3). Thermogravimetric analysis
revealed no weight loss in the temperature range of 40–105
°C (Fig. S5†), indicating the transition to be a polymorphic
phase transformation.

To further confirm the polymorphic phase transformation,
variable temperature powder X-ray diffraction was carried out
on a sample of the bulk crystalline material at 35 °C, then at
90 °C by heating the sample in situ, followed by cooling it
back to 35 °C (Fig. 4). The powder X-ray diffraction (PXRD)
pattern of the bulk material at 35 °C matches with the
calculated PXRD pattern obtained from the crystal structure
(Fig. S6†). The PXRD pattern at 90 °C showed clear
differences in the peak positions from the starting material,
indicating a heat-induced polymorphic phase transition in

the bulk crystalline material. The sample was cooled to room
temperature, and again, the PXRD pattern was collected at
room temperature, showing that the phase transformation is
irreversible as the PXRD pattern did not change to that of the
original form after cooling.

The two polymorphs, polymorph 1, obtained by
crystallization, and polymorph 2, obtained by heating
polymorph 1, were further characterised by FT-IR
spectroscopy, revealing clear differences in the CO and
O–H stretching frequencies (Fig. S7†). To assess the stability,
the crystals of the two polymorphs were first isolated and
individual PXRD patterns were collected. The polymorphs
were then subjected to solid-state grinding and solvent drop
grinding using a few drops of acetonitrile solvent for 1 hour.
The PXRD patterns of the ground materials of both
polymorphs after solid-state and solvent drop grinding were
then recorded and analysed. For polymorph 1, no significant
changes were observed in the peak positions in the PXRD
pattern (Fig. S8†). In contrast, the PXRD pattern of

Fig. 1 (a) Components of the cocrystal: BPA and PP. (b) Single crystals
of the cocrystal.

Fig. 2 (a) Basic structural unit composed of O–H⋯N hydrogen-
bonded BPA and PP stacks by π⋯π interactions. (b) The basic structural
units connected to the nearest neighbours by various interactions. (c)
Complete 3D packing of the BPA–PP cocrystal.

Fig. 3 Differential scanning calorimetry showing two endotherms:
one for the polymorphic phase transition at 72 °C and another for
melting at 103 °C.
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polymorph 2 changed, and the peak positions matched with
those of polymorph 1 (Fig. S9†), indicating the higher
thermodynamic stability of polymorph 1.

The polymorphic phase transition of the bulk material
intrigued us to investigate the effect of heat on the single
crystals. When a single crystal (polymorph 1) of the cocrystal
is heated on a hot plate, it undergoes cracking and expansion

during the phase transition at 70–75 °C along with the
appearance of the naked-eye detectable growth phase (Fig. 5,
Video S1†). The formation of nuclei first takes place, and
then the growth phase of the crystal occurs, which leads to
the transition of polymorph 1 to polymorph 2. The phase
transformation generally arises from the corners of the
crystals, cracked sites, twinned boundaries or defects in the
single crystal. The speed of the growth phase is
approximately 2.70 × 10−2 mm s−1, which is much slower than
those observed in the martensitic phase transitions. During
the phase transition, the crystals expand and crack at several
sites (Fig. 5 and S10†), losing their integrity. The crystal
structure of polymorph 2 could not be determined by single
crystal X-ray diffraction due to the poor diffraction quality of
the crystals after phase transition. Optical microscopy and
SEM images of the crystal surfaces clearly showed the cracks
that appeared after the phase transition (Fig. 5 and S10†).
Among the 15 crystals studied under a thermal microscope,
the maximum and minimum expansions (in%) exhibited by
the crystals are 6.63 (l) and 13.54 (w), and 0.87 (l) and 0.90
(w), respectively (Table S2†).

We are particularly interested in the wettability of single
crystal faces46,47 of thermally transformable materials, which
could lead to wettability reversal and have applications in
self-cleaning surfaces. The wettability of a surface by a liquid
depends on several factors such as chemical composition,
surface roughness, particle size, calculation method, etc.
Single crystals are normally unsuitable for wettability studies
due to the small surface areas of the crystal faces. However,
the single crystals of the cocrystal of PP and BPA could be
grown to sufficient sizes with a wider face (Fig. S11†), which
can accommodate a 2 μL sized liquid droplet. To determine
the wettability of the wider faces of the crystals of the two
polymorphs, we have chosen two liquids of opposite
polarities, viz. water and diiodomethane, and the contact
angles were measured on 10 crystals each (Fig. S12 and
S13†). It was found that the contact angles of water and
diiodomethane on the wider face of polymorph 1 (average
value, for water = 80.28° and diiodomethane = 33.05) in all
the 10 crystals are higher compared to those of polymorph 2
(average value, for water = 71.58° and diiodomethane = 11.4)
(Fig. 6, S12 and S13†). The surface energy of the single crystal
of both polymorphs was determined by using the Owens–
Wendt and Kaelble–Uy methods48–50 by using water and
diiodomethane as probe liquids (Tables S3 and S4†). It was
found that for polymorph 2, the surface energy is relatively
higher than that of the single crystal of polymorph 1, which
leads to more wettability in polymorph 2. The mean surface
energy values obtained for polymorph 1 are 43.5 mJ m−2

(Owens–Wendt equation) and 42.98 mJ m−2 (Kaelble–Uy
equation), and for polymorph 2, the values are 51.14 mJ m−2

(Owens–Wendt equation) and 50.5 mJ m−2 (Kaelble–Uy
equation). This difference in wettability may be attributed to
two factors: the exposure of functional groups on the wider
face of the crystal and surface texture. The wider face of
polymorph 1 is (001/001̄) (Fig. S11†), where the functional

Fig. 4 Variable temperature powder X-ray diffraction patterns of
crystalline samples of the cocrystal. PXRD patterns (a) at 35 °C, (b) at
90 °C and (c) at 35 °C after cooling.

Fig. 5 (a) The single crystal of the cocrystal, when heated from 25 °C
to 75 °C, showing expansion along with the appearance of cracking on
the crystal surface. SEM images of the crystal surface showing cracks
(b) before and after (c) phase transition.
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group CO, pyridine and alkyl chains are exposed (Fig. 6),
resulting in a balance between hydrophilicity and
hydrophobicity. On the other hand, after the polymorphic
phase transition, the crystal surface did not become rough;
instead, only cracks appeared, as visualized in the SEM
images (Fig. 5c), along with an increase in the surface free
energy of the wider faces. Hence, it may be concluded that
the lowering of the contact angle value in polymorph 2 may
be attributed to the exposure of hydrophilic centres due to
the cracking of the crystal surface after the phase
transformation. Another reason may be that after the phase
transition, in polymorph 2, the hydrophilic groups such as
O–H, pyridine and CO gain more exposure to the surface
than the hydrophobic alkyl chains.

Conclusions

Materials that exhibit thermomechanical properties are of
particular interest, and hence, their characterization and
optimization are important for future applications. The
polymorphic crystal-to-crystal phase transition has been
successfully demonstrated in a cocrystal composed of BPA
and PP. The inherent irreversibility of the phase
transformation facilitates the examination of the wider
surface of the cocrystal before and after the phase
transformation. Furthermore, during the phase
transformation, naked-eye observable expansion and cracking
of the crystal were observed. The changes in the wettability of
the surface due to the polymorphic phase change also
provide us with insight into their physical properties with
temperature change. The precise mechanism of the phase
transformation could not be determined due to the
unavailability of structural data after the phase

transformation. This study aims to enhance our
comprehension of the intricate relationship between crystal
polymorphism and material properties.
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