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Check for updates

ShubhamSom1, Somnath Dey1, Peuli Ghosh1, Anagha Ghosh2, SwastikMondal2,3 & DeepakChopra 1

The screening of a molecule for its solid-state diversity is of importance in the chemical industry. The
phenomena of phase transitions are also of interest as it allows one to understand the structural
relationship that exists between thedifferent crystal structures. This is expected to have implications in
the observed properties in the substance of interest.With this background, the current study identifies
two distinct phase transition phenomena in single crystals of 2-chloro-Nʹ-(2-chlorophenyl)
benzimidamide (A) and 2-bromo-Nʹ-(2-bromophenyl)benzimidamide (B). Crystallization in DMSO
produced solvatomorphs AIIα and BII at room temperature, while acetone and methanol yielded
polymorphs AI and BI. The enantiotropic transition was characterized as an order-disorder phase
transition in DMSO solvent, which resulted in conversion of AIIα to AIIβ, and was observed at
Tc~199 K through variable-temperature SCXRD and low-temperature DSC. Since the solvent
molecule ordering drives the phase transition, halogen-substituted benzimidamide interactions
remain largely unchanged. However, immersing crystals of AIIα and BII in silicone oil triggered
conversion to AI and BI crystals, completing the transition within 24 h, as confirmed by SCXRD
studies. Thermal analysis techniques were employed to further investigate these transitions.
Additionally, an in-depth examination of molecular packing was carried out to understand the
underlying mechanism of the observed phase transition in these molecular crystals.

Phase transitions in molecular crystals are an important phenomenon and
are driven by solvent and temperature, and thus provide powerful tools for
tailoring the physical and chemical characteristics of solid-state materials.
These transitions can influence crystal packing, polymorphism1, and
intermolecular interactions2,3, thereby modifying properties such as solu-
bility, optical behavior, and mechanical strength. Solvent-induced trans-
formations often involve the incorporation or removal of solventmolecules,
leading to solvated or desolvated crystal forms with unique structural fea-
tures. Conversely, temperature-driven transitions can trigger reversible or
irreversible changes inmolecular conformation or crystal symmetry, as well
as other physical properties4,5. These responsive behaviors are particularly
advantageous in the development of smart materials, pharmaceuticals, and
molecular electronics, wherein control over the solid-state attributes is
crucial. Strategically harnessing these phase transitions allows for the

customized tuning of thermal, electrical, mechanical, and optoelectronic
properties to meet specific application demands6–13.

Solid-state phase transitions can be broadly categorized by two
mechanisms: nucleation and growth mechanism14 and martensitic
transitions15–17.Nucleation andgrowth transitions occur at a specific site and
propagate throughout the crystal molecule by molecule. In contrast, mar-
tensitic transition involves a cooperative structure transformation, transi-
tioning from the parent (austenite) phase to the daughter (martensite)
phase.This process preserves themorphologyof the crystal and establishes a
well-defined orientational relationship between phases. Such transitions
enable reversible single-crystal to single-crystal (SCSC) transformation,
often characterized by abrupt structural changes18–23. Mechanisms under-
lying martensitic transitions include molecular gliding24, rotations12,25, and
conformational changes26, with amphidynamic27,28 crystals being a notable
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subset. These crystals demonstrate rotational molecular motion within a
rigid framework but are generally unable to exhibit the thermosalient effect
due to restricted dynamics. SCSC phase transition can lead to the formation
of domain structures, and relations between domains may be described by
the lost crystallographic symmetry of the parent structure29–32.

Solvent disorder can manifest in two primary forms: static and
dynamic, and in rare cases, may be induced by a phase transition (PT).
Differentiating between these two types is particularly challenging due to
their overlapping characteristics. Static solvent disorder arises when mole-
cules consistently occupy the same lattice positions across unit cells but exist
in different, isolated configurationsororientations, distributed statistically33.
In contrast, dynamic disorder is associated with molecular motion within
the crystal and is marked by substantial atomic displacements34. Under-
standing the nature of solvent disorder is essential for interpreting structural
data and predicting material behavior under varying conditions.

Several synthesized fluorinated benzimidamides exhibit notable dif-
ferences. For instance, (Z)-4-fluoro-N′-(3-fluorophenyl)benzimidamide
displays solvatomorphism in its solid state35. Another distinctive behavior
was observed in the two polymorphic forms of (Z)-2-fluoro-N′-phe-
nylbenzamidamide, where nearly identical and energetically equivalent
molecular arrangements lead to the phenomenon of ‘quasi-isostructural
polymorphism’36. Theseweak intermolecular interactions play a vital role in
phase transition and have a profound impact on thermal expansion prop-
erties. A particularly intriguing phenomenon was observed in ethynyl-
substitutedortho/meta-substituted benzamideswhen exposed to silicone oil
(SO), triggering an unusual phase transition process through SO37.

As part of our continuing investigation into the crystal chemistry of
substituted benzimidamides, we have synthesized and characterized a series
of halogen-substituted compounds. Extensive crystallization screens were
conducted, and the results for 2-chloro-Nʹ-(2-chlorophenyl)benzimida-
mide (A) and 2-bromo-Nʹ-(2-bromophenyl)benzimidamide (B) are pre-
sented in Fig. 1. This study focuses on the existence of enantiotropic phase
transitions (PT) observed in individual solvatomorph crystals. An enan-
tiotropic PT originated on account of the presence of positional disorder
exhibited by dimethyl sulfoxide (DMSO), a molecule, over two sites as the
temperature decreases. At room temperature, the DMSO molecule can
adopt two configurations, DMSOA and DMSOB, relative to compound A.
These configurations are related by a two-fold rotational symmetry along
the axis of the DMSO molecule. A potential interconversion between two
forms could occur if the DMSOwere able to rotate freely by 180° within the
crystal lattice. At low temperature, the disorder freezes into ordered con-
formations of the solvent DMSO. This ordering triggers a PT at Tc ~ 199 K,
resulting in a transformation from monoclinic AIIα to triclinic AIIβ. This
transformation is characterized by a symmetry reduction and the emer-
gence of domain structures. Additionally, immersing the crystals ofAIIα in
silicone oil (SO) initiates a phase transition (PT) to AI, mirroring a similar
transition observed from BII to BI in the isomorphic brominated

counterpart. These transitions were further supported by BFDH38 mor-
phology analysis, which provided deeper insights into the structural pro-
cesses driving these changes.

Results and discussion
A series of ortho, meta, and para derivatives of halogen-substituted
(Cl and Br) benzimidamides was synthesized. The current study extensively
discusses the solid-state diversity observed specifically in two compounds:
2-chloro-Nʹ-(2-chlorophenyl)benzimidamide (A) and 2-bromo-Nʹ-(2-
bromophenyl)benzimidamide (B), both of which exhibit distinct phase
transition phenomena. The synthesis of these compounds, as outlined in
Scheme 1, was followed by characterization using 1H-NMR spectroscopy
(Supplementary Figs. 1, 2). The crystallization ofA andBwas carried out by
using the slow evaporation method with various solvents. At a low tem-
perature of 3 °C, crystallization in solvents such as diethyl ether (DEE),
acetone, and methanol resulted in block and needle-like morphologies
corresponding toAI andBI (SupplementaryTable 1) forms, respectively. In
contrast, employing the samemethodwithDMSOas the solvent at ambient
temperature (23 °C) led to the formation of block-like morphology, as
mentioned, identified as polymorphicAIIα (Supplementary Fig. 3) andBII
(Supplementary Fig. 4).

A comprehensive search of the Cambridge Structural Database39

(CSD) version 2024.1.0 was carried out to identify crystal structures exhi-
biting positional disorder in the DMSO solvent, a common feature in
organic molecular crystals. The search yielded a total of 2015 entries where
DMSO displays positional disorder. Among these, only two cases were
found in which the disorder of DMSO directly contributed to a PT within
the crystal system33,34.

Single-crystal X-ray diffraction analysis confirmed the polymorphic
nature ofA andB. Both compounds displayed solvatomorphism inDMSO,
crystallizing in the monoclinic P21/n space group at ambient temperature.
AIIα and BII are isomorphous (Supplementary Tables 3, 4)40. To quantify
their isostructural nature, commonly used methods such as the unit-cell
similarity index (П), PXRD similarity index, and analysis of the root-mean-
square-deviation (RMSD) were applied. The calculated values were 0.0031,
0.975, and 0.268, respectively (Supplementary Table 5). Additionally,
packing similarity analysis using Xpac41,42 between AIIα and BII yielded a
dissimilarity index (x) of 4.1, further confirming their isomorphous43 nature
(Supplementary Fig. 10). Thermogravimetric analysis (TGA) further vali-
dated the presence of DMSO solvent molecules in the crystal structure.
Weight loss observed around 180 °C corresponds to DMSO content,
measured at 25% for AIIα and 20% for BII (Supplementary Fig. 5). These
experimental values closely matched the theoretical predictions, the values
being 23% for AIIα and 18% for BII (Supplementary Table 2), indicating
inclusion of DMSO in the crystal voids. Other polymorphic forms, AI and
BI, crystallized inP21/c andC2/c space groups, respectively (Supplementary
Tables 3, 4).

Fig. 1 | Phase transition in polymorphs of com-
pounds A and B. Depiction of the formation of
different phases and distinct phase transition phe-
nomena via thermal and silicone oil (SO) in different
polymorphs of compounds A and B.
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Order-disorder thermal phase transition
Variable-temperature data collection reveals an order-disorder phase
transition between AIIα and AIIβ (Supplementary Fig. 6). At 298 K,
the AIIα crystallizes in the P21/n space group with two molecules in the
asymmetric unit (Zʹ = 2). The unit cell parameters at this temperature are
a = 7.3313(4)Å, b = 15.4034(8)Å, c = 15.2772(8)Å, α = 90°, β = 96.770(2)°,
γ = 90°, V = 1713.18Å3 (Fig. 2a). Upon cooling to 100 K, the same crystal
undergoes a significant structural transformation, characterized by marked
destruction of the monoclinic symmetry and appearance of triclinic twin
domains in the diffraction pattern (Fig. 2b) (Supplementary Fig. 12). At this
low temperature (100 K), the AIIβ crystallizes in the P-1 space group,
containing four molecules in the asymmetric unit. The corresponding unit
cell parameters are a = 7.2454(16)Å, b = 15.314(3)Å, c = 14.884(3)Å,
α = 89.401(8)°, β = 97.017(9)°, γ = 87.556(8)°, V = 1637.5(6)Å3. The tran-
sition results in a modest percentage change in the unit cell dimensions
Δa =−1.17%, Δb =−0.58%, Δc =−2.57%, Δα =−0.67%, Δβ = 0.26%,

Δγ =−2.72%,ΔV=−4.59%.The distortion in the alpha (α) and gamma (γ)
angles, measured at −0.67% and −2.27% respectively, highlights the
structural difference between the AIIα and AIIβ phases. The observed
twinning is pseudo-merohedral, characterized by a 180° rotation along the
b-axis. Reflections from the twin domains are either partially resolved or
overlapping. The twin law is represented by the matrix [−1 0 0; −0.188 1
−0.033; 0 0−1]. SCXRDdata at intermediate temperature (220 K) revealed
the presence of only a single domain (green color), as depicted in Fig. 2a.
After the PT, this single domain evolved into distinct twin domains (green
and red color), labeled as domain 1 and domain 2, which are clearly illu-
strated in Fig. 2b.

To confirm the SCSC phase transition and explore its thermodynamic
properties, a low-temperature DSC measurement was conducted. During
the first cooling-heating cycle, crystals of the AIIα phase were cooled from
room temperature (298K) to 120 K at a slow rate of 1 Kmin−1. No distinct
thermal event or phase transition was observed during cooling, indicating
that the transformation from AIIα to the low-temperature AIIβ phase
could not be detected under these conditions. Upon heating from the
cooled state, a pronounced endothermic phase transition was detected at
Tcycle 1 = 199.35 K. This transition corresponds to the conversion of AIIβ
back to AIIα phase, accompanied by an enthalpy change of 1.213 J g−1

(Fig. 2c). The continuation of theDSC experiments for the second and third
cycles yielded highly consistent results. The transition temperature
remained close to the initial value at Tcycle 2 = 199.10 K and Tcycle
3 = 199.30 K in the second and third cycles, while the associated enthalpy
changes were 2.367 J g−1 and 1.161 J g−1, respectively (Fig. 2c). Variable-
temperature SCXRD measurements confirmed that the phase transition is
fully reversible, with the formation of the parent phase AIIα after heating.
This structural reversibility corroborates the DSC results, underscoring the
stability of the crystalline lattice through repeated cooling-heating cycles.

To examine the changes in the molecular conformation in molecule A
during the PT AIIα↔AIIβ, the crystal packing was analyzed using 20
neighboring molecules in each form. The results indicate that all the mole-
cules remained invariant throughout the process of the PT of AIIα↔AIIβ.
The unit-cell similarity index (П), PXRD similarity index, and root-mean-
square-deviations (RMSD) were calculated as 0.015, 0.987, and 0.251,
respectively (Supplementary Table 6). Additionally, the Xpac analysis
betweenAIIα↔AIIβ yielded a dissimilarity index (x) of 2.7 (Supplementary
Fig. 11). Together, these parameters confirm the isostructural nature of both
forms, indicating no significant changes in the crystal packing or con-
formation of molecule A during phase transition. Consequently, the overall
structure remained rigid across the entire temperature range.

Interestingly, the relative population of DMSO in two configurations, I
and II, varies with temperature, supporting the dynamic nature of the
disorder-order. In the AIIα phase, between 298 and 200 K, the DMSO
molecules exhibit disorder of their position, adopting two distinct config-
urations I and II, which are related by a 180° rotation (Fig. 3a). The crystal
packing analysis confirms the presence of disordered DMSO molecules in
the lattice within this temperature range. However, following the PT, the
DMSO becomes fully ordered in the AIIβ phase (Fig. 3b).

Variable-temperature SCXRD reveals a gradual shift in the occupancy
ratio (Fig. 3c) of the DMSO configurations from 0.818(2):0.182(2) at 298 K
to 0.954(2):0.046(2) at 200 K. Therefore, the dynamic disorder has already
significantly decreased in AIIα before progressing toward the completely
ordered twinned triclinic AIIβ phase. This explains why no detectable
exothermic peak corresponding to the AIIα to AIIβ transformation was
observed in the DSC during cooling. The gradual ordering of the DMSO
molecules, combined with the small enthalpy change, further accounts for
the absence of an exothermic peak in theDSC curves during repeated cycles.
On the other hand, during heating, the crystal transforms froma completely
ordered AIIβ to a disordered AIIα structure, showing the sharp co-
operative nature of the transition marked by the endotherm during con-
secutive cycles. This fully reversible behavior, with consistent occupancy
values across cycles, highlights a rare and novel reversible order-disorder
transition involving changes in the orientation of the DMSO solvent. These

Scheme 1 |Molecular design. General synthetic scheme for the synthesis of halogen-
substituted benzimidamides, A and B.

Fig. 2 | SCXRD and DSC analysis. a Reflection image at 220 K (single domain) in
green circle and b 160 K (twinned domains) depicted in red and green circles. c Low-
temperature DSC traces over three cooling-heating cycles, showing a consistent
endothermic peak associated with the conversion of AIIβ to AIIα phase.
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findings confirm that the PTbetweenAIIα↔AIIβ is fundamentally driven
by an order-disorder transformation exclusively of the DMSO solvent
molecules embedded in the crystal lattice. The driving force for the order-
disorder PT is due to the increase in configurational entropy, whose mag-
nitude is Rln2 = 5.76 J mol−1 K−133,44–46.

Crystal structure analysis of AIIα↔AIIβ and BII
The analysis of the crystal structure of AIIα using SCXRD confirmed the
presence of a supramolecular assembly comprising A and DMSO in a 1:1
ratio. This assembly is stabilized by a strongN2-H2A…O1 hydrogen bond.
The crystal structure displays the formation of a stronger tetrameric motif

Fig. 3 | Configurational behavior of DMSO at variable temperature. a Two distinct configurations (I and II) of the DMSO solvent. b Disorder to order transformation
involving the DMSO molecule. c Temperature-dependent occupancy of DMSO, measured from 298 K to 100 K and back to 298 K in AIIα.

Fig. 4 | Crystal packing arrangement of AIIα.
aTetramer formation viaN-H…O,C-H…π and S…
π interactions, b crystal packing along ab-plane and,
c ac-plane in AIIα, respectively.

https://doi.org/10.1038/s42004-025-01715-8 Article

Communications Chemistry |           (2025) 8:330 4

www.nature.com/commschem


(Fig. 4a), stabilized by a network of intermolecular interactions, including
N2-H2B…O1, S1…C9(π), and C14-H14C… C3(π) interactions. These
tetramers are arranged in an alternative manner along the bc-plane, con-
nected through C10-H10…C9(π)/C10(π) interactions (Fig. 4b). Further-
more, the two-dimensional sheets formed are aligned in parallel, stabilized
by additional C4-H4…Cl1, Cl1…Cl2, and C13-H13…O1 interactions
along the ab-plane (Fig. 4c).

ForAIIβ, SCXRD analysis revealed four distinct molecules ofA in the
asymmetric unit, along with DMSO in a 2:2 ratio. C13-H13…O1, C29-
H29B…N1, C30-H30B…N1 and C28-H28B…N3 interactions stabilized
the asymmetric unit. Similar to AIIα, tetramers (Supplementary Fig. 13a)
are formed through N2-H4A…O2, N2-H4B…O2 hydrogen bonds and
additionally supported by S1…C9, S2…C22, and C23-H23…C2(π)/C3(π)
interactions, enhancing structural stability. These tetramers are organized

into 2-D sheets exhibiting an alternative structure along the bc-plane
(Supplementary Fig. 13b). Successive sheets are interconnected by well-
oriented C26-H26…O2 contacts, along with synergistic interactions, like
Cl1…Cl4, andCl2…Cl3 further reinforces the crystal packing along the ab-
plane (SupplementaryFig. 13c).Their respective energy framework analyses
are presented in (Supplementary Fig. 14) with the corresponding outputs
shown in (Supplementary Figs. 15, 16), and the interaction details provided
in (Supplementary Tables 9, 10).

The B polymorph, especially BII, exhibits solvatomorph character-
istics. At 298 K, SCXRD analysis confirmed the presence of a two-
component system comprising B and the solvent DMSO. The form crys-
tallizes in the P21/n space group with twomolecules in the asymmetric unit
(Supplementary Fig. 7). These molecules are connected through a robust
hydrogen-bond network dominated by N2-H2B…O1 interactions. The
DMSO solvent molecules are fully disordered, with an occupancy ratio of
0.683(3):0.317(3). Variable-temperature data collection indicates that no
phase transitionwas observed during the temperature variation from298 to
100 K. Strong intermolecular interactions, including N2-H2A…O1, C10-
H10…C2(π)/C3(π), and S1…C9(π), lead to the formation of a tetrameric
motif in both polymorphs due to their shared isomorphous characteristics.
These tetramers are organized into a herringbone arrangement along the
(101) plane, stabilized by C14-H14B…N1, and C15-H15C…C2 interac-
tions. Furthermore, the 2D sheets formed in the structure are inter-
connected through C13-H13…O1, C4-H4…Br1, and Br1…Br2
interactions (Supplementary Fig. 17). Their respective energy framework
analyses are presented in (Supplementary Fig. 18) with the corresponding
outputs shown in (Supplementary Figs. 19, 20), and the interaction details
provided in (Supplementary Table 11).

Variable-temperature SCXRD
To examine the PT behavior at various temperatures, ϕ-scan data was
collected over a temperature range from 298 K to 120 K. Initially, a 20 K
decrement was applied during the transition from298 to 220 K, followed by
10 K intervals between 220 and 120 K. Temperature-dependent variations
in the lattice parameters and unit cell volumewere observed for two distinct
phases involved in the AIIβ-AIIα transition (Supplementary Table 7).
Notable shifts in the lattice parameters (a, b, c) and unit cell angles (α, β, γ)
and volume in the vicinity of ~190 K clearly indicate a PT (Fig. 5a). Each
parameter displayed either a visible discontinuity or a marked change in
slope near this temperature. The observed fluctuation at 190 K occurs near
the phase transition temperature and likely reflects the formation of twin
domains. As a result, the unit cell parameters at this temperaturemay be less
reliable compared to those obtained at other temperature ranges. The blue
shaded region represented the AIIβ phase, while the green area denoted
AIIα, underscoring a subtle, yet significant structural transformation
between the two phases.

In contrast, the BII crystal exhibited a steady, linear change in the unit
cell parameters across the same temperature range (Supplementary
Table 8), indicating the absence of any PT (Fig. 5b).

To further investigate the presence and absence of low-temperature
order-disorder PT behavior between the isomorphous crystal structures
AIIα and BII, the temperature-dependent changes in the geometrical fea-
tures of various intermolecular interactions were analyzed. Crystal packing
analysis suggests that the differing SCSC phase transition behavior between
AIIα↔AIIβ is primarily influenced by Cl…Cl interactions, which occur
specifically along the crystallographic [103] direction. While the rigid
hydrogen-bonded tetramers remain consistent across both forms, the key
distinction lies in the nature of halogen-halogen contacts.

At 298 K, these weak intermolecular Cl…Cl interactions span a dis-
tance of 3.627 Å, which exceeds the sum of the vdW radii (Fig. 6a). As the
temperature decreases to 200 K, the distance contracts to 3.551 Å (Fig. 6b),
and after the phase transition at 100 K, it further shortens to 3.437 Å
(Fig. 6c). This structural adaptability creates sufficient space for the DMSO
solvent to adopt an ordered conformation in the crystal structure below the
phase transition temperature.

Fig. 5 | Variable-temperature SCXRD. a Variation of unit cell characteristics (a, b,
c, α, β, γ) and unit cell volume during the PT fromAIIα toAIIβ, cyan and lime colors
represent the two different phasesAIIβ andAIIα, respectively. bChange in unit cell
length and volume in BII. The data points correspond to the cooling of the crystal
from RT to 100 K.
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In contrast, the BII crystalline phase features shorter Br…Br interac-
tions. At 298 K, the Br…Br distance is 3.706Å (Fig. 6a), which is nearly
equal to twice the vdW radii. This distance decreases to 3.649 Å (Fig. 6b) at
200 K and further reduces to 3.601 Å (Fig. 6c) near 100 K. Although
variable-temperature studies reveal a gradual change in the order-disorder
behavior of DMSO between 298 K to 200 K, no further change is observed
below 200 K, as this transition becomes limited and eventually halts due to
steric constraints. The continued presence of DMSO disorder at lower
temperature (down to 100 K) inBII is attributed to the absence of sufficient
free volume, which prevents complete reordering of the solvent molecules.
Additionally, Saha et al. and Nangia et al. studies indicate that Br…Br
interactions are less responsive to temperature change and exhibit lower
thermal expansion (TE) behavior, whereas Cl…Cl interactions are more
temperature sensitive and display more pronounced TE characteristics47,48.

Phase transition in silicone oil
An intriguing SCSC phase transition was observed in the presence of sili-
cone oil (SO). During the process of mounting crystals for SCXRD
experiments, anomalous behavior was detected in the crystals of AIIα and
BII when immersed in SO. The first signs of the phase transition appeared
during the mounting of crystals for single-crystal data collection, where SO
is commonly employed as a cryogenic oil for crystal mounting. Needle-like
crystals began to emerge from the block crystals ofAIIα andBII, indicating

a rapid transformation (Fig. 7). This dynamic change occurred swiftly, with
multiple crystals of similar shapes forming during the process.

A comparable anomalous transformation was also observed in the
laboratory, where the addition of a small drop of SO induced the conversion
of the crystals into another form. However, attempts to replicate these
findings using other hydrophobic polymers were unsuccessful, highlighting
the unique role of SO in this phenomenon.

To explore polymorphic interconversion at room temperature, tem-
poral microscopic imaging and thermal characterization were employed to
assess the stability profile of the crystals. When block crystals were sub-
merged in SO, the growth of needle-like crystals began within 20min, and
this transformation continued until complete conversion into the second
form occurred after 24 h. SCXRD analysis of the newly formed needle-
shaped crystals confirmed the generation ofAI andBI polymorphs (Fig. 7).

The thermal stability of the polymorphs was assessed using differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), and hot
stage microscopy (HSM). The synthesized crude compound, referred to as
the bulk compound, is denoted as compound (A) and compound (B),
corresponding to their respective representation in Scheme 1. The DSC
thermograms, presented in color-coded format, for the bulk compound (A)
are represented in black, polymorphAI in blue, and polymorphAIIα in red
(Fig. 8a). The DSC curve for the bulk compound (A) displays a single
endothermic peak at 105 °C, with an associated enthalpy change (ΔH) of

Fig. 6 | Effect of temperature on intermolecular
interactions. Variation of geometrical parameters
of halogen-halogen interactions at different tem-
peratures a) 298 K, b) 200 K, and c) 100 K in AIIα
and BII.

Fig. 7 | Optical visualization in crystals.Optical images of the parent crystals (AIIα and BII) and appearance of daughter phase (AI and BI), respectively, as depicted in a
yellow circle, and the complete formation after 24 h.
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73.4 J g−1 (Fig. 8a). Similarly, polymorph AI (blue) exhibits comparable
melting behavior, displaying an endothermic peak at 104 °C with
ΔH= 75.7 J g−1 (Fig. 8a).

In contrast, polymorph AIIα (red) exhibits a more complex thermal
profile. The DSC trace begins with a broad endothermic peak starting
around 50 °C, followed by a minor endothermic peak at 88 °C
(ΔH= 0.83 J g−1), highlighted by a green circle, and then a major melting
peak at 96 °C (ΔH= 74.03 J g−1) (Fig. 8a).Upon cooling, a broad exothermic
peak appears around 40 °C. During subsequent DSC heating and cooling
cycles (2nd and 3rd), the curves show an anomalous broadening with
several endothermic thermal events starting near 85 °C, eventually culmi-
nating in afinal peak at 106 °C that closely resembles themelting behavior of
polymorphAI (Fig. 8b). This pattern suggests the formation ofmultiphases,
which is likely due to the presence of residual DMSO solvent, which causes
components to melt across a range of temperatures in repeated DSC cycles.
TGA analysis supports this interpretation, indicating a 2.049% weight loss,
corresponding to the loss ofDMSO solvent, between a temperature range of
50 °C to 105 °C (Fig. 8c).

Further insights into this behavior were obtained through HSM.
Images captured during heating show the pristineAIIα crystals (image 1 in
Fig. 8d) begin to undergo desolvation of DMSO solvent after 50 °C (image 2
in Fig. 8d). As the temperature rises, desolvation increases slowly, leading to
the emergence of anunidentified phase, followingminor solvent loss (image
3–6 in Fig. 8d). This unknownphasemelts at 96 °C,which is coincidentwith
themajor peak in theDSC endotherm (image 7–9 in Fig. 8d).Upon cooling,
solidification occurs at ~40 °C (image 11–13 in Fig. 8d). In the secondHSM

cycle, the newly formed phase remains visually stable at lower temperatures
(image14 inFig. 8d), andno significant changes areobserveduntil itmelts at
106 °C (image 15–18 in Fig. 8d), a behavior that closely mirrors polymorph
AI, as indicated by the secondDSCcycle. The variable-temperature SCXRD
data were sufficient to confirm that the AIIα crystal exhibited multiple
domains at an elevated temperature of 362 K. Upon thermal treatment,
these domains transitioned into a secondpolymorphic form, corresponding
to AI (Supplementary Fig. 26).

Overall, the combined thermal analysis (DSC, TGA, HSM, and
SCXRD) reveals that polymorphs AI and AIIα possess distinct thermal
behaviors. Polymorph AI exhibits a sharp melting point, indicative of its
thermodynamic stability, corresponding to bulk form A. In contrast, AIIα
displays a more complex and multiphase thermal response due to residual
DMSO, which initiates desolvation upon heating and facilitates the trans-
formation into an intermediate phase that ultimately resembles AI. These
findings are supported by TGA data indicating solvent loss and HSM
observations of phase transitions. PXRD analysis further confirmsAI as the
dominant crystalline form (Supplementary Fig. 8). Collectively, the results
identify polymorph AI as the most thermodynamically stable form with
higher lattice energy compared to polymorph AIIα (Supplementary
Table 15).

For the bulk compound B, DSC analysis reveals an endothermic peak
at 114 °C with an associated enthalpy change (ΔH) of 55.9 J g−1 (Fig. 9a).
Polymorph BI (blue) shows a similar thermal behavior, exhibiting a sharp
endothermic peak at 114 °C (ΔH= 55.9 J g−1), as illustrated in Fig. 9a.
Meanwhile, the isomorphous polymorph BII (red) exhibits a DSC profile

Fig. 8 | Thermal analysis in AIIα and its polymorphs. a The DSC plot of the
bulk material and its polymorphic phases (AI and AIIα) shows endothermic
peaks, highlighted by a green circle, specifically in AIIα. b DSC plot showing
the continuation of the thermal processes for 2nd and 3rd cycles in AIIα. c TGA

analysis ofAIIα indicates the corresponding weight loss. dHSM images capture the
thermal events associated with the AIIα crystal in different heating and cooling
cycles.
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resembling that of AIIα, beginning with a broad endothermic region at
70 °C, followed by a minor endothermic peak (a) at 111 °C (marked with a
brown circle) (ΔH= 55.9 J g−1), and a major melting peak (b) at 114 °C
(ΔH= 11.05 J g−1), corresponding to the melting point of BI (Fig. 9a).

TGA analysis confirms that BII initially contains 20.004% DMSO
solvent. By 150 °C, approximately 11.765% of this content is lost, indicating
that some solvent remains during the cooling cycle (Fig. 9b). In subsequent
DSC runs (2nd and 3rd cycles), the melting peak at 114 °C consistently
reappears, suggesting the formation and stability of polymorphBI (Fig. 9a).
HSM observations support this conclusion, desolvation begins as the tem-
perature rises (Fig. 9c), followed by nucleation and growth of BI crystals
around 108 °C, highlighted in a green box (Fig. 9c), which melt at 114 °C,
consistent with DSC findings. This observation was further supported by
variable-temperature SCXRD data, which showed that the BII crystals
transformed intomultiple domains at 383 K.Upon thermal treatment, these
domains transitioned into a second polymorphic form, corresponding toBI
(Supplementary Fig. 27).

The thermal analysis confirms that polymorph BI represents the
thermodynamically stable form of compound B. Starting from form BII, it
undergoes partial desolvation and subsequent transformation intoBI upon
heating, thereby indicating conversion into the thermodynamically more
stable formBI (Supplementary Table 15). The consistent endothermic peak
at 114 °C across multiple DSC cycles, supported by TGA, HSM, and PXRD
data (Supplementary Fig. 8), highlights the reproducibility in the formation
of BI on account of its greater stability.

Crystal packing analysis
To achieve the observed polymorphic transition, a comparative structural
analysis must be conducted. The 3D arrangement in polymorphic forms
varies due to the presence of DMSO solvent molecules in AIIα and BII,
which contrasts with the solvent-free formsAI and BI. The crystal packing
of AIIα (Fig. 4) and BII (Supplementary Fig. 17) has been previously dis-
cussed. SCXRD analysis reveals thatAI crystallized in the centrosymmetric
monoclinic space groupP21/c, withonemolecule in the asymmetric unit. Its

structure is characterized by strong hydrogen bonding N-H…N and π… π
stacking interactions (Fig. 10a). These interactions result in alternating
molecular arrangements along the c-axis, forming 2D sheets that further
dimerize through C-H…Cl contacts along the a-axis, creating an extended
network in the ab-plane (Supplementary Fig. 20a).

In contrast, BI crystallizes in the monoclinic space group C2/c, with
three molecules in the asymmetric unit. The structure of BI features robust
N-H…N interactions that facilitate the formation of molecular chains
(Fig. 10b). Additionally, interactions, such as C-H…Br and Br… π contacts
contribute to the formation of a two-dimensional sheet, culminating in a
wavelike molecular arrangement in the bc-plane (Supplementary Fig. 20b).

At the molecular level, the supramolecular architecture of these poly-
morphswas further analyzed by quantifying the stabilization energies of key
interaction motifs. The AIIα and BII polymorphs are isostructural and
incorporate DMSO molecules, resulting in similar crystal packing. Both
structures exhibit N-H…N tetramer motifs, with stabilization energies of
−39.7 kJ mol−1 and −43.5 kJ mol−1 for AIIα (Supplementary Fig. 14) and
−38.5 kJ mol−1 and −46 kJ mol−1 for BII (Supplementary Fig. 18). These
tetramers are further stabilized through C-H…N interactions with DMSO,
contributing−26.9 kJmol−1 and−28.5 kJmol−1, respectively. Additionally,
C-H…O interactions provide further stabilization, measured at
−18.5 kJ mol−1 and −16.2 kJ mol−1, respectively. These interactions
emphasize the central role of the DMSO solvent in the overall structural
integrity.

On the other hand, the AI and BI polymorphs, which do not contain
solvent molecules, exhibit stronger N-H…N interactions with stabilization
energy of −55.3 kJ mol−1 for AI (Supplementary Fig. 21) and
(−52.4 kJ mol−1, −59 kJ mol−1) for BI (Supplementary Fig. 22). In AI,
C-H…Cl and π… π interactions, and in BI C-H…Br contacts further
reinforce the 3D network. Lattice energy calculations also indicate that AI
and BI possess greater stabilization compared to the DMSO-containing
counterpart, AIIα and BII (Supplementary Table 15). The energetics
comparison confirms the relative thermodynamic stability of the solvent-
free polymorphs.

Fig. 9 | Thermal analysis in BII and its polymorphs. a The DSC plot of the bulk
material and its polymorphic phases (BI and BII), respectively, shows endothermic
peaks highlighted by brown circles, inBII crystals. bTGAanalysis ofBIIdisplays the

corresponding weight loss. c HSM images illustrate the thermal events observed in
the BII crystals.
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Upon exposure to external stimuli, such as heat or SO, the AIIα and
BII crystals undergo solvent loss (DMSO), which induces a reorganization
into energetically more favorable supramolecular motifs, thereby transi-
tioning into AI and BI. These transformations highlight the structural
distinctions between the polymorphs AIIα and BII are binary systems
incorporating solvent, whereasAI and BI are single-component structures.

A structural overlay analysis using Mercury software supports these
findings, showing a root-mean-square (RMS) of 0.0116 for the A poly-
morph system (Fig. 11a) and 0.0143 for the B polymorphic system
(Fig. 11b), further confirming the close structural relationship and subtle
difference among these forms.

Preliminary comparative findings revealed that the crystal structure of
AIIα and BII remains stable at room temperature due to their favorable
supramolecularmotifs. However, when exposed to SO, a phase transition to
the second polymorph is initiated, producing needle-shaped crystals on the
surface of the parent crystals. Face indexing of both crystals was performed
using D8-Quest, and the resulting images have been provided in Supple-
mentary Fig. 24. ForAIIαpolymorph, the identifiedcrystal faceswere (011),
(01-1), (100), and (001), while for BII, the observed faces were (101), (011),
(-10-1), and (-111) (Supplementary Fig. 25). These experimental results

supported the results obtained from the prediction via BFDH morphology
analysis. To reinforce the analysis of crystal surface characteristics, we also
calculate the percentage area of each facet for both AIIα and BII crystals
using Materials Studio49,50. The dominant facet for both forms was (011),
accounting for approximately 84% of the total surface area in AIIα (Sup-
plementary Fig. 27) and 82% in BII (Supplementary Fig. 28), as detailed in
Supplementary Table 14. Additionally, the calculated attachment energy
(Eatt) was lowest for the (011) facet, measuring −51.64 kJ mol−1 for AIIα
and −53.74 kJ mol−1 for BII, compared to other facets (Supplementary
Table 14).

It may be postulated that this transformation is driven by possible
supramolecular interactions, involving the oxygen atom in DMSO and the
hydrophobic chlorophenyl/bromophenyl moiety in compound A/B with the
silicon atoms in silicone oil (Fig. 12a, b),whichmay facilitate the elimination
of DMSO solvent and the conversion of the resulting solid into more stable
forms, namelyAI andBI, respectively. The interaction with SO begins at the
crystal surface, wherein the progression of the AI/BI phase boundary on
the surface of crystals ofAIIα/BII is clearly visible in optical images (Fig. 7).
The spatial configuration and properties of the crystal surface are crucial in
dictating the SO-induced phase transition.

Fig. 10 | Crystal packing. a Crystal packing illus-
trating N-H…N intermolecular interactions in AI,
and b BI viewed along the bc-plane.

Fig. 11 | Structure overlay. Molecular conformation along τ1 and τ2 with structure overlay in a AI and AIIα, b BI and BII.
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BFDHmorphology analysis indicates that hydrophobic regions of the
molecular fragments, particularly the phenyl rings and the hydrophobic
portions of theDMSO (represented asmagenta) solvent, are exposed on the
crystal surface (Fig. 11a, b). These interact with SO, destabilizing weakly
attached surfacemolecules and initiatingmolecularmovement.This activity
triggers a phase transition at the crystal surface of AIIα and BII, subse-
quently leading to nucleation and growth of the AI and BI phases,
respectively (Fig. 11c, d). The phase transition is evident in the morpholo-
gical change from block to needle in both solvatomorph crystals. Due to
their isomorphous nature, the rate of phase transition remains nearly uni-
form. Additionally, lattice energy calculations confirm thatAI and BI form
has greater stability compared to AIIα and BII, with this energy difference
likely being the primary driver of the observed SCSC phase transition
(Supplementary Table 15).

Conclusions
The polymorphic forms of A (AIIα and AI) and B (BII and BI) emerge
when crystallized from different solvents. When both compounds are
crystallized in DMSO at ambient temperature, they exhibit isomorphous
crystal structures AIIα and BII. Notably, a martensitic phase transition
occurs between AIIα↔AIIβ, driven by complete rotational disorder of
the DMSO molecules. This order-disorder transition, accompanied by
twinning, was investigated using variable-temperature SCXRD, which
also confirmed its reversible nature. Xpac analysis revealed no change in
the overall crystal structures, reinforcing the conclusion that the DMSO
solvent mediates this order-disorder transition. Crystal packing analysis
highlights the presence of strong tetrameric assemblies. Variable-
temperature SCXRD highlights the dynamic behavior of DMSO during
the AIIα↔AIIβ phase transition. In the AII system, the crystal lattice
accommodates the rotational disorder of DMSOmolecules, primarily due
to Cl…Cl interactions that bridge the tetramers. In contrast, BII does not
exhibit such a transition; the presence of strong Br…Br interactions
restricts the available space in the lattice, restricting the DMSO reor-
ientation. A distinct phase transition is observed when single crystals of
AIIα and BII are immersed in SO, transforming into AI and BI,
respectively. This transformation follows a nucleation and growth
mechanism, where the daughter phase (AI and BI) originates from the

parent crystals (AIIα and BII). Thermal characterization, including
repeated DSC thermograms, along with TGA and HSM experiments,
confirms the formation of the more thermodynamically stableAI and BI
forms. Lattice energy calculations further support this, revealing more
negative energy values for AI and BI, compared to AIIα and BII, indi-
cating greater stability. Additionally, BFDH morphology analysis shows
the presence of hydrophobic groups on the crystal surfaces, which pro-
mote interactionwith SOand facilitate nucleation ofAI andBI.This study
presents the first known instance in which a solvent plays a dual role,
facilitating a temperature-driven martensitic phase transition and initi-
ating a nucleation and growth mechanism via external chemical stimulus
(SO). These findings highlight the critical influence of solvent molecules
on polymorphic behavior and phase stability.

Methods
Materials
All the reactants and solvents usedwere purchased from SigmaAldrich and
used without further purification. Crystallization solvents, especially of
HPLC grade, were also sourced from Sigma Aldrich and employed as
received.

Synthesis
Amixture of anhydrousAlCl3 (1.2 eq) andhalogenated benzonitrile (1.0 eq)
was heated in an oil bath at 100 °C until a homogeneous melt formed.
Halogenated aniline (1.0 eq) was then added dropwise, and the reactionwas
stirred at 120 °C for 6 h under dry conditions using a CaCO3 guard tube.
Progress was monitored by TLC. The resulting black solid was extracted
with NaOH solution and dichloromethane, washed with water, dried over
Na2SO4, and purified by column chromatography to afford the desired
product.

Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) of solvatomorph crystalsAIIα and BII
was performed using a Perkin-Elmer TGA 8000 with 10mg of sample. The
analysis provided a thermal profile correlating sample weight percentage
with temperature (°C), allowing dedication of hydrates and volatile
components.

Fig. 12 | Crystal morphology. BFDH morphology of a AIIα, and b BII and their respective phase transition to c AI, and d BI, when immersed in SO.
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Single-crystal X-ray diffraction (SCXRD)
Single-crystal data for thepolymeric formsof crystalsA andBwere collected
on Bruker D8 VENTURE and D8Quest diffractometers equipped with the
PHOTON III system. Measurements employed an Oxford cryostream for
low-temperature control with monochromatic Mo Kα (λ = 0.71073 Å) and
Cu Kα (λ = 1.5406 Å) radiation. Data collection, unit cell measurements,
integration, scaling, and absorption correction (multi-scan using
SADABS51) were conducted for all datasets, except AIIβ, which was pro-
cessed using TWINABS52 with BrukerAPEX 553. Structures refinement was
carried out by a full-matrix least-squares approach in SHELXL54, integrated
into the Olex255 suite. Non-hydrogen atoms were refined anisotropically;
heteroatomic hydrogens were located via difference Fourier maps, while
others were placed geometrically using a riding model and refined iso-
tropically. Crystal packing was analyzed with Mercury56, and geometrical
calculations were performed using PARST57 and PLATON58.

AIIα undergoes non-merohedral twinning during an enantiotropic
SCSC phase transition to AIIβ at temperatures equal to or below 198 K.
Twinning corresponds to a180 ° rotationabout theb-axis in anon-standard
triclinic configuration aligned with the monoclinic b-axis, confirmed by
precession images over the 0kl plane down to 100 K.

Variable-temperature unit cell data
Unit cell determination forAIIα andBII single crystals was performed on a
Bruker Quest diffractometer with a PHOTON III detector using Mo Kα
radiation. Phi-scanswere recordedbetween298 K to110 K in10 K intervals,
with cooling and heating controlled at 1 K per minute via an Oxford Cryo-
stream. Data collection and integration were carried out using
APEX5 software.

Differential scanning calorimetry (DSC)
DSC was performed on a Perkin-Elmer DSC 6000 from 25 °C to 200 °C
undernitrogen, using bulkpowder andpolymorphsofA andB at a scan rate
of 1 and 5 °C min−1. Samples were sealed in covered aluminum pans, and
heat flowwas recorded as a function of temperature. Low-temperatureDSC
was carried out on a NETZSCH 3500 Sirius, scanning from 30 °C to
−170 °Cwith liquidnitrogen cooling andanitrogenpurge of 20mlmin-1.A
19mg sample was cycled at 1 Kmin-1 with a 2-min isothermal hold at
170 °C and 30 °C.

Hot stage microscopy (HSM)
HSMwasperformedon suitable single crystals of both solvatomorphs using
a Linkam LTS420 equipment coupled to a Leica polarizing microscope.
Heating was applied from 20 to 200 °C at a constant rate of 1 °C min−1.

Crystal Explorer
Energy framework analysis was carried out using Crystal Explorer59 to
visualize intermolecular interactions in the crystal structures. Computations
were based on .cif files, with hydrogen atoms normalized from neutron
diffraction data. A 3.8 Å cluster radius was applied and complete the
remaining fragments of molecules. Interaction energies were calculated
using the CE-B3LYP method with the 6-31G (d, p) basis set. Results are
shown as cylindrical tubes representing the 3D interaction topology.

Crystal morphology predictions
These predictionswere performed for the two phases, namely,AIIα andBII
were performed using theMaterials Studio50 (version 6.1) software with the
“Fine” setting, applying the universal force field. Atomic charges for the
calculations were determined using the charge equilibrium (QEq) method.

Data availability
All variable-temperature SCXRD data and the X-ray crystallographic
coordinates for the structure described in this study have been deposited at
the Cambridge CrystallographicData Centre (CCDC) under the deposition
numbers 2243616, 2243610, 2452264, 2452265, 2452266, 2452267,
2452268, 2452269, 2452270, 2452271. These data are freely accessible

through the CCDC website https://www.ccdc.cam.ac.uk/structures. The
supplementary materials include additional details on the synthesis, as well
as the corresponding NMR, TGA, DSC analyses, and theoretical calcula-
tions such as XPac, energy framework analysis, and lattice energy
calculations.
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