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High-mobility and strong luminescent materials are essential as an important component of organic
photodiodes, having received extensive attention in the field of organic optoelectronics. Beyond the
conventional chemical synthesis of new molecules, pressure technology, as a flexible and efficient
method, can tune the electronic and optical properties reversibly. However, the mechanism in organic
materials has not been systematically revealed. Here, we theoretically predicted the pressure-depended
luminescence and charge transport properties of high-performance organic optoelectronic semi-
conductors, 2,6-diphenylanthracene (DPA), by first-principle and multi-scale theoretical calculation
methods. The dispersion-corrected density functional theory (DFT-D) and hybrid quantum mechanics/
molecular mechanics (QM/MM) method were used to get the electronic structures and vibration
properties under pressure. Furthermore, the charge transport and luminescence properties were
calculated with the quantum tunneling method and thermal vibration correlation function. We found
that the pressure could significantly improve the charge transport performance of the DPA single crystal.
When the applied pressure increased to 1.86 GPa, the hole mobility could be doubled. At the same time,
due to the weak exciton coupling effect and the rigid flat structure, there is neither fluorescence
quenching nor obvious emission enhancement phenomenon. The DPA single crystal possesses a slightly
higher fluorescence quantum yield � 0.47 under pressure. Our work systematically explored the
pressure-dependence photoelectric properties and explained the inside mechanism. Also, we proposed
that the external pressurewould be an effectiveway to improve the photoelectric performance of organic
semiconductors.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
High-performance organic semiconductors have received
widespread attention as the key components of various flexible
devices such as organic field-effect transistors, light-emitting
diodes, organic solar cells, sensors [1–6]. Aside from chemically
synthesizing newmolecules, appropriate regulation of the existing
materials is an environmental-friendly and cost-effective way to
achieve excellent properties, such as high mobility, piezochromic
phenomenon and strong luminescence [7–11]. Due to the great
flexibility of organic materials, applying mechanical force as a
simple method could continuously regulate the performance of
organic photoelectric materials [12].

Recently, significant performance which could boost on charge
transport were observed by compressing organic semiconductors,
@tju.edu.cn (W. Hu).
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such as TIPS-pentacene and single crystal rubrene [13,14]. Besides,
anomalous pressure effects, anisotropic or nonmonotonic phe-
nomenonwere also found [15,16]. Limited to experimental testing
methods, the mechanism of the pressure-regulation remains
controversial, and is urgent to be explored theoretically. At the
aspect of fluorescence emission behaviors, generally, enhanced
p-p interactions under pressure may cause fluorescence quench-
ing in H-aggregates [17]. However, the suppression of intramolec-
ular rotation and vibration under pressure would attenuate the
excited state non-radiation process and promote pressure-induced
emission enhancement (PIEE) phenomenon [18–21]. With the
diamond anvil cell, more and more PIEE molecules have been
found recently [22–24]. Although, it could be partly explained by
the suppression of intramolecular rotation and vibration, as a
completely new field, more theoretical researches should be
carried out to understand it more thoroughly. By now, there are
some individual works investigating the pressure effect on charge
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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transport or optical properties of organic semiconductors.
However, as we know, few works have studied the pressure effect
on the two properties simultaneously. Therefore, it is essential to
explore the influence of pressure on these two aspects at the same
time, whichwill providemomentous guidance for the regulation of
material performance.

In this work, we choose a high mobility emissive organic
semiconductor, 2,6-diphenylanthracene (DPA), Fig. 1 [25] and
investigate the pressure-depended charge transport and lumines-
cence properties by theoretical calculation. The dispersion-
corrected density functional theory and hybrid quantum mechan-
ics/molecular mechanics (QM/MM) method [26,27] were used to
get the cell parameters, electronic structures as well as vibration
properties under pressure. Based on them, we then calculated the
charge transport rates and mobilities with the quantum nuclear
tunneling model. The thermal vibration correlation function was
adopted to calculate fluorescence absorption/emission spectra and
radiative/nonradiative decay rates [19,28].

The cell parameters and atom positions of DPA crystals at
different pressures were optimized and the calculated cell volume
decreased monotonically from 825.15 Å3 to 730.04 Å3 with the
extra pressure elevating to 1.863 GPa. However, the compression
rates of cell parameters along different directions are distinct. From
Fig. 2, b-axis, the most pressure-sensitive axis, reduced by 0.521 Å,
while a-axis was almost unchanged. The difference could be
understood as the planarization of the molecules on the bc-plane.

We then investigated the intermolecular interactions and
intramolecular geometric changes at various pressures. When
exploring the interactions between adjacent molecules, reduced
density gradient (RDG) analysis [19] is adopted. From Fig. 2c. the
space of Van der Waals interaction enlarged in both "face-to-face"
and "face-to-edge" situation, indicating the enhanced C��H� � �p
and p-p interactions at higher pressures. Hirshfeld surface was
also introduced to describe the adjacent molecules with enhanced
interactions (Fig. S1 in Supporting information). Typical dihedral
angle (u1), bond angle (u2), and bond lengths (B1, B2, B3, B4) were
chosen to explore the change of molecular structurewith pressure.
From Fig. 2d, the dihedral angle (u1) between anthracene and
phenyl ring is significantly reduced, making the whole molecule
more planar. While the bond angle (u2) of the anthracene ring is
almost unchanged within the pressure range. And the bond length
undergoes a slight decrease under the relatively high pressure.

To find out the pressure-depended charge transport properties,
we calculated hole mobilities at different pressures. The results
show a monotonous increase from 8.15 [19_TD$DIFF]cm2V�1 s�1 to 15.72 cm2

V�1 s�1, nearly twofold change (Fig. 3a). And the mobilities also
maintain certain anisotropic and the maximum charge mobility
occurs along the b-axis, owing to the dense packing and stronger
interaction. To understand the mechanism of pressure effects on
mobilities, the contributions of transfer integrals (V) and
[(Fig._1)TD$FIG]

Fig. 1. Molecular structure of DPA with marked bond length (B1, B2, B3, B4),
dihedral angle (u1) and bond angle (u2) in QM/MM model.
reorganization energies (l) were further investigated. Transfer
integral represents the degree of overlap between adjacent
molecules, which is positively correlated with mobility (Eq. S1
in Supporting information). The reorganization energy, on the
other hand, measures the coupling strength of electron-phonon
interaction.

From the aspect of transfer integrals, extra pressure could
induce huge transfer integrals. And meanwhile, the pressure
response of transfer integrals has the path-dependence character-
istic, because of different stacking modes [29]. As shown in Fig. 2,
there are six effective transfer pathways between the central
molecule and six neighbor molecules. Because of the symmetry,
the transport paths along P1, P3, P4, P6 directions are equivalent.
And there is also no difference between the P2 and P5 directions. It
is easy tofind the transfer integrals in both directions increasewith
pressure (from 56.58meV to 83.62meV for P1, and from 17.15meV
to 30.79meV for P2, Table S2 in Supporting information), which is
mainly due to the gradual decrease in the distance, around 0.3 Å,
between corresponding dimer, making more effective electronic
couplings.

The pressure-depended reorganization energies decrease from
151.89meV to 145.89meV with the pressure reaching 1.863 GPa.
To understand the behavior of reorganization energy changes, we
projected them onto the different features of DPA molecular, bond
angle, dihedral angle and bond length. In Fig. 3, it is obvious that all
kinds of reorganization energies decreased with compression. For
the dihedral angle, with the increase of pressure, the reorganiza-
tion energies drop [20_TD$DIFF]quickly and then maintain [21_TD$DIFF]a slower rate of
decrease, consistent well with the variation of dihedral angle
discussed before. It decreased by nearly [22_TD$DIFF]65%, from 6.14meV to
2.19meV at 1.86 GPa, which can be attributed to the obvious
suppression of out-of-plane rotations of DPA in the selected
pressure range. In contrast, the contributions of bond lengths and
bond angles remain almost unchanged at lower pressures and drop
at higher pressures. The Huang-Rhys factor Sj and reorganization
energy lj at different pressures are shown in Fig. S2 (Supporting
information). At low pressures, the modes, within the lower
frequency region, associatedwith the rotation of the dihedral angle
are significantly inhibited. And with the pressure increase
continuously, the contribution of stretching vibration of bond
length and bending vibration of bond angle also startedworking in
high-frequency region. Noticeably, the strict stacking and electro-
static effect from surrounding molecules are also important when
investigating the vibration properties of DPA crystals. The
calculated reorganization energy of individual DPA molecule is
172.10meV, 20.21meV more than of embedded DPA molecule in
QM/MM model. To summarize, the increasing charge mobilities
can be contributed by the much larger transfer integral as well as
the smaller reorganization energy under pressure.

When considering the photophysical properties, there are two
possible effects of pressure on fluorescence emission. One is the
fluorescence quenching [19] with the increase of exciton coupling
effects, another is the pressure-induced emission enhancement
caused by the suppression of non-radiative decay process [8,30]. At
the same time, pressure may also cause a piezochromic
phenomenon [12]. We firstly selected the J/le criterion, proposed
by previous researchers [31], to measure the effect of exciton
coupling on compressed DPA in our study. le is reorganization
energy in the excited state and J refers to the strength of the exciton
coupling effect. Li and colleagues studied a series of organic
optoelectronic materials and found their photophysical properties
are mainly determined by the competition between the reorgani-
zation energy and exciton coupling strength in aggregates. When
J/l > 0.17, the strong exciton coupling would induce fluorescence
quenching of 0�0 emission peak. While in many aggregation
induced emission molecules, where J/l < 0.17, the reorganization
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Fig. 2. (a) Molecular packingmodes of DPA single crystals. (b) The unit cell volume of DPA at different pressures. The insert figure shows the different compression rate of a-,
b- and c-axis at different pressures. (c) Intermolecular interactions analyzed by RDGmethod at 0 GPa and 1.863 GPa. (d) Bond angle, dihedral angle and bond length of DPA at
different pressures.
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Fig. 3. (a) The maximum mobility at different pressures and the inset picture shows hole transfer integral and adjacent molecular distance of P1 direction at different
pressures. Projection of the total reorganization energy l onto the (b) dihedral angle, (c) bond angle and bond length of DPA crystals at different pressures.
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Fig. 4. (a) Reorganization energies le, exciton couplings J and the ratio J/le of DPA in aggregates at different pressures. Vibrationally resolved (b) absorption and (c) emission
spectra at different pressures. The insets show the maximum absorption/emission wavelength at different pressures.
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energy dominates and the exciton coupling effect could be
negligible. Fig. 4a gives the changes of J and le under different
pressures. The results show that J increases slightly with pressure
while le decreases. When pressure is as high as 1.863 GPa, the
biggest J/le value is 0.103, indicating the exciton effect could be
ignored in our system. And we no longer consider it in the
subsequent calculations. Followed, we calculated and analyzed the
electronic properties and fluorescence spectrums of DPA. The
highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) are distributed throughout the
whole molecule, indicating a typical local excitation characteristic
and they are almost independent of pressure, detailed information
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can be found in Table S4 and Fig. S3 (Supporting information). The
vibrationally resolved absorption and emission spectrums are
presented in [23_TD$DIFF]Figs. 4b and c. In the emission spectrum, there is only
a slight red shift under lowpressure, which could be ascribed to the
planarization of the conformation at low pressure [17,32].

We then calculated fluorescence quantum yield (FF) under
pressure. The calculated kr, kic and FF are presented in Table S2
(Supporting information). With the increase of applied external
pressure, the oscillator strength increases gradually and kr
undergoes a slight increase.While kic shows an ignorable decrease,
leading to no obvious change of FF. The non-radiative decay
process is the key factor in understanding some aggregation or
pressure-induced emission enhancement phenomenon [19,33,34].
To explore the reasons for the tiny variation of kic, we calculated
reorganization energy, non-adiabatic electronic coupling and
duschinsky rotation effect (DRE) [19]. The reorganization energy
is reduced by only 5.30meV at high pressure. The ignorable change
may be contributed to the stable quinone structure of excited
states, shown in Fig. S3. Rkk, the diagonal part of the electronic
coupling matrix, and DRE also show no obvious change (Figs. S6 [24_TD$DIFF]

and S7 in Supporting information). That is, pressure hardly affects
the adiabatic and non-adiabatic process in DPA system. Overall,
within a reasonable pressure range, pressure effect can signifi-
cantly improve the chargemobility of DPA crystalswithout the loss
of fluorescence quantum yield, which is an expected result.

In summary, the charge transport and photophysical properties
of high mobility emissive organic semiconductor DPA at different
pressures were investigated. Based on first-principles calculation
combined with amulti-scale QM/MMmethod, the hole mobility of
DPA would significantly increase with the elevated pressure, from
8.15 [19_TD$DIFF]cm2V�1 s�1 to 15.72 cm2V�1 s�1. This is mainly due to the
significantly enhanced intermolecular interactions, leading to a
significant increase in the charge transfer integrals at high
pressure. At the same time, the suppressed dihedral rotations
and vibrations also benefit to the charge transport properties to a
certain extent resulting in a decreased reorganization energy
under pressure. For the pressure-induced photophysical proper-
ties, there was neither significant piezochromism nor emission
enhancement phenomenon founded. The planar morphology and
the stable excited state electronic structure make DPA different
from the typical AIE and PIEE molecules. Fortunately, the weak
exciton coupling effect could [25_TD$DIFF]not induce fluorescence quenching in
the studied pressure, and the quantum yield maintained at a high
level � 0.47 under pressure. Our work systematically explored the
influence of pressure on charge transport and the luminescent
properties of organic semiconductor materials. We theoretically
explain the pressure response mechanism and propose the
external pressure is a simple and efficient way to improve the
performance of organic photoelectric materials.
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