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Triplet-triplet energy transfer in fluorene dimer is investigated by combining rate theories
with electronic structure calculations. The two key parameters for the control of energy
transfer, electronic coupling and reorganization energy, are calculated based on the diabatic
states constructed by the constrained density functional theory. The fluctuation of the
electronic coupling is further revealed by molecular dynamics simulation. Succeedingly, the
diagonal and off-diagonal fluctuations of the Hamiltonian are mapped from the correlation
functions of those parameters, and the rate is then estimated both from the perturbation
theory and wavepacket diffusion method. The results manifest that both the static and
dynamic fluctuations enhance the rate significantly, but the rate from the dynamic fluctuation
is smaller than that from the static fluctuation.
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calculations for the electronic coupling and reorganization energy with Marcus rate formula, he has calculated
the TTET rate. This theoretical investigation is helpful
to understand the relationship between the molecular
structure and energy transfer yield.
In the present work, we also focus on the TTET between fluorenes. However, we dominantly investigate
the dynamic disorder effect on the TTET, which is different from Voityuk’s one [9]. Concretely, we use a
wavepacket diffusion method proposed by us to incorporate the dynamic disorder. The approach is beyond
the perturbation theory and especially suitable when
the dynamic disorder becomes strong. Meanwhile, the
partial quantum effect of the nuclear motions can be
incorporated compared to the classical molecular dynamics (MD) simulation.

I. INTRODUCTION

Energy transfer is widely involved in many different
areas from biological to chemical reactions, leading to
a remarkable interest in both theory and experiment
[1−7]. In typical organic electronics, the energy transfer is a key process and the charge injection generally
leads to a 3:1 ratio of triplet to singlet excitons by spin
statistics, which implies that 75% of the created excitons will be phosphorescent rather than luminescent.
Furthermore, the engineering greater fractions of triplet
excitons might be a route to improve the short singlet
exciton diffusion lengths. Therefore, the triplet-triplet
energy transfer (TTET) becomes significant in the design of organic photovoltaic devices.
Recently, Weis et al. have synthesized a series of πstacked molecules consisting of a benzophenone donor,
three fluorene bridges, and a naphthalene acceptor, and
measured the TTET rates from benzophenone to naphthalene across the fluorene bridges [8]. It is found that
TTET has a crossover from single-step tunneling to
multi-step hopping with the increasing of the bridge
length. Theoretically, Voityuk has investigated TTET
rate between adjacent fluorenes, shown in Fig.1, in a
short π stack [9]. Combining the quantum chemistry
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FIG. 1 Structure of the fluorene dimer optimized at the
B3LYP/6-31G∗ level.
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It is known that the flexibility of the spacer or linker
between the energy donor and accepting groups has significant effects on the mechanism and rates of energy
transfer. For instance, in the study of the mobility in
organic crystals, the calculations from ab initio method
and classical MD have demonstrated that the averaged
value of the electronic coupling and its thermal fluctuation are of the same order of magnitude [10]. It manifests that the charge carrier is localized by the dynamic
off-diagonal disorder which is quite different from the
localization due to the reorganization energy. The predicted mobility shows bandlike property and the mean
free path has a reasonable value. Recently, we have
proposed the analytical rate expressions involving the
dynamic disorder with use of Fermi’s golden rule, and
found that the Marcus parabolic shape is dramatically
changed [11]. In this work, therefore, we reveal this
effect on the TTET rates in the fluorene dimer.
Another purpose of the present paper is to find out
an easy, and accurate way to calculate the electronic
coupling and reorganization energy, which are two key
parameters for the control of energy transfer. It is
known that these parameters are heavily dependent on
the choice of the diabatic states. Voityuk [9] has used
the fragment excitation difference (FED) approach proposed by Hsu [12]. In this work, we use the constrained
density functional theory (CDFT) approach [13, 14]
where the net spin on the part of donor and acceptor can be easily constrained, and the diabatic states
can be explicitly performed. Moreover, we investigate
the mode-specific reorganization energy, which can reveal the more detailed structure-property relationship
of the devices.
In this work, we briefly summarize the wavepacket
diffusion method for dynamics with disorder and electronic structure methods for the calculations of electronic coupling and reorganization energy.
II. COMPUTATIONAL METHODS
A. Wavepacket diffusion method

H(t) =

2
X

[εii + Vii (t)] |ii hi| +

i=1
2
X

[εij + Vij (t)] |ii hj|

i6=j
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where εii and εij (i6=j) are the static site energies and
electronic couplings between sites respectively, and the
fluctuations of the site energies and electronic couplings
are denoted by Vii (t) and Vij (t) respectively. It is easily
demonstrated that these time-dependent fluctuations
correspond to the quantum electron-phonon interactions in the interaction representation. In the classical
approximation, Vii (t) and Vij (t) can be created from
their spectral density functions [17−19].
H(t) =

N p
√ X
2
2G(ωn )∆ω cos(ωn t + φn )

(1)

(2)

n=1

where the spectral density function G(ω) is correlated
by the correlation function,
Z +∞
1
Gcl (ω) =
dt exp(iωt)Ccl (t)
2π −∞
Z +∞
1
=
dt exp(iωt) hδV (t)δV (0)i (3)
2π −∞
here, the fluctuation of the electronic couplings δV (t)
can be obtained from the MD simulation. Their correlation functions are defined by
Ccl (t) = hδV (t)δV (0)i

(4)

where the brackets hi represent the fluctuation average.
However, it is noted that the correlation function should
be complex generally and satisfy the detailed balance.
To incorporate this quantum effect, one may modify the
classical spectral density function by [20],
G(ω) =

2Gcl (ω)
1 + exp(−β~ω)

(5)

where β=1/(kB T ) and T is temperature. Once the
time-dependent Hamiltonian elements are constructed,
the charge carrier dynamics can be obtained by solving
the Schrödinger equation,
i~

A time-dependent wavepacket diffusion method is
originally proposed to deal with charge transport in organic crystals. It can be straightforwardly applied to
the TTET. In the approach, electron-phonon interactions in both site energies and electronic couplings are
incorporated by the time-dependent fluctuations that
are generated from the corresponding spectral density
functions. Here, we outline the working expression.
The Hamiltonian for a dimer can be written as follows
[15, 16]:
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∂ϕ(t)
= H(t)ϕ(t)
∂t

(6)

The formal solution of the wave function ϕ(t) is written
by
ϕ(t) = U (t)ϕ(0)
·
¸
Z
i t
= T exp −
H(t0 )dt0 ϕ(0)
~ 0

(7)

where U (t) is the time-evolution operator and T is
the time-ordering operator. Numerically, the timeevolution operator is commonly splitted into small increments of duration ∆t in which the variation of the
Hamiltonian operator is small. Thus, U (t) is expressed
as
U (t) =

N
−1
Y

U [(n + 1)∆t, n∆t]

(8)

0
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where ∆t=t/N and

B. Reorganization energy and electronic coupling

·
¸
i
U (t + ∆t, t) = exp − H(t)∆t
~

(9)

here, we expand U (t) with Chebyshev polynomials for
the propagation [21, 22] and the short time propagator
is written as
µ
¶
+∞
X
a∆t
U (t + ∆t, t) =
exp −i
hn in Jn ·
~
0
¶ ·
¸
µ
b∆t
H(t) − a
Tn
−
(10)
~
b
where Tn is the first-kind Chebyshev polynomials, Jn is
Bessel functions, the energy spectrum of H has the interval [a−b, a+b], and h0 =1, hn =2 (n>0). The higherorder Tn can be obtained by the recursive relation.
Expanding the wave function in the site representation
ϕ(t) =

N
X

ci (t) |ii

(11)

i

one may obtain coefficients ci (t) from initial values
ci (0). Therefore, the population dynamics ρii (t) on the
ith site, i.e., wavepacket motion, is straightforwardly
given by
ρii (t) = hc∗i (t)ci (t)i

(12)

where hi represents the statistic average.
As the electronic population dynamics shows the exponential relaxation toward the equilibrium state, the
TTET rate is described by the following kinetic equations [23],
·

ρ11 (t) = −k1 ρ11 (t) + k2 ρ22 (t)
·

ρ22 (t) = k1 ρ11 (t) − k2 ρ22 (t)

(13)
(14)

where k1 and k2 are the forward and back TTET rate,
respectively. For the symmetric systems, the forward
and back rate are the same and the above kinetic equations are rewritten by
·

P (t) = −2k1 P (t)

(15)

·

k1 (t) = −

1 P (t)
2 P (t)

(16)

here, the population difference P (t)=ρ11 (t) − ρ22 (t). As
long as the above definition of rate is meaningful, the
time-dependent decay rate k1 (t) will reach the plateau
value after a certain time tp . This asymptotic value
corresponds to the TTET rate kTTET ,
kTTET = lim k1 (t)
t→tp

=−

1
d ln P (t)
lim
t→t
2
dt
p
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(17)

It is known that the spectral density functions of the
fluctuations of the diagonal and off-diagonal elements
in the Hamiltonian are explicitly correlated to the reorganization energy and electronic coupling. We show
here electronic structure methods for their calculations.
The reorganization energy in TTET is the energy cost
due to geometry modifications to go from a triplet to
a singlet states and vice versa. Therefore, it is not
sensitive to the geometric arrangements between two
monomers. An easy way to calculate the reorganization
energy is the four-point technique proposed by Nelsen
[24], which has been identified as a reliable tool by our
previous study on the electron transfer (ET) process in
organic radicals [25, 26]. For this neutral TTET process, the molecule is splitted into the neutral triplet
donor and singlet acceptor parts which are calculated
separately or can be taken as a whole to calculate. If
we use opt and fc to represent the optimized states and
Franck-Condon excited states, the spin multiplicity is
labeled as the superscript, and the reorganization energy is then given by
T
T
λ = [E(Dfc
) − E(Dopt
)] + [E(ASfc ) − E(ASopt )] (18)

where S and T represent the optimized geometries of
singlet and triplet state, respectively. Alternatively, the
reorganization energy can be calculated by
λ=

1X 2
ωi ∆Qi 2
2 i

(19)

where ∆Qi represents the normal-mode coordinate shift
between the donor and acceptor states, and ωi represents the frequency for the ith mode. This modespecific reorganization energies are more interesting because they can reveal significant modes for the contributions of TTET. In addition, they explicitly relate to
the dynamic disorder of the site energies. In the numerical calculation, the frequency of each mode can be
obtained at the optimized geometry from many ab initio software packages, and ∆Qi can be obtained by the
matrix transformation techniques [27−31].
For the electronic coupling, however, the conformational changes dramatically affect its value. To obtain
the dimer geometries for the calculation of the electronic
coupling as well as its correlation function, we employ
the standard NVE ensemble protocol and the program
AMBER to implement the MD simulation [32]. To
increase the accuracy, the fluorene dimer is optimized
at the B3LYP/6-31G∗ level instead of the HF/6-31G∗
with Gaussian 09 program [33]. After the RESP atomic
charges at the B3LYP/cc-pVTZ level [34] are obtained,
the MD simulation is performed as follows: 10 ps simulation at 300 K, 1 fs integration step, GAFF force field
[35], cutoff of 15 Å for nonbonded interactions. During
the simulation, 1000 snapshots separated by 50 fs are
saved for the electronic coupling calculations.
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At a given geometry, the electronic coupling is commonly calculated from the diabatic representation and
the adiabatic representation. For example, the FED
[12] and the fragment spin difference (FSD) approaches
[36] are from the adiabatic-based way. Alternatively,
the CDFT approach is based on the diabatic representation. In the adiabatic-based approaches, one has to
carefully select the proper excited states as well as transition densities from CIS/TDDFT. If the incorrect adiabatic states are chosen, the diabatic-adiabatic transformation will fail to yield the appropriate electronic
coupling. On the contrary, the diabatic-based approach
may easily constrain the spin or charge to generate the
diabatic states. In this work, we choose the CDFT
method which can be straightforwardly used to calculate the electronic coupling for TTET, although other
methods are also used for a purpose of comparison. In
the CDFT, it is easy to constrain the spin up and spin
down densities in a measure of the net spin on the part
of donor and acceptor. Once the spin is localized on
the fragments, i.e., the diabatic states, the electronic
coupling can be obtained by
Vrp =

Hrp − Srp (Er + Ep )/2
1 − Srp 2

(20)

where Er and Ep are the diabatic state energies, Hrp
and Srp are the electronic coupling and the overlap matrix of the diabatic state respectively,
Hrp = hDT A|Ĥ|DAT i
T

T

Srp = hD A | DA i

(21)
(22)

In the process of TTET, DT A and DAT are corresponding to the triplet states which localized on the donor and
acceptor molecule, respectively.

III. NUMERICAL RESULTS
A. Reorganization energy

The calculation of the reorganization energy needs
the spin localized diabatic states. Although the HF
method can determine these states by the optimization,
it neglects electron correlation, and commonly leads to
a larger reorganization energy than the experimentally
measured one. The DFT approach with a suitable function may predict a reasonable reorganization energy.
However, it meets a challenge to find the well-defined
charge-separated and spin localized diabatic states. In
the present work, we initially use the geometric guess
from the CDFT calculation to construct the diabatic
states by the DFT optimization, and the obtained diabatic state fortunately has a correct property that the
triplet excitation is localized on a single fluorene fragment. It is known that the DFT with the conventional
functionals provides a poor description of the π-stacked
DOI:10.1088/1674-0068/24/05/538-546
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TABLE I Reorganization energy calculations from different
methods.
Methods
λ/eV
χa
HF
2.01
100
B3LYP
0.95
20
X3LYP
0.97
21.8
ωB97X-Db
1.25
22(S)
100(L)
M05-2X
1.23
56
M06-HF
1.58
100
M06-2X
1.20
54
a

χ is percentage of HF exchange in the functional.
For the ωB97X-D functional, 22(S) and 100(L) represent
the 22% of HF-like exchange at short-range and 100% at
long-range, respectively.
b

systems, due to the known problems on the nonlocality and asymptotic behavior of available density functionals [37−39]. Therefore, we test different functionals
with the 6-31G∗ basis set to calculate the reorganization
energy, and the results are shown in Table I.
It is seen that the pure HF predicts the highest reorganization energy, which is consistent with our previous conclusion [25, 26]. Compared to B3LYP and
X3LYP, the long-range-corrected functional ωB97X-D
[40] shows 30% higher. This difference may be caused
by the unsuitable optimized µ value for the present
system. In addition, we also test the hybrid meta
generalized gradient approximation (HM-GGA), such
as M05-2X, M06-2X, and M06-HF functionals with
Grid=UltraFineGrid [41], and the results manifest that
increasing the percentage of HF exchange in the functional leads to an increase of reorganization energy.
It is noted that Voityuk has used the variance of the
energy difference of donor and acceptor from CIS/631G∗ along the MD trajectory to derive the reorganization energy. The obtained result is about 0.37 eV
[9], which is much smaller than the present values. It
is not clear yet what produces such a big difference.
To guarantee the present value reasonable, however, we
further calculate the vertical excitation energy at the
optimized diabatic geometry. In this case, the excitation energy exactly corresponds to the reorganization
energy if the parabolic approximation is satisfied. This
energy (0.95 eV) from the B3LYP is indeed consistent
with the four-point calculation.
Moreover, we have calculated the mode-specific reorganization energy with use of the B3LYP. The result is
shown in Fig.2. It is noted that only several modes (the
vibration of C−C/C=C bond) have large reorganization energies. Especially, the mode with a frequency of
1697.3 cm−1 has extremely large reorganization energy.
In the rate calculation, we will show its effect on the
rate. It is more interesting that the total reorganization energy from this approach is 0.94 eV, which again
c
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TABLE II The electronic coupling calculation from different methodsa .
FED
Coupling/meV

HF-CIS
5.5

B3LYP
85.2

B3LYP
5.6

X3LYP
5.7

CDFT
M05-2X
5.8

M06-HF
5.3

M06-2X
5.4

a

The FED data are calculated by Q-Chem package [42] while the CDFT method are from NW-Chem program [43], and
the basis set used are all 6-31G∗ .

FIG. 2 Reorganization energy components as a function of
frequency.

agrees very well with those from the four-point model
and the vertical excitation calculations.
B. Electronic coupling

In the calculation of electronic coupling, we use several available approaches for a purpose of comparison.
Table II lists the obtained results at the optimized diabatic geometry from the CDFT.
One can find from Table II that the FED based on the
adiabatic states from the Hartree-Fock configurationinteraction singles (HF-CIS) predicts the similar data
with the CDFT method. It can be easily understood
from the variational principle of CDFT. When the
Beck’s atomic partitioning scheme [44] is added in the
exchange part of DFT, which brings the CDFT “shift”
to the HF formalism, the CDFT thus becomes a constrained HF (CHF) method [45]. In another word, the
CDFT is more like HF than the regular DFT functionals. It is known that the time-dependent DFT (TDDFT) fails to describe the polarizabilities of large πconjugated systems and the long-range ET excitations
[46−48]. Therefore, it is not surprised to see the electronic coupling from the B3LYP with the FED model
is much large.
In the experimental measurement, the electronic coupling between the monomers is very small and cannot
be over 0.01 eV at 77 K [8]. Since the electronic couplings in Table II are at the temperature of 0 K, the
value from the FED with the B3LYP is definitely too
DOI:10.1088/1674-0068/24/05/538-546

FIG. 3 Fluctuation of the TTET coupling of the fluorene
dimer.

large. Therefore, we conclude that the CDFT method
is a robust tool to calculate the electronic coupling for
TTET.
However, the TTET rate is measured at the room
temperature. To investigate the fluctuation of the geometry on the rate, we run the MD simulation for the
fluorene dimer at the room temperature, and select 200
snapshot structures from the MD trajectory. At each
geometry, we calculate the electronic coupling by the
CDFT with B3LYP functional.
Figure 3 displays the electronic coupling fluctuation
with respect to the MD simulation time. It is clearly
seen that the geometry fluctuation significantly change
the electronic coupling at the stable geometry, for instance, the maximum electronic coupling can be 30
times as large as that at the stable geometry. Moreover,
with time passing by, the electronic coupling presents
the periodic property, which can be easily explained
from the molecular structure. From the MD simulations, we find that the fluorene monomers are nearly
parallel after about the same time interval, where the
orbital overlap reaches a maximum and the electronic
coupling becomes large.
As the fluctuation of the electronic coupling is much
slower than the energy transfer, an averaged electronic
coupling is introduced to measure coupling strength,
and it is defined by
Vrms =

p

hV 2 i
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(23)

where Vi is the electronic coupling at the ith geometry.
The data in Fig.3 leads to the averaged electronic coupling of 67 meV. Compared to 5.6 meV at the stable
geometry, the averaged electronic coupling is about 10
times larger, manifesting that the fluctuation helps energy transfer. Indeed, the rate will enhance 100 times
under the perturbation limit by this sole fluctuation.
Compared to the value (0.02 eV) obtained by Voityuk
[9], our result is three times larger. These difference
again comes from the choices of the diabatic states and
the quantum chemistry methods. In the present calculations, we rigorously use CDFT to get the correct diabatic states with DFT while the FED approach with
HF-CIS used by Voityuk depends on the choices of adiabatic excitation states [9].
C. TTET rate

With use of the obtained reorganization energy and
electronic coupling, we can calculate the TTET rate.
For a comparison, we start from the well-known Marcus
formula [49, 50] in the non-adiabatic high-temperature
limit,
r
·
¸
(∆G + λ)2
2π 2
1
V
exp −
k(T ) =
(24)
~
4πλkB T
4λkB T
here, ∆G is the total change in free energy between
the final and initial states. For the fluorene dimer,
∆G=0 because of the symmetric donor and acceptor.
In the numerical calculation, we use the reorganization
energy of 0.94 eV, and the averaged electronic coupling
of 67 meV, both of which come from the calculations
of the CDFT with B3LYP functional. The obtained
TTET rate is 8.7×109 s−1 .
From the mode-specific reorganization energy, however, it is known that the modes with high frequencies
have the dominant contribution to the total reorganization energy (see in Fig.2). One thus expects that the
nuclear tunneling becomes important. To incorporate
this effect, we use the rigorous Fermi’s golden rule to
estimate the rate. The corresponding rate [51] is
Z
V2 ∞
dtC(t)
k(T ) = 2
(25)
~ −∞
with the time-dependent correlation function
½
−i∆Gt
C(t) = exp
− S[(2n + 1) −
~

¾
n exp (iωt) − (n + 1) exp(−iωt)]

(26)
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expression for the one-mode system by the integration
over time in Eq.(25) as follows
µ
¶p/2
2πV 2 n + 1
k(T ) = 2
exp[−S(2n + 1)] ·
~ ω
n
Ip {2S[n(n + 1)]1/2 }

(27)

where p=∆G/~ω, Ip is modified Bessel function.
In the application, we map the present multi-modes
to an effective mode [52]. The effective frequency is
1453 cm−1 . The obtained rate is 1.285×1012 s−1 . Compared to the rate from the Marcus formula, quantum
effect enhances the rate about 150 times.
Although we use the perturbation theory to obtain
the rate, it is not clear whether the perturbation approximation is valid. To make a judgment, we find that
4V /λ=0.28 is smaller than 1, manifesting the localized
property [53]. With our previous work [52], however,
it seems that the perturbation approximation reaches
its up limit even if it works in the present case. Therefore, it is necessary to use the approach beyond the perturbation limit to rigorously estimate the rate. In the
following, we use the wavepacket diffusion approach to
calculate the rate. The approach not only overcomes
the perturbation limit, but also easily incorporates the
dynamic disorder although the fluctuation is involved
by a classical way. It has been confirmed that the spinboson dynamics can be correctly predicted, which guarantees the accuracy for the application to the present
system.
To construct the fluctuation from the reorganization energy and time-dependent electronic couplings, we
start from the spectral density functions. For the site
energy fluctuation, the corresponding spectral density
is defined by
π X cj 2
J(ω) =
(28)
δ(ω − ωj )
2 j ωj
where ωj and cj represent the frequency of the
jth phonon mode and its electron-phonon interaction
strength, respectively. From the mode-specific reorganization energies, we can obtain the spectral density
J(ω) in Eq.(28) by
cj
∆Qj = 2
(29)
ωj
Then the discrete spectral density is smoothed to a continuous line. The quantum correlation function of Vii (t)
in Eq.(1) is given by
Z
exp(−iωt)J(ω)
1 +∞
dω
Cqu (t) =
π −∞
1 − exp(−βω)
Z

+∞

dω exp(−iωt)G(ω)

=

(30)

−∞

where n=[exp(βω) − 1]−1 , and Huang-Rhys factor
S=λ/~ω. Furthermore, we can obtain an analytical rate
DOI:10.1088/1674-0068/24/05/538-546

G(ω) =

J(ω)
π[1 − exp(−βω)]

(31)
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FIG. 4 Time dependence of population difference P (t) with
pure diagonal disorder at T =300 K.

The corresponding site energy fluctuation can be obtained by Eq.(2).
First, we investigate the energy transfer dynamics by
neglecting the electronic coupling fluctuation only with
the averaged electronic coupling. Figure 4 displays the
time-dependence of population difference P (t). It is
clearly seen that the population decays exponentially
and the coherent motion from the delocalization is not
important. Therefore, we can get the rate from the
population dynamics. The result is 1.724×1013 s−1 .
Compared to the rates from the Marcus and Fermi’s
golden rule, the rate from the wavepacket calculation
is explicitly large, manifesting the perturbation theory
underestimates the rate for the present system.
It is more interesting to know the effect of electronic
coupling disorder on the rate. To construct the fluctuation, we first calculate the classical time correlation
function of electronic coupling with the results of MD
simulation. The result is shown in Fig.5. It is seen that
the correlation function shows the oscillation properties
with time, which is consistent with the MD data of electronic coupling (Fig.3). In addition, we can see from
Fig.5 that the correlation function from the Fourier
transform of the spectral density Gcl (ω) in Eq.(3) agrees
well with the one from V (t), which demonstrates that
the spectral density Gcl (ω) and G(ω) we obtained is reasonable and can be used to generate the time-dependent
electronic coupling via Eq.(2) and Eq.(5).
With the obtained electronic coupling fluctuation
Vij (t), the energy transfer dynamics can be calculated
with the similar approach for the diagonal disorder. The
obtained rate becomes 3.456×1012 s−1 , which is smaller
than the rate of pure diagonal disorder. This may be
explained by the periodical dynamic off-diagonal fluctuation. Compared to the previous analysis [11], in which
the rate will be enhanced for the electronic coupling
having a linear or Gaussian dependence on the nuclear
coordinates, the present result manifests that the rate
can be decreased by the fluctuation. Therefore, the fluctuation of the electronic coupling plays a versatile role
DOI:10.1088/1674-0068/24/05/538-546
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FIG. 5 The classical time correlation function of electronic
coupling. The chain-dotted and solid lines are the results
from the MD data and Fourier transform of the spectral
density Gcl (ω), respectively.

in the rate calculation.
IV. CONCLUSION

In this work, we mainly investigate the triplet-triplet
energy transfer in fluorene dimer by combining the rate
theory with electronic structure calculations. Since the
electronic coupling and reorganization energy are two
key parameters for the control of energy transfer, the
accuracy of calculating the two parameters becomes
very important. Thus, we test different methods to
find out an easy, yet accurate way for calculating
the electronic coupling and reorganization energy and
the constrained density functional theory is chosen to
localize the diabatic triplet states. The rate constant
is then calculated by the perturbation theory and
wavepacket diffusion approach. It is found that the
approaches based on the perturbation limit, such as
Marcus formula and Fermi’s golden rule, begin to
lose their validity for the present system. Especially,
the electronic coupling fluctuation decreases the rate
compared to the static one for the present system,
which is opposite to the fluctuation caused by linear
or Gaussian dependence on the nuclear coordinates.
Therefore, the fluctuation of the electronic coupling
plays a versatile role in the rate calculation.
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