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SPECIAL TOPIC — Structures and properties of materials under high pressure
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High pressure can alter the properties of matter and modulate the excited-state relaxation behavior of materials with-
out chemical intervention. In this study, high pressure was combined with steady-state absorption and fluorescence spec-
troscopy, as well as transient spectroscopy techniques, to investigate its effect on the optical properties of the stimuli-
responsive material (2Z,2'Z)-2,2'-(1,4-phenylene)bis(3-(4-(9H-carbazol-9-yl)phenyl)acrylonitrile) (CZCNDSB). With in-
creasing pressure, the steady-state absorption and fluorescence peaks of CZCNDSB crystals exhibit red shifts, which are
fully reversible. At the same time, pressure causes the molecules to pack more closely, leading to an increase in both the
number and energy of multiplet self-trapped state, while the energy of local excited state decreases. The steady-state and
transient results provide information on electronic energy levels, excited-state dynamics, and other properties of CZCNDSB,
which show strong pressure dependence. These findings highlight the potential of CZCNDSB for practical applications such

as photodetectors and solar energy conversion.

Keywords: high pressure, CZCNDSB, transient absorption, stimuli-response
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1. Introduction

Organic photoelectronic materials have continued to at-
tract widespread attention due to their excellent optoelectronic
properties, ease of chemical modification, and diverse material
systems. Among them, cyano-substituted p-phenylene propy-
lene and its derivatives represent an important class,!!! which
have been widely used in solar cells, > organic electrolumi-
nescent devices,>0! field-effect transistors,[”-3! and other ap-
plications. Their popularity stems from high luminescence
efficiency, excellent thermal stability, and ease of device in-
tegration. These molecules have also been found to respond
sensitively to external stimuli such as light, electricity, me-
chanical force, and pH changes,!”~'3] making them a class
of stimulus-responsive, color-changing materials. The intro-
duction of cyano groups induces a distorted molecular con-
figuration and facilitates the formation of multiple metastable
states, often leading to the coexistence of polymorphs.H4-17]
The molecular stacking behavior can be determined by crys-
tal structure analysis, and these stimuli-responsive materials
provide a valuable platform for exploring the relationship be-
tween optoelectronic properties, molecular conformation, and
intermolecular stacking. Therefore, it is of great significance
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to study the stimulus-responsive behavior of cyano-substituted
p-phenylene propylene derivatives.

High pressure, as an external stimulus, can alter the struc-
ture of matter, induce phase transitions, and generate new ma-

5.118-231 For piezofluorochromic

terials with unique propertie
materials (PMs), the high-pressure approach is more efficient
than chemical methods due to its simplicity, reversibility, and
controllability.

In 2002, Lowe and Weder®*! prepared polymer blends
exhibiting stress-responsive color changes from orange-
red to blue-green by doping low-density polyethylene
with cyano-substituted diphenylvinyl small molecules. In
2012, Dong et al.!®! synthesized 9,10-bis((E)-2-(pyrid-2-
yl)vinyl)anthracene, which exhibited a fluorescence color
change from green to yellow and finally to red un-
der pressure. In 2017, Gautam er al.'*! reported an-
other piezoresponsive fluorescent material whose fluores-
cence peak blueshifted with increasing pressure, result-
ing in a color change from orange to yellow. Feng et
al.®"l synthesized a linear molecule, (2Z,2'Z)-2,2'-(1,4-
phenylene)bis(3-(4-(9H-carbazol-9-yl)phenyl)acrylonitrile)
(CzCNDSB), featuring a highly distorted solid-state confor-
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mation.It showed excellent reversibility and reproducibility
in piezochromic behavior. Shi er al.[*! discovered pressure-
induced luminescence in the zero-dimensional halogenated
chalcogenide material Cs4PbBrg. Similar luminescence
was observed in the one-dimensional hybrid halogenated
chalcogenide C4N,H4SnBry*! and the two-dimensional
halogenated bis-chalcogenide (CH3(CH,)3NH3*);AgBiBrg
systems.l3%l In 2021, the molecular structures dipropoxy-
1,4-phenylene)bis(2-(4-(diphenylamino)phenyl)acrylonitrile
(TPPA) and dipropoxy-1,4-phenylene)bis(2-(4-(bis(4-
methoxyphenyl)amino)phenyl)acrylonitrile (DPMO) were
reported.>!! DPMO crystals demonstrated higher pressure
sensitivity than TPPA, withstanding up to 10 GPa and exhibit-
ing a fluorescence burst just above 1.6 GPa. DPMO showed a
significantly greater sensitivity of 37.5 nm-GPa~!, attributed
to its stronger intramolecular charge transfer capability, con-
tributing to its piezochromic response. These studies illustrate
that pressure has a profound modulating effect on the excited-
state behavior of materials. Investigating the underlying mech-
anisms can facilitate the development of pressure-responsive
materials and broaden the application of pressure as a func-
tional parameter. So far, pressure-dependent photophysical
properties of PMs have attracted interest in both steady-state
and transient-state studies.

In this paper, we present a systematic study of the
pressure-dependent steady-state and transient-state behaviors
of the stimuli-responsive material CZCNDSB, using in situ
high-pressure steady-state absorption and fluorescence spec-
troscopy, as well as in sifu high-pressure femtosecond tran-
sient absorption spectroscopy. Based on the experimental re-
sults, the alternating shifts between multiplet self-trapped state
(STS) and local excited (LE) states with changing pressure
are proposed as the underlying mechanism for the observed
pressure-dependent optical behavior.

2. Experimental methods
2.1. Preparation of materials

CzCNDSB was synthesized according to Ref. [26]. The
high-pressure condition was applied using a diamond anvil
cell (DAC) device. Silicone oil was used as the pressure-
transmitting medium. The chamber had a diameter of 170 pum
and a thickness of 62-70 pm.

2.2. Materials analysis

The in situ high-pressure ultraviolet-visible (UV-vis) ab-
sorption spectroscopy was performed using a light source
(Ocean Optics, HL-2000, 360—2400 nm) and a spectrometer
(AvaSpec-2048x 16, 300-1100 nm) as the detector. In situ
high-pressure fluorescence spectroscopy measurements were
carried out with a Horiba Jobin Yvon LabRAM-HR spec-
trometer using 325 nm excitation. High-pressure ultrafast ki-

netic measurements were performed using a home-built tran-
sient absorption system. The incident laser beam (800 nm,
30 fs, 1 kHz, Spitfire, Spectra-Physics) was split into pump
and probe beams by a beam splitter. The two beams were then
coaxially focused into the DAC chamber, and the transmit-
ted probe beam was collected by a monochromator (Omni-A
2003i) equipped with a PMT (Hamamatsu). Finally, the signal
was processed by a lock-in amplifier (SR830, Stanford Co.)
and input to a computer.

3. Results and discussion
3.1. Steady state spectrum

CzCNDSB is a compound formed by introducing
two functional substituents, carbazole groups, at the ter-
minal phenyl rings of the molecule 1,4-bis(1-cyano-2-
phenylethenyl)benzene (CNDSB) (Fig. 1). CzCNDSB crys-
tals exhibit a porous, twisted conformation with cavernous
channels, providing internal space that allows them to with-
stand higher external pressures without damage during
compression—decompression cycles. The optical properties
of CzCNDSB were characterized by pressure-dependent UV-
vis absorption and fluorescence spectroscopy. At ambient
conditions, the absorption peak of CZCNDSB crystals appears
at 465 nm (Fig. 2(a)). With increasing pressure, the absorp-
tion peak red-shifts and broadens. When the pressure reaches
10.4 GPa, the absorption peak shifts to 553 nm. Figure 2(c)
shows the trend of the absorption peak position of CZCNDSB
crystals with increasing pressure, which is consistent with pre-
vious reports.[?’l The Raman peaks in the 1100—-1700 cm ™!
region, corresponding to molecular structure vibrations, shift
to higher frequencies as pressure increases. This indicates a
decrease in the energy of the lowest excited state, leading to
a red-shift in the optical spectra due to enhanced polarization
effects among molecules.?”) As a result, both intermolecular
and intramolecular interactions are strengthened, and the over-
lap of neighboring atomic orbitals increases. This increase in
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Fig. 1. (a) Two-dimensional and (b) three-dimensional representations
of the CZCNDSB molecular structure.
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Fig. 2. In situ high-pressure steady state absorption spectra of CZCNDSB crystals. (a) Compression process. (b) Decompression process.

(c) Trend plot of the absorption peak position with pressure change.
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Fig. 3. In situ high-pressure fluorescence spectra of CZCNDSB crystals. (a) Compression process. (b) Decompression process. (c) Pressure-dependent
trend plot of fluorescence peak position. Trend plots of half-peak width as a function of pressure during (d) compression and (e) decompression.

orbital overlap leads to the dispersion of the conduction and
valence band regions, resulting in broader bandwidths and a
reduced energy gap. Additionally, Figs. 2(b) and 2(c) show
that the variation of the absorption peaks during decompres-
sion is nearly identical to that observed during compression,

demonstrating the excellent resilience of CZCNDSB crystals.

Figure 3 shows the in sifu high-pressure fluorescence
spectra of CZCNDSB crystals. As the pressure increases, the
fluorescence spectra gradually red-shift and the luminescence
intensity continuously decreases (Fig. 3(a)). The fluorescence
peak is located at 518 nm under ambient conditions. When the

pressure reaches 10.5 GPa, the fluorescence peak red-shifts
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to 697 nm. Meanwhile, the fluorescence intensity is signif-
icantly reduced compared to ambient conditions, and spec-
tra at higher pressures are difficult to observe due to limita-
tions in experimental sensitivity. Therefore, the maximum ap-
plied pressure in this study is 10.5 GPa. The decrease in flu-
orescence intensity is attributed to the enhanced polarization
effect among molecules, as previously confirmed by Raman
spectroscopy.>’! Subsequently, a slow decompression process
was performed to investigate the reversibility of the material
(Fig. 3(b)). It was found that the fluorescence spectral shape
gradually recovered as the pressure decreased, eventually re-
turning to nearly the same state as before compression, with
the fluorescence peak almost returning to its original posi-
tion. This result indicates good reversibility of the CZCNDSB
crystal. Moreover, the fluorescence peak shifts linearly dur-
ing both compression and decompression processes, suggest-
ing potential applications of the CZCNDSB crystal in pres-
sure sensors and related devices (Fig. 3(c)). Gaussian fitting
was performed to further analyze the evolution of molecular
energy states. The fluorescence spectra exhibited both long-
and short-wavelength components. During the shift of flu-
orescence peaks, the full width at half maximum (FWHM)
of both components nearly doubled under increasing pressure
(Figs. 3(d) and 3(e)), suggesting the emergence of a new state.
This phenomenon arises from the multiplet STS, which results
from decreased molecular spacing.'3>33! The STS is generated
by the reduced intermolecular distances in the condensed state
and is formed through interactions between the excited state
and the adjacent lattice.
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3.2. Transient state spectrum

In order to further understand the excited state relax-
ation dynamics of the CZCNDSB material in response to pres-
sure, time-resolved measurements were performed. A multi-
exponential function, Y1, aje™! / %, was used to fit the dynam-
ics curves, and the results are shown in Fig. 4(a), where 7; is
the lifetime constant and a; is the lifetime percentage. The
dynamics process can be divided into three components: the
<5 ps component corresponding to relaxation from the LE
state to the intramolecular charge transfer (ICT) state, the 20—
100 ps intraband relaxation component, and the >1 ns relax-
ation component of the LE state (Figs. 4(b), 4(c), and Table 1).
Since the nanosecond time scale obtained from the fitting is
close to the delay time limit of the experimental system, only
the components with lifetimes <1 ns are discussed here. Un-
der high pressure, the molecular spacing decreases, and the
STS, which are the final states of ICT transitions, increase in
both number and energy with increasing pressure and become
closer to higher excited states. Under these conditions, the
molecules move closer to each other, driving the STS to higher

33341 The energy of the LE state decreases

energies (Fig. 5).
due to enhanced electronic delocalization. Consequently, the
relaxation process from the LE state to the ICT state exhibits
an accelerating trend with increasing pressure. These results
agree well with previously reported kinetic data.[>>-34 The
transition observed at 11.5 GPa may be attributed to the in-

terleaving of the STS with the low excited state.
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Fig. 4. (a) Normalized dynamic curve of the absorption peak position of CZCNDSB film at different pressures. Plot of (b) decay lifetime and
(c) lifetime percentage versus pressure corresponding to the absorption peak position of the CZCNDSB film.

Table 1. Dynamics lifetimes at the absorption peak and lifetime percentage of CZCNDSB films under different pressures.

Pressure (GPa) 71 (ps) (a1) T, (ps) (a2) 73 (ns) (a3) Trise (5)
2.6 4.5+0.4 (44%) 94.1+2.9 (29%) 1.5+£0.2 (27%) 340.0+9.2
55 3.1+0.3 (50%) 104.0 £ 4.2 (30%) 1.8£0.5 (20%) 71.9+2.4
8.6 2.5+0.2 (50%) 46.5+5.9 (29%) 1.5+£02 (21%) 312.0+ 10.0
115 1.4£0.1 (64%) 25.3+0.9 (20%) 1.0£0.1 (16%) 175.7£8.0
13.5 2.7+0.1 (50%) 90.7 + 5.7 (29%) 3.5+0.6 21%) 365.2 4+ 14.0
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Table 2. Dynamics lifetime and lifetime percentage of CZCNDSB at 720 nm for different pressures.

Pressure (GPa) 71 (ps) ap T2 (ps) ap 73 (ps) aj T4 (ns) a, Trise (fS)
0 4.0£0.2 61% 945£29 14% 299.0+4.6 25% 201.9+4.0
0.5 2.0+£0.1 61% 272+1.1 24% 916.0+4.5 15% 4348+5.5
1.6 35+02 52% 111.0+£5.4 35% 2868.4 £76.2 13% 435.8+3.3
2.7 5.0+0.7 30% 44.7+2.0 39% 1803.2 £53.9 31% 422.5+6.3
3.7 1.9+0.1 55% 524+2.7 26% 1773.3 £46.4 19% 499.4+6.0
43 1.7£04 54% 36.2+0.2 25% 1058.5+35.3 21% 429.3+4.8
5.4 55+06 25% 50.8 +£4.7 36% 401.7+4.4 5% 20+04 34% 318.5+7.8
6.6 1.0£0.1 65% 253+0.6 12% 71.5+2.2 6% 2.0+0.3 17%  448.1+9.3
7.6 1.9+0.2 50% 182+3.6 14% 172.8+1.3 22% 19.1£3.5 14% 536.7+£4.7
8.6 1.8+0.1 47% 428+£2.2 24% 656.8 £3.4 11% 2.1+0.8 18% 4183 +6.1
9.6 3.1+04 31% 523+£72 33% 288.0+6.1 1% 1.7£03 35% 591.7+4.4
10.6 1.9+0.2 55% 204+1.0 1% 455434 22% 1.6£0.2 22% 392.7+34
11.6 27+£02 49% 46.2+2.5 8% 113.0£2.0 8% 1.0£0.1 35%  445.0+2.0
12.5 25402 41% 319455 22% 264.7+4.7 21% 226.4+4.8 16% 132.1£1.5
13.5 1.7+£0.6 18% 321437 44% 612.3+5.6 23% 63+15 15% 196.6 £3.5
14.8 4.0+1.1 33% 120.5+4.3 9% 182.5+3.0 18% 164.8 +5.8 40% 74.8+1.7

Considering the steady-state absorption and fluorescence
spectra, 720 nm was chosen to probe the kinetics of the low
excited state. As shown in Fig. 6 and Table 2, the population
accumulation process is significantly longer in the LE state
compared to the higher excited state (at the absorption peak
position). Between 0.5 GPa and 11.6 GPa, the 7, fluctuates
between 300 fs and 600 fs, showing no significant change with
pressure when considering systematic dispersion. The < 5 ps
component of the LE to ICT state relaxation exhibits a wave-

like pattern with pressure, alternating between fast (< 2 ps)
and slow (> 3 ps) phases. This corresponds to the rise of the
STS and the decline of the LE state with increasing pressure,
which are interspersed. Since 720 nm is located at the band
edge, the LE state redshifts more than the absorption peak
with increasing pressure. Considering the observed wave-like
pattern and the kinetic changes at the absorption peak, the
STS is a multiplet state, where the anisotropic response of
the lattice to pressure is more pronounced in this region than

087801-5
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in others. As a result, the electronic energy bands shift stag-
geredly relative to individual LE states,®>=3>! as illustrated in
Fig. 5. By comparing the 20—100 ps component of intraband
relaxation across pressures, the results show that except for
the pressure interval of 1.6-3.7 GPa, the first two decay time
components follow the same trend. The intraband relaxation
process is faster when the intersystem crossing rate is higher,
which is related to pressure-enhanced electron-phonon cou-
pling strength. When the LE state is close to the STS, the STS
can relax quickly via electron-phonon coupling. The opposite
trend between the two decay components in the 1.6-3.7 GPa
range can be explained by the increased distance between the
LE and STS at these pressures, resulting in a lower intersys-
tem crossing rate. However, once the STS states are reached,
rapid relaxation remains possible.

4. Conclusion

In summary, we investigated the optical properties of
CzCNDSB materials under high pressure. The in situ high-
pressure steady-state absorption spectra show that with in-
creasing pressure, the absorption peaks of CzCNDSB crys-
tals redshift and broaden, resulting in an increased bandwidth
and a decreased energy gap. The fluorescence spectra exhibit
a good linear correlation with pressure, and the CzCNDSB
crystals demonstrate excellent reversibility. Transient absorp-
tion kinetics results reveal that both the number and energy of
the multiplet STS increase, while the energy of the LE states
decreases with increasing pressure. Combining high-pressure
techniques with traditional detection methods provides an ef-
fective approach to explore the physical properties of matter
under pressure, and these findings have important implications
for optoelectronic device applications.
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