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ABSTRACT: It has been suggested that the exotic aggregation-induced
emission (AIE) phenomenon was caused by the restriction on the
nonradiative decay through intramolecular vibrational/rotational relaxa-
tion. There have been other proposed mechanisms such as J-aggregation or
excimer formation, etc. Through computational studies, we propose a
direct approach to verify the AIE process, namely, using resonance Raman
spectroscopy (RRS) to explore the microscopic mechanism of AIE. Taking
examples of AIE-active 1,2-diphenyl-3,4-bis(diphenylmethylene)-1-cyclo-
butene (HPDMCb) and AIE-inactive 2,3-dicyanopyrazino phenanthrene
(DCPP) for comparison, we found that for the AIEgen, after aggregation
into cluster, the intensities of low-frequency peaks in RRS are evidently
reduced relative to the high-frequency peaks, along with a remarkable
blueshift. However, the RRS of non-AIEgen remains almost unaffected
upon aggregation. Such distinctive spectroscopic characteristics can be
ascribed to the intramolecular vibrational relaxation which is hindered for AIEgen, especially for the low-frequency ring-twisting
motions, because the RRS amplitude is proportional to the mode vibrational relaxation energy times frequency λjωj. Thus, RRS is
a direct way to clarify the recent dispute on the AIE mechanism. If such predictions are true, it will clearly validate the earlier
proposed restriction on the nonradiative decay through an intramolecular vibration/rotation relaxation mechanism.

I. INTRODUCTION

Aggregation-induced emissive (AIE) or crystallization-induced
emissive (CIE) luminogens are non- or low-emissive in dilute
solution but highly emissive in the aggregated or crystalline
state, in sharp contrast to the traditional aggregation-induced
quenching (ACQ) fluorophores.1,2 The AIE materials have
varieties of high-tech applications in the fields of light-emitting
devices, chemical sensors, and biological probes.3−5 The AIE-
active systems, i.e., AIEgens, have been found to enjoy great
diversities ranging from fluorescent oligomers to pure or
heteroatom-containing hydrocarbons to phosphorescent orga-
nometallic complexes.6,7 There have been various proposed
AIE mechanisms, including restriction of intramolecular
motions (RIM), conformational planarization, E/Z isomer-
ization, special excimer formation, J-aggregate formation,
twisted intramolecular charge transfer (TICT), excited-state
intramolecular proton transfer (ESIPT), and conical inter-
section.8−15 Several experimental evidences have been shown to
support the RIM mechanism. The earlier tests were performed
through controlling the external environment such as increasing

the solvent viscosity, decreasing the solution temperature, and
pressurizing the solid film.16,17 Then, several spectroscopy
techniques such as time-resolved fluorescence spectroscopy,
femtosecond pump−probe spectroscopy, and terahertz time-
domain spectroscopy were introduced.18−20 Other computa-
tional evidence seems to be indirect and concentrated on the
structural stiffening,21,22 although great progress has been
achieved toward quantitative prediction of the radiative and
nonradiative rate constants in both solution and solid phases.
The restricted nonradiative intramolecular relaxation has been
suggested to be the primary contributor to the AIE process.23

Resonance Raman spectroscopy (RRS) is a spectroscopic
technique in which the incident laser frequency is close to the
electronic transition of the chromophore. Such frequency
resonance provides a greatly enhanced Raman signal. RRS has
held promise for direct characterization of the molecular
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excited-state dynamics, including the vibration modes and
mode-specific electron−phonon couplings.24 This spectro-
scopic technique has been used to investigate the intra-
molecular vibrational redistribution of the stilbene molecule,
especially for the low-frequency modes.25 In other words, RRS
is highly sensitive to the single-molecule vibration caused by the
structural changes during the excited-state relaxation process.
As seen from part I in the Supporting Information (SI), under
the Franck−Condon approximation and the resonance
condition, the RRS intensity σ(ω) from the j-th normal
vibrational mode is proportional to the mode’s relaxation
energy λj times the frequency ωj: σ(ω) ∝ λjωj.

26,27 According to
our previous calculations, the nonradiative decay from the
excited state to the ground state is extremely fast for AIEgens
because they possess a few low-frequency and high-frequency
vibrational modes with large λj, and the formers are suppressed
in aggregate. Thus, in this contribution, we stress on using RRS
to detect the aggregation effect on λj in the nonradiative process
of AIEgen, namely, to see whether λj’s are indeed suppressed
from the solution phase to aggregate state.
1,2-Diphenyl-3,4-bis(diphenylmethylene)-1-cyclobutene

(HPDMCb) is a typical AIE- and CIE-active cyclobutene
derivative isolated from rubrene, and the crystalline film of
HPDMCb exhibits brighter and bluer emission than its
amorphous counterpart.28 Deep insights into the AIE/CIE
mechanism are promised to produce benefits to develop
efficient solid-state blue and deep-blue emitters, which are
highly pursued for high-quality full-color displays and white
lightening.29 Therefore, we choose HPDMCb as the model
AIEgen. For contrast, we choose an AIE-inactive 2,3-
dicyanopyrazino phenanthrene (DCPP)21 as a model non-
AIEgen, for a comparative study on their RRS behaviors in solid
crystal as well as in aqueous solution (Chart 1). In experiment,

DCPP shows intensive light in pure THF solvent and
weakened photoluminescence (PL) intensity in a THF−water
mixture (1:9 by volume).30 By pursuing the intrinsic difference
of these two typical luminogens, RRS is expected to be utilized
as an effective tool to examine whether the AIE mechanism is
the restricted nonradiative intramolecular relaxation.

II. METHODOLOGICAL APPROACH
The computational models were built as shown in Chart 2. The
bulk solvent effect has been modeled using the polarizable
continuum model (PCM)31 implemented in the D.01 version
of the Gaussian 0932 package. HPDMCb was modeled in
acetonitrile solution, and DCPP was modeled in THF solution.
The equilibrium solvation method was employed for geometry
optimizations and vibrational frequency calculations. The
nonequilibrium solvation method was used to obtain single-
point vertical transition energies at the equilibrium geometry.33

The packing surroundings in crystal are incorporated in the

MM part with the general Amber force field (GAFF)34 through
the combined quantum mechanics and molecular mechanics
(QM/MM) method. The atomic partial charges were generated
by the restrained electrostatic potential (RESP)35 method. The
QM/MM interface was applied in the ChemShell 3.536

program, integrating Turbomole 6.537 and DL_POLY38 to
carry out the hybrid ab initio/force-field calculations. The
electrostatic interaction between QM and MM is embedded in
the effective Hamiltonian39 and evaluated by the QM code, and
the QM/MM van der Waals (vdW) interaction is calculated in
the force-field expressions and managed by the MM code.
During the QM/MM simulations, only the central QM
molecule is active and excited, and the surrounding MM
molecules are all rigid. No symmetry constraint was imposed
during the optimizations in both solution and solid phases. The
above PCM and QM/MM methods have been shown to be
successful in dealing with varieties of AIEgens with both
structure and excited-state decay rates.21−23 We note the recent
progress toward the real-time approaches40,41 and excited-state
ab initio molecular dynamics42 using the explicit solvation
method, taking considerations of the fluctuations of the bulk
solvent. The intermolecular centroid distances are shown in
Figures S1 and S2 (SI). We could see these distances are close
enough to exhibit nontrivial π−π stacking interactions. Then,
we calculate the Coulomb coupling component of the excitonic
coupling43 in the MOMAP44 program based on the electronic
structure information obtained from NWChem 6.345 at the
TD-CAM-B3LYP46 level. The intermolecular excitonic cou-
pling Jcoul is found to be at least 1 order of magnitude smaller
than the molecular relaxation energy λg(e) (Tables S1 and S2,
SI). Thus, in our QM/MM models, we assume the intra-
molecular motions dominate the photophysical process.
The equilibrium geometries and normal-mode frequencies at

the local minima of S0 and S1 were determined by using the
PBE047 functional together with 6-31G(d) basis set, the level of
which has been benchmarked to be reliable especially for
consideration of relaxation energies in the nonradiative decay
process of AIEgens.22 Moreover, the PBE0 functional has been
benchmarked to be one of the most accurate estimates for
singlet-excited states.48,49 It can be seen that the low-lying S1
states of HPDMCb and DCPP are dominated by the single
excitation from HOMO to LUMO in both solution and solid
phases (Figure S3, SI), the character of which is suitable for
TD-DFT calculations.50,51 The solution-phase Hessian of S0
was evaluated analytically at the DFT level, and that of S1 was
calculated numerically at the TD-DFT level. The solid-phase
Hessians of S0 and S1 were obtained with the two-point

Chart 1. Chemical Structure of HPDMCb and DCPP

Chart 2. Setup of PCM (a) and QM/MM (b) Models
(Taking HPDMCb as an Example)
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displacement approach. Gram−Schmidt orthogonalization is
used to generate the transformation matrix to project out the
rotational and translational spaces in both solution and solid
Hessian calculations.52

III. RESULTS AND DISCUSSION
Light-emitting processes are dictated by the competition
between radiative decay and nonradiative decay. The radiative
decay gives rise to photons through spontaneous emission. The
nonradiative decay is a nonadiabatic process, which dissipates
the electronic excited-state energy into vibration. The non-
radiative decay rate (knr) consists of the internal conversion rate
(kic) and the intersystem crossing rate (kisc). We ignore kisc due
to the negligibly small spin−orbital coupling (SOC) for most
organic molecules with 1(π, π*) → 3(π, π*) transition.53 The
radiative decay rate (kr) can be evaluated through the Einstein
spontaneous emission relationship. kic can be evaluated by using
the thermal correlation functional formalism in the MOMAP44

program. The dissipation of the electronic excited-state energy
into vibration could lead to the anharmonic effect in the
nonradiative decay process. It has been shown that the involved
vibrational quanta decrease steadily with the degrees of
freedom (number of vibration modes), justifying the
applicability of the harmonic model in polyatomic molecules
rather than small molecules.54 Both mode distortion and
Duschinsky rotation effects are included in the related kic
formula. Detailed rate formalisms are presented in the SI. We
note that the transition energy gap could significantly affect
both the values of kr through the vertical gap and kic via the
adiabatic gap. However, the line shape of the internal
conversion depends mainly on the structure and vibration
information. Therefore, we recompute the excitation energies
based on the optimized structures at the PBE0/6-31G(d) level,
in order to best match the experimental absorption and
emission maxima, and the adiabatic gap is corrected at the same
time. Linear-response (LR)33 and state-specific (SS)55 solvation
methods (LR-PCM and SS-PCM) were tested with the long-
range separated CAM-B3LYP46 functional. These results are
given and compared in Tables S3−S6 (SI). Finally, the
combined schemes of CAM-B3LYP/SS-PCM based on the
PBE0/LR-PCM optimized structures (CAM-B3LYP/SS-
PCM//PBE0/LR-PCM) and CAM-B3LYP/QMMM based
on the PBE0/QMMM optimized structures (CAM-B3LYP/
QMMM//PBE0/QMMM) are found to reproduce satisfac-
torily the excitation energies for HPDMCb in solution and in
solid, respectively. PBE0/LR-PCM and PBE0/QMMM

schemes were chosen to treat the transition energies of
DCPP as SS-PCM sometimes generates an unphysical value for
molecules with a strong charge transfer attribute,56 and the
CAM-B3LYP functional substantially overestimates the vertical
gaps. These energies (see Table 1) with the chosen suitable
schemes are used in the following calculations for the decay
rates and the RRS. The calculated vertical transition energies
agree well with the available experimental values, and most of
the absolute deviations are around 0.10 eV. It is noted that the
available emission values for solid-phase DCPP are measured in
the amorphous phase and not the crystalline state; therefore,
the deviation of 0.25 eV is relatively larger but is still within the
acceptable range. kr and kic are listed in Table 2. We note that kr

(∼f Evert
2 , f is the oscillator strength, and Evert is the vertical

transition energy) is slightly decreased (ca. 8%) upon
aggregation for HPDMCb but decreased about 59% for
DCPP due to the more reduced f (see Table 1) caused by
the twisted conjugation plane in the crystal (Tables S7 and S8,
SI). Especially, we note that at 300 K kic is decreased by about 4
orders of magnitude from the solution to solid phase for
HPDMCb. The predicted fluorescence quantum yield (ΦF)
[ΦF = kr/(kr + knr) ≈ kr/(kr + kic)] is increased from 0.07% in
solution to 78% in the solid phase. Experimentally, HPDMCb
is nonluminescent in its dilute acetonitrile solution at room
temperature, with ΦF as low as 0.17%. When adding a 70%
volume of water to the solution, its PL peak is increased about
925-fold.28 The calculated results are in good agreement with
experimental quantum yield measurements, whereas for DCPP
kic drops only ca. 40% due to the slightly increased adiabatic
energy gap in aggregate with the slightly twisted molecular
plane.
For the internal conversion process, all the vibrational modes

can make contributions through both the diagonal and
nondiagonal elements of the Rkl matrix as shown in eq S2
(SI). It can be seen from Figure S4 (SI) that the significant
contributions of Rkk are only slightly different from the solution
to solid phase for both HPDMCb and DCPP. This indicates

Table 1. Calculated Vertical Transition Energy (Evert), Electric Transition Dipole Moment (μ0), Oscillator Strength ( f), and
HOMO → LUMO Assignments for HPDMCb and DCPP in Both Solution and Solid Phasesa

HPDMCb Evert expt. μ0 f HOMO → LUMO

solution absorption 3.66 eV (339 nm) N. A. 4.96 D 0.3408 95.1%
emission 2.38 eV (521 nm) N. A. 6.20 D 0.3516 97.7%

solid absorption 3.61 eV (343 nm) 3.50 eV (354 nm)b 5.10 D 0.3565 96.1%
emission 2.49 eV (497 nm) 2.62 eV (474 nm)b 5.59 D 0.2954 97.7%

DCPP Evert expt. μ0 f HOMO → LUMO

solution absorption 3.26 eV (380 nm) 3.20 eV (388 nm)c 0.81 D 0.0080 95.6%
emission 2.70 eV (459 nm) 2.57 eV (482 nm)d 1.57 D 0.0252 99.0%

solid absorption 3.30 eV (376 nm) N. A. 0.63 D 0.0050 95.0%
emission 2.71 eV (457 nm) 2.46 eV (505 nm)e 1.00 D 0.0103 98.6%

aThe experimental values (expt.) are given for comparison. bIn crystal, ref 28. cIn CH2Cl2 solution, ref 57, note that since the absoption data are not
available in THF solution in ref 30 these absorption data are the only available in solution experiment just for reference. dIn THF solution (4 μM),
ref 30. eIn THF/water mixture (1:9 by volume), ref 30.

Table 2. Calculated kr and kic (T = 300 K) for HPDMCb and
DCPP in Both Solution and Solid Phases

HPDMCb DCPP

300 K kr (s
−1) kic (s

−1) kr (s
−1) kic (s

−1)

solution 8.64 × 107 1.31 × 1011 7.98 × 106 1.01 × 106

solid 7.95 × 107 2.29 × 107 3.30 × 106 0.61 × 106
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that the different kic between the solution and solid phases
mainly result from the correlation function part. Assuming the
existence of only one promoting vibrational mode l accepting
energy of ℏωl, the rate can be expressed as log kic (ΔEif) ∝
−[ΔEif − (ℏjωl + ∑j≠l λj)]

2/2∑j≠l λj(2nj̅ + 1) under the short
time approximation,58−60 where n ̅j = 1/[exp(ℏωj/kBT) − 1] is
the phonon population. For both HPDMCb and DCPP, we
plot the log kic (ΔEif) parabola in Figure 1. It is seen that the
shape of the parabola depends on the relaxation energy ∑j≠l λj,
and the maximum appears at ΔEif = ℏωl + ∑j≠l λj.

23 For
HPDMCb and DCPP, the adiabatic energy gap Eif in solution
is close to those in solid. However, when going from solution to
solid state, ∑j≠l λj is significantly reduced for HPDMCb,
resulting in much narrower parabola, leading to ca. 4 orders of
magnitude decrease in kic, while for DCPP, ∑j≠l λj are close to
each other in solution and solid phases. Thus, λj is an essential
element to characterize both the extent of vibronic coupling
and the nonradiative energy dissipation.
The total relaxation energy λg(e) in the ground (excited) state

can be expressed as a sum λg(e) =∑j∈g(e) λj =∑j∈g(e) Sjℏωj. The
Huang−Rhys factor of the j-th mode, Sj, which measures the
vibrational quanta emitted or absorbed in the excited-state

relaxation process, can be calculated by the DUSHIN
program.60,61 λj versus the mode frequency ωj is depicted in
Figure 2. We find that for HPDMCb frequencies of the low-
frequency modes (<100 cm−1) become ca. 2−3-fold larger
upon aggregation, e.g., 24 and 51 cm−1 to 70 and 141 cm−1.
Correspondingly, their relaxation energies are largely reduced
from 94 and 21 meV to 26 and 14 meV, respectively (Table S9,
SI). This indicates that the low-frequency modes tend to be
suppressed by aggregation and lose the ability to dissipate the
excited-state energy nonradiatively. Namely, aggregation blocks
the efficient nonradiative decay channels in AIEgen dominated
by the low-freqency modes. The high-frequency modes (1000−
1800 cm−1) are also slightly blue-shifted, e.g., 1097 vs 1101
cm−1 and 1624 vs 1634 cm−1, and the relaxation energies show
a slight decrease. The atomic movement patterns of the above-
mentioned modes are shown in Figures S5 and S6 (SI). All the
above behaviors upon aggregation give rise to the decrease in
the total relaxation energies, leading to 4 orders of magnitude
reduction in the nonradiative decay rate where∑jλj appeared in
exponent. For DCPP, there are not any contributions of the
low-frequency modes (<100 cm−1) to the total relaxation
energies (Table S10, SI). Moreover, the relaxation energies in

Figure 1. Internal conversion rate kic versus the energy gap ΔEif in both the solution and solid phases for HPDMCb (a) and DCPP (b). The vertical
line indicates the position of the adiabatic energy gap Eif.

Figure 2. Calculated λj versus ωj in both the solution and solid phases for HPDMCb (a) and DCPP (b).
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the whole frequency region (100−1800 cm−1) are insensitive to
aggregation, which shows that aggregation changes none of the
nonradiative decay channels in the non-AIEgen and can hardly
affect the nonradiative rate of DCPP. The representative modes
for DCPP are also illustrated in Figures S7 and S8 (SI).
The aggregation effect on the mode’s relaxation dissipation

of the electronic excitation energy could be further visualized
through the RRS since its intensity is proportional to the mode
relaxation energy λj multiplied by its frequency ωj (see eq S18
in the SI). Both mode distortion and Duschinsky rotation
effects are included in the related RRS formula.62 Detailed
formalisms are shown in the SI. The Herzberg−Teller (HT)
contribution63,64 is not considered for the molecules presented
here because the transition of AIE-active HPDMCb is strong-
dipole allowed; although DCPP shows a relatively weak dipole
allowed transition due to its charge-transfer character with the
small HOMO−LUMO overlap, the HT contribution is still
quite small. This assumption is further validated via calculating
the vibrationally resolved emission spectrum of DCPP
including only the Franck−Condon contribution, taking
example of the solution phase, by using the thermal correlation
functional formalism60 implemented in the MOMAP44

program. It can be seen that the predicted line shape agrees
well with the fluorescence experiment (Figure S9, SI). The
incident wavelength for the RRS was chosen resonantly
corresponding to the adiabatic transition gap. For solution-
phase and solid-phase HPDMCb, 399 nm (3.11 eV) and 397
nm (3.12 eV) were adopted, respectively. For DCPP in
solution and in the aggregated state, 416 nm (2.98 eV) and 412
nm (3.01 eV) were used. Damping factor γ of 100 cm−1 and the
Lorentz broadening of 10 cm−1 for the delta function are
applied for all RRS calculations. We then plot the calculated
RRS in Figure 3 for HPDMCb and DCPP, in solution and in
solid phases, respectively. Immediately, one can find that for
HPDMCb the RRS lineshapes differ significantly in the low-
frequency region (<100 cm−1) between the solution phase and
solid state, while the lineshapes in the high-frequency region
(1000−1800 cm−1) look similar. The low-frequency peaks
show a remarkable blueshift (more than 40 cm−1) after
aggregation into the cluster, while the high-frequency peaks
shift slightly (less than 20 cm−1). For instance, peaks at 24, 51,
and 78 cm−1 shift to 70, 141, and 158 cm−1. The hypsochromic
shift in the low-frquency region indicates the restricted phenyl
motions in the solid phase. Meanwhile, the RRS intensities
σ(ω) of the low-frequency peaks with respect to the high-
frequency peaks decrease from the solution to solid state. From
the solution to solid phase, the hypsochromic shift for the low-
frequency peak with decreased relative RRS intensity indicates a
reduction in λj since ωj increases. The significant modes related
to the Raman peaks are described and illustrated in detail in
Figures S5 and S6 and Table S11 (SI). In solution, the low-
frequency mode of 24 cm−1 with the largest relaxation energy is
dominated by out-of-plane torsional movements of the phenyl
1,6,2,5-rings, while in the solid state the modes of 70 cm−1 are
dominated by 2,5,3,4-ring twisting. Such change again indicates
that twisting of phenyl 1,6-rings is restricted in the solid phase,
whereas for DCPP the RRS lineshapes are quite similar in the
solution state compared to the solid state, with minor shifts in
position (less than 20 cm−1) or intensity. The vibration
characteristics for the representative modes in the solid state are
the same as in the solution phase (Figures S7 and S8 and Table
S12, SI). For further contrast, we make a plot of [σ(ω)/ω] in
Figure S10 (SI), which indeed indicates good correspondence

with λj. It can be seen that, for HPDMCb, the proportion of the
low-frequency intensity to the integrated intensity is signifi-
cantly decreased by aggregation. In contrast, the low-frequency
regime for DCPP is not noticeable in both solution and solid
phases. Similarly, the contribution of the low-frequency
vibrations (<100 cm−1) to the total relaxation energy is largely
reduced from 27% (158 meV) in solution to 10% (55 meV) in
solid for HPDMCb but remains zero for DCPP (Tables S9 and
S10, SI). From the molecular structural relaxation analyses, it is
seen that the phenyl rings at the 1,6-positions of HPDMCb are
largely hindered in the solid phase, but the “locked” ring
motions of DCPP are not noticebly suppressed (Figure S11
and Tables S7 and S8, SI).
Figure 3 is depicted at the incident wavelength equal to the

electronic adiabatic transition energy gap. We have also plotted
RRS with other incident wavelengths, for instance, equal to the
vertical transition gaps (Figures S12 and S13, SI). We find that
although the line shape shows a slight modification the
spectroscopic charateristics of AIEgen, namely, the blue-shifted
frequency and decreased relative RRS intensity in the rigid
matrix compared to solution, distinctive from non-AIEgen, are
easily recognized.

IV. CONCLUSIONS
To summarize, we propose to use resonance Raman spectros-
copy to test the validity of the restricted nonradiative
intramolecular relaxation hypothesis in explaining the mecha-
nism of aggregation-induced emission enhancement, through
comparing the spectroscopic features for AIEgen and non-

Figure 3. Calculated RRS in both solution and solid phases for
HPDMCb (a) and DCPP (b).
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AIEgen. This work demonstrates the potential of RRS for the
characterization of the nonradiative dissipation channels in the
electronic nonadiabatic transition processes and the aggregation
effects. The fluorescence of molecular aggregates is a complex
interplay between intramolecular (radiative and nonradiative)
and intermolecular (energy transfer, charge transfer, intermo-
lecular arrangement, and chemical contamination) pathways.
This work emphasizes the intramolecular process. It shows that
if the AIE phenomenon is indeed caused by the restricted
nonradiative intramolecular relaxation the low-frequency peaks
in RRS would hypsochromically shift (more than 40 cm−1) to
higher wavenumbers, along with decreased intensities relative
to the high-frequency peaks in due course. The main advantage
of the method presented here is the capacity to unveil the
vibronic coupled electronic process beneath the resonance-
enhanced Raman signals, which opens a new perspective and
builds a direct bridge of understanding the photophysical
characteristics. The excitonic effect as well as charge transfer
delocalization processes considering the spectroscopy and
nonradiative decay rates of multichromophoric aggregates are
currently under investigation.
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