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Abstract: The study of aggregation-induced emission luminogens (AIEgens) shows promising perspectives explored in lighting, optical sensors, and biological therapies. Due to their unique feature
of intense emissions in aggregated solid states, it smoothly circumvents the weaknesses in fluorescent
dyes, which include aggregation-caused quenching of emission and poor photobleaching character.
However, our present knowledge of the AIE phenomena still cannot comprehensively explain the
mechanism behind the substantially enhanced emission in their aggregated solid states. Herein, to
systematically study the mechanism, the typical AIEgens tetraphenylethene (TPE) was chosen, to
elucidate its photophysical properties, the TPE in THF/H2 O binary solvents, TPE in THF solvents
depending on concentration, and the following direct conversion from a dissolved state to a precipitated solid state were analyzed. Moreover, the TPE derivatives were also investigated to supply more
evidence to better decipher the generally optical behaviors of TPE and its derivatives. For instance,
the TPE derivative was homogeneously dispersed into tetraethyl orthosilicate to monitor the variance
of photophysical properties during sol–gel processing. Consequently, TPE and its derivatives are
hypothesized to abide by the anti-Kasha rule in dissolved states. In addition, the factors primarily
influencing the nonlinear emission shifting of TPE and its derivatives are also discussed.
Keywords: aggregation-induced emission; sol–gel synthesis; tetraphenylethene; emission mechanism
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1. Introduction

published maps and institutional affil-

Since 2001, the terminology of aggregation-induced emission (AIE) was specifically
cast by Tang et al. [1] the value and potential of substantially enhanced emissions of organic
compounds in aggregated solid states started to gain importance, especially for their
advantages in overcoming the critical weaknesses of dyes including the aggregation-caused
quenching (ACQ) of emission and the poor photobleaching characteristics [2]. Up to now,
AIE luminogens (AIEgens) have been widely utilized in the fields of lighting [3–5], optical
sensors [6–13], biological therapies [14–20] and so on [21–26]. Hence, it shows the necessity
to comprehensively understand the photophysical properties of AIEgens. To this purpose,
great effort has been donated to reveal the emission mechanism of AIEgens.
For the investigations of the emission mechanism of AIEgens, the initial pioneer work
by Tang et al. summarizes the optical behaviors of silole derivatives [1] and arylbenzenes [27]. The restriction of the intramolecular rotation (RIR) mechanism is applied to
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address the enhanced emission phenomena by adding water to the AIEgens solutions. In
addition, the result based on the adjustments of viscosity and temperature of AIEgens solutions also supports the RIR mechanism. When the molecular structures of AIEgens lack the
rotatable components such as 10,100 ,11,110 -tetrahydro-5,50 -bidibenzo[a,b][7]annulenylidene
and 5,50 -bidibenzo[a,b][7]annulenylidene, the RIR mechanism becomes difficult in explaining the restriction motions of molecules [28]. Then, the restriction of the intramolecular
vibration (RIV) mechanism compensated for the RIR mechanism to establish the general
principle of restriction of intramolecular motions (RIM). In 2006, Qian Peng and Zhigang
Shuai et al. investigated the photophysical properties of two compounds, cis,cis-1,2,3,4tetraphenyl-1,3-butadiene and 1,1,4,4-tetraphenyl-butadiene which demonstrated opposite
optical behaviors [29]. One compound presents no emission in a dissolved state but substantially enhanced emission at low temperatures or the material showing intense emission
at an aggregated solid state. Yet, another compound reversely demonstrates intense emissions in a dissolved state but no emissions in a solid state. The result brings them to
the conclusion that the low-frequency phenyl ring twist motions and their Duschinsky
mode mixing play crucial roles in supplying the nonradiative decay channels to quench
emission. In 2013, Jong W. Chung and Soo Y. Park et al. mentioned the conformation
switch of 2,3-bis(40 -methylbiphenyl-4-ly)acrylonitrile (CN-MBE) changing from (E)-CNMBE to (Z)-CN-MBE by heating or UV irradiance [30]. They assigned the conformationinduced intense emission to the altered π–π intermolecular interaction. In addition, the
investigations based on AIEgens involving excited-state intramolecular proton transfer
(ESIPT) also display analogous impacts on photophysical properties. For instance, in 2013,
Toshiki Mutai et al. [31] observed the faint dual emission of 2-(20 -Hydroxyphenyl)imidazo
[1,2-α]pyridine and its derivatives in solutions. However, the materials gained intense
emissions in solid states attributed to the emission mechanism switch from the normal
to ESIPT fluorescence modes. In 2020, Michael Dommett et al. [32] analyzed the photophysical properties of 20 -hydroxchalcone derivatives and their mono-aryl analogs based on
2-hydroxyphenylpropenone. They also emphasized the critical role of efficient ESIPT in
maximizing the quantum efficiencies of AIEgens in solid states. Very recently, Qian Peng
and Zhigang Shuai cast out the new understanding of emission mechanisms of a majority of
AIEgens that the intramolecular electron-vibration coupling plays a more crucial role than
that of the intermolecular excitonic coupling [33]. Except for the explanations mentioned
above, other mechanisms to explain the severe nonradiative decay of AIEgens include the
switch from the bright (π,π*) state to the close-lying dark (n,π*) state [34], the quenching
approaches through a conical intersection [35,36], the crystalline-induced quenching [37,38],
the Herzberg–Tell vibronic coupling effect [39], and so on [2,40–43].
These mechanisms supply us with multi-parallel approaches to understanding the AIE
phenomena, especially focusing on the illustration of the nonradiative quenching channels
of AIEgens in dissolved states. However, the transitions of AIEgens from dissolved states to
aggregated solid states do not attract enough attention which might hide more information
that can reveal the mechanisms behind the enhanced emissions. Herein, by deviating
from only addressing the nonradiative decay mechanisms, the attention is intentionally
concentrated on monitoring the transitions of typical AIEgens involving tetraphenylethene
(TPE) and its derivatives transforming from dissolved states to aggregated solid states.
To explore the variance during the transitions, the photophysical properties of TPE in
THF/H2 O binary solvents, TPE in THF solvents with increasing concentration, and the
followed direct transformation from a dissolved state to a precipitated solid state by directly
evaporating solvent were cautiously characterized and discussed. The result displays the
emission bands’ merging of TPE during the transition from a dissolved state to a solid state
interpreted as the greater steric hindrance of TPE molecules and the hypothesized emission
mechanism switch. Moreover, the tetraethyl orthosilicate (TEOS) was also employed to
prolong the emission bands’ merging behavior of the TPE derivative during the transition
from a dissolved state to a steric hindrance solid state for detecting more mid-states.

(TEOS) was also employed to prolong the emission bands’ merging behavior of the TPE
derivative during the transition from a dissolved state to a steric hindrance solid state for
detecting more mid-states. Synergistically, the theoretic calculation results by Gaussian 16
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also applied to discuss the energy transfer mechanism.
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Synergistically, the theoretic calculation results by Gaussian 16 W were also applied to
2.1. Materials and Synthesis
discuss the energy transfer mechanism.
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Figure 1a.
molecular structures of TPE, TPE-1, TPE-2, and TPE-3 are demonstrated in Figure 1a.
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ture emission and excitation spectra were characterized by SHIMADZU RF-6000 spectrofluorometer with 1 nm of increment, 5 nm/5 nm bandpasses of emission/excitation side
slits, and 600 nm/min of scanning speed setting. Temperature-dependent emission spectra
were obtained by a HORIBA Nanolog® spectrofluorometer with 1 nm of increment, 2
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bandpasses of emission side entrance/exit slits, 2 nm/2 nm bandpasses of excitation side
entrance/exit slits setting, accompanied with Oxford DN2 sample holder to control sample
temperature in 80–300 K. Time-resolution emission intensity decay curves were recorded
by a HORIBA Deltaflex lifetime fluorometer. The above-mentioned characterizations of
solutions were all manipulated by utilizing quartz cuvettes with a 1 mm light path length.
A PerkinElmer Lambda 750 was applied to measure the UV–Vis spectra with 1 nm of data
interval and 267 nm/min of the scanning speed setting. To record UV–Vis absorption
spectra of S-TPE-1, the S-TPE-1 (10–3 and 10–2 mg/mL) were measured in the quartz cuvettes through a 10 mm light path length. For the samples with heavy dopant amounts, the
S-TPE-1 (10−1 mg/mL) was operated in quartz cuvettes through 1 mm light path length
while the S-TPE-1 (5 and 10 mg/mL) were manipulated by coating on the quartz plates.
The high-performance liquid chromatography (Agilent 1260 Infinity LC) was utilized to
confirm the purity of commercial TPE and benzo[g,p]chrysene, and the results supported
the high purities of the tested chemical reagents with single-peak signal, as presented in
Figure S1.
The density functional theory (DFT) was employed to optimize the molecular structure
in the ground state (S0 ) while the geometry of the excited states was calculated with the
time-dependent density functional theory (TD-DFT). The calculations were operated at the
tda/b3pw91 or m06-2x/6-31g(d,p)/scrf=(iefpcm,solvent=thf) level of theory by Gaussian
16 package [44]. To calculate the TPE in crystal, we performed quantum mechanics and
molecular mechanics (QM/MM) with the tda/b3pw91 or m06-2x/6-31g(d,p) for QM and
mechanics/uff for MM with the Gaussian 16 package.
3. Results and Discussion
The typically established theory [1,27] to check the AIEgens is to add the poorly
dissolved solvent into the AIEgens’ solutions whose emissions are faint before the addition of the poorly dissolved solvent, consequently with the noticeably enhanced emission
intensity as the evidence of confirming the AIE character, but there are considerable factors influencing the optical properties of obtained aggregated AIEgens. Such an intense
emission is generally bridged to possible triggers such as aggregation [1,18,27,40], twisted
intramolecular charge transfer [45–48], and molecular structure transformation [24,49–51].
However, the impact of solvent polarization on their photophysical properties does not
arouse enough attention during the transitions from dissolved states to solid states. In
fact, multiple investigations have mentioned the vital role of solvent polarization on the
photophysical properties of AIEgens [48,52–55]. Therefore, the reasonable assessment
method of the photophysical properties of AIEgens is necessarily designed specifically to
distinguish the impacts of solvent polarization and the aggregation of molecules.
3.1. Photophysical Properties of TPE in Binary Solvents
Figure 2a displays the emission spectra of TPE in THF/H2 O binary solvents recorded
under 280 nm UV irradiance. The stated samples of TPE in THF/H2 O binary solvents were
prepared by mixing a 100-fw :fw (fw = water fraction (%)) volume ratio of TPE solution (TPE
in THF, 0.1 mg/mL) and distilled water. With fw less than 70%, the emission spectra display
the emission center (λcen ) at ~380 nm while the λcen moves to ~475 nm with a fw larger than
80% resulting from the aggregation-induced emission [1,27,56]. To gain more information
during the transition, the photophysical properties of L-TPE depending on concentration
and the following direct conversion from the dissolved state (L-TPE) to the precipitated
solid state (P-TPE) were also examined.
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to P-TPE. Subsequently,
the resulting
was
further
treated
in antime
oven
70 °C and
Since
the
THF
solvent
evaporates
quickly,
the
transition
states
from
L-TPE
to
the corresponding emission spectra based on heat treatment time are collected in FigureP-TPE are
difficult to be distinguished from the recorded emission spectra (Figure 4a). The emission
4a. Since the THF solvent evaporates quickly, the transition states from L-TPE to P-TPE
spectra all show one emission band shape (λcen = 442 nm).
are difficult to be distinguished
from the recorded emission spectra (Figure 4a). The emisAs addressed by the previously reported investigations regarding the emission mechasion spectra all show
emission
band shape
(λcen = 442 nm).
nism one
of TPE
and its derivatives,
photocyclization
was applied to explain the multi-emission
bands in solutions [50,61,62]. In solvents, the energy cost of TPE and its derivative during
the transitions from excited states to ground states were assigned to the accommodation
of the rotations and twisting of the benzene rings. Furthermore, the structures of the
molecules transform into cyclic intermediates [50]. In solid states, the molecules cannot
undergo such transformation under UV irradiance because of the very high energy requirement [50]. Contrastively, this manuscript comes up with the hypothesis that the TPE in
a dissolved state abides by anti-Kasha’s rule. To supply some experimental evidence to
estimate the photocyclization and the hypothesis, the emission and excitation spectra of
benzo[g,p]chrysene (one of the potential intermediate states of L-TPE under UV irradiance)
in THF solvents (1 and 5 mg/mL) and solid state are demonstrated in Figure S6. Figure S7
presents the photos of benzo[g,p]chrysene in THF solvent with a concentration of 5 mg/mL
under daylight and 300 nm UV irradiance (the same measurement setting for the emis-

Figure 4. Emission spectra of (a) P-TPE and (b) P-TPE-1 solid states processed with 70 °C of heat
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Figure 3. Excitation wavelength dependent three-dimension (3D) and two-dimension (2D) emission
spectra of L-TPE: with (a,b) 1 mg/mL, (c,d) 2 mg/mL, (e,f) 5 mg/mL, and (g,h) 10 mg/mL of concentrations, respectively.
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3.3. Conversion of TPE Transforming from a Dissolved State to a Solid-State
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corresponding
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time
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Since
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difficult
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band shape
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(a) P-TPE
P-TPE and
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(b) P-TPE-1
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solid states
states processed
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Figure
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treatments
compared
to
that
of
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fully
dried
TPE
and
TPE-1
powders,
respectively.
treatments compared to that of the fully dried TPE and TPE-1 powders, respectively.

3.4. Photophysical Properties of TPE Derivatives
For the TPE derivatives, the excitation-dependent 3D and 2D emission spectra of LTPE-1 (Figure S8a,b), L-TPE-2 (Figure S9a,b), and L-TPE-3 (Figure S9c,d) all demonstrated
the excitation dependent emission spectra. Furthermore, photos of the analogous direct
conversions of L-TPE-1 (5 mg/mL in EtOH), L-TPE-2 (2 mg/mL in EtOH) and L-TPE-3
(5 mg/mL in EtOH) were also recorded in Figure 1(c-1–e-4). All the samples perform
a similar emissive behavior with visually negligible emissions in dissolved states, but
significantly intensified cyan emissions in solid states. In Figure S10, the emission and
excitation spectra of TPE-2 and TPE-3 both show the excitation wavelength independent
emissions centered at 454 and 463 nm, individually. In addition, the P-TPE-1 was also
processed in an oven at 70 ◦ C as another example of the heat treatment dependent emission
in Figure 4b. In Figure S11, the parallelly detected XRD patterns of P-TPE-1 state the
diffraction signals derived from the multi-crystal TPE-1 before and after 150 min of heat
treatment. A continuous blue-shifting of the maximum emission center of P-TPE-1 is
observed throughout the heat treatment processing assigned to the declined polarization
of less EtOH residual [48,52,53]. Thus, the residual solvent may play a crucial role in the
photophysical properties of the aggregated solid states of AIEgens. The L-TPE-1 (5 mg/mL
in EtOH), L-TPE-2 (2 mg/mL), and L-TPE-3 (5 mg/mL) present the similar optical behavior
with L-TPE, while the P-TPE-1 performs in accordance with P-TPE [4,33,63,64]. Thereby, the
photophysical properties of TPE, TPE-1, TPE-2, and TPE-3 can be approximately considered
the same in dissolved states or solid states.
In comparison between L-TPE-1 and P-TPE-1, despite the evidence revealing the
recorded emission bands emerging after the transition, the mid-states still cannot be discerned. Since the TPE-1 possesses the advantage over TPE to be dissolved into EtOH
solvent, it can be introduced into the typical sol–gel system based on TEOS precursors,
TPE-1 was homogeneously dispersed into the TEOS to retard the altering process in order
to visualize the whole transforming revolution. The UV–Vis spectra of S-TPE-1 with var-
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measured at 77 K. The emission spectra of the as-prepared sol at (I) RT, (II) 77 K and (III)
one mid-state are presented in Figure 8a, attached with the corresponding photos. The
measurement of mid-state (III) was operated after being frozen in liquid nitrogen (LN,
77 K) for 5 min and then exposed to the ambient environment for 10 s. The results display
emission bands merging at 77 K. Furthermore, the emission band λcen = 513 nm (RT) shifts
to 443 nm at 77 K. Consistent with the photos illustrated in Figure 8a, after taking out the
S-TPE-1 from LN, the bright blue emission (λcen = 444 nm) intensity keeps declining with
emission color turning to cyan (λcen = 472 nm). To extend the exposure time of the frozen
S-TPE-1 (10 mg/mL) in the ambient environment for a total of 40 s, the emission intensity
significantly decays to be consistent with the state before freezing treatment. The analogous
phenomenon was also observed in L-TPE-1 (5 mg/mL) with two emission bands centered
around 410 and 489 nm at RT but turning to a single-emission band centered around 452 nm
at 77 K. The corresponding emission spectra are given in Figure 8b. Furthermore, the frozen
L-TPE-1 (5 mg/mL, 77 K) also displays the rapid emission intensity decay as shown in the
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illustrated photos in Figure 8b after exposing the sample in an ambient environment for
20 s. Furthermore, the frozen L-TPE-1 returns to the state before treatment by exposing it to
the ambient environment for a total of more than 40 s, whereas TPE-1 (fully dried powder)
experiences neither the emission bands’ merging nor significant emission center shifting
with the declined measurement temperature from 300 K to 77 K (Figure 8b). The emission
only slightly performs blue-shifting from 449 to 445 nm. Accordingly, the restricted steric
Polymers 2022, 14, x FOR PEER REVIEW
10 of 19
hindrance of the TPE-1 molecule is believed to account for the emission bands’ merging
and the substantially intensified emission [1,71].
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at 77 K. Consistent
withgeneral
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illustrated
in Figure 8a, after taking out the Sas
candidate
to display the
emission
mechanism.
TPE-1 from LN, the bright blue emission (λcen = 444 nm) intensity keeps declining with
emission color turning to cyan (λcen = 472 nm). To extend the exposure time of the frozen
S-TPE-1 (10 mg/mL) in the ambient environment for a total of 40 s, the emission intensity
significantly decays to be consistent with the state before freezing treatment. The analogous phenomenon was also observed in L-TPE-1 (5 mg/mL) with two emission bands
centered around 410 and 489 nm at RT but turning to a single-emission band centered
around 452 nm at 77 K. The corresponding emission spectra are given in Figure 8b. Furthermore, the frozen L-TPE-1 (5 mg/mL, 77 K) also displays the rapid emission intensity
decay as shown in the illustrated photos in Figure 8b after exposing the sample in an ambient environment for 20 s. Furthermore, the frozen L-TPE-1 returns to the state before
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Accordingly, the restricted steric hindrance of the TPE-1 molecule is believed to account
for the emission bands’ merging and the substantially intensified emission [1,71].

Figure 8.
8. (a) Emission
Emission spectra
spectra of
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TPE-1 (5 mg/mL) at RT and 77 K (in LN), illustrated with the photos of L-TPE-1 under 365 nm irra(5 mg/mL) at RT and 77 K (in LN), illustrated with the photos of L-TPE-1 under 365 nm irradiance.
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mental UV–Vis spectra, the first absorption band centered at around 315 nm and absorbed
edge at around 400 nm (Figure 2b) is assigned
to the S0 → SWavelength
1 transition (calculated results
Energy Gap
Oscillator
Excited States
Transitions
(Amplitude) at 342 nm/420 nm for b3pw91 and 306 nm/380 nm for
with absorption
band center/edge
(eV)
(nm)
Strength
m06-2x, respectively) and the shoulder band centered at 285 nm is ascribed to the major
Excited state 1
HOMO → LUMO (0.972)
3.61
342
0.538
donation from the S0 → S3 transition (Figure 10b and Table 1) which is overlapped with
HOMO-5from
→ LUMO
(0.034) excitation transitions of the higher excited states [74].
some contribution
absorption
Excited state 2
HOMO-1 → LUMO (0.091)
4.31
287
0.003
The contributions from the calculated S0 → S2 transitions based on b3pw91 and m06-2x
HOMO → LUMO+1 (0.832)
are very poor with the oscillator strength both less than 0.003.
Excited state 3

HOMO-6 → LUMO (0.064)
HOMO-4 → LUMO (0.031)
HOMO → LUMO+2 (0.886)

4.44

279

0.185

Density Excited
Functional States
Excited
state 1
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Table 1. Cont. Excited
Density
Functional

M06-2x

state 3
Excited States

Transitions (Amplitude)

Energy Gap Wavelength Oscillator
(eV)
(nm)
Strength

HOMO → LUMO (0.972)
HOMO-5 → LUMO (0.034)
HOMO-1 → LUMO (0.091)
HOMO → LUMO+1 (0.832)
HOMO-6 → LUMO (0.064)
HOMO-4 → LUMO (0.031)
HOMO → LUMO+2
(0.886)
Energy
Gap

Transitions (Amplitude)

(eV)
Excited
HOMO → LUMO (0.970)
state→
1 LUMO (0.970)
Excited state 1
HOMO
4.05
HOMO-5
→
LUMO
(0.028)
HOMO-5 → LUMO (0.028)
HOMO-3 →HOMO-3
LUMO+2→ LUMO+2 (0.035)
Excited
4.91
(0.035)HOMO-2
→ LUMO+3
Excited state 2
HOMO-2
→ LUMO+3 (0.030)
state 2 → LUMO (0.185)
(0.030)HOMO-1
HOMO-1 → LUMO (0.185)
M06-2x
HOMO → LUMO+1 (0.637)
HOMO → LUMO+1 (0.637)
HOMO-6 → LUMO (0.077)
HOMO-6 → LUMO (0.077)
HOMO-3 → LUMO+3
Excited state 3
5.11
Excited→HOMO-3
→ LUMO+3 (0.025)
(0.025)HOMO
LUMO+2 (0.770)
HOMO
→3LUMO+4
(0.029)
state
HOMO
→ LUMO+2 (0.770)
HOMO → LUMO+4 (0.029)

3.61

342

0.538

4.31

287

0.003

4.44

279

Wavelength
(nm)

4.05

306

4.91 253

306

253

243

5.11
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Combining the results and analysis, the schematic diagram is supplied to display the
possible dynamic process of L-TPE in Figure 10a. To explain the hypothesis of the antiKasha rule in L-TPE, the schematic energy transfer diagram of L-TPE is given in Figure 10c.
For L-TPE (1 mg/mL), the emission mainly derives from the combination of the higher
excited state of S3 → S0 (λcen = 390 nm, calculated λcen = 459 nm for b3pw91 and 415 nm
for m06-2x). As the concentration increases to 2 mg/mL, the enhanced collisions among
TPE molecules produce a larger population of the closing moment of TPE molecules which
causes the slightly boosted π–π interaction and steric hindrance of TPE molecules, followed
by the enhanced emission intensity from S1 → S0 (λcen = 487 nm in the experiment result,
and λcen = 540 nm (b3pw91) or 507 nm (m06-2x) in the calculation, in Figures 3c and 10b,
respectively). With the concentration further increased to 5 and 10 mg/mL, the boosted
collision and declined distance among TPE molecules result in more severe steric hindrance
and generate the further strengthened emission from S1 → S0 (λcen = 487 nm, Figure 3e,g).
Another slight red-shifting emission band (λcen = 530 nm) of L-TPE (5 and 10 mg/mL)
under the excitation wavelength longer than 400 nm beyond the absorption S0 → S1 band
should be the result of the interaction among TPE molecules involving electronic transitions
under high concentration. The experimental and calculated UV–Vis state the absorption
transition of the S1 → S0 edges at around 400 nm. Additionally, the extra faint absorption
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band centered around 475 nm is only recorded in the UV–Vis spectra of L-TPE (5 and
10 mg/mL, Figure 2b). We also notice that the absorbance value of the band (λcen = 475 nm)
is very small reflecting the weak interaction among TPE molecules involving electronic
transitions. Furthermore, since the calculated S2 state of TPE in THF solvent is close S3
state with an energy gap of 0.2 eV (M06-2x), it can lead to the fast internal conversion from
S3 to S2 and S1 states. However, the strong nonradiative quenching of S1 excited states
may be the reason that it results in the observed weak emission from the transitions of
S3 → S0 . Although the heavily doped L-TPE obtains enhanced emission to some degree,
the samples still undergo the overwhelming nonradiative quenching decays to produce
heat. After the transition from L-TPE to P-TPE, the four benzene groups of TPE molecules
are all exposed under the strictly steric hindrance with surrounding TPE molecules, with
the center distance between molecules around 6.509–10.147 Å in distance (Figure 10a) [75].
Accompanying the severe steric hindrance, the non-radiative recombination transition is
tightly blocked with intensified emission intensity in orders of magnitudes. In Figure 10b,
the calculated emission spectra of TPE in the crystal by the QM/MM calculation show the
emission center at 472 nm for b3pw91 and 457 nm for m06-2x closing the experimental
result at 449 nm, respectively. Then, to calculate the L-TPE and P-TPE, the m06-2x
density
Polymers 2022, 14, x FOR PEER REVIEW
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functional offers a better opportunity to explicate the emission mechanism.
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Combining the results and analysis, the schematic diagram is supplied to display the
possible dynamic process of L-TPE in Figure 10a. To explain the hypothesis of the antiKasha rule in L-TPE, the schematic energy transfer diagram of L-TPE is given in Figure
10c. For L-TPE (1 mg/mL), the emission mainly derives from the combination of the higher
excited state of S3 → S0 (λcen = 390 nm, calculated λcen = 459 nm for b3pw91 and 415 nm for
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Previous investigations regarding the emission mechanism of TPE derivatives characterized by ultrafast time-resolved spectroscopy and computational studies [50,61,62,76]
emphasize the vital role of triggering factors like rotation around the elongated middleethylene and the photocyclization accounting for the severe non-radiative recombination
transition in solution. Since the cyclized-TPE with the emission center around 375 nm is
fairly close to the presentation of the emission center around 380–390 nm of L-TPE [61],
the time-dependent emission spectra of L-TPE in low concentration (0.1 mg/mL) under
the intense 280 nm UV irradiance was cautiously characterized. In Figure 11, the deduced
molecular interaction of L-TPE (0.1 mg/mL) under continuous long-term irradiance and
the parallelly monitored 1 H NMR (full spectra in Figure S14) and emission spectra are
presented. The recorded 1 H NMR spectra indeed reveal the gradual photocyclization of
L-TPE to form the novel conformation (cyclized-TPE, as illustrated in Figure 11b) under
continuous intense UV irradiance. In the 1 H NMR spectra, the signals from TPE and
cyclized-TPE primarily appear in the 7.0–7.1 ppm and 7.4–7.7 ranges, respectively [61]. In
the corresponding emission spectra, the emission intensity centered at 380 nm is supposed
to be the cyclized-TPE, but it fails to match the successively increasing tendency only with
the emission shoulder centered at 320 nm following such tendency. So, the emission mechanism switch hypothesis can happen in parallel in L-TPE, and the emission signal from
cyclized-TPE and S3 → S0 transitions of TPE are overlapped. In Figure 11c,d, the initially
enhanced emission intensity during the irradiance in 1 min is interpreted as the excitation
Polymers 2022, 14, x FOR PEER REVIEW
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activated molecular vibration and rotation to weaken the intermolecular interaction
TPE molecules to some degree, consequently with the boosted transition from S3 → S0 .
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4. Conclusions
To analyze the transitions of TPE and its derivatives transforming from dissolved
states to solid states, the emission spectra with multi-emission bands only perform in dissolved states but not in aggregated solid states. For TPE, the emission spectra obtained in
THF/H2O binary solvents illustrate an emission band centered at ~380 nm disappearing
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4. Conclusions
To analyze the transitions of TPE and its derivatives transforming from dissolved
states to solid states, the emission spectra with multi-emission bands only perform in
dissolved states but not in aggregated solid states. For TPE, the emission spectra obtained
in THF/H2 O binary solvents illustrate an emission band centered at ~380 nm disappearing
with the percentage of water fraction larger than 80%. In addition, the high-performance
liquid chromatography of TPE proves the high purity of the sample, displaying no impurity
signal. Thereby, the emission band centered at ~380 nm of TPE in the solvent should not be
assigned to the impurity. In this work, the hypothesis of emission mechanism switch is tried
to address the emission bands’ merging phenomena to explain the disappeared emission
band centered at ~380 nm. After the comparison with the theory of the UV-irradianceinduced photocyclization of TPE, it does not conflict with the hypothesis. Moreover, the
calculated result by Gaussian 16 W also supports the hypothesis. So, the S3 → S0 and S1
→ S0 transitions of TPE in dissolved states can be detected and the TPE in solid states
only observes the S1 → S0 transition signal. The nonlinear emission shifting of TPE and its
derivatives during the transitions from the dissolved states to solid states are interpreted as
the disappeared solvent polarization (blue-shifting) and emission mechanism switch (redshifting). In addition, similar photophysical properties have been found in TPE derivatives.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14142880/s1, Figure S1: high-performance liquid chromatography results of (a) TPE and (b) benzo[g,p]chrysene measured by utilizing acetonitrile/water
(70/30, volume relationship) mixed solvent. Figure S2: excitation spectra of L-TPE with concentration
(a) 1 mg/mL, (b) 2 mg/mL, (c) 5 mg/mL, and (d) 10 mg/mL in THF solvent, respectively. Figure S3:
(a) and (b) photos of TPE in THF solvent with a concentration of 10 mg/mL contained in a quartz
cuvette (1 mm light path length) under daylight, and (c) the corresponding photo taken under
280 nm irradiance with the same measurement setting for the corresponding emission spectra.
Figure S4: 1 H NMR spectrum of TPE in CDCl3 solvent (5 mg/mL). Figure S5: the comparison of
TPE 1 H NMR spectra in CDCl3 solvent (5 mg/mL) before (curve 1) and after (curve 2) irradiance
treatment with the same UV irradiance and exposure time during that of the corresponding excitation
wavelength-dependent emission characterization of L-TPE (5 mg/mL). Figure S6: emission and
excitation spectra of benzo[g,p]chrysene in THF solvent with concentration (a)/(b) 1 mg/mL and
(c)/(d) 5 mg/mL, respectively (all the measurement operated in the quartz cuvette with 1 mm light
path length); and (e) emission and (f) excitation spectra of commercial benzo[g,p]chrysene powder
without further treatment. Figure S7: (a) and (b) photos of benzo[g,p]chrysene in THF solvent with
concentration 5 mg/mL contained in a quartz cuvette (1 mm light path length) under daylight, and
the corresponding photo taken under 300 nm irradiance with the same measurement setting for the
emission spectra. Figure S8: excitation-dependent three-dimension and two-dimension emission spectra of (a)/(b) L-TPE-1 (5 mg/mL) and (c)/(d) S-TPE-1 (5 mg/mL), and the corresponding excitation
spectra of (e) L-TPE-1 (5 mg/mL) and (f) S-TPE-1 (5 mg/mL), respectively. Figure S9: excitationdependent three-dimension and two-dimension emission spectra of (a)/(b) L-TPE-2 (2 mg/mL)
and (c)/(d) L-TPE-4 (5 mg/mL). Figure S10: emission and excitation spectra of (a)/(b) TPE-2 and
(c)/(d) TPE-3, respectively. Figure S11: XRD patterns of TPE-1, P-TPE-1 and P-TPE-1 (150 min)
processed in an oven under 70 °C for 150 min. Figure S12: UV–Vis absorption spectra of S-TPE-1
(10 mg/mL) based on heat treatment time. Figure S13: excitation spectra of S-TPE-1 (10 mg/mL)
processed with the 70 °C of heat treatment for (a) 0, (b) 30, (c) 60, and (d) 120 min. Figure S14:
time-dependent 1 H NMR spectra of TPE in CDCl3 solvent (0.1 mg/mL) under continuous intense
280 nm UV irradiance. Table S1: Corresponding parameters of time-resolution decay curves of
Figure 6a,b. (PDF).
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