Molecular thermal engine based on a highly flexible elastic crystal
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Abstract

Materials that exhibit actuation behavior in response to external stimuli have a wide range of
applications owing to their ability to convert input energy into mechanical work. Light and
chemicals are common sources of input energy. However, actuation using thermal energy from
ambient-temperature sources remains challenging. In this study, we introduce novel elastic
crystals composed of dodecylated porphyrin molecules that exhibit high flexibility and
deformation in response to temperature changes. When a crystal is loaded with a small weight
and positioned between high- and low-temperature heat sources, it exhibited continuous, large,
and rapid oscillations. These oscillations persisted for at least 160 h, corresponding to 3.9 million
deformation cycles, as long as the temperature difference was maintained. This study presents the
first example of a molecular crystal functioning as an engine that can extract kinetic energy from

static and ambient-temperature sources.



INTRODUCTION

Materials exhibiting actuation properties in response to external stimuli have been extensively
studied owing to their wide range of applications, including soft robotics, the medical industry
(artificial muscles and limbs), and energy storage and conversion. Sophisticated material design
has led to the development of soft polymer composites exhibiting autonomous locomotion similar

10,11

to that of living organisms."® Liquid crystal elastomers exhibit continuous rolling and

oscillation*7%12

when exposed to consistent light and temperature. In these examples, mechanical
energy is extracted from a nearly constant external field, eliminating the need for on—off cycling
of the light or heat source. Typically, light serves as the energy source, inducing localized
expansion and contraction either through the £-Z isomerization of photoresponsive molecules or
via photothermal heating. These spatially non-uniform deformations disrupt symmetry and
generate directional motions such as oscillation and locomotion. In many cases, asymmetry is
maintained by self-shadowing effects, in which light-induced deformation dynamically alters the
material geometry or orientation, thereby modulating its exposure to incident light. This

spatiotemporal feedback mechanism enables a continuous and self-sustained motion under

continuous illumination.

Recent developments in crystal engineering have revealed the possibility of endowing organic
crystals, which were previously considered rigid, with actuation properties.'** Elastic crystals
that can be reversibly bent like elastomers while maintaining their crystallinity have also been
reported;? these materials are considered promising materials for highly durable and flexible

2632 and magnetic devices.**° Reports on elastic crystals exhibiting actuation in

optoelectronic
response to light,*’3? chemicals,*’ and temperature?***> underscore the diversity of the operating
principles of actuators prepared from molecular crystals. Polymer composites containing highly
oriented microcrystals grown epitaxially exhibit excellent photomechanical performance,*
highlighting the importance of well-aligned molecular units in generating strong actuation forces
through the accumulation of subtle molecular structural changes. In this context, crystals with
highly ordered and oriented molecular packing are promising candidates for high-performance
actuators. However, energy extraction from a constant external field, as demonstrated in polymer
composites, remains rare in organic crystals.'” Some molecular crystalline materials composed of

214 and rolling* motions under

photoresponsive molecules have exhibited continuous oscillations
steady light exposure, driven by self-shadowing effects similar to those observed in soft polymer
systems. In contrast, while thermally induced actuation has been demonstrated in crystals, these

systems typically rely on fluctuating external conditions, such as heater on-off cycling, to sustain



motion, 18-2022-24.3946 Therefore, the direct extraction of kinetic energy from static thermal baths,
as in a thermal engine, remains an unresolved challenge. To address the gaps in the literature, in
this study, we present the first example of a thermal engine based on elastic crystals. When the
crystal is loaded with a weight and placed between high (3437 °C)- and low (~0 °C)-temperature
heat sources, it continuously oscillates, indicating that it can extract the kinetic energy from the
heat sources at different temperatures. The oscillations continued for at least 160 h, corresponding
to over 3.9 million cycles of bending and stretching, demonstrating the high durability of the
elastic crystal. To the best of our knowledge, this study is the first to report the continuous
operation of an organic crystal-based thermal engine under only static temperature differences.
Our results highlight the potential applications of organic elastic crystals as actuators owing to

their high-speed responsiveness to external fields and remarkable durability.
RESULTS & DISCUSSION
Synthesis and characterization

The dodecylated porphyrin molecule was synthesized by the ester-exchange reaction of 10,15,20-
tetrakis(4-methoxycarbonylphenyl) porphyrin H2(TMCPP) in 1-dodecanol in the presence of a
base catalyst (DBU), as depicted in Figure 1a.*° Crystallization of the deacylated porphyrin using
dichloromethane and ethanol at 40 °C afforded the needle-like elastic crystals (1), with a minor
amount of brittle block-shaped crystals (2). 1 could be bent under a mechanical force and returned
to its original shape when the force is released, indicating its elasticity (Figure 1b and Movie 1).
The nanoindentation test results for 1 (Figures S3 and S4) revealed a Young’s modulus (£;) and
hardness (H) of 1.8(2) and 0.072(3) GPa, respectively. Furthermore, the Young’s modulus of 1
upon bending was determined to be 0.13 GPa (Figures S5—S7). These values are lower than those

of most organic compounds*’, confirming the high flexibility of 1.
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Figure 1. (a) Synthesis and crystallization of dodecylated porphyrin. (b) Bending of 1.

Figure 2a summarizes the crystal packing of 1 at 298 K. 1 crystallized in the space group P-1, and

the entire molecule was crystallographically independent. The two dodecyl chains of 1 exhibited



heavy disorder at 298 K, as indicated in green, orange, and purple. The porphyrin molecules
stacked along the a-axis to form a columnar structure surrounded by dodecyl chains. The a-axis
coincided with the direction of crystal growth. Needle-like crystals with such a one-dimensional
molecular arrangement are commonly elastic.?®*8 The intracolumnar distances between porphyrin
n-planes (3.67 and 3.82 A) are longer than that expected for a m—m stacked system (3.3 A),
indicating that the van der Waals interactions between dodecyl chains are the dominant driving
force behind the one-dimensional packing of the crystals. The brittle crystal 2 exhibits a complex
packing structure in which the dodecyl chains are intricately intertwined (Figure S8), thereby
restricting molecular displacement during bending. Energy framework analysis* revealed that in
crystal 1, the strongest intermolecular interactions are oriented along the a-axis, consistent with
its one-dimensional columnar packing (Figure S10). In contrast, crystal 2 exhibits two similarly
strong intermolecular interactions within a plane, reflecting its two-dimensional packing motif

(Figure S11).

Figure 2b summarizes the temperature dependence of the g-axis length as a representative
parameter. When the temperature was swept from approximately 275 to 223 K, the g-axis length
gradually increased with the gradual suppression of the disorder on the dodecyl chains (Figure
2¢). The crystalline parameters exhibited a similar temperature dependence during the
corresponding heating process, indicating that this process is reversible. Adiabatic and differential
scanning calorimetry indicated that the gradual structural changes observed between 275 and 223
K correspond to a second- or higher-order phase transition from the high-temperature (HT) to the
low-temperature (LT) phase (see the thermal analysis section in the Supporting Information (SI)).
In this paper, the 275-223 K region is referred to as the medium-temperature (MT) state for
convenience. The a-axis length of 1 increases with decreasing temperature, whereas its b-axis
length, c-axis length, and cell volume decrease. In other words, the needle-like crystals become
long and slim upon cooling. The elongation ratio of the crystals associated with the decrease in
temperature was observed using optical microscopy (Figure S12 and Table S3). The increase in
a-axis length correlated with the magnitude of disorder of the dodecyl groups. The heavy thermal
motion of the dodecyl chains in the HT phase prevented the porphyrin columns from approaching
each other, whereas the suppressed thermal motion of the dodecyl chains upon cooling decreased
the intercolumnar distances (Figure 2d). Owing to the chemical pressure from adjacent columns,

the intracolumnar molecular distances increased, resulting in an increase in a-axis length.
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Figure 2. (a) X-ray structures of 1 at 298 K. (b) Temperature dependence of the crystal parameters and (c)
X-ray structures of 1. (d) Schematic illustration of the elongation of the a-axis and contraction of the »- and

c-axes upon cooling.
Crystal deformation by changes in temperature

An important consideration in the performance of elastic crystals is their ability to remain flexible
at low temperatures.’®! Because 1 contains dodecyl chains that exhibit temperature-dependent
thermal motion, its flexibility should depend on the temperature. To briefly examine the
temperature dependence of the flexibility of 1, we attached a weight (1.168 mg of Al) to the tip
of 1 (length: 5.7 mm) and cooled the crystal in a refrigerant-free cooling device sealed with an
insulated window.*® Figure 3a summarizes the deformation of the crystal with the weight load
upon cooling and heating (Movie 2). Surprisingly, the crystal bent during cooling from 298 to 265
K, indicating that the crystal softens as the temperature decreases. This behavior is unusual
because typical solids harden with decreasing temperature. A further decrease in temperature from
265 to 251 K straightened the crystal owing to curing. The heating process induced a crystal
deformation identical to that observed during the cooling process, indicating that the deformation

of the crystal with changing temperature is reversible.

Notably, in the absence of an applied weight, the crystal exhibited only a change in length while
retaining a straight configuration without any bending deformation (Figure S12). This observation
indicates that the mechanical stress generated by the attached weight is essential for inducing the

bending behavior.
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Figure 3. (a) Temperature-dependent deformation of 1 with a weight load. (b) Movement of the weight
during the thermal-engine experiments. The track of the weight over 70 cycles of oscillation is depicted as

a solid curve. (¢) Time dependence of the x coordinate, y coordinate, and velocity (v) of 1 over 1 s.
Construction of the thermal engine

When 1 is loaded with a weight (1.168 mg of Al) and sandwiched between a high-temperature
(34-37 °C) heat source and a low-temperature (~0 °C) heat source, a thermal engine that can
extract kinetic energy from thermal energy is constructed. The crystal is ~5.2 mm long and ~43
pum thick (Figure S18). As shown in Figure 3b, the weight attached to the crystal moves with a
large oscillation at a frequency of 6.84(7) Hz. When the Peltier cooler is switched on, the crystal
begins to vibrate, and the vibrations are gradually amplified until a large oscillating motion is
achieved (Movie 3). This movement continues as long as the temperatures of the heat sources are
maintained, and was confirmed to last for at least 160 h, corresponding to over 3.9 million cycles
of bending and stretching. Unlike a previous example of molecular crystals that could extract
kinetic energy from heat,' our crystal does not require periodic changes in temperature for
actuation. Thus, to the best of our knowledge, our molecular crystal-based heat engine is the first
of'its kind. Figures 3c and S21 summarize the time dependence of the x and y coordinates as well
as the velocity (v) of the weight, clearly demonstrating the high reversibility of the lifting and
descending cycles (Movie 4). The average time interval for the descending and lifting processes

over 70 cycles was 0.146(1) s. The maximum v (vmax) of the weight was 174(9) mm s ! for



descending and 179(14) mm s ! for lifting (Figure S23); these values are 5-6 times faster than the

reported v of a glass bead (0.15 mg) pushed by a thermoelastic organic crystal (29 mm s!).%

Figure 4a summarizes the thermodynamic cycle of the heat engine. As the crystal approaches the
low-temperature heat source (273 K; state A), it deforms from its equilibrium position by Ag =
~5 mm (state B and Figure S19) owing to bending. Using an elastic constant k£ of 2.94 mN m™!
(as summarized in Figure S20), we determined the elastic energy (Eg) to be k(Ag)*/2 =37 nl. k
rapidly increased to 5.48 mN m ™' when 1 was heated by the high-temperature heat source (298
K; state C), and Eg increased to 69 nJ. In other words, 32 nJ of Er was supplied from the thermal
energy. Based on the v and y (height) of the weight, the time dependence of its kinetic energy (Ek)
and potential energy owing to gravity (EG) can be calculated as mv?/2 and mgy, respectively, where
g is the gravitational acceleration and m is the mass of the weight. Figure 4b summarizes Eri, Eg,
Ex, and their sum (£7). The maximum Eg (~69 nl) is greater than the maximum Eg (~45 nlJ),
indicating that the Er stored via the temperature change is sufficient to lift the weight to its highest
position (y = ~3.8 mm). In other words, the Eg supplied from the heat source is sufficiently large
for the fast and continuous motion of the weight. Based on the thermal energy absorbed by 1 as
the temperature is increased from 273 to 298 K (1.0 mJ, as summarized in the caption of Figure
S18) and the supplied Er (32 nJ), the energy conversion efficiency of our system was estimated
to be 0.003%, which is similar to that of a photothermally driven crystal actuator.>® The work
density (output energy of 32 nJ per volume of 0.031 mm?®) was estimated to be approximately 1
kJ m~, which falls within the range reported for crystal-based actuators.?**>* This heat-engine
behavior is highly reproducible, and large vibrations could be observed even in crystals of low
quality (bent or chipped) (Figures S25-S27 and Movies 5-8). The oscillatory engine behavior is
not observed in the absence of an attached weight, as bending deformation does not occur under
such conditions. Furthermore, the magnitude of the attached weight is a critical factor in achieving
large amplitude oscillations. If the weight is too light, the resulting stress is insufficient to induce
the necessary bending, preventing the cooled crystal from reaching the high-temperature source.
Conversely, if the weight is too large, the crystal cannot lift it, thereby inhibiting the approach to
the low-temperature source. The optimal weight depends on the dimensions of the crystal. A
longer crystal requires a smaller weight to deform effectively due to the larger moment arm,
making them well-suited for generating significant oscillations under lighter loads. In contrast,
thicker crystals exhibit greater stiffness, and therefore require heavier weights to induce sufficient
bending and generate pronounced oscillatory motion. In addition to enabling deformation, the

attached weight also serves to store kinetic energy (£x) through its inertia, assisting the crystal in



traveling back and forth between the low- and high-temperature heat sources—similar to the
function of a flywheel in conventional thermal engines. In addition, to maximize the oscillation
amplitude, the heater and cooler should be positioned as close as possible without contacting the

crystal during its motion.
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Figure 4. (a) Thermal cycle of the heat engine. (b) Time dependence of the energies of the heat engine. The
potential energy owing to gravity (Eg) and maximin Eg (45 nJ) are shown in the total energy (E1) vs. time

plot as red curves and black dotted line for comparison. Ex = kinetic energy, Eri = elastic energy.
Microscopic mechanism of bending upon cooling

The thermal-engine behavior of 1 is driven by changes in & with temperature. Notably, the
temperature at which the crystal becomes most bendable (265 K in Figure 3a) is close to the
boundary between the HT phase and MT state (~270 K in Figure 2b), indicating that bending is
correlated with its structural changes. The following bending mechanism can be proposed based
on the elongation of the crystal upon cooling (Figure 5a). (1) The weight causes the elastic crystal

to arc. The outer arc is stretched, whereas the inner arc is compressed. That is, the mechanical



force elongates the a-axis in the outer arc and compresses the a-axis in the inner arc. (2) When
the crystal is cooled to approximately 270 K, the outer-arc region preferentially changes to the
MT state with a preference for a long a-axis, whereas the inner-arc region remains in the HT phase
with a preference for a short g-axis. Such an inhomogeneous structural phase transition renders
the outer arc longer and the inner arc shorter, resulting in the bending of the crystal upon cooling.
During this process, part of the potential energy from the attached weight is used to maintain the
energetically unfavorable HT phase in the inner arc, thereby stabilizing the curved configuration.
(3) Further decreases in temperature convert the crystal into an entirely MT state, causing it to
straighten (251 K in Figure 3a). At this stage, the portion of the enthalpy released from the HT-
to-MT phase transition (estimated to be on the order of 1074 J) is partially utilized to lift the weight,
which requires only ~107% J of gravitational potential energy. The bending mechanism proposed
here is identical to the operating principle of bimetals, and a similar type of curing by decreases
in temperature has been reported for composite materials composed of elastic crystals, metals,

and polymers.*!
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Figure 5. (a) Mechanism of the bending of the crystal based on the elongation of the ¢-axis upon cooling.
(b) Experimental setup for the pinpoint X-ray structural measurements. (c) Variation in g-axis length as a

function of the z position along the crystal. The solid lines represent the fits obtained using linear and



sigmoidal equations. (d) Crystal structures for the inner (small z)- and outer (large z)-arc regions in the
straight (left) and bent (right) configurations. The intermolecular centroid—centroid distances are shown for

comparison.

To confirm the inhomogeneous structural phase transition of the crystal arc near the phase-
transition temperature, we performed pinpoint X-ray structural analyses®* of the crystal arc. Based
on the crystal mount pin used to stretch crystals®® reported by Shi et al., we created a 3D model
of a mount pin that could bend the crystal by adjusting a screw (Figure 5b and 3D data in the SI).
The crystal was adhered to a rectangular piece of Kapton tape to prevent it from moving and
fluctuating under the N, gas stream used for temperature control. The crystal had a straight
configuration before the screw was tightened. The position of the microfocus X-ray beam (height:
2 pum; width: 4 pm) was moved from the top to the bottom of the linear crystal to scan its local
structure. The w-scan range was restricted to —45° to 45° to avoid the X-ray irradiation of
positions other than the center of the crystal. As summarized in Figure 5c, the a-axis length of the
straight crystal was nearly independent of the beam position and similar to that in the MT state.
Tightening of the screw caused the crystal to arc. Structural mapping from the lower to the upper
regions across the center of the arc revealed that the a-axis length of the outer arc was
approximately 1.7% longer than that of the inner arc. The longer and shorter a-axis lengths
correspond to the MT state and HT phase, respectively, indicating that the outer- and inner-arc
regions adopt the MT state and HT phase, respectively. The z dependence of the a-axis length of
a bent crystal is not expressed as a linear line**-® but is fitted with a sigmoidal curve, indicating
an inhomogeneous structural phase transition. These results are consistent with the proposed
mechanism of bending upon cooling, where the outer- and inner-arc regions adopt the MT state

and HT phase, respectively (Figure 5a).

Figure 5d summarizes the porphyrin core structures in the inner (small z)- and outer (large z)-arc
regions. The molecular structures of the outer- and inner-arc regions of the straight and bent
configurations were identical, and no clear difference in the magnitudes of the thermal factors on
the dodecyl chains was observed. In contrast to the molecular structures, the intracolumnar
molecular distances depended on the position of the arc. In the straight configuration, the
intermolecular centroid—centroid distances in the outer- and inner-arc regions were similar (Figure
5d, left). However, in the bent configuration, the intermolecular distances changed from 5.87 to
6.01 A in the inner arc and from 5.67 to 5.81 A in the outer arc, corresponding to a ~2.3%
difference in molecular distance (Figure 5d, right). This deformation indicates that a 60 um-thick

crystal can be bent to form an arc with a diameter of 5.2 mm, indicating high flexibility.



CONCLUSION

We successfully constructed a molecular crystal-based thermal engine that can extract kinetic
energy from ambient-temperature differences. The flexible conversion of the kinetic energy of the
weight to the potential energy of crystal deformation and the rapid deformation of the crystal to
accelerate the weight are crucial factors for continuous motion. The bending of the weight-loaded
crystal as the temperature decreases correlates with the strain-induced phase transition associated
with crystal elongation, which occurs preferentially in the outer-arc region. The mechanical
properties and energy efficiency of our porphyrin-based system can be modified by changing the
alkyl chain length, inserting metals, and constructing solid solutions. The direct conversion of
ambient temperature differences into kinetic energy, as demonstrated here, opens up new

possibilities for applying organic crystals in waste-heat utilization.
METHODS
Synthesis of 1

The mixture of H,(TMCPP) (110 mg, 0.13 mmol), 1-dodecanol (2 mL) and DBU (80 pL) was
stirred at 180 °C for 12 hours under N, atmosphere. After cooling to room temperature, the excess
methanol (ca. 30 mL) was added to the reaction mixture to afford the precipitate, which was
collected by vacuum filtration and washed with methanol. The precipitate was purified with the
silica gel column chromatography (Wakogel 60N) with CH>Cl, as the eluent. Recrystallization
using CH:Cl, and ethanol afforded purplish red crystals of 1 (84 mg, 65 %). Crystallization using
CH,Cl, and ethanol at 40 °C afforded the needle crystals of 1. 'H NMR (400 MHz, CDCl;,
TMS):6 8.214 (s, 8H), 8.45 (d, 8H), 8.29 (d, 8H), 4.51 (t, 8H), 1.92 (quint., 8H), 1.28 (broad
signal, 72H), 0.86 (t, 12H), -2.803 (s, 2H). MALDI-TOF MS (Matrix: HABA): Calcd. for
[CosH126N4Os]": m/z = 1483.96. Found: 1483.87. CHN elemental analysis calcd. (%) for
CosH126N4Og: C 78.76, H 8.67, N 3.83; found: C 78.569, H 8.671, N 3.77. Melting point: 422-426
K.

Pinpoint X-ray structural analyses

Pinpoint X-ray structural analyses were performed on SPring-8 BL40XU using the mount pin
printed by 3D printer. The diffraction data was processed via CrysAlisPro 4.0. Initial structures
were determined using SHELXT (2018/3) and subsequently refined with SHELXL (2018/3)*7, in

combination with Yadokari-XG.>®

Mechanical testing



Stress-strain curve of a crystal was evaluated using automatic cantilever bending instrument.*’
Small loads were applied in the direction perpendicular to the mounted needle crystals using a
KYOWA LTS 50GA ultra-small-capacity load cell. The crystals were fixed on the slide glass with
an araldite adhesive. The stress (o), strain (¢) and Young’s modulus (£) in a cantilever bending
can be calculated by Figure S5. Nanoindentation test was performed on Triboindenter system
(Hysitron Inc. Triboindenter TI950) equipped with a 60° 3-sided pyramidal tip on fused quartz
(Hysitron Inc. Ti-0038).

Thermal engine experiments

Movies of the crystal during thermal engine experiment were captured using an ELP-
USBFHDO08s-MFV(5-50) camera with a HAYEAR C-Mount lens (0.7-4.5x) and a HAYEAR
LED ring light. High-speed footage (260 fps) was recorded with AMCap software, while other
videos were captured using OBS Studio. The trajectory of the weigh was obtained by Kinovea

software.”
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