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Dynamic pedal motion and thermal expansion in an
ionic co-crystal with 1,2-bis(4-pyridyl) ethylene
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An ionic co-crystal material (Bpe-BPh4) composed of 1,2-bis(4-pyridyl) ethylene (Bpe) molecules and
sodium tetraphenylborate (NaBPhy) is synthesized and isolated. Single crystal X-ray diffraction reveals
that the molecular structure of the co-crystal contains a protonated HBpe™ cation and a [BPh4l~ anion.
Interestingly, variable-temperature single crystal X-ray experiments show that the material exhibits

temperature-dependent pedal motion with dynamic disorder of the Bpe moiety, leading to thermal
Received 10th July 2025 ion (TE) behavi ithin the Bpe-BPh, molecules, which conf i to thermal
Accepted 10th September 2025 expansion ehaviour within the Bpe 4 molecules, which confers responsiveness to therma
stimuli. A Thermal Expansion Visualizing (TEV) method was employed to further investigate the TE

DOI: 10.1039/d5ra04841e process. This discovery provides valuable guidance for designing advanced materials with tunable
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Introduction

The ability to alter and control the properties of solid-state
materials remains an important and challenging area of
research.® Co-crystals have emerged as valuable materials to
vary both the chemical and physical properties in multi-
component crystalline solids, because these properties can be
vastly different when compared to those of the constituent
molecules.”> Changes in these properties, such as reactivity,®
thermal expansion (TE),* and molecular motion,® frequently
arise by achieving different crystal packing arrangements
within the co-crystal that contrast that of the single-component
solid. Specifically, TE, the response of a material to temperature
change, represents an ongoing and major challenge.®

As is known, 1,2-bis(4-pyridyl) ethylene (Bpe) molecules offer
several advantages that make them highly promising for a wide
range of applications.” The flexible molecular structure of Bpe
allows for adaptation to various environmental conditions,
enabling the adjustment of physical and chemical properties to
meet diverse needs. In particular, bipyridines include bridging
groups (such as azo (N=N) or ethylene (C=C)) that exhibit
dynamic pedal motion,"” and the resulting TE parameters
correlate with the tendency of the bridge to bear this type of
molecular motion." In this case, with strong chemical stability,
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Bpe retains consistent performance even after repeated use,
making it ideal for long-term applications. Compared to
conventional N=N-based systems, the distinctive C=C core
and dipyridyl architecture of Bpe offer both economic advan-
tages and enhanced structural functionality, enabling the
construction of stable yet flexible one-dimensional assemblies
through optimized hydrogen-bonding interactions. Overall, Bpe
molecules show great potential across fields such as materials
science, electronic devices, and nanotechnology.

In this study, a one-dimensional hydrogen-bonded organic
ionic co-crystal, Bpe-BPh,, was successfully obtained through
a high-yield protonation. The material exhibits unique behav-
iours arising from disorder and molecular motion within the
crystal. Increasing temperature induces molecular dynamics
that resemble pedal motion, accompanied by a significant
thermal expansion (TE) process. Complementary variable-
temperature single-crystal (molecular conformation) and
powder (phase behaviour) X-ray analyses reveal these multiscale
thermal responses. The underlying molecular dynamic mecha-
nisms have been systematically investigated, providing new
insights into structure-property relationships in dynamic crys-
talline materials.

Experimental section
Synthesis of Bpe-BPh,

A solution of Bpe (0.018 g, 0.1 mmol) in methanol (15 mL) and
HCI (0.5 mL) was prepared and stirred for 30 min. NaBPh,
(0.034 g, 0.1 mmol) was added to the solution which was stirred
for 3 h at room temperature. After filtration, the filter residue
was naturally dried at room temperature to obtain yellow crys-
tals Anal. caled for C3¢H31BN, (502.456): C, 86.05; N, 6.22; H,
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5.57%. Found: C, 85.84; N, 6.21; H, 5.54%."H NMR (500 MHz,
DMSO) 6 8.79 (d, ] = 5.6 Hz, 2H), 7.94 (d, ] = 5.6 Hz, 2H), 7.84 (s,
1H), 7.18 (t, ] = 6.2 Hz, 4H), 6.92 (t, ] = 7.3 Hz, 4H), 6.78 (t,] =
7.2 Hz, 2H). *C NMR (126 MHz, DMSO) 6 164.43, 164.03,
163.64, 163.25, 147.84, 146.93, 136.01, 133.08, 125.80, 125.78,
125.76, 125.74, 123.32, 121.98.

Materials and physical measurements

All chemicals were reagent grade and commercially available.
All chemicals were received for direct use without further
purification. The phase purity of the bulk or polycrystalline
samples were measured by Powder X-ray diffraction (PXRD)
measurements executed on a Rigaku RU200 diffractometer at 60
kv and 300 mA, using Cu Ko radiation (A = 1.5406 A), with
a scan speed of 5° min~" and a step size of 0.02° in 26. Ther-
mogravimetric (TG) analysis is carried out on a STA8000 system
analyzer under an N, atmosphere at a heating rate of 10 °C min
~! within the temperature ranging from 30 to 800 °C.

Single crystal X-ray diffraction measurements

Suitable crystal of the ionic co-crystals was selected for X-ray
measurements. The crystal structure was collected with
a Bruker SMART APEX-CCD-based diffractometer using
graphite mono chromated Mo K. radiation (A = 0.71073 A) at
room temperature. Subsequently, crystal data were collected at
140-320 K using Cu Ko radiation (A = 1.54178 A). The structure
of Bpe-BPh, was solved with the SHELXT structure solution
program using intrinsic phasing, and refined by full-matrix
least-squares on F* using SHELXL, interfaced through OLEX2.
All non-hydrogen atoms were refined with anisotropic
displacement parameters, while all hydrogen atoms have been
placed on idealized positions using the program OLEX2. Basic
information pertaining to the crystal parameters and structure
refinement are summarized in Table S1.

Results and discussions

Single-crystal X-ray diffraction at 290 K reveals that Bpe-BPh,
crystallizes in the monoclinic P2,,n space group, featuring
dynamically disordered HBpe' cations and ordered [BPhg]
anions (Fig. 1a). As shown in Fig. S1 and S2, the protonated
HBpe' cations are interactively sustained by N-H:--N hydrogen
bonds to form a one-dimensional chain in space. The N-H---N

(b) A

{~Lr
J

Fig. 1 (a) Crystal structures of the cation of Bpe-BPh,. The hydrogen
atoms on the carbon are omitted for clarity. (b) The transition motion
of Bpe-BPh,4, conformation A to conformation B.
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hydrogen bonds have a consistent length of 2.686 A. These
hydrogen bonds are formed by a protonated nitrogen atom (N2)
of the pyridine group in a HBpe" molecule, which serves as the
hydrogen bond donor, while an unprotonated nitrogen atom
(N1A) in another neighboring HBpe' molecule acts as the
acceptor. This interaction plays a crucial role in stabilizing the
one-dimensional chain structure and significantly contributes
to the overall molecular arrangement and structural integrity.
The [BPh,]” anions occupy the space between adduct cations,
serving as counter anions. Interestingly, each HBpe' is disor-
dered over two sites (site occupancies: 0.67 and 0.33) with the
dominate conformation being A, and the other being confor-
mation B. These two conformations are related to each other by
an approximate 2-fold rotation along the longest axis of the
molecule. Note that conformations A and B can be transformed
into each other by pedal motion in the molecule.

In the course of the pedal motion, both pyridine rings in
HBpe' move like bicycle pedals. In conformation A, the two
rings are parallel to each other like the two pedals in a bicycle."*
During the pedal motion, the orientations of both pyridine
rings change slightly relative to the crystal lattice, and the two
rings remain parallel to each other. Nevertheless, the orienta-
tion of the C=C bond alters significantly. The dihedral angle
between the two rings increases to almost 90° at the transition
state. Ultimately, the C=C bond rotates 180°, leading to the
transformation of the entire HBpe" moiety to the other
conformation B. In this regard, the two pyridine rings can be
identified as rotating simultaneously in opposite directions,
coupled with the overall molecular rotation. The coexistence of
pedal motion and conformational interconversion in the crystal
gives rise to the randomly distributed two alternating confor-
mations observed as disorder in the structure. In principle,
a dynamic equilibrium can be established during the process of
the conformational interconversion, which would contribute to
a gradual change in the populations of the conformations with
varying temperature according to the Boltzmann distribution,
thus resulting in dynamic disorder." Conversely, the pop-
ulations would remain constant at different temperatures if the
disorder is static and the two conformations do not intercon-
vert. Accordingly, it is crucial to analyse the temperature
dependence of the populations in different conformations for
the determination of the conformational interconversion in the
structure.

The purity of Bpe-BPh, sample was analyzed by powder XRD
with the 26 angle ranging from 5° to 50°. As shown in Fig. S4,
the red line refers to the experimentally obtained XRD curve,
while the black line presents the simulated curve from crystal
data. The generally consistent diffraction curves between
experimental and simulated spectra indicates the purity and
structural homogeneity of the samples.

In order to analyze the thermostability for Bpe-BPh,, the
powder XRD of Bpe-BPh, was collected from 25 to 125 °C, as
depicted in Fig. 2a. No significant changes are observed among
tested temperatures. Also, the thermostability of Bpe-BPh, was
measured in the range of 30-750 °C under N, atmosphere. As
displayed in Fig. 2b, the observed rise in weight percent
between 30-150 °C is due to the measuring instrument failing to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Variable-temperature powder XRD of Bpe-BPh,. (b) TG

curve of Bpe-BPh,.

enable the sample to undergo proper equilibration before the
experiment started. The TG curve suggests that Bpe-BPh, is
thermally stable up to 150 °C, which is corresponds to the PXRD
results. After 150 °C, the sample occurs weight loss. At 150-160 ©
C, the structure undergoes partial collapse. Subsequently, the
structure completely collapses above 350 °C. Such two-step
thermal decomposition of Bpe-BPh, is inconsistent with the
one step decomposition behaviour of both raw materials Bpe
and NaBPh, (Fig. S5 and S6).

In order to analyze whether the disorder state is static or
dynamic, an in situ variable-temperature single-crystal X-ray
diffraction (SCXRD) study was performed on the Bpe-BPh,
crystal sample (Table 1), where conformation A is the major
form, while conformation B is the minor one. The crystallo-
graphic data were collected at seven different temperatures
(140, 170, 200, 230, 260, 290, and 320 K). A comparison of the
structures at varying temperatures unveils that the [BPh,]|
segments are ordered from 140-320 K, whereas the HBpe"
molecules are always disordered. As a result, the disorder of the
HBpe' molecule is indeed dynamic after collecting and refining
the additional SCXRD data. It is demonstrated that pedal
motion occurred in Bpe-BPh, as there were changes in the
occupancies of the disordered conformations throughout the
heating. The disorder of HBpe' groups is enhanced as the
temperature gradually increases from 140 K to 320 K (Fig. S3). It
is found that the thermally dynamic variation not only modu-
lates the pedal motion of HBpe' molecules, but also manipu-
lates the site occupancy factors (SOFs) of the molecules, which
change significantly from 50.2/49.8 at 140 K to 72.3/27.7 at 320
K. Accordingly, the variable-temperature SCXRD study
suggests the molecular pedal motion involving HBpe' groups in
Bpe-BPh,."*

Table1 Pedal motion in crystals of Bpe-BPh, indicated by changes in
the occupancies of the C=C crystallographic sites, respectively

Temperature/K (Major/minor)
140 50.2/49.8
170 55.5/44.5
200 60.1/39.9
230 63.6/36.4
260 67.2/32.8
290 69.6/30.4
320 72.3/127.7
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It is reported that fine-tunings of molecular level structure
would be transduced into the unit cell of single crystals, due to
the uniaxially structural stackings and intermolecular interac-
tions.”® The changes in unit cell parameters occur, while the
crystal system and space group are retained. When heating in
the range of 140-320 K, the a, b and ¢ axes, and volume are all
prominently expanded (Fig. 3 and Table S2), which corre-
sponding to the previously reported molecular pedal motion
upon temperature rising,'® further supporting the rotationally
structural transformation of the molecules. In the unit cell of
Bpe-BPhy, the g, b, and ¢ axes increase by 1.4%, 1.5%, and 1.3%,
respectively, while the volume of each molecule alters from
2740.1 to 2844.3 A® in the range of 140-320 K with a growth rate
of 3.8%, which is often referred to as TE.'”™*°

Based on the formalism for the infinitesimal temperature
limit introduced by Paufler and Weber, the TEV*® software was
used to calculate the components of the thermal expansion
tensor ;. For the definition of the second-rank tensor in the
TEV program, the following orthogonal coordinate system was
used: e3 is parallel to the c-axis, e2 is parallel to b*, and el = e2
x e3. The resulting symmetrical tensor has six independent
components (a1, da, 033, A1z, &13, &p3); due to the symmetry
constraints of the monoclinic crystal system (with the unique
axis b), the components «q, and «,3; are zero. After trans-
formation to the principal axes, the tensor can be further
simplified and described by only three independent compo-
nents («q, ay, @3). The temperature dependence of the thermal
expansion eigenvalues and tensor is compiled in Tables 2 and 3.
Although each individual expansion coefficient shows only
subtle changes with temperature, differences in values along
different directions are still observed, which makes the thermal
expansion of Bpe-BPh, anisotropic. The tensor and its anisot-
ropy are represented as a surface in three-dimensional space, as
shown in Fig. 4. This variation along different axes demon-
strates the anisotropic nature of thermal expansion in Bpe-
BPh,, consistent with the crystal symmetry and exhibiting
distinct thermal expansion behaviours along different direc-
tions. This study demonstrates that a hydrogen-bonded 1D
supramolecular architecture exhibits unique thermoresponsive
behaviour, serving as both a model system for dynamic mate-
rials and a design platform for multidimensional functional
assemblies.
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Fig. 3 Unit-cell parameters as a function of temperature for Bpe-
BPh,.
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Table 2 Temperature dependence of the tensor of the thermal expansion coefficients of Bpe-BPh,

Temp.[K] o1 Qo Q33 Q1p Qi3 @23
140 1.08 x 1074 9.87 x 107° 2.26 x 107° 0 —9.64 x 107° 0
170 2.04 x 10°° 4.97 x 107° 8.18 x 107° 0 —4.03 x 10°° 0
200 2.97 x 107° 8.27 x 1077 6.81 x 10°° 0 —6.91 x 107° 0
230 5.26 X 10° 9.92 x 107° 5.67 X 10° 0 —9.40 x 10°° 0
260 5.35 x 10°° 7.87 x 10°° 7.61 x 10°° 0 —9.03 x 10°° 0
290 418 x 107° 7.7 x107° 1.09 x 107* 0 —9.85 x 107° 0
320 6.54 x 10°° 2.26 x 107* 9.08 x 10°° 0 —2.26 x 10°* 0

Table 3 Temperature dependence of the eigenvalues of the thermal
expansion for Bpe-BPhy,

Temp.[K] oy o Qs

140 —4.01 x 107° 9.87 x 107° 1.71 x 10°*
170 —4.32 x 107° 4.97 x 107° 1.02 x 107*
200 —2.29 x 107° 8.27 x 107° 1.21 x 10°*
230 —3.94 x 107° 9.92 x 107° 1.49 x 107*
260 —2.62 x 10°° 7.87 x 10°° 1.56 x 10°*
290 —2.88 x 107° 7.70 X 107° 1.79 x 107*
320 —1.48 x 10°* 2.26 x 1074 3.05 x 10°*

e3¢

Fig. 4 Representation surface of the thermal expansion tensor for
Bpe-BPh, at 320 K. (Red parts of the surface indicate directions with
negative values of thermal expansion).

Theoretical calculations and structural analyses consistently
demonstrate that thermal expansion along the c-axis dominates
the anisotropic behaviour of the material. This phenomenon is
intrinsically related to the structural characteristics of the
compound. As shown in Fig. S1 and S2, HBpe" molecules form
one-dimensional hydrogen-bonded chains along the c-axis,
where the flexibility of the hydrogen-bond network, coupled
with the pedal motion of HBpe' drives significant thermal
expansion. Although the percentage changes in unit cell
parameters appear comparable across axes, the absolute
expansion along the c-axis (0.33 A) actually exceeds that of the a-
axis (0.17 A) and b-axis (0.16 A) due to its greater initial length.

33534 | RSC Adv, 2025, 15, 33531-33535

The thermal expansion tensor analysis (Tables 2, 3 and Fig. 4)
further confirms this conclusion, revealing that the principal
expansion eigenvalue (@; = 3.05 x 10~* K™ ' at 320 K) aligns
with the c-axis direction and serves as the dominant contributor
to the overall volume expansion. Additionally, the presence of
the BPh,” component plays a crucial role in stabilizing the
structure. By providing a rigid framework, BPh,  helps balance
the charge distribution and enhances the overall stability of the
crystal lattice.

Conclusions

In this work, an organic co-crystal, named Bpe-BPh,, containing
1,2-bis(4-pyridyl)-ethylene (Bpe), has been successfully ob-
tained, in which the protonated HBpe' moieties serve as
primary linkers to form one-dimensional chains through
intermolecular hydrogen bonding. The resulting hydrogen-
bonded supramolecular assembly exhibits pronounced
temperature-dependent behaviour, providing a model system
for dynamic materials and a versatile platform for multi-
dimensionally functional assemblies. Noteworthily, the HBpe"
molecules in Bpe-BPh, behave as a dynamic pedal motion with
rotation and vibration, thereby exhibiting an interesting TE
behaviour. The variable-temperature SCXRD measurements
further reveal the temperature-dependent disorder and the
molecular motion of HBpe® groups in the co-crystal, and thus
providing us with a significant perspective on the dynamic
processes in ionic co-crystals.
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