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ABSTRACT: The thermosalient effect is a rarely observed, potentially very
useful and at the present, unpredictable mechanical response during a phase
transition that is thought to hold the potential for rapid and clean energy 7
conversion devoid of gaseous products. Here, we report the serendipitous
discovery of a rare instance of a thermosalient organic solid that exhibits the
effect below room temperature. The crystals of this carbazole-based material
are dynamic at both molecular and macroscopic scales. Using variable
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temperature synchrotron X-ray diffraction and variable-temperature solid-state

nuclear magnetic resonance (ssNMR), we thoroughly examined the hysteretic structural transition in this material, emphasizing its
macroscopic reconfigurability. We discovered unexpected large-amplitude molecular oscillations in the low-temperature phase, which
challenge conventional assumptions about salient materials. Notably, we combined *H ssNMR with computational modeling to
reveal this dual-scale dynamism, setting the groundwork for advancements in energy-efficient actuators, sensors, and intelligent
materials. This work might open new avenues for developing crystalline materials that can be implemented in innovative devices

operating seamlessly across various scales.

Bl INTRODUCTION

The power to transform energy into motion has propelled
societal development forward, shaping our progress and
achievements throughout history. Motility, which is defined
as the ability of living organisms and cells to move
independently using energy, is central to their survival,
behavior, adaptability, and evolution."” Replicating such
motions with artificial materials is at the forefront of materials
research, with examples of both irreversible and reversible
mechanisms being used to generate motility, whereby systems
can advance in space in a controlled fashion. One of the most
impressive and recently explored demonstrations of the
dynamic nature of crystalline materials is the thermosalient
effect that manifests as a sudden propulsion of some crystals
when they cross over a thermal phase transition boundary due
to heating or cooling, whereupon they reshape, explode, or
leap over very long distances.” There are more than two
dozen materials known to display this mechanical effect, with a
few more examples being added every year.”™'” It was later
discovered that, in addition to heat, this effect can also be
induced by light (photosalient effect)'®™>” and pressure
(mechanosalient effect).”*™* These so-called salient phenom-
ena, which are the fastest known mechanical responses among
a range of dynamic effects in molecular crystals,** ™" have
recently attracted attention from the perspective of their
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potential for extremely rapid propulsion, disintegration, or
actuation when they are induced in pure materials’>~*" or in
their composites with polymers.”’ The low density of these
organic materials, which translates into light weights and
absence of metals, can undergo rapid transformations with
motions that occur on time scales shorter than milliseconds,
suggesting their use as prospective rapid organic actuators.®”
Thermosalient crystals are rare, and in many ways, unique
dynamic materials for being able to rapidly respond to heat
(107°—107" 5) and efficiently generate and transfer momentum
to other objects for actuation, thereby acting as fast single-
stroke actuators. The ability to detect temperature changes,
amplify molecular motion to a macroscopic scale, and respond
with shapeshifting or ballistic events qualify these solids as the
prime class of materials underpinning the emerging field of
crystal adaptronics.”® Unlike typical high-energy materials that
generate motion by releasing gaseous products, the salience-
driven propulsion is considered “chemically clean” because it
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Figure 1. Phase transition and mechanical properties of form I crystals of 1. (A) Molecular structure of compound 1. (B) Optical microscopy
images of two different habits of form I—irregular blocky and elongated crystals. (C) Thermal effects accompanying the transition between forms I
and II recorded by DSC (three thermal cycles are shown). Note the small offset in the maximum transition temperature between the consecutive
cycles. (D) Load—depth curves recorded for form I crystal on its (010) face at selected penetration depths. Young’s modulus (E) and hardness (H)
are shown with the e.s.d.’s calculated from 36 indents performed at a single indentation depth.

relies solely on a phase transition between two solids. Along
these lines, recent efforts have been directed toward
quantification of the performance of thermosalient solids as
single-crystal actuators, and testing in devices such as solid
fuses,” microfluidic elements, or soft robots.>>~°

Despite the increasing interest in the thermosalient effect,
our understanding of its causes and mechanisms remains
limited.°® Generally, the effect has been observed in relatively
soft molecular crystals, which can store strain in a metastable
structural phase before transforming. Analysis of the crystal
structures suggests that certain structural requirements
contribute to the effect, oftentimes including flat molecular
shape, absence of strong intermolecular bonds, and/or a low-
dimensional hydrogen bonding network.” The mechanism is
believed to be a martensitic transition—a nondisplacive,
synchronous transformation that occurs with minimal
structural changes.67 Recent studies have demonstrated that
a low-frequency rotational mode can trigger the transition,*¥*’
and this event is preceded by softening of the crystal lattice.*”
A Brillouin light scattering study showed that the transition is
driven by elastic instability with considerable anharmonic
intermolecular interaction associated with the molecular
motions.”” Once initiated, the phase transition progresses
very quickly,”" and the inability of the unit cell to absorb and
dissipate the strain results in rapid deformation or disintegra-
tion; in the latter case, defects usually result in strong
concentration of energy and subsequent catastrophic events
with an explosive outcome. The advancement of the transition
is sufficient to generate a shock wave that can be detected as
acoustic signals.”” Detailed studies have established that the
rate of progression of the phase front in thermosalient crystals
is much faster than other phase transitions.”"”" However, a full
explanation for these observations, and especially of the
primary processes in these transitions has not been provided,
thereby hampering rational design and improvement;71 a
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deeper understanding of the atomic-scale mechanism and
related dynamics of the thermosalient transitions®® is essential
for comparison and correlation with the respective crystal
structures, assessment of the efficacy required for optimization
in the actuator design, as well as for implementation in actual
devices. It is worth noting that techniques such as low-
frequency Raman or terahertz time-domain spectroscopies
could be used to trace this kind of phenomenon as recently
demonstrated.”””* There is only one example to date where a
thermosalient crystal is dynamic on a molecular scale, which is
composed by a rotor and stator molecules.”® Many of these
transitions result in partial or complete destruction of the
crystal by splitting” or explosion.” In this study, we report and
describe a new thermosalient crystalline solid that undergoes a
significant and sudden change in size following a single-crystal-
to-single-crystal transition while exerting a substantial,
measurable force. The phase transition is reversible over
several cooling and heating cycles, occurring rapidly with
thermal hysteresis. This study contributes an example of a low-
temperature thermosalient solid (233—243 K) built from a low
symmetry molecule that remains rigid at room temperature,
and unexpectedly, selected vibrational modes are activated at
low temperature.

B RESULTS AND DISCUSSION

Characterization of the Phase Transition. Our studies
into carbazole derivatives as potentially thermosalient com-
pounds were motivated by the serendipitous discovery of a
thermosalient amphidynamic cocrystal of carbazole and 1,4-
diazabicyclo[2.2.2]octane (DABCO).*® Subsequent screening
of other hydrogen-bonded cocrystals showed interesting phase
transitions and fast rotational dynamics;7‘ =78 however, no
significant salient effects could be detected. Along these lines,
we turned to derivatives of carbazole and prepared compound
1 (Figure 1A), using a modified synthetic protocol for thiazoles
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that was previously reported by some of us’® (for more
detailed synthesis, see the Methods section in the Supporting
Information). Elongated prismatic and block-shaped single
crystals of compound 1 of good quality were obtained by slow
solvent evaporation from a solution in a mixture of
dichloromethane and hexanes at room temperature (Figure
1B). The crystals of 1 were assessed for thermal effects by
usin§ Differential Scanning Calorimetry (DSC). Single crystals
of 1% obtained at room temperature (form I) were found to
undergo an exothermic phase transition on cooling to 233—
243 K to a low-temperature phase (form II). Form II returns to
the original form I upon heating via an endothermic transition
at 253—263 K. The relatively sharp transition and significantly
large thermal hysteresis of about 10 K suggest that the phase
transition is of first order. The phase transition is sharp and
reversible, with temperature shifts in the second and later
thermal cycles similar to those reported for other thermosalient
transitions (Figure 1C). The phase transition was observed
during cooling of block-shaped crystals by using hot-stage
microscopy, showing impressive thermosalient behavior with
changes in the crystal dimensions (Video S1). During the
phase transition, the crystals often exhibited splintering
behavior, ejecting small pieces. Depending on their size and
quality, the overall integrity of the crystals was maintained
during the initial phase transition. However, during the
transition from form I to form II, a slight reduction in
transparency was observed, accompanied by the formation of
defects and cracks. These defects became more pronounced
with successive cooling and heating cycles (Figure SS). After
two to three cycles, the structural integrity of the crystals as a
single entity was compromised, resulting in fragmentation into
smaller crystalline pieces. Notably, these smaller fragments
continued to exhibit jumping behavior. It is worth noting that,
based on synchrotron single-crystal X-ray diffraction data at
variable temperature, a pair of CH--7 interactions dominate
the structure at 300 K, likely restricting the mobility of the
phenylene ring. Upon cooling to 200 K, one CH:--7 interaction
disappears due to crystal rearrangement, and a new 77w
interaction emerges (Figure S6).

The accessible crystal face(s) of a crystal of form I, which
were amenable for indentation, were matched with their
Bravais-Friedel-Donnay-Harker (BFDH) morphology recon-
structed from the crystal structure. The respective load—
displacement curves for form I were obtained by performing
indentation experiments at varying penetration depths. The
respective indents were analyzed with atomic force microscopy
(AFM), and the profiles were found to be smooth, without a
pileup of material around the indent. The crystals of form I are
relatively stiff and hard for organic crystal, with Young’s
modulus for the (010)/(010) pair E = 11.0 + 0.5 GPaand H =
0.79 + 0.07 GPa (Figure 1D). Due to experimental limitations
and the unavailability of low-temperature indentation capa-
bility, a direct comparison of the mechanical properties
between forms I and II could not be performed.

Structural Characterization and the Mechanism of
the Phase Transition. During the transition from form I to
form II upon cooling, most of the block-shaped crystals jump
off the base due to the sudden release of mechanical stress or
strain associated with the phase change, and this phenomenon
highlights the dynamic nature of the transformation process.
The transition is fully reversible; when the crystals of form II
are heated, they revert to form I, again accompanied by sudden
self-propulsion. This reversible and rapid motion underscores
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the structural changes occurring during the phase transitions
between these two forms. The propagation of the phase
transition can be observed in real-time using an optical
microscope as progression of the phase boundary during the
cooling of a crystal to low temperature (Video S2).

To investigate the molecular mechanism of the observed
phase transition, single crystal structure analyses of form I and
form II were performed by using X-ray diffraction from crystals
at 290 and 200 K, respectively. A crystal of form I was cooled
to the phase transition temperature, where it transformed into
the other form, and diffraction data were collected. The crystal
of form I is in the triclinic space group P1 (a = 9.0482(7) A, b
112757(9) A, ¢ = 11.5271(9) A, a = 93.629(3)°, f =
99.053(2)°, y = 112.116(2)°), with one molecule in the
asymmetric unit (Table SS). The molecules are arranged in a
head-to-tail manner along the [100] crystallographic direction.
They interact, though weak intermolecular interactions, with
adjacent molecules along the [010] and [001] directions. The
structure is dominated by s—n stacking and C—H---zw
interactions. Upon cooling, form II is obtained, and its
structure is in the triclinic space group P1 with slightly different
unit cell size (a = 9.3165(13) A, b = 9.7354(12) A, ¢
11.7977(15) A, a = 76.334(4)°, B = 85.051(4)°, y
87.674(4)°) and a single molecule in the asymmetric unit
(Table S5). At low temperatures, the molecules are arranged in
a head-to-tail manner via short 7—7 stacking interactions, with
a stacking distance between two adjacent molecules of
4.073(3) A (Figure 2B, Figure S6). The molecular arrange-
ment in the crystal of form II remains similar to that of form I.
Although the conformational change between the two phases is
small—much like other cases involving minor structural
differences related to a thermosalient phase transition®®’*—
this change is likely the primary contributor to the internal
stress that leads to the phase transition (Figure 2C). The unit
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Figure 2. Optical and structural analysis of the thermosalient phase
transition of 1. (A) Optical micrographs showing a crystal of form I
undergoing a thermosalient phase transition to form II during cooling.
(B) Changes in the crystal packing during the phase transition are
observable with the superimposition of the structures of forms I and
IL. (C) Mechanism of the phase transition depicting the molecular
orientation in the two phases and the orientation of the unit cell axes.
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rotational axis along z (the deuterons are indicated in green). (E) A four-site exchange model and jump angles were used to simulate the VT *H

ssNMR spectra.

cell parameters recorded upon cooling and heating show
hysteresis, in line with the thermal effects described above
(Figure S3 and Table S1).

Dynamics of the Phase Transition Studied by Solid-
State NMR. To increase our understanding of the salient
transformation at the molecular level, we carried out a detailed
study of the solid material by different solid-state NMR
techniques. First, we focused on the changes that occur in the
carbon atoms by using VT 'H — C CP/MAS experiments
on compound 1, by cooling a polycrystalline sample from 308
to 200 K, and then heating back up to ca. 308 K (Figure S1).
There are well-resolved differences in peak positions and
intensities over this temperature range between 158 and 165
ppm (Figure 3), a region with peaks corresponding to the 2-
thiazole carbon atom. The new signal clearly corroborates the

3376

phase transition and confirms the new conformation of the
central moiety within the new phase. On cooling the sample
(Figure 3A), a 2-thiazole carbon peak is observed at 162.8
ppm; however, at 240 K and below, a second peak is observed
at 160.3 ppm. As the temperature decreases, the peaks at 162.8
and 160.3 ppm diminish and grow in intensity, respectively;
however, even at 200 K, a very small peak at 162.8 ppm is still
observed. Thus, it seems possible that a small amount of form I
still exists at that temperature.

By heating the sample from 200 to 308 K (Figure 3B), the
opposite occurs i.e., the peaks at 162.8 and 160.3 ppm increase
and decrease in intensity, respectively, indicating a return to
the original phase. However, the relative intensities of the
peaks during the heating process differ from those during
cooling—this fact, as well as the presence of a low-intensity
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peak at 160.3 ppm at 308 K during heating, corroborates the
hysteresis of the phase transition described above by DSC
measurements (Figure 1C) and VT SCXRD (Figure S2).

To obtain further information about the local mobility of
other molecular components before, after, and during the
phase transition, we synthesized the deuterated derivative 1-d,,
which showed a similar salient phase transition as its parent
compound (Figure S3). The isotopically enriched compound
is amenable to VT *H static ssNMR analysis and provides
information on the behavior of the phenyl ring directly
attached to the carbazole. For the deuterated compound, the
measurements were performed on cooling from 295.5 to 200 K
and on heating back to 295.5 K (Figure S4A,B, respectively). A
broad Pake-like doublet was observed between room temper-
ature and 280 K (Figure S4A). The line shape can be simulated
with Cq = 167 kHz and 57 = 0.0S, values typical for deuterons
involved in rigid sp> C—D bonds. Therefore, no apparent
motion-related effects on the spectrum are observed at this
temperature, indicating that the phenyl ring is stationary at this
temperature range initially explored. As the temperature was
further decreased, two features in the spectra were observed: a
persistent Pake doublet that gradually grew in breadth, such
that at 200 K, it was simulated with Cq = 180 kHz and 5q =
0.05, and a set of sharper peaks that gradually emerge, likely
from a *H pattern of lower intensity.

The inner peaks (Figure 3C) are counterintuitive because
they indicate a motion of the phenyl ring. The Pake doublet
that gradually expanded in width suggests the persistence of
form I, even at low temperatures. The new set of sharper peaks
was attributed to an underlying powder pattern corresponding
to form II, in which the phenyl rings undergo temperature-
dependent motion. The impact of the motion of the phenylene
on the *H NMR spectra can be simulated with a four-site
exchange model with two of the deuterons in the phenyl ring
related by reflection or 2-fold rotation (Figure 3D,E). At 200
K, the deuteron in site 1 (positioned at 38.5° above the x-axis)
exchanges positions with sites 2 and 4 via ring flips of 77° and
103°, which occur at frequency rates of 300 kHz and 900 kHz,
respectively. The observations of the persistent form I and the
emergence of form II are consistent with the single crystal X-
ray diffraction and *C VT SSNMR data. There are two
possible explanations for the relatively low integrated
intensities of the low-temperature signal. First, the rate of
ring flipping is on the order of the breadth of the powder
pattern, which results in diminished integrated intensity in
spectra acquired with the quadrupolar echo pulse sequence.”’
Second, only a small fraction of the molecules in the low-
temperature phase are undergoing ring flips, with the majority
remaining stationary, thereby giving rise to a Pake-like doublet
similar to that corresponding to the room-temperature phase.
The former explanation appears to be more likely, as evidenced
by the diminished overall intensities of the spectra (and
increased noise) at intermediate temperatures (Figure S4). As
the sample is heated from 200 to 295.5 K, the second set of
sharp peaks diminishes in intensity, whereas that of the Pake-
like doublet increases. However, the second set of peaks
persists up to 295.5 K, supporting again the hysteresis in the
phase transition that is consistent with the VT *C NMR data,
as discussed above.

Computational Thermodynamics of the Thermosa-
lient Transition. To further scrutinize the mechanism of the
thermosalient transition, we employed classical molecular
dynamics (MD) simulations. For this purpose, 2 X 2 X 2
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supercells containing 16 molecules each were constructed and
thermally equilibrated at T = 250 K and T = 300 K. These
temperatures were selected using the X-ray synchrotron data
acquired upon heating, starting from 150 K, where form II is
still persistent at 250 K due to the hysteresis of the phase
transition, as evidenced by the crystallographic parameters
compiled in Table S1. All simulations were carried out under
constant pressure p = 1 atm, and the equilibrium dynamics
were simulated for 20 ns (after a 1 ns pre-equilibration run) in
each case (for details, see the Materials and Methods section).
As seen in Table 1, average densities obtained from MD

Table 1. Comparison of the Density of Forms I and II of
Crystalline 1, Estimated from XRD Experiments (pxpp) and
Derived from 20 ns Trajectories Produced under
Isothermal-Isobaric Classical MD (p,p,) with the Dreiding
Force Field

Form T (K) Pxro (g/cm®) P (g/cm®) Error (%)
1 300 1.322 1.258 —4.8
1I 250 1.393 1.306 —6.2

simulations at thermal equilibrium lie within a 6% absolute
error from the values estimated from our XRD analysis,
supporting the applicability of the selected Molecular
Mechanics (MM) protocol to model the structure-dependent
properties of the system under study.

With the selected computational method (Supporting
Information) we employed a thermodynamic model to analyze
forms I and II. At thermal equilibrium, the thermosalient
response of crystalline 1 upon cooling implies that the Gibbs
energy change of formation of forms I and II (AGy, and AGg,)
at 300 and 250 K must follow the relations:

IAG;, < AGHIT = 300K (1)

)

This implies that form I is thermodynamically favored over
form II at 300 K, and lowering of the temperature triggers the
thermosalient event, generating form II, which is now favored
over form L. Since AG = AH — TAS, let us first focus on the
enthalpic component of the transition. Our DSC analyses
reveal that, during cooling, the transition from form I to form
II is exothermic. Therefore, enthalpies of formation of forms I
and II (AHj and AHjp,) follow:

AH; — AH, > 0

IAGy > AGIT = 250 K

)

We can estimate the enthalpy change of the transition, AH,
starting from the thermodynamic equivalence 4:

AH = AU + pAV + VAp (4)

Since the thermosalient event occurs at constant atmos-
pheric pressure, the term VAp = 0 kcal/mol. The pAV term
can be calculated from the change in molar volumes of the unit
cells, obtained either from XRD or MD simulations. The
magnitude of the pAV term for forms I and II is pAV < 0.02
kcal/mol, i.e., it is so low that we can neglect its influence on
the transition, leading to the approximation in 5:

AH ~ AU ()

Approximation 5 is convenient since a reasonable estimation
of AU can be made by calculating the total electronic potential
energy of formation, for each unit cell in its equilibrium
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Figure 4. (A) Molecular structure of 1, highlighting the relevant dihedral angles that were frozen (magenta) and scanned (blue) in our
computational analysis. (B) Vibrational contribution to the entropy of formation, S, calculated from harmonic vibrational frequencies using the
MM protocol on forms I (red) and II (blue) of compound 1. (C) Unidimensional rotational scans for the active phenylene ring in molecule 1
calculated using molecular mechanics (crosses) and density functional theory (circles). All the optimized geometries and numerical energy values

are included in the Supporting Information.

geometry, AE, using a quantum chemical method. For this
purpose, we employed density functional theory, DFT, with
the meta-GGA functional MO6-L and the triple-{ basis TNP.**

(6)

The favorable AAE = —7.5 kcal/mol term agrees with a
rigidization of the crystal structure by the establishment of
stronger and/or more abundant intermolecular contacts. This
same energy difference corresponds to the change in lattice
energy of both solids from the thermosalient event. Regarding
the entropy change for the process, the contrast of the
structural disorder in form II vs the ordered form I suggests
that low-frequency degrees of freedom might activate upon
cooling. That is, some components of the total entropy change
increase upon cooling. Estimating the TAS term requires
knowledge of all possible microstates available for forms I and
I in equilibrium, and their relative energies, which is generally
unfeasible. In crystalline solids, the entropy is determined
exclusively by vibrational degrees of freedom, since transla-
tional and rotational motions of the constituent units are
suppressed by the long-range periodic order. Accordingly, the
entropy term in the free energy expression, TAS, can be
entirely attributed to vibrational dynamics. This vibrational
entropy accounts for all quantized normal modes within the
lattice, including low-frequency motions that may resemble
hindered rotations. Therefore, the entropy contribution to the
free energy can be reduced to TS = TS,

The S,;, term can be estimated computationally using either
classical or quantum mechanical approaches. We calculated S,
values classically, for 2 X 2 X 2 supercells of forms I and II,
using eq 7); all values are contained in Table S2.

AAE = AE, — AE, = —7.5 keal/mol ~ AAU

Equation 8 diverges artifactually at vanishingly low
frequencies, and a common approach to alleviate this pitfall
is taking a threshold frequency of SO cm™ as a lower limit to
its applicability.”> Using this approximation, we show in Figure
4B the entropy profiles for the vibrational modes of forms I
and II in the S0 cm™ < AEMD < 1000 cm™' range. Summation
over this range yields S, values of 330.3 J/K and 258.1 J/K for
forms I and II, respectively, suggesting the intuitive notion that
the higher temperature form embodies the most significant
entropy term.

While classical thermodynamics provides an average view of
the thermosalient phenomenon at hand, it does not reveal the
origin neither it characterizes the disorder in the phenylene
rings in form I, active in the submegahertz frequency range. To
gain molecular-level resolution, we investigated the rotation of
the disordered phenylene ring computationally, by decompos-
ing the energy barrier to the hindered rotation of the active
ring into two contributions, namely (a) the inherent barrier for
rotation of the isolated molecular unit in the gas phase
(identical for forms I and II), calculated using DFT, and (b)
the environmental component to this barrier, characteristic to
each system and calculated using classical MD at constant
pressure and temperature. The torsional scans for compound 1
(Figure 4A) calculated using the Dreiding MM protocol and
the M062X density functional with the def2TZVP basis set are
presented in Figure 4C.

The results in Figure 4C reveal that the MM protocol
qualitatively predicts the torsional profile, yielding two minima
separated by a shallow barrier and two dominant maxima when
the phenylene rings approach coplanarity with the carbazole
fragment. However, the steric penalty of the near-coplanar

b e W/KT kT conformations is largely overestimated for the isolated

Sap = R T 1 _ ik In(1 — ™) molecular unit. For the ensuing analysis (vide infra), DFT-
1—e ™) derived values will be employed.
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Figure S. Energy profile and phase transition at high temperature (A) and low temperature (B) of compound 1.

Regarding the crystal lattice effect on the torsional profile,
we scanned the 0 angle (Figure 4A) using classical molecular
dynamics, imposing a harmonic constraint on the active angle
while keeping all other degrees of freedom unconstrained. The
MD-derived average energy values, AE\p, were employed to

estimate a composite energy term (8), AE gy defined as

AE

‘comp

AEyp — AEyy + AEpgr (8)
where the lattice effects are approximated by subtraction of the
MM-derived gas-phase potential energy values (AEy,,) from
the AEMD terms, and the molecular-level effects are accounted
for at the DFT level of theory. The resulting torsional profiles
are presented in Figure 5A,B.

Figure S shows that the low-temperature form II features a
relatively shallow potential energy basin, enabling the phenyl-
ene ring to explore a torsional range of approximately 80° at
the available thermal energy, with a Boltzmann-estimated
population of 99% within this space. In contrast, the high-
temperature form I presents a narrower well, restricting the
accessible torsional space to about 30—40° for 99% of the
population. In both phases, the barriers to full 180° rotation
remain high, consistent with VT H ssNMR experiments,
which suggest large-amplitude vibrations rather than full
phenylene flipping. These findings offer a coherent picture
that aligns both the macroscopic thermodynamic observations,
where the total entropy is higher in form I, and the
microscopic behavior of the system.

Notably, although the total vibrational entropy decreases
with cooling, the amplitude of motion along specific internal
coordinates, such as the phenylene torsion, can increase due to
subtle alterations in intermolecular interactions and crystal
packing (Figure S6). This reflects a local enhancement in
dynamic freedom along soft, low-frequency modes, driven by
the softening of the potential energy surface. Such behavior
exemplifies how, in exceptional materials like this one,
densification at lower temperatures may simultaneously favor
stronger noncovalent contacts and facilitate internal flexibility,
permitting increased local motion despite a global reduction in
entropy.
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B CONCLUSIONS

In this report, we describe the synthesis and detailed
characterization of a new organic crystal exhibiting a
thermosalient effect at low temperature. We provide a detailed
account of the mentioned features by VI SCXRD, DSC,
nanoindentation, VT 'H — *C CP MAS NMR, and VT *H
quadrupolar-echo spin ssNMR, as well as computational
thermodynamics. The organic crystal undergoes a single-
crystal-to-single-crystal transition at low temperature (233—
243 K) with low molecular symmetry, resulting in mechanical
motion in response to thermal stimuli. This phase transition is
observable over multiple cooling and heating cycles with
thermal hysteresis. The key features that distinguish this crystal
include a discrete thermosalient effect, low molecular
symmetry, notable stiffness at room temperature, and the
emergence of enhanced local dynamics upon cooling, arising
from a softening of the potential energy surface along a low-
frequency internal coordinate. While the total vibrational
entropy decreases with temperature, the amplitude of motion
along specific modes increases—an unusual and previously
unreported feature in thermosalient materials. These insights
into the entropic and mechanical subtleties of the transition
open new avenues for designing dynamic molecular crystals
with futuristic functional applications in advanced soft
materials, tailored actuators, artificial muscles, or microrobotic
systems.

B MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich and used as
received. Solvents were dried using molecular sieves. The
purification steps were performed using flash column
chromatography using SiO, gel 70—230 nm mesh, hexane,
ethyl acetate, and tetrahydrofuran as eluents. '"H and '*C
spectra were recorded in deuterochloroform (CDCl;, 7.26
ppm for "H and 77.00 ppm for *C) using Bruker AV 400 and
300 MHz spectrometers. Data are reported in the following
order: the chemical shift in parts per million (ppm),
multiplicities s (singlet), d (doublet), t (triplet), m (multiplet),
coupling constants, J (hertz), and integration. FT-Infrared
spectra were recorded on a Bruker ATR in a 450—4000 cm™"
range. High-resolution mass spectra were recorded on a JEOL
AccuTOF JMS-T100LC mass spectrometer by Direct Analysis
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in Real Time (DART). Melting points were determined using
a Fisher-Johns melting points apparatus (uncorrected). X-ray
data collection was performed with VT using a Bruker Apex-
Duo, Bruker Smart Apex IL

Synthesis and Crystallization. More details of the
synthesis of individual components are shown in Scheme S1.

Compound 1. To an oven-dried thick-walled reaction tube
equipped with a stirrer bar 9-(4-ethynylphenyl)-9H-carbazole
(250 mg, 0.93 mmol, 1.0 equiv), mesylazide (118.0 mg, 0.98
mmol, 1.05 equiv), Copper(I) thiophene-2-carboxylate
(CuTC) (17.8 mg, 0.093 mmol, 0.1 equiv), molecular sieves
4 A (80 mg), and CHCl; (20 mL) were added. After the tube
was closed the reaction was stirrer at room temperature for 24
h. Then, under N,, Rh,(OCOBu), (11.4 mg, 0.019 mmol,
0.02 equiv) and O-methyl 2-methoxybenzothioate (341 mg,
1.9 mmol, 2.0 equiv) were added to the reaction mixture. The
reaction mixture was heated at 70 °C for 2 h, cooled to room
temperature, and silica gel (Aldrich, 4 g) was added. The
reaction mixture was stirred at room temperature for 4 h. After
this, the crude material was passed through a short pad of
Na,SO, (anhydrous) and eluted with ethyl acetate. The filtrate
was concentrated under reduced pressure, adsorbed on SiO,,
and purified by flash column chromatography using
hexanes:THF (9:1). The desired product 1 (266 mg, 0.6
mmol, 68%) was obtained as a colorless and translucent
crystalline solid. Crystals were obtained by slow evaporation
using a DCM/hexane mixture. TLC (10% AcOEt/hexanes, R;
= 0.17); mp (204—206 °C). 'H NMR (500 MHz, CDCl,) &
8.54 (d, ] = 7.4 Hz, 1H), 8.21 (s, 1H), 8.16 (d, ] = 7.7 Hz,
2H), 7.88 (d, J = 8.2 Hz, 2H), 7.65 (d, ] = 8.1 Hz, 2H), 7.50—
7.41 (m, SH), 7.34—7.28 (m, 2H), 7.17 (t, ] = 7.5 Hz, 1H),
7.09 (d, J = 8.2 Hz, 1H), 4.11 (s, 3H). *C NMR (126 MHz,
CDCl;) & 162.1, 156.6, 140.8, 138.7, 137.8, 136.8, 135.0,
131.7, 130.7, 128.5, 128.1, 127.8, 126.2, 123.7, 121.6, 120.5,
120.3, 111.6, 109.9, 55.9. IR (A, cm™") v: 3045, 2938, 2833,
2039, 1880, 1660, 1526, 1596, 1583, 1530, 1499, 1479, 1450,
1413. HRMS (EI") calculated for C,gH,,N,OS [M + H]*
432.1296, found 432.1294.

Compound 1-d;. To an oven-dried thick-walled reaction
tube equipped with a stirrer bar 9-(4-ethynylphenyl-2,3,5,6-
d,)-9H-carbazole (250 mg, 0.92 mmol, 1.0 equiv), mesylazide
(111.6 mg, 0.92 mmol, 1.0 equiv), Copper(I) thiophene-2-
carboxylate (CuTC) (17.6 mg, 0.092 mmol, 0.1 equiv),
molecular sieves 4 A (80 mg), and CHCl; (20 mL) were
added. After the tube was closed, the reaction was stirred at
room temperature for 24 h. Then, under N,, Rh,(OCOBu),
(112 mg, 0.018 mmol, 0.02 equiv) and O-methyl 2-
methoxybenzothioate (335.8 mg, 1.84 mmol, 2.0 equiv) were
added to the reaction mixture. After that, the reaction mixture
was heated at 70 °C for 2 h. cooled to room temperature, and
silica gel (Aldrich, 4 g) was added. The reaction mixture was
stirred at room temperature for 4 h. Then, the crude material
was passed through a short pad of Na,SO, (anhydrous) and
eluted with ethyl acetate. The filtrate was concentrated under
reduced pressure, adsorbed on SiO, and purified by flash
column chromatography using hexane:THF (9:1). The desired
product (175 mg, 0.401 mmol, 43.5%) was obtained as a
yellow crystalline solid. Crystals were obtained by slow
evaporation using a DCM/hexane mixture. 'H NMR (500
MHz, CDCL,) 5 8.46 (dd, J = 7.8, 1.6 Hz, 1H), 8.17 (d, ] = 2.8
Hz, 2H), 8.15 (s, 1H), 7.50-7.41 (m, SH), 7.34—7.27 (m,
2H), 7.17 — 7.1 (m, 1H), 7.08 (d, J = 8.3 Hz, 1H), 4.10 (s,
3H). C NMR (126 MHz, CDCl;) § 162.0, 156.5, 140.8,
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138.7, 137.6, 137.0, 136.5, 131.6, 130.5, 128.4, 128.0—127.0
(m), 126.2, 123.7, 121.5, 120.5, 120.3, 111.6, 109.9, 55.9.
HRMS (ESI*) calculated for C,gH,,D,N,0S [M + H]J*
437.16257, found 437.16157.

Compound 4. A bottom flask equipped with a stir bar was
charged with methyl 2-methoxybenzoate (1000 mg, 6.0 mmol,
1.0 equiv), Lawesson reagent (2434 mg, 6.0 mmol, 2.0 equiv)
and p-xylene (30 mL). Then, the reaction mixture was stirred
at reflux. After 48 h of reaction, the crude was cooled to room
temperature, passed through a silica gel pad, and washed with
hexanes. The filtrate was adsorbed on SiO, and purified using
hexanes as eluent to obtain a red-orange liquid (689 mg, 3.8
mmol, 63%). TLC (10% AcOEt/hexanes, R; = 0.35). '"H RMN
(400 MHz, CDCL,) 6: 7.66 (d, ] = 7.7 Hz, 1H), 7.39 (t, ] = 7.9
Hz, 1H), 6.97 — 691 (m, 2H), 4.26 (s, 3H), 3.85 (s, 3H). 13C
RMN (101 MHz, CDCL,) : 214.9, 156.1, 132.2, 131.6, 129.0,
1204, 112.0, 59.5, $6.2. HRMS (IE*) m/z: [CoH,00,S]%,
calculated: 182.0402, found: 182.0403.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00171.

Experimental details: spectroscopic characterization,
differential scanning calorimetry (DSC), microscopy,
X-ray crystal structure analysis, nanoindentation, solid-
state NMR spectroscopy, and molecular mechanics—
dynamics calculations (PDF)

The phase transition observed during cooling of block-
shaped crystals by using hot-stage microscopy, showing
impressive thermosalient behavior with changes in the
crystal dimensions (Video S1) (MP4)

The propagation of the phase transition observed in real
time using an optical microscope as progression of the
phase boundary during the cooling of a crystal to low
temperature (Video S2) (MP4)
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