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H I G H L I G H T S

• The excited-state dynamics of several geminally locked TPE derivatives have been theoretically investigated.

• The emission quantum efficiency is predicted to increase in the order of 2ETPE≪ 2MTPE≈ 2STPE < 2OTPE.

• Electron-vibration coupling results indicate that the out-of-plane vibrations are restricted with strengthening the tethers.
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A B S T R A C T

We theoretically investigate the excited-state dynamics of several geminally locked tetraphenylethylene (TPE)
derivatives in solution, to explore the relationship between bridged structures and their respective luminescent
properties. The emission of 2ETPE is found to be weak due to the largest non-radiative decay rate with 9 orders
of magnitude. Conversely, the favorable better conjugation induced by lone pairs and stronger rigidity provides
2OTPE with brightest emission. The competition between the enhanced conjugation and attenuated rigidity of
2STPE in comparison with 2MTPE result in their moderate emission. This work provides strategy for tuning the
emission of the TPE derivatives via varying tethers.

1. Introduction

Tetraphenylethylene (TPE) and its derivatives have attracted con-
siderable interest for their colossal applications in the fields of organic
light-emitting, chemo/biosensing and stimuli response [1–3]. The easy
synthesis and modification have turned them into the most studied
architectures with the aggregation-induced emission (AIE) character.
AIE-active luminogens (AIEgens) are weak or non-emissive in solution
but emit strong light upon aggregation [4]. TPE is an archetypal AIEgen
but the luminescence properties of its derivatives are strongly structure-
dependent. Among varieties of functionalized TPE derivatives, the
geminally locked ones with two tethers between geminal phenyl groups
arouse our curiosity. The ethylene (eCH2eCH2e) tethered TPE
(2ETPE) shows almost no fluorescence in tetrahydrofuran (THF) with
the fluorescence quantum yield (Φf) as low as 0.1% [5,6], but the
oxygen (eOe) bridged TPE (2OTPE) emits brightly (Φf = 30.1%) [7].

The optical property of 2OTPE is remarkably different from 2ETPE al-
though the TPE units are both locked. The rigidity of the tethers might
account for the distinctive fluorescence. From this point of view, we
designed the methylene (eCH2e) tethered TPE (2MTPE) and the sulfur
(eSe) bridged TPE (2STPE) via varying degrees of rigidity. Both
2MTPE and 2STPE were early synthesized [8,9] but their fluorescence
behaviors are still unknown. The primary purpose of this work is to
investigate the excited-state dynamics of these systems at the first-
principles level and explore the relationship between the bridged
structures and their respective luminescent properties.

Herein, we carried out computational investigations on the optical
emission processes of 2ETPE, 2MTPE, 2STPE and 2OTPE (Fig. 1) in
solution. The polarizable continuum model (PCM) was used to mimic
the solvent environment. The thermal vibrational correlation function
(TVCF) formalism was applied to compute the optical spectra and ex-
cited-state decay rate constants. Our theoretical study gains deeper
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insight into the effect of varying tethers at gem-positions on the emis-
sion quantum efficiency of the TPE derivatives.

2. Theoretical methods

Geometry optimizations and electronic structure calculations were
performed for the ground (S0) state by using density functional theory
(DFT) and for the first singlet excited (S1) state by employing time-
dependent DFT (TD-DFT). The PBE0 [10] functional together with 6-
31G(d) basis set was adopted, which has been benchmarked to be a
reliable level for description of the singlet excited states [11]. The
solvent effect was taken into account through the PCM implemented in
the Gaussian 16 package [12]. The THF solution was chosen in con-
sistent with the experiment. The equilibrium solvation method [13]
was applied in both geometry optimizations and frequency calculations.
The state-specific solvation approach [14] was used to compute the
vertical transition properties. Light-emitting process is dictated by the
competition between the radiative and non-radiative decay. The Φf is
determined by the equation of +k k k/( )r r nr . kr is the radiative decay
rate. knr includes the internal conversion rate (kic) and intersystem
crossing rate (kisc). kisc can be ignored due to the negligible spin-orbit
coupling (SOC) for most organic molecules with 1(π, π*) → 3(π, π*)
transition character [15]. Based on the electronic structure and Hessian
information of the S0 (S1) states, we calculated the vibrationally re-
solved optical spectra, kr and kic with the help of the MOMAP [16].

The analytical formalism [17] we applied to obtain the absorption
and emission spectra can be written as:
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where →μ0 is an electric transition dipole moment constant under the
Franck-Condon approximation and Zi is the partition function.
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∫=k σ ω T ω(T) ( , )dr em
FC

(3)

∫∑=
−∞

∞
−k T

ħ
R ρ t T( ) 1 [e Z ( , )]dt

kl
kl

ω
ic 2

i t
i

1
ic,kl

if

(4)

where ρ t T( , )ic,kl is the correlation function and
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i Ĥf f i i . The non-adiabatic electronic cou-
plings related to Rkl were computed through the first-order perturbation
theory following Lin [19].

3. Results and discussion

3.1. Electronic structure and transition energy

As shown in the previous investigations [6,7,20–22], the emission
properties of TPE derivatives are closely related to the twist of C]C
bond and the rotation of phenyl rings. Therefore, we presented the
corresponding bond lengths and dihedral angles (Fig. 1) in Table 1,
with the geometric parameters at the S0/S1 minimum and their
changes. It can be seen that both the lengths of the central C]C bond
(C1-C2) and its connected single bond (C2-C15) exhibit tiny variations
upon excitation for the investigated TPE derivatives. C1-C2 elongates
∼0.10 Å and C2-C15 shortens ∼0.04 Å. However, the torsional motions
around these double and single bonds are significant. C21-C1-C2-C15 and

Fig. 1. Molecular structures of 2ETPE, 2MTPE, 2STPE and 2OTPE.
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C1-C2-C15-C20 show great changes of ∼10° and 11–18°, respectively.
The modification of C21-C1-C2-C15 follows the order of
2ETPE≈ 2MTPE≈ 2STPE > 2OTPE and that of C1-C2-C15-C20 de-
creases in the order of 2ETPE > 2STPE > 2MTPE > 2OTPE. There-
fore, the structural rigidity can be quantified and increases in the order
of 2ETPE < 2STPE < 2MTPE < 2OTPE. The more flexible structure
implies faster geometry relaxations in the S1→ S0 internal conversion
process.

Calculated vertical transition energies (ΔEvert) at the S0 and S1
equilibrium geometries, electric transition dipole moments (μ) and os-
cillator strengths (f) are listed in Table 2. The calculated transition
energies well reproduce the peak values of the experimental optical
spectra with the largest deviation being 0.17 eV. We can see that the
absorption peaks are obviously red-shifted from 2ETPE to 2MTPE after
that 2STPE finally 2OTPE, whereas the emission peaks exhibit firstly a
remarkable red-shift from 2ETPE to 2MTPE but then slight shifts from
2MTPE to 2STPE finally 2OTPE. Table 2 also shows that their strong-
dipole allowed transitions (large μ and f) are mostly HOMO→ LUMO
with the assignments of> 98%. The electron density contours of
HOMOs and LUMOs as well as their energy levels are shown in Fig. 2.
The HOMOs and LUMOs mainly demonstrate π and π* character, re-
spectively. The HOMO-LUMO energy gaps at their S0 equilibrium
geometries follow the order of 2ETPE > 2MTPE > 2STPE > 2OTPE,
in accord with the absorption maxima energies in that order. The gaps
are dominated by the structural twisting degree and conjugation extent.
The former opens the gaps and the latter narrows the gaps with the
enhancement. Through comparative analysis of the absolute values of
C21-C1-C2-C15 and C1-C2-C15-C20 at S0/S1-geometries for these systems
(Table 1), we found all of them possess twisted structures. The struc-
tural twisting degree decreases generally in the order of 2ETPE >
2STPE > 2MTPE > 2OTPE, in line with that of the tether lengths
eCH2eCH2e (4.55 Å) > eSe (3.55 Å) > eCH2e (3.02 Å) > eOe
(2.75 Å). Textbook knowledge tells us that the sulfur/oxygen atom in
2STPE/2OTPE has the lone pair conjugated to adjacent π-electron
phenyls, which decreases the LUMO level and increases the conjugation
[23]. So the conjugation extent is greater for 2STPE and 2OTPE com-
pared to 2ETPE and 2MTPE. Therefore, the gap of 2ETPE is largest due
to the most twisted and less conjugated structure. The better conjuga-
tion of 2STPE than 2MTPE overwhelms the gap opening caused by its

more twisting degree and narrows the gap. The least twisted and more
conjugated skeleton of 2OTPE result in the smallest gap.

3.2. Excited-state radiative and non-radiative decay rate constants

Calculated and available experimental optical spectra are shown in
Fig. 3. The calculated vibrationally resolved spectra of 2ETPE and
2OTPE agree well with the existing experiments, which validate the
TVCF formalism coupled with PCM method adopted in this work. Note
that the spectra lineshapes naturally originate from the temperature
effect and vibronic structure without any broadening. The broken
mirror symmetry between the absorption and emission spectra arises
from the distortion effect between the S0 and S1 potential energy
parabolas [24]. The shifts of the spectra are similar to the calculated
vertical transition energies. The occurrence and enhancement of the
vibronic feature in the emission spectra implies more rigid structure.

Calculated kr, kic and Φf are listed in Table 3. The Lorentz broad-
ening width (FWHM) of 10.60 cm−1 is included in the kic calculations
to ensure unity and convergence of the correlation function following

Table 1
Selected bond lengths (in Å) and dihedral angles (in deg) of 2ETPE, 2MTPE, 2STPE and 2OTPE at the S0/S1 minimum in solution. Δ represents the structural change
between the optimized S0 and S1 states.

S0 S1 Δ S0 S1 Δ S0 S1 Δ S0 S1 Δ

2ETPE 2MTPE 2STPE 2OTPE

C1-C2 1.36 1.46 0.10 1.36 1.45 0.09 1.36 1.44 0.08 1.36 1.45 0.09
C2-C15 1.50 1.46 0.04 1.49 1.45 0.04 1.48 1.45 0.03 1.48 1.45 0.03
C21-C1-C2-C15 4.93 15.25 10.32 −0.78 9.63 10.41 0.12 11.06 10.94 −2.50 5.84 8.34
C1-C2-C15-C20 52.50 34.26 18.24 47.59 33.46 14.13 50.22 34.51 15.71 42.92 31.51 11.41

Table 2
Calculated vertical transition energies (ΔEvert), electric transition dipole moments (μ), oscillator strength (f) and HOMO→ LUMO assignments for 2ETPE, MTPE,
2STPE and 2OTPE in solution. Available experimental (exp.) peak values are also given for comparison.

ΔEvert exp. μ f HOMO→ LUMO

2ETPE Absorption 4.46 eV (278 nm) 4.63 eV (268 nm)a 4.86 D 0.40 98.1%
Emission 3.11 eV (399 nm) 3.19 eV (389 nm)a 5.31 D 0.33 98.7%

2MTPE Absorption 3.80 eV (326 nm) N. A. 5.18 D 0.39 98.8%
Emission 2.74 eV (453 nm) N. A. 5.36 D 0.30 99.0%

2STPE Absorption 3.59 eV (345 nm) N. A. 4.17 D 0.24 97.0%
Emission 2.68 eV (463 nm) N. A. 5.54 D 0.31 98.8%

2OTPE Absorption 3.40 eV (365 nm) 3.40 eV (365 nm)b 5.40 D 0.38 98.2%
Emission 2.63 eV (471 nm) 2.66 eV (466 nm)b 5.71 D 0.32 98.8%

a In THF [6].
b In THF [7].

Fig. 2. Calculated energy levels, energy gaps and electron density contours of
the HOMOs and LUMOs for 2ETPE, 2MTPE, 2STPE and 2OTPE at their S0
equilibrium geometries in solution.
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Niu [17]. The Einstein spontaneous emission relationship tells us kr is
proportional to the oscillator strength and vertical transition energy in
the emission process, kr∼ f EΔ vert

2 . Therefore, the kr value of 2ETPE is
largest due to the hypsochromic vertical emission energy than others
(Table 2 and Fig. 3). The kr values of 2STPE and 2OTPE are slightly
larger than 2MTPE because of the lone-pair conjugation induced
greater f and minor-shifted ΔEvert. kic decreases in the order of
2ETPE > 2STPE > 2MTPE > 2OTPE, in consistent with the increase
order of the structural rigidity. Φf can be expressed as

≈ +Φ k /(k k )F r r ic , and either increase kr or decrease kic could achieve
high Φf. The calculated Φf value (6.7%) of 2ETPE is smallest because its
kic value is largest with 9 orders of magnitude, overwhelming the still
greater kr. 2OTPE becomes brightest (Φf = 59.5%) owing to its slowest
kic and moderate kr. Although both Φf values of 2ETPE and 2OTPE are
overestimated because the possible formation of photocyclized inter-
mediate has not been considered [6,20], the experimentally distinctive
luminescence fact between dark 2ETPE and bright 2OTPE is expected.
Both ordinary and competitive kr and kic result in the moderate and
similar Φf (∼50%) of 2STPE and 2MTPE.

3.3. Projection of the reorganization energy onto mode and geometry
relaxations

To gain deeper insight into the non-radiative decay process, we
project the total reorganization energy λg(e) onto both mode and geo-
metry relaxations. λg(e) quantifies the intramolecular vibrational re-
lxations in the ground-state (excited-state) potential energy surface
(PES), which demonstrates the vibrations’ ability to accept the excited-
state electronic energy. Based on the harmonic oscillator approxima-
tion, the λj of each normal mode is defined as its energy ħωj times
Huang-Rhys factor Sj, = =λ ħS ω D ωj j j j j

1
2

2 2. Dj is the displacement along
the j-th normal mode between two electronic states. The aggregation of
all normal modes is the total, i.e., = ∑ ∈

λ λj jg(e) g(e) [25]. λj versus ωj in
the ground-state PES is depicted in Fig. 4a, as well as displacement
vectors of significant modes with large λj. Note that either using λj in λg
or that in λe could draw the same conclusion, as illustrated in our
previous study [26]. The normal-mode analyses were done in the EVC
module embedded in the MOMAP program. It can be seen that λj in two
vibration regions, low-frequency (LF,< 200 cm−1) and high-frequency
(HF, 1600–1800 cm−1), are major consumption channels in the non-
radiative energy relaxation process. The contribution of all LF modes to
the total is 37.1% (250meV) in 2ETPE, whereas it decreases to 33.6%
(149meV) in 2STPE, 27.3% (135meV) in 2MTPE and 24.0% (87meV)
in 2OTPE, respectively. However, the contribution of all HF modes
experiences minor modification compared to the LF modes. This in-
dicates that the non-radiative energy dissipation channels via LF modes
are gradually deactivated with strengthening the tethers. Sj versus ωj is
also shown in Fig. 4b, which characterizes the electron-vibration cou-
pling strength of the j-th normal mode. It is more straightforward that Sj
of the LF modes decrease in the order of 2ETPE > 2STPE >
2MTPE > 2OTPE, whereas Sj of the HF modes are trivial. Therefore,
the largely reduced λj of the LF modes mainly stems from the decreased
Sj, slowing down the kic in that order. The LF modes are mainly assigned
to the out-of-plane motions, e.g., twisting vibration in 2ETPE, rocking

Fig. 3. Calculated (cal.) absorption (a) and emission (b) spectra for 2ETPE, 2MTPE, 2STPE and 2OTPE, as well as experimental (exp.) absorption (c) and emission (d)
spectra for 2ETPE and 2OTPE in solution (T=298 K).

Table 3
Calculated kr (s−1), kic (s−1) and Φf for 2ETPE, 2MTPE, 2STPE and 2OTPE in
solution (T=298 K). Available experimental Φf values are also presented in
parentheses.

kr kic Φf

2ETPE 1.3× 108 1.8× 109 6.7% (0.1%)
2MTPE 8.7× 107 9.1× 107 48.9% (N.A.)
2STPE 9.4× 107 9.4× 107 50.0% (N.A.)
2OTPE 9.1× 107 6.2× 107 59.5% (30.1%)
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vibration in 2MTPE or 2STPE, and flapping vibration in 2OTPE.
Geometry relaxations onto internal coordinates are projected fol-

lowing Reimers [27]. Contributions from bond length, bond angle and
dihedral angle are shown in Fig. 5. Notably, the contribution from di-
hedral angle to the total is 42.1% (283meV) in 2ETPE, whereas it de-
creases to 38.1% (174meV) in 2STPE, 35.2% (169meV) in 2MTPE and
32.3% (117meV) in 2OTPE, respectively. These results also reveal
obviously from the molecular structure insight that the reduced re-
organization energy upon shortening tethers mainly arises from the
restricted out-of-plane vibrations, reflected by the suppressed variations

of the dihedral angles.

4. Conclusions

In summary, we have theoretically investigated the optical emission
processes of several geminally locked TPE derivatives in solution
combining the PCMmethod with the TVCF approach. We found that the
calculated optical spectra of 2ETPE and 2OTPE agree well with the
available experiments. The flexible 2ETPE has the largest kic value with
9 orders of magnitude, which quenches its emission. However, the
better conjugation and stronger rigidity respectively accelerates the kr
and slows down the kic of 2OTPE, providing it with the highest Φf. The
competition between the enhanced conjugation and attenuated rigidity
of 2STPE compared to 2MTPE make them become moderately emissive
luminogens with similar Φf. Through analyses of the non-radiative
energy consumption channels, the electron-vibration couplings are
found to decrease in the order of
2ETPE > 2STPE > 2MTPE > 2OTPE, which rationalizes the reduced
kic in that order. Indeed, other excited-state decay paths [6,20] may
also partly or all dissipate the energy due to the rather complex po-
tential energy surface. We only simply emphasize one aspect that the
out-of-plane vibrations are restricted with strengthening the tethers,
which we believe is essential in the non-radiative decay pathways for
such series of molecules. This theoretical study suggests that the optical
properties of the TPE derivatives can be fine-tuned by modification of
the tethers.

Finally, we note that the methodology we adopted here to study the
excited-state decay processes are based on a displaced and distorted
harmonic oscillator model among other approximations [28]. Song
et al. have also pointed out the importance of considering the vibra-
tional excitation influence and nucleus-electron interactions in the
photoinduced electron transfer process [25], in addition to the non-
radiative decay of the lowest excited state to the ground state men-
tioned in this work. Quantitative prediction of the optical emission
properties from first-principles still consist of challenges [29].
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