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Pressure can reduce the distances among atoms, thereby modifying the overall optical characteristics of molecules.
In this article, the excited state behavior of perylene is carefully observed under isotropic pressure and non-complexing
condition. In a steady state, absorption peak shows red shift and spectral width are broadened with pressure increasing,
which is ascribed to the 7-electron delocalization between molecules. In a transient state, the transition dynamics presents
a wavelike tendency with pressure increasing because the shift of self-tapping exciton state is contrary to that of Y-state
with pressure increasing. The results conduce to understanding the influence of inter-molecule interaction on excited state
behavior with inter-molecule distance decreasing, which contributes to studying the materials under extreme condition.

Keywords: perylene, high-pressure, ultrafast spectroscopy

PACS: 82.40. Fp, 33.20.—, 82.53.-k

1. Introduction

The behavior of the excited state in molecule is largely
affected by the surrounding environment such as temperature,
pressure, and solvent,!'-%1 of which the pressure can change
the distances of atoms in molecules, and thus the probabil-
ity of electron wavefunction overlap and electron delocaliza-
tion. This change will directly affect their optical character-

y.7-191 While as a dye, perylene

istics and electrons’ mobilit
has excellent ability to accept electrons and cell permeabil-
ity, and can be used as an intermediate in organic synthesis.
It has great potential applications in biological imaging and
high-performance polymer solar cells.!!'~16] Furthermore, be-
cause of its simple and identical molecular composition, pery-
lene is a candidate molecule to study the effect of pressure on
absorption characteristics and electron mobility. So far, owing
to the limitation of experimental techniques, most of the ex-
cited state dynamic properties under high-pressure are inves-
tigated in solutions, such as LDS698 solution, coumarin solu-

¢.117-221 However, the solvent of solutions can be solid-

tion, et
ified at a relatively low pressure, which is an anisotropic pres-
sure. And coordination compounds also appear in the pressur-
ization process, which may affect the dynamic process.!?*! It is
worth noting that there are differences between the photophys-
ical properties of matter subjected to the anisotropic stress and
the isotropic stress.[?*] On the other side, most of theoretical
calculations are based on a pure molecule system, in which
neither anisotropic compressing nor coordination compounds

is considered. [12-15.25.26]

DOI: 10.1088/1674-1056/abf923

In order to fill this gap, non-complexing, hydrostatic and
isotropic pressure is applied to perylene to study the intrin-
sic behavior of electron transition process. Steady state re-
sults indicate that reduced inter-molecule distance enhances
the m-electron delocalization and thus creating the red-shifting
and broadening of the absorption spectra. Transient state re-
sults show that the emergence of self-tapping exciton (STE)
state and Y -state complicates the excited state dynamic behav-
iors. While, the overall trend can be explained by the pressure-
dependent molecular bond length and the phenomenon of 7-
electron delocalization.

2. Experiments

The perylene powder was purchased from Sigma-
Aldrich (CAS: 198-55-0). Perylene’s molecular formula is
CooHj2, which is a polycyclic aromatic hydrocarbon with five
rings. >8] The diamond anvil cell (DAC) with 400-pum culet
size was used to generate pressures up to 19.5 GPa. The T-301
stainless steel gasket was pre-pressed to ~ 65 pm in thick-
ness and bored a concentric hole with a diameter of ~ 170 um
in the gasket. The gasket was squeezed between the two op-
posing diamond anvils. The hole of the gasket was used as a
sample chamber to seal perylene powder, ruby, and pressure-
transmitting media simultaneously. The pressure in DAC was
calibrated by measuring the fluorescence of the ruby./?°! The
pressure transmitting medium was silicone oil to guarantee hy-

drostatic pressure.3"]

*Project supported by the National Key Research and Development Program of China (Grant Nos. 2018YFA0305900 and 2017YFA0403704), the National
Natural Science Foundation of China (Grant Nos. 61575079, 51632002, 11804113, and 51720105007), the Natural Science Foundation of Jilin Province,
China (Grant No. 20180101230JC), and the Program for Changjiang Scholars and Innovative Research Team in University, China (Grant No. IRT_15R23).

fCorresponding author. E-mail: ply @jlu.edu.cn
fCorresponding author. E-mail: cuitian@nbu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

118201-1


http://dx.doi.org/10.1088/1674-1056/abf923
ply@jlu.edu.cn
mailto:cuitian@nbu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 11 (2021) 118201

2.1. UV-visible absorption spectra

The UV-visible (UV-vis) absorption spectra of perylene
at different pressures were obtained by a home-made sys-
tem for in-situ high-pressure condition. The system was con-
structed by a spectrometer (Avantes, Netherlands, AvaSpec-
2048x16, SensLine, 300 nm—1100 nm) and a halogen light
source (Ocean Optics, USA, HL-2000, 360 nm—2400 nm).

2.2. Transient absorption spectra

The in-situ high-pressure transient absorption system!3!!

was based on previous time-resolved technique.3>331 A re-
generative amplified Ti:sapphire femtosecond laser (Spectra-
Physics, USA Spitfire, 800 nm, 35 fs) was used to generate
a 35-fs, 800-nm laser beam with a repetition rate of 1 kHz.
Then the beam splitter splits the 800-nm laser beam into two
subbeams. One subbeam of relatively stronger passed through
a0.5-mm -BaB,04 (BBO) crystal to provide a 400-nm pump
beam. The other 800-nm laser beam was focused into a
cell filled with H,O/D;,0 to generate a supercontinuum serv-
ing as a probe beam. The delayed pump and probe beams
were focused into DAC by an objective lens (S Plan Apo HL,
20X/0.29). The signal was detected by PMT (Hamamatsu,
Japan, PMTH-S1) and then sent into a lock-in amplifier (Stan-
ford, USA, SR830,) for further processing.

3. Results and discussion
3.1. Steady state spectrum

In order to simply explore the effect of pressure on the
optical behavior of perylene molecule and avoid the disadvan-
tages of the solvent solidification under lower pressure and the
effect of the complexing effect between the solvent and the
solute under higher pressure, we chose the perylene powder
as the sample loaded into the DAC. Figure 1 illustrates the
UV-vis absorption spectra of perylene at ambient pressure and
different pressures. There are three absorption peaks under
ambient condition as indicated in Fig. 1(a). They are 412 nm,
438 nm, and 472 nm, respectively. Perylene is a conjugated
aromatic molecule. As indicated in Fig. 2(a), each perylene
molecule is composed of sp-hybrid carbon atoms, and each
carbon atom forms three covalent bonds. The fourth valence
electron of each carbon stays in a 2p orbital forming 7-orbitals
network perpendicular to the molecules’ plane (ab) Fig. 2(b).
Perylene molecule has two electric dipole moments: one is
the a-component (412 nm) that indicates the electric dipole
moment parallel to the long molecular axis and the other is the
b-component (438 nm) that indicates the electric dipole mo-
ment parallel to the short molecular axis, on the ab plane. 3]
The peak value 472 nm corresponds to the 7-orbital correlated
transition.
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Fig. 1. Normalized UV-visible absorption spectra of perylene under (a) am-
bient condition and (b) different pressures.

Fig. 2. Molecular structure of perylene.

Figure 3 illustrates the anisotropic compressing of pery-
lene molecules in response to pressure. The absorption peak
at 412 nm and at 438 nm each display a slight red-shift with
the pressure gradually increasing. 333! In comparison, the ab-
sorption peak at 472 nm shows a large red-shift and broad-
ening, which indicates the J-type stacking of molecules (see
Fig. 2(b)). When the pressure reaches about 19.5 GPa, the
range of steady-state absorption spectrum basically covers
the entire visible light area. This variation of the absorption
peak is consistent with the effect of pressure on the crys-
tal structure. 22637391 Briefly, the red-shifts of three peaks
are the results of reducing the lengths of bonds as well as
inter-molecule distance, and thus enhancing the overlap be-
tween electron clouds. The increased overlap causes the
conduction and valence band and diminished band gaps to

(25371 Therefore, the absorption peaks move to longer

disperse.
wavelength corresponding to small band gap. Furthermore,
the pressure of response to the wavelength 472 nm is more
sensitive than to the wavelengths 438 nm and 412 nm as
shown in Fig. 3.135-36] With the pressure increasing, the dis-

tances among adjacent molecules decrease, and electrostatic
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attraction between molecules with extended 7-orbitals is more
significant.[*°] While, this attraction is more sensitive to pres-
sure than to the bond length reducing in stacking molecules.
As a consequence, the absorption peaks show different red-
shifts in degree as indicated in Fig. 2.12627-33411 Based on
the theoretical calculation, the evolutions of optical behav-
ior in both steady state (Fig. 3) and transient state (Fig. 5)
are divided into four pressure regions (ambient condition ~
1.7 GPa, 2.7 GPa-6.8 GPa, 8.2 GPa-14.3 GPa, and 16.9 GPa—
21.1 GPa), which correspond to four compressing processes
according to the response to lattice parameters.!?%-33-3%1 The
details will be described by combining with transient state in-

formation.
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Fig. 3. Absorption peak wavelengths (412 nm: empty circles, 438 nm:
empty stars, and 472 nm: empty triangles) versus applied pressure.

The exciton—phonon coupling constant related to the lat-
tice relaxation energy is one of the important parameters de-
scribing the overall characteristics of the dynamics. (%4243
The exciton—phonon interaction in aromatic hydrocarbon crys-
tals is strongly related to the molecular arrangement.** In or-
der to observe inter-molecule distance effect on dynamics, we
use the DAC device to apply an external pressure to the pery-
lene, an aromatic hydrocarbon, thereby exploring the dynam-
ics of the perylene at high-pressure by changing the relative
arrangement of molecules and then changing their exciton—
phonon coupling situation in a wide range. From the UV-
vis absorption spectra, it can be seen that as the pressure in-
creases, the absorption peak at 472 nm is more sensitive to
the pressure response than the absorption peaks at 412 nm and
438 nm. Therefore, we choose band-edge to be 640 nm serv-
ing as a probe beam. To observe the exciton dynamics with
inter-molecule distance decreasing, transient experiments are
performed on the excited state. The decay dynamic behaviors
of excited state at each pressure are indicated in Fig. 4.

3.2. Transient state spectra

Figure 4 illustrates the dynamics of perylene molecules
Obviously, the de-
cay process strongly depends on the applied pressure. A

from ambient pressure to 21.1 GPa.

multi-exponential function [ayise €xp(f/ Tise) + a1 exp(t/T1) +
azexp(—t/Ty) + azexp(—1/13)] is used to fit the dynamics
curves of perylene, in which each 74 represent the rising
time of excited state, 7; and 7, (7}) the intra-band relaxation
(fast decay component with picosecond timescale), and oc-
casional 73 the inter-band relaxation (slow decay component
with nanosecond timescale).
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Fig. 4. (a) Normalized transient spectra under different pressures and (b) de-
cay under selected pressures (experimental data: empty circles; fitted data:
solid line) for normalized dynamic curves of perylene.

Figure 5 illustrates the simulation results of decay data.
Since the magnitude of 73 is longer than the experimental lim-
itation (2 ns), only 7y and 7, (75) are discussed in the follow-
ing. A positive signal is observed under each pressure, which
suggests that the signal is generated mainly by the excited state
absorption. Since both molecular structure and inter-molecule
distance are modulated by pressure, rather different signals ap-
pear under high-pressure.

Region I lies between ambient pressure and ~ 1.7 GPa
as shown in Figs. 3 and 5. The transient absorption increases
through intraband trantion S3 — S| within 7; ~ 0.8 ps and de-
cays through S| — STE state within 7, ~ 45.5 ps, then fol-
lowed by a nanosecond scale decay due to the fluorescence
process, Fig. 6. The STE and STE state are generated by
reducing inter-molecule distance in the condense condition,
which is formed by the interaction between excited states and
lattice.!**! These results consist with the reported dynamic re-
sults in low pressure region (< 0.5 GPa),[**#4! Both compo-
nents turn slower with pressure increasing up to 1.7 GPa, in
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71 ~ 1.3 ps and 7, ~ 105.4 ps. In this region, molecule inter-
action is the main factor for dynamics process. As illustrated
by theoretical calculation, there is a relative steep compress-
ibility in this region.*>! According to the absorption spectra in
this region, the signal is correlated with the dynamics of STE

1341 Depopulation from higher excited state to the STE

state.
state may experience different processes with pressure chang-
ing. Faster 7; (< 1 ps) is the result of direct population from
higher excited states, and slower 7; (> 1 ps) is negative signal
from vibrionic structure denoted as Y -state, which is obviously
under high-pressure (0.7 GPa), as indicated in Fig. 6.13*44! For
the decay process, say 7o, the Y, relaxes to STE states after de-
trapping through a thermal activation process. This process is
much slower than the direct relaxation process from the higher
excited state to the STE state. The dramatically slower 7| and
T, suggest that population of Y-states increases when pressure
rising up to 1.7 GPa. While, the generation of STE requires
a large energy because molecules become “tighter” with inter-
molecule distance reducing. The STE state moves to higher

energy (0.13 eV under 1.2 GPal*#) as indicated in Fig. 6.
However, Y-state and exciton state redshift with the enhance-
ment of wavefunction interaction among molecules under high
pressure. At > 1.2 GPa, Y-state luminescence is observable,

which contributes to the negative signal at initial time.**
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Fig. 5. Lifetime of 7; (empty circles), 7> (empty triangles), and 75 (empty
stars) as a function of applied pressures.
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Fig. 6. Pressure-dependent energy level evolution. S: excited states, STE: self-trapping exciton state, FE: free-exciton state, Y: Y-states.

Region II lies between 2.7 GPa—6.8 GPa. In this region,
71 > 1 ps is rising component, 7} in 2 ps—5 ps and 7, in 20 ps—
50 ps decay component are detected. With pressure rising up
to 2.7 GPa, negative signal disappears because STE states shift
above the Y, state and its relaxation to Y, sate is impossible
because of the trapping barrier. In this region, the anisotropic
response of lattice to pressure is more obvious than in other
regions.'>>! Thus, a complicated electronic band shift is ex-
pected. The long-axis dipoles of molecules are perpendicular
in the ab plane. The compression is more effective on the
long-axis dipole, which induces the lower exciton state S; to
drift dramatically.3*! Thus, rapid decay 7, (in 2 ps—5 ps) gen-
erates as a result of reducing energy gap between excited state
S1 and STE state. Meanwhile, S state relaxes to Y, state, 1,
in 20 ps—50 ps, is much faster than that in region I because of
reduced energy gap between S| and Y states. Both 7, and 7}
turn fast with pressure increasing in region II, 4.5 ps to 2.0 ps
for Té, and 48.9 ps to 19.8 ps for 7,. This is also ascribed to re-
duced energy difference between S and Y, states. Since most
of population (40%—-80%) decays to the STE state as indicated
by the large amplitude of 7}, luminescence from ¥, state is not
obvious in this region. Thus, no negative signal is observed.

Region IIT is between 8.2 GPa-14.3 GPa. In this re-

gion, the pressure effect on the lattice parameters tends to be
isotropic.!?! As illustrated in the pressure-dependent absorp-
tion spectra (Fig. 1), the observing wavelength is near band-
edge and thus the negative signals originating from Y -state lu-
minescence states are overlapped. The STE state shifts up-
ward to the middle of Yy and Y; with inter-molecule distance
decreasing. Meanwhile, S shifts downward to lower energy,
which is between Y; and Y,. Since S; — Y| has larger tran-
sition rate as a result of closer energy gap, Y; luminescence
signalis enhanced and contributes to the opposite signal in this
region. Gentle change of 25 ps—35 ps (8.2 GPa-12.2 GPa)
decay component indicates small energy gap modulation to
S| state relaxing to Y] state in this pressure region. However,
this component turns slower with pressure increasing. Diffu-
sion induced electron delocalization shows a great effect under
such a high pressure, which can extremely prolong the excited
lifetime.[?:1120-441 This is also consistent with the rather broad-
ened absorption band as indicated in Fig. 1. While a knee point
appears at 14.3 GPa. The amplitude of negative Y] signal de-
creases under this pressure. It means continuous shift of Sy to
a state lower than Y;. The luminescence from S; (FE) slows
the decay component down to 154.3 ps. Then, the dynamic

region evolves into the next pressure region.
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Region IV is between 16.9 GPa-21.1 GPa. According to
absorption under steady state (see Fig. 1), the negative signal
comes from the luminescence state, which deduces and dis-
appears with pressure induced band gap dispersion. In this
region, lattice response is totally isotropic to pressure as indi-
cated by calculation,>>) which means that the inter-molecule
distance is near the limitation with lattice turning harder. In
this case, the effect of repulsion among atoms becomes strong,
in which the barrier for electron diffusion emerges with the
evolution of dielectric environment. Thus, relaxation of Sy
state becomes faster due to less possibility of electron diffu-
sion, 81.5 ps at 16.9 GPa to 57.7 ps at 19.5 GPa. With the
pressure reaching to 21.1 GPa, the very fast relaxation compo-
nent of 2.5 ps is the result of band gap dispersion, which may
be deduced from the collapse of lattice structure.

As a summary, STE state and Y-states appear with the
pressure increasing and affect excited state dynamics process
significantly. The evolution of effect is correlated with com-
pressing properties of molecules, which is consistent with pre-
vious theoretical calculation.

4. Conclusions and perspectives

The optical behavior of perylene is studied by high-
pressure steady state and transient state spectra in an isotropic
compressing and non-complexing conditions. With pressure
increasing, the delocalization of m-orbital is more sensitive
than the reducing of bond length as suggested by steady state-
spectra. While, the transient processes are strongly depen-
dent on the pressure-affected positions of STE state and Y-
states. The results in both steady and transient state spectra
can be explained by previous theoretical calculation based on
anisotropic response. The experimental environment in this
paper is consistent with the theoretical calculation, and only
pure molecular system is considered without the influence of
complexation. Therefore, these kinds of experiments can be
widely used to verify the theoretical calculations and further
practical basis.
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