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ABSTRACT: Single-crystal to single-crystal polymorphic transformations in molecular solids are relatively rare, with changes in
crystal structure more commonly leading to destruction of the parent crystal. However, the structural basis for such transitions is of
considerable interest given the changes in material properties that can result. The antihistamine desloratadine displays a two-step,
reversible single-crystal to single-crystal phase transition during heating/cooling cycles between three conformational polymorphs:
the low temperature form I, a polytypic intermediate form II, and the high temperature form III. The two-step transition involves a
sequential flipping of the piperidine rings of desloratadine molecules in the crystals, which induce reversible micrometer-scale
contraction on heating and expansion on cooling of the largest face of a desloratadine single crystal. Distinct, slow-moving phase
boundaries, originating on the (001) face of the crystal, were observed sweeping through the entire crystal in hot-stage microscopy,
suggesting a single nucleation event. Computational spectroscopy, using periodic DFT-D phonon calculations, reproduces the
experimental variable-temperatureTHz-Raman spectra and rules out the possibility of the phase transformations occurring via any
classical soft mode. A combination of variable-temperature powder X-ray diffraction, solid-state NMR, and computational
spectroscopy provides a detailed molecular description of the phase transitions, indicating a first-order diffusionless process between
I → II and II → III, wherein both conformational changes and lattice distortions occur simultaneously in the crystal lattice. The
study indicates that a nucleation and growth mechanism is compatible with concerted movements producing a conformational
change in organic molecular crystals.

1. INTRODUCTION

Understanding polymorphism and phase transformations in
molecular crystals is crucial to enable the effective manufacture
and exploitation of this important class of materials. Poly-
morphism1,2 describes the ability of a chemical compound to
adopt different crystal packing arrangements. Conformational
polymorphs contain molecular conformations that approximate
different isolated molecule conformational minima.3−5 Poly-
morphism is ubiquitous4 and has been reported for foodstuffs,6

pigments,7 agrochemical products,8,9 and pharmaceuticals.10

While single-crystal to single-crystal transformations in
molecular solids are relatively rare, the structural basis for
such transitions is of considerable interest given the impact on

key material properties that can result. Conversion between
polymorphs can change numerous physical properties
including density, solubility, electric conductivity, color,
mechanical strength, and morphology. Depending on the
application, it may be necessary to control such trans-
formations to ensure consistent performance or to deliberately
exploit them to realize structures with desirable functions.

Received: November 13, 2019
Revised: January 14, 2020
Published: January 16, 2020

Articlepubs.acs.org/crystal

© 2020 American Chemical Society
1800

https://dx.doi.org/10.1021/acs.cgd.9b01522
Cryst. Growth Des. 2020, 20, 1800−1810

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

O
L

L
E

G
E

 L
O

N
D

O
N

 o
n 

M
ar

ch
 4

, 2
02

0 
at

 1
1:

11
:2

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/page/virtual-collections.html?journal=cgdefu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijay+K.+Srirambhatla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+M.+Dawson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+L.+Price"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alastair+J.+Florence"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.9b01522&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=tgr1&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.9b01522?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


However, despite ongoing research, it remains challenging to
predict specific occurrences of polymorphism,11 let alone know
which polymorphs can readily interconvert, for example, by a
single-crystal to single-crystal polymorphic transformation.
The term “dynamic molecular crystals” has been applied to

polymorphs where changes in physical properties can be
controlled by external stimuli such as heat, light, or electric
field.12 Despite the discovery of a number of molecular crystals
that change structure under external stimuli,12−14 the design of
new crystalline materials that can transmit molecular-scale
structural changes to desirable macroscopic changes in crystal
shape, while keeping their crystallinity throughout the
transition,15,16 remains a significant challenge in organic crystal
engineering. In particular, the transformation mechanisms
involved are generally ill-defined and poorly understood.17

This is largely because direct observation of the molecular
processes at or near the critical transition point is challenging,
owing to the absence of suitable analytical techniques with
sufficient spatial and temporal resolution. The thermody-
namic,18 structural,19 and other classifications20 for phase
transitions were largely developed for inorganic materials, and
there is increasing evidence that they do not adequately
capture the phenomena occurring in molecular crystals,21,22

particularly for molecules that have very nonspherical shapes,
anisotropic intermolecular interactions, and sufficient flexibility
to change conformation.23

Desloratadine (DES) is an antihistamine drug commonly
used in the treatment of allergic reactions.24 The molecular
structure of DES contains a piperidine ring attached to a N-
substituted dibenzazepine (NDBA) moiety (Figure 1).

Reported solid forms of DES include form I25 (CSD refcode:
GEHXEX) and a benzoate salt (CSD refcode: DEGNOV).26

While the existence of a high temperature form is known,27 no
crystal structure has thus far been reported. In the present
work, reversible conformational phase transitions of DES are
investigated using an array of experimental and computational
methods to probe the structural and energetic changes in this
system. Hot-stage optical microscopy has also revealed unusual
features associated with the mechanism of transformation as
well as macroscopic and reversible shape change in DES
crystals undergoing phase transformations. The striking and
unusual nature of phase transformations in DES is detailed
while also highlighting the complexity associated with
understanding solid−solid phase transformations in industrially
relevant organic molecular materials.

2. EXPERIMENTAL SECTION
2.1. Crystal Structure Prediction and Periodic DFT-D

Calculations. The complete details of crystal structure prediction
studies are given in Supporting Information, Sections 2.2 and 2.3. The

eight low-energy conformations of DES were determined by
optimization at PBE0/6-31G(d,p) level using GAUSSIAN0928 and
the charge density analyzed by GDMA2.029 to give a distributed
multipole model for the electrostatic interactions. These conforma-
tions were used to generate hypothetical structures using
CrystalPredictor2.1,30 and the crystal structures were refined using
Crystal Optimizer2.4,31 using the ab initio relative molecular energies,
the distributed multipoles, and the FIT exp-6 potential32 to allow all
the bond angles and torsions to respond to the packing forces.

Periodic density functional calculations of lattice energy opti-
mizations were performed with the PBE functional,33 with various
dispersion corrections,34−36 using CASTEP17.2.2.37 The harmonic
phonons were calculated by finite displacements using the PBE-TS
functional and using supercells to sample the Brillouin zone.

2.2. Crystallization of DES. DES (8-chloro-11-(piperidin-4-
ylidene)-6,11-dihydro-5H-benzo[5,6]cyclohepta[1,2-b]pyridine) and
anhydrous ethyl acetate was procured from Sigma-Aldrich. Single
crystals of DES were obtained by dissolving ∼100 mg of DES in ∼2−
3 mL of ethyl acetate solvent and allowing the solution to evaporate
slowly at RT. Colorless crystals that appeared after 5−8 days were
used for subsequent analysis.

2.3. Differential Scanning Calorimetry (DSC). DSC measure-
ments were performed on polycrystalline material using a Netzsch
DSC214 Polyma differential scanning calorimeter. The samples were
weighed into aluminum DSC pans and crimped with a pinhole in the
lid. The samples were analyzed over the temperature range RT to 450
K at heating rates of 5, 10, 15, and 40 K per minute.

2.4. In-Situ Variable Temperature Powder X-ray Diffraction.
Powder X-ray diffraction data of the polycrystalline material were
collected using a Bruker AXS D8-diffractometer. Finely ground DES
form I was loaded into a 0.7 mm borosilicate glass capillary and
mounted on the diffractometer operating in transmission geometry,
equipped with a Johansson monochromator using Cu Kα radiation (λ
= 1.5406 Å) and Lynxeye detector. An Oxford Cryosystems
Cryostream was used to control the temperature of the sample
prior to data collection. Variable temperature diffraction data were
collected in the temperature range 150−380 K. Data were collected
over the angular range 3 ≤ 2θ/° ≤ 50, in 0.01° steps, at a counting
time of 1 s/frame increments of detector position. Quantification of
polymorphs by Rietveld analysis38 was performed using TOPAS-V
5.0.

2.5. In-Situ Variable Temperature Single-Crystal X-ray
Diffraction. The single crystal X-ray diffraction data were collected
using Mo−Kα radiation (λ = 0.7107 Å), on a Bruker Apex-II
diffractometer equipped with a CCD detector, controlled using
APEX3 software. An Oxford Cryosystems cryostream was used to
control the temperature of the crystals prior to data collection. Data
integration and reduction were performed using the SAINT software
(version 8.34A).39 The crystal structures were solved by direct
methods using the program SHELXS,40 and subsequent Fourier
calculations and least-squares refinements were performed on F2 using
the program CRYSTALS.41 All non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms
bonded to the carbon atoms were placed geometrically and refined
with the isotropic displacement parameter fixed at 1.5 times Ueq of the
atoms to which they are attached. Protons involved in hydrogen
bonding were located directly via inspection of difference Fourier
maps and were refined isotropically. The crystallographic data of DES
polymorphs I, II, and III are provided in Supporting Information,
Section 1.2.1. Face indexing of the DES crystals was performed using
the Index Crystal Faces routine of Apex 3 software.

2.6. Temperature-Resolved Terahertz Raman Spectroscopy.
Variable temperature Raman measurements was performed using the
Ondax THz-Raman Spectroscopy Systems using a 785 nm laser.
Variable temperature THz-Raman data on a single crystal of DES
were collected between RT and 380 K during heating and cooling
cycles in the extended spectral range of 0−1700 cm−1. The sample
temperature was controlled using a Linkam LST 420 hot-stage.

2.7. Hot-Stage Optical Microscopy. Temperature-resolved
microscopic measurements were performed using a Leica DM6000

Figure 1. Molecular structure of DES.
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FS microscope, equipped with Leica DFC 310 FX camera. A Linkam
LTS 420 hot-stage, equipped with T95-Linkam control pad and T95
Linkam temperature controller unit, and an optional LNP95 liquid
nitrogen cooling pump system were used to control the temperature
of the crystals.
2.8. Temperature-Resolved Solid State NMR Spectroscopy.

Solid-state NMR spectra were recorded on a Bruker Avance III
spectrometer equipped with a wide-bore 9.4 T superconducting
magnet (Larmor frequencies of 400.13 and 100.61 MHz for 1H and
13C, respectively). The sample was packed into a standard 4 mm
zirconia rotor and rotated at the magic angle at 12.5 kHz. Spectra
were acquired with cross-polarization (CP) from 1H with a spin lock
(ramped for 1H) of 5 ms. High-power (ν1 ≈ 100 kHz) TPPM-15
decoupling of 1H was applied during acquisition. Signal averaging was
carried out for 24 transients with a recycle interval of 300 s. The
sample temperature was controlled using a Bruker BVT control unit,
equipped with BCU-II chiller and BVTB-3000 heater booster. The
sample was heated to the target temperature and then allowed to
reach thermal equilibrium for 5 min before data acquisition. The
sample temperature was calibrated using the hexagonal to fcc phase
transition of DABCO (351.1 K)42 as a fixed temperature point and
the temperature dependence of the 87Rb chemical shift of RbCl to
calibrate temperatures across the relevant range.43 13C Chemical shifts
are reported in ppm relative to (CH3)4Si using the CH3 resonance of
L-alanine (δ = 20.5 ppm) as a secondary solid reference.

3. RESULTS

As part of the investigation into polymorphism of DES, a
crystal structure prediction (CSP)44 study was performed
(Supporting Information, Section 2.2). The progress in CSP
methods in recent years11,45 has reached the stage where it is
starting to inform experimental screening approaches46,47 to
allow targeted crystallization of computationally predicted
polymorphs.48−51 Conformational analysis of a DES molecule
in the gas phase resulted in eight conformational minima
within 4 kJ/mol of the global minimum (Supporting
Information, Section 2.1). These were used in the CSP search,
which was also constrained to only consider Z′ = 1 structures.
The search (Supporting Information, Section 2.2) revealed two
densely packed, dispersion bound structures, the most stable
being form I and a higher energy structure that was later shown
to be form III. The other low energy structures were less dense,
and most were based on N−H···N hydrogen-bonded
molecular chains. Alternative evaluations of the relative
stability of the CSP generated structures suggested that the
hydrogen-bonded structures were thermodynamically less
likely than form I and III (Supporting Information, Section
2.3). Hence, the CSP study did not suggest any further
conformational or packing polymorphs to be targeted.
3.1. Differential Scanning Calorimetry (DSC). DSC

analysis of polycrystalline DES I exhibits two endothermic
transitions upon heating with peak temperatures of 338.6 and
431.3 K (Figure 2). While the second endotherm is consistent
with the melting of the compound, the first endotherm with an
onset of 334.8 K can be attributed to successive solid−solid
phase transformations, i.e., overlapping signals from the
conversion of DES I → II and II → III (based on diffraction
data) (Section 2.2 and 2.3). Indeed, upon cooling from 375 K,
the thermogram exhibits two exothermic transitions with onset
temperatures of 326.5 and 313.9 K corresponding to
polymorphic transformations of III → II and II → I. The
enthalpy changes associated with the transformations III → II
and II → I during the cooling cycle are 0.4 ± 0.1 and 0.3 ± 0.1
kJ/mol. According to the heat of transition rule proposed by
Burger and Ramberger,52 if an endothermic transition is

observed before melting, the polymorphs are related
enantiotropically. Repeated experiments between RT and
375 K with different heating and cooling rates (at 5−40 K/
min) resulted in similar thermal data confirming the reversible
and reproducible nature of the phase transformations
(Supporting Information, Figures S16−S19). The DSC data
suggest that DES form I is the thermodynamically stable form
at room temperature (RT) with II and III being enantiotropi-
cally related. While the exact onset of DES I → II and II → III
phase transitions in the heating cycle are not clear, DSC
analysis indicates a thermal hysteresis of ∼20 K based on the
observed onset temperatures.

3.2. In-Situ Variable Temperature Powder X-ray
Diffraction (VT-PXRD). A finely ground sample of recrystal-
lized DES I was used to perform in situ VT-PXRD analysis.
PXRD data were collected between 150 and 400 K for both the
heating and cooling cycles. Representative X-ray diffraction
data for forms I, II, and III are shown in Figure 3 with the

complete data sets in Supporting Information, Section 1.3. The
PXRD data indicate that, upon heating, form I transforms to II
and then to III. Upon cooling, the reverse transformations of
III to II and then to I were observed. All three phases are
observed to coexist over a range of temperatures: visual
inspection of the VT-PXRD data indicates the phase

Figure 2. DSC curves of powder DES I, with a heating cycle in green.
The insert shows the cooling cycle in red. Data collected at 5 K/min.
The black lines indicate area under the curve.

Figure 3. Selected powder XRD patterns at different temperatures
during a cooling cycle. At 340 K (DES III, blue), 320 K (DES II, red),
and at 300 K (DES I, black).
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transformations in the powder between forms I to III extend
over ∼15 K in the heating cycle and ∼25 K during the cooling
cycle, consistent with the DSC and variable temperature solid-
state NMR (VT-SS-NMR Supporting Information, Section
1.6) measurements. More quantitative measurements (see
Section 2.5) indicate that phase transformations between
forms I and III occur across a wider temperature range of over
40 K.
3.3. In-Situ Variable Temperature Single Crystal X-ray

Diffraction. Variable temperature single crystal X-ray
diffraction (VT-SXRD) was used to track the specific structural
changes in individual crystals. Starting with a single crystal of
form I, single crystal X-ray diffraction data were obtained at 80
K, 293 K, 320 K, 335 K, and 350 K during heating and then at
320 K, 315 K, and 293 K during cooling to explore the
sequence of structural transitions.
Investigating the reciprocal lattice planes at different

temperatures indicated that additional reflections that do not
index with form I unit cell parameters appear at ∼320 K
(Supporting Information, Section 1.2.3), before the onset of
phase transformation to II expected at ∼335 K from DSC. The
intensity and number of these reflections increase on
approaching the onset of the DSC derived transition
temperature. Structure determination at 335 K demonstrates
that single crystal has transformed with two molecules in the
asymmetric unit and the length of the “a” axis doubling in size.
One molecule is in the AAA conformation, and the other is in
the ASE conformation (where the piperidine ring and the C6
carbon of the NDBA moiety are in the “syn” orientation),
which is nearly equi-energetic with the AAA conformation
(Supporting Information, Section 2.1). The two molecules in
the asymmetric unit of form II are connected by weak C−H···

N interactions (C···N = 3.369 (2) and 3.360 (3) Å), which
arrange to form 1D H-bonded chains extending along the b
axis. Form II was always observed in the presence of either
form I (on the heating cycle) or form III (on the cooling
cycle), suggesting that fragments of the crystal had not yet
transformed at the measurement temperature.
On heating above 335 K, the DES form II crystal

subsequently transforms to a high temperature phase, form
III. Structure determination at 350 K in space group P21 yields
one molecule in the asymmetric unit in the ASE conformation,
highlighting that all molecules in the lattice have changed
conformation. Upon cooling from 350 K, form III crystals
transform back to form II at 320 K, which subsequently
transforms to form I at 293 K confirming that both
transformations are reversible. The VT-SXRD results show
the transition between forms I, II, and III is a completely
reversible, two-step single-crystal to single-crystal, solid-state
transformation. A number of SXRD measurements with
crystals of different sizes resulted in similar observations with
form II as the intermediate structure. The single particle
transformation mechanisms and transitions are consistent with
those observed from the bulk samples. It is also notable from
both single crystal and PXRD data for DES II that diffraction
from DES I (heating) or III (cooling) was always present. This
is likely due to hysteresis in nucleation of individual crystallites
in the polycrystalline samples or untransformed domains
within the single crystal.
Despite the conformational change of the piperidine ring

involved in each phase transformation, all three polymorphs
contain similar packing arrangements. Overlays of the
asymmetric units (molecules) in the three structures indicate
a conformational change analogous to a chair inversion in

Figure 4. (a) Superimposition of asymmetric units of form I (green Z′ = 1), II (gray Z′ = 2), and III (red Z′ = 1), (b) overlay of the molecular
conformations AAA (blue) and ASE (red) in DES I and DES III, (c) crystal packing arrangements of DES I (P21, a = 7.061 Å b = 12.070 Å c =
9.559 Å, β = 108.2°), II (P21, a = 14.818 Å, b = 12.223 Å, c = 9.631 Å β = 113.3°), and III (P21, a = 7.754 Å b = 12.139 Å c = 9.608 Å β = 108.2°),
with the a axis in red, b in green, and c in blue. The hydrogens in (b) and (c) are omitted for clarity.
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piperidines (Figure 4b). Thus, the three DES structures
reported here are clearly conformational polymorphs3−5 with
form II being a polytypic53 arrangement of alternating layers of
I and III. Owing to the close similarity in crystal packing
arrangements of all the three forms, there is a close
orientational relationship between the unit-cell parameters of
forms I, II, and III as measured with the TOPO software54

(Supporting Information, Section 1.2.5). A direct comparison
of unit cell parameters of the three polymorphs shows that the
a axis doubles, the b axis expands, while the c axis
insignificantly contracts during the I→ II phase transformation
(Supporting Information, Section 1.2.4). Also, during the II →
III transformation the a axis halves, while the b and c axes
expand over this temperature range. Additionally, the angle β
sequentially increases from form I to II to III (108.08°,
113.38°, and 118.78° respectively). The refined Flack
parameter values (Supporting Information, Section 1.2.1) at
different temperatures indicate that the reversible trans-
formation occurs without a change in the handedness of the
crystals. The mosaicity (∼0.59 ± 0.02) of the crystal also
remains constant over the heating and cooling cycles,
suggesting no significant change in individual crystal quality.
3.4. Variable Temperature THz Raman. Lattice

dynamics are of central importance to understand the
mechanism of solid−solid phase transformations and material
properties. Terahertz (THz) spectroscopic55 techniques can
readily measure the phonon modes at the Brillouin zone
center, and so temperature resolved THz-low frequency
Raman measurements on a single crystal of DES were
performed to investigate the mechanism of reversible phase
transformation. The evolution of the low-frequency Raman
spectra as a function of temperature is measured under
nitrogen atmosphere during the heating and cooling cycles
over the extended spectral range 0−1700 cm−1 (Supporting
Information, Section 1.4). The representative low-frequency
Raman spectra (below 210 cm−1) of DES I, II, and III (Figure
5) show substantial differences. Additionally, there is a
progressive change in the Raman spectra with change in
temperature accompanying the transformation of form I to
form II and subsequently to form III (Supporting Information,

Section 1.4). The appearance and disappearance of vibrational
modes confirm the reversible nature of the phase trans-
formation. The spectrum of form I shows that several modes
shift to lower frequency on heating, which reverses on cooling,
which may be attributed to the changes in thermal vibrations.56

There is no evidence from the THz-Raman data of any
transient amorphous or disordered intermediate phases during
the heating/cooling cycles.57

While the THz Raman data are rich in information
corresponding to both inter- and intramolecular vibrations,
extracting relevant information is challenging without exploit-
ing the recent development of computational methods.58,59

Theoretical harmonic phonon dispersion curves along high-
symmetry paths of the Brillouin zone were calculated using
periodic electronic structure (PBE-TS) methods (see Support-
ing Information, Section 2.4). Allowing for the expected offset
between the calculated and observed modes in the THz region,
the calculated and experimental modes match reasonably well
(Figure 5), particularly considering the elevated temperatures
at which the THz spectra were measured.
The free energy differences between the three forms were

also estimated from the calculated modes and lattice energies
(Supporting Information, Section 2.4). Form I was found to be
the most thermodynamically stable form at lower T, with form
II being the next most stable in lattice energy, but the thermal
contributions stabilize form III, such that form III becomes the
most stable phase above about 380 K. The energy differences
between form I and III are in reasonable agreement with the
DSC measurements, given the uncertainty in the lattice
energies and the use of the harmonic approximation without
allowance for thermal expansion.60 Form II is very
thermodynamically competitive with the other forms around
the transition region (Supporting Information, Figure S28).
Visual examination of the calculated THz modes in Jmol61

indicates strong mixing of inter- and intramolecular vibrations,
and there is no single phonon mode that can be seen as a
pathway for the phase transformations. The calculated phonon
modes also indicate that all phonon frequencies are positive
across the entire Brillouin zone (Supporting Information,
Figure S27), implying that all three forms are stable and ruling
out the possibility of either of the two phase transformations (I
→ II and II → III) occurring via a “soft” mode mechanism.62

This contrasts with the order−disorder phase transformation
observed in camphor, where it was shown that one single low-
frequency mode was responsible for the phase trans-
formation.63

The intensities and frequencies of several optical modes in
the mid-infrared region of the Raman spectra also differ
between the forms. These are in good agreement with the
computed Raman spectra for the isolated molecule in the AAA
and/or ASE conformations (Figure 6). The main differences in
the Raman spectra are associated with the piperidine ring
conformation. Comparison of the calculated Raman spectra
suggests that a peak at 987.3 cm−1 can be used unambiguously
as the fingerprint of the AAA conformation (Supporting
Information, Section 2.6). This peak was used to quantify the
proportion of the AAA conformation during heating and
cooling and the accompanying phase transitions (Figure 7).

3.5. Quantifying and Interpreting DES Phase Trans-
formations through Temperature Cycles. The progress of
DES phase transformations through temperature cycles, as
monitored through the percentage of molecules in the AAA
conformation, from variable temperature Raman single-crystal

Figure 5. Low-frequency regions of the measured THz-Raman
spectra of crystalline DES polymorphs I, II, and III. The markings at
the bottom of each spectrum are the calculated Γ-point phonons of
the respective polymorphs (Supporting Information, Section 2.5).
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spectra, correlates well with that shown from the quantitative
Rietveld analysis of variable temperature PXRD observations in
Section 2.2 (Figure 7), Along with the other measurements on
macroscopic samples including DSC (Section 2.1, Supporting
Information, Section 1.5) and SS-NMR (Supporting Informa-
tion, Section 1.6), this offers a molecular-level interpretation of
different stages of DES phase transitions in both bulk powder
and single crystal samples. It is clear that during heating form I
first transforms to form II with the appearance of the ASE
conformation. On the basis of the PXRD data, Form II reaches
a maximum composition in the powder sample at 335 K (28%)
after which the sample rapidly and completely converts to form
III above 350 K. This indicates that during the DSC heating
measurements (Figure 2), the two phase transitions (I → II
and II → III) overlap, probably due to hysteresis, resulting in a
single observable endotherm (Tonset = 334.8 K). The
temperature range over which conformational change is
observed (black lines in Figure 7a) from the Raman
measurements is in good agreement with the observed

endothermic peak from DSC upon heating (Figure 2). During
cooling, THz Raman revealed two stages for the molecular
conformation changes, separated by an evident slow-down just
before the AAA percentage reached 50% (black lines in Figure
7b), again matching the observed transition temperatures by
DSC (T(III →II)onset = 326.5 K and T(II→I)onset = 313.9 K)
(Figure 2). In the first stage, form III transforms to form II
with the accompanying transformation of some ASE con-
formers to AAA, while some form II may have transformed to
form I by the end of this stage. However, at 315 K, form II is
the main component (64%) of the sample, with about 27% of
untransformed form III and 9% completely transformed to
form I. This is presumably down to different nucleation rates in
different individual crystals in the sample and may result from
differences in particle size and quality. At the end of the first
stage (315 K), THz Raman showed a slow-down of
conformation change, followed quickly by the second stage
of transformation (from II → I), matching the second
exothermic peak in DSC (Figure 2), along with any remaining
III → II → I transformation resulting in the complete
transformation of the sample to form I (and AAA
conformation).

3.6. In-Situ Hot-Stage Microscopy. Crystals of DES form
I were immersed in silicon oil and examined by hot-stage
microscopy during heating and cooling between RT and 360
K. Upon heating, the crystal visibly changes shape (Figure 8,
Supporting Information, Figures S1 and S3, Supporting
Information Video_S1 and S2), and a continuous transverse
wavefront can be observed, initiating from the (001) face, that
moves through the crystal as growth of the emergent phase
proceeds. In the heating cycle, it has not been possible to
attribute the observed optical phenomenon to either of the two
possible transformations (I → II or II → III), due to the
narrow temperature difference between successive trans-
formations. Viewed perpendicular to the (101̅) face, the
width of the crystal between faces (100) and (001) reduces by
∼9.5% at the phase transition on heating and returns to its
original dimensions on cooling back to RT (see Supporting
Information, Video_S1 and S2). During the cooling cycle
between the temperatures (360−330 K), corresponding to the
III → II transition, limited changes are observed. However,

Figure 6. Comparison of (bottom) experimental THz-Raman spectra
at two temperatures and (top) scaled calculated Raman spectra for an
isolated molecule of DES in the AAA and ASE conformations. The
peak (observed at 987.3 cm−1) marked with an asterisk is unique to
the AAA conformation.

Figure 7. Percentage of polymorphs I (blue), II (magenta), and III (red) of DES as a function of temperature, from quantitative variable
temperature PXRD, compared to and percentage of AAA conformations analyzed by THz-Raman during the (a) heating and (b) cooling cycle.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.9b01522
Cryst. Growth Des. 2020, 20, 1800−1810

1805

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_003.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01522/suppl_file/cg9b01522_si_003.mp4
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01522?fig=fig7&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.9b01522?ref=pdf


upon further cooling through the II → I transformation
between 320 and 300 K, the crystal shape changes visibly as
the wavefront propagates through the crystal with a change in
relative intensity of the light transmitted through the crystal.
The propagation of a discernible wavefront occurred in a
number of crystals of different sizes at a range of heating/
cooling rates. The speed of the propagating wavefront during
both the heating (I → II and/or II → III) and cooling cycles
(II−I) was estimated to be in the range of 0.17−0.35 μm/s,
which showed some dependence on the heating/cooling rate
as well as the crystal size. The speed of the wavefront of
transformation in all cases is several orders of magnitude
slower than the displacive second order transformations64

observed in metals and alloys.65 The reversible phase
transitions and shape changing effects occur with complete
retention of the crystal orientation and morphology.23

If the crystals are heated when exposed in air, cracks appear
accompanied by a visible propagation of a transformation
interface in the bulk of the crystal, followed by small
movements of the crystal as it transforms to form III
(Supporting Information Figure S2, Supporting Information,
Video_S3). There are again no observable optical phenomen-
on during the cooling III → II transformation. However, upon
further cooling, a transverse wavefront was observed during the
II → I transformation. The numerous cracks observed during
the heating cycle are possibly due to strains from temperature
gradients, arising from the less uniform heat transfer in the
absence of silicon oil. The estimated speed of the wavefront in
air-exposed crystals is generally faster (∼37 μm/s) compared
to crystals immersed in silicon oil. The slight movement of the
crystal (see Supporting Information Video_S3) is a demon-
stration of the thermosalient effect, although is not as strong as
those observed in other jumping crystals,66−68 where crystals
jump off the surface due to the sudden release of strain or
elastic energy following a phase transformation.
The reversible shape change in the I → II → III transition is

most apparent at the dominant (101̅) face of the DES crystal,
defining the width of the crystal as viewed in Figure 9. The
crystal packing arrangement in the (101̅) plane shows that the

distance between two chlorine atoms (dCl−Cl) decreases by
0.976 Å or 9.8%, from 9.959(2) Å in form I to 8.983 Å in form
III (Figure 9a). This change in dCl−Cl distance following the
conformational flipping of the piperidine ring in DES results in
a contraction in the crystal size by ∼9.5% (from 182.5→ 165.2
μm; Figure 9b and Supporting Information, Figure S3) as
observed in hot-stage microscopy. The transformed crystal at
high temperature reverts back to the original shape when
cooled to RT. While molecular crystals that reversibly change
shape due to order−disorder69 phase transformations14,70−73

have been reported, DES is the first case of macroscopic shape-
changing organic crystal resulting from significant conforma-
tional changes. The macroscopic and reversible shape
deformation in DES crystals is not instantaneous, as would
be observed in second-order shuffle-type transformations;
rather, it is induced locally and consistently via nucleation on

Figure 8. (a) Microscopic image of a DES crystal immersed in silicon oil on cycling through the phase transitions. The red dashed line indicates the
movement of the visible phase boundary between DES II→ I. (b) SXRD face indexing of representative single crystal used in hot-stage analysis. (c)
Crystal packing arrangement on the (100) face.

Figure 9. (a) Distance between chlorine atoms (dCl−Cl) in the (101̅)
plane measured in form I and form III. (b) Photographs of crystal
deformation at low and high temperatures. The crystal contracts by
around 9.5% on the (101̅) face, which is a consequence of the change
in dCl−Cl distance in the (101̅) plane.
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the (001) face, and growth spreads gradually over the entire
crystal within a small temperature window via propagation of
the transformation wavefront. While the exact cause of the
reproducible directional wavefront remains unknown, the
sluggishness of the wavefront and the associated shape
changing effect can be attributed to the changes in molecular
conformation and intermolecular interactions in the crystal.

4. DISCUSSION
The experimental observations have structurally characterized
the high-temperature form (form III) of DES as a conforma-
tional polymorph and have shown that there is an ordered
intermediate phase (form II) with CSP showing that further
polymorphs are unlikely. Periodic DFT-D calculations put the
lattice energy and density of form II midway between those of
form I and III. The three polymorphs have nearly identical
packing with a definite orientational relationship between the
parent and daughter phases (Supporting Information, Section
1.2.5). While there are significant conformational changes in
the piperidine moiety of DES, there are only relatively subtle
changes in the intermolecular distances between neighboring
molecules, preserving their relative orientation and packing.
This is reminiscent of diffusionless phase transformations71

which in metals and inorganics preserves the interatomic
distances between successive phases. However, unlike atoms in
metal crystals, which only need to be specified with interatomic
distances, molecules in molecular crystals can change their
conformations and orientations. Attempts to fit these
transitions neatly into any existing categories of diffusionless
transformations74 remain difficult.
The single-crystal to single-crystal transformations in DES

are first-order processes proceeding via nucleation and growth,
manifested as heat-transfer events in DSC and their
considerable hysteresis. The sluggish-moving wave fronts
observed during the phase changes also do not fit into any
mechanism involving a concerted movement within the whole
crystal. The wave fronts in DES always initiate on the (100/
001) face and propagate in the [101] direction of the crystal,
suggesting a single nucleation event initiated by the flipping of
the piperidine moiety of DES molecules on the (001) face.
Additionally, there is a consistent orientation relationship
between the parent and daughter lattices, probably the result of
epitaxial growth of the latter.49,50,75,76 Previous examples of
concerted movements in molecular crystals have been linked to
martensitic type transformations. Anwar et al. used molecular
dynamics to report concerted bilayer displacements in the β →
α topotactic phase transformation in DL-norleucine.77 Yao et al.
reported cooperative movements of [NiII(en)3]

2+ cations due
to 90° rotation of the oxalate ion in [NiII(en)3](ox) complex.78

Martensitic type transformations were also reported in
superelastic crystals of terephthalamide79 and 3,5-difluoroben-
zoic acid.80 While DES polymorphs exhibit an orientational
relationship and the crystals display reversible shape changing
effects, the transformation speed in DES, which depends on
the crystal size and quality, and its environment (air/silicon
oil), is several orders of magnitude slower than the speed of
elastic waves observed in martensitic type and thermosalient
phase transformations.66−68,81 This is consistent with the
phonon mode calculations on DES showing that it is not a
phase transition mediated by a soft mode. These observations
emphasize that cooperative motion, most commonly asso-
ciated with second-order transitions, is compatible with
nucleation and growth theory for the mechanism of solid-

sate transitions.82 The ability of DES to undergo the
conformational change of flipping the piperidine ring in the
solid state, presumably aided by the two steps (I → II → III)
in a reversible shape-changing manner, shows how remarkably
accommodating weakly bound pharmaceutical crystals can be
to structural transformation.
The thermally induced transformations between the three

polymorphs, investigated by several in-situ variable-temper-
ature studies, revealed the ease with which the polymorphic
conversions can occur in DES. The transformation temper-
atures identified for transition to DES II and III are routinely
accessible during the drying and granulation processing steps,
for example. If the drug product was exposed to temperatures
above the transition temperature, the reversible shape change
of the crystallites could affect tablet integrity and associated
performance attributes.

5. CONCLUSION
The transformations in DES provide a rare chance to explore
and understand the mechanism of a reversible, two-step single-
crystal-to-single-crystal phase transition between conforma-
tional polymorphs. The transition is seen to initiate on specific
facets of the crystal, suggesting a single surface nucleation
event that propagates the transformation as an observable
wavefront across the crystal. The observations contrast vividly
with phase transitions observed in inorganic or metallic
crystals, or indeed rigid molecular crystals where displacive
positional shifts bring about phase transitions. While DES
bears some similarities to transformation in ciclopirox,22 the
conformational change observed in these DES phase
transitions is unique. The ring inversion process in DES is
too complex to occur via a low-energy phonon softening as
observed in organic jumping crystals of 1,2,4,5-tetrabromo-
benzene.83,84 Employing a hierarchy of experimental techni-
ques coupled with computational approaches, we clearly
demonstrate that the two reversible phase transformations
observed in DES are first-order transformations involving the
concerted movement of molecules within the crystal. The
phase transitions of DES highlight the limitations in current
classifications of solid-state phase transitions, historically
derived from inorganic systems, and call for special care
when these are applied to the rich and diverse behavior of
solid−solid phase transitions of organic compounds.23,85
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the transformation matrices [1 0 1 0 1 0 1̅ 0 0] and [1̅ 0 0 0 1̅ 0
1 0 1] respectively to have consistent orientation between all
three polymorphs.
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