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ABSTRACT: In molecular crystals that exhibit singlet fission, quantum yields
depend strongly on intermolecular configurations that control the relevant
electronic couplings. Here, we explore how noncovalent interactions between
molecules and surfaces stabilize intermolecular structures with strong singlet
fission couplings. Using molecular dynamics simulations, we studied the
aggregation patterns of tetracene molecules on a solid surface as a function of
surface polarity. Even at low surface concentrations, tetracene self-assembled into
nanocrystallites where about 10−20% of the clustered molecules were part of at
least one herringbone structure. The herringbone structure is the native structure
of crystalline tetracene, which exhibits a high singlet fission quantum yield.
Increasing the polarity of the surface reduced both the amount of clustering and
the relative number of herringbone configurations, but only when the dipoles on
the surface were orientationally disordered. These results have implications for the
application of singlet fission in dye-sensitized solar cells.

Singlet fission (SF), a process where one singlet excited state
relaxes into two triplets, is a fundamentally interesting

electronic process that can address an important loss mechanism
in conventional single-junction solar cells.1 In such a cell,
electrons excited by the absorption of photons with energies
greater than the optical gap dissipate this excess energy as heat.2

A solar cell with both a SF chromophore and a conventional
chromophore absorbs those high-energy photons and splits them
into two electrons, preventing heat loss. A device using this
mechanism could break the Shockley−Quiesser detailed balance
limit that bounds the efficiency of single-chromophore/single-
junction solar cells.1,2 In many ways, such a device would
function as a multiple-junction solar cell without the current-
matching constraint.1 A dye-sensitized solar cell (DSSC), in
which both SF and conventional chromophores adsorb onto the
surface of semiconducting nanoparticles, is one concrete
realization of such a device that resonates closely with the
work presented here.1,3−5

For SF to occur with high efficiency, the singlet and two triplet
states must have comparable energy and be coupled sufficiently
strongly.6−10 The large exchange energy present in acene
molecules satisfies the energy-matching criterion.6,7 The
electronic couplings, however, depend strongly on intermolec-
ular geometry.6,7,11−45 Many studies find a variety of geometries
that promote SF, but these geometries depend on the molecular
system.10,12−20 While the precise intermolecular orientations
that maximize SF are unknown, both calculations and experi-
ments suggest that SF can occur with high efficiency in acenes
when the molecules adopt a herringbone structure (Figure
1a).6,7,21,23,41 Since this is the structure found in many crystalline
acenes at ambient conditions, it is natural that SF was first
discovered in them.1 In a DSSC, however, the intermolecular

structures of the molecules at noncrystalline densities determine
the efficiency of SF. These structures depend, in complex ways,
on the molecular structures of the aggregating molecules and on
the interactions of those molecules with the surface.46−49

A large body of work, on both dimers and crystals, has
manipulated the intermolecular structure of pentacene and
tetracene derivatives through synthetic modifications to covalent
architectures.8,10,13,14,17,18,28,30,50,51 We pursue a complementary
approach that examines how noncovalent interactions guide the
self-assembly of intermolecular structures. In particular, we study
how interactions with the surface promote the assembly of
aggregates that can undergo SF. Experiments have found that the
absorption spectrum of tetracene adsorbed to amorphous silica
exhibits a splitting similar to the Davydov splitting in bulk
crystalline tetracene, even at low surface concentration (1−2% of
a monolayer).49 This suggests that the structures of the adsorbed
aggregates are similar to those in the bulk crystal, but this is, so
far, an untested hypothesis. Our work examines this hypothesis
and addresses a knowledge gap between the bulk (crystalline)
and molecular (solution-phase) structural properties of acenes.
The chemical, electronic, and topological properties of a

surface all play a role in aggregation.52−55 Here, we investigate
the effects of surface polarity using a model that encompasses
both microscopically and macroscopically polar surfaces. A
microscopically polar surface is one that is polar on atomic length
scales but macroscopically nonpolar because of symmetry or
disorder. Our motivations for studying the effects of surface
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polarity are as follows: Recent work has found that SF is only
competitive with singlet electron injection in a DSSC when a
spacer layer between the chromophores and the semiconductor
surface slows down electron injection.5 Tailoring the inter-
molecular interactions between the substrate and the chromo-
phores in a DSSC by adjusting the polarity of the spacer layer
might offer considerable design flexibility. Surface polarity is also
an important feature in materials such as amorphous silica, which
was used in the experiments by Dabestani and co-workers,49 and
titanium dioxide, a semiconductor frequently used in DSSCs.3,56

Silica has both a microscopically disordered polarity from the
random orientations of the Si−O bonds at the surface and an

ordered polarity from passivation by hydrogen.57 In crystalline
titanium dioxide, the most stable surfaces are not macroscopi-
cally polar,58 even though the Ti−O bond is polar on
microscopic length scales. Surface passivation can also render
many nonpolar surfaces polar. For example, silicon passivated
with Al2O3 exhibits a macroscopically polar surface.59 Finally,
during solar cell operation, space−charge regions form at the
interfaces between materials, creating electric fields similar to
those from a polar surface.60,61 In this work, we use the term
“surface polarity” to encompass cases in which the surface is polar
on macroscopic length scales and those in which the surface is
polar on molecular length scales but nonpolar on macroscopic
ones. This differs from the usual convention that uses the term
surface polarity only to describe surfaces that are macroscopically
polar.58,62

Because tetracene is a canonical SF chromophore, we explored
the aggregation patterns of tetracene molecules on surfaces as a
function of surface polarity. We performed molecular dynamics
simulations using the DREIDING force field for the tetracene
molecules,63 which qualitatively reproduces experimentally
determined crystal structures at room temperature and
pressure.64 The results reported here used replica exchange
molecular dynamics (REMD) to achieve thermal equilibration.65

Wemodeled the surface by a slab of Lennard-Jones particles with
point dipoles at their centers, oriented either uniformly or
randomly, to mimic an ordered or disordered polar surface,
respectively. We report surface polarity in units of the magnitude
of the dipole moment of the surface particles. All simulations
were done with the LAMMPS package,66 and all simulation
snapshots (Figure 1a,b) were generated with the VMD and
Tachyon packages.67,68 Details of the simulations appear in the
Supporting Information.
Even at low concentrations (5% of a monolayer), between 40

and 75% of the molecules were in clusters of size two or larger
(Figure 2a). Of those molecules in clusters, between 10 and 20%
of them were in at least one herringbone configuration
(Figure 2a). The fraction of molecules in clusters was
independent of polarity on ordered polar surfaces (Figure 2b).
On disordered polar surfaces, however, the polarity had a
qualitative impact on both the clustering statistics (Figures 2a
and 3) and the number of herringbone structures observed in
clusters (Figure 2a). On these disordered polar surfaces, diffusion
constants decreased exponentially with polarity (Figure 4),
implying that energetic roughness on a disordered polar surface
provides some degree of trapping.
Snapshots from simulations show both herringbone structures

and π-stacked structures, in which the molecules lie flat on one
another (Figure 1a,b). While the experimental evidence
supporting the notion that the herringbone configuration
promotes efficient SF is overwhelming, some calculations have
predicted that the π-stacked structures also promote SF.6,7,16,20,45

The stacking angle, defined as the angle between the vectors
normal to the molecular planes, distinguishes these two
configurations. The stacking angle alone cannot, however,
unambiguously identify either configuration. It does not resolve
rotations about the normal axis of either molecule, nor does it
resolve a slip along the long or short molecular axis. The
molecular center-of-mass (COM) distance, in conjunction with
the stacking angle, helps resolve these ambiguities. We
constructed a Helmholtz free energy surface as a function of
the COM distance, RCOM, and the cosine of the stacking angle,
cos θ, by measuring the probability of observing a given
configuration, P(RCOM, cos θ), through histogramming. Ignoring

Figure 1. Snapshots from simulations of tetracene show space-filled
molecules in (a) herringbone and (b) π-stacked configurations
according to our geometric criteria. (c) The Helmholtz free energy
density for tetracene on a nonpolar surface as a function of the center-of-
mass (COM) distance between two molecules and the cosine of their
stacking angle, as described in the text. The free energy does not change
qualitatively as a function of surface polarity. The contours are spaced by
1kBT, with free energy decreasing toward the cooler colors. It is
important to analyze the data in the cosine of the angle rather than in the
angle itself to avoid singularities in the Jacobian.70 The blue dashed line
is the cutoff used to identify neighbors in the clustering calculation, and
the red box illustrates the geometric criterion that we use to identify
herringbone structures. The blue ×s indicate the minima of the free
energy for the experimental structure of crystalline tetracene.71 The red
box surrounds the herringbone signatures in the crystal phase and the
associated basin in the free energy for clusters. The π-stacked
configurations in (b) correspond to the minimum in the free energy
at cos θ = 1 and a COM distance of ∼4 Å.
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physically irrelevant constants, the Helmholtz free energy density
is

θ
θ

= −
⎛
⎝⎜

⎞
⎠⎟F R k T

P R
R

( , cos ) ln
( , cos )

COM B
COM

COM
2

where T is the absolute temperature, 296 K, and kB is
Boltzmann’s constant.69 We normalize by RCOM

2 so that the
free energy density reduces to the potential of mean force in
three dimensions when cos θ is integrated out of
P(RCOM, cos θ).69 Figure 1c shows the free energy surface
along with the expected minima corresponding to the
experimental crystal structure.
Figure 1c also shows the geometric criteria that we used to

identify clusters and to assign intermolecular herringbone
structures. To quantify clustering, we defined a cluster as a
group of molecules connected by neighbors for which RCOM was
less than 5.5 Å (blue dashed line in Figure 1c). This definition
includes both the first and second peaks in the radial distribution
function of the aggregates. The first peak corresponds to π-
stacked and similar configurations, which are not present in the
crystal, while the second corresponds to the herringbone
configuration. We defined a herringbone configuration as a
pair of molecules for which RCOM was less than 5.5 Å and cos θ
was between 0.5 and 0.85. The red box in Figure 1c shows this
region. We defined pH as the conditional probability that a
molecule was in a herringbone configuration with at least one
neighbor provided that it was also in a cluster. We computed pH
by averaging the number of molecules in at least one herringbone
configuration and dividing by the total number of clustered
molecules.
Figure 2a shows that both the fraction of molecules in clusters

and pH decreased with increasing surface polarity, but only when
the dipoles were oriented randomly. When the dipoles were all
aligned perpendicular to the surface, clustering was independent
of surface polarity (Figure 2b). To investigate the effects of
surface concentration and finite system size, we performed
simulations with a fixed number of molecules on both a large and
a small slab: low and high surface concentration, respectively.
From equilibrium arguments, one would expect the fraction of
clustered molecules to scale inversely with the area for a fixed
number of molecules, so the fraction of clustered molecules
multiplied by the surface area should be the same for any size
slab. This was true, except on the small slab at high polarities,
where the results saturated to a minimum clustering fraction for
that slab size (Figure 2b).
To gain deeper insight into how polarity impacts clustering, we

computed probability distribution functions of cluster size for
various surface polarities. Figure 3 shows these distributions and
hints at some degree of cooperativity during clustering. Tomodel
cooperativity, we considered a null hypothesis of noncoop-
erativity. In the noncooperative picture, all molecules in clusters
of all sizes behave in exactly the same way; each molecule in the
cluster can dissociate from the cluster at any time, with a rate kd,
and anymolecule in the cluster can associate with a newmolecule
at any time, with a rate ka. Ignoring events in which larger pieces
(dimers, trimers, etc.) associate or dissociate simultaneously,
which should be rare at the low concentrations studied here,
clusters can only change size by one molecule at a time. For n > 1,
the following master equation describes this scenario
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where Pn(t) is the probability of finding a cluster of nmolecules at
time t. At steady state, dPn(t)/dt = 0, we find the equilibrium
clustering probabilities, {Pn}, by solving the recurrence relation
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where K≡ ka/kd is the equilibrium constant. The solution can be
found using the ansatz nPn = zn, with appropriate boundary
conditions, and is
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While the numerator tends to unity exponentially fast, Pn goes as
a power law, n−1, for asymptotically large n. Our data decay faster
than the n−1 expectation from the noncooperative model at all
polarities, but especially for polarities above 0.4 D where the
decay law is closer to n−3. This could mean that clustering
becomes increasingly anticooperative as surface polarity

Figure 2. (a; left axis) The fraction of clustered molecules decreased as a
function of surface polarity when the orientations of the dipoles on the
surface were disordered. (a; right axis) Of molecules in clusters, the
fraction in herringbone structures also decreased as a function of surface
polarity. (b) The fraction of clustered molecules multiplied by the
surface area for both random (black) and uniform dipoles (green) in
simulations with a fixed number of molecules on a small slab (○) and a
large slab (×). Multiplying the fraction of clustered molecules by the
surface area should put the large and small slab simulations on the same
curve. The red line is a guide for the eye that follows this curve. The data
for the small slab do not fall on the red curve for polarities larger than
0.6 D because the size of the slab limits the minimum clustering fraction.
The fraction of molecules in a cluster did not depend on the surface
polarity when dipoles were uniformly oriented either parallel or
perpendicular to the slab (green○). Note that for a nonpolar surface (0
D), the distinction between ordered and disordered polarity is
meaningless. All absolute error bars are less than ±10% or 500 nm2.
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increases; that is, the larger a cluster grows, the more it resists
growth. But there is an alternate scenario where the surface plays
a pivotal role. The fluctuations in polarity on disordered surfaces
give molecules opportunities to find pockets on the surface to
which they strongly attract, effectively trapping them and making
it more difficult for them to join clusters.
To distinguish between these two mechanisms, we studied the

hypothesis that trapping inhibited clustering by calculating the
diffusion constant of one molecule on a surface. The two-
dimensional diffusion constant, D2d, was computed from the
mean-squared displacement of a single tetracene molecule’s
COMprojected onto the plane of the surface. Themean-squared
displacement was computed as an average over many trajectories
and realizations of the disorder.D2d decreased exponentially with
polarity on a disordered surface (Figure 4), confirming that the
tetracene molecules adhered more strongly to the surface at
higher polarities.
To cast this observation in the theoretical framework of

diffusion in disorderedmedia, onemust translate the dependence
of D2d on the polarity to its dependence on the potential energy.
The fluctuations in the potential are more drastic when the
randomly oriented dipoles have larger magnitudes, so the
variance of the potential fluctuations should scale with the
polarity. There are, unfortunately, few theories that relate the
quenched disorder of a potential to the renormalization of the
diffusion constant without resorting to the phenomenology of
continuous time random walks.72,73 In one dimension, Zwanzig
showed that the diffusion constant depends exponentially on the
variance of the potential energy when the fluctuations are drawn
from aGaussian distribution.74 To see if our data fit this trend, we
computed the variance of the interaction energy between a
tetracene molecule and the surface. While the variance did

increase monotonically with polarity, the relationship was not
linear, so D2d was not exponential in the variance. The
connection here is tenuous: our system is not one-dimensional,
and the fluctuations in the potential are not necessarily Gaussian.
The near-perfect exponential decay of the diffusion constant with
polarity in Figure 4 is, however, striking.
For our results to have bearing on SF, the clustered structures

must persist for time scales that are comparable to or longer than
the time scale for SF. Because the herringbone well in the free
energy surface is shallow, about 1 kBT deep (Figure 1c),
fluctuations away from the herringbone structure are facile. One
might worry that the putative herringbone structure is nothing
more than a fleeting fluctuation. We estimated the persistence
time of the herringbone structures by measuring the time
correlation function for a herringbone order parameter, which
was unity when a given molecule was in a herringbone structure
with at least one neighbor and zero otherwise.75,76 Decay times of
the time correlation function averaged poorly at our concen-
trations, but we estimate that herringbone structures survive on
time scales from 10 to 100 ps. Estimates for the SF rate range
from sub-ps to 100 ps;7,21,39,77,78 therefore, it is likely that the
herringbone structures identified here are stable on the time scale
of SF. The lifetime of a cluster is longer: at least 1 ns. This is why
REMD was necessary to achieve equilibrium.
Singlet fission could be the key to next-generation solar cells,

but it is still difficult to establish design principles for cost-
effective and robust devices. One of the most conceptually simple
implementations of a SF device is a DSSC, but the functionality
of a DSSC depends on the chromophore molecules aggregating
in geometries that are suitable for SF. We found that a significant
fraction of tetracene molecules on a surface did indeed self-
assemble into herringbone structures at surface concentrations as
small as a few percent of a monolayer. This result supports the
hypothesis that herringbone structures in small aggregates give
rise to the Davydov splitting seen in the absorption spectra of
tetracene on silica at low surface coverage.49 Further, the
semiconductor surface can play an important role in both
aggregation and SF; a recent study has found that SF in a DSSC
requires a spacer layer on the semiconductor surface.5 This layer
could introduce a polar surface and allow for experimental tuning
of the polarity. We found that when the surface was

Figure 3. The probability of observing a cluster containing n molecules
for various values of polarity on a disordered surface. Large cluster sizes
occur with a much lower frequency than a noncooperative model would
predict, especially for polarities above 0.4 D. To account for this
observation, we explore two mechanisms: anticooperative cluster
growth and monomer trapping to the surface.

Figure 4. Diffusion constants decreased exponentially with polarity on
disordered surfaces. Diffusion constants were calculated using the mean-
squared displacement of a molecule’s center-of-mass projected onto the
slab. Error bars are smaller than the data markers.
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microscopically polar, the roughness in the potential between the
molecules and the surface let the molecules adhere to pockets on
the surface more strongly, resulting in less clustering, smaller
clusters, and fewer molecules in herringbone structures. When
the surface was macroscopically polar, the roughness in the
potential disappeared, and surprisingly, the polarity did not affect
clustering or herringbone formation statistics. The role of
polarity is therefore subtle, and our results run counter to the
expectation that clustering statistics arise from a microscopic
version of phase separation, where nonpolar acene molecules
form clusters as they retreat from a polar surface. Though our
simulation results apply to tetracene, it is likely that the
qualitative conclusions drawn here apply to other acene
molecules that engage in singlet fission, like pentacene.
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