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emission enhancement (PIEE) in
solid-state 2,3,4,5-tetraphenylthiophene: a QM/
MM study†

Yarong Gu *

Organic fluorophores exhibit pressure-dependent behaviors that are often irregular and contingent upon the

specific system. Elucidating how pressure influences these behaviors is essential for the accurate design of

piezochromic materials. Here, we conducted an exhaustive theoretical analysis of the excited-state decay

processes of crystalline 2,3,4,5-tetraphenylthiophene (TPT) at high pressure through a combined quantum

mechanics and molecular mechanics (QM/MM) method. The study revealed that the fluorescence quantum

yield experiences a pronounced initial increase owing to the decrease of nonradiative decay IC rate (kic). The

suppression of low-frequency modes results in the decrease of le, and then reduces the electron-vibration

couplings, and finally slows down the non-radiative process. Our research provides detailed mechanism

analyses on PIEE properties of solid state TPT, aiding the rational design of advanced PIEE materials.
Introduction

Stimuli-responsive luminescent materials have garnered
signicant attention due to their practical applications in
optical devices and sensors.1–4 High-pressure technology has
been extensively utilized for probing the photophysical prop-
erties of organic luminescent compounds. It has been generally
observed that the luminescence of organic luminophores in the
condensed phase is diminished by pressurization as intermo-
lecular interactions intensify. Therefore, the phenomenon of
pressure-induced emission enhancement (PIEE) observed in
some organic luminophores is particularly intriguing.

The PIEE phenomenon is quite astonishing. It has been
suggested that the suppression of intramolecular motion could
be the reason behind the PIEE effect.5–7 Additionally, it is
hypothesized that a change in molecular conformation due to
pressure is what leads to the increased luminescence.8,9

However, the intricate relationship between structure and
properties in PIEE remains obscure, primarily because of the
limited availability of structural and photophysical character-
ization methods suitable for high-pressure studies. To harness
the improved efficiency of PIEE and create more effective solid-
state light emitters, there is an urgent need for a thorough and
exhaustive investigation into the underlying mechanisms.

The dynamics of the excited states in organic molecular
clusters are fundamental to comprehending the photophysical
of organic light-emitting solids. Optical spectra resolved by
l University, Xinzhou, 034000, People's

om

tion (ESI) available. See DOI:

32558
vibration and the decay rate constants of the excited states are
effective characterizations for investigating the luminescent
mechanism. A theoretical study of the PIEE mechanism can
uncover structural and excited-state dynamics at various pres-
sure levels. In experiments, the hydrostatic pressure applied to
the sample is uniform. Thus, computationally, the hydrostatic
compression process can be simplied by considering the
volume reduction of the crystal lattice. From this perspective,
dispersion-corrected density functional theory (DFT-D) on
a plane-wave basis provides an efficient approach to simulate
the crystal structure under a specic external pressure. Building
on this, Shuai's group explore the excited-state dynamics of
molecular clusters in organic crystals through the formalism of
the thermal vibration correlation function, integrated with
hybrid quantum mechanics/molecular mechanics (QM/MM)
simulations.10–12
Fig. 1 (a) Chemical structures and optimised ‘ball-stick’ structures of
TPT. The interesting dihedral angles (q1, q2, q3, q4) are marked. (b)
ONIOM model in the solid state: the central molecule (48 atoms) is
treated as high layer and the surrounding molecules (2352 atoms) are
chosen low layer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this research, we explore the impact of pressurization on the
photophysical characteristics of 2,3,4,5-tetraphenylthiophene
(TPT) (Fig. 1a). Our objective is to clarify the precise inuence of
pressure in dynamics of the excited states for solid-state TPT.
Fig. 2 Calculated vibrationally resolved normalized (a) absorption and
emission spectra for TPT crystal at different pressures. (b) The change
of HOMO–LUMO energy gaps (DEgap) with increasing pressure. (c) The
change of energy level of S1.
Computational methods

The initial single-crystal structures of TPT at different hydro-
static pressures originate from experimental high-resolution X-
ray diffraction (ADXRD) data. The experimental XRD patterns
were rened by using the reex module combined in the
Materials Studio Soware.13 The ‘powder renement’ tool was
used to setup the parameter of renement. Convergence quality
is ne. Geometries of TPT in the ground (S0) and rst singlet
excited (S1) states were obtained by using DFT and TDDFT with
B3LYP functional respectively.14–16 Based on the crystal struc-
tures obtained from DFT-D calculations,17 we set up the QM/
MM models for each TPT crystal at both ambient and high
pressures (Fig. 1b). The QM/MM model was built by cutting
a cluster from the crystal of size 2 × 3 × 2. The central molecule
(48 atoms) was treated as the QM region and others were all MM
molecules (2352 atoms). During the QM/MM simulations,
geometry optimizations were performed on the QM molecule
with the MM molecules frozen. The universal force eld (UFF)
was used to describe the molecular force eld. While the elec-
tronic embedding was applied to describe the coupling of the
QM/MM interface.18 In the model, the QM region and MM
region interact via electronic embedding. The partial charges
from the MM region are included in the QM Hamiltonian,
which provides a more accurate description of the electrostatic
interaction and, in addition, allows the wave function to
respond to the charge distribution of the MM region. All the
above calculations were performed in the Gaussian 16
package.19 The uorescence rate (kr) is calculated using Ein-
stein's spontaneous emission equation20–22 as follows,

kr ¼ 8p2nfi
3

330ħc3
mfi

2 z
f nfi3

1:499
, Where m is the electric transition

dipole moment between the initial and the nal electronic
states, f is the oscillator strength and n is the vertical energy in
units of wave numbers (cm−1). The nonradiative decay IC rate
(kic)is the nonradiative internal rate, which was deduced based
on Fermi's golden rule and the rst-order perturbation theory,

and it can be written as follows, kic ¼
P
kl

1
ħ2
Rkl

ð

N

N

dt
h
eiuif tZi

�1ricðt;TÞ
i
, where Rkl = hffjPjfiihfijPjffi is the

nonadiabatic electronic coupling, Zi is the partition function,
ric(t,T) = Tr(P̂e

isfĤfP̂e
isiĤ i) and is the thermal vibration corre-

lation function (TVCF).23,24 kr and kic were calculated using the
MOMAP (Molecular Materials Property Prediction Package)
program.11,25,26
Results and discussion

It is widely acknowledged that the molecule geometry deter-
mines its electronic structure and then affects its luminescent
© 2024 The Author(s). Published by the Royal Society of Chemistry
properties. Based on the initial crystal packing, we do the
optimization of molecules geometry in the ground state (S0) and
the excited states (S1) in the solid phase. The selected vital
dihedral angles (Fig. 1a) for different states of TPT are collected
in Tables S1 and S2.†When compressed, the changes of torsion
angle q1 and q3 in S0 state are minimal. However, the q2

increases and the q4 decreases remarkably. The same trend is
shown in S1 state. Our calculation results show that the changes
in dihedral angles q2 and q4 dominate the structural change,
and then has effect on the optical property. Increasing hydro-
static pressures are structural modications occurring in the
crystal structures. It means that how changing intermolecular
distance in crystal packing. Also explain the intermolecular
distance make any signicance in the emission property.

The vibrationally resolved absorption and emission spectra
calculated at varying pressures are depicted in Fig. 2a. A
signicant redshi is noticeable in the absorption bands of TPT
under compression as the pressure rises from ambient to
8.5 GPa. Fig. 2b exhibits the changes of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) with increasing pressure. HOMO energy
level raises, thus leading to the decreases of HOMO–LUMO
energy gaps (DEgap) from 4.18 eV to 3.99 eV (Table S3†). The
reduced HOMO–LUMO energy gaps would be responsible for
the redshi in absorption upon compression. At the same time,
the emission spectra also exhibit redshi phenomenon, which
are ascribable to the decrease of S1 energy level (Fig. 2c and
listed in Table S3†). The calculated singlet–triplet (S1 and T1)
energy gap is 1.19 eV, which is so high that the intersystem
crossing process from S1 to T1 could be neglected. The similar
approach had been mentioned in hexaphenylsilole.7 Therefore,
the internal conversion (IC) process from S1 to S0 is regarded as
the main non-radiative decay pathway in their solid state.

The calculated kr, kic and FF (which represents uorescent

efficiency FF ¼ kr
krþkic

) are shown in Fig. 3a and listed in Table

S4.† kr decreases from 2.384× 108 s−1 at 0 GPa to a minimum of
2.100 × 108 s−1 at 8.50 GPa. There is a slight increase from
2.348 × 108 s−1 at 0.93 GPa to 2.386 × 108 s−1 at 3.41 GPa,
followed by a gradual decrease. While kic decreases from 5.803

× 108 s−1 at 0 GPa to 2.060 × 108 s−1 at 2.12 GPa, then increases
RSC Adv., 2024, 14, 32554–32558 | 32555
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Fig. 3 (a) The calculated kr, kic andFF. (b) Reorganization energies lg(e)
and total reorganization energies ltotal of TPT in solid state at different
pressures.

Fig. 4 Calculated Huang–Rhys factor HRk (right) and reorganization
energies lk,e (left) versus the normal mode frequencies for TPT
molecules in solid state at different pressure.

Fig. 5 Contributions of the reorganization energy le from bond
lengths (organ), bond angles (green) and dihedral angles (purple) for
TPT in solid state.
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View Article Online
to 2.488 × 108 s−1 at 3.41 GPa, and continues to rise sharply to
7.884 × 108 s−1 at 8.50 GPa. FF exhibits an obvious increase to
53.29% when the pressure increases to 2.12 GPa, followed by
a gradual decrease.

To gain a deeper understanding of the complex optical
phenomena, the main factors affecting kr and kic are analyzed.
According to the Einstein spontaneous emission relationship

kr ¼ f nfi2

1:499
, kr is proportional to the adiabatic excitation energy

(n) and the oscillator strength (f). From Table S5,† f and n

keeps weak change at 0–8.50 GPa. So the change of kr is small at
this range. Compared with the change of kr, kic exhibits an
obvious change at the whole compression progress. Therefore,
the change of FF mainly results from kic. According to the
approximate form of kic, the adiabatic excitation energy (n) and
the reorganization energy (l) are two important factors to
determine the kic. Reorganization energy l, which demonstrates
the vibrations' ability to accept the excited-state electronic
energy, can be expressed in the harmonic oscillator approxi-

mation: l ¼
X

k

ħukHRk and HRk ¼ ukDk
2

2ħ
. HRk is the Huang–

Rhys factor for the kth mode and Dk represents the displace-
ment along the kth normal mode between S0 and S1 electronic
states. The total relaxation energy with the summation of all
normal modes is lg and le. When considering the difference
between the potential energy surfaces in the ground and excited
states, there are two sets of reorganization energy, lk,g and lk,e.
The total reorganization energy with the summation of all
normal modes is lg and le.

As can be seen from Fig. 3b, ltotal decreases with pressure at
0–2.12 GPa. When the pressure is beyond 2.12 GPa, ltotal

steadily increases. Moreover, the change of n is weak during
the whole compression process (Table S5†). Thus, the change of
kic would be attributed to ltotal. Decreasing of ltotal indicates
that molecular packing limits the vibrational recombination
within the molecule, thereby reducing kic. At 0–2.12 GPa, the
decrease of ltotal mainly depends on the decrease of le. At 3.41–
8.50 GPa, the increase of ltotal mainly depends on le and lg. Fig.
4 shows the lk,e versus uk at different pressures. We nd that the
contribution of low-frequency (LF, <500 cm−1) modes to the
total le gradually increased from 50% to 52% in the lower
pressure range of 0–2.12 GPa (Table S6†), while the contribution
32556 | RSC Adv., 2024, 14, 32554–32558
of high-frequency (HF, 1400–1800 cm−1) modes decreases from
50% to 48% in this pressure range. HRk versus uk are also shown
in Fig. 4, which characterizes the vibrational quanta emitted in
the excited-state relaxation process. It is obviously that the HRk

of low-frequency modes are remarkably reduced with increasing
pressure at 0–2.12 GPa. Therefore, the decrease in le in pressure
range of 0–2.12 GPa mainly comes from the reduced HRk of the
low-frequency modes. When the pressure is between 3.41 and
8.50, the enhanced HRk of the low-frequency modes would
result in the increase of le(g) (Fig. S1 and S2).† Moreover, at
0 GPa, the large HR factors 4.6 (135 cm−1) corresponds to the
torsional motions (shown as Fig. S1† insets) of tetraphenyl and
central thiophene in low frequency regions (<500 cm−1). The HR
factors at 2.12 GPa decreases with the large factors being 2.8
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(118 cm−1). The calculation results indicate that the rotational
motions in low frequency regions (<500 cm−1) are suppressed
under high pressure. Therefore, the non-radiative energy
consumption way via torsional motions is hinder by the
restricted intramolecular rotation effect, and then promote
uorescent efficiency in the pressure range of 0–2.12 GPa.7,8,27

Furthermore, to explore the effect of molecular geometry on
the reorganization energies, the contributions from bond
lengths, bond angles and dihedral angles are calculated, cor-
responding results are shown in Fig. 5 and Table S7.†When the
pressure is below 2.12 GPa, the contribution of dihedral angle
increases from 38.35% to 41.73%, while them of bond angle
and bond length reduce to 0.68% and 57.59%, respectively.
Thus, it is further proved the effect of phenyl rotor rotation on
the non-radiative transition.

Conclusions

In this work, we systematically study the photophysical prop-
erties of solid state TPT using QM/MM methods. Energy gap,
HR factors, reorganisation energy, excited-state dynamics as
well as uorescence efficiency are all calculated and analysed
based on the rst-principles methods. The results indicate that
the absorption band experiences remarkable red-shi, which is
ascribe to the reduced HOMO–LUMO energy gaps at the S0
equilibrium geometries upon compression. Emission shis are
minor with increasing pressure up to 8.50 GPa, which result
from the decrease of S1 energy level. The non-radiative rate
constants gradually decrease upon compression at 0–2.12 GPa
and then increase with increasing pressure up to 8.50 GPa. In
accordance with the excited-state decay rate constants, the
uorescence quantum efficiency undergoes a fast growth from
29.11% (0 GPa) to 53.29% (2.12 GPa) and then reduce from
there on. The calculated reorganisation energy and HR factors
result indicate that the suppression of low-frequency modes
results in the decrease of le, and then reduces the electron-
vibration couplings, nally slows down the non-radiative
process. The non-radiative process retards, on the contrary
radiative process strengthen. The work not only offers an in-
depth examination of the PIEE characteristics in solid TPT,
but also a typical example for using QM/MM model to simulate
molecular environment in solid state.
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