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ABSTRACT: Aggregation-induced emission (AIE), usually referring to the
phenomenon in which molecules emit more strongly in the aggregate state than
in the solution state, is intriguing and promising in various optoelectronic and
biosensing applications. In this Perspective, the basic principles that can lead to AIE
and experimental evidence to reveal the AIE mechanism of tetraphenyl ethylene
(TPE)-type molecules are discussed. AIE is the consequence of two factors: (1) the
fast energy dissipation by crossing a conical intersection (CI) in solutions but not
in solids results in low luminescence efficiencies in the solutions, and (2) the weak
intermolecular coupling and thus slow intermolecular energy/charge transfers in
the AIE solids effectively prevent quenching and result in relatively high
luminescence efficiencies. The key to AIE is that the luminescence efficiency is
tuned by controlling molecules to cross or not to cross a CI by changing the phase
of molecules. How fast a molecule can cross a CI is dependent on the energy
barrier of isomerization, which can be tuned in many ways, including mechanical or electrical stimuli, in addition to changing phases.
Barrier-dependent crossing CI also results in a very important consequence: excitation-wavelength-dependent fluorescence yield
within one electronic excited state, an anti-Vavilov’s rule phenomenon. In principle, there can be an alternative way to tune
luminescence efficiency by manipulating the formation of CIs instead of crossing or not crossing them. This approach relies on the
fact that the electronic ground state and the excited state have many different properties, e.g., dipole moment. By tuning the
environment, e.g., dielectric constant, to favor or disfavor one state, one may be able to lift or lower the potential surface of one state
so that the potential surfaces of two states can vary between intersected and not contacted.

The processes of molecules absorbing photons and
releasing photons and heat have been considered not

only as an important energy source for sustaining life but also
as the basis of photoelectronic devices. Under different
conditions or in different molecular systems, the photo-,
electro-, and thermal conversion efficiencies in these processes
can be highly different. For example, in most cases,
luminescent molecules emit brightly in dilute solutions but
dim with the increase of concentration or in solids, namely,
aggregation-caused quenching (ACQ).1−3 In many practical
applications, e.g., organic or polymer light-emitting diodes,
ACQ is an undesirable factor.4−6 In sharp contrast, a group of
molecules behave completely oppositely. The more they
aggregate or solidify, the stronger their luminescence,7−12

which is the so-called aggregation-induced emission (AIE).1−3

AIE molecules have many desirable properties, such as good
solubility and processability and high emission efficiency,
attracting tremendous interest from fields like organic
optoelectronics and bioimaging.13−19

AIE has a fairly long history. It was already mentioned in an
1896 paper.10−12,20 In the following 100 years, it was discussed
and studied mostly by photophysicists.9,10,12,20−22 In the early
2000s, accompanying the booming applications of organic
electronics, material scientists and organic chemists began to
be aware of this anti-intuitive phenomenon.23−25 Using their

unmatched capability of molecular design and imagination,
they have promoted this once relatively unknown physical
chemistry observation into a famous and fascinating topic.
In contrast, the mechanistic studies of AIE are not as

advanced. Long before the AIE concept was well-received, the
nonradiative decay of tetraphenylethylene (TPE), which is
known as a prototypical AIE compound, and its derivatives in
solution was portrayed in terms of E-Z photoisomeriza-
tion,26−29 borrowing concepts from the well-studied ethylene
and stilbene molecules. Systematic studies of tethered TPEs
also suggested that the phenyl ring torsions probably play a
major role in deactivation of the excited singlet state, as
opposed to the traditionally assumed “olephinic twist” around
the central double bond.30,31 Nevertheless, the argument that
“In the excited state, the central olef inic double bond can be
opened, generating two diphenylmethylene (DPM) units. The
f riction caused by their rotational or twisting motions against each
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other with the solvent media transforms the photonic energy to
thermal energy, leading to radiationless relaxation of the excitons.”
is still popular,1 partially because molecules with high luminous
efficiency have relatively rigid structures, e.g. perylene and 8-
hydroxyquinoline, whereas molecules with flexible structures
and rotatable groups seem to be weak in luminescence in
liquids, like tetraphenyl ethylene (TPE) and vitamin A.
Because of such a difference, it is natural and intuitive to
assume that molecular motions associated with the flexible
structures are the major energy acceptors of electronic
excitation.
Previous studies have suggested that aggregation or

solidification can significantly change the electronic transition
dipole moments and selection rules, and the electronic
structures of molecules, because of the orbital overlaps and
the constraints of molecular symmetry that are imposed by the
closely packed and aligned molecules in solids.32−34 The
altered basic molecular properties, which may overwhelm the
quenching effect of aggregation, can lead to enhanced
luminescence in solids or aggregates, such as sugar
molecules.8,35,36 This type of AIE with a well-defined
mechanism is not within the scope of this Perspective. Herein,
we focus only on AIE molecules that have no dramatic changes
in these molecular parameters, e.g., TPE and its derivatives.

The competition between radiative and nonradiative decay
pathways of electronic excitation plays a crucial role in the AIE
phenomenon of these molecules, and therefore, this
perspective starts from these fundamentals.
When a molecule absorbs a photon and is excited to an

electronic excited state, its electronic energy can relax through
electron transfer, radiative (fluorescence or phosphorescence),
and/or nonradiative (energy conversions to heat including
vibrations, rotations, and translations) pathways. Assuming no
electron transfers which eventually also convert electronic
energy into photons or heat, if the radiative decay rate constant
(kr) is larger than that of nonradiative decay rate constant
(knr), the electronic energy mainly relaxes via emitting photons,
and vise versa. kr can be estimated by the spontaneous
emission equation:37,38
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where c is the velocity of light, νmn the photonic frequency, μmn
the transition dipole moment between electronic states m and
n, and ε the dielectric constant. Using νmn = 6 × 1014 Hz (λ =
500 nm for UV−vis) and μmn = 1 D (typical parameters for
organic molecules), eq 1 gives the time constant of radiative
decay τr = 1/kr to be about tens of nanoseconds (∼47 ns).
The estimation of nonradiative decay rate is less

straightforward. Under the Born−Oppenheimer approximation
(BOA), electronic motions and nuclear motions are separable

and weakly coupled. If the coupling is assumed to be purely
electronic, the conversion rate of electronic energy into
molecular thermal motions (vibrations, rotations, and trans-
lations) can then be estimated with energy transfer and
dipole−dipole coupling theories.39−42 A polyatomic molecule
has 3n (n, number of atoms) nuclear motions, and these 3n
motions can be the acceptors of the electronic energy. The gap
between the fundamental transition energy of these acceptors
and that of the donor is huge. For example, the gap between a
donor of a 500 nm electronic absorption and a CH stretch
(3000 cm−1) acceptor is 17000 cm−1, significantly larger than
the thermal energy of ∼200 cm−1 at room temperature, and is
also too large to be efficiently compensated by phonons. Under
such a condition, the energy transfer from the electronic
energy donor to a vibrational acceptor in a condensed phase
can be estimated with the theory of a dephasing
mechanism.42−44 Under the weak coupling limit which
requires the donor−acceptor coupling strength V to be much
smaller than the homogeneous dephasing line width τ−1, the
energy-transfer rate constant is42−44
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where ΔE (cm−1) is the absolute value of energy difference
between donor and acceptor, h Planck’s constant, c the speed
of light in vacuum, N Avogadro’s constant, τ (fs) the dephasing
time, V (cm−1) the coupling strength, T (K) temperature, and
R (J·mol−1·K−1) the gas constant. At room temperature, the
nonradiative decay time constant τnr = 1/kDA is at the time
scale of a few nanoseconds (∼4.6 ns), using 17 000 cm−1 as the
energy difference between donor and acceptor, 20 fs as the
dephasing time (15 nm −583 cm−1 as the bandwidth of the
donor, which is assumed to give a 20 fs dephasing time for the
transfer process), and 25 cm−1 as the coupling strength
(calculated based on the dipole−dipole interaction,42−45 using
1D for donor and 0.3D for acceptor, 2.4 Å as DA distance, and
0.5 for orientation factor). It is noted that the estimation here
is only approximate, as the number, transition dipole moments,
and orientations of the acceptors may change and lead to
different coupling strengths. Nonresonant energy transfers can
also occur via the phonon compensation mechanism,46,47 but
the huge energy gap requires a very high-order compensation
with, e.g., 100 phonons of 170 cm−1, of which the efficiency is
probably too low to be of any significance.44

The above estimations give similar radiative and non-
radiative decay rates, with the latter being slightly faster, which
is consistent with the fact that the luminescence efficiencies of
many molecules are at the order of tens of percent.48,49

In dilute solutions of AIE molecules, their luminescence
efficiencies can be very low, e.g., 0.1%, meaning that the
nonradiative decay is at the time scale of picoseconds (ps) to
tens of picoseconds, about 100−1000 times faster than the
radiative decay. According to eq 2, there are two possibilities to
increase kDA: reducing the energy gap or increasing the
coupling strength. If the energy gap decreases to zero, the
coupling strength should be larger than 6 cm−1 in order for 1/
kDA to be about 5 ps. A very high-order vibrational
combination band or overtone can have energy equal to that
of the energy donor and eliminate the energy gap. However,
because of its high order, this combination band or overtone
has a very small transition dipole moment, which leads to a
negligible donor−acceptor coupling strength.

The competition between radia-
tive and nonradiative decay

pathways of electronic excitation
plays a crucial role in the AIE

phenomenon of these molecules,
and therefore, this perspective
starts from these fundamentals.
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Without changing the gap, if the coupling strength increases
to 790 cm−1, the nonradiative rate can be increased 1000-fold.
However, under such a condition, the coupling strength
surpasses the dephasing line width.42 The weak coupling limit
is violated, and eq 2 does not apply any more.
The above analyses suggest that for the nonradiative decay

to be at the time scale of picoseconds or faster, the electron−
vibration coupling is so strong that the electronic and nuclear
motions are inseparable and the BOA does not apply any
more. This scenario was addressed as early as 1937 by Teller.50

The breakdown of the BOA typically occurs when two
electronic states are resonant (of the same energy), which can
be illustrated by the following equation:51
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where j(R ⃗) and i(R ⃗) are two different electronic states in
nuclear coordinate R ⃗; Ĥe is the Hamiltonian of electronic
states; ∇R is the first derivative operator over the nuclear
coordinate; Ei(R ⃗) and Ej(R ⃗) are the energy eigenvalues of i(R ⃗)
and j(R ⃗), respectively.
From eq 3, we can see that under normal conditions, the

energy gap of two electronic states is large, and F ⃗ji is small.
However, if the energy values of two states are the same, F ⃗ji
can be very large, which means that any linear combination of
the electronic wave functions is the solution of the Schrödinger
equation. In other words, under such a resonant condition, the
molecule has two indistinguishable identities: electronic states
j(R ⃗) and i(R ⃗).
The above physical picture can be qualitatively understood

in the following way using the electronic ground state and one
electronic excited state as examples. Under normal conditions,
the structure of the electronic ground state of a polyatomic
molecule is distinctly different from that of its electronic
excited states. However, when a molecule at its electronic
ground state is highly vibrationally excited and its nuclear
distances become larger, one of its conformations can be
identical to some at its electronic excited state. In other words,
at this particular conformation, the molecule has two
indistinguishable identities: electronic ground state and excited
state. The state duality of this conformation is because it can
come from the rearrangements of nuclei, triggered, e.g., by
vibrational excitations, followed by electronic motions, or from
the rearrangement of electrons, triggered, e.g., by light,
followed by nuclear motions. The conformation is the conical
intersection (CI) at the potential surface. A CI will not exist in
diatomic molecules because the existence of a CI requires at
least two degrees of freedom and diatomic molecules have only
one (nuclear distance).52 In general, the conformation (CI, the
green or purple spot in Figure 1) has energy lower than the
vertically excited one (the red spot in Figure 1).
After a molecule is vertically excited, as required by the

Frank−Cotton principle, its conformation begins to evolve. If
the energy barrier is low enough, it can isomerize into the
structures of CIs before any substantial decay of electronic

excitation. Once it reaches any CI, 50% of its identity is the
electronic ground state, and the energy of this portion must
relax in the form of nuclear motions; no UV−vis photon
emission is involved because electrons cannot jump to a lower
level from the ground state. It is well-known that the high-
ordered molecular vibrations typically relax at the time scale of
hundreds of femtoseconds to picoseconds in a condensed
phase,53−57 which is much faster than fluorescence. Therefore,
at a CI, most of the electronic energy must relax into
vibrational energy within picoseconds. Certainly, the structural
evolutions of the electronic excited state to reach CIs require
conformational changes, which takes time and are dependent
on molecular environments. They can be much slower than the
energy conversion process at CIs, becoming the bottleneck
determining the radiative/nonradiative decay ratio.
Crossing the CI, or the nonadiabatic coupling of vibrational

and electronic degrees of freedom, is not a rare phenomenon.
In fact, it is frequently involved in the excited-state dynamics of
polyatomic molecular systems,52 and the energy associated
with electronic excitations converted to vibrational energy
within ultrafast time scales (femtoseconds to picoseconds) is
often considered as the driving force for photochemical
processes.58 That conical intersections mediate nonradiative
internal conversion processes has become a standard
mechanism to justify their ultrafast time scales,59 e.g., in
chemical reactions and nonadiabatic luminescence pro-
cesses,60−63 fluorescence quenching of organic molecules,64−66

and DNA bases.67,68 CIs also play key roles in AIE.
As discussed above, the luminescence efficiency of AIE

molecules in solutions can be very low, e.g., <0.1%, which can
be caused only by crossing CI. This mechanism was
experimentally supported recently by monitoring the structural
evolutions of TPE and its derivatives crossing CIs.69 Upon UV
photoexcitation, TPE in a dilute tetrahydrofuran solution
shows a infrared response (Figure 2d) totally different from
that of its solid (Figure 2c), though their infrared absorption
spectra are very similar (Figure 2b). In the solid, two
absorption peaks at 1486 and 1437 cm−1 appear after
excitation (Figure 2c). The peaks reach maxima within 100
fs, the temporal resolution of the experiments, and diminish
quickly. After 10 ps, their intensities have dropped significantly.
These two peaks have frequencies that are slightly smaller than
their respective peaks at 1489 and 1442 cm−1 in the FTIR
spectrum, resulting from the excited-state absorptions of the

Figure 1. Potential surfaces of TPE excited state and ground state.
The molecule absorbs a photon and is vertically excited to the red
spot. The excited molecule can evolve to reach the green or purple
spot (CI), where the electronic ground and excited states are
degenerate. Reprinted with permission from ref 69. Copyright 2020,
Wiley-VCH.
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benzene skeleton vibrations and frequency shifts caused by the
electronic excitation. Two corresponding small bleaching peaks
grow in, appearing at slightly blue-shifted 1497 and 1447 cm−1

positions. In the dilute solution, its ultrafast spectral evolution
is distinctively different. Upon electronic excitation, a new
absorption peak at 1469 cm−1 (Figure 2d) grows in. It reaches
a maximum at ∼10 ps. This new peak is not caused by the
photoexcitation-induced instantaneous frequency shift like
those in the solid or energy transfer that requires the peaks

to be at the same frequencies as observed in FTIR.42−44 It is
caused by the formation of a new molecular structure in the
solution.69 Systematic investigations, including multiple
frequency mapping, comparison between theoretical and
experimental vibrational frequencies, analyses of molecular
masses of oxidized intermediates, and control samples,
conclude that the new molecular structure is the unstable
TPE Woodward−Hoffmann cyclic intermediate, diphenyl
dihydrophenanthrene (DPDHP),69 and over 70% of the

Figure 2. (a) UV/IR 2D plot of TPE at a waiting time of 0.1 ps. (b) FTIR spectra of TPE in the solid state (black) and a THF solution (red). The
frequencies of the two major peaks are very similar, in contrast to the huge difference observed in the transient spectra in panels c and d. (c)
Evolution of vibrational spectra of TPE in the solid state after excitattion with photons at 290 nm and the molecular structure of TPE. (d)
Evolution of vibrational spectra of TPE in a dilute THF solution after excitation with photons at 290 nm, and the structure is TPE cyclic
intermediate. Reprinted with permission from ref 69. Copyright 2020, Wiley-VCH.

Figure 3. Time dependence of photoexcitation signal anisotropy of AIE and ACQ solids. Because molecular orientations in the solids are not
identical for each molecule, intermolecular energy or charge transfers inevitably result in anisotropy change. No anisotropy change has occurred
within 20 ps in AIE solids, whereas in ACQ solids, anisotropy change is clearly visible within 10 ps. Dots are data. Straight dashed lines are added
for a better comparison effect. Reprinted with permission from ref 69. Copyright 2020, Wiley-VCH.
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photoexcited molecules have been converted into the cyclic
intermediate within 10 ps. Such a fast process can be possible
only by passing through a CI, which has been predicted by
theory.70−80

In contrast, in the TPE solid, photoexcitation does not lead
to the formation of new structures. This is because it is too
costly in energy for benzene rings of TPE to rotate around in
order to form the cyclic intermediate. Such a process requires
the breakdown of the crystalline structure of the solid.
Therefore, the fast dissipation pathway through a CI
disappears in the TPE solid, and the electronic energy gained
from photoexcitation is preserved.
Fast energy dissipation by crossing a CI well explains the low

luminescence efficiencies of AIE solutions. The inability of
reaching a CI in AIE solids allows electronic excitation to stay
longer, but it does not preclude aggregation-induced
quenching of luminescence caused by intermolecular coupling
and charge/energy transfers. There has to be another factor
leading to the luminescence efficiency of an AIE solid being
higher than that of not only its solution but also many other
organic solids.81,82 It is very likely that their bulky nonplanar
side groups prevent the chromophore centers of two adjacent
molecules from staying close or aligning well to each other,
effectively weakening intermolecular coupling and thus slowing
down intermolecular electron or energy transfers, both of
which are major factors for luminescence quenching in solids.
This structural effect is illustrated by the comparison of
anisotropy measurements of AIE and ACQ molecular solids
displayed in Figure 3. The orientations of molecules in solids
are different from one to another. Energy or charge transfers
inevitably cause the signal anisotropy of photoexcitation to
change with time.83 A slower anisotropy change indicates a
slower energy/charge transfer. As displayed in Figure 3, no
anisotropy change is observed in AIE solids within 20 ps,

whereas evolutions of anisotropy in ACQ molecules are clearly
visible within 10 ps. Note that any initial anisotropy value in
Figure 3 is determined by the relative orientation between the
excited and the detected transition dipole moments, which
varies dependent on what optical transitions are chosen in
experiments. In Figure 3d, the anisotropy value changes from
the initial ∼0.05 to the final ∼ −0.075, indicating that the cross
angle between the excitation and detection transition dipole
moments changes from ∼49.8° to ∼62.8°. The result implies
that, on average, the donor molecule has a relative orientation
∼13° different from that of the final acceptor molecules.
Similarly, the result in Figure 3e indicates that the donor
molecule has a relative orientation ∼6° different from the final
acceptor molecules. Detailed quantitative analyses to correlate
the anisotropy changes with the crystalline structures and
energy-transfer kinetics are subject to future studies.
Calculations based on molecular crystalline structures

provide interesting insights for the different dynamics of AIE
and ACQ solids observed in Figure 3. As displayed in Figure
4a,b, in the AIE solid of TPE, the center distance between two
closest molecules is 8.6 Å, whereas in the ACQ solid of
dibenzo[g,p]chrysene, the distance, 4.9 Å, is almost 50%
shorter. Without considering other factors, the longer distance
would cause the energy transfer in the AIE solid to be about 28
times slower than in the ACQ solid, assuming that the energy-
transfer rate is inversely proportional to the sixth power of
distance.42−45 Somewhat unexpectedly, the charge distribution
between an excited molecule and its nearest ground-state
neighbor also favors faster charge-transfer dynamics in the
ACQ solid. As displayed in Figure 4c,d, not only is the dipole
moment of the excited TPE dimer smaller than that of the
dibenzo[g,p]chrysene solid (0.2431 D vs 0.5652 D), but also
its direction is less desirable for charge transfer. In TPE, the
direction is almost perpendicular to the connection line of the

Figure 4. Center distance between two closest molecules in (a) TPE and (b) dibenzo[g,p]chrysene crystals; and surface electrostatic potential of
two nearest molecules in TPE (c) and dibenzo[g,p]chrysene (d) crystals. Electrostatic potential is lower when the area is bluer. The blue arrow
indicates the direction of the dipole moment. Panels c and d were calculated with Multiwfn and Gaussian0992−94 and drawn with VMD.88,89 The
dimers are at their respective first singlet excited state where one molecule is at electronic ground state and the other is at the first excited state.
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two molecules, whereas in dibenzo[g,p]chrysene it is pointing
from one molecule to the other.
According to the exciton model,84 in organic solids or

concentrated solutions, one major fluorescence quenching
factor is the formation of aggregate (e.g., H-aggregate) exciton
energy levels of which the separation between the bright and
dark levels is typically within hundreds to a couple thousand
cm−1. Such a small gap allows a substantial portion of
electronic excitation at the bright level to quickly relax to the
dark level within a few picoseconds to hundreds of pico-
seconds, effectively quenching fluorescence. The fast bright-to-
dark relaxation dynamics were recently experimentally
illustrated.85,86 Such a quenching effect is closely correlated
to the transition dipole/dipole coupling between adjacent
molecules.84 A larger coupling results in a larger bright/dark
gap (typically smaller than a few thousand cm−1, and an intra-
or intermolecular vibrational normal mode is available as a
resonant or quasi-resonant energy acceptor) and a larger
portion of excitation at the dark level under equilibrium and
thus a larger quenching effect. Certainly a larger coupling also
indicates a fast energy or charge transfer, or vice versa. The
dynamic processes of energy/charge transfers themselves can
also quench fluorescence by various possibilities, e.g., trans-
ferred to and trapped at defects or hot spots, momenta altered
during transfer, and it takes time for intermolecular charges to
recombine on the same molecule. The anisotropy measure-
ments discussed above not only imply a very slow energy/
charge transfer but also a weak intermolecular coupling and a
small exciton-quenching effect in the TPE solid. Although
similar to the case of strong coupling where a fluorescence or
absorption peak in the solid or a concentrated solution appears
at a higher frequency than in a dilute solution,85,87,88 the
fluorescence spectra of TPE are much more complicated
because they are highly dependent on the temperature and
solvent structures which may lead to different molecular
conformations with different emissions.89−91

Associated with this AIE mechanism, there is a natural photo
physical consequence: the fluorescence quantum yields of the
AIE molecules in liquid dilute solutions are dependent on
excitation wavelengths, an anti-Vavilov’s rule phenomenon.95

Although it is known that anti-Vavilov’s rule phenomena exist
for molecules with multiple electronic excited states, e.g., S1
and S2, the mechanism here is different. In the AIE molecules,
different excitation wavelengths lead to different vibrational
excited states at the first electronic excited state, which allows
the electronic excited state to cross different barriers to reach
the CI so that the nonradiative decay rates are different. A
shorter excitation wavelength allows the molecule to be excited
to a higher vibrational excited state, so the barrier to reach the
CI is smaller and the nonradiative decay is faster; therefore, it
results in a lower fluorescence quantum yield. Taking trans-
stilbene which is also an AIE molecule as an example, its
fluorescence quantum yields in a 5 × 10−5 mol/L hexane
solution are 1.0% (260 nm excitation), 1.8% (280 nm
excitation), 2.4% (300 nm excitation), and 4.5% (320 nm
excitation). It is noted that such a phenomenon in which the
fluorescence quantum yield is dependent on the excitation
wavelength is not limited to AIE. Only if the electronic excited
state has to cross a barrier that is close to the vibrational
transition frequencies, e.g., a few kilocalories per mole, to reach
a CI, a salient excitation wavelength-dependent fluorescence
quantum yield is expected. Comprehensive studies on this
topic are subject to future investigations.

In this Perspective, the theoretical principles and exper-
imental evidence of the AIE mechanism of TPE and its
derivatives are discussed. AIE results from two factors: (1) the
fast energy dissipation by crossing a CI in solutions but not in
solids results in low luminescence efficiencies in the solutions;
and (2) the weak intermolecular coupling and thus slow
intermolecular energy/charge transfers in the AIE solids
effectively prevent quenching and result in relatively high
efficiencies of luminescence. Crossing conical intersections is
common and plays vital roles for nonradiative energy
dissipation in molecules, not limited to AIE. The key to AIE

is that the luminescence efficiency is tuned by controlling
molecules to cross or not cross a CI by changing the state of
the molecule from dilute solution to aggregate. How fast a
molecule can cross a CI is dependent on the energy barrier of
isomerization, which can be tuned in many ways, including
mechanical or electronic stimuli. Although the conclusions are
mostly from the work on TPE and a few of its derivatives, they
are expected to be general for a much wider range of AIE
molecules that have been applied in various applications13−19

where the luminescence efficiencies are highly different in the
aggregate and liquid states.
The structural evolution of the electronic excited state

occurs on the time scale of femtoseconds to picoseconds and
can last for a very long time, and crossing a CI is typically
within tens of picoseconds, both of which are well within the
capability of ultrafast laser spectroscopy. However, CIs are not
global or local energy minima in potential surfaces, and they
are not reaction intermediates, which means that their relative
concentrations are too low to be experimentally observed.
Typical experimental observables are reaction intermediates
after crossing a CI, like the cyclic intermediate of the TPE
solution. Therefore, the combination of theoretical calculations
and ultrafast experiments is necessary for determining CI
structures. The evolution of vibrational frequencies and
vibrational transition dipole directions obtained by polar-
ization-selective ultrafast UV−vis/IR mixed frequency spec-
troscopy can provide rich structural and dynamic information
about the process of crossing a CI.
Finally, in principle, there can be an alternative way to tune

luminescence efficiency by manipulating the formation of CIs
instead of crossing or not crossing them in AIE. This approach
relies on the fact that the electronic ground state and the
excited state have many different properties, e.g., dipole
moment. By tuning the environment, e.g., dielectric constant,
to favor or disfavor one state, one may be able to lift or lower
the potential surface of one state so that the potential surfaces
of two states can vary between intersected and not contacted.
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