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Abstract: Thermosalient (TS) crystals have gained considerable attention due to their potential
applications in various fields, including in actuators, sensors, energy harvesting, and artificial
muscles. Herein, co-crystallization was employed to construct TS crystals by forming a twisted angle
between aromatic rings. Two multicomponent trimethoprim (TMP) TS cocrystals, TMP-25HBA and
TMP-OA, were obtained. Differential scanning calorimetry (DSC) and variable-temperature powder
X-ray diffraction (VT-PXRD) revealed that TMP-OA undergoes a solid-to-solid phase transition, while
TMP-25HBA does not exhibit any phase transition. To the best of our knowledge, TMP-25HBA is the
first multicomponent TS crystal without phase transition. The TS effect of both crystals is a result of
the unit cell’s anisotropic expansion.

Keywords: thermosalient crystals; jumping cocrystals; twisted angle; mechanical properties

1. Introduction

The mechanical response of molecular crystals under light or heat stimulation, known
as the salient effect [1–3], has gained much attention from researchers due to its potential in
various fields, including sensors, actuators, artificial muscles, and energy harvesting [4–7].
Dr. Chizhick et al. [8] reviewed the mechanical response molecular crystals before 2015 in
detail, and their research has made outstanding contributions to this field of photomechani-
cal molecular crystals. The 4-hydroxy-2-(2-pyridyl methylene) hydrazide photomechanical
crystal [9] reported by Dr. Chizhick et al. is the highest recorded deformation of low-
temperature bending crystals.

Among the different types of mechanical response crystals, thermosalient (TS) crystals,
or jumping crystals, have gained considerable interest due to their ability to convert thermal
energy into mechanical energy during heating or cooling [10–14]. Currently, there are less
than 50 cases of jumping crystals documented in the past four decades [1,8,15,16].

To construct TS crystals, it is necessary to comprehend their temperature response mech-
anism. Current research suggests that the anisotropic change of the unit cell induced by
the change in molecular conformation or packing during heating or cooling results in the
crystal’s anisotropic stress and causes crystal jumping [17]. This process is typically accompa-
nied by the solid phase transformation of crystals, such as 1,4-diazabicyclo[2.2.2]octane [18],
triphenylethenyl gold 4- chlorophenyl isocyanide complex [19], double ester naphthalene-
2,3-diyl-bis(4-fluorobenzoate) terephthalic acid [20], 1,2,4,5-tetrabromobenzene [21], ox-
itropium bromide [22], etc. In addition to the molecule conformation or packing changes
during phase transition, desolvation can also induce crystal jumping, such as spironolactone–
saccharin cocrystal [15], tetra-[2,3]thienylene tetracarboxylic acid [23], and pyrene tweez-
ers [24]. However, there are five instances of crystal jumping without undergoing phase
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transition [17,25–28], which all were found to have twisted angles between aromatic rings
(Figure S1). However, it is extremely difficult to synthesize molecules with such unusual
structures and crystallize them.

To address this challenge, a co-crystallization strategy in crystal engineering was
employed to link molecules with weak connections to create a twisted angle between
aromatic rings.

Trimethoprim (TMP), a typically used antibiotic containing benzene and pyrimidine
rings, was used as the model substance. This study focused on the co-crystallization of TMP
with 2,5-dihydroxybenzoic acid (25HBA) and orotic acid (OA) as additional components
(Scheme 1), which both have a carboxyl group and an aromatic ring. The feasibility of this
strategy was confirmed by the observation of the TS effect in both multicomponent crystals.
The TMP-25HBA crystal is the first multicomponent TS crystal without phase transition
reported to date. The results of this work may provide valuable reference for the design of
TS crystals.
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Scheme 1. Design of twisted conformations containing an aromatic ring via
hydrogen-bonding interactions.

2. Experimental Part
2.1. Single Crystal Preparation

Preparation of TMP-2,5HBA: 87 mg of TMP and 46.2 mg of 25HBA were added
into a glass bottle containing 5 mL of methanol solution. After dissolution, the solution
was filtered with a 0.45 µm nylon filter membrane. The filtrate was placed in a clean
glass vial and slowly volatilized at room temperature for 7–10 days to obtain the crystal
of TMP-25HBA.

Preparation of TMP-OA: 87 mg of TMP and 46.8 mg of OA were added into a glass
bottle filled with 10 mL of water. The glass bottle was heated to 75 ◦C to dissolve the solids.
After the solid was completely dissolved, the solution was filtered with a 0.45 µm nylon
filter membrane and added into a clean vial. The vial was then cooled to 25 ◦C at a rate of
0.05 ◦C/min to obtained crystal of TMP-OA.

2.2. Characterization

Hot-stage microscopic measurements were performed with a Linkam system, in-
cluding a temperature-controlled stage LNP94/2 mounted on a microscope CX40P. TGA
analysis was performed on a Mettler TGA/DSC 1 system (STARe, Mettler, Zurich, Switzer-
land). DSC was performed on a Mettler DSC 1 system (STARe, Mettler, Zurich, Switzer-
land). SCXRD measurement was conducted on a Rigaku Saturn 70 CCD diffractometer
using Mo Kα radiation (λ = 0.71073 Å) with a graphite monochromator. Variable temper-
ature powder X-ray diffraction data for TMP-OA were obtained on D8 advance (Bruck,
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Hersbruck, Germany). Unit cell parameters for TMP-25HBA are obtained on D8 Venture
(Bruck, Germany).

2.3. Theoretical Calculation

The Hirshfeld surface analysis of crystals was performed using CrystalExplorer21 [29]
and the proportion of intermolecular contacts was quantified. The calculation of energy
frameworks is also carried out by crystalExplorer21. Unit cell parameters at high tempera-
ture were obtained by Rietveld refinement by JADE 6 for VT-PXRD.

3. Results and Discussion
3.1. Observing TS Effect

The TS effect of TMP-25HBA and TMP-OA crystals was observed using HSM (Figure 1).
For TMP-25HBA, the temperature range for crystal jumping was relatively wide. Crystal
movement (Movie S1) was observed at 180 ◦C and it jumped out of view (Figure 1a) at
183 ◦C. Breakage during jumping occurred when being heated to 200 ◦C. Such a TS effect
was not observed during the cooling process. In contrast, for TMP-OA, we monitored the
TS effect during both heating and cooling processes (Figure 1b). Crystal movement was
observable during all temperature cycles (Movies S2–S5). We also discovered that TMP-OA
had the highest reported crystal temperature with the maximum TS effect (260 ◦C). In
addition, TMP-OA kept bright before and after the heating jump, indicating that its single
crystal structure was well maintained during the jumping.
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Figure 1. (a) Heating jump of TMP-25HBA (TMP: Trimethoprim; 25HBA: 2,5-dihydroxybenzoic acid)
with heating rate of 10 ◦C/min monitored using the microscope; (b) thermal stimulation of TMP-OA
(TMP: Trimethoprim; OA: Orotic acid) under two heating–cooling cycles between 190 ◦C and 265 ◦C.

3.2. Differential Scanning Calorimetry and Thermogravimetric Analysis

To gain a deeper understanding of the TS phenomena, single crystals of TMP-25HBA
and TMP-OA were observed using differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). For the TMP-25HBA single crystal, the DSC curve contains
numerous small endothermic peaks in the temperature range of 125–210 ◦C during heating
(Figure 2a), indicating the presence of the TS effect [18–20,30,31], which is related to the
crystal size distribution of the samples. No jagged DSC curve was collected for powdered
samples of TMP-25HBA crystals within this temperature range. The reason might be that
crystals of different sizes have different heat absorption conditions, and the heat transfer
rates at different crystal planes varied. The thermogravimetric analysis of the TMP-25HBA
crystal presents clearly uneven weight loss steps, while the TGA curve of TMP-25HBA
powders is smooth (Figure 2c). The sudden weightlessness of TMP-25HBA crystals before
decomposition temperature is likely due to some of the crystals jumping out of the crucible.
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This could also be verified by the ash content of TMP-25HBA crystals being apparently less
than that of the powders.
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(Thermogravimetry Analysis) curves of TMP-25HBA (c) and TMP-OA (d). The heating and cooling
rates are 5 ◦C/min.

In contrast, for TMP-OA, an endothermic peak between 243–255 ◦C and an exothermic
peak between 231–212 ◦C were recorded during the first temperature cycle (Figure 2b),
suggesting that the crystal could undergo phase transformation in this temperature range.
The crystal form stable at low temperatures was named TMP-OALT, while the crystal
form stable at high temperatures was named TMP-OAHT. Such two-phase transition
repeated during the second temperature cycle and the transition temperature range was
consistent with cycle 1. The TS effect of TMP-OA was observed during the transition
between these two phases, but the endothermic peak on the DSC curve did not have any
sawtooth patterns. The TGA curves of TMP-OA crystal and powder were nearly identical
(Figure 2d), indicating that it was difficult for TMP-OA crystals to escape the crucible
during the heating process. The weak TS behavior of TMP-OA may be due to the flaky
morphology, in addition to its crystal structure.

3.3. Variable-Temperature Powder X-ray Diffraction (VT-PXRD)

Variable-temperature powder X-ray diffraction (VT-PXRD) was employed to monitor
any phase transformation of TMP-OA during the heating process. The temperature was
raised to 265 ◦C and then cooled to 25 ◦C at the heating/cooling rate of 10 ◦C/min. X-ray
diffraction information was collected at specific temperatures. At the same time, the VT-
PXRD analysis of TMP-25HBA is also carried out, in order to further study whether there
is a phase transformation during the heating process.

For TMP-25HBA, the phase stability of TMP-25HBA was confirmed by the fact that
the number of diffraction peaks did not decrease or increase during the heating process
(Figure 3a). In the range of 20.0◦–22.0◦ (Figure 3b), the diffraction peak on the left side
moves to a lower 2θ angle with the increase of temperature, and the position of the
diffraction peak on the right side does not change. In the range of 44.0◦–44.5◦ (Figure 3c),
both diffraction peaks move to a lower 2θ angle. All these indicate that the unit cell of
TMP-25HBA has anisotropic expansion or contraction.
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during heating from 25 ◦C to 190 ◦C. (b) The PXRD peak shift of near 21.0◦. (c) The PXRD peak shift
of near 44.2◦.

For TMP-OA, the variation of X-ray diffraction peak positions with temperature was
carefully evaluated. Figure 4b showed that the diffraction peaks between 25◦ and 27.5◦

changed significantly as the temperature increased. As the temperature reached 265 ◦C, a
new diffraction peak appeared between the two previously observed peaks, which shrunk
during heating. This indicates a phase transition process that is also monitored by the DSC
curve. The position of the diffraction peak in Figure 4c shifted to a lower 2θ angle during
heating and then returned to its original position when being cooled. The peak shift is a
sign of lattice expansion or contraction, depending on the hkl index. The reversible peak
shift indicates reversible lattice expansion or contraction of TMP-OA.
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3.4. Thermal Expansion Coefficients

Temperature-dependent single-crystal structural analyses of TMP-25HBA were con-
ducted to understand the mechanism underlying this thermo-responsive crystal jumping.
Single crystal unit cell data were collected from 110 ◦C to 210 ◦C at a heating rate of
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10 ◦C/min. Figure 5 shows the changes in the length of crystallographic a, b, and c axes
of the single crystals of TMP-25HBA upon temperature changes, and the expansivity
indicatrices of TMP-25HBA.
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Figure 5. Temperature-dependent crystallographic parameters a (a), b (b) and c (c) axes and the
expansivity indicatrices (d) of TMP-25HBA; purple and yellow represent positive and negative
thermal expansion, respectively.

The unit cell of the TMP-25HBA crystal showed temperature-dependent anisotropic
expansion/contraction which is considered a characteristic of jumping crystals. The selec-
tive anisotropic expansion of the unit cell occurred most obviously along the c-axis direction
of C-H···π stacking between TMP molecules (Figure 6c). The unit cell contracted along the
a-axis of the hetero-tetramer chain (Figure 6b). The length of the c-axis increased by 0.82%
and the length of the a-axis decreased by 0.19% during heating from 110 ◦C to 210 ◦C. The
lengths of axes a, b, and c are observed to have a linear relationship with temperature.

For TMP-25HBA, a special hetero-tetramer (Figure 6a) including two TMP molecules
and two 25HBA molecules arrange in chains along the a-axis via the hydrogen bond
interaction between 25HBA molecules (the red hydrogen bonds in Figure 6b are hydrogen
bonds between 25HBA molecules). This type of hydrogen bond interaction is strong, rigid,
and difficult to extend or shorten considerably, and thus limits the crystal’s a-axis change
after heating [32–34]. In contrast, in the direction of the c-axis, TMP molecules are stacked
by C-H···π interaction, which is weaker than hydrogen bonds and easier to change the
molecular distance when the temperature changes.

The thermal expansion coefficients were calculated using the Pascal program [35] and
the results were listed in Table 1. It demonstrates that, between 110 ◦C and 210 ◦C, the
crystal exhibits predominantly negative thermal expansion in the direction of X1 [−0.9994,
0.0000, −0.0349] with a coefficient value of −19.0021 MK−1 and predominantly positive
thermal expansion in the directions of X2 [0.0000, 1.0000, 0.0000] and X3 [0.2691, 0.0000,
0.9631] with expansion coefficients of 7.3277 MK−1 and 82.9283 MK−1. The anisotropic
expansion/contraction of this unit cell is considered as the reason for crystal jumping.
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along the a-axis. (c) C-H···π stacking mode between TMP molecules along the c-axis.

Table 1. Calculated thermal expansion coefficients for TMP-25HBA.

Direction
Axes α (MK−1) σα (MK−1) a b c

X1 −19.0021 1.0841 −0.9994 0.0000 −0.0349
X2 7.3277 0.1673 0.0000 1.0000 0.0000
X3 82.9283 1.4665 0.2691 0.0000 0.9631
V 71.4168 1.5963

Unit cell parameters of TMP-OA at high temperature were obtained by Rietveld
refinement for VT-PXRD. Similarly, for TMP-OA, the temperature-dependent unit cell
parameters (Figure 7a–c), the expansivity indicatrices (Figure 7d), and the calculated
thermal expansion coefficients (Table 2) were analyzed. There were obvious differences in
the lengths of the a and b axes of TMP-OA before and after the phase transition, especially
at temperatures between 240 ◦C and 255 ◦C. During the heating process from 175 ◦C to
265 ◦C, the length of the a-axis increased by 2.3%, and the length of the b-axis decreased by
1.2%. Conversely, along the c-axis, the change in the length of c is relatively small.
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Figure 7. Temperature-dependent crystallographic parameters a (a), b (b) and c (c) axes and the
expansivity indicatrices (d) of TMP-OA; purple and yellow represent positive and negative thermal
expansion, respectively.

Table 2. Calculated thermal expansion coefficients for TMP-OA.

Direction
Axes α (MK−1) σα (MK−1) a b c

X1 −168.6973 19.7555 −0.2108 0.9757 −0.0596
X2 35.3957 7.1966 0.4194 0.5539 0.7192
X3 334.5309 52.3126 −0.8506 −0.5225 0.0585
V 243.9352 42.2856

The calculated thermal expansion coefficients (Table 2) show negative thermal expan-
sion mainly in the direction of X1 [−0.2108, 0.9757, −0.0596] with the coefficient value
of −168.6973 MK−1, while the positive thermal expansion mainly occurs in the direction
of X3 [−0.8506, −0.5225, 0.0585] with the expansion coefficients of 334.5309 MK−1. This
anisotropic expansion was caused by phase transition and triggered the TS effect.

3.5. Molecular Conformation and Packing Comparison

In the asymmetric unit of the TMP-25HBA crystal, one molecule of TMP and one
molecule of 25HBA are present, which form a cyclic motif of R2

28. In order to reveal the
mechanism of crystal jumping at the molecular level, the conformation of the asymmetric
unit was analyzed.

When the temperature of the crystal was increased from 113 K to 463 K, the length of
the two hydrogen bonds involving the R2

28 motif changed, and the bond angle decreased.
Specifically, the bond length of N4-H4B···O7 increased from 2.900 Å to 2.912 Å, and the
bond angle decreased from 158.31◦ to 157.18◦. Similarly, the bond length of N3-H3···O6
decreased from 2.668 Å to 2.661 Å, and the bond angle decreased from 178.34◦ to 177.24◦.
Furthermore, the angle between the benzene ring of 25HBA and the benzene ring of TMP
increased from 35.28◦ to 39.08◦, while the angle between the benzene and pyrimidine rings
in TMP increased from 81.48◦ to 83.00◦.
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The conformational changes of asymmetric units were analyzed by overlaying O1-O2-
O3 atoms in the crystal structure at both high and low temperatures. Figure 8a–c shows that
the conformation of asymmetric units has obviously changed, with the pyrimidine ring of
TMP shifting by 0.313 Å, and the benzene ring of 25HBA shifting by 0.590 Å, in which the
position of 25HBA connected by weaker interaction changed more significantly. The space
occupied by asymmetric unit conformation decreases along the a-axis, and increases along
the b and c axes, which is consistent with the change of unit cell axis with temperature.
Therefore, it can be concluded that the conformation change of the asymmetric unit is the
direct reason for the change of unit cell axis length. In addition, Figure 8d shows that the
molecular packing of the crystal also changes slightly due to the change in the conformation
of the asymmetric unit, manifesting as the slight deviation of the molecular position rather
than the change in the overall molecular packing.
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Figure 9 presents the Hirshfeld surface analysis [36,37] of the two molecules in the
TMP-25HBA crystal at different temperatures. It shows that the proportions of various
intermolecular contacts do not change much. Therefore, further analysis of the energy
frameworks [38] (Figure 10) was performed at the B3LYP/6-31G(d,p) level of theory. For
each molecule (TMP and 25HBA), the interaction energy with the surrounding molecules
within a radius of 3.8 Å was calculated.
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energy in TMP-25HBALT and TMP-25HBAHT. The energy scaling factor is 88 and the energy threshold
is 11 kJ/mol.

The total interaction energy (the average of the energies of the two molecules)
is −308.1 kJ/mol in the TMP-25HBALT, including −204.8 kJ/mol of electrostatic,
−123.4 kJ/mol of polarization, −262.0 kJ/mol of dispersion, and 267.4 kJ/mol of repulsive
energy terms. For TMP-25HBAHT, the total interaction energy (−302.0 kJ/mol) is composed
of electrostatic (−188.0 kJ/mol), polarization (−117.6 kJ/mol), dispersion (−238.7 kJ/mol),
and repulsive (223.4 kJ/mol) energy terms. The molecular interaction energies were calcu-
lated and shown in Figure S5 with scale factors of kele = 1.019, kpol = 0.651, kdisp = 0.901,
krep = 0.811. The total interaction energy of high temperature (−302.0 kJ/mol) conforma-
tion is smaller than that of low temperature conformation (−308.1 kJ/mol), indicating that
the interaction between molecules weakens after the temperature rises. However, the inter-
action energy (Figure S5) between asymmetric units increased from −73.0 kJ/mol (high
temperature) to −76.2 kJ/mol (low temperature), suggesting that asymmetric units have
stronger interaction at high temperature. The interaction between molecules constituting
asymmetric units is enhanced, but the interaction between these molecules and their sur-
rounding molecules is weakened, which may lead to the anisotropic expansion/contraction
of the whole unit cell. Energies between molecular pairs are represented as cylinders joining
the centroids of pairs of molecules with the cylinder radius proportional to the relative
strength of the corresponding interaction energy. It can also be seen from the energy frame-
works that the radius of the cylinder between asymmetric units is the largest, contributing
the most to the structure. The design of such temperature-sensitive supramolecular struc-
ture may provide a new way to discover TS crystals.

Based on the analysis, the TS effect of TMP-25HBA and TMP-OA can be explained.
TMP was combined with 25HBA by hydrogen bonding to form a twisted angle between
aromatic rings. The change of dihedral angle between aromatic rings and the shift of
centroid of aromatic rings in asymmetric cells after temperature rise lead to anisotropic
expansion/contraction of the cell and further crystal jumping. Although the conformational
change is not very significant, the sudden release of structural stress may be sufficient to
cause the TS effect [17]. For systems that do not undergo phase transition, there is still no
very precise and all-around understanding of the TS effect. Although the energy framework
is useful for this work, it cannot fully explain crystal jumping. For jumping crystals, we
still need to conduct more in-depth research.

Because the phase transition temperature of TMP-OA is higher than the upper limit of
our single crystal diffractometer equipment, the single crystal structure of TMP-OA at high
temperature is not obtained. Nevertheless, the anisotropic expansion of the unit cell caused
by phase transition can be considered as the reason for the jump of the TMP-OA crystal.
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4. Conclusions

This work investigated the development of two types of multicomponent TS crystals,
achieved by combining two molecules into distorted conformations via weak intermolecular
interactions. It was observed that TMP-25HBA did not undergo a phase transition, but
changes in its conformation and intermolecular interactions may induce structural strains
and trigger the TS effect. On the other hand, TMP-OA underwent a phase transition. The
phase transition was validated through DSC and VT-PXRD techniques. Rietveld refinement
for VT-PXRD confirmed that the TS effect was triggered by anisotropic expansion. This
suggests that the formation of a twisted angle between aromatic rings may help design
TS crystals. The co-crystallization technique used in crystal engineering can provide
inspiration for this concept’s design. We believe that the design of TS crystals will no
longer be a mystery as we are currently working on additional attempts at designing
twisted conformations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13040701/s1 and https://zenodo.org/record/7698506#
.ZBR9qRRBy4Q (accessed on 3 March 2023). Movie S1: Heating of TMP-25HBA starting at 180 ◦C
(heating rate 10 K/min); Movie S2: Heating of TM-OA in cycle 1 starting at 250 ◦C (heating rate
10 K/min).; Movie S3: Cooling of TMP-OA in cycle 1 starting at 234 ◦C (cooling rate 10 K/min);
Movie S4: Heating of TM-OA in cycle 2 starting at 248 ◦C (heating rate 10 K/min).; Movie S5: Cooling
of TMP-OA in cycle 2 starting at 238 ◦C (cooling rate 10 K/min). Figure S1. Molecular structural
formulas of thermosalient crystals without phase transitions that have been previously reported.
Figure S2. (a) Differential scanning calorimetry thermograms of two cycles of TMP-25HBA powder.
(b) Differential scanning calorimetry thermograms of two cycles of TMP-OA powder. Figure S3. (a)
Tetramer of TMP with 25HBA; (b) 1 D chain formed by tetramers; (c) 2 D plane connected by 1 D
chains (green and yellow) (d) 3 D structure arranged between 2 D planes. Figure S4. (a) Tetramer
formed between TMP and OA; (b) 1 D chain of Tetramers; (c) The plane connected between the chains;
(d) Connection mode of TMP-OA between planes. Figure S5. 2D fingerprints of different molecules in
TMP-25HBA crystals (HT is high temperature, LT is low temperature). Figure S6. (a) and (b) are the
energy calculation results of TMP in TMP-25HBALT; (e,f) are the energy calculation results of 25HBA
in TMP-25HBALT; (c,d) are the energy calculation results of TMP in TMP-25HBAHT; (g,h) are the
energy calculation results of 25HBA in TMP-25HBAHT. Figure S7. The melting point of the crystal
was determined by HSM (To prevent the crystal from jumping out of sight, the crystal was covered
with a glass sheet.) and the T(TS)/T(melting) was calculated. T(TS)/T(melting) of TMP-25HBA
is 456.15K/513.15K (0.8889). T(TS)/T(melting) of TMP-OA is 533.15K/553.15K (0.9638). Table S1.
Crystallographic Parameters of TMP-25HBA and TMP-OA. Table S2. Cell parameters of TMP-25HBA
at different temperatures. Table S3. Cell parameters of TMP-OA at different temperatures.
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