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ABSTRACT: Organic photovoltaics (OPV) is an emerging solar cell technology that offers vast
advantages such as low-cost manufacturing, transparency, and solution processability. However,
because the performance of OPV devices is still disappointing compared to their inorganic
counterparts, better understanding of how controlling the molecular-level morphology can
impact performance is needed. To this end, one has to overcome significant challenges that stem
from the complexity and heterogeneity of the underlying electronic structure and molecular
morphology. In this Letter, we address this challenge in the context of the DBP/C70 OPV system
by employing a modular workflow that combines recent advances in electronic structure,
molecular dynamics, and rate theory. We show how the wide range of interfacial pairs can be
classified into four types of interfacial donor−acceptor geometries and find that the least
populated interfacial geometry gives rise to the fastest charge transfer (CT) rates.

The reduced production and environmental costs as well as
improved bandgap tunability and solution processability

of organic photovoltaic (OPV) devices compared to those
based on conventional inorganic materials are powerful
rationales for OPV research.1−13 The initial step within such
OPV devices corresponds to formation of an exciton through
photoexcitation. The exciton then diffuses to the interface
between donor (D) and acceptor (A) materials, where charge
transfer (CT) from a D molecule to an A molecule creates an
electron−hole pair.1−3,14 This pair then undergoes charge
separation, where the electron and hole separate and diffuse
away from the D/A interface within the A and D matierals,
respectively. Successful charge separation leads to collection of
the charges at the electrodes and formation of photocurrent. In
order to be effective, those primary processes need to occur
faster than competing loss processes such as electron−hole
recombination.
The amount of charge collected determines the device

efficiency. Thus, the rate of the different processes has a direct
impact on device performance. OPV performance can be
improved by obtaining a molecular level understanding of how
variation in the D/A interfacial structure influences CT rate
constants.1,6,15−18

In this Letter, we investigate the correlation between the
interfacial molecular morphology and CT rates in the well-
studied OPV system consisting of tetraphenyldibenzoperi-
flanthene (DBP), as the electron donor, and a fullerene (C70),
as the electron acceptor (see Figure 1).19,20 To this end, we
utilize a software package we recently introduced, CTRAMER

21

(Charge Transfer RAtes from Molecular dynamics, Electronic
structure, and Rate theory), for calculating interfacial CT rates
based on molecular dynamics (MD) and electronic structure
inputs for interfacial D/A representative geometries. The
theoretical framework for calculating CT rate constants is
based on the linearized semiclassical Fermi’s golden rule (LSC
FGR),22−28 which has an explicit, molecular environment
around the D/A pair instead of a polarizable continuum or a
harmonic bath.1,23 The heterogeneity of different interfacial D/
A geometries requires this level of atomistic resolution to
accurately account for the distribution of CT rates.1,15,22,29−34

Our model of the DBP/C70 D/A interface consists of 6
alternating layers of DBP and C70 with 25 molecules in each
layer, which gives rise to a large ensemble of interfacial D/A
pair geometries. Analysis of the ensemble of interfacial pair
geometries was aided by using cylindrical coordinates (shown
in Figure 1c) to represent the location of the center of mass of
the C70 molecule relative to the center of mass of the DBP
molecule. We focused on two order parameters: the distance
(Z) from the center of mass of the C70 molecule to the center
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of mass of the DBP molecule projected on the Z axis and the
angle of rotation (Φ) for C70 around the main axis of DBP.
Figure 2 shows the potential of mean force (PMF) along the

order parameters of (Z, Φ), (the computational details can be
found in the Supporting Information). The free energy
landscape is seen to be relatively flat with variations of less
than 2 kT. The region of highest probability, located at (0 Å,
0°), had previously been identified as energetically most

favorable19 but was found here to comprise only a small
fraction of the ensemble. Other low-energy regions are
centered at (0 Å, 70°) and a long vertical region with basins
centered at (9 Å, 0°) and (12 Å, 60°). The ridgelines shown in
Figure 2 divide each of these basins at the crests of highest
energy between them using a density-based clustering
algorithm.
The four basins reflect the symmetry of the DBP molecule

defined by a long major axis and a shorter minor axis. We
utilized a major−minor naming scheme that references the
position of the C70 molecule on a given axis as [1] and off the
axis as [0]. The representative structures for these basins were
therefore referred to as [1,1], [0,1], [1,0], and [0,0]. Figure 1b
shows that most interfacial D/A pairs (61%) are found in the
[0,0] geometry. The D/A pair geometry with the highest
probability in each region was selected to represent the entire
region for CT rate analysis.
Excited-state calculations at the representative D/A geo-

metries were performed based on a screened-range-separated
hybrid (SRSH) functional30,35−37 based on the Perdew−
Burke−Erzenhof (PBE) functional38−40 (see further details in
Computational Methods). Each state is characterized by the
(1) excitation energy of the D/A pair (E), (2) oscillator
strength (OS) of the pair,41 and (3) donor molecule’s charge
(QD). These properties of the excited states are shown in
Figure 3.
Each geometry contains a similar number of dark CT (dCT)

states (18, 16, 20, and 16 dCT states for [1,1], [0,1], [1,0], and
[0,0], respectively) and a single bright state denoted as EX1.
The OS of the EX1 state for the [1,1] geometry (0.94) was
lower than the OS of the EX1 states for the [0,1], [1,0], and
[0,0] geometries (1.24, 1.17, and 1.46) as shown in Figure 3.

Figure 1. DBP (a) and C70 (b) molecules, shown at the same scale,
with the cylindrical coordinate system (c) used to define order
parameters. Pairs are classified according to the center of mass of C70
being “on” ([1]) or “off” ([0]) the major and minor axes of DBP
shown in panel a.

Figure 2. Potential of mean force for the DBP/C70 pair using a Z−Φ
cylindrical coordinate system. Also shown are representative
structures of DBP/C70 pair at each of the four geometries ([1,1],
[0,1], [1,0], and [0,0]). Z is the distance of the C70 along the main axis
of the DBP molecule from its center, and Φ is the angle of rotation
around the main axis (see Figure 1c). The percentage of sampled pairs
corresponding to each representative structure is listed next to their
label. Solid black lines show the border of each region.

Figure 3. Scatter plot of the donor/acceptor pair’s excitation energy
(E) versus the donor molecule’s charge (QD) for the 40 lowest-energy
excited states of each representative geometry. Each dot is shaded
based on its oscillator strength (OS). States involved in the CT
process are represented by large squares, while other states are shown
by smaller circles.
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The excitation energies for all four EX1 states are around 1.7
eV. Similarly, the excitation energies of the dCT states are
similar across the four geometries. The dCT states for [0,1]
and [0,0] mostly corresponded to the charge transfer of
roughly a full electron, whereas several dCT states for [1,1]
and [1,0] had significantly smaller values of QD. Numerical
values represented in Figure 3 can be found in Table S2.
Next, we compute the electron transfer rate constant, kM, for

donor state (EX1) to acceptor state (dCTn) transitions at the
Marcus level, which is computed using the mean and variance
of the energy gap between donor and acceptor states as
obtained from all-atom MD simulations.21 We note that the
condensed-phase polarizable environment is expected to
stabilize CT states more than localized excitations do.29

As shown in Figure 4, transitions with large kM are found in
all geometries, with [1,1] having six of the seven transitions

over 1012 Hz. The EX1 → dCT10 transition from the [1,1]
geometry had the fastest kM by a factor of 5, which is due to
having both a very small energy gap and the largest coupling.
This resulted in the [1,1] geometry having the largest overall
CT rate (shown in Figure 4 and Table 1), represented by KC as
defined in eq 3. The KC for each of the other geometries was
only an order of magnitude lower. The difference in
contribution to CT rate density (ωC), defined in eq 4,
between [1,1] and the other geometries is even smaller because
of the small population of the [1,1] geometry.

Hundreds of thousands of D/A pairs were sampled from
MD simulations of the DBP/C70 interface. Classifying the
different pair geometries based on the cylindrical coordinates
as shown in Figure 1c resulted in several clustered regions.
Each region corresponds to the placement of the C70 molecule
“on” ([1]) or “of f” ([0]) the major and minor axis of the DBP
molecule (see Figure 1a). While the [1,1] geometry was the
most energetically favorable, Figure 2 shows that it
corresponds to the narrowest basis and therefore the smallest
subpopulation. In contrast, the [0,0] geometry corresponds to
the widest basis and as a result the largest subpopulation (over
half the D/A pairs).
A representative pair was chosen for each cluster in Z−Φ

space followed by calculating its excited states using TD-DFT
and CT rate constants, with kM corresponding to transition
between excited states. By summing kM for each transition of a
geometry and accounting for the quantity of charge transferred,
we obtained an overall CT rate constant, KC. Table 1 shows
that the [1,1] geometry had the highest KC by an order of
magnitude. This higher KC is likely due to the higher contact
area between DBP and C70 that comes from being “on” both
axes. Each of the other three geometries had a similar KC.
Future studies can use CTRAMER to study the variance of KC

within each region.
At the same time, the overall low population of the [1,1]

geometry limited its impact on the overall CT efficiency. To
measure this, we used CT rate density, ωC, which accounts for
both the CT rate and the prevalence of a geometry. Table 1
shows that [1,1] still has the largest impact on system-level CT,
despite its relatively low population. This result suggests that
changes in device fabrication that affect the relative population
of these geometries has the potential to have a large impact on
device performance. [1,1] was the most favorable geometry for
CT; however, its low population leaves room for optimization
in the fabrication procedure. The greater population of the
other geometries allowed them to also have a significant impact
on overall CT efficiency.
These results show that a condensed-phase interface can

stabilize multiple geometries that have both a significant
population and a fast CT rate. This illustrates the need for a
multiscale software like CTRAMER, which handles complex
many-body effects with MD and the sophisticated electronic
structure methods needed to accurately calculate excited-state
properties. Our results suggest that small changes in the
molecular morphology of DBP/C70 can have large effects on
device performance.

■ COMPUTATIONAL METHODS
The overall computational workflow is outlined in Figure 5.
The electronic structure calculations (represented in Figure
5a,b,f,g) were performed using Q-Chem 5.42 Time-dependent
density-functional theory (TD-DFT) was used on interfacial
D/A molecule pairs selected from MD simulations in order to
calculate excited states as well as their oscillator strength (OS),
partial charges, and relative energy.43 Specific parameter
choices used to implement the calculations are given in the
Supporting Information.
The states were then classified as bright (light absorbing)

and/or CT states using the following criteria. First, CT states
were defined as states where the donor molecule’s charge, QD,
was greater than 0.25e. Second, bright states were defined as
the states with highest OS.41 Bright, non-CT states were
denoted by EX (excitonic), while CT states were denoted by

Figure 4. Charge transfer rate constants (kM) for the donor-to-
acceptor transition in each representative geometry. Each dot
represents a single transition (e.g., EX1 → dCT10). The thin
rectangles correspond to the total rate (KM) for each geometry. The
spacing on the x axis is offset to allow for easier resolution of each
point. Values for each transition are recorded in Table S1.

Table 1. Charge Transfer Rate, KC, and Rate Densities, ωC,
for Representative Geometries
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dCT (dark CT) as no bright, CT states were found. Each
individual state was then classified as EXn or dCTn, where n
represents the rank of that state’s energy, from smallest to
largest, of states with the same type and geometry. Transitions
were then selected using each possible combination of a bright
state and a CT state. The electronic coupling coefficients of
each transition were computed via the fragment-charge-
differences (FCD) method.44

Condensed-phase systems of 150 molecules were con-
structed using Packmol (shown in Figure 5c) using 6 square
layers.45 The SANDER

46 program from AMBER12 was used for
MD simulations as detailed in the Supporting Information
(shown in Figure 5d). Six parallel runs of 5 ns each were used.
DBP/C70 pairs were sampled from the MD production runs
with interfacial D/A pair defined as 1 DBP and 1 C70 where the
displacement between the closest atoms from separate
molecules was smaller than 5 Å. Each D/A pair was then
characterized using a cylindrical coordinate system as shown in
Figure 1c and Figure 5e for the C70 center of mass with the

origin at the DBP center of mass. To utilize the symmetry of
DBP, points were reflected such that Z ∈ [0 Å, ∞ Å) and Φ ∈
[0°, 90°]. Details of calculating the energy landscape are given
in the Supporting Information.
Production runs for rate calculations included the entire

system surrounding the selected D/A pair which was assigned
its partial charge from TD-DFT and restrained to its geometry
using a protocol detailed in the Supporting Information. All
other molecules kept ground-state charges and were unre-
strained. All other parameters were the same as for MD
simulations for population analysis. For each transition 5
parallel runs of 5 ns were used.
A Marcus-level expression derived from LSC FGR1,23−27 was

then used to calculate the transition rate constant (kM) from
donor state to acceptor state, where

k
U2

exp
2

M DA
2

U
2

2

U
2

π
σ σ

=
|Γ |

ℏ
−

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (1)

Figure 5. Overall workflow of calculations in this Letter. (a and b) First, DFT calculations were performed on the C70 and DBP molecules
separately, as represented by the blue ovals. (c) Next, the atomic coordinates and Mulliken charges from panels a and b were used to construct a
condensed-phase system. (d) Then, the system from panel c was equilibrated and (e) the potential of mean force was obtained using MD. (f)
DBP/C70 pairs were then selected from panel e, and excited states were calculated using TD-DFT and (g) classified using CTRAMER. (h) Energy
gap distributions between donor and acceptor states were calculated using MD for use in computing (i) charge transfer rate constants and rate
densities.
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Here, U(R) = VD(R) − VA(R) is the energy gap between
donor and acceptor states (shown in Figure 5h) where VD and
VA are the potential-energy surfaces of the donor and acceptor
states, respectively, and R represents the nuclear coordinates.
⟨U⟩ and σU are the mean and variance, respectively, of U(R).
To relate this “Marcus-level” expression with the traditional
Marcus formula,47,48 the reorganization energy (Er), the
reaction free energy (ΔE), and the activation energy (Ea)
can be calculated from ⟨U⟩ and σU: Er = σU

2 /(2kBT), ΔE = −Er
− ⟨U⟩, and Ea = kBT⟨U⟩

2/(2σU
2 ).49−52 Parameters for

calculating kM are given in the Supporting Information.
While kM is a rate constant for transition between states, we

multiplied it by the amount of the charge transferred during
that transition, (ΔQD), to obtain a CT rate constant (kC):

k Q kC
D

M= Δ (2)

While both kC and kM can be used to compare the rates of
different transitions, to compare the efficiency of different
structures a structure-level CT rate constant (shown in Figure
5i) is needed. We summed kC over each transition, t, from each
representative structure, i, to get this structure-level CT rate
constant:

K ki
t

t
C C∑=

(3)

A system-level CT rate density (ωC) was then similarly
obtained using an average of Ki

C, weighted by the average
population (ni) of each structure (i), divided by the average
area (A) of the D/A interface in the simulation (41 nm2):

K n
A

( )
1

i
i i

C C∑ω = ×
(4)
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