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Multiple responses of 1,6-diphenyl-1,3,5-
hexatriene to mechanical stimulation: emission
enhancement, piezochromism and negative linear
compressibilityt

Zhiyuan Fu, Zhigiang Yang, ©° Xinyi Yang, 2 Kai Wang (2 *2¢ and Bo Zou {2 *@

The properties of mechanoresponsive materials are mainly affected by intermolecular interaction, in which
anisotropic grinding and hydrostatic high-pressure compression are the powerful tools used for
modulation. Upon applying high pressure to 1,6-diphenyl-1,3,5-hexatriene (DPH), the reduced molecular
symmetry results in the originally forbidden Sg — S; transition to become allowed that then leads to
a 13-times emission enhancement, and —Tt interactions result in piezochromism (red-shifted up to 100
nm). With increasing pressure, high-pressure-stiffened H---C/C---H and H---H interactions enable the
DPH molecules to generate a NLC mechanical response (9-15 GPa) with K, = —5.8764 TPa~* along the
b-axis. As a contrast, upon destroying the intermolecular interactions by grinding, the DPH luminescence
blue-shifts from cyan to blue. Based on this research, we investigate a new pressure-induced emission
enhancement (PIEE) mechanism and enabled NLC phenomena by controlling weak intermolecular
interactions. In-depth research of the evolution of intermolecular interactions has important reference
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Introduction

Mechanoresponsive materials, mainly affected by intermolec-
ular interaction, have attracted researchers' attention due to
their great potential application value in various fields,"*
especially the optical and structural properties of materials. The
impact of intermolecular interactions on optical properties is
significant. For example, organic mechanochromic lumines-
cence (MCL) materials have been widely studied for their
important applications in data storage, sensors, encryption,
anti-forgery, fluorescence probes etc.>'' In related studies,
organic luminescent materials exhibit highly similar
phenomena upon anisotropic grinding and hydrostatic high-
pressure  compression. For example, research on
benzothiazole-enamido boron difluoride complexes,* Tetra-
phenylethylene derivatives," Py-BP-PTZ,** boron diketonate'
and BP2VA'® found that the compounds exhibited an emission
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value for developing new fluorescence materials and structural materials.

red-shift due to - interaction, the planarization of molecular
conformation or the intramolecular charge transfer (ICT) effect
depending on whether the samples were subjected to high
pressure or grinding. Differently, 2,3,4,5-tetra(2-thiazolyl)
thiophene showed a fluorescence blue-shift after grinding and
a red-shift under high pressure. The suppression of excimer
formation by grinding and the formation of dimers under high
pressure were the main reasons for this phenomenon. The co-
crystal CT-R exhibited the same phenomenon, wherein
grinding led to a rearrangement of the co-crystal structure,
resulting in weakening of the - and charge transfer interac-
tions, whereas high pressure enhances these interactions.””*® In
these MCL materials, intermolecular interactions will not only
cause a change of the luminescence color, but also the emission
intensity. For pressure-induced emission enhancement (PIEE),
researchers have mostly focused on the propeller-shaped or
shell-shaped molecules, such as tetraphenylethylene (TPE),*
1,2,3,4-tetraphenyl-1,3-cyclopentadiene (TPC),* triphenylamine
(TPA),** carbazole,? etc., and the mechanism was explained by
the restriction of intramolecular motion (RIM), in which high
pressure can restrict the motion of the molecule by regulating
intermolecular interactions, leading to attenuation of the non-
radiative transition rate. From an in-depth study on PIEE, Yang
et al.”® found that the rehybridization of N atoms could trigger
a molecular conformational transition to induce the PIEE
phenomenon. Tian et al.** reported that changing the molecular
conformation using high pressure resulted in a switching of
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excited state characteristics of the molecule to induce a fluo-
rescence enhancement. Since there is a relationship between
the PIEE phenomenon and the excited state energy, PIEE can
also be achieved by changing a forbidden transition into an
allowed transition. This will greatly expand the mechanism
scope of PIEE.

The influence of intermolecular interactions on the structure
is not as significant as that on the optical properties. We need to
observe it from the microscopic crystal lattice. Under hydro-
static high pressure, some crystal lattices produce a negative
compressibility along the crystal axis whereby the volume is
continuously compressed under high pressure, which is called
negative linear compressibility (NLC).>® So far, only a few NLC
materials have been discovered and the NLC behavior is
concentrated in the low pressure region (<5 GPa), such as [NH,]
[Zn(HCOO);],** Zn[Au(CN),],,>” Ags[Co(CN)¢],>* and ammonium
oxalate monohydrate.* These NLC materials are mainly based
on framework-structured molecules, and the mechanical
response of hydrogen bonds or chemical bonds is the main
reason for NLC.***? In organic crystals, besides the hydrogen
bonds and chemical bonds, there are many different intermo-
lecular interactions. Utilizing these numerous intermolecular
interactions to generate NLC phenomena will greatly broaden
the research scope of NLC materials.*® Given all that, the
intermolecular interactions occurring under different pressures
will have different effects on various properties of the material.
In-depth research on the evolution of intermolecular interac-
tions has important reference value for developing new fluo-
rescence materials and structural materials. Considering the
issue mentioned above, pressure is a powerful means of regu-
lation of intermolecular interactions. Herein, to clearly study
the emission change and structure evolution of organic mole-
cules with increasing pressure, a linear molecule, 1,6-diphenyl-
1,3,5-hexatriene (DPH), was chosen as an ideal research object,
due to its simple molecule structure and plain intermolecular
interactions.

Results and discussion

The DPH crystal crystallizes in the orthorhombic Pbca space
group; molecules are stacked parallel along the b-axis and cross-
aligned head-to-head along the c-axis in each layer, showing
a W-shape. The layer extends along the g-axis (Fig. S11). DPH is
a unique fluorescent material; due to its centrosymmetrical
nature and C,y, point group, S, and S; of DPH are both 'Ag,
resulting in the fact that S, is symmetry forbidden according to
the Laporte rule.**?** S; obtains oscillator strength through
Herzberg-Teller coupling, and from there most of the emission
occurs.”® Fig. 1a and b show the emission spectra and fluores-
cence photos of DPH crystals at different pressures. At ambient
pressure, the DPH crystal exhibited a weak cyan emission.
When applying hydrostatic high pressure to the DPH crystal
using a diamond anvil cell (DAC), the emission intensity at
4 GPa was 13 times that of the original and the fluorescence
color red-shifted from weak cyan to bright green. Based on the
excitation spectra of DPH (Fig. S2t), we ruled out the effect of
the excitation spectra changing with pressure on the emission
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Fig. 1 (a, b) Emission spectra and photos of the DPH crystal at
different pressures. The yellow numbers on the photos represent the
pressure (unit: GPa). (c) Emission spectra of DPH before and after
grinding. (d) Corresponding International Commission on lllumination
chromaticity diagram of DPH before and after grinding. The inset
shows the corresponding photos.

intensity. With increasing pressure, the emission intensity
decreased while the fluorescence color red-shifted to weak
brownish-yellow continually. Since the DPH molecule has
a rigid planar structure without the influence of heteroatoms,
the emission enhancement phenomenon is abnormal for DPH.
More interestingly, when we put crystalline DPH powder into an
agate mortar for grinding, the fluorescence color of the DPH
powder blue-shifted from cyan to blue, as shown in Fig. 1c and
d. It showed a completely different phenomenon from that
under high pressure. We performed verification experiments in
which DPH molecules were induced to aggregate, and the
results showed that DPH did not exhibit aggregation-induced
emission (AIE) (Fig. S4t). Furthermore, the fluorescence
quantum yield (QY) of DPH crystals was only 2.27%, while that
of DPH in pure THF solution was as high as 41.56%. These
results meant that the emission enhancement of DPH could no
longer be explained by the traditional RIM mechanism.

To clearly analyze the reasons for such emission responses
and observe the evolution of intermolecular interactions
between DPH molecules, we performed Raman, infrared (IR)
and angle dispersive X-ray diffraction (ADXRD) measurements
on the DPH crystal. Fig. 2a and b and S5t show the high-
pressure Raman spectra of the DPH crystal, and the Raman
peaks in the range of 50-400 cm ' were all assigned to the
bending vibration of C-C=C in DPH.** With increasing pres-
sure, the Raman peaks almost all moved towards higher wave-
numbers, but these peaks had different shift rates. The peak at
194.29 em * shifted to 192.64 cm " first at 0.5 GPa and then
shifted to higher wavenumbers. And the peaks at 105 cm ™" and
188 cm ™' split at 1 GPa and 2.5 GPa, respectively. This indicated
that the C-C=C skeleton of DPH underwent a deformation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(@) The Raman spectra of DPH at different pressures and (b) the pressure dependence of Raman peaks of the C—C=C vibrational modes.

(c) The IR spectra of DPH, and (d) the corresponding wavenumber of C—H and C=C peaks at different pressures. Ph represents phenyl ring, and
Hex represents hexatriene, which are both part of DPH. “*" represents the appearance of new peaks, and “| " means the disappearance of peaks.
(e) Schematic diagram of molecular conformational distortion and allowed transition under high pressure.

during the compression.’”*® In the IR spectra, the peaks at
695 cm ™', 756 cm ™" and 760 cm ™~ were assigned to the C-H
wagging of the phenyl ring part of DPH, the peaks located at
995 cm ™" and 1005 cm ™" belong to the C-H wagging of hexa-
triene, and the peaks at 1489 cm ™' and 1496 cm ™ represent the
C=C bending of phenyl rings, as shown in Fig. 2c, d and S6.}3¢
Obviously, these IR absorption peaks split and broadened,
accompanied with different shift rates, which indicated that the
hexatriene of DPH underwent molecular deformation and the
benzene ring also became distorted during the compression. To
further verify the occurrence of molecular deformation, we
studied the changes of the lattice parameters based on in situ
high-pressure ADXRD. According to the ADXRD patterns, the
diffraction peaks (Fig. S7at) moved to higher angles and no new
peaks appeared, which indicated that the DPH crystal did not
undergo a phase transition during the compression process. In
the range of 0-8 GPa, the a-axis had the highest compression
ratio, while the b-axis had the smallest compression ratio
(Fig. S7bt). Different compression ratios caused the DPH
molecules to experience different interaction strengths along
different lattice axes, resulting in deformation of the DPH
molecule. We also performed first-principles calculations and
obtained the structure of the DPH crystal under high pressure.
The results showed that the symmetry of the DPH molecule
changed from C,, under ambient conditions to C; at high
pressure. In other words, the molecular symmetry of DPH at
high pressure decreased. Although the calculated molecular
structure still remains centrosymmetric, in fact, the inherently

© 2023 The Author(s). Published by the Royal Society of Chemistry

asymmetric vibrations caused the DPH molecules to continu-
ously deform and become non-centrosymmetric molecules in
an instantaneous state. With increasing pressure, the proba-
bility that asymmetric vibrations caused DPH to become a non-
centrosymmetric molecule was enhanced. According to the
Laporte rule, the forbidden transition will be weakly allowed
due to the existence of asymmetric vibrations in centrosym-
metric molecules.*® As a result, with the increasing pressure, the
probability of the S, — S; transition caused by the asymmetric
vibration gradually increased. Compared with the oscillator
strength obtained only by coupling, the allowed transition of S,
— S; caused S; to gain more energy to emit enhanced fluo-
rescence under high pressure (Fig. 2e). At higher pressure (after
4 GPa), as the intermolecular distances were compressed, the
interactions between adjacent molecules, especially the -7
interactions (Fig. S81), were gradually enhanced, which reduced
the energy of the lowest excited state (Fig. S91) and the radiative
transition rate, resulting in a red-shift in the wavelength and
a decrease in emission intensity.****

Unlike the evolution under high pressure, neither the IR
spectra nor Raman spectra (Fig. S10a and bt) of the ground
DPH powder showed significant differences compared to the
initial DPH powder. The XRD diffraction peaks of the ground
DPH powder were broadened, and some peaks merged
(Fig. S10ct), which meant that the crystallinity of the powder
sample was reduced. Also, the emission spectra of the ground
DPH powder (Fig. S10df) were located between the emission
spectra of the monodisperse solution (see the aggregated

Chem. Sci., 2023, 14, 4817-4823 | 4819
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experiment, 5 x 10> mol L") and that of the crystal. Relative to
the DPH crystal, the blue-shifted luminescence of the ground
DPH powder was caused by the decreased crystallinity of the
DPH powder sample because the loose packing mode and intra-
layer W-shape arrangement of the DPH crystal made the weak
intermolecular interactions more easily disrupted by aniso-
tropic grinding. This result made the stacking mode more
inclined to lose order after grinding, producing a luminescence
similar to that of the monodisperse solution. To avoid the
impact caused by the possible j-aggregate state or H-aggregate
state transformation, we compared the UV-Vis absorption
spectra after grinding with that of the crystal, and the results
showed that there was no aggregation state transformation
during the grinding process (Fig. S10et). Furthermore, we also
performed grinding fluorescence experiments on trans-Stilbene
(TSB) and trans,trans-1,4-diphenyl-1,3-butadiene ~ (DPB)
(Fig. S10ft). Due to their shorter ethylene chains, the packing
mode is more compact than that of DPH, so their fluorescence
spectra after grinding showed almost no changes. In a word,
regarding the hydrostatic pressure and anisotropic force on the
DPH crystal, the evolution of intermolecular interactions and
the packing mode of the DPH crystal resulted in distinct
mechanochromic luminescence responses.

Regarding the DPH crystal structure, the lattice axis of the
DPH crystal exhibited different rates of compression in the
range of 0-9 GPa. Unusually, when pressure exceeded 9 GPa and
up to the highest pressure of 15 GPa that we could measure
(Fig. S7aft), the diffraction peak of the (020) plane shifted
towards a lower 2-theta angle in the ADXRD patterns. To gain
insight into this anomalous phenomenon, forcefield, DFT and
Hirshfeld surface calculations were performed under high
pressure. We used the COMPASS forcefield to calculate the non-
bond energy of the DPH crystal (Fig. S11t). The results show
that the non-bond energy in the first 6 GPa has negative values
(lower than 0 kcal mol™"), indicating that the molecules are in
a state of mutual attraction, which corresponds to the distortion
of molecular conformation caused by the intermolecular
interaction during the emission enhancement. Subsequently,
the non-bond energy values become positive and increase
rapidly after 6 GPa. The molecules shift from the mutual
attraction state to a mutual repulsion state. Fig. 3 show the
Hirshfeld surface and fingerprint plot. On the Hirshfeld
surface, the larger and the darker the red area, the stronger the
interaction. d. and d; on the fingerprint plot represent the
distance from a point on the Hirshfeld surface to the nearest
nucleus outside and inside the surface, respectively.** At
ambient pressure, the Hirshfeld surface mainly consists of C---
H/H---C and H---H, and there were only a few tiny red areas due
to the large intermolecular distances, which were ascribed to
C---H/H---C interactions. When pressure was increased up to
9 GPa, the fingerprint plot of DPH moved significantly to the
lower left corner, and large and dark red areas appeared on the
Hirshfeld surface, which meant abundant C---H/H:--C and
H---H interactions between the molecules and that they
strengthened with the increasing pressure. Although the C:--C
interactions appeared, they were weak due to their location in
the upper right corner of the fingerprint. Mainly C---H/H---C
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and H---H interactions dominate the structural properties of
DPH.

Fig. 4a shows the compression rate of the lattice axis
changing with pressure. In the range of 9-15 GPa, the b-axis was
continuously elongated by 2.84%. The compressibility of the
lattice parameters in the range of 9-15 GPa was calculated by
the PAScal program,* and the results were K, = 11.7879 TPa !,
Ky, = —5.8764 TPa " and K, = 5.3036 TPa ', respectively. This
clearly showed the NLC of the DPH crystal along the b-axis. The
calculated results are shown in Fig. 4b. The b-axis elongated
with increasing pressure after 9 GPa, which was in agreement
with the experimental results. Considering that the DPH crystal
shows a layered packing structure extending along the a-axis,
there was enough space between the layers for compression,
which led to the maximum compressibility along the a-axis
(Fig. S7bt). Moreover, in the initial state, the intermolecular
distances in the layers along the c-axis were too long to form
stiffened interactions, and there was sufficient space for the
molecules to move closer to each other. Therefore, during the
compression of 0-9 GPa, the a-, b- and c-axes were all
compressed. As the pressure continuously increased, the
compressibility of the c-axis began to decrease after 10 GPa
(Fig. S7bf¥), indicating that the DPH molecules along the c-axis
were unable to get closer to each other due to the stiffened
C-H:--C and H---H interactions. The phenomenon that the
vibration spectra of the C-H bending vibration shifted to lower
wavenumbers (Fig. S121) confirmed the “stiffening” process of
C-H---Cand H---H interactions. At the same time, due to the W-
shape arrangement, the DPH molecules could slip along the b-
axis due to the mechanical response of these interactions. The
distance of dg_y (Fig. 4c) decreased with increasing pressure
before 9 GPa, and then increased after 9 GPa, which was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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15 GPa, respectively.

consistent with the occurrence of NLC along the b-axis. In
addition, the decreased 6 after 9 GPa (Fig. 4c) was similar to that
of the wine-rack motif NLC material. These two factors together
led to the NLC of the DPH crystal, as shown in the schematic
diagram in Fig. 4d.

According to the analysis above, the intermolecular interac-
tion has a pre-compression strengthening process. Thus, the
organic NLC materials are first compressed (positive linear
compressibility, PLC) and then NLC occurred. Before the critical
pressure of the NLC phenomenon, the strength of intermolec-
ular interactions is much weaker than the “hard” chemical
bonds and hydrogen bonds in NLC materials such as MOFs. As
the pressure increases, the strength of these interactions will
gradually increase until they are strong enough to produce
a mechanical response. For example, in an early report on
methanol monohydrate, low temperature played a role of pre-
load strengthening on the hydrogen bonds at ambient pressure,
and the ag-axis elongated with the increase of pressure at 160 K.*®
Besides, a similar phenomenon appeared in ammonium
oxalate monohydrate that needed 4 GPa to preload strengthen
the hydrogen bonds.” In general, the special intra-layer W-
shape packing mode and the “long-chain” conformation of
DPH molecules were the main fountainhead of NLC. We can
also conclude that even weak interactions such as C-H---C and
H---H can become “stiffening” under high pressure to produce
a mechanical response. On these grounds, this kind of NLC
mechanism can be extended to more organic materials.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In conclusion, taking DPH as an example, we investigated the
effect of intermolecular interactions on material properties
under anisotropic grinding and different hydrostatic high
pressures. Under anisotropic grinding, the weak intermolecular
interactions were easily disrupted, leading to a decrease in
crystallinity, which made the DPH fluorescence blue-shift,
similar to that of the monodisperse solution. When the hydro-
static pressure was relatively low, DPH contained different
intermolecular interactions along different lattice axes, result-
ing in the molecular symmetry of DPH decreasing, which made
the probability of the S, — S; transition caused by asymmetric
vibration gradually increase. As a result, DPH exhibited a 13-
times emission enhancement at hydrostatic pressures of 0-
4 GPa. A red-shift and reduced emission intensity were mainly
caused by m-m interactions. With increased pressure, high-
pressure-stiffened H---C/C---H and H---H interactions, guided
by the intra-layer W-shape packing mode, enable DPH mole-
cules to generate NLC mechanical responses along the b-axis.
This enabled DPH to achieve an NLC mechanical response of K},
= —5.8764 TPa ' in the range of 9-15 GPa. The in-depth
research on intermolecular interactions not only proposes
a new PIEE mechanism but proves that weak intermolecular
interactions can also generate NLC. These findings provide
important reference value for the development of new materials
such as fluorescent materials and structural materials.
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