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Pressure effects on both fluorescent emission
and charge transport properties of organic
semiconductors: a computational study†

Yi Zeng,a Wen Shi, b Qian Peng,c Yingli Niu,d Zhiying Ma e and
Xiaoyan Zheng *a

External pressure can regulate the photophysical property and charge transport performance of organic

semiconductors, however, the underlying mechanism at the microscopic level is still elusive. Using

thermal vibrational correlation function coupled quantum mechanics/molecular mechanics and full

quantum charge transfer rate theory, we systematically explore the influence of pressure on

fluorescence emission and charge transport behaviours of representative cyclooctatetrathiophene

(COTh). It is found that, upon pressurization, the intramolecular configurations of COTh became more

twisted, leading to the blue-shifted emission. The fluorescence quantum efficiency (FQE) of COTh

crystals decreases monotonically in a wide pressure range of 0–4.38 GPa, because the increase of inter-

molecular electronic energy transfer rate constant (keet) is larger than the decrease of internal conver-

sion rate constant (kic), and the variation of keet is dominant. The decrease in kic is attributed to the

decreasing reorganization energy, reflecting the suppression of the low-frequency flipping vibrations of

four thiophene rings and the high-frequency stretching vibrations of central cyclooctatetraene, while the

keet increase is due to the simultaneous increase in exciton coupling and spectra overlap. Moreover, we

predicted that the hole mobility of COTh increases monotonically by nearly an order of magnitude from

0.39 to 3.00 cm2 V�1 s�1 upon compression, because of the increase in transfer integral and the

decrease of charged reorganization energy. Furthermore, its hole mobility exhibits obvious anisotropy.

Our work systematically builds the external pressure, molecular packing, luminescence and transport

properties relationships of organic semiconductors and provides theoretical guidance for the rational

design of pressure responsive organic semiconductors with excellent photoelectric performance.

1. Introduction

Organic semiconductors with perfect luminescent performance
have attracted much attention due to their flexibility in mole-
cular structure, tunability in material function as well as their
potential applications in organic photovoltaic cells (OPVs),
organic light-emitting diodes (OLEDs) and organic effect

transistors (OFETs), and so on.1–4 External stimuli applied to
organic materials, such as pressure, polarity, temperature and
pH, can manipulate the intramolecular conformations and
intermolecular packing of organic semiconductors in solid
states simultaneously, and thus regulate their performance
in terms of photoelectric properties.5–7 Isostatic pressure with
equal pressure in every direction has emerged as an effective
means of modulating the photoelectric properties of organic
semiconductors.8–10 For example, upon compression, the
fluorescence intensity of 2,3,4,5-tetraphenylfuran decreased
continuously and was accompanied by redshifted spectra, due
to the enhanced intermolecular p–p interactions.11 In contrast,
the fluorescence quantum efficiency (FQE, FF) of hexaphenyl-
silole (HPS) presented a conspicuous enhancement upon pres-
surization in the pressure range of 1 to 104 atm, while the
emission wavelength was almost unchanged.12 Moreover, the
cocrystals of perylene and 1,2,4,5-tetracyanobenzene demon-
strate a continuous pressure-induced emission enhancement
up to 3 GPa, along with the blue shifted emission upon
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tetrahydrofuran insertion.13 In the case of cyclooctatetrathiophene
(COTh) crystals with excellent hole transport capability,14,15 the
fluorescence intensity diminishes monotonously upon compres-
sion with isostatic pressure from 0 to 7 GPa, accompanied by the
blue-shifted emission from 540 to 520 nm.16 While the FQE of 2,6-
diphenylanthracene (DPA) crystals was almost constant during
pressurization, and the hole mobility doubled.17 Most recently,
the mechanoelectric response of single-crystal rubrene was widely
explored through experiment and theoretical calculations, how-
ever, some conflicting results about either the magnitude or the
direction of the strain mostly affecting the charge mobility have
been reported in the literature.18–23 The pressure effects on the
physical properties of organic semiconductors are highly complex
and system-dependent, due to the unclear relationship between
the deformation applied and performances of materials. Under
external pressure, most organic compounds exhibit redshifted
emission and decreased fluorescence intensity, while the occur-
rence of blue-shifted spectra and weakened fluorescence is rare.
Unraveling the relationship between external pressure, molecular
packing and photoelectric properties are key to the rational design
of pressure-responsive organic semiconductors, but it is still a big
challenge through experiment due to the limited temporal and
spatial resolutions on current experimental techniques. Investiga-
tion of the pressure effects on the photoelectric properties of
organic semiconductors at the microscopic level using a multi-
scale modeling protocol is an effective way.

Theoretically, the pressure effects on optical properties or
charge transport of organic semiconductors have also been
investigated.24–27 Shuai et al. proposed that the increase of FQE
of HPS upon pressurization is attributed to the suppression of
the low-frequency electron–vibration couplings.25 Shuai et al.
also reported that pressurization improved the hole mobility of
a naphthalene crystal by hindering the electron–phonon cou-
pling strength.26 Hu et al. demonstrated that the hole mobility
of DPA improved upon pressurization because of the increase
of transfer integrals and the reduction of charged reorganiza-
tion energy, while their radiative and non-radiative decay rate
constants were immune to external pressures.28 Our group
proposed that the non-monotonical variations of FQE with
pressure in 1,2,3,4-tetraphenyl-1,3-cyclopentadiene are attribu-
ted to the competition between electron–vibration coupling
and nonadiabatic electronic coupling.29 We also discovered
that the piezochromic behavior of organic fluorophores can
be manipulated by the conformational flexibility of the organic
compounds and the FQE of organic molecules with a flexible
backbone are more sensitive to external pressures than those of
the rigid ones.30 However, the underlying mechanism of the
simultaneous fluorescence quenching and blue-shifted emis-
sion upon pressurization of COTh in experiment,16 as well as
the pressure effects on the hole transport properties of COTh at
the microscopic level, are still elusive.

In this work, we take COTh as an example (Fig. 1a and
Fig. S2, ESI†) to systematically explore the intrinsic mechanism
of responsive behaviors of fluorescent and charge transport
properties to isostatic pressure using the multiscale modeling
protocol. The quantum mechanics/molecular mechanics

(QM/MM) model31,32 coupled with thermal vibrational correla-
tion function (TVCF) rate formalism were used to calculate the
photophysical properties of COTh crystals under different
external pressures. The calculation of charge transport proper-
ties of COTh were realized by full quantum charge transfer rate
theory based on a quantum nuclear tunneling model. It is
found that pressurization quenches the fluorescence emission
of COTh, but is beneficial to its hole transport behavior. Upon
compression, the FQE of COTh crystals decreased monoto-
nously in the pressure range of 0–4.38 GPa due to the surge
of intermolecular electronic energy transfer induced by the
reduction of intermolecular distances. The intramolecular con-
figurations of COTh become more distorted after pressuriza-
tion, leading to the continuous blue shift of the fluorescence
emission. In addition, we predict that the hole mobility of
COTh increased by nearly one order of magnitude with increas-
ing pressures from 0 to 4.86 GPa, because of the simultaneously
increased transfer integral and the decreased charge reorgani-
zation energy. And the hole transport of COTh at different
pressures exhibits obvious anisotropy. This investigation sys-
tematically reveals the pressure effects on both fluorescent
emission and charge transport properties of organic semicon-
ductors, and provides a theoretical foundation for the rational
utilization of pressure to optimize the photoelectric properties
of organic semiconductors.

2. Computational details
2.1 Prediction of the crystal structures of COTh at different
pressures

To study the pressure effects on the fluorescent and charge
transport properties of the COTh system, the crystal structures
of COTh under different external pressures were first simulated and
predicted based on the experimental crystal structure obtained
under a normal temperature and pressure environment16 (ambient
conditions) by PBE functional with Grimme’s D3 correction33 in the
Vienna Ab initio Simulation Package (VASP).34 Computationally,
the compression process upon pressure can be simplified by setting
a series of scaling factors to compress the lattice volume. The
atomic positions of the crystal structure of COTh obtained from
experiment under the ambient conditions16 were first optimized.
The corresponding pressure of the optimized crystal structure of

Fig. 1 (a) Chemical structure of COTh with some key structure para-
meters in the backbone labelled. (b) The QM/MM model of the COTh
crystal.
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COTh is set as a reference with 0 GPa. Both the atomic positions
and lattice parameters of the compressed cell were optimized with
constraint of scaled volume. A single point calculation is performed
on a series of compressed crystals to obtain the specific pressure
values of the environment in which these crystals are placed.
During the calculations, the convergence criterion of the total
energy is set to be 10�5 eV in the self-consistent field iteration.
The cutoff energy for the plane-wave basis set is set to be 600 eV.
The cutoff radius for pair interactions is set to be 50.2 Å. A k-mesh
of 4 � 6 � 4 was used during the structural optimization, and
further single-point energy calculations are performed on a k-mesh
of 6 � 8 � 6. All the lattice parameters, density and volume of
COTh crystals at different pressures are summarized in Table S1,
see details in the ESI.†

2.2 Setup of QM/MM models

The supercell with a size of 3 � 3 � 3 was constructed based on
the optimized crystal structure of COTh at each external pres-
sure to set up the QM/MM model. The QM/MM calculation was
performed using a two-layer ONIOM model in the Gaussian 16
package.35 The QM/MM model contains 54 COTh molecules,
one COTh at the center is selected as the high-layer (QM
region), and the others are set as the low-layer (MM region)
(Fig. 1b). During geometry optimization of COTh at the ground
(S0) and the first excited (S1) states, only the QM molecule was
allowed to relax and the others were frozen. For accuracy, seven
density functionals: B3LYP,33 CAM-B3LYP,36 M06, M06-2X,37

M05-2X, BMK38 and oB97XD with the 6-31G** basis set were
used to calculate the vertical excitation energy (DEvert) of COTh
crystals at both S0 and S1, see details in Table S2 (ESI†). It is
found that the excitation energy (2.31 eV) at S1 calculated at the
BMK/6-31G** level was optimal and was close to the experi-
mental value (2.38 eV).16 Therefore, all the following QM/MM
calculations on the photophysical properties of COTh aggre-
gates at different pressures were performed at the BMK/6-31G**
level in the QM region, while the MM part was dealt with using
the universal force field.39 The partial charge of each atom in
COTh aggregates was assigned by the restrained electrostatic
potential fitting approach. Electrostatic interactions between
the QM and MM regions were calculated using an electrostatic
charge embedding scheme.40 The optimization and harmonic
vibrational frequency analyses of the COTh crystals at different
pressures were all performed in the QM region of the ONIOM
models, at the same time, and all atoms in the MM region were
fixed. The harmonic vibrational frequency analysis was per-
formed to ensure the optimized configurations of COTh crys-
tals at S0 and S1 have no imaginary frequencies. There is no
symmetry constraint during the optimization.

2.3 The rate constants of the key channels of excited states

To evaluate the optical properties of crystals more intuitively,
we need to calculate the radiation and non-radiation attenua-
tion rates and the fluorescence quantum yield. According to
Einstein’s spontaneous radiation relationship, the radiative
rate constant (kr) calculation formula can be expressed using

the following formula:

kr ¼
1

1:499
fDEvert

2 (1)

where f is the oscillator strength of the excited state, and DEvert

is the vertical excitation energy from the excited state to the
ground state, and the units of DEvert and kr are cm�1 and s�1,
respectively.

Based on the Fermi golden rule, the internal conversion (IC)
rate constant (kic) can be written as:41

kic ¼
2p
h

X
u;v

Piv H 0fu;iv

^����
����
2

d Eiv � Efuð Þ (2)

where Piv is the Boltzmann distribution function of the initial
state at a specific temperature. Ĥ0 represents the interaction
between two states, which is composed of the non-adiabatic
electron coupling ĤBO in the IC process and the spin–orbit
coupling ĤSO in the intersystem crossing (ISC) process. Eiv(Efu)
reflects the electronic and vibrational energy of the initial
(final) state.

In most organic molecules, the ISC rate constant (kisc) can be
ignored, because the spin–orbital coupling (SOC) for the p -

p* electrons transition is small. The expression of the IC
process is:

kic ¼
2p
�h

X
kl

RklZi
�1
X
n;m

e�bEivPkld Eiv � Efuð Þ (3)

Fourier transform was performed for the d functions:42,43

kic ¼
X
kl

1

h2
Rkl

ð1
�1

dt eioif tZi
�1ric t;Tð Þ

� �
(4)

Rkl = hFf|P̂fk|FiihFi|P̂fl|Ffi (5)

ric;kl t;Tð Þ ¼ Tr P̂fke
�itf Ĥf P̂f le

�itiĤI

� �
(6)

where Rkl is the non-adiabatic electronic coupling, and ric,kl(t,T)
is the thermal vibration correlation function of the IC
process.44–46 The potential energy surfaces difference between
S0 and S1 is considered by Qe = SQg + D, where S is the
Duschinsky rotation matrix, and D is the displacement of the
minimum of the parabola between S0 and S1.

Electronic energy transfer (EET) described energy transfer
between two chromophores, which is one of the non-radiative
decay channels of the excited state.47 The EET is incoherent
(Markovian) and irreversible,48,49 and it can influence the
population of the excited state and should be considered in
the calculation of fluorescence quantum yield. The EET rate
constant (keet) was estimated using the following formula:

keet ¼
4p2

h
J2I (7)

where J is the excitonic couplings of different dimers and I is
the spectral overlap between the absorption and emission
spectra.
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Based on the optimized geometric structures of COTh at
both S0 and S1, as well as their electronic structures informa-
tion obtained from the QM/MM model, the kr, kic and I were
further calculated through the TVCF protocol in the MOMAP
program42–44,46,50 The J was calculated by the Gaussian 16
program.35

2.4 Hole mobility calculations

For calculation of the hole transport properties, the geometric
structures of COTh in both neutral and cationic states were
optimized at the B3P86/6-31+G** level, and the vibrational
frequency analysis was also performed to guarantee no imagin-
ary frequency using the Gaussian 16 program.35 The hopping
mechanism was chosen to model the hole transport processes
of COTh crystals. In the hopping model, the reorganization
energies of the charged molecule (lcharge) and intermolecular
transfer integral (V) are two key factors affecting the rate constant
of the charge transport process. Here the lcharge assessed by
normal mode analysis51,52 were close to those of the adiabatic
potential energy surface method53,54 (see Table S12, ESI†),
indicating that the harmonic oscillator approximation is reason-
able. V was calculated using the site-energy overlap correction
method.55 Then the hopping rate is described by the full-
quantum charge transfer rate,41,56 which can reflect the quan-
tum nuclear tunneling effect. The hole mobilities were obtained
using the Einstein relationship through evaluating a diffusion
process. The diffusion process was driven by a random walk
algorithm56,57 through Monte Carlo simulation in the MOMAP
program (Fig. S1, ESI†).50 See more details of the hole mobility
calculation in the ESI.†

3. Results and discussions
3.1 Pressurization effects on intermolecular interactions

The photophysical properties of organic fluorophores in the
crystalline state are closely related to the intermolecular pack-
ing and intramolecular configuration, which are key to explor-
ing the influence of external pressure on the crystalline
structures of COTh. Through analysis of the simulated COTh
crystals under different pressures, we found that the unit-cell
volume continuously decreased upon pressurization (Fig. 2a).
The lattice constants b and c all decreased monotonically in the
whole pressure range, while the a-axis firstly reduced in the
pressure range of 0 to 4.38 GPa and then slightly increased
as the pressure beyond 4.38 GPa. The compression rate of
the b-axes is obviously greater than those of the a- and c-axes
(Fig. 2b), leading to COTh molecules in the crystals being more
parallel to the ac plane. Moreover, the calculated elastic con-
stant along the b-axis of COTh crystals is also smaller than
those of the a- and c-axes (Table S3, ESI†), indicating the most
flexible packing along the b-axis. The compression rates of a-, b-
and c-axes with pressure are significantly different before and
after 4.38 GPa. The main reason for these difference in pressure
responsiveness is that the molecular arrangement in the unit
cell is relatively loose and the intermolecular distance is

relatively large at the initial pressurization, and only small
external pressure leads to a great change in the lattice axis,
however, when the pressure reaches a certain extent (over
4.38 GPa), the molecular packing becomes very tight due to
the sharp reduction in intermolecular distance, and the com-
pression of the lattice axis is close to the limit. As a result, the
compression effect on the lattice axes is not obvious in the high
pressure region. In addition, the compression exhibited aniso-
tropy, reflected by the small compression rate of the a-axis
compared with those of the b- and c-axes. Beyond 4.38 GPa, the
a-axis has almost no compressible space, resulting in a slight
increase in a-axis, but the volume of the unit cell still decreases,
because the reductions in the b- and c-axes are larger than the
increase in the a-axis. The intermolecular centroid distance of
two neighboring COTh inside the unit cell was also sharply
reduced upon compression (Fig. 2c and d). We define two
pairwise distances of representative carbon atoms on the
opposite thiophene rings of the COTh molecule, labelled as
d1 and d2. We found that upon compression, d2 changed
slightly and d1 was significantly shortened, which made
the intramolecular configuration of COTh more distorted
(Fig. 2e and f).

As shown in Fig. 3, for COTh at each external pressure, the
central QM molecule (blue) and its surrounding neighbors

Fig. 2 (a) The changes in cell volume and (b) the compression rates of
lattice constants of COTh crystals upon compression. (c) The COTh unit cell
with the intermolecular centroid distance labelled. (d) The change of
centroid distance with external pressures. (e) The defined pairwise distances
of representative carbon atoms on the opposite thiophene rings of the
COTh molecule, labelled as d1 and d2 and (f) their variation with pressures
calculated using the PBE functional with Grimme’s D3 correction.
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(MM region) were labelled with different colours, and the COTh
molecules in the same colour have the same centroid distance
to the central COTh molecule, so the 14 neighbouring mole-
cules around the QM molecule can actually be divided into
seven representative pairs. The intermolecular interactions for
seven COTh dimers under different external pressures were

characterized by the independent gradient model (IGM) analy-
sis;58,59 the types of intermolecular interactions were labelled
by different numbers, with the A–D representing C–H� � �S (blue
region), C–H� � �p (blue region), p� � �p (green region) and steric
repulsion interaction (red region), respectively. In IGM analysis,
the more broadened the distribution and concentrated the

Fig. 3 Molecular packing of COTh crystals and the intermolecular interactions of seven representative COTh dimers obtained by IGM analysis (a) under
ambient conditions and (b) at 4.86 GPa, respectively. A–D represent C–H� � �S, C–H� � �p, p� � �p and steric repulsion interactions, respectively. All the
isosurfaces were plotted at 0.008 a.u.
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color region is, the stronger the intermolecular interaction is,
and the strength of intermolecular interactions is negatively
correlated with the intermolecular distances within a certain
range. Comparing Fig. 3a and b, it can be seen that from 0 to
4.86 GPa, the intermolecular distances of representative COTh
pairs in the crystalline state decrease (Table S4, ESI†), the
corresponding intermolecular C�H���S and C�H���p interac-
tions (blue region) of twelve COTh dimers (1(10)–3(30) and
5(50)–7(70)) were all largely enhanced, and steric repulsion of
the dimer 1(10) and p–p interactions of the dimer 4(40) also
increased (Fig. 3).

3.2 Pressure effects on geometrical and electronic structures

The intramolecular configuration and electronic properties of
COTh aggregates at different pressures were analysed. The
selected key structural parameters, including bond length,
bond angle and dihedral angles of COTh at both S0 and S1,
and their structural modification (D|S0 � S1|) under different
pressures are shown in Table 1 and Table S5 (ESI†). The
optimized geometry of COTh at S0 under ambient conditions
is close to the X-ray crystalline structure in the experiment16

(Table S5, ESI†), confirming the reliability of our QM/MM
protocol. It is found that, upon excitation, the bond lengths of
COTh tend to equalize, with the length of double bonds (B1, B3,
B5, B7) increasing and the length of single bonds (B2, B4, B6, B8)
decreasing simultaneously (Table 1). And the bond lengths of
COTh continuously decreased with increasing pressure. While
the bond angles are immune to environments and are basically
unchanged upon either excitation or compression (Table S5,
ESI†). Upon excitation, the key dihedral angles (D1, D2, D3, D4) of
COTh at different pressures are all decreased (Table 1 and Table
S5, ESI†), indicating that the four thiophene rings of the saddle-
type COTh undergo the flipping motions by photoexcitation. The
intramolecular configuration could be effectively modulated by
the external pressures and the dihedral angles D2 and D4 change
by 101 with external pressure from 0 to 4.86 GPa (Table 1). In
addition, the structural modifications D|S0 � S1| of bond length
and four key dihedral angles (D1–D4) decreased monotonically
upon compression (Table 1), implying that the stretching

vibrations of 8-member rings and the flipping motions of the
four thiophene rings may be suppressed.

The electronic structures and fluorescent spectra of COTh
crystals at different pressures were further analysed. The transi-
tion orbitals of COTh at S1 at different pressures were dominant
by HOMO - LUMO with a p - p* feature, see Table S6 (ESI†).
Both the HOMO and LUMO were nearly delocalized on the
whole backbone of COTh (see Fig. 4a and Fig. S3, ESI†). Upon
compression, the HOMO–LUMO energy gaps of COTh crystals
at S0 were almost constant and thus the absorption spectra are
basically unchanged (Fig. 4b and c), while the HOMO–LUMO
energy gaps at S1 increase from 4.15 to 4.46 eV monotonically
(Fig. 4b and c), consistent with the blue-shifted emission with
increasing pressure in experiments.16 The blue-shifted emis-
sion of COTh crystals was attributed to the more twisted
intramolecular conformations upon pressurization, supported
by the change of D2 from 44.71 at 0 GPa to 53.11 at 4.86 GPa.
The more twisted conformation of COTh upon compression
leads to the change in HOMO and LUMO energy levels with
pressure at S0/S1 (Fig. S4, ESI†). For crystalline COTh at differ-
ent external pressures, the transition orbitals at S0/S1 were
dominant by HOMO - LUMO (Table S6, ESI†), therefore, the
variation of absorption and emission spectra of COTh were
closely related to the change of HOMO–LUMO energy gaps. At
S0, both the energy levels of HOMO and LUMO increased with
pressure, and the change of HOMO and LUMO are similar
(Fig. S4, ESI†), leading to the almost constant HOMO–LUMO
energy gap of COTh at different external pressures (Fig. 4b). At S1,
the energy level of HOMO slightly decreased, while those of LUMO
significantly increased (Fig. S4, ESI†), leading to the increased
HOMO–LUMO energy gap of COTh with pressure (Fig. 4b). Thus,
the absorption spectra are basically unchanged, while the emis-
sion spectra blue-shifted with increasing pressure. In addition,
the characteristic vibrational peaks of both absorption and emis-
sion spectra become more obvious upon compression (Fig. 4c),
because of the enhanced intermolecular interactions (Fig. 3). The
stronger intermolecular interactions and the more twisted struc-
tures upon pressurization are responsible for the blue-shift emis-
sion observed in experiment.16

3.3 Pressure effects on fluorescence quantum efficiency

Upon compression, the fluorescence emission of COTh crystals
weakened in the experiment.16 To quantitatively characterize
the fluorescence changes, the FQE (FF) of COTh at different
pressures was calculated by FF = kr/(kr + kic + keet). Here the kisc

can be ignored, because of the negligible spin–orbit coupling
constants (about 1 cm�1, Table S7, ESI†) between S1 and triplet
excited states for COTh. Therefore, the FQEs of COTh crystals
are governed by competition among kr, kic and keet. The
increases of kr, or the reduction of kic and keet can aggrandize
FQE. Notably, the FQE of COTh dropped sharply in the pressure
range of 0 to 4.38 GPa, and then increased slightly over
4.38 GPa (Fig. 5a), which is roughly consistent with the wea-
kened fluorescence intensity observed in experiment.16

Upon pressurization, kr increased slightly (Fig. 5b and Table
S8, ESI†), because of the increasing of both DEvert and f

Table 1 Selected bond lengths (Å) and dihedral angles (degree) of COTh
crystals at the S0 and S1 minimum under 0 GPa and 4.86 GPa, respectively,
calculated at the BMK/6-31G** level

0 GPa 4.86 GPa

S0 S1 |D(S1 � S0)| S0 S1 |D(S1 � S0)|

B1 1.38 1.44 0.06 1.37 1.43 0.05
B2 1.47 1.41 0.06 1.45 1.39 0.05
B3 1.38 1.44 0.05 1.38 1.43 0.05
B4 1.48 1.43 0.06 1.47 1.42 0.05
B5 1.38 1.44 0.05 1.37 1.42 0.05
B6 1.47 1.41 0.06 1.45 1.40 0.05
B7 1.38 1.44 0.06 1.37 1.42 0.05
B8 1.48 1.43 0.05 1.45 1.41 0.05
D1 �48.6 �36.5 12.1 �46.5 �39.7 6.8
D2 44.7 34.1 10.7 53.1 45.2 7.8
D3 �48.1 �36.7 11.4 �49.3 �43.3 6.0
D4 42.0 31.5 10.6 32.1 27.7 4.4
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(Table S6, ESI†), while the kic underwent a continuous
reduction (Fig. 5b). For keet, it increases in the pressure range
of 0 to 4.38 GPa and shows a significant decline with pressure
over 4.38 GPa (Fig. 5b). At the initial stage (0–0.36 GPa), the
three decay rate constants kr, kic and keet were almost in the
same order of magnitude (Table S8, ESI†), and the increase of
keet was slightly quicker than both the kic decrease and the kr

increase, leading to the mild decrease of FQE (Fig. 5b). After
further compression from 0.36 to 4.38 GPa, the keet were always
two or three orders of magnitude larger than kic (Table S8,
ESI†), thus keet dominated the FQE, leading to the sharp
decrease of FQE in the pressure range of 0.36 to 4.38 GPa
(Fig. 5a). When the pressure was over 4.38 GPa, keet decreased
rapidly (Fig. 5b), thus the FQE of COTh crystals slightly
increased (Fig. 5a).

The kic is determined by the reorganization energy (l), which
quantitively characterizes the strength of the electron-vibration
coupling. As shown in Fig. 5c, the ltotal (total reorganization
energy), lgs and les (reorganization energy at the S0 and S1,
respectively) all decrease monotonously upon compression
(Fig. 5c and Table S9, ESI†). As shown in Fig. S5 (ESI†), the
reduction of lgs with pressure was mainly contributed by the
suppression of the flipping vibrations of four thiophene rings
in the low-frequency region (o300 cm�1) and the stretching
vibrations of central cyclooctatetraene in the high-frequency
region (41500 cm�1). Further projecting lgs onto the internal

coordinates, we found that the decrease of lgs with pressure
was dominated by the ldihedral and lbond, because they both
declined sharply first and then stabilized, whereas the langle is
almost unchanged (Fig. S6, ESI†), consistent with the analysis
of the normal mode and the changes of geometrical configura-
tions above (Fig. S5, Table 1 and Table S5, ESI†).

According to eqn (7), keet is influenced by two parameters:
exciton coupling constant ( J)60 and spectral overlap (I). J is
determined by the intermolecular distance and transition
dipole moment. Here Jmax represents the J with the largest
value among all calculated COTh dimers defined in Fig. 3.
Upon pressurization, the J (including Jmax) along all directions
increase (Fig. 5d and Table S10, ESI†), because of the shortened
intermolecular distances (Table S4, ESI†). As for I, it firstly
increases (0 to 4.38 GPa) and then decreases (44.38 GPa).
It is noted that the trend of I with pressure is similar to that of
keet (Fig. 5b and d). Therefore, both the increase of J and I
contribute to the increase of keet in the pressure range from 0 to
4.38 GPa (Fig. 5b and d). Then the decrease of keet over 4.38 GPa
is influenced by the decreased I, because the reduction in I is
much larger than the slightly increase of J (Fig. 5d).

3.4 Pressure effects on hole transport mobility

The external pressure not only influences the fluorescent
emission properties of COTh, but also affects its performance
on hole transport. Two key factors, transfer integral (V) and

Fig. 4 (a) Electron density contours of HOMO and LUMO of COTh at 0 GPa. (b) The HOMO–LUMO energy gaps of COTh crystals at both S0 and S1-
geometries under different pressures. (c) Absorption and emission spectra of COTh crystals at different pressures calculated at the BMK/6-31G** level.
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charged reorganization energy (lcharge), affecting the hole
mobility of COTh were calculated. V represents the degree of
electronic coupling between the neighbouring COTh molecules
and is closely related to their relative positions. V is molecular
packing dependent and is positively correlated to the hole
mobility. For each COTh crystal, 14 pairwise neighbouring
COTh molecules with relatively close distances were extracted
to calculate V (Fig. 3). It is obvious that the V of COTh along all
pathways increase upon compression (Fig. 6a and Table S11,
ESI†), on account of the reduction of the intermolecular dis-
tances and the enhancement of intermolecular interactions
of COTh dimers (Fig. 3 and Table S4, ESI†). It needs to be
mentioned that the V of two pathways from central COTh to its
two neighbours (labelled with the same colors as in Fig. 3) are
the same, therefore, the transport pathways along the seven
pairs of COTh dimers 1–7 were equivalent to those of 10–70

dimers, see Fig. 6a. It is obvious that V of COTh along pathways
1 and 10 were larger than others (Fig. 6a), due to the shortest
intermolecular distances (Table S4, ESI†). At the same time, the
V along pathways of 1 and 10 were the most sensitive to external
pressures, and the corresponding V increased from 41.1 to 70.4
meV with pressure increasing from 0 to 4.86 GPa (Fig. 6a and
Table S11, ESI†).

Besides V, lcharge associated with the geometric change from
neutral to cationic states is the other important parameter
influencing the hole transport process. It is found that lcharge

is in the range of 250–330 meV (Table S12, ESI†). From 0 to
4.86 GPa, lcharge reduced by about 60 meV (Fig. 6b and Table
S12, ESI†), which indicates the suppression of the structural
deformations between neutral states and the cationic states
upon compression. The increase of V and the decrease of lcharge

were both beneficial to the hole transport mobility. As shown in
Fig. 6c, the mobility of COTh along a, b and c-directions was
increased with pressure, with the average hole mobility signifi-
cantly increasing about one order of magnitude from 0.39 to
3.00 cm2 V�1 s�1. The hole mobility along the a-axis is lower
than that in both b and c directions, reflecting the anisotropic
hole transport properties of COTh crystals (Fig. 6c). The aniso-
tropy of hole mobility in the aob, boc and aoc planes were also
characterized (Fig. 6d–f), and it was found that the hole
mobility of COTh in the boc plane is less anisotropic, and the
hole mobilities in aob and aoc planes are more anisotropic.
Furthermore, the hole mobilities of COTh in three different
planes are all enhanced with pressure. Therefore, the compres-
sion is beneficial for the improvement of the hole transport
properties of the COTh crystal.

4. Conclusions

In conclusion, we used a thermal vibration correlation function
formalism coupled quantum mechanism/molecular

Fig. 5 (a) The calculated fluorescence quantum efficiency (FF) and (b) the calculated kr, kic and keet of COTh crystals under different pressures. (c) The
calculated ltotal, lgs, and les and (d) the calculated maximum exciton coupling (Jmax) and spectra overlap (I) of crystalline COTh under different pressures.
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mechanism and full quantum charge transfer rate theory to
explore the pressure effect on the optical properties and hole
mobility of COTh crystals. Our results revealed that the volume
of the unit cell decreases and the corresponding intermolecular
distances are shortened upon compression, which induced the
enhancement of intramolecular interactions. The COTh exhi-
bits blue-shifted emission spectra upon compression due to
the more distorted intramolecular configuration. The FQE of
COTh crystals decreases sharply in the low-pressure region
(o4.38 GPa) and then slightly increases when the extra
pressure is beyond 4.38 GPa, which is roughly consistent with
fluorescence quenching behavior in the experiment. At the
initial pressure range (0–0.36 GPa), the slight decrease in FQE

with pressure is attributed to the increase of keet which is larger
than both the reduction of kic and the increase of kr. The
decrease of kic is due to the reduction in reorganization energy
induced by the limitation of the low-frequency flipping vibra-
tions of four thiophene rings and the high-frequency stretching
vibrations of central cyclooctatetraene. With further compres-
sion (0.36–4.38 GPa), the keet is always two or three orders of
magnitude larger than kic and kr. Thus, the variation of keet

determines the change of FQE. The surge of keet results in a
sharp drop in FQE in the pressure range of 0.36 to 4.38 GPa.
The increase in keet is attributed to the simultaneous increase of
exciton coupling and spectra overlap. Due to the reduction of
keet in the high pressure region (44.38 GPa), the FQE of COTh

Fig. 6 Under different pressures (a) the transfer integral along different pathways was calculated using the site-energy overlap correction method. (b)
The charged reorganization energy (lcharge) of COTh calculated using the adiabatic potential energy surface method. (c) The hole mobility along different
axis and average hole mobility of the COTh crystal. The predicted anisotropic hole mobility on the (d) aob plane, (e) boc plane, as well as (f) aoc plane of
the COTh crystals, respectively.
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crystals increases slightly. Fortunately, the pressurization has a
positive effect on the charge transport properties of the COTh
crystal. We predict that, upon compression, the hole mobility of
COTh increases by nearly an order of magnitude, from 0.39 to
3.00 cm2 V�1 s�1. The increase of hole mobility is the combined
contribution of an increase in the transfer integral and
decrease in the charged reorganization energy. In addition,
the charge transport of COTh is anisotropic. The hole mobility
of COTh along the a-direction is significantly less than that
along the b- and c-directions, which makes the hole mobilities
in the aob and aoc planes more anisotropic. Our research
provides theoretical support for understanding the influence
of pressure on the fluorescent and charge transport properties.
Pressurization can optimize the charge transport of organic
semiconductors, but their optical properties may be inhibited
and the high-performance organic materials with the combi-
nation of excellent mobility and optical properties are far from
being rationally designed. The construction of multicomponent
compounds, such as heterojunctions and cocrystals, may be a
promising strategy for improving both the transport and lumi-
nescence properties of organic semiconductors.
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