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The arrangement of organic molecules at the donor-acceptor interface in an organic photovoltaic (OPV)

cell can have a strong effect on the generation of charge carriers and thereby cell performance. In this paper,

we report the molecular-level exploration of the ensemble of interfacial donor-acceptor pair geometries

and the charge-transfer (CT) rates to which they give rise. Our approach combines molecular-dynamics

simulations, electronic structure calculations, machine learning, and rate theory. This approach is applied
to the boron subphthalocyanine chloride (donor) and Cgg (acceptor) OPV system. We find that the interface
is dominated by a previously unreported donor-acceptor pair edge geometry, which contributes signifi-
cantly to device performance in a manner that depends on the initial conditions. Quantitative relations
between the morphology and CT rates are established, which can be used to advance the design of more

efficient OPV devices.
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I. INTRODUCTION

Research into organic photovoltaic (OPV) cells is moti-
vated by the synthetic tunability, plasticity, and low
manufacturing and environmental costs of the materi-
als in comparison with those used in inorganic photo-
voltaic (PV) cells [1-6]. Within OPV cells, electron donor
molecules are photoexcited by incident light to form local-
ized electron-hole pairs, or excitons. These excitons then
diffuse through the donor layer to the donor-acceptor inter-
face, where they undergo donor-to-acceptor charge trans-
fer (CT) [1,2,7], which is the first step toward charge
separation and the generation of an electrical current. Thus,
improving the performance of OPV cells calls for a better
understanding of the ensemble of donor-acceptor (D-A)
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pair geometries and their correlation with the interfacial
CT rates to which they give rise [5,8—11].

In this paper, we investigate the relationships between
interfacial structure and CT rates in an OPV cell consist-
ing of boron subphthalocyanine (SubPC) as the electron D
and fullerene (Cgg) as the electron A [1,3,5,12—15]. The
SubPC/Cgp cell continues to draw a wide research effort as
a model of OPV systems [14-18].

For example, the SubPC/Cgp cell parameters have been
shown to depend on the fabrication scheme and sur-
face morphology [3,5,19,20]. The goal of this paper is
twofold. First, we aim to provide insights on the relation-
ships between interfacial structure and CT kinetics and to
develop a comprehensive computational framework that
will be implemented to design OPV cells of enhanced effi-
ciencies. We hope that the lessons learned from the study
of the model system will inspire new design strategies of
OPV cells. Furthermore, the computational framework as
reported here is expected to play a role in the search for
such enhanced OPV applications.

© 2020 American Physical Society
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Previous computational studies of the correlation
between interfacial structure and CT rates in the
SubPC/Cgp system and similar phthalocyanine-fullerene
systems have been based on the optimal geometries of D-
A pairs embedded in a polarized-continuum model (PCM)
[1,13,18,21,22], which can only account for the effect
of the solid-state host in a mean-field manner. The ear-
lier SubPC studies identified two key interfacial D-A pair
geometries, referred to as on-fop and hollow [see Figs. 1(a)
and 1(b), respectively]. It should be noted that Cgp is a
spherical molecule, while SubPC is bowl shaped. The on-
top geometry corresponds to the case in which the concave
side of the SubPC faces the Cgp, while the hollow geome-
try corresponds to the case in which the convex side of the
SubPC faces the Cg.

Importantly, a mean-field modeling at the PCM level
cannot account for the many-body effects brought about
by the nonuniform molecular nature of the solid-state
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FIG. 1. SubPC (green)/Cgp (gray) D-A pairs. There are three
categories of D-A pair geometries: (a) on top, (b) hollow, and
(c) edge. The related order parameters, R and 6, are defined in
(c), where the yellow bead corresponds to the center of mass of
the Cgp and the red and blue beads correspond to the boron and
chlorine atoms of SubPC, respectively. The R parameter is the
distance between the center of mass of Cgy and the boron atom.
The 6 parameter is the angle between the two vectors, ¥ and V5.

environment [8,23,24]. More specifically, the optimal D-
A pair optimal geometries may not be representative of the
actual geometries found in a solid-state system. Further-
more, treating the environment as a dielectric continuum
cannot account for the fact that there is likely a distribution
of geometries, rather than a few well-defined ones.

We use classical all-atom molecular-dynamics (MD)
simulations to obtain an ensemble of interfacial D-A pair
geometries. In doing so, we find that the ensemble of
geometries is dominated by a third type of a pair geometry,
which we refer to as “edge” [see Fig. 1(c)], in addition to
the on-fop and hollow geometries.

We also investigate how type of geometry, overlooked
by earlier gas-phase or PCM calculations, impacts CT
rates. To this end, we perform electronic structure calcu-
lations on three representative D-A pair geometries and
use the results to calculate the distribution of rate con-
stants at the Marcus-theory level (:kM ) [25]. The resulting
rates are comparable to previously reported experimental
and calculated rates [1,18,21]. We also define the corre-
sponding CT rate constant (k) as the product of £ and
the charge (AQp) associated with the CT transition. We
find that the amount of charge transferred depends signif-
icantly both on the D-A pair geometry and the particular
transition involved. While the CT rates are key in deter-
mining the cell performance, the rates for other processes
involved in the charge separation and collection have to be
also determined [17,26].

The fabrication protocol, where the order of the layer
deposition is varied, has been shown to impact the device
performance and therefore presumably the underlying
ensemble of interfacial geometries [5,27]. We address
such variant distributions of the interfacial pairs by using
extreme cases in setting up the MD simulations and there-
fore elaborate on the potential impact of the fabrication
protocol to enhance the device parameter. For the different
cases, MD simulations are analyzed to obtain the statis-
tical weight (p) of each geometry for each model. This
allows for measuring the CT rate density () for a given
model, by summing pkC for each geometry. Therefore,
o® allows us to quantify the correlation between interfa-
cial morphology and CT rates. As presented below, we
find that maximizing the on-fop population enhances the
performance.

II. RESULTS
A. Interfacial SubPC/Cg pair geometries

Classical all-atom MD simulations are performed at
298.15 K within a periodic cubic box containing 75 Cgp
and 75 SubPC molecules for 20 ns. The simulation box
is prepared using five protocols to probe the wide range of
possible fabrication procedures (see the detailed discussion
below in Sec. V and the Supplemental Material [28] for the
initial setup of the layers). An ensemble of interfacial D-A
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pairs, defined when the closest distance between any atom
in Cgo and any atom in SubPC is no more than 5 A, is then
obtained. The potential of mean force (PMF) is calculated
by categorizing the pairs based on two order parameters
[see Fig. 1(c)]: (1) R, which is the distance between the
center of mass of Cgy and the boron atom of SubPC; and
(2) 8, which is the angle between the vector from the center
of mass of Cgp to the boron atom of SubPC and the vector
from the boron atom to the chlorine atom of SubPC [for
the PMF of model V, see Fig. 2(a)].

(a)

Free Energy (kT)

Ontop Hollow Edge
Geometry

FIG. 2. The potential of mean force (a) and population of pair
geometries (b) for the SubPC/Cg pair in deposition model V (for
the other deposition models introduced below, see Fig. S1 and
Sec. I in the Supplemental Material [28]), as a function of the
order parameters, R and 6. R and # are defined in Fig. 1(c). The
color is scaled by kgT. The corresponding ranges of the order
parameters for the different spatial pairs are indicated by the rect-
angular boxes. Ontop, R < 8.5 Aandg < 38°; hollow, R < 9 A
and 95° < 6 < 160°; edge (the majority), 10 A < R < 14 A and
40° < 6 < 100°. Also shown are representative geometries (on
top, hollow, and edge) of SubPC/Cg at each of the three major
basins. The setup of deposition model V is shown both before
and after equilibration as insets in (b).

Inspection of the PMF reveals two pronounced basins
centered at (R,0) = (7.5 A, 0°) and (R,0) = (7.5 A,
120°), which correspond to the on-top [Fig. 1(a)] and
hollow [Fig. 1(b)] pair geometries, respectively. The corre-
sponding basins on the PMF are defined as R < 8.5 A and
6 < 38° for on-top pairsand R < 9 A and 95° < 6 < 160°
for hollow pairs.

We also find a third broad basin on the PMF that does
not correspond to either previously identified geometry for
interfacial SubPC/Cgp pairs. This basin consists of pairs
where only the edge of SubPC is in contact with Cgp. We
refer to this previously overlooked D-A pair geometry as
edge. The basin for the edge geometry corresponds effec-
tively to anything that is not on fop or hollow. The majority
of the edge pairs fall within the following range: 10 A
<R < 14 A and 40° < 0 < 100°. While edge geometries
have a wide variance in &, we select one structure as
an example to aid visualization, as shown in Figs. 1(c)
and 2(a). It should be noted that although the edge basin
is shallow compared to the hollow and/or on-fop basins,
it covers a significantly larger area in the R-@ plane. As a
result, the edge population is actually larger than that of
on top or hollow [see Fig. 2(b)]. We note that an over-
whelming majority of around 90% of all molecules at the
interface are involved in more than a single interfacial
pair. This, however, does not affect the CT kinetics on the
macroscopical scale, which effectively follow the larger
rate constants.

B. Electronic structure of SubPC/Cgp pairs

Three representative D-A pair geometries that corre-
spond to the on-fop, hollow, and edge subensembles are
selected. Electronic structure calculations are performed
on them as described in Sec. V. Figure 3 shows that the
low-lying excited states in SubPC/Cgp pairs involve the
highest occupied molecular orbital (HOMO) of SubPC
and the lowest unoccupied molecular orbital (LUMO) of
either SubPC or Cg. More specifically, in all three geome-
tries, the HOMO, HOMO — 1, LUMO+3, and LUMO+4
are localized on SubPC (the donor molecule), while the
LUMO, LUMO+I1, and LUMO+2 are localized on Cgp
(the acceptor molecule) (see the molecular orbital energies
listed in Table S1 in the Supplemental Material [28]). Con-
sidering the coupling of the low-lying excitation localized
on the donor to a CT state, we find that the HOMO and
LUMO+3 localized on the donor are key in the donor state
and that the LUMOs of all the pairs localized on the accep-
tor are key in the CT state (see the highlighted orbitals in
Fig. 3).

We next consider the excited state properties by follow-
ing their energies within the isolated pair (E#*), the oscil-
lator strength (OS), and the charge of the donor molecule
(Op) (see Fig. 4). States are designated as bright (light
absorbing) if they possess significant OS [29] or as dark
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FIG. 3. The orbital energy diagram for the three representative

SubPC/Cgy geometries. The pair’s HOMO, shown in blue and

denoted as “H,” is localized on SubPC. The pair’s LUMO, shown '

in red and denoted as “L.” is localized on Cgg and contributes to

all the CT states. The absorbing excited state involves the LUMO

on the donor, which is the pair’s LUMO+3 shown in red. For the
on-top geometry, we find an additional absorbing state where the
LUMO+4 plays a role (the LUMO+1 on the donor).

if associated with low OS values. Bright absorbing excited
states (EX) and CT states also tend to be distinguishable
by their Op, where the CT states possess Op > 0.10e. The
values of OS and the energies of the main orbitals involved
in individual states are listed in Table S2 in the Supple-
mental Material [28]. States are ordered asn = 1,2,3,...
according to their ascending gas-phase excitation energy,
EE,

We focus on transitions from bright EX states to dark
CT (dCT) states, with one exception: in the on-fop geom-
etry, we consider a second bright absorbing state that is
also a charge-transfer state (bCT), for which both the
Op and OS are significant. While the EX1 states for the
edge and hollow geometries involve the LUMO on the
donor (LUMO+3 of the pair), for the on-fop geometry,
this orbital corresponds to bCT1 and the LUMO+4 is
involved in the EX1 state. The detachment and attach-
ment densities of the bCT1 and EX1 states are shown

On top : Hollow Edge
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FIG. 4. The charge of the donor molecule (Op) in units of e
and the excitation energy (E®*) in units of electronvolts for the
excited states in different pair geometries. The oscillator strength
(OS) is represented by the arrow width. States with a vanishing
(< 0.01) OS are represented by a thin dotted line. The numerical
values are listed in Table S2 in the Supplemental Material [28].

FIG. 5. The detachment (green) and attachment (magenta)
electronic densities of the on-top EX1 and bCT]1 states. Here, the
detachment and attachment densities demonstrate that the charge
density decreased and increased relative to the corresponding
electronic states, respectively. Other excited state densities are
shown in Fig. S2 in the Supplemental Material [28].

in Fig. 5 (other detachment and attachment densities are
shown in Fig. S2 in the Supplemental Material [28]). For
all geometries, we consider several dCT states, the domi-
nant orbital transitions of which are indicated in Table S2
in the Supplemental Material [28].

C. Interfacial charge-transfer rates

We calculate the electronic-population-transfer rate con-
stant, kM, for transitions from a donor state (EXI or
bCT1) to an acceptor state (dCT1, dCT2, or dCT3) using a
Marcus-like expression based on the linearized semiclassi-
cal approximation [24,25]. The required inputs to calculate
kM, as shown in Eq. (2) in Sec. V, are a classically sampled
D-A energy gap from MD as well as the coupling coeffi-
cient, I'py4, and the excitation-energy correction, W,, from
electronic structure calculations (see Table I and Table S3
in the Supplemental Material [28]). While most studies
focus on the rate of transfer from one electronic state to
another, k™, here we introduce a CT rate constant, kC,
to address transitions of varying amounts of charge trans-
ferred, AQp, in the bCT state. The rate constant, k€, is the
product of kM and AQp (see Table I). This allows for
the evaluation of a transition based on both its rate and the
amount of relevant charge. The MD simulations affect
the excitation energies by considering the molecular envi-
ronment. Clearly, the CT states are expected to be more
stabilized than the localized excitations [23].

In the on-top geometry, the I'py for the bCT1 — dCT1
and bCT1 — dCT2 transitions is the largest of all the cou-
pling energies considered by a factor of 2. On the other
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TABLE L

The charge-transfer rates (kC, in amperes) for all three donor-acceptor geometries. For each transition, the electronic

coupling between donor and acceptor states (I"py, in millielectronvolts), the change in charge of the donor molecule (AQp, in ), and

the mean energy gap ((U), in millielectronvolts).

Geometry Transition I'ps (meV) AQp (e) (U) (meV) k€ (A)
EX1 — dCT1 4.03 0.706 21742 1.8(40.1) x 1077
EX1 — dCT2 24.46 0.616 148 £+ 11 5.2(£0.7) x 1077
EX1 — dCT3 5.47 0.825 —168 +1 2.2(40.1) x 1077
On top EX1 — bCT1 25.82 0.314 11445 5.1(£0.4) x 1077
bCT1 — dCT1 74.16 0.391 12342 2.4(+0.2) x 1078
bCT1 — dCT2 72.27 0.302 61.6+0.1 1.01(%£0.02) x 10~¢
bCT1 — dCT3 21.13 0.511 —240+ 12 1.4(+0.8) x 107
EX1 — dCT1 1.85 0.943 —743 + 14 6(£2) x 10712
Hollow EX1 — dCT2 21.21 0.959 —837+ 14 4(42) x 10711
EX1 — dCT3 15.53 0.905 —936+ 30 6(+4) x 10712
EX1 — dCT1 10.30 0.977 —3544+23 6.5(£0.5) x 1078
Edge EX1 — dCT2 14.02 0.781 —432+ 15 3.2(£0.7) x 1071°
EX1 — dCT3 17.22 0.953 —481 +20 3.1(£0.6) x 10~

hand, AQp for transitions involving bCT]1 is smaller than
that of other transitions due to the higher Op shown in
Fig. 4. As a result, the values of k€ for transitions with
EX1 and bCT1 as parent states in the on-fop geometry are
comparable (within an order of magnitude) both to each
other and to previously calculated values for k¥ (however,
it should be noted that the states and transitions in the lit-
erature do not exactly correspond to those reported here,
as the geometries here are taken from MD simulations as
opposed to optimized geometries) [1].

For the hollow and edge geometries, the I'py values for
transitions from EX1 to dCT states are smaller than for any
transitions for the on fop geometry and consequently are
associated with smaller rate constants. Interestingly, the k¢
values for the edge geometry are faster overall than those
of the hollow geometry. This is somewhat surprising con-
sidering the relatively smaller contact between the donor
and acceptor molecules in the edge geometry. This differ-
ence between edge and hollow can be traced back to the
fact that the transitions in the edge geometry correspond
to a much smaller (U) than those of the hollow geometry
(see Table I). The kM values for transitions in the hollow
geometry (see Table S3 in the Supplemental Material [28])
are observed to be significantly smaller than previously
reported [1].

D. Effect of deposition protocols

We consider five deposition models that mimic extreme
scenarios of fabrication that are associated with differ-
ent geometries (see Fig. 6). Models I-111 are characterized
by an ordered SubPC layer upon which the Cgg layer is
deposited. The ordered SubPC layers in models I and Il are
arranged such that they are biased toward the on-fop and
hollow geometries, respectively. Model 111, on the other

hand, is unbiased by having alternating layers. Models
IV and V are characterized by a disordered SubPC layer
deposited on top of an ordered Cgy layer. The difference
between models IV and V is that model V has alternating
layers.

We perform MD simulations for these five models and
create free-energy surfaces, as shown in Fig. S1 in the
Supplemental Material [28]. We then calculate the pop-
ulations of the three geometries for the five models [see
Fig. 7(a)]. We find that for all the deposition models con-
sidered, the edge geometry is the dominant one. We also
find that the relative population of the on-top versus the
hollow geometries depends quite strongly on the deposi-
tion model. More specifically, model I (stacked layers—on
top) leads to the highest on-fop population, while model
I1 (stacked layers—hollow) has the lowest on-fop popu-
lation [see Fig. 7(b)]. This is expected, since by design,
the SubPC orientations in models I and II favor on-fop and
hollow geometries, respectively. Additionally, as expected,
the three other models, involving alternating layers and/or
random orientations in the SubPC layer, show intermediate
relative populations between deposition models I and II.

In addition to different relative populations, each depo-
sition model possesses a different packing density that may
impact device performance. Figure 7(c) shows that model
I1, the interface of which is dominated by pairs in the hol-
low geometry, has the largest number of interfacial pairs
per unit area. Model 1 has an interfacial pair density that,
while lower than that of deposition model 1I, is higher
than those of models I1I-V. Thus, the deposition procedures
that are biased toward only one geometry lead to higher
packing density.

In Table 1I, we evaluate the expected device perfor-
mance based on the deposition model in terms of the
CT rate density () by considering the populations of
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Stacked Alternating
Layers Layers
Model |
-~ Q
On top Tuky
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b e
Hollow
Model IV Model V
Disordered

FIG. 6. The five initial conditions mimicking the deposition
models used in the simulations. Each consists of six layers of
25 SubPC or Cgp molecules (three SubPC layers + three Cgq lay-
ers). The models differ with respect to the order of layers and
the orientation of the molecules in the SubPC layer. Detailed
descriptions can be found in the Supplemental Material [28].

each geometry [Fig. 7(a)], their corresponding k€ values
(Table I), and the pair density [Fig. 7(c)]. It should be
noted that deposition models I, II, and IV have an inter-
facial area 5 times smaller than those of models III and
V due to their alternating layers. Model 1 has the largest
o® value among the five deposition models because it has
the largest population of pairs in the on-fop geometry. The
on-top geometry dominates w® for all deposition models
due to its large k© value, while the hollow geometry is
nearly insignificant due to its low k€ value. Interestingly,
the edge geometry plays a significant role because of its
large population. As a consequence, all other deposition
models give rise to similar performance despite a lower
on-top population.

I11. DISCUSSION

MD simulations are used to obtain an ensemble of inter-
facial donor-acceptor geometries in the SubPC/Cgp OPV
system. This molecular-level analysis should be contrasted
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FIG. 7. Interfacial SubPC/Cgy pairs for the five deposition

models in Fig. 6. (a) The percentage of interfacial pairs in the on-
top (blue), hollow (red), and edge (yellow) geometries. (b) Only
the percentage of interfacial pairs in the on-top geometry in each
model. (c) The pair density at the interface of each model.

with previous studies that have been based on a dielectric
continuum mean-field level of modeling and have yielded
only two interfacial geometries (on fop and hollow) [20,
21,30,31].

The MD simulations presented in this paper reveal a
third interfacial donor-acceptor geometry that we denote
by edge [see Fig. 1(c)]. The edge geometry is not favorable
when considered within a continuum dielectric model due
to the smaller interfacial overlap between the donor and
acceptor molecules. However, the edge geometry emerges
in the explicit molecular treatment offered by the MD
simulations, which reveal that the solid-state environment
makes it the dominant geometry in all five deposition
models.

We have find that while the k€ value for the edge geom-
etry is much lower than that of the on-top geometry, the
higher population of edge still allows it to play a significant

TABLE II. The charge-transfer-rate densities (@ in nA/nm?)
for the five deposition models.

wC

(nA/nm?) Model 1 Model I Model Il Model IV Model V

On top 1134+£10 394+6 55+£4 43+£3 5943
Hollow 0 0 0 0 0

Edge 37+2 4343 23412 2742 2241
Total 1499+11 B82+6 78+5 70+4 8143
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role in determining device performance. Such a correla-
tion between interfacial geometry and CT rates is likely
not unique for the SubPC/Cgy system and is expected to
play a role in other OPV systems [32-34].

Charge separation in OPV systems follows a sequence
of steps that determines the overall efficiency. These steps
include charge diffusion [1,2,23,33,35], dissociation [19,
34,36], and recombination [2,35-38], which are associated
with a wide range of length and time scales [6,31-35,37,
39-41]. There appears to be evidence that interfacial CT
plays a central role in determining the overall device per-
formance and particularly in SubPC/Cgq systems [5,13,27].
In this study, we focus on the interfacial CT step in a
widely studied system, where to better understand the link
between structural aspects, including that of the interface
and device performance, future work will have to address
the other steps and extend the analysis to the mesoscopic
level. Essentially, all of the rates of all the steps have to be
determined to extract the cell parameters without imposing
any assumptions [17,26].

Our simulations address extreme cases of stacked layers.
In particular, models I and 11 of stacked layers increase the
occurrence of on-top and hollow interfacial pairs, respec-
tively. See the deposition setups introduced above in Fig. 6.
Indeed, while in all cases the edge population is most dom-
inant (between 70% and 80%), in model I we find that
over 10% of all pairs are on-top pairs and in model 1I
the on-top fraction drops to 2% and the hollow-pair frac-
tion rises to close to 30%. Consequently, we find that the
CT rate density is the largest for model I at 170 nA/nm?
due to the increased share of the on-top pairs, whereas
the other charge densities, including that of model 11, are
up to around 80 nA/nm?. This appears to provide a good
explanation of the measured trend of the short-circuit cur-
rent, which is found to be strongly dependent on the order
of layer deposition [5]. Further studies are required to
directly link the fabrication to the actual distribution of the
interfacial pairs affected in the device measurements.

Charge-transfer states are strongly affected by the elec-
trostatic environment, where they can be significantly sta-
bilized to be lower than the absorbing-state energies [42—
44]. Therefore, such environmental effects are expected to
greatly affect the charge-transfer rates. In this study, we use
gas-phase-based electronic structure parameters, where the
effects of the environment are captured through the MD
simulations. The environmental electrostatic effects stabi-
lize the CT states. We also note that ongoing efforts find
that polarization effects addressed by a recently devel-
oped polarizable force field yield rates that reproduce
the corresponding values achieved using a nonpolariz-
able force field. While these observations are based on a
solvated molecular triad, we also expect to find similar
trends, where the polarization terms are only of a sec-
ondary effect, when considering OPV-related systems, as
in this study. In addition, the recently developed screened

range-separated (SRSH) functional [45], which efficiently
obtains environment-affected CT states [46], has been used
in the study of another OPV fullerene-based system [22]
and will be used in the future with MD simulations, as in
this study.

IV. CONCLUSIONS

We study the interfacial D-A pairs in SubPC/Cg
OPV systems, and the associated CT across these pairs.
We employ a comprehensive computational framework
combining large-scale MD simulations, state-of-the-art
quantum chemistry calculations, and the advanced rate
theory of photoinduced CT. Large-scale MD simulations
are employed to characterize the interfacial D-A pairs.

We find three categories of pairs, including on-fop, hol-
low, and edge. The edge conformation, which has not been
addressed in previous studies, is found to dominate the
interface. However, the on top geometry, which comprises
a significantly smaller portion of the interface, is found
to have comparable CT rates to the hollow geometry in
studies utilizing a polarizable continuum. The molecular
resolution invoked here to study the kinetics identifies it as
promoting the CT process most effectively. This interplay
of rate constants and conformational density highlights the
scope for improving the ability of controlling the fabri-
cation at the molecular level. We predict that increasing
the relative weight of on-top conformational pairs achieves
enhanced CT kinetics across the interface.

V. METHODS

A. Molecular-dynamics simulations

The MD simulations are based on the generalized
AMBER force field (GAFF) [47—49]. Interactions involv-
ing the Boron atom for SubPC are not provided in GAFF
and are therefore adopted from Refs. [50,51] (see Table S4
in the Supplemental Material [28]). In order to examine
the effect of fabrication procedures on the interfacial struc-
ture, we consider five different sets of initial conditions (see
Fig. 6 and detailed descriptions in the Supplemental Mate-
rial [28]) constructed using a combination of AMBER and
PACKMOL [52]:

Model I Stacked layers(on top)

Model I  Stacked layers (hollow)
Model III  Alternating layers (on grid)
Model IV  Stacked layers (disordered)
Model V. Alternating layers (disordered)

The MD simulations are performed within AMBER 14
using the program SANDER [47]. Periodic boundary con-
ditions are employed. The initial size of the simulation
box varies depending on the initial configurations. The
bonds involving hydrogen are constrained using the SHAKE
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algorithm [53]. All MD simulations are performed with a
time step of 2.0 fs. Electrostatic interactions are computed
using the particle-mesh Ewald method [54]. A cutoff of
10 A is used for van der Waals interactions and real-space
Coulomb interactions as well as for updating the neighbor
lists.

Energy minimization is performed via a hybrid
algorithm. We start out with 500 time steps with the
conjugated-gradient method, followed by 4500 time steps
with the steepest-descent method. The system is then grad-
ually heated to 298.15 K at constant volume within a 10-ps
time interval. This is followed by a 1.0-ns equilibration
under an NPT ensemble at a constant pressure of 1.0 bar
and a temperature of 298.15 K. The pressure relaxation
time is set to 1.0 ps. After adjusting the box size to approx-
imately 60 A x 60 A x 80 A based on the equilibrium
density, a 20-ns production run under an NVT ensemble is
performed.

Convergence of the production run is achieved as the
Kullback-Leibler (K-L) divergence [55] between distri-
butions of the total potential energy of the system over
accumulative simulation time approaches zero at 20 ns (see
Fig. S3 in the Supplemental Material [28]). K-L diver-
gence between the probability distribution P (reference)
and Q as a function of the order parameter x is defined
as follows:

o)
re,0) =- ijmx) 2 (1)

The K-L-divergence analysis indicates a well-sampled tra-
jectory if the changes between distributions at different
times are small. A value of zero indicates that the two
distributions are identical. We systematically calculate the
K-L divergence between the distributions of accumulated
trajectories at a simulation time interval of 1 ns. The results
of our analysis indicate that simulations for all deposition
models have reached convergence since the K-L diver-
gence between potential energy distributions approaches
zero by the end of our simulation runs.

For further analysis, interfacial donor-acceptor pairs are
defined when the closest distance between any atom in Cgg
and any atom in SubPC is no more than 5 A.

B. Electronic structure calculations

All electronic structure calculations are performed using
Q-Chem 4 [56]. Excited-state electronic structure calcula-
tions are performed via time-dependent density-functional
theory (TD-DFT) on the selected donor-acceptor pairs
[57]. The Baer-Neuhauser-Livshits (BNL) range-separated
hybrid functional [58,59] and the 6-31G* basis set [60]
are used. An optimally tuned y of 0.167 bohr™!, obtained
based on the J2(y) scheme [61] for the on-fop geometry,
is used in all of the calculations. The electronic coupling
coefficients between the donor and acceptor electronic

states are calculated via the fragment-charge-differences
(FCD) method [62].

Electronic excited states are classified based on the
charge of the donor molecule, Op, either as non-CT states
(Op < 0.10 e) or CT states (Op > 0.10 e). The non-CT
states and CT states are denoted as EXn and CTn, respec-
tively. The index » is used to order the states within a
class by their energy, from lowest to highest. CT states
with a significant oscillator strength (OS) are referred to
as light-absorbing or bright (bCT), whereas CT states with
negligible OS are referred to as dark (dCT).

C. Rate constants

Electronic-population-transfer rate constants are calcu-
lated based on the Marcus-like theory outlined in Ref. [25]:

Tpal? [2n (0)?2
o A

Here, U(R) = Vp(R) — V4(R) is the donor-acceptor
energy gap as a function of the nuclear configuration, R,
where Vp and ¥V, refer to the potential-energy surfaces
that correspond to the donor and acceptor states, respec-
tively. (U) is the average donor-acceptor energy gap sam-
pled classically on the equilibrated donor state and oy =
V(U?) — (U)? is the corresponding standard deviation.
The reorganization energy, E,, the reaction free energy,
AE, and the activation energy, E4, can be expressed in
terms of (U) and oy E, = 0'5,/(2,‘(37), AE = —E, — (U),
and E4 = kzT(U)?/(20%). These are listed in Table S5
in the Supplemental Material [28] for each transition.
Importantly, using classical MD simulations to calculate U
accounts for the environmental effects of explicit ground-
state condensed-phase SubPC and Cgp molecules on the
charge-transfer SubPC/Cgp pair, the electronic excitation
energies of which are obtained from electronic structure
calculations as detailed in Sec. V.B.

(U) and oy for a given transition are calculated from
NVT MD simulations. In these simulations, a SubPC/Cg
pair is designated and kept fixed. These fixed atoms
are assigned with force-field parameters (Mulliken par-
tial charges) of a donor state using the electronic structure
approach for the pair. The rest of the SubPC and Cgp
molecules move freely and are assigned the force-field
parameters of the ground state. Using the coordinates and
velocities of a completed trajectory, ¥} and V* are found
by recalculating the energy of the entire system using MD,
as denoted by M. To address double counting between
the electronic structure and MD calculations, we define
Vo = Vr + Wy, where W, is the energy correction and
« denotes a donor or acceptor state. W, is computed as
the difference of the single-point energy for each state of
the SubPC/Cgg pair between quantum chemistry calcula-
tions and MD simulations in Table S6 in the Supplemental
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Material [28]. For each D-to-A transition, U is calculated
by finding the difference of Vp and V4 at each time step
of 1 ps. Then, (U) is obtained by averaging over 40 MD
trajectories (40 ns each).

As shown in Fig. S4 in the Supplemental Material [28],
the distribution of U(R) is not Gaussian. This is attributed
to different solid-state environments that correspond to
different local minima. Contributions from different solid-
state environments are resolved by best fitting the distri-
bution of U(R) to a sum of Gaussian distributions. The
distributions are chosen by least-squares fitting, with the
number of Gaussian distributions chosen to be three unless
the confidence intervals of the standard deviation contain
negative numbers. If not, it is decreased until that criterion
is satisfied. These parameters are listed in Table S3 in the
Supplemental Material [28]. Investigation of the physical
nature of the solid-state environment underlying the differ-
ent Gaussian distributions is currently under way and will
be reported in a separate future publication.

While previous papers have focused on kY, in this paper
we focus on k¢, which incorporates the amount of charge
transferred in the transition, AQp, in order to be a CT rate
constant. It is defined as follows:

k¢ = AQpkM. (3)

D. Charge-transfer-rate densities

To estimate the overall CT performance of a certain
interfacial morphology, we first define the CT rate constant
for a geometry k€ (i € {on top, hollow, edge}) as the sum of
the k€ values of all possible D-to-A transitions (f):

B= Y H, (4)
t

where the k€ values for each transition are given in Table I.
The CT-rate density @€ for each deposition model is the
weighted CT rate constant for all geometries across a unit
area of interface:

()

c c number of interfacial pairs
w = Z ki- Pi X T
: area of interface

where p is the fraction of a specific geometry.
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