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ABSTRACT: We apply a real-time path-integral approach to
investigate the charge-transfer (CT)-mediated singlet fission
quantum dynamics in a model pentacene dimer. Our path-
integral method gives reliable fission dynamics across various
reaction regimes as well as a broad range of reorganization
energies and temperatures. With this method, we investigated the
destructive interference between the two CT-mediated fission
pathways and discovered two mechanisms that can suppress this
deleterious effect. First, increasing the energy gap between the
two CT states effectively shuts down the high-lying CT pathway,
leaving a better functioning low-lying CT pathway with a
minimum amount of destructive interference. Second, intermo-
lecular vibrations induce electronic coupling fluctuations, such
that the destructive cancellations due to the different signs in
static electronic couplings are suppressed. Our numerical results suggest that these two effects can enhance the fission rate up to
three times. These findings reveal promising design principles for more efficient singlet fission materials.

Singlet fission (SF) is a photophysical process that converts
one singlet excitation into two triplet excitations.1−4

Combined with acceptor materials that can efficiently convert
triplet excitations into separate electron−hole pairs,5 SF-based
photovoltaics can overcome the Shockley−Queisser limit6 and
significantly improve the power conversion efficiency.7−9 Thus,
the SF process provides a promising strategy for designing
more efficient solar cells. The fission process has been
extensively investigated recently with polyacenes and other
organic molecules in the crystalline phase,10−12 thin film,13−16

solution,17,18 and dimeric systems.19−24

The essential diabatic electronic states during SF in a dimeric
system are summarized in Figure 1. During the initial short-
time dynamics of SF, the singlet Frenkel excitonic (FE) states
(red) are converted into a correlated triplet−triplet (TT) pair
state (blue). In this TT state, two triplet excitations are strongly
coupled and the overall spin state is singlet; thus, SF is a spin-
allowed process at early stage. The subsequent separation of
two triplets is relatively slow25−27 and is not considered in this
work. In the TT state, each triplet excitation has roughly half of
the energy compared to the singlet excitation, and the energy of
the TT state is close (within ±300 meV in polyacenes28) to the
initial singlet state. In addition, charge-transfer (CT) states
(green), that is, CA and AC states, are directly coupled to both
singlet and triplet states and play an essential role during the
fission process. We shall emphasize that FE and CT states
illustrated in Figure 1 are diabatic states and cannot be
observed directly in spectroscopy measurements. Experimen-

tally observed states are excitonic states, which are eigenstates
of the electronic part of the Hamiltonian and can be expressed
as linear combinations of FE and CT states (or so-called singlet
states with CT characters1,4).
Recent theoretical investigations suggest that the SF process

in most polyacenes occurs through the CT-mediated
mechanism1,4,29,30 by using CT states as virtual states to
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Figure 1. Schematic illustration of the relevant diabatic states for SF in
a pentacene dimer. During the CT-mediated SF process, singlet FE
states (S1S0 and S0S1) are converted into a correlated TT pair state
through virtual CT states (CA and AC). The corresponding electronic
couplings among these states are labeled by double-sided arrows. Note
that the CA−TT and AC−TT couplings have opposite signs.
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connect FE and TT states. Thus, the CT states can mediate the
fission dynamics through two virtual electron-transfer processes
between FE and CT states and between CT and TT states. On
the other hand, direct conversion of the singlet excitation into
the TT pair state, that is, the direct SF mechanism through a
simultaneous two-electron process, is less favorable. This is due
to the fact that FE−TT electronic couplings (two-electron
integrals) are much smaller1,29 compared to FE−CT and CT−
TT electronic couplings (one-electron integrals).
Interestingly, the two CT-mediated fission pathways in

pentacene dimer exhibit a large destructive interference ef fect,
such that the fission process with two available CT pathways is
even slower than that with only one CT pathway.29,31 This is
due to the opposite sign between CA−TT and AC−TT
electronic couplings, which originates from the symmetry of the
frontier orbitals in polyacene molecules.1,29,32 Recent theoreti-
cal31 and experimental13 works also suggest that this destructive
interference effect might explain the slower SF rate in the
single-crystal phase compared to polycrystalline phases.31

Similar types of destructive interference effects have been
widely observed in electron transfer through bridge states33,34

and molecular junctions,35,36 excitation energy transfer between
multichromophore light-harvesting complexes,38 exciton-
coupled electron transfer in photosynthetic reaction centers,37

CT-mediated excitation transfer in organic aggregates,39,40 and
charge recombination processes in photovoltaic heterojunc-
tions.41 Interference effects have also been discovered between
the direct and CT-mediated pathways in SF.42−45 More
efficient fission materials can be obtained through design
strategies that minimize these existing destructive interference
effects.
Here, we apply a partial-linearized density matrix (PLDM)

path-integral method46 to explore mechanisms that can
minimize destructive interference effects in a model pentacene
dimer. PLDM is an approximated real-time path-integral
approach, which is based on the initial value representation47

that transforms the path integration into initial condition
samplings followed by dynamical propagations. It has been
successfully applied to investigate excitation energy trans-
fer38,46,48 and CT processes49 and is shown here to reliably
describe the nonadiabatic SF dynamics at various reaction
regimes as well as over a broad range of solvent reorganization
energies and temperatures. With this accurate nonadiabatic
dynamics method, we discovered two possible mechanisms that
can significantly reduce the destructive interference effect and
enhance the fission dynamics.
Model System. We use a system−bath model Hamiltonian50

̂ = ̂ + ̂ + ̂H H H He en n (1)

to explore the SF process in a pentacene dimer. The electronic
part of the Hamiltonian Ĥe includes the energies of the diabatic
states and the electronic couplings between them

∑ ∑̂ = | ⟩ ⟨ | + | ⟩ ⟨ |
≠

H i E i i V j
i

i
i j

ije
(2)

For the pentacene dimer studied here, we consider five diabatic
states |i⟩, including singlet FE states |S1S0⟩ and |S0S1⟩, CT states
|CA⟩ and |AC⟩, and triplet−triplet pair state |TT⟩. The
electronic Hamiltonian Ĥe in this diabatic representation can be
further written as

Here, the electronic couplings between different states are
represented by one-electron integrals based on the HOMO−
LUMO active space formalism:1,50 VCA,S1S0 = ⟨CA|Ĥe|S1S0⟩ =

tLL, VAC,S1S0 = ⟨AC|Ĥe|S1S0⟩ = −tHH, VCA,TT = ⟨CA|Ĥe|TT⟩ =

t3/2 LH, and VCA,TT = ⟨AC|Ĥe|TT⟩ = t3/2 HL. These one-
electron integrals, such as tLL and tLH, represent the couplings
between LUMO or HOMO on individual pentacene
molecules.32,42,50 Direct coupling between singlet and TT
state ⟨S1S0|Ĥe|TT⟩, which involves two-electron integrals, is
assumed to be zero in this study.
The electronic couplings used in this Letter are adapted from

a recent Hartree−Fock calculation,50 and we refer to this model
as the HF model. In addition, an alternative set of parameters
for Ĥe can be obtained from the complete active space self-
consistent field (CASSCF) calculation with a subsequent
diabatization procedure.52 We refer to this set of parameters52

as the CAS model in this paper. These parameters are provided
in the Supporting Information.
Interestingly, both models suggest that sgn(VCA,TT) =

−sgn(VAC,TT), with sgn(x) as the sign function. Following the
previous theoretical analysis based on perturbation theory,50 we
can express the approximated effective fission coupling VSF
as29,44
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Here CA represents the effective SF coupling associated with
the CA pathway (second line in eq 4) and AC represents SF
coupling associated with the AC pathway (third line in eq 4).
With the HF model, we have VSF ≈ −10 meV.29 We emphasize
that the expression for VSF is not used in any of our PLDM
simulations. It is merely used for the purpose of interpreting
our numerical results.
The electron−nuclei interaction Ĥen is

∑ ∑ ∑ ∑̂ = ̂ | ⟩⟨ | + ̂ | ⟩⟨ |
≠

H c R i i c R i j
k i

k
ii

k
ii

k j i
k

ij
k

ij
en

( ) ( ) ( ) ( )

(5)

and the nuc l e a r phonon ba th Hami l ton i an i s

ω̂ = ∑ ∑ + ̂̂⎡
⎣⎢

⎤
⎦⎥H Rk

P
k

ii
k

ij
n ij 2

1
2

( )2 ( )2k
ij( )2

.

Here, the intramolecular vibrations, or so-called Holstein
couplings (diagonal terms in Ĥen), fluctuate the energies of FE,
CT, and TT states; the intermolecular vibrations, or so-called
Peierls couplings (off-diagonal terms in Ĥen), modulate the
electronic couplings between these states. In this Letter, only
the results reported in Figure 4 are obtained with the Peierls
coupling model. We assume that each electronic state |i⟩⟨i| has
its own independent, uncorrelated bath and so does each |i⟩⟨j|/|
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j⟩⟨i| pair. In atomistic systems, certain phonon modes might be
shared among various electronic states (such as CA and AC
states) due to the delocalized nature across multiple
monomers.59,60 The consequences from these correlated
baths have been recently explored,61 suggesting minor impact
on the fission rate.
The electron−phonon coupling constants c(ij)

k and the
phonon frequency ωk

(ij) are sampled from the Debye spectral
density

∑ω π
ω

δ ω ω
λ ω

ω
= − =

Ω

+ Ω
J

c
( )

2
( )

2
ij

k

k
ij

k
ij k

ij ij ij

ij

( )2

( )
( )

2 2
(6)

Here, λij = π−1 ∫ dω Jij(ω)/ω = ∑k ck
(ij) 2/2ωk

(ij) 2 is the
reorganization energy that determines the strength of the
electron−phonon interaction; Ωij is the characteristic frequency
of the phonon bath. We assume that each independent
Holstein (diagonal) bath has the same spectral density Jii(ω) =
JH(ω), with λH(ω) = 50 meV29 and Ωii = ΩH = 180 meV, that
corresponds to CC stretching frequency.29 The value for λH
used here should be viewed as a conservatively small choice,
whereas the experimentally estimated value is around 100−150
meV.62

For the Peierls modes, the same independent, identical bath
assumption has been applied, with λij = λP(ω) = 12 meV and
Ωij = ΩP = 18 meV.29,55 These values are consistent with recent
theoretical investigations for the Peierls modes in poly-
acenes54,56 and other organic crystallines.57,58 Here, we
introduce six independent Peierls phonon bath that are
bilinearly coupled to |S1S0⟩⟨CA|, |S1S0⟩⟨AC|, |S0S1⟩⟨CA|,
|S0S1⟩⟨AC|, |CA⟩⟨TT|, |AC⟩⟨TT|, and their corresponding
conjugate terms.
The Debye form of the spectral density is discretized into N

= 100 oscillators. The convergence of the quantum dynamics
with the number of bath modes has been carefully checked for
all of the temperatures and reorganization energies explored in
this Letter. The detailed procedure for bath discretization is
described in the Supporting Information.
Partial Linearized Density Matrix (PLDM) Dynamics. We

apply the PLDM path-integral approach to perform quantum
dynamics calculations.38,46 Here, we briefly outline this method.
Expressing the total Hamiltonian as Ĥ = Ĥe + Ĥen + Ĥn ≡
∑ij Uij(R̂)|i⟩⟨j| + Ĥn, we use the mapping representation of
Meyer−Miller−Stock−Thoss (MMST)63,64 to transform the
discrete electronic states into continuous variables |i⟩⟨j| → a ̂i†aĵ,
where ̂ = ℏ ̂ − ̂†a q p1/ 2 ( i )i i i . Expressing the forward and
backward propagators in the time-dependent density operator
into path-integral formulation and applying a partial lineariza-
tion approximation46 only to the nuclear degrees of freedom
(DOF), we arrive at the PLDM expression for computing the
reduced density matrix46,48

∫∑

ρ ρ

π
ρ

= ̂ | ⟩⟨ |

≈
ℏ

′ ′ ′ ̂ ′

̂ ℏ − ̂ ℏt i j

R
P

q p q p G G T T

( ) Tr [ (0)e e ]

d
d

2
d d d d [ (0) ]

i j
Ht Ht

nl
n l ni jl

, R
i / i /

0 0 ,
W

(7)

where Tni = + −q t p t q p( ( ) i ( ))( (0) i (0))i i n n
1
2

is the electronic

transition amplitudes, and [ρ̂(0)nl
W] is the partial Wigner

transformation (with respect to the nuclear DOF) of the nlth
matrix element for the initial density operators ρ̂(0), which
provides the initial distributions of the nuclear DOF.

The Gaussian function = − ∑ +G e q p
0

(1/2) ( (0) (0) )n n n
2 2

in eq 7
provides the initial distributions of the electronic mapping
DOF. The terms G0′ and Tjl′ are similarly defined for the
backward mapping variables. The details for the initial
condition sampling are provided in the Supporting Information.
Classical trajectories are used to evaluate the approximate

time-dependent reduced density matrix in eq 7, propagated
using the following equations of motion46,48

̇ = ∂ ∂ ̇ = −∂ ∂

= − ∇ + ′ ′

q h R p p h R q

F R h R h R

p q p q

p q p q

( , , )/ ( , , )/

( )
1
2

( ( , , ) ( , , ))

i i i i

R

m m

m m (8)

where hm(R,p,q) = ∑ +U R pp q q( )( )ij i j i j
1
2 ij is the classical

mapping Hamiltonian46 and F(R) is the force that acts on the
nuclear DOF. Here, we use 106 trajectories to generate tightly
converged populations for eq 7.
The fission rate constant kPL is obtained by fitting the PLDM

population ρTT(t) with the following expression: ρTT(t) = a −
b exp(−kPLt). In addition, we use PLDM to compute the time-
dependent population flux to the TT state TrR[ρ̂(0)-
eiĤt/ℏF̂e−iĤt/ℏ]. The flux operator is defined as F̂ = (i/ℏ) [Ĥ,|
TT⟩⟨TT|]

̂ = ℏ | ⟩⟨ | − | ⟩⟨ |

+ ℏ | ⟩⟨ | − | ⟩⟨ |

i V

i V

F ( / ) ( AC TT TT AC )

( / ) ( CA TT TT CA )

AC,TT

CA,TT (9)

which is the time derivative of the TT state projection operator.
The first line of eq 9 corresponds to flux through the AC
pathway, and the second line corresponds to flux through the
CA pathway.
Recent experimental study65 suggests that the formation of

vibronic state manifolds with a high density of states facilitates
the SF process. Our current calculations, however, only provide
the electronic dynamics information. Future model studies that
incorporate strong vibronic coupling modes29 (in addition to
the smooth Debye spectral density), as well as theoretical
explorations that apply MMST mapping representation for
vibronic states to provide time-dependent vibronic population
dynamics will generate more detailed mechanistic insights for
the SF process.
Fission Dynamics in the Model Pentacene Dimer. We start with

presenting PLDM quantum dynamics results in a model
pentacene dimer at T = 300 K with the HF model.
Figure 2A,B presents the PLDM population dynamics results.

We plot the population of diabatic states in three collective
groups: FE, which includes |S1S0⟩ and |S0S1⟩ states, CT, which
includes |CA⟩ and |AC⟩ states, and the TT pair, which includes
the |TT⟩ state. In the model system used here, Redfield theory
gives accurate quantum dynamics, which agrees well with the
numerical exact result due to the small reorganization energy
used here (λH = 50 meV).29,50 The PLDM calculations provide
nearly quantitative agreement with the results obtained from
Redfield theory, both in the “superexchange” regime (A) where
CT states are higher than both singlet and triplet states (with
ECT − EFE = 250 meV and ECT − ETT = 500 meV) and in the
“sequential regime” (B) where the energies of CT states lie in
between singlet and triplet states (with EFE − ECT = 250 meV
and ECT − ETT = 250).29

Recent theoretical and experimental investigations suggest
that the energies of CT states can be tuned in a broad range by
changing the relative distance between monomers,52 the
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relative slip-stacking distance,70 or the relative orientation
between monomers.71 It is thus important for numerical
methods to reliably describe the quantum dynamics in both
regimes like what PLDM can provide here.
Figure 2C presents the fission rate constant over a range of

solvent reorganization energies λH of the intramolecular
vibrations (Holstein modes). Here, we use the same HF
model (in the superexchange regime) as in Figure 2A. In
addition, we provide the fission rate estimated from Redfield
theory29 as well as classical Marcus theory (MT).67−69 The
details of these two rate constants and corresponding
parameters are provided in the Supporting Information.
Redfield theory (green line) gives an accurate rate at small
λH. However, it starts to break down and fails to predict the
correct turnover behavior of the rate at intermediate and large
solvent reorganization regimes.29,44 The dission rate obtained
from the PLDM numerical simulations (red dots) gives
quantitative agreement with Redfield rate theory at the small
λH regime and provides correct turnover behavior at
intermediate and large λH regimes like what MT qualitatively
predicts.44 Note that the intramolecular solvent reorganization
energy λH in polyacenes is estimated to be ∼100−150 meV. It
is thus important for a quantum dynamics method to provide
an accurate rate over a broad range of reorganization energies.
Figure 2D presents the temperature dependency of the

fission rate. We use the same parameters for Ĥe as in Figure 2A.
Both PLDM (red) and Redfield theory (green) predict
temperature-independent fission dynamics from 0 to 1000 K.
Accurate description of the temperature dependency in Figure
2D relies on the preservation of the detailed balance.66 This is
explicitly enforced in Redfield theory (see discussions in the
Supporting Information) and approximately achieved in
PLDM.46

Destructive Interference Ef fects between Two CT-Mediated
Pathways. We explore the interference effects between two

CT-mediated fission pathways by varying the energy splitting
between CA and AC states over a wide range.
Figure 3A presents the fission yield computed as 2ρTT(t)

after t = 0.5 ps with the HF model.29 The time-dependent

fission yield after four periods of time is provided in the
Supporting Information. The diagonal dashed line corresponds
to the systems with degenerate CT states. Along this line, the
fission yield decreases drastically as ECA and ECA increase,
consistent with previous investigations29 that suggest that only
low-lying CT states can effectively mediate fission as virtual
states. The off-diagonal regions correspond to the systems with
nondegenerate CT states. The open circle on the diagonal
dashed line corresponds to a system with degenerate CT states,
and the filled circle corresponds to the system with ECA − EAC
≈ 0.8 eV, as indicated by the recent CASSCF calculations52 for
an isolated pentacene dimer.
Interestingly, the system with nondegenerate CT states (off-

diagonal regions) has an even higher time-dependent yield
compared to the system that has two degenerate low-lying CT
states (diagonal dashed line). Comparing the systems indicated
with the filled and open circles in Figure 3A, the PLDM fission
rate suggests that when only one low-lying CT state is available
to mediate fission, the dynamics is two times faster compared
to that when two low-lying CT states are available and mediate
the fission process. This result clearly demonstrates the
destructive interference between the two CT-mediated path-
ways.29,31 Previous theoretical studies on the transition dipole
moment53 in pentacene suggest a similar result, in agreement
with our finding here.
This interference effect can be understood from the effective

fission coupling = +VSF CA AC in eq 4. The fission rate (at
t h e M T l e v e l ) i s p r o p o r t i o n a l t o
| | = + +V 2SF

2
CA

2
AC

2
CA AC. If the fission rate through

Figure 2. Population dynamics and rate constants of SF in a model
pentacene dimer. Diabatic populations in (A) superexchange and (B)
sequential fission regimes. PLDM results are shown with solid lines,
and the results from the Redfield equation29 are shown with dots. (C)
Fission rate as a function of the Holstein solvent reorganization energy
λH. (D) Fission rate as a function of temperature T. The rates are
obtained with PLDM (red), Redfield theory (green), and Marcus
theory (MT) (blue).

Figure 3. Interference effects between the two CT-mediated SF
pathways. (A) SF yield 2ρTT(t) as a function of ECA and EAC after t =
0.5 ps with the HF model. Filled circle: ECA − EAC ≈ 0.8 eV. Open
circle: with degenerate CT states. (B) Schematic illustration of the
destructive interference effect between CA and AC pathways. (C)
Population dynamics in the pentacene dimer with the CAS model
(solid) and with the m-CAS model (dash). (D) Probability flux to the
TT state through AC (magenta) and CA (cyan) pathways, with the
CAS (solid) and the m-CAS (dash) models.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b00972
J. Phys. Chem. Lett. 2017, 8, 2480−2488

2483

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00972/suppl_file/jz7b00972_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00972/suppl_file/jz7b00972_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00972/suppl_file/jz7b00972_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b00972


the single CT channel is associated with CA
2 and AC

2 terms,
then the cross product term 2 CA AC will give the interference
effect.
A careful examination of VSF in eq 4 reveals a large amount of

cancellations between CA and AC due to the opposite sign of
CA−TT and AC−TT couplings. The interference contribution
2 CA AC in the rate constant is negative, which reveals the
origin of the destructive interference effects observed in Figure
3. Increasing ECA − ETT and ECA − ES1S0 in the denominator of
the CA term in eq 4 will decrease the contribution associated
with the CA state and reduce the amount of destructive
cancellations, giving a larger VSF and faster fission dynamics.
Thus, raising the CA state energy to a higher value effectively
eliminates this pathway and leaves a better functioning single
AC pathway without a large amount of destructive interference.
Figure 3B presents the schematic summary of the observed

destructive interference effect. Due to the opposite signs of
VAC,TT and VCA,TT, keeping both pathways open slows down the
fission dynamics. By increasing the energy level of the CA state
and essentially eliminating this fission pathway, the dimeric
system has a better functioning AC pathway without destructive
interference.
To further investigate this destructive interference effect, we

consider two sets of model parameters for pentacene. First, we
use the CAS model52 to parametrize Ĥe in eq 2. This model
suggests that in the isolated pentacene dimer the energy of the
CA state is about 1.16 eV higher than that of the TT state,
whereas the energy of AC is low-lying and only 0.36 eV higher
than the TT state.52 Second, we parametrize Ĥe with the same
CAS parameters except that both CT states are now low-lying
and they are degenerate, with ECA = EAC, and refer to this
model as the m-CAS model (modified CAS).
Figure 3C presents the population dynamics with both the

CAS model (solid lines) where ECA > EAC and the m-CAS
model (dash lines) where ECA = EAC. We find that the CT
population in the m-CAS model (dash green) aris roughly two
times larger than the CT population in the CAS model (solid
green). This indicates that in the m-CAS model both CA and
AC states are populated and able to mediate the fission process,
whereas in the CAS model only the low-lying AC state is
populated. On the other hand, the CAS model gives much
faster fission dynamics compared to the m-CAS model, with
about two times enhancement of the fission rate, clearly
demonstrating destructive interference effects.29,31

Figure 3D presents the PLDM value of the population flux.
The flux through the AC pathway (magenta) is positive
(forward flux), and the flux through the CA pathway (cyan) is
negative (backward flux). The destructive interference effect is
clearly demonstrated by the relative magnitude of the

population flux through these two CT channels. In the m-
CAS model (dash lines), the forward and backward flux have a
similar magnitude, leading to a small forward net flux to the TT
state. In the CAS model (solid lines) where there is a large
energy gap between CA and AC states, forward flux through
the AC pathway becomes much larger and the backward flux
through the CA pathway becomes smaller, leading to a larger
net forward flux. This flux analysis is also illustrated in Figure
3B.
We need to emphasize that the large splitting between the

energies of CA and AC states is a well-known result due to the
charge-quadruple interactions in isolated systems,73−75 which
has also been confirmed by other correlated wave function
calculations.72 However, in the single-crystal phase, the dimer
will be surrounded by other pentacene molecules, and the
electrostatic interactions will decrease the gap between CA and
AC states.73 Thus, one should expect large destructive
interference effects for fission dynamics in the pentacene
crystal, and we should be cautious in extending our discovery to
the fission dynamics in pentacene crystals.
In crystalline pentacene, nearly degenerate CA and AC states

caused by electrostatic relaxation73,76 will lead to large
destructive interference.31 However, this deleterious effect can
be alleviated by removing part of the surrounding pentacene
molecules,31 which will partially re-establish the energy gap
between CA and AC states and hence reduce the destructive
interference. This situation is expected to be typical at
crystallite boundaries,31 in polycrystalline phases and thin
films,13 or at the interface between pentacene and fullerene
derivatives in heterojunctions.8 Recent experimental results in
tetracene crystals suggest faster (two to three times enhance-
ment of) fission dynamics in the polycrystalline phase than that
in the single-crystalline phase.13 One possible explanation31 is
that in the polycrystalline phase the energy gap between CT
states is enlarged due to the locally broken crystal symmetry,
reducing destructive interference effects and enhancing the
fission process. Further interpretation of experimental results
requires additional theoretical work.
Impact of Intermolecular Vibrations on SF. We investigate the

impact of intermolecular vibrations on fission dynamics, which
remained to be carefully examined.29,57,77 Intermolecular
vibrations can modulate the relative stacking configurations of
pentacene monomers, leading to fluctuating electronic
couplings between FE, CT, and TT states. Recent theoretical
investigations discovered that in SF crystals54,56 and phthalo-
cyanine molecular crystals58 electronic couplings can exhibit
large fluctuations due to the intermolecular vibrations.
Here, we use the HF model to parametrize Ĥe, the same as in

Figure 2A. We assume that two CT states have degenerate
energy levels in order to explore the individual impact from

Figure 4. Impact of intermolecular vibrations on SF dynamics. (A) Distribution of the Peierls-fluctuated electronic couplings Vij(R) and effective SF
coupling VSF(R). (B) Time-dependent Vij(R(t)) and VSF(R(t)) of one representative trajectory. Static values for these electronic couplings are
indicated with straight lines. (C) Population dynamics for SF with the Peierls modes (dash) and without the Peierls modes (solid).
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intermolecular vibrations on fission dynamics. We use the off-
diagonal Peierls phonon bath described in eq 5 to model these
intermolecular vibrations and explore their impact on fission
dynamics. The Peierls-fluctuated electronic couplings Vij(R)
(for i ≠ j) can be expressed as

∑= ⟨ | ̂ + ̂ | ⟩ = +V R i H H j V c R( )ij ij
k

k
ij

k
ij

e en
( ) ( )

(10)

where Vij = ⟨i|Ĥe|j⟩ is the static value of electronic couplings
defined in eq 2. The variance σij

2 characterizes the distribution
of Vij(R) around its static value Vij as follows

σ = ⟨ ⟩ −V R V( )ij ij ij
2 2

P
2

(11)

where ⟨...⟩P represents the ensemble average with respect to the
Peierls-fluctuated electronic Hamiltonian Vij(R). Note that with
the system−bath model used here, we have ⟨Vij(R)⟩P = Vij, and
these variances can be evaluated analytically with the detailed
expressions provided in the Supporting Information.
Figure 4A presents the distribution of the Peierls-fluctuated

electronic coupling Vij(R) computed from eq 10. Here, we
focus on two particular couplings: VCA,TT(R) (red) and
VAC,TT(R) (green); each one has a distribution with σij

2 =
31.7 meV. Further, we compute the Peierls-fluctuated effective
fission coupling VSF(R) (blue) based on the expression in eq 4
by replacing Vij with Vij(R). As VSF(R) contains products of two
electronic couplings and each one of them has a Gaussian
distribution, VSF(R) has a distribution of the Meijer G
function78 with σeff = 51.3 meV, broader than the Gaussian
distribution for individual Vij(R).
Figure 4B presents the time-dependent values of Vij(R) and

VSF(R) of one representative trajectory. The static electronic
couplings are also presented with straight solid lines. Peierls
phonons can fluctuate the instantaneous value of electronic
couplings around their static values. These fluctuations in
Vij(R), depending on their instantaneous signs and values, can
reduce the destructive interference and alleviate the net
cancellations among individual terms in VSF(R) (see eq 4),
leaving a fluctuated VSF(R) with a broad distribution. The large
instantaneous value of VSF(R) can be viewed as “dynamical hot
spots”, which can promote fission processes. Thus, one should
expect more efficient fission dynamics with the presence of the
Peierls modes.
Figure 4C presents a comparison of the population dynamics

for the system with (dashed lines) and without (solid lines) the
Peierls modes. The presence of the Peierls modes enhances the
fission rate by almost three times (based on the rate estimated
from the TT population) and causes a rapid rise of the TT
population within the first 200 fs. These results support our
hypothesis that fluctuations in Vij(R) reduce the destructive
interference between the two CT pathways. Note that Peierls
couplings physically exist in the real system; modeling SF
without including these modes in pentacene will underestimate
the fission rate. Without Peierls couplings, the theoretical
fission time (1/kSF) based on the HF model is around 500 fs,
approximately two to three times slower compared to
experimental values.29 When we do explicitly incorporate
Peierls couplings, however, our theoretical fission time based on
the HF model system agrees well with experimental values that
range from 80 to 200 fs.7,10

Previously developed rate theory79,80 that explicitly considers
the Peierls fluctuations can provide further insight for the
enhanced fission dynamics. This theory suggests that the rate is

dictated by the square average coupling ⟨VSF
2(R)⟩P = VSF

2 +
σSF

2, not just the static electronic coupling VSF. In the model
study here, the Peierls modes induce large structural
fluctuations that contribute to the σSF

2 term, leading to an
enhanced fission process. A similar rate enhancement
mechanism due to large structure fluctuations has also been
extensively explored in the context of electron-transfer
dynamics in proteins.81,82 However, the importance of such
effects in the context of SF has just begun to emerge.57

The previous theoretical study based on Redfield theory
suggests a minimal role of the Peierls couplings in SF
dynamics,29 which contradicts our results here. We believe
that this contradiction is due to the fundamental limitation of
Redfield theory. In the pentacene dimer, the low-frequency
Peierls modes are off-resonance with the energy gaps between
excitonic states, leading to nearly zero contribution in the
Redfield rate constant. However, by incorporating these off-
diagonal Peierls modes as static disorders in Ĥe instead, the
Peierls averaged Redfield rate predicts a similar amount of
enhancement for fission, in agreement with our path-integral
results. These analyses based on modified Redfield theory are
provided in the Supporting Information.
Finally, we performed detailed studies on the temperature

dependency of the fission dynamics in pentacene dimer with
Peierls phonons. Our PLDM simulation results suggest that
even with these Peierls modes the fission process in the
pentacene dimer exhibits a very weak temperature dependency.
On the other hand, when static electronic couplings Vij are
exactly zero due to the packing symmetry, for example, in C2h
π-stacked pentacene or rubrene,77 the only contribution to
VSF(R) comes form Peierls fluctuations and our numerical
results show a strong temperature dependency and a thermally
activated fission process. These results and additional
theoretical analysis based on modified Redfield theory are
provided in the Supporting Information.
While the dimeric system is often used as an approximated

description for a realistic crystal system, it cannot describe the
delocalization of the singlet and TT states, nor it can properly
describe the mixture of singlet and CT states due to the
surrounding monomers.51 Future quantum dynamics simu-
lations will focus on incorporating these effects in a realistic
crystal model.51

In this Letter, we apply an accurate nonadiabatic path-
integral method to investigate the SF dynamics in the
pentacene dimer. Our results clearly demonstrate the
destructive interference effects between CT-mediated fission
pathways. We discovered two potential mechanisms that can
significantly suppress this deleterious effect. First, increasing the
energetic splitting of the CT states will reduce the destructive
interference between them, leaving a better functioning
pathway that can mediate fission dynamics more efficiently.
We expect this mechanism to be feasible in isolated dimer
systems as well as at crystallite boundaries.31 Second,
intermolecular vibrations induce fluctuations in electronic
couplings. These fluctuations will significantly reduce cancella-
tions of static electronic coupling terms between the two CT
pathways in the effective fission coupling expression and result
in a more efficient fission process controlled by a broad
distribution of the fission coupling. This effect has been
overlooked due to the limitation of Redfield theory.29 Together,
these results shed light on how to take advantage of intrinsic
features in fission materials, such as the energy splitting
between CT states or intermolecular vibrations, to reduce the

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b00972
J. Phys. Chem. Lett. 2017, 8, 2480−2488

2485

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00972/suppl_file/jz7b00972_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00972/suppl_file/jz7b00972_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00972/suppl_file/jz7b00972_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b00972


existing destructive interference and enhance SF dynamics.
These discoveries might also provide useful design principles
for more efficient fission devices and SF-based photovoltaics.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.7b00972.

Parameters for the electronic Hamiltonian, additional
results on reducing destructive interference effects, the
time-dependent SF yield, Peierls-modified Marcus−Hush
and Redfield theory, and temperature dependent studies
of the model system with the Peierls phonons and two
different packing configurations (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: pengfei.huo@rochester.edu.
ORCID
Pengfei Huo: 0000-0002-8639-9299
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the University of Rochester startup
funds. Computing resources were provided by the Center for
Integrated Research Computing (CIRC) at the University of
Rochester. The authors thank Dr. Farnaz Shakib and Rachel
Clune for helpful comments and a thorough reading of this
manuscript. M.A.C. appreciates the Summer Research Fellow-
ships for International Students from the University of
Rochester. P.H. appreciates valuable discussions with Profs.
Frank Spano, David Beratan, and Xiao-Yang Zhu.

■ REFERENCES
(1) Smith, M.; Michl, J. Recent Advances in Singlet Fission. Annu.
Rev. Phys. Chem. 2013, 64, 361−386.
(2) Smith, M.; Michl, J. Singlet Fission. Chem. Rev. 2010, 110, 6891−
6936.
(3) Zimmerman, P. M.; Zhang, Z.; Musgrave, C. B. Singlet Fission in
Pentacene through Multi-exciton Quantum States. Nat. Chem. 2010, 2,
648−652. Zimmerman, P. M.; Bell, F.; Casanova, D.; Head-Gordon,
M. Mechanism for Singlet Fission in Tetracene and Pentacene: from
Single Exciton to Two Triplets. J. Am. Chem. Soc. 2011, 133, 19944−
19952.
(4) Monahan, N.; Zhu, X.-Y. Charge Transfer-Mediated Singlet
Fission. Annu. Rev. Phys. Chem. 2015, 66, 601−618.
(5) Congreve, D. N.; Lee, J.; Thompson, N. J.; Hontz, E.; Yost, S. R.;
Reusswig, P. D.; Bahlke, M. E.; Reineke, S.; Van Voorhis, T.; Baldo, M.
A. External Quantum Efficiency above 100% in a Singlet-Exciton
Fission-Based Organic Photovoltaic Cell. Science 2013, 340, 334−337.
(6) Shockley, W.; Queisser, H. J. Detailed Balance Limit of Efficiency
of p-n Junction Solar Cells. J. Appl. Phys. 1961, 32, 510−519.
(7) Chan, W.-L.; Ligges, M.; Jailaubekov, A.; Kaake, L.; Miaja-Avila,
L.; Zhu, X.-Y. Observing the Multiexciton State in Singlet Fission and
Ensuing Ultrafast Multielectron Transfer. Science 2011, 334, 1541−
1545.
(8) Lee, J.; Jadhav, P.; Reusswig, P. D.; Yost, S. R.; Thompson, N. J.;
Congreve, D. N.; Hontz, E.; Van Voorhis, T.; Baldo, M. A. Singlet
Exciton Fission Photovoltaics. Acc. Chem. Res. 2013, 46, 1300−1311.
(9) Akimov, A. V.; Prezhdo, O. V. Nonadiabatic Dynamics of Charge
Transfer and Singlet Fission at the Pentacene/C60 Interface. J. Am.
Chem. Soc. 2014, 136, 1599−1608.

(10) Wilson, M. W. B.; Rao, A.; Clark, J.; Kumar, R. S.; Brida, D.;
Cerullo, G.; Friend, R. H. Ultrafast Dynamics of Exciton Fission in
Polycrystalline Pentacene. J. Am. Chem. Soc. 2011, 133, 11830−11833.
(11) Chan, W.-L.; Ligges, M.; Zhu, X.-Y. The Energy Barrier in
Singlet Fission can be Overcome through Coherent Coupling and
Entropic Gain. Nat. Chem. 2012, 4, 840−845.
(12) Wan, Y.; Guo, Z.; Zhu, T.; Yan, S.; Johnson, J.; Huang, L.
Cooperative Singlet and Triplet Exciton Transport in Tetracene
Crystals Visualized by Ultrafast Microscopy. Nat. Chem. 2015, 7, 785−
792. Roberts, S. T. Energy transport: Singlet to triplet and back again.
Nat. Chem. 2015, 7, 764−765.
(13) Piland, G. B.; Bardeen, C. J. How Morphology Affects Singlet
Fission in Crystalline Tetracene. J. Phys. Chem. Lett. 2015, 6, 1841−
1846.
(14) Le, A. K.; Bender, J. A.; Roberts, S. T. Slow Singlet Fission
Observed in a Perylenediimide Thin Film. J. Phys. Chem. Lett. 2016, 7,
4922−4928.
(15) Eaton, S. E.; Shoer, L. E.; Karlen, S. D.; Dyar, S. M.; Margulies,
E. A.; Veldkamp, B. S.; Ramanan, C.; Hartzler, D. A.; Savikhin, S.;
Marks, T. J.; et al. Singlet Exciton Fission in Polycrystalline Thin Films
of a Slip-Stacked Perylenediimide. J. Am. Chem. Soc. 2013, 17135,
14701−14712.
(16) Burdett, J. J.; Müller, A. M.; Gosztola, D.; Bardeen, C. J. Excited
state dynamics in solid and monomeric tetracene: The roles of
superradiance and exciton fission. J. Chem. Phys. 2010, 133, 144506/
1−144506/12.
(17) Walker, B. J.; Musser, A. J.; Beljonne, D.; Friend, R. H. Singlet
exciton fission in solution. Nat. Chem. 2013, 5, 1019−1024.
(18) Zhang, Y.-D.; Wu, Y.; Xu, Y.; Wang, Q.; Liu, K.; Chen, J.-W.;
Cao, J.-J.; Zhang, C.; Fu, H.; Zhang, H.-L. Excessive Exoergicity
Reduces Singlet Exciton Fission Efficiency of Heteroacenes in
Solutions. J. Am. Chem. Soc. 2016, 138, 6739−6745.
(19) Müller, A. M.; Avlasevich, Y. S.; Schoeller, W. W.; Müllen, K.;
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