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Structure and Disorder in Squaraine—Cg, Organic Solar
Cells: A Theoretical Description of Molecular Packing and
Electronic Coupling at the Donor—Acceptor Interface

Yao-Tsung Fu, Demetrio A. da Silva Filho, Gjergji Sini, Abdullah M. Asiri,
Saadullah Gary Aziz, Chad Risko,* and Jean-Luc Brédas*

Organic solar cells based on the combination of squaraine dyes (as electron
donors) and fullerenes (as electron acceptors) have recently garnered much
attention. Here, molecular dynamics simulations are carried out to investi-
gate the evolution of a squaraine-Cg bilayer interface as a function of the
orientation and order of the underlying squaraine layer. Electronic couplings
between the main electronic states involved in exciton dissociation and
charge (polaron pair) recombination are derived for donor—acceptor com-
plexes extracted from the simulations. The results of the combined molec-
ular-dynamics—quantum-mechanics approach provide insight into how the
degree of molecular order and the dynamics at the interface impact the key

processes involved in the photovoltaic effect.

1. Introduction

The potential for low-cost and large-area solar-energy harvesting
has made organic photovoltaics (OPV) a technology of great
promise.l'® Recent efforts have pushed OPV closer to com-
mercial viability as power conversion efficiencies (PCE) over 9%
have been realized in single-junction devices,”! while 12% PCE
has been achieved in multi-junction cells.®) Much of this devel-
opment has been due to improvements in terms of materials
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design, processing procedures, and new
device architectures.®2% Although these
results are encouraging, there remains
limited comprehensive understanding of
the factors impacting the underlying phys-
ical processes that take place in OPV, and
in particular how the myriad morpholo-
gies available in the active layer influence
the final PCEs.

Large absorption coefficients, espe-
cially in the red and near-infrared spectral
regions, and the ability to tune the solid-
state molecular packing have led to recent
interest in the use of squaraine dyes as
the primary absorbing and hole-transport
(electron-donor) material in organic solar
cells. ] For instance, Thompson, Forrest, and co-workers
have exploited 2,4-bis[4-(N,N-diphenylamino)-2,6-dihydroxy-
phenyl] squaraine, DPSQ, see Figure 1, as it has good absorp-
tion in the red portion of the visible spectrum (>650 nm),
while thermal and solvent-vapor annealing (SVA) techniques
can be used to manipulate the relative crystallinity/order of
DPSQ-Cg, active layers.212328] In particular, fine control of
the bulk and interfacial morphologies of DPSQ-Cq, bilayers
lead to a 30% increase in PCE (3.4% to 4.8%).12%] The results
of these studies, in conjunction with the theoretical under-
pinnings discussed by Giebink and co-workers,?>3% suggest
that an optimized bilayer OPV should maintain considerable
order within the bulk to minimize cell resistance and improve
exciton diffusion efficiency while the heterojunction with the
acceptor should be rough/disordered to limit the intermo-
lecular electronic coupling (i.e., molecular orbital overlap)
between the donor and acceptor to reduce geminate charge
(polaron-pair) recombination.?}l In addition, Wiirthner and
co-workers reported on the aggregation-dependent photovol-
taic properties of squaraine-PC¢BM (phenyl-Cg;-butyric acid
methyl ester) bulk heterojunctions with both H- and J-aggre-
gates in the mixture;®! the formation of J-aggregates, which
red-shift the absorption maximum, results in increased device
efficiency.

Since morphological variability is seen to impact signifi-
cantly the electronic processes within the bulk and interfa-
cial regions of the active layer,?>% it is important to develop
insight into the materials behavior at the molecular level. How-
ever, it remains very difficult to obtain precise, molecular-scale
experimental details concerning the nature of the molecular

[18,21-27
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Figurel1. Chemicalstructuresofthedonor2,4-bis[4-(N, N-diphenylamino)-
2,6-dihydroxyphenyl] squaraine (DPSQ) and the acceptor Cg.

packing configurations in these regions,?>3%*!l in particular
in the presence of disorder. It is the reason why molecular
dynamics (MD) simulations are increasingly used as a tool to
gain further understanding of the bulk and interfacial mor-
phologies>>**#] with recent results highlighting the potential
for intermixing and/or disorder at bilayer interfaces. Here, our
goal is to employ MD simulations to investigate the bilayer
squaraine-Cg, interface morphology and couple them with
electronic-structure calculations to analyze how the electronic
properties evolve as a function of interfacial configurations
(see Computational Methods for full details). A key finding
is that the combination of molecular shape, local packing
configurations, and dynamics lead to rela-
tively small electronic couplings among the
interfacial electronic states of importance
in the photovoltaic process at squaraine-Cg
interfaces.

2. Results and Discussion

Our discussion is structured as follows. We
first describe the key features of the DPSQ
slabs that are used to examine interfacial
molecular packing morphologies available
as a function of the processing methods
outlined previously.?3! We then examine the
strength of the intermolecular interactions
expected between Cqy and DPSQ as a func-
tion of DPSQ orientation, and use the DPSQ
slabs to examine the nature of the DPSQ-Cg,
interface. Finally, we analyze how the nature
and dynamics of these interfaces influence
the intermolecular donor-acceptor electronic
couplings.

Adv. Funct. Mater. 2014, 24, 3790-3798
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2.1. Ordered and Disordered DPSQ Slabs

Controlling the degree of order of DPSQ in the bulk and at the
interface is an important factor that impacts the PCE of the
DPSQ-Cq, bilayer OPV. As a first step, we examine two slab
configurations that correspond to films developed through
differing processing procedures described previously:?3 an
ordered configuration (O) to represent more crystalline films,
and a disordered configuration (D) to represent the as-cast,
amorphous DPSQ film:

i) Ordered: Both thermal and solvent-vapor annealing pro-
cedures prior to Cg, deposition (denoted as ‘Pre-Cy’) lead
experimentally to an ordered, crystalline DPSQ film with a
molecular d-spacing of 15 A.[*2 Notably, this d-spacing differs
from that found in solvent-grown crystals of DPSQI?? and is
shorter than the full length of an isolated DPSQ molecule
(=19 A) determined from the molecular geometry in the
solvent-grown crystal. Here, we use two crystal facets—the
(001) and (1-11) surfaces (see Figure 2)—to represent ordered
structures as the exact nature and orientation of the ordered
DPSQ film are not experimentally known.

ii) Disordered: As-cast DPSQ films show no observable or-
der.’] For both the (001) and (1-11) slabs, a series of anneal-
ing simulations over a range of temperatures (T = 300 K
to 800 K) were undertaken to create a representative set of
amorphous/disordered films prior to interaction with C,.

To characterize the packing of the DPSQ molecules in
the slabs, it is useful to define two angles that allow an easy
description of the molecular orientations (see Figure 3): firstly
¢, the angle between the squaraine short axis (defined as the
axis connecting the oxygen atoms of the squaraine core) and
the substrate surface (xy plane in Figure 3). If ¢ = 0°, the short
axis is parallel (‘flat’) with the surface, while for ¢ = 90°, the
short axis is perpendicular to the surface. This axis proves to

DPSQ (1-11)

Figure 2. Depictions of the DPSQ (001) and (1-11) surfaces.The two top panels represent the
cleavage (xz) planes.
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Figure 3. [left] Illustration of the orientation angles between the squaraine short axis (¢) and
long axis (y) and the slab face (xy plane). Representations of ¢ and y for [middle] the (001)

slab and [right] the (1-11) slab. See text for further detail.

be a critical factor to describe the relative packing geometries
of the DPSQ molecules at the interface; secondly vy, the angle
between the squaraine long axis (defined as the axis connecting
the nitrogen atoms) and the substrate surface (xy plane in
Figure 3). If y = 0°, the long axis is parallel (‘flat’) with the
surface, while for y = 90°, the long axis is perpendicular to
the surface. There is minimal change (=5°) to y for both (001)
and (1-11) slabs on going from the bulk to the slab. The same
is true for the (001) slab even after interaction with Cg,. For
the (1-11) slab, however, there is a larger disruption to y after
interaction with Cg, (see the Supporting Information, SI, for
further details).

According to the above definitions, the angles are ¢, = 53°
and oo = 51° for the (001) slabs and ¢;.q; = 0° and .4 =
4.5° for the (1-11) slabs. Based on the y angles, it is seen that
the DPSQ molecules have a mostly ‘upright’ orientation at the
(001) surface and a ‘flat’ orientation at the (1-11) surface.

To examine the impact of temperature on order within the
DPSQ phase and to create amorphous DPSQ slabs, the crystal-
line (001) and (1-11) slabs were annealed over a broad tempera-
ture range (T= 300 K to 800 K). As shown by the orientation
probability distribution in Figure 4, both the (001) and (1-11)
surfaces remain relatively stable from 300 K to 340 K, with
the orientation distributions becoming broader and shifting
slightly with increasing temperature. At temperatures over
400 K, ¢g; shows a large shift to a more perpendicular orien-
tation (from 53° to 75°), while ¢;.1; has a more modest shift
(from 10° to 22°) and remains relatively flat. On the other hand,
both o, and yy.q; reorient only slightly (see the SI for further
details). We note that the thermally-modified orientations are
maintained on cooling and do not revert to the original crystal-
line orientation (as anticipated given the simulation time and
procedure).

When temperatures reach above 600 K, however, signifi-
cant reorientations/rearrangements occur. This is evidenced
through evaluation of the nematic order parameter (S), based
on the cosine of the angle (6) determined between the director
vector of all DPSQ molecules and the orientational vector of
each individual DPSQ molecule. S is defined as:[*%l

S=(p, (c0s0)>=<%cosze—%> 1)

where P,(x) is a second-order Legendre polynomial. The orien-
tational vector for each DPSQ molecule is determined by the
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long axis of the squaraine backbones; the
director vector is the overall direction of pre-
ferred molecular orientation of the DPSQ
molecules. The order parameter for all DPSQ
molecules was computed separately and aver-
aged. By definition, S = 0 means the molec-
ular orientation is isotropic, while increasing
S reveals higher order; as a point of reference,
typical order parameters for liquid crystals
can range between 0.4 and 0.9 as a function
of temperature.*’] Figure 5 depicts the order
parameters of the (001) and (1-11) slabs as a
function of annealing temperature. The (001)
and (1-11) slabs maintain a relatively good
degree of order until =630-670 K. Annealing at temperatures
>700 K removes any order and an amorphous-like structure
appears. These high-temperature structures, then, are used as
the basis for simulations involving disordered slabs.
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Figure 4. Orientation probability distributions (P) for ¢ for (A) the (001)
slabs and (B) the (1-11) slabs as a function of temperature. The dotted
lines show the orientations in the experimental X-ray structures, while the
arrows show the general orientation shifts with increasing temperature.
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Figure 5. Nematic order parameters for the DPSQ (001) and (1-11) slabs
as a function of annealing temperature.

2.2. Squaraine-Cgy Complex and Surface Interactions

The (001) and (1-11) surfaces present two different DPSQ long-
axis orientations with respect to the surface, mostly upright
(Woo1) and flat (yq.q7); hence, different interactions between the
DPSQ molecules and Cg can be expected. For the upright ori-
entation of (001), the fullerenes are susceptible to interact more
strongly with the periphery phenyl rings, while the flat orienta-
tion of (1-11) opens the squaraine core up to contact with the
fullerene.

As a preliminary step in our investigation of the squar-
aine—Cq interface, we evaluated the binding energy of a single
DPSQ-Cg complex via molecular mechanics energy minimiza-
tion. As expected, a face-on configuration of the DPSQ-Cg, com-
plex (representative of the (1-11)-Cq, interface) is significantly
more strongly bound than an edge-on (mainly phenyl-fullerene)
interaction (—12.5 kcal/mol compared to —6.6 kcal/mol, respec-
tively; see Figure S14 in the SI). However, it is important to
note that, on the DPSQ surface, the three-dimensional molec-
ular shape of DPSQ (due to the orientation of the periphery
phenyl rings), the orientations of the DPSQ short and long
axes, and the off-set DPSQ packing arrangements that lead to
the corrugated nature of the slab surfaces, do not directly allow
for such idealized face-on or edge-on donor-acceptor packing
configurations. However, evaluations of the cohesive ener-
gies for the interaction of a single Cqy on the (1-11) surface
(-60.1 £ 5 kcal/mol) versus the (001) surface (—36.6 % 2 kcal/mol),
see Figure 6, are consistent with the results for the isolated-
complex binding energies.

2.3. The Squaraine—Cglnterface: Impact of the Squaraine Order

To derive a picture of how a Cg layer develops on DPSQ, a
series of MD simulations were run at 300 K for the DPSQ slabs
described above with n-Cg, molecules, where n =1, 3, 5, 10, 15,
20, 25, 30, 130; these values allow for Cqy coverages that range
from sub-monolayer (n < 32) up to ~four molecular layers

Adv. Funct. Mater. 2014, 24, 3790-3798
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Figure 6. Side and top views of the interaction of a single Cq on:
(A) the (001) surface; and (B) the (1-11) surface at 300 K. The circles on
the left correspond to the zoomed-in areas depicted on the right, where
the darker DPSQ molecules represent those directly adjacent to Cg.

(n = 130) of Cg (see Figure 7). We start the discussion with
the ordered DPSQ films at low surface coverage (n = 1-10).
In the case of the (001) surface, the Cqy molecules tend to fill
the empty channels formed around the outer phenyl groups
of the DPSQ molecules (Figures 6A and 7A). As the coverage
increases, the Cgy, molecules fully occupy these channels and
then start to fill in the areas directly above the phenyl groups.
There is little evidence of intermixing among the DPSQ cores
and the Cy molecules, as can be seen by the positioning of
the DPSQ centers-of-mass (COM) in Figure 7C (see SI for fur-
ther details). However, the orientation distribution of ¢y, does
broaden and shift to a peak value of 85°, that is, orientations
similar to those found upon thermal annealing of the surface
(see above). In our simulations, no regular packing configura-
tion of the fullerene molecules on the surface (such as fcc or
hcp) are observed, which is related to the corrugated nature
of the (001) surface. This is different from what was obtained
upon deposition of fullerenes on the (001) surface of pentacene
(where the long axis of the pentacene are nearly perpendicular
to the surface plane); in that instance, the Cg, molecules are
found to arrange in an hcp fashion.*2 While our results for
the DPSQ (001)-Cg, interface contrast with the proposed tem-
plating effect of ordered DPSQ films,?3] we note that the Cq
film thicknesses considered here are very thin and that the
timescale of our simulations does not allow for crystallization
to occur.

We now turn to the (1-11) surface. At low Cg surface
coverage (n = 1-10), the fullerenes either settle into the ‘holes’
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on the pentacene (010) surface (for which the
pentacene backbones are parallel to the sur-
face).l*dl Overall, the results of our molecular
dynamics simulations reveal major differ-
ences between the (001) and (1-11) slabs in
terms of the available local morphologies,
and are consistent with expectations coming
from the results discussed above in terms of
the interaction and cohesive energies.

Finally, we have considered interfaces
starting from the completely disordered
DPSQ slabs created by high-temperature
annealing; we also examined how further
annealing, within the timescales of the
simulations, might influence the inter-
face after Cg, deposition (see Figure 9). As
expected, the degree of disorder at the inter-
face increases with annealing temperature,
leading to more pronounced DPSQ and Cgq
mixing as observed through analysis of the
center-of-mass distributions for DPSQ and
Cqo (see SI). The orientation distributions for
these DPSQ slabs are very broad and show
no specific orientation, with nematic order
parameters less than 0.1. Due to the time-
scale limitation of our simulations, it is not
possible to observe the formation of higher
order for either DPSQ or Cgy, as a function
of annealing; this contrasts with the obser-
vations of Zimmerman and co-workers?’]
who showed experimentally that solvent
annealing following Cg, deposition leads to
° increased order in the Cg layer (as evidenced
by X-ray diffraction measurements) and
some increased order of the (as-cast) disor-
dered DPSQ layer (shown by changes to the
UV-vis absorption spectrum which indicate
increased aggregation).

—o—0(001)
——0(001)-C,,

(‘
= DPSQ 0.5
80 ° C..
60 o o o ‘ ° 0-41
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Figure 7. Side [left] and top [right] views of the DPSQ (001)-Cq interface after a 1.2 ns simula-
tion with (A) 30 and (B) 130 Cgo molecules; close and far-field views are provided for clarity. The

80 80 100
0@!

2.4. Electronic Couplings as a Function
of the Nature of the Interface

transparent boxes [top-right in 7A] highlight the channels formed by the outer phenyl groups,

while the darker molecules simply provide contrast among different DPSQ molecules; the cir-
cles represent the area for which the close-field images are displayed. (C) [left] Center-of-mass
distribution for the (001) slab upon deposition of 130 C4o molecules; the dotted line represents
the position of the original interface; [right] orientation probability distributions (P) for ¢ in the

case of the (001) DPSQ slab with and without Cg at 300 K.

(Figure 8) formed on the DPSQ surface or pack on top of the
m-backbone of the squaraines. As the surface coverage increases,
the Cqy molecules tend to move more deeply into the holes and
assemble into clusters, causing a displacement of the DPSQ
molecules in the upper layers. This can be seen from: (i) the
orientation distribution, as the distribution broadens consider-
ably with respect to that for the slab prior to interaction with
Ceo; and (ii) the mixing of the DPSQ and Cg, molecules at the
interface, as manifested by an analysis of the centers of mass
in Figure 8C (see SI for further details). We note that similar
results related to intermixing were observed for Cg, deposited

wileyonlinelibrary.com
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The results of the MD simulations underline
that the nature of the underlying surface has
a profound impact on the interfacial inter-
actions, in terms of the relative molecular
orientations and order and the potential for
intermixing. We now examine how the electronic couplings
between DPSQ and C4 molecules depend on the degree of
order of the interface morphology and the dynamics of the
system at 300 K. We recall that the electronic couplings among
the relevant electronic states are critical factors in the charge-
recombination and exciton-dissociation processes when cast in
the framework of Marcus theory of electron-transfer reaction.
To assess these couplings, snapshots from the MD simula-
tions (after thermalization) were collected after every 5 ps of
simulation and the coordinates of molecular complexes formed
by one DPSQ and one C4 molecule in close proximity were

Adv. Funct. Mater. 2014, 24, 3790-3798
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electronic couplings between, on the one
hand, the “local” excited states (e.g., S; of the
[isolated] donor and acceptor molecules) or
the ground state (e.g., Sy for the donor and
acceptor molecules) and, on the other hand,
the lowest-lying charge-transfer (CT) state of
the donor-acceptor complex. It is useful to
bear in mind that Cg, belongs to the icosahe-
dral (I,) point group and that the three lowest
excited states ('Tyg, Ty, and 'Gy) are nearly
degenerate. In the case of model complexes
comprised of Cg, and pentacene,*” the con-
tribution of these three states were found
to be very similar and as a result it could be
safely assumed that the S; state arises solely
from one of the three terms; we observe
similar trends here and thus will only pre-
sent one of these three couplings without any
loss of generality. The electronic couplings
were computed for: (i) the ground state
(Vi) versus the lowest CT state, to examine
charge (polaron pair) recombination; and
(i) the local, lowest-excited singlet states on
Ceo (Vi§'") or DPSQ (Vi#"") versus the lowest
CT state, to examine exciton-dissociation
processes. These couplings were evaluated
for three DPSQ-Cg, interfaces at 300 K
[involving the (001), (1-11), and disordered
DPSQ slabs] as well as two interfaces at
383 K [involving the (001) and (1-11) slabs] to
relate to the annealed samples in the
literature.?’]

—o—0(1-11)
——0(1-11)C,,

T
-10 0 10 20 30 40 50 60 70 80
Y /Angstrom

Figure 8. (A) Side and top views of the C4c—-DPSQ (1-11) interface after a 1.2 ns simulation of
the DPSQ (1-11)-Cq, interface with 160 Cgo molecules. The darker molecules simply provide
contrast among different DPSQ molecules, while the white circle is the area from which the
close-field image was captured. (B) lllustration of the “holes” on the (1-11) surface and how
Cgo can infiltrate them. (C) [left] Center-of-mass distribution for the (001) slab upon deposition
of 130 Cgo molecules; the dotted line represents the position of the original interface; [right]
orientation probability distributions (P) for ¢ in the case of the (001) DPSQ slab with and

without Cgg at 300 K.

extracted in order to provide relevant geometries for the elec-
tronic-coupling calculations. We note that the complexes were
chosen at random and that no further geometry optimizations
via electronic-structure methods were considered.

The description of exciton-dissociation and charge-recombi-
nation pathways requires the evaluation of the intermolecular

Figure 9. Side-view snapshots of the DPSQ-Cginterface starting with an
amorphous DSPQ layer. The snapshots are for simulations run at (A)
300 K, (B) 383 K, and (C) 443 K after Cgy deposition.

Adv. Funct. Mater. 2014, 24, 3790-3798
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A total of 2400 configurations were used
to compute the average (avg), standard devia-
tion (sd), and maximum (max) values for
the electronic couplings. A representative
histogram of these couplings for the DPSQ
(001)—Cg, interface is shown in Figure 10 and
the full results are summarized in Table 1.
In general, it is found that the average
couplings are very small, on the order of
10 meV or less; however, the maximum
values of the electronic couplings, obtained
for just a few configurations, can be quite large and are com-
parable to those obtained for an analogous, idealized ZnPc—Cg,
complex.*® These results can be understood through examina-
tion of the DPSQ frontier molecular orbitals (see Figure S15 in
the SI). The DPSQ HOMO and LUMO are located mainly on
the DPSQ backbone, with very little weight on the outer phenyl
rings (mesomeric effects are expected to be small); in fact, the
phenyl rings, which provide significant three-dimensional char-
acter to the molecular structure, act to sterically hinder close
contact between Cyy and the central portion of DPSQ where
the frontier orbitals reside. Hence, there is a limited number of
configurations available that can provide significant electronic
couplings.

Considering the results for V;3°, which describe the coupling
parameter of importance for charge recombination between the
lowest-lying CT state and the ground state, we observe that both
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Figure 10. Histogram for the electronic couplings in DPSQ-Cqy com-
plexes for the (001)-Cg interface.

the average and maximum electronic couplings at the (001)-Cg
and (1-11)-Cg interfaces are quite similar, while the maximum
values for the amorphous, more disordered interface are sub-
stantially smaller. That the (001)—-Cgyy and (1-11)-Cg, interfaces
provide such similar couplings might, at first sight, seem
contradictory, given the DPSQ orientations described above
for these interfaces. However, the combination of: (i) the con-
figurations available for large couplings being in general lim-
ited; (ii) the thermal motions of the molecules at 300 K (and
383 K) being rather substantial; and (iii) the degree of disorder
(as compared to the amorphous structure) remaining rela-
tively modest, contributes to make the two interfaces behave
in a similar fashion in terms of electronic couplings. These
results, contrasting the two more ordered interfaces with the
amorphous interface, are consistent with the notion put forth
by Zimmerman and co-workers that controlling the order and
packing at the interface can impact the rates for charge-recom-
bination in this bilayer system.[’]

In terms of V' and V', the couplings of importance to
describe the rate for exciton dissociation in a complex, again

Table 1. Average (avg), standard deviation (sd), and maximum (max)
values of the electronic couplings between either the ground state

or the lowest local excited singlet states on Cg (Ve}f”) or
DP%Q (V") and the lowest-lying CT state, as a function of interfacial
structure and simulation temperature.

Surface Veffo [meV] Veff” [meV] Ve}m [meV]
avg + sd max avg + sd max avg £ sd max

300K

(001)-Cep  7%11 116 549 80 6+9 103

(1-11)—Ceo 8+12 127 6+9 95 8+12 151

Amorphous  6+9 65 5+7 60 9+11 122

383K

(001)—Cqp 8+12 82 6+10 97 7+12 139

(1-11)—Cqp 7+10 121 5+7 75 8+13 167

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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no clear picture emerges when comparing the different
interfaces. However, for all cases, both the maximum and
average values of V,j”' are larger than V"', pointing to the fact
that the exciton dissociation originating from excitation on
DPSQ is more efficient than exciton dissociation originating
from Cg, excitation, a trend previously observed for the
ZnPc-Cg interface.8!

3. Conclusions

We have performed a series of MD simulations to investigate
molecular packing at DPSQ-Cg, bilayer interfaces as a function
of DPSQ orientation and order, as well as electronic-structure
calculations to evaluate the electronic couplings between donor
and acceptor complexes extracted from the simulation of these
interfaces. The presence of the outer phenyl groups on the DPSQ
molecules, the corrugation of the ordered surfaces, the impact of
disorder arising from thermal annealing and/or interactions with
Cgo, and the overall system dynamics, are seen to lead to very
small average electronic couplings (on the order of 10 meV or
less) among the electronic states expected to play key roles in the
exciton-dissociation or charge-recombination processes.

While the consideration of simple donor-acceptor complexes
to describe the electronic processes at the interface provides
an admittedly limited picture, important messages still arise
concerning the order and dynamics in these systems. In agree-
ment with the postulate of Zimmerman and co-workers,/?*!
the relative degrees of order/disorder at the interface can
impact the electronic couplings responsible for charge-car-
rier (polaron pair) recombination, though they also influence
the electronic couplings for the exciton-dissociation process.
However, the most important aspect is that these interfaces
are very dynamic, even at 300 K, which reveals a more complex
picture for the electronic couplings than the one that would be
assumed based on static (i.e., frozen, ideal geometry) models of
the interfaces. While the interactions between electron motion
and intramolecular as well as intermolecular vibrations have
been investigated in great detail in the case of charge-carrier
transport, an essential message of the present work is that
these interactions are just as important when considering the
exciton-dissociation and charge-recombination processes at
donor-acceptor interfaces.

4. Computational Methods

All MD simulations were performed with the LAMMPSH]
software package using a modified OPLS-AA (Optimized
Potentials for Liquid Simulations — All Atom)P force field.
Partial charges for DPSQ were determined by a fit of the elec-
trostatic potential obtained from a density functional theory
(DFT)-based geometry optimization at the B3LYP/6-31G(d,p)
level of theory with Gaussian 09 (Revision B.01).>"

To develop DPSQ slab models for the interface studies, the
crystal structure of Wang and co-workers(??l was used to con-
struct 5 X 5 x 5 (5.6 nm X 5.9 nm X 6 nm, 19 000 atoms)
super-cells of the DPSQ (001) and (1-11) lattice (Figure 2).
The super-cell periodicity was maintained in the xy plane
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while a 20-nm void space was created in the z-direction to
create an isolated slab. For the DPSQ-Cg bilayer simulations,
the bottom layers of the DPSQ super cell (one layer for the
(001) surface and three layers for the (1-11) surface) were con-
strained to represent interactions with a bulk-like manifold.
To investigate how Cgq interacts and packs on the DPSQ slabs,
MD simulations with nCg, molecules (n =1, 3, 5, 10, 15, 20,
25, 30, 130) on the DPSQ slabs were run at 300 K; the Cg,
layer formation ranges from less than one-molecular layer
(n < 32) up to four layers (n = 130).

The MD simulations were carried out under the NVT
ensemble using the Verlet integrator with a time step of 1 fs;
the temperature for equilibration/data collection and annealing
was maintained by the Nose-Hoover thermostat. A spherical
cutoff of 1.2 nm for the summation of van der Waals interac-
tions and the particle-particle-particle-mesh (PPPM) solver for
long-range Coulomb interactions was used throughout. Details
concerning: (i) the modified OPLS-AA parameters and force-
field validation (including comparisons of select molecular
geometric parameters and crystal unit-cell parameters); (ii) the
bare (001) and (1-11) surfaces; and (iii) the impact of fixing the
bottom-most layers on the molecular packing, are provided in
the SI.

To understand the impact of local (donor—acceptor) molec-
ular packing configurations on the electron couplings among
a variety of interfacial electronic states, DPSQ-Cy, complexes
were extracted directly from the MD simulations for use in
subsequent quantum-mechanics calculations. The electronic
couplings for exciton dissociation and charge recombination
were computed using a diabatic state approach developed by
Coropceanu and co-workers that is based on an INDO/SCI
description of the excitonic and charge-transfer electronic
wave functions.?%404852 In the framework of perturbation
theory (Fermi Golden Rule), the rates for charge separation
and recombination between diabatic states i and f can be
expressed as:

kyc = (Vjﬁ )2\ lk::]—hz exp| —

where kp and % are the Boltzmann and Planck constants,
respectively; T is the temperature (set to 300 K in our calcu-
lations); A denotes the reorganization energy; V,}ﬂ is the effec-
tive electronic coupling between the initial and final states; and
AG®° represents the Gibbs free energy of the electron-transfer
reaction. Here, we focus on examinations of the electronic cou-
plings Vi, evaluated at the INDOP3 level of theory with the
Mataga-Nishimoto potential to describe the Coulomb repulsion
term,*>] as a guide to gain insight into the interplay of molec-
ular structure, order, and dynamics on the electronic processes
taking place at the interface.

(AG°+1)
42k;T

(2)
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