THE JOURNAL OF

PHYSICAL CHEMISTRY

Letters

pubs.acs.org/JPCL

Ultrafast Long-Range Charge Separation in Organic Photovoltaics:
Promotion by Off-Diagonal Vibronic Couplings and Entropy Increase

Yao Yao," Xiaoyu Xie," and Haibo Ma**

"Department of Physics, South China University of Technology, Guangzhou 510640, China

Key Laboratory of Mesoscopic Chemistry of MOE, Collaborative Innovation Center of Chemistry for Life Sciences, School of
Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China

© Supporting Information

ABSTRACT: The exciton dissociation in a model donor/
acceptor heterojunction with electron—phonon couplings is
simulated by a full quantum dynamical method, in which
ultrafast long-range charge separation is observed. Such a novel
scenario does not undergo short-range interfacial (pinned)
charge transfer states, but can be mainly ascribed to the
quantum resonance between local Frenkel excited states and a
broad array of longrange charge transfer (LRCT) states
assisted by the moderate off-diagonal vibronic couplings. The
entropy-increasing effect associated with the very dense
density of states for LRCT states is also found to be beneficial
for lowering the free energy barrier for charge generation in
organic solar cells.

O ne of the most significant experimental advances in
recent studies of organic solar cells (OSCs) is the
observation of ultrafast charge separation with an electron—
hole (e—h) separation distance being at least 4 nm in an
extraordinarily short time scale of 10'—10? fs.'~" Evidently
comprehending the underlying mechanism is useful for the
future rational design of new OSCs with improved efficiency,
but unfortunately such novel phenomena cannot be explained
by the traditional theories. The charge separation in OSCs is
traditionally accounted to take place within a time scale of 10'—
10* ps and consist of four fundamental steps: (1) generation of
local Frenkel excitons (FEs) upon photoexcitation; (2)
diffusion of FEs to the electron donor/acceptor (D/A)
interface; (3) charge transfer between neighboring D and A
molecules; (4) charge diffusion and charge collection at the
electrodes, although the mechanism of how electrons and holes
escape from the strong Coulomb attraction at the D/A
interface is still controversial."*™>" Investigating the ultrafast
processes in organic condensed phase is even more challenging
because, within a short subpicosecond time scale, not only the
quantum effects of excitons but also those of phonons and
electron—phonon (vibronic) interactions emerge and become
considerable, and, therefore, one cannot study the processes as
incoherent events. Under such circumstances, nonperturbative
quantum dynamics analysis is necessary.

Recently there have been many insightful theoretical
attempts to interpret the ultrafast charge separation in
0SCs.**7* For example, Tamura et al.*® found that both the
charge delocalization and the vibronic hot nature of charge
transfer (CT) state promote subpicosecond charge separation
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in oligothiophene/fullerene interfaces via multiconfiguration
time-dependent Hartree dynamics simulation. The interplay
between mixed domains, domain geometry, and exciton
delocalization were also examined by Heitzer et al.”” with a
kinetic Monte Carlo model, and it was concluded that up to
40% of the ultrafast component can be explained by geometric
factors alone. Smith and Chin®"** further addressed the issue of
hot electronic states and suggested that ultrafast charge
separation in PCBM arises from its broad range of electronic
eigenstates, and vibrational fluctuations enable their rapid
transitions. So far, a comprehensive picture about ultrafast
charge separation is still missing due to the technique
challenges for its accurate simulation, especially the following
three facts. First, high-level quantum dynamics simulation is not
applicable for systems of aggregate size. Second, due to the
many-body effect induced by long-range Coulomb attractions
for e—h pairs, much more electronic states are involved in
charge separation than in carrier diffusion, i.e,, N X N CT states
versus N electron (or hole) states in a model system consisting
of N donor molecules and N acceptor ones. The high density of
states (DOS) of long-range CT (LRCT) states at the D/A
interface has been recently found to be essential for the
resonance between LRCT and FE states.'”"#*”?%%737 Last but
not the least, different from carrier diffusion, charge separation
is exothermic, and therefore the effect of off-diagonal vibronic
couplings, the coupling between different diabatic electronic
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Figure 1. Charge density evolution of hole in the donor part and electron in the acceptor part with different o values.

states caused by the electron—phonon interactions, would play
a much more important role in charge separation as recently
indicated by Bittner and Silva.*’

How the free charges can be generated in OSCs is closely
related to the transition between FE and LRCT states, in which
short-range CT (SRCT) states are usually considered as
intermediates to undergo. However, recent optical absorption
simulations by one of us and his colleague'* as well as D’Avino
et al.”” revealed that FE and LRCT states can be energetically
close, and, accordingly, LRCT states can be directly photo-
excited upon hybridization with FE states via quantum
resonance, which was verified by the latest experimental
assignment of the full CT state absorption spectrum in
microcrystalline rubrene/Cg.”® In another seminal work by
Bittner and Silva,” it was proposed that resonant tunneling
processes between them can be further enhanced by environ-
mental fluctuations without undergoing SRCT states and
produce charge separation on <100 fs time scales. Their
transition rate was estimated at the Fermi golden rule (FGR)
level, possibly not accurate enough for a quantitative evaluation
of ultrafast processes with significant quantum vibronic effects.
Moreover, a real-time quantum dynamics simulation would be
highly desired to obtain the spatial-temporal evolution picture
of ultrafast charge separation. To achieve this goal, for an
exciton—phonon model at D/A interface, in this work we
performed quantum dynamics simulations to present real-time
dynamics of local FE, LRCT and SRCT states. Herein, we

removed the limitations in many previous models, by
incorporating multiple instead of one donor site(s) to include
all CT configurations, considering not only diagonal but also
off-diagonal vibronic couplings, and simulating the real-time
dynamics via a full quantum dynamics method, the time-
dependent density matrix renormalization group (tDMRG)
approach,””**~*" instead of perturbative methods.

In our calculations, we simulate the charge separation
dynamics from initial local FEs within a one-dimensional
(1D) model chain (see top panel of Figure 1) consisting of N
electron donor (D) molecules and N electron acceptor (A)
molecules. Here we use a mixed Frenkel-CT-phonon model
Hamiltonian as

H=H, + Hy, + H, (1)

Three contributions comprise the Hamiltonian: the exciton
part, the phonon part, and the vibronic interaction. The first
term H,, has a form of

H, = EJ-1)(—11 — > —li, j)(i,
i Tij

+ z 2 VAlir j)(ir ],l - z z VDliJ j><il, ]I
i {jj'} joAii't
+ Vo l—1)(—1, 1l

_Ph

@)

with Vp/s/pa denoting the couplings between different
electronic configurations (li) for FE localized on site i and |
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i,j) for a CT state with an electron transferred from a donor site
i (<0) to a acceptor site j (>0)). In addition, E,, is the on-site
energy for the FE configuration li), C is the Coulomb energy
between an electron and a hole at nearest-neighboring sites,
and r;; is the distance between site i and j. The symbol {i,i'} or
{jj'} indicates that the summation is limited to the nearest-
neighboring sites. For concentrating on the illustration of the
exciton dissociation dynamics at the D/A interface, here only
one localized FE state |—1), which is closest to the D/A
interface, is considered. Based on recent first-principles
evaluations of electronic couplings in realistic tetracene/
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) heter-
ojunctions'* and the widely recognized exciton binding energy
in OSCs,”® here we took the typical parameter values of E,, =
0.25eV,C=0.48¢eV, Vp, =0.08 eV, and V = V, = 0.06 eV for
D/A heterojunctions in OSCs.'>*>™
The phonon part H;, has an expression as

PN AF A
th = Z w—,ub—,ub—,b + z a)+,yb+,yb+,l/
v v 3)

where B:D (or @_‘D) is the creation (or annihilation) operator of
the vth oscillator mode localized on the donor (—) or acceptor
(+) molecules, and ., , denotes the phonon frequency. For the
exciton—phonon interactions, here we are mainly focusing on
the effect of off-diagonal couplings, and the effect of diagonal
vibronic couplings is found to be not relevant for the ultrafast
long-range charge separation in Supporting Information. The
off-diagonal vibronic couplings has the form

Hoon = 207, )G = 1, 6, +1i = 1, )G, ib_,]

iLj,V
~t ~
+ 207, i, i), + 1B, + i, j + 1), jiby ]
ij,v
(4)

where 7, , is the coupling strength for vth mode in donor (—)
and acceptor (+) respectively, dependent on the spectral
density J(w). A continuous spectral density J(w) =
2maw!w'e™ ' is assigned for the phonon baths where « is
the dimensionless coupling, s being the exponent. w, is the
cutoft frequency, taken to be 2 eV, sufficiently large to converge
the results. In this work, s is fixed to be 0.5 as in the other
works*"** for OSCs. For mimicking the dynamics in a full
quantum manner, the tDMRG algorithm was employed. More
methodology details can be found in the Supporting
Information.

To model the exciton dissociation, the initial population
localized on the FE state at the D/A interface (I—1){—1l) is
used in all our simulations, and then we study the population
evolution from local FE state to CT states under different
vibronic coupling strengths (). In Figure 1, we illustrate the
hole (electron) density evolution at the individual molecules.
Clearly the effect of vibronic couplings on charge separation is
not monotonic. For small a = 0.02, following time evolving, the
wavepacket of the charge density splits into two, which spread
to the respective ends gradually and respectively until being
bounced back after reaching the boundaries. This process can
be well identified in traditional theories as charge transfer at the
nearest D/A interface and the subsequent charge diffusion site
by site.

Interestingly, an ultrafast long-range charge separation
scenario is observed for moderate off-diagonal vibronic
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couplings. When 0.04 < a < 0.15, at molecules —24 to —20
and 20—24, the hole and electron states are found to be heavily
populated between 150 and 350 fs. Because these high charge
densities emerge far away from the interface in such a short
time scale instead of being derived from the intermediate SRCT
states, this implies a long-range charge separation mechanism.
Such a new scenario is in agreement with Bittner and Silva’s
recent proposed mechanism of direct coupling between
photoexcitations and photocurrent by FGR calculation™ and
can be ascribed to the quantum resonance between the
energetically close FE and LRCT states,'**”** which will be
examined later. Moreover, one may also notice that the further
increased vibronic coupling strength (@ > 0.15) is not
beneficial to charge separation. For the purpose of ruling out
the other possible reasons on long-range charge separation, we
also performed comparative simulations and found that our
findings are independent of the system size and long-range
charge separation is not obvious in the presence of only
diagonal vibronic couplings (see Supporting Information).

To understand how off-diagonal vibronic couplings affect the
charge separation, we consider their broadening effect on the
DOS, as sketched in Figure 2a. The detailed calculated data are
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Figure 2. (a) Schematic CT DOS for weak, intermediate, and strong
vibronic couplings. The diabatic CT states are sketched by green
dashes. (b) The calculated CT DOS for four coupling strengths. The
green dash-dot-dot line denotes FE energy.

shown in Figure 2b. It is obvious that the CT DOS with zero
off-diagonal vibronic coupling (a = 0) spreads over the energy
range between —0.5 and 0.2 eV with very small energetic
overlap with local FE states around 0.25 eV, where low energy
states usually correspond to SRCT states with strong Coulomb
attractions and high energy states correspond to LRCT ones
with weak Coulomb attractions. Contributed by the coherence
induced energy splitting, the energy distribution of CT DOS
becomes broadened with the increasing off-diagonal vibronic
coupling. For a = 0.06, the CT DOS is distributed around FE
energy of 0.25 eV in a balanced way, paving the way for the
ultrafast charge separation via quantum resonance by effective
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energetic overlaps between local FE and CT states. However,
further increasing @ makes DOS more dispersed and push the
main peaks far beyond the energy of FE, weakening the
resonance of FE and LRCT states. Therefore, the increasing
magnitude of off-diagonal vibronic coupling has a non-
monotonic effect on the efficiency of ultrafast long-range
charge separation, for which an intermediate value of such
couplings may give rise to the optimal performance.

To have a more intuitive picture on the charge separation
dynamics, in the following we will show the temporal evolution
of the e—h distance. On the basis of the population of electron
and hole, we calculate the effective centers of the hole and
electron wavepackets, respectively, which are defined as

in(®) = Y in(0), 1. ()= Y jn(6)

i<0 >0

©)

where p;(;)(t) is the hole (electron) density at site i(j). Based on
these two quantities, it is straightforward to define the e—h
distance as d.y, = jo. — iy In Figure 3a, the time evolution of
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Figure 3. Evolution of (a) e—h distance (d.,,), (b) IPR, and (c) total
e—h entropy (S,;,) for four o’s.

d.y, is shown for four o’s. For weak coupling case (a = 0.02),
d., continues increasing within t < 500 fs, implying that there is
no ultrafast long-range charge separation, and the electron and
hole separate only via charge diffusion from site to site. For o >
0.02 cases, d.; increases rapidly and reaches its maximum
around 250 fs. a = 0.06 gives the longest d.;, among all the
coupling cases, which closely equals half of the system size (24
molecules) of our model system. The rapid growth and
saturation of d,, are expected to be contributed by the
quantum resonance between local FE and LRCT states.
Recent investigations'»>” evidenced that the resonance
between FE and LRCT states is usually accompanied by the
charge delocalization over tens of molecules. As, in our present
model, both the electronic couplings and vibronic couplings are
concurrently involved, one may argue that the nonlocal e—h
coherence may arise from the spatial delocalization of the
electron/hole wave function assisted by the electronic
couplings among different molecules instead of the quantum
resonance promoted by off-diagonal vibronic couplings. In
Figure 3b, we show the inverse participation ratio (IPR)
defined by IPR = 1/Yp; to measure the wave function
delocalization. Following time evolving, IPR slightly lags behind
d.y, that is, the IPR persists to be smaller than d,j until d.j

4833

reaches its maximum. It implies that, the long-range separation
between the electron and the hole occurs well before their
wavepackets spread, which makes the IPR increase. Indeed, the
LRCT state is initially quite localized as shown in Figure I,
which means the initial nonlocal coherence is essentially
induced by the off-diagonal vibronic couplings instead of the
electronic couplings.

To characterize the entropy change during the charge
separation, we calculated the entropy by the electronic
contribution defined by S = —kgTrp In p and displayed its
time evolution in Figure 3c. It is evident that entropy increases
with time evolving, where the weak vibronic coupling gives the
slowest increasing. It should be noted that, the increase of
entropy, induced by the DOS of LRCT states much larger than
that of SRCT ones,'”'*#*>3 is associated with the decrease of
the free energy F(= E — TS). From Figure 3c it is found that,
the largest entropy increase for a = 0.06 is about 2.7 kg. At
room temperature, this corresponds to 70 meV decrease of the
free energy barrier. In realistic three-dimensional D/A
interfaces, the entropy increase will be approximately three
times as large as in our 1D model,* and, accordingly, the free
energy barrier for exciton dissociation can be reduced by 0.21
eV, considerably large for efficient charge separation and close
to Hood and Kassal’s recent estimation.” In all, our results
indicated that the recently addressed importance of entro-
py' "'¥** also exists in long-range charge separation in OSCs.

Before the end, two issues should be mentioned. First, the
ground state of phonons is assigned as the initial state of the
time evolution. For considering the temperature effect, we
applied the heating operators to the initial phonon states, and
our results of d,;, and IPR do not exhibit significant differences
between cases with or without heating process (see Supporting
Information for details). The reason is 2-fold. The binding
energy of the shortest-range CT state is around 0.48 eV, much
larger than the thermal energy at room temperature, and the
time scale of ultrafast charge separation is much shorter than
the featured time scale of thermal fluctuation. It is thus safe to
conclude that the temperature effect will not alter the nature of
the ultrafast charge separation process observed here. Second,
one should also notice that the ultrafast long-range charge
separation revealed in our tDMRG simulation cannot be
observed by traditional perturbative methods. In our
simulations by Redfield theory, a typical perturbative quantum
dynamics method, only short-range charge diffusion site by site
was observed (see Supporting Information). It is not
unexpected because the broadening of LRCT DOS, which is
crucial for long-range charge separation, cannot be triggered by
Redfield theory. The perturbation treatment of vibronic
couplings can only destroy the quantum coherence between
electronic configurations via dissipation, leading to short-range
charge diffusion, which is significantly slower than long-range
charge separation via quantum resonance and cannot explain
the subpicosecond ultrafast charge separation observed in
experiments. This enlightens the necessity of using full
quantum dynamics methods for simulating ultrafast processes
in OSCs.

In conclusion, we examined the effects of vibronic couplings
on exciton dissociation dynamics in OSCs through a full
quantum dynamics simulation within a 1D D/A heterojunction
model. Specifically, we observed long-range charge separation
in an ultrafast time scale of <350 fs. Detailed analysis indicated
that it is caused by the quantum resonance between local FE
states and a broad array of LRCT states assisted by the
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moderate off-diagonal vibronic couplings. Such transitions from
FE to LRCT states in association with the increasing e—h
entropy can be considered as the driving force for ultrafast
charge separation in OSCs.
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