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Abstract: It is a highly desirable but difficult task to predict the molecular fluorescence quantum efficiency
from first principles. The molecule in the excited state can undergo spontaneous radiation, conversion of
electronic energy to nuclear motion, or chemical reaction. For relatively large molecules, it is impossible to
obtain the full potential energy surfaces for the ground state and the excited states to study the excited-
state dynamics. We show that, under harmonic approximation by considering the Duschinsky rotation effect,
the molecular fluorescence properties can be quantitatively calculated from first principles coupled with
our correlation function formalism for the internal conversion. In particular, we have explained the peculiar
fluorescence behaviors of two isomeric compounds, cis,cis-1,2,3,4-tetraphenyl-1,3-butadiene and 1,1,4,4-
tetraphenyl-butadiene, the former being nonemissive in solution and strongly emissive in aggregation or at
low temperature, and the latter being strongly emissive in solution. The roles of low-frequency phenyl ring
twist motions and their Duschinsky mode mixings are found to be crucial, especially to reveal the temperature
dependence. As an independent check, we take a look at the well-established photophysics of
1,4-diphenylbutadiene for its three different conformers. Both the calculated radiative and nonradiative rates
are in excellent agreement with the available experimental measurements.

1. Introduction

Molecular fluorescence properties are important in chemistry
both for applications in materials science (organic light-emitting
materials for example1) and for biological systems. Lumines-
cence is dictated by the excited-state dynamics, namely, by the
competition between radiative decay and the nonadiabatic
processes.2 The nonadiabatic quantum dynamics theory is so
far limited to small molecules with 2 or 3 atoms,3 which is still
not practical for molecular design of luminescent materials. The
purpose of this contribution is to apply the nonradiative decay
rate formalism in the context of correlation function considering
the Duschinsky rotation effect4 to predict the luminescent
properties through first-principles calculations for relatively large
molecules.

The displaced harmonic oscillator approximation has been
widely used, for instance in Marcus theory5 to describe many
different dynamic processes, such as electron transfer and energy
transfer in complex systems. However, this approach has
assumed that the excited state and the ground state possess the
same parabolic potential energy surfaces, except for a rigid
displacement in the origins of the normal mode coordinate.6

Duschinsky rotation effect (DRE) has been found to play an
important role in absorption and emission spectra, as seen from
the formalism developed by Yan and Mukamel.7 Pollak and
co-workers presented the correlation function formalism of DRE
to investigate the excited-state cooling effects for the emission
process.8 It should be pointed out that the correlation function
formalism is nontrivial in the sense that it can not only give
the analytic formula for harmonic oscillators but also present a
framework to include multimode mixing effects and the
anharmonicity as well as other complicated quantum dynamics
problems.9 The present work is based on a correlation function
formalism of DRE for the internal conversion rate. We will show
that a quantitative prediction of molecular luminescent properties
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can be achieved. Especially, we will point out that considering
the DRE is crucial for a correct description of the temperature
dependence of luminescence phenomena. The DRE has been
taken into account in the studies of optical absorption and
emission,10-13 resonant Raman spectra,14-16 energy transfer
processes,17-19 and the nonradiative decay20,21 of small mol-
ecules with limited mode mixings. To the best of our knowledge,
this work is the first first-principles study on the nonradiative
decay for relatively large molecules with unlimited mode
mixing. Most importantly, quantitative predictions of the
quantum yields both for fluorescence and for internal conversion
are demonstrated for several cases. The exotic aggregation
induced emission phenomena is explained based on the detailed
analysis on the exciton-vibration coupling and the internal
conversion.

2. Methodology

We first consider two isomeric compounds,cis,cis-1,2,3,4-tetraphe-
nyl-1,3-butadiene (compound1) and 1,1,4,4-tetraphenyl-butadiene
(compound2); see Figure 1. Both are excellent light-emitting materi-
als.22 At room temperature, compound1 is nonemissive in organic
solution, while compound2 is highly emissive. In addition, compound
1 becomes strongly emissive when lowering the temperature fromT
) 300 to 77 K, or in the solid state,22 in sharp contrast to the general
behavior of solid-state luminescence quenching. This exotic behavior
has been termed as “aggregation induced emission” (AIE) and has been
found in many luminescent systems.23 Our previous studies, more
qualitative than quantitative, on AIE phenomena concluded that the
nonradiative decay rate can be fully suppressed when going from
solution phase to solid state, because of the restriction of the side-

phenyl ring twisting motion, which consists mostly of low-frequency
modes (around 100 cm-1).24,25 It is important to point out that, in
general, low-frequency motions exhibit strong mode mixings, namely,
DRE.

The DRE expresses the excited-state vibrational normal mode
coordinates as a linear combination of those of the ground state:

S is called the Duschinsky matrix, andDi is the i-th normal mode
coordinate displacement. A brief description of our new formalism is
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Figure 1. Molecular structures of the two compounds.

Figure 2. Schematic description of Duschinsky rotation potential energy
surface.
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given in the Supporting Information. A schematic representation of
DRE is shown in Figure 2.

The photoluminescence efficiency can be expressed as

wherekr is the radiative decay rate andknr is the nonradiative decay
rate. The former can be evaluated through the Strickler-Berg (SB)
equation26

whereυi0ffa is the frequency of the spontaneous transition from the
initial state (usually the first excited state) to the final state (usually
the ground state);µ is the electric transition dipole moment between
the two states;Θi0 andΘfa are the vibrational functions for the initial
and final states, respectively;h is the Planck constant; andc is the
speed of light in vacuum. It is straightforward to show that if there is
no displacement for the two electronic states potential energy surface,
the SB equation goes exactly to the conventional Einstein spontaneous
emission formula, which is valid only for a two-level system.

Here, we consider a system consisting of a collection of harmonic
oscillators, that is,

and use the relations

We obtain

Sj is the Huang-Rhys factor for thej-th mode.
In general, there are three major pathways for the nonradiative

decay,2 i.e., (i) internal conversion (kIC) from S1 to S0, (ii) an intersystem
crossing process (kISC) from a singlet manifold to a triplet, and (iii) the
charge separation (kCT) during the photoisomerization process occurring
in the excited state, often assisted by solvent. The luminescence
properties are indeed determined by the competition of thesek’s.

First, we note that both compounds considered in this work are
strongly fluorescent at low temperature, which do not show any
phosphorescence atT ) 77 K. For the rigid planarpi-conjugated
molecules like anthracene, the radiative decay is comparable with
intersystem crossing (∼107 s-1), and at low temperature, phosphores-
cence was observed.2 In general, for a flexible molecule containing
phenyl rings, the internal conversion becomes much faster than the
rigid molecules, and the intersystem crossing process cannot compete.
We thus do not consider this deactivation process in the nonradiative
decay.

Second, we perform a density functional theory (DFT/B3LYP/6-31
g*) to optimize the first excited state (time-dependent DFT formulation)
and the ground state geometries, as well as to calculate the oscillator
strengths, vibrational normal modes, and transition energies, for the

two compounds using the Turbomole package.27 Previous studies
showed that time-dependent DFT methodology is quite accurate for
the low-lying excited states even for large molecules.28 We found that
the radiative decay rates are 4.80× 108 s-1 and 3.92× 108 s-1 for
compounds1 and 2, respectively. As an independent check, our
theoretical value for anthracene is calculated to be 3.75× 107 s-1, which
is very close to the experimental value of∼5 × 107 s-1.2 This indicates
that the radiative decay rate calculated here using the Strickler-Berg
formulation is quite reasonable.

It has been well-established that in tetraphenylethylene (TPE), which
looks similar in structure to both compounds in Figure 1, the excited-
state energy dissipation through ultrafast spectra measurements by
Wiersma and collaborators is found to be mainly through torsion-
induced charge separation in the excited-state potential energy surfaces,
where a conical intersection occurs to convert S1 to a zwitterionic
intermediate state through phenylene twistings.29 However, we note
that compound2, which is closer in structure to TPE, is strongly
emissive both in solution and in the solid state. This indicates that the
kCT pathway should not be the origin of explanation of the exotic
luminescence behaviors. We note that, from the calculatedkr’s
themselves, the difference is not so significant as to decide which
compound is emissive or not. Thus we resort to the IC mechanism in
this work. As a matter of fact, the flexible molecules like1 and2 allow
IC much faster than in the case of the rigid ones because the ease of
energy dissipation through vibration: in the rigid planar anthracene
molecule, the IC process can be completely neglected.2

The normal mode displacements and the Duschinsky rotation matrix
are calculated using the DUSHIN program developed by Weber, Cai,
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Table 1. Bond Length (Å) and Dihedral Angle (deg) Modifications
from S0 to S1 As Calculated by DFT Approach for the Two
Compounds

S0 S1

L (C1-C2) 1.3660 1.4191
L (C4-C5) 1.3660 1.4198
L (C4-C2) 1.4872 1.4428
L (C1-C29) 1.4705 1.4334
L (C5-C40) 1.4705 1.4330

compound1 L (C2-C7) 1.4984 1.4812
L (C4-C18) 1.4984 1.4809
D (C1-C2-C4-C5) -167.17 -145.42
D (C2-C1-C29-C31) 21.01 15.73
D (C1-C2-C7-C9) 70.29 38.01
D (C5-C4-C18-C20) 70.42 37.77
D (C4-C5-C40-C42) 20.99 16.63
L (C1-C5) 1.3687 1.4308

L (C3-C6) 1.3687 1.4310
L (C4-C2) 1.4463 1.3972
L (C5-C7) 1.4872 1.4592
L (C6-C29) 1.4872 1.4592

compound2 L (C5-C18) 1.4950 1.4647
L (C6-C40) 1.4950 1.4647
D (C5-C1-C3-C6) -180.00 -179.22
D (C1-C5-C7-C8) -30.52 -23.76
D (C1-C5-C18-C20) -58.46 -38.12
D (C3-C6-C40-C42) 58.43 37.87
D (C3-C6-C29-C30) 30.53 23.82
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and Reimers.30 The vibronic couplings are calculated at the semiem-
pirical INDO/MRDCI31 level. Then, the final internal conversion rate
from S1 to S0 is calculated using the formula given in Supporting
Information.4

3. Results and Discussion

In Table 1, we give some major geometric modifications upon
excitation for the two compounds. From the optimized geometry
data of the ground and excited states for the two compounds,

two important geometric modifications when going from S0 to
S1 should be noted: (i) the two mid-phenyls in both compounds
are twisted, ca. 30° in compound1 and ca. 20° for compound
2; (ii) the main conjugation backbone of butadiene of compound
1 is becoming more nonplanar, with a dihedral angle sharply
varying from 167° to 145°, while, for compound2, it is planar
for both the excited and the ground states. These features tell
us that the difference in the potential energy surfaces for the
two electronic states should play an important role in the
dynamical process. In addition, we find that the steric hindrance
between the phenyls at the 2 and 3 sites of butadiene of
compound1 makes the two double bonds not fully planar and
decreases the conjugation of the whole molecule, while the
butadiene in compound2 is almost fully planar.

Huang-Rhys (HR) factors characterize the modification of
vibrational quanta (absorbed or emitted) when going from one
electronic state to another, which are important for determining
the internal conversion rate.24,25These are calculated according
to the quantityD in eq 1,HRj ) (ωj Dj

2)/2p, and are depicted
in Figure 3 for the two compounds. It is clearly seen that (i)
the modes with large HR factors (>1.0) all appear at the low-
frequency regime for both compounds; (ii) the HR factors in
general for compound1 (with maximum value of 47.7) are much

(30) (a) Weber, P.; Reimers, J. R.J. Phys. Chem. A1999, 103, 9830-9841. (b)
Cai, Z. L.; Reimers, J. R.J. Phys. Chem. A2000, 104, 8389-8408.
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2026-2033. (b) Ridley, J.; Zerner, M. C.Theor. Chim. Acta1973, 32,
111-134.

(32) (a) Dahl, K.; Biswas, R.; Maronceli M.J. Phys. Chem. B2003, 107, 7838-
7853. (b) Velsko, S. P.; Fleming, G. R.J. Chem. Phys.1982, 76, 3553-
3562. (c) Gehrke, C.; Mohrschladt, R.; Schroeder, J.; Troe, J.; Vohringer,
P. Chem. Phys.1991, 152, 45-56.

(33) Yee, W. A.; Horwitz, J. S.; Goldbeck, R. A.; Einterz, C. M.; Kliger, D. S.
J. Phys. Chem.1983, 87, 380-382.
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104, 4507-4514.

Figure 3. Calculated Huang-Rhys factors versus the normal mode wave
numbers for compounds1 and2.

Figure 4. Scheme for the normal mode displacement vectors for vibrations
at 46.2 cm-1 (side ring twisting) and 1626.8 cm-1 (double bond stretching).
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larger than those for compound2 (with maximum value of 12);
and (iii) the double bond stretching modes at 1626.8 cm-1 and
1572.0 cm-1 possess HR factors 0.41 and 0.33 for compounds
1 and 2, respectively. Such features strongly indicate the
importance of DRE, because DRE occurs most notably for the
low-frequency modes. For the sake of clarity, we show in Figure
4 the normal mode displacement vectors for vibrations at 46.21
cm-1 and 1626.82 cm-1, the former being side-ring twisting
and the latter being the double-bond stretching.

Selected reorganization energies (>10 cm-1), the correspond-
ing vibrational frequencies, and the displacement for compound
1 and compound2 are shown in the Supporting Information.
The total reorganization energy for the first excited electronic
state is 8528 cm-1 for compound1, and it is 4114 cm-1 for
compound2; the contribution of the low frequency (<100 cm-1)
modes to the total reorganization energy is more than 50% in
compound1 and about 37% in compound2. There is only one
high-frequency mode (double bond stretching mode) with a large
reorganization energy in both compounds, 1626.8 cm-1 for
compound1 and 1629 cm-1 for compound2. The nonzero
elements of the Duschinsky rotation matrix for low frequency
(<100 cm-1) modes for compound1 are displayed in the
Supporting Information. In the IC rate formula, there are two
contributions: the electronic coupling and the nuclear motion.
Selected values of the electronic part for both compounds are
presented in Table 4 in the Supporting Information. Figure 5
shows the calculated temperature dependence of the nuclear part

of the IC rate of the nonradiative transition S1 f S0 of
compound1 with and without DRE. It can be clearly seen that
with DRE, the IC rate increases 700 times fromT ) 70 to 300
K. If DRE is neglected, it goes up approximately 7-fold. We
note that, for compound1, the photoluminescence peak intensity
is indeed enhanced by about 3 orders of magnitude when
lowering the temperature from room temperature to 70 K.20 Thus
our results with DRE are in qualitative agreement with experi-
ment. In fact, the IC rate is proportional to the delta-function
(energy conservation) weighted Franck-Condon overlap factor
between the two electronic states. It is null if there is no normal
mode coordinate displacement. Once there is a displacement,
the overlap occurs among vibrational states. Since the modes
are independent harmonic oscillators, the overlap can only
happen within different quantum states of the same mode. The
temperature populates the states with larger quanta of vibration,
thus increasing the overlap. Once there is a rotation, then in
addition to overlaps within the same mode the overlaps start to
spread out and to occur between different modes. When
temperature is increased, the spread-out effect becomes more
and more pronounced due to the vibrational state redistribution
to higher quanta and higher frequency modes. This qualitatively
explains the more pronounced temperature dependence due to
DRE.

The large contribution of the low-frequency modes to the IC
rate as in the case of siloles is the major issue in revealing the
mechanism for AIE phenomena,24,25 namely, in the molecular
aggregate state. Those low-frequency motions of the side-phenyl
rings are hindered, and thus their contributions to the IC rate
are strongly suppressed, leaving the radiative decay to be
dominant. A complete analysis of the aggregation is beyond
the current computational capabilities. However, our results do
provide detailed insights for understanding the AIE mechanism.

Figure 5. Temperature dependence of internal conversion rate constants
of the nonradiative transition from the first excited to ground state of
TPBD: (a) without DRE and (b) with DRE.

Table 2. IC Rate Constants (in s-1) from S1 f S0 of Both
Compounds at 70 and 300 Ka

T (K) compound 1 compound 2

70 1.12× 107

(1.80× 108)
1.26× 105

(2.24× 105)
300 1.09× 1010

(1.23× 109)
1.86× 106

(5.33× 105)

a The values neglecting DRE are given in parentheses. The radiative
decay constants are 4.80× 108 s-1 and 3.92× 108 s-1, respectively, for
compound1 and2.

Figure 6. Molecular structures of three DPB conformers.

Table 3. Calculated Radiative and Nonradiative Transition Rates
from the First Excited State to the Ground State of DPB at 300 Kd

kr (s-1) knr (s-1)
trans,trans-DPB 9.58× 108

(1.4× 108-9.00× 108),a

(5 × 108-7 × 108)b

1.19× 109

(0.6× 109-6.2× 109)a

(0.8× 109-1.8× 109)c

cis,trans-DPB 6.64× 108 2.84× 1012

cis,cis-DPB 7.74× 108 9.16× 1011

a Reference 32, measured in a variety of alkane and perfluoroalkane
solvents.bReference 33, solvent is 3-methylpentane.cReference 32, solvent
is 3-methylpentane.dThe available experimental data are given in paren-
theses ranging in different solvents.
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We give in Table 2 the calculated IC rate constants of both
compounds atT ) 70 and 300 K, with and without DRE. It is
seen from Table 2 that (i) in compound1, there would be no
fluorescence at room temperature just because the radiationless
rate (1.09× 1010 s-1) is much larger than the radiative decay
rate (4.80× 108 s-1); (ii) without considering DRE, it would
be concluded that fluorescence could occur for compound1 at
room temperature due to the proximity of the radiationless rate
(1.23 × 109 s-1) to the radiative rate (4.80× 108 s-1); (iii)
strong fluorescence (knr , kr) is well reproduced for compound
2 in the range of temperature 70-300 K, in good agreement

with the experiment. These results indicate that quantitative
prediction of molecular fluorescence quantum efficiency can
be achieved through first-principles calculation.

To further demonstrate the robustness of the approach and
validity of the above conclusion, we then apply our approach
to calculate the well-known photophysical properties for 1,4-
diphenyl-butadiene (DPB) (see Figure 6) conformers. Tables 3
and 4 present the comparison of our theoretical values with the
available experimental results. All the calculations have been
performed at the same level as the previous cases. We note that
in ref 35, there are two kinds of quantum yields: the internal
conversion and the twisting. In the way we calculated the
internal conversion rate, all the twisting modes are included in
the DRE formalism. Thus we believe that the calculated internal
conversion yield can be compared with the sum of the
experimental quantum yields of the internal conversion and the
twisting in ref 35. The agreement between our theory and the
experiment is amazingly good. One point worth noting is that
both refs 34 and 35 showed that the intersystem-crossing rate
is very low in this system, which fully justifies our assumption
in eq 2.

From Tables 3 and 4, it can be seen that both the radiative
and internal conversion rates and the quantum yields for the

Table 4. Comparison of Our Calculated and the Experimentally
Measured Quantum Yields for DPBsd

tt-DPB ct-DPB cc-DPB
fluorescence

quantum yield
0.44
(0.42)a

2.34× 10-4

(<10-3)c
8.44× 10-4

(<10-3)c

intersystem-crossing
quantum yield

NA
(0.02)b

NA
(<0.01)c

NA
(0.01)c

internal conversion
quantum yield

0.56
(0.22+ 0.34)c

1.00
(0.16+ 0.84)c

1.00
(0.20+ 0.80)c

a Reference 33.bReference 34.cEstimated quantum yields of twisting
+ internal conversion in ref 35.dThe experimental data are given in
parentheses.

Figure 7. Potential energy surfaces of compound1 (O) obtained from DFT versus harmonic oscillator (solid line with cross) for the two low-frequency
modes. (a) ground state energy versus the fifth mode (46.2 cm-1) coordinate; (b) excited-state energy versus the fifth mode (71.3 cm-1) coordinate; (c)
ground state energy versus the sixth mode (56.7 cm-1) coordinate; (d) excited-state energy versus the sixth mode (85.2 cm-1) coordinate.
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photophysical processes are in excellent agreement with the
existing well-established experiments. In addition, our calcula-
tions can fill in the experimental blanks; for instance, the rate
values for ct- and cc-DPB are not known to the best of our
knowledge. Especially, the different photophysical behaviors
of the three conformers can be fully rationalized through our
theoretical analysis. We find that, for the three conformers, (i)
the radiative transition rates are almost the same and (ii) the
internal conversion rate fortrans,trans-DPB is much smaller
than those ofcis,trans- andcis,cis-DPB. Thetrans,trans-DPB
has a planar ground state geometry and a near-planar excited-
state geometry. However, the other isomers have nonplanar
geometries in both electronic states. Furthermore, there exist
large Huang-Rhys factors forcis,trans-DPB (S) 3.6) and for
cis,cis-DPB (S ) 5.1), corresponding to the low-frequency
rotation of the phenyl ring, while all the Huang-Rhys factors
are much smaller (S< 0.38) intrans,trans-DPB. As we pointed
out earlier, the rotation of phenyl ring contributes largely to
internal conversion processes.

Finally, we caution that even though the difference in the
potential energy surface for the ground state and the excited
state has been considered in our approach, the harmonicity is
still assumed. We illustrate in Figure 7 the comparison between
the harmonic oscillator potential and the point-by-point numer-
ical (DFT) calculations for the two important low-frequency
modes for TPBD. It is seen that the deviations from the
harmonic oscillator are sizable for large normal mode displace-
ments. We note that, for the absorption or emission process,
the energy gap between initial and final states can be mediated
by the photon energy, which makes the anharmonicity contribu-
tion to the Franck-Condon factor much less than that in the
present case; namely, the deviations from the minima of surfaces
are minor for the former but very remarkable for the latter. The
second-order cumulant expansion or the variationally optimized
harmonic oscillators36 can be applied to treat the anharmonicity
problem in the present correlation function formalism. However,
the fundamental problem here is that we need either exact or
approximate potential energy surfaces for both the excited and
ground states: for such a big molecule, it is out of the reach of
present quantum chemistry theory. Work is in active progress
in our group in this direction.

In addition, since the low-frequency contributions are found
to be essential, the rotation-vibration coupling which has been
neglected in the normal mode calculations might also play a
role. Apart from these simplifications, when compared with the
commonly applied displaced harmonic oscillator model, this

work represented an interesting leap forward. Especially, for
the first time, Duschinsky rotation is found to make a big
difference in the temperature dependence of the IC process, and
the numerical results for TPBDs can well rationalize the exotic
photophysical behaviors. Whether the conclusion can survive
anharmonicity or rotation-vibration coupling, etc. is an intrigu-
ing issue, which deserves further study.

4. Summary

To summarize, we have applied the correlation function
formalism for the nonradiative decay (internal conversion)
process from the excited state to the ground state with DRE to
quantitatively calculate the molecular fluorescence quantum
efficiency. It is found that the inclusion of DRE is crucial to
describe the temperature dependence of the IC rate for a
relatively large molecule (TPBD) when low-frequency modes
are important; that is, we find approximately a 700 times
increase in the IC rate whenT increases from 70 to 300 K. The
peculiarly different fluorescence behaviors forcis,cis-1,2,3,4-
tetraphenyl-1,3-butadiene and 1,1,4,4-tetraphenyl-butadiene have
been explained quantitatively. It is found that the low-frequency
mode motions for compound1 contribute largely to the
nonradiative decay, in other words, largely dissipate the excited-
state energy. These could be easily suppressed by aggregation.
When applying our formalism for the known DPB conformers,
very nice agreements with experiments have been found for
both the rates constants and the quantum yields. This indepen-
dently confirms the reliability of the quantitatively predictive
nature of our approach for molecular fluorescence properties.
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