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Abstract

Large, twisted, and fused conjugated molecular architectures have begun to appear more
prominently in the organic semiconductor literature. From a modeling perspective, such struc-
tures present a challenge to conventional simulation techniques; atomistic resolutions are com-
putationally inefficient, while traditional isotropic coarse-grained models do not capture the
inherent anisotropies of the molecules. In this work, we develop a simple coarse-grained
model that explicitly incorporates the anisotropy of these molecular architectures, thereby
providing a route towards analyzing m-stacking, and thus qualitative electronic structure, at
a computationally efficient coarse-grained resolution. Our simple coarse-grained model main-
tains relative orientations of conjugated rings, as well as inter-ring dihedrals, that are critical
for understanding electronic and excitonic transport in bulk systems. We apply this model
to understand structural correlations in several recently synthesized perylene diimide (PDI)-

based organic semiconductors. Twisted and non-planar molecular architectures are found to



promote amorphous morphologies while maintaining local m-stacking. A graph theoretical
network analysis demonstrates that these twisted molecules are more likely to form percolat-
ing three-dimensional pathways for charge motion than strictly planar molecules, which show

connectivity in only one dimension.

Introduction

A variety of molecular models exist for investigating the morphological and optoelectronic proper-
ties of conjugated systems. These models range from the fine-grained, in which ab initio methods
are used to simulate the electronic degrees of freedom, to the strongly coarse-grained, in which
large superstructures representing clusters of molecules or fluid elements are used to access longer
length scales. For conjugated materials, it is desirable to capture the main local structural fea-
tures that influence optoelectronic properties, and to describe the mesoscale morphology that is
ultimately responsible for the performance of a material. Conjugated systems are peculiar in that
conventional coarse-grained models that were conceived for isotropic materials are often ill-suited
to describe the strongly interacting, rigid, and anisotropic moieties, which can induce anisotropic
packing and crystallization into distinct morphologies. Even as alkylic side chains are introduced
into conjugated systems to promote solubility, the resultant morphologies exhibit pronounced
anisotropic structural correlations.

Concrete examples of such systems are provided by a range of recently synthesized organic
semiconductors consisting of large, fused, and twisted conjugated architectures.'~” Past coarse-
grained models for conjugated systems have generally relied on spherical beads connected by

$-12.12-17 or on prolate ellipsoids 3?2 to represent clusters of monomers along the back-

springs
bones of conjugated polymers. In doing so, some of the anisotropic interactions critical to describ-
ing many conjugated moieties are averaged out. Recent work has attempted to incorporate soft

23.24 into models of conjugated polymers, but has so far been restricted to a

anisotropic interactions
single class of polymers and is not straightforwardly generalizable to different molecular architec-

tures.



Importantly, in traditional coarse-grained models, extracting information about the optoelec-
tronic functionality of a film of organic semiconductors necessitates a multi-scale approach. More
specifically, the coarse-grained model must be back-mapped onto a fine-grained model which
should then be allowed to relax before any optoelectronic characterization via quantum-chemical
calculations are performed. Given the existence of a substantial literature on phenomenological
electronic Hamiltonians that rely on simple configurational degrees of freedom,?>2° the back-
mapping to obtain optoelectronic information could in principle be avoided, especially for qual-
itative electronic structure analysis. Significant information regarding electronic properties of a
material could be directly obtained at coarse-grained resolution if the relevant configurational de-
grees of freedom were included and a suitable phenomenological Hamiltonian were parameterized.

Moreover, a coarse-grained model that focuses on retaining only nuclear degrees of freedom
that are relevant to the valence electronic structure would potentially be desirable, particularly in
the current era of multi-ring fused conjugated structures reported in the recent synthetic literature.
The twisted helical nano-ribbons developed by Zhong, et al (Figure 1).!= provide a good exam-
ple of a molecular structure where there is no straightforward path to traditional coarse-graining,
even though the entire structure is fused, twisted, and rigid, making an atomistic description inef-
ficient for computational modeling work. A simple, generalizable coarse-grained model capable
of accurately describing these unusual types of conjugated materials would find many uses and
applications for development and characterization of organic electronic materials.

With those goals in mind, a coarse-grained model is presented here for organic semiconductors
that is inspired by techniques more commonly used to investigate liquid crystalline systems. 0
Flat, rigid, and disk-like regions of molecules are represented by anisotropic “disks”, with both ori-
entational and translational degrees of freedom, whereas non-conjugated portions of the structures
(e.g. alkyl chains) are described with simple isotropic beads. Interactions between disks are in-
herently anisotropic, thereby facilitating description of anisotropic conjugated systems, especially
twisted and fused ones. Rather than averaging over all possible orientations of the rigid component,

a disk-like description can often allow for a closer correspondence between the coarse-grained and



atomistic models while reducing computational costs - for simple conjugated systems, it could
even allow for a one-to-one correspondence. In addition to providing a more faithful description of
anisotropic correlations between molecules, this level of representation allows for meaningful op-
toelectronic analysis using preserved dihedral angles, m-stacking distances, and nearest-neighbor
orientations. By avoiding back-mapping to atomistic models and quantum-chemical analysis,
the proposed approach has the potential to further accelerate the ability to access configuration-
dependent optoelectronic properties, which is a primary goal of organic semiconductor modeling.

The outline of the paper is as follows. Section I presents the coarse-grained model, strategies
for coarse-graining, and methods used for ensemble simulations. Section II applies the model
to elementary conjugated rings as a proof of concept for comparing structural features between
coarse-grained and atomistic representations. The model is then applied to study a variety of
fused, non-planar conjugated perylene diimide (PDI)-based systems that have been reported in the
recent literature. A network analysis approach, similar to that of Savoie et al.,* is implemented on
the coarse-grained configurations to assess the ability of the underlying charge transport networks,
as represented by m-stacking correlations, of twisted conjugated structures to percolate disordered
films of these materials. In Section III, we further suggest that for a number of optoelectronic
applications, the optimal percolating molecular structure is twisted and conjugated, and link the
conclusions derived from our coarse-grained model back to the chemistry of conjugated materials.

Section IV presents our concluding remarks.

I. Model and Methods

The proposed model consists of combinations of coarse-grained “disks” and “beads” to describe
unique chemical components. Each large conjugated region of a molecule is described by a single
anisotropic disk. The disk may represent something that is truly disk-like, including the flat and
rigid components that are found in organic small molecule acceptors, or the aromatic rings encoun-
tered along the backbones of conjugated polymers. Alternatively, the disk may represent spherical

moieties, such as fullerenes.*® More isotropically interacting regions of the molecular structure,



such as those found along an alkylic side chain, are described by spherical coarse-grained beads.
The configuration of a system is described by a position vector, r, and a momentum vector, p.
Coarse-grained disks are represented by a set of orthonormal unit vectors, u, f, and v that uniquely
determine their orientation, as well as an angular momentum vector, L. For planar molecules, f is
defined as the vector orthogonal to the plane of the disk, and also acts as the uniaxial vector when
evaluating the non-bonded energy. Here u is a vector within a plane that is orthogonal to f; v is
defined such that v = u xf. In total, each disk has 12 independent degrees of freedom (6 describing
position and orientation, 6 describing momentum), while a bead only has 6 independent degrees

of freedom.
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Figure 1: Diagrams of the coarse-graining procedure for two of the PDI-based molecules in this
study. Rigid regions of the atomistic model are replaced by coarse-grained anisotropic disks (green
disks), while more isotropic regions, such as alkyl side chains, are represented as coarse-grained
beads (red spheres). In addition to these two objects, non-interacting rigid attachment sites (black
spheres) are used to bond objects to the coarse-grained disks at locations other than their center
of mass. Note that only methyl sidechains are shown in the diagram, while octyl sidechains were
used in simulations.

Bonded Potentials

Bonded interaction energies are described using harmonic bonds, harmonic angles, and OPLS-style

dihedrals.*’ Dihedral interactions can be defined between two adjacent disks using the f vectors in



addition to the more common four-body interaction (see SI). The bonded energy is given by

k i ka,i
Ey = Yicbonds 5 (di — do)* + Zieangles 52 (0; — 6)°

+ 2 icdihedrals %[k’lvi(l + cos @) + ki (1 — cos 2¢;)

+ks (1 + cos3¢;) + kg (1 — cosde;)] (1

In addition to these bonded interactions, rigid bonds are also included from the center of mass of
the coarse-grained disks to massless attachment sites. The locations of these attachment sites can
be uniquely specified in terms of the ufv coordinate system, so that the attachment sites move and
rotate with their corresponding disk. These attachment sites allow for harmonic bonds and angles
for linking sites that are removed from the disk center of mass, which is necessary for specifying

the location of side-chains on large conjugated systems.

Non-Bonded Potential

Non-bonded interactions between disks are described using a pairwise anisotropic potential con-
sisting of an S-function expansion.*® The potential takes as input the two vectors describing the
orientation for each pair of disks, f; and f;, and the vector describing the distance between their
centers of mass: r;; = r; — r;. Since the interaction potential must be rotationally invariant, it
depends only on the dot products of the three relative orientation vectors (f;,f;,r;;). The S-function
expansion is a generalized Fourier series in these dot products, and can be tuned to fit arbitrary
uniaxial anisotropy. Note that, in general, we find that the structures considered in this study are
not described sufficiently well by a Gay-Berne potential (See SI); typically, they require a flatter
disk-like shape than the Gay-Berne potential can represent. Additionally, the S-function expansion
allows for T-shaped configurations to have deeper energy minima than edge-to-edge configura-
tions, which is important for capturing the intermolecular interactions between many aromatic
rings.* The non-bonded potential used here is assumed to account for all Lennard-Jones and elec-

trostatic interactions of the underlying atomistic model. This short-ranged electrostatic assumption



is justified for PDI-based systems, as PDI is charge neutral and exhibits no dipole moment, mean-
ing the lowest order electrostatic interactions between PDI are quadrupole-quadrupole, which will
decay rapidly with distance (r) as (r—°), and can be absorbed into the short-range S-function poten-
tial. For systems where long-range interactions are important, such as molecules with permanent
charge or dipole moments, the model must be extended to incorporate a potential of the necessary
form. Augmentation with additional potentials is straightforward, as charge and dipole potentials
can be included on top of the S-function potential, and fast electrostatic solvers can be directly
applied. Note that in such a case the short-range electrostatic interactions should not be averaged
into the S-function expansion, and should be treated in the appropriate Ewald-like fashion.

The intermolecular potential is of the form:

Enpy = ZZU(fiafjurij> ()
i=1i<j
For two disks:
U(fl, fj, rij) = 4€<fi, fj, rij) [CL12 — CLG} (3)
a % )

a ‘rijl — O'(fi,fj,l'l'j) + 09

Interactions between coarse-grained beads, such as the methyl groups in an alkane, are modeled
using an isotropic Lennard-Jones interaction. Interactions between beads and disks were described
using a modification of the S-function expansion, (see SI) where only the terms of the expansion
that involve anisotropy of one disk are included. Specific definitions for each term in Eq. 2-4, as
well as the calculation of forces, are provided in the Supporting Information. Figure 1 displays a

detailed schematic for how these coarse-grained anisotropic molecules are represented.



Monte Carlo and Molecular Dynamics

Metropolis Monte Carlo simulations were performed in the NVT ensemble. Disk/bead displace-
ment, disk rotation, full molecule translation, and full molecule rotation moves were implemented,
with different moves being randomly selected with probabilities (0.3,0.3,0.2,0.2), respectively. At-
tachment sites (as described in the Bonded Potentials section) are not treated as independent com-
ponents and are not given individual Monte Carlo moves. Instead, they are updated simultaneously
with their corresponding parent disk to reflect the rigid nature of the bond.

Conjugated systems often exhibit high glass transition temperatures, and tend to become ki-
netically trapped (non-ergodic). For example, PDI has an energetic minimum of approximately
80 kJ/mol in the m-stacked configuration. While a variety of “advanced” Monte Carlo techniques

are available to address some of these issues, !

molecular dynamics was used to determine time-
dependent structural and dynamical properties in the glassy state. Force and torque calculations
for the S-function expansion are described in the Supporting Information. In this work, the time
evolution is performed using the symplectic and time-reversible integrator of Kamberaj et al.*>>?
Molecular dynamics runs are initiated from high temperature configurations imported from Monte
Carlo simulations, and annealed to 300 K over the course of 5 ns using periodic velocity rescaling.
Once cooled, simulations are propagated under NVE dynamics, from which structural and network

analysis is then performed over the course of 5 ns trajectories. The coarse-grained molecular dy-

namics model described has been fully implemented in LAMMPS, and is available upon request.

Determination of Coarse-Grained Simulation Parameters

The coarse-grained interaction parameters used here were adopted with reference to atomistic
models by using an iterative potential-energy matching technique. The parameters defining the
anisotropy as a function of relative orientation, €(r;;,f;.f;) and o(r;;,f;,f;), were calculated by
first fitting atomistic pair-wise potential energy curves as a function of distance at a set of known

minimum-energy configurations, as well as 100 randomly selected orientations. These fitted curves



Table 1: PDI-based coarse-grained molecules used in this study

Architecture Group Image

PDI None Planar

Ph2b® Linear Planar
Ph2a® | 2-Propeller (30 degrees) Non-Planar

)

TPH-0 3-Propeller (0 degrees) Planar &/@b

TPH-30* | 3-Propeller (30 degrees) Non-Planar BO

TPH-60 | 3-Propeller (60 degrees) Non-Planar \3‘
TPH-90 | 3-Propeller (90 degrees) Non-Planar :

4PDI Linear Planar COoCCO
hPDI! Linear Non-Planar @e<=@

provided values of o and € for each orientation. The S-function expansion in the anisotropic
e(ryj.1;,f;) and o(r;;, £, ;) terms was then fit to these values using the sbplx optimization rou-
tine.>*>> Each orientation was weighted according to exp(—/3¢), so that orientations with the deep-
est energetic minima possessed the highest accuracy, and the higher energy configurations, which
are less relevant in statistical averaging, were weighted less heavily. The goal for such fitting was
to approximately retain the appropriate well-depths and contact distances in different orientations
within the coarse-grained model (see SI for fits to different molecules). For simple anisotropic
molecules like benzene and ethylbenzene, these potential energy functions should be sufficient
in the dilute limit, where many-body correlations can be neglected. In dense systems, these pa-
rameters may require some correction. For benzene and ethylbenzene simulations, oy and ¢, were
fine-tuned by sweeping over a small range of perturbations around the original values, and selecting

those that best fit the RDFs. For simulations of PDI-based molecules, we use combinations of the



disk parameterized to produce the well-depths and excluded volume of a single PDI to generate the
structures of Table 1, with no additional fine-tuning performed. Bonded potential parameters were
selected to match the mean bond length, mean angle, and mean dihedral angle between different
chemical components. Due to the stiffness and lack of flexibility that are characteristic of conju-
gated systems, many bond, angle, and dihedral parameters were chosen to render the molecules

effectively rigid (see SI).

Coarse-Grained Analysis of 7-Stacking Correlations

By construction, the coarse-grained model preserves the fundamentally important orientational
anisotropies of the system; coarse-grained analysis of m-stacking correlations can therefore be ap-
plied without relying on back mapping to more detailed atomistic representations. As a proof-of-

1.4 was applied to determine

principle, a network analysis based on the methodology of Savoie et a
the percolative nature of charge transport networks in the simulated morphologies. This analysis
uses a weighted adjacency matrix, w, to incorporate the electronic coupling of the valence or-
bitals between neighboring molecules. In our analysis, we use a geometrical definition of local
m-stacking orientational correlations as a proxy for the electronic coupling. Element w;; of the
adjacency matrix represents the “connection strength” between disk components ¢ and j. Disk
components on the same molecule were defined as “always connected” and given a weight of 1.0
in the weighted adjacency matrix - this assumption reasonably treats all intramolecular electronic

couplings as substantially larger than intermolecular. Intermolecular connection strength was de-

termined via:

wij = (£ - £5)7 (£ - £55)° (£ - £;) e Tl 5)

where « is a constant (0.1 A~! in this study),>® f refers to the uniaxial normal vector defining
the orientation of a disk, r;; is the vector defining the distance between molecules, and the hat

denotes a unit vector. This form of the connection strength was chosen to capture the correct ori-
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entational dependence of m-stacking, as well as the correct distance dependence of the electronic
coupling.’® We note that this form for the graph weights has been used previously, and can quan-
titatively describe the orientationally dependent electronic couplings in ethene, as well as many of
the qualitative changes in more complex organic semiconducting molecules?”>7-8,

For network analysis, w was used to decompose the weighted graph into unconnected sub-
graphs. A threshold connectivity criterion, ¢, was set, and for each disk pair, if the corresponding
w;; was greater than ¢, the two disks were considered connected. Otherwise, they were consid-
ered unconnected. From this connection graph, the degree of connectivity, ¢, was calculated. The
degree of connectivity provides a measure of how connected a network is, and was defined as the
inverse of the number of unconnected subgraphs for a given threshold value of w.* For example,
if all “nodes” in the network are connected to all other nodes, then there is only one subgraph,
and the degree of connectivity is unity. If four such subgraphs can be described amongst which all
nodes are connected, but having no connections across subgraphs, then the degree of connectivity
is 0.25. The dependence of ¢ on ( was determined for different molecular architectures described
in Table 1. Morphologies that exhibit the most percolative charge transport networks are those that
remain fully connected (¢ = 1) at high threshold values and resist fracturing of the network. If
a bulk morphology has a high degree of connectivity on the basis of electronic couplings, then it

represents a necessary, but not sufficient, criterion for efficient performance. Note that other factors

such as energetic disorder also play a critical role in charge carrier transport.>’

I1. Results
Simple Conjugated Rings

As benzene is one of the simplest conjugated rings, liquid benzene was selected as a test of our
model’s ability to capture the most important features of an anisotropic conjugated system. While
benzene may appear trivial, it is important to examine in detail for two reasons. First, it allows for
the assessment of the flexibility of the S-function expansion, since the T-shaped configuration of

benzene has a lower energy than the 7-stacked configuration,® and has a closer contact distance
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than the Gay-Berne model will allow (see SI). Second, benzene is a common building block of
many conjugated materials, and its accurate description is essential. Anisotropic S-function pa-
rameters were determined from the benzene OPLS-AA force field*” by directly fitting potential
energy surfaces between molecules using the nonlinear sbplx optimization routine.>*> Scaling
parameters for the S-function potential, oy and ¢, were then tuned to fit the RDF of the atomistic
simulation at 300 K. Figure 2 displays the plots of the RDF, where quantitative agreement between
atomistic and coarse-grained models is observed at 300 K, as well as 250 K and 350 K using the

coarse-grained parameters derived at 300 K.

— Benzene 250 K (CG)
== = Benzene 250 K (AA)
—— Benzene 300 K (CG)
2.0 1 == = Benzene 300 K (AA)
Benzene 350 K (CG)
== = Benzene 350 K (AA)
— EB 300 K (CG)
1.5 1 == = EB 300 K (AA)
- EB 250 K (CG)
= = EB 250 K (AA)
o)
(=)}
1.04
0.5 1
0.0 1
0 5 10 15 20 25
Distance (A)

Figure 2: Comparison between RDFs for coarse-grained and atomistic benzene and ethylbenzene
at 250 K, 300 K, and 350 K. All coarse-grained simulations use parameters fitted to 300 K atomistic
simulations.

Ethylbenzene was selected as a second test system, as it is structurally similar to benzene,
but allows for the incorporation of isotropic beads in conjunction with anisotropic disks in the
coarse-grained representation. The ethylbenzene system was modeled as a disk to represent the
aromatic ring, with two beads to represent the methyl groups. The disk parameters controlling

anisotropy were taken to be the same as those of benzene. Parameters for the methyl groups
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were selected from the OPLS-UA force field, and the bond, angle, and dihedral parameters were
determined through direct Boltzmann inversion at 300 K. All ethylbenzene parameters used here
are provided in the Supporting Information. Ethylbenzene simulations were run at 300 K and
250 K with identical parameters, and the resulting RDFs are presented in Figure 2. The model
accurately describes the atomistic system over a wide range of temperatures and densities. The
high accuracy of the coarse-grained model can be attributed to the simplicity of benzene and the
phenyl group. The S-function potential can properly accommodate and account for nearly all
orientation dependencies of the atomistic interaction potential due to benzene’s near-uniaxiality.
For larger, biaxial or non-symmetric conjugated moieties, this level of transferability cannot be

expected.

Perylene Diimide Derivatives

Coarse-grained simulations were performed on a number of systems of PDI-based small molecule
organic semiconductors from the organic photovoltaic (OPV) literature, including helical nanorib-

1361 three-bladed propellers,* and ring-fusion based molecules.® (Table 1) The majority of

bons,
these structures are based on recent reports, but four hypothetical structures (4PDI, TPH-0, TPH-
60, TPH-90) have also been included that represent slight perturbations of existing structures.
Simulations were used to assess the impact of molecular structure on both the resulting morphol-
ogy, as well as the percolative connectivity of the morphology for charge transport. In general,
the most robust materials in the context of OPVs are those wherein the bulk material exhibits fully
percolated charge transport pathways. Morphologies that are fully connected and do not contain
a preferred conducting direction naturally work best to promote this desired behavior. 2728456263
Simple, flat disk-like molecules, such as bare PDI, are expected to crystallize readily, a fact well-
known experimentally.®*%5 While these molecules are well-coupled electronically along “tubes”
in the 7-stacking direction,* the tubes are inherently one-dimensional. The more distorted “non-

planar” structures are designed to disrupt crystallization and induce disorder in the bulk structure,

all while maintaining a percolative network.
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Coarse-grained interaction parameters between disks were chosen to retain the main qualitative
features of PDI - specifically the relative orientational well-depths and positions. The same fitting
procedure as was used for benzene was used to capture the well-depths and shape parameters of
PDI in different orientations. Unlike benzene, however, these systems tend to readily crystallize or
form glassy states at ambient temperature due to the strength of the -7 interaction. For this rea-
son, direct comparison of RDFs between atomistic and coarse-grained systems was not effective,
as they largely depend on the precise structural details of whichever kinetically trapped state the
system is in. Rather than focusing on reproducing quantitative structural features in this study, we
are interested in learning how simple changes to molecular architecture can influence the robust-
ness of percolative network formation in disordered morphologies. Specifically, molecules whose
charge transport networks are robust to nanoscale disorder may be useful in a variety of organic
semiconducting applications. In view of these facts, along with the deep enthalpic minima of the
m-stacked configurations and highly rigid structures, we did not modify the S-function potential
beyond the initial fitting to exactly match coarse-grained and atomistic RDFs.

Molecular configurations were prepared with 150 PDI disk components in a cubic simulation
box with 50 A sides and periodic boundary conditions. Each disk included an octyl side-chain
attached at each N-imide position of the PDI (2 octyl chains/PDI), where the alkyl groups of the
side-chains were represented as coarse-grained beads with OPLS-UA parameters. This density
corresponds to ~ 1.1 g/cm?, which is that obtained by cooling an atomistic OPLS model for octyl-
PDI from 600K to 300K at a cooling rate of 10K/ns. The total number of molecules for each
molecular architecture of Table 1 was varied in order to maintain a constant density. For example,
bare PDI had four times as many molecules in a simulation as hPDI, but was represented with the
same number of disks and density. All results were averaged over five independent trajectories for

each molecular structure.
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Figure 3: Global nematic order parameter comparison between different PDI-based molecules.
Order parameter analysis utilizes the PDI disk orientational vector f.

Morphologies of PDI Derivatives

For convenience, the different molecular architectures of Table 1 can be divided into two groups,

b

referred to as “planar” and “non-planar.”” Planar molecules have all conjugated regions located
within the same plane: PDI, Ph2b, TPH-0, and 4PDI. We expect these molecules to exhibit a
strongly preferential stacking direction, which could give rise to large crystalline regions through-
out the film. Non-planar molecules are those with fixed torsions throughout : TPH (30, 60, and 90
degree variants), Ph2a, and hPDI.

Global nematic order parameters and radial distribution functions were computed for the mor-
phologies of all structures displayed in Table 1, and are presented in Figure 3 and Figure 4, respec-

tively. Nematic order parameter analysis used the f orientational vector of each PDI disk and was

calculated as the largest eigenvalue of the Q-tensor:

1 N

-3 (

=1

3 1
e - I)
272 ©)

From the nematic order parameter analysis, there is a clear preferential alignment for the large

planar molecular structures within the bulk morphology, in particular 4PDI and Ph2b. These
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molecules, upon inspection of the morphologies, cluster readily into small groups. PDI displays
a smaller value of the nematic order parameter than both 4PDI and Ph2b while simultaneously
having a similar height of the first neighbor peak of the RDF. This suggests that bare PDI tends
to correlate strongly with its immediate neighboring molecules because of its smaller size, but in-
dependent clusters do not have persistent orientations over many molecular lengths, which lowers
the value of the nematic order parameter. 4PDI, TPH-0, and Ph2b, having stronger neighboring
interactions, exhibit larger orientational correlations with their longer-range neighbors.

Compared to the planar molecules, the non-planar molecules exhibit smaller values of the
nematic order parameter, which is to be anticipated considering that their twisted architectures dis-
rupt molecular alignment. Surprisingly, the RDFs for nearly all of the PDI-based molecules show
similar features, including a peak at approximately 4.5 A. However, the propeller-like molecules
display a weaker first peak than the linear molecules, which corroborates their design as more
disordered materials.

PDI components on the twisted propeller-like molecules are placed together in such a way that
excluded volume effects frustrate 7-7 stacking, as exhibited by the TPH molecules in Figure 3.
Rather than aligning directly on top of each other, individual PDI components are forced into a
7 stacking configuration that is slightly offset, which is revealed by a first peak in the RDF that
is smaller than that found for the linear molecules. For TPH-30, the first peak of the RDF is
noticeable at 4.5 A, even though it is smaller than that of the linear molecules, which indicates that
PDI components are still able to stack to some extent. The excluded volume effects are so strong
in TPH-60 and TPH-90 that the first peak is changed entirely. In TPH-60, the system is nearly
amorphous, so no first peak can be seen. Since TPH-90 has its side chains perpendicular to the rest
of its body, the molecules align in a manner similar to gears in a cogwheel assembly. Excluded
volume effects in TPH-90 push the first peak to a distance of 5.5 A. Linear molecules do not have
the same packing frustration effects as the TPH variants; hPDI, TPH-0, 4PDI, and Ph2b all show
similar behavior at the first peak, indicating that PDI components on these linear molecules are

allowed to overlap directly, and not forced into offset 7 stacking configurations.
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Figure 4: Intermolecular RDF for all PDI-based molecules. a) shows RDFs for planar molecules,
while b) shows RDFs for the non-planar molecules. Linear molecules show sharper first peaks
than propeller-like molecules, a result of the stronger excluded volume effects in propeller-like

molecules.
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m-Stacking and Percolation Analysis of PDI Derivatives

1.0
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Figure 5: Degree of connectivity (¢) as a function of connectivity threshold value (¢) for all sim-
ulated molecular structures. Planar molecules show a rapid drop in ¢ compared to non-planar
molecules, indicating that their morphologies are not as percolative as those of the non-planar
molecules.

The network analysis procedure described in the Methods section was performed for all sim-
ulated molecular structures in Table 1. The results are shown in Figure 5. The performance of
different molecular structures was examined by comparing the degree of connectivity, ¢, as a func-
tion of threshold value, (. At low (, the network is fully connected, which is shown in the limit as
¢ — 0. As ( is increased, the morphology eventually fractures into unconnected subgraphs, repre-
sented by the drop in ¢. Certain regions of the morphology may be weakly connected, and fracture
immediately upon increasing ¢, while others may be strongly connected and will not fracture even
for high ¢. Our main concern is to determine which architectures are most percolative, meaning
those architectures that resist initial fracturing of the network and maintain a high degree of con-
nectivity for as large a value of ¢ as possible. These same molecules are the ones that would likely

perform most robustly in an OPV setting, where percolative connectivity is paramount. In nearly
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all cases, the molecules described as non-planar fracture at higher ¢ than the planar molecules.

A representative example of this behavior can be appreciated by comparing planar 4PDI to
non-planar hPDI, where the only difference between the two molecules is a thirty degree torsion
between neighboring PDIs along the backbone of hPDI. As shown in Figure 5, 4PDI begins to
fracture at a lower ¢ than hPDI, and then fractures more rapidly as ( is increased. Upon inspection
of the morphology (Figure 6 a,b), this behavior can be explained through the observation that
4PDI tends to form crystalline clusters. Even though each cluster has strongly connected PDI
components within it, the connections across separate clusters are weak. When ( is increased,
the network quickly breaks into these discrete clusters. In contrast, hPDI promotes an amorphous
morphology. While individual PDI components still stack and remain highly correlated, as deduced
from the RDF in Figure 4b, they do not form clusters as in 4PDI. Individual hPDI molecules are
spaced out more evenly than 4PDI, and exhibit greater connections across molecules. Figures 6a
and 6b show representative morphologies of 4PDI and hPDI at ¢ = 0.075 with each unconnected
subgraph denoted by a different color. The individual clusters can be clearly seen in the case of
4PDI; hPDI, while not as tightly connected as 4PDI, maintains a more uniform morphology, which
promotes greater connectivity throughout the entire film.

Similarly, propeller-like molecules are effective at forming percolative structures because of
their non-planarity. The behavior of Ph2a compared to Ph2b is analogous to the behavior of hPDI
compared to 4PDI. The non-planar structure of Ph2a promotes disorder within the film, allowing
it to be more resistant to the initial network fracturing than Ph2b.

Interestingly, while all TPH variants exhibit a similar behavior in Figure 5, one can identify
several differences in their underlying morphologies. TPH-30 and TPH-60 have similar behavior,
and form three dimensional percolating networks, similar to hPDI and Ph2a. Since TPH-90 aligns
in a gear-like manner, it has a greater tendency to form two-dimensional networks separated by
alkyl side chain layers. An example of such a morphology can be seen in Figure 6e where the
bottom two layers are nearly separate. This behavior suggests that it is the low symmetry, twisted

structures, such as in TPH-30, TPH-60, hPDI, and Ph2a that disrupt crystallization and are more
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adept at forming three-dimensional percolating networks.

These results correspond well to experimental characterizations of systems of Ph2a, Ph2b,°
and hPDI? using GIWAXS. In those studies, the twisted materials, hPDI and Ph2a, were found
to not have any preferred orientation relative to a substrate, and their orientation correlation with
surrounding molecules was found to be low. Ph2b, however, was found to have a strongly preferred
packing direction and be much more highly correlated with surrounding molecules. Both of these

results are strongly supported by our nematic order parameter and network connectivity analysis.

I1I. Discussion

The results presented above serve to highlight some of the benefits, beyond increased computa-
tional efficiency, of relying on an anisotropic coarse-grained model for conjugated systems. In
multiscale modeling, it is common to select coarse-grained parameters based on some form of

1.21:5672 In general, the more

statistical averaging over the configurations of a fine-grained mode
information that is removed during this averaging process, the more the “effects” of this informa-
tion must be implicitly built back into the coarse-grained potential energy surfaces. The removal
of information is the reason, for example, that coarse-grained interaction potentials often exhibit a
stronger temperature or density dependence than the underlying detailed model, thereby limiting
transferability. In the case of the coarse-grained model presented here, the chemical moieties that
are transformed into coarse-grained disks are rigid; the atoms tend to vibrate slightly around their
equilibrium positions, but no systematic rearrangements of the moieties occur. In fact, a recent
study has shown that treating these moieties in conjugated systems as rigid bodies is sufficient for
describing bulk morphology,’® effectively reducing the number of independent degrees of freedom
to the same level as the coarse-grained disk. The S-function expansion allows for a great deal
of anisotropic information to be encoded within its functional form, and therefore reduces infor-
mation loss during the coarse-graining process. For these reasons, we expect this coarse-grained

model to have greater transferability across different temperatures and densities without having to

adjust the interaction parameters, a hypothesis that is supported by the high accuracy shown for
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Figure 6: Visualized morphology networks with each color representing an independent uncon-
nected subgraph for ¢ = 0.075. The morphologies are a) 4PDI, b) hPDI, ¢) Ph2b, d) TPH-30,
e) TPH-90, and f) Ph2a. Side chains are not shown for clarity. All images shown here have un-
wrapped periodic boundary conditions. Note that planar molecules cluster into separate groups,
while non-planar molecules form three-dimensional percolating networks. Additionally, when
non-planar molecules fracture, only a few molecules break off and form unconnected subgraphs,
while the unconnected subgraphs in planar molecules are larger.
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the benzene and ethylbenzene models at different temperatures and densities (Figure 2.

In addition to enhanced transferability, the coarse-grained model allows for meaningful op-
toelectronic analysis. The application of the coarse-grained model to PDI-based molecules is a
simple demonstration to this end, where it is possible to isolate key structural features of interest
and examine their effect on bulk charge percolation behavior while ignoring less relevant details at
the atomistic level. Note that the full parameterization of an equivalent atomistic model would be
a demanding process using traditional simulation approaches, but is rendered straightforward with
the model introduced here. Furthermore, parameterization would be challenging for traditional
coarse-grained approaches where crucial torsion and dihedral information would be eliminated.
The minimal model of PDI used here suggests that small organic molecules with twisted and non-
planar architecture disrupt crystallization within the bulk material, yet still promote connectivity.
In general, these molecular structures more robustly form three-dimensional percolating charge
transport networks in a disordered environment. In contrast, molecules with planar architectures
readily crystallize and form strong connections between one or two other molecules. Although
planar molecules form stronger connections than their non-planar counterparts, they do not form
percolative networks as connections between individual crystalline regions are weak. These results
support literature reports, which have hypothesized that rigid, planar structures are not necessar-
ily better for efficient charge transport, and that properly constructed molecular architectures can
exhibit robust charge transport even in disordered environments. >

More generally, this type of analysis could be extended beyond small organic acceptors to
other conjugated materials. The ability of the S-function expansion potential to describe arbi-
trarily anisotropic conjugated structures could be used to describe conjugated polymers and their
backbones, thereby greatly accelerating simulations while simultaneously maintaining critical di-
hedral and orientational degrees of freedom. In the field of OPVs, such a model could be extended
to describe mixtures of polymers and small molecules, including the spherical or near-spherical
structure of fullerene and non-fullerene small-molecule acceptors. Such a model of a bulk hetero-

junction would allow access to greater time and length scales than is possible through atomistic
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simulations alone, while maintaining the monomer orientations necessary for performing quali-
tative analysis of intramolecular and intermolecular charge transport features in the bulk. Inves-
tigations of the application of this coarse-grained model to polymers and mixtures is currently

underway, and will be presented in a future publication.

IV. Conclusion

A flexible anisotropic coarse-grained model has been presented for the study of conjugated molecules.
The model was conceived to capture the most important features of such systems for optoelectronic
analysis. Applications to simple conjugated rings demonstrate quantitative agreement between the
coarse-grained and atomistic descriptions for common structural properties. Coarse-graining of
complex PDI-geometries relevant to small molecule organic acceptors is showcased as a straight-
forward application of the model to conjugated system geometries that are not amenable to tra-
ditional coarse-graining strategies. Simulations have provided chemical insights showing that the
more non-planar and lower the symmetry of a molecular architecture, the more robustly that mate-
rial’s charge transport network percolates across the bulk structure. Molecules that are too planar

tend to promote crystallization, which prevents three-dimensional charge percolation.

Associated Content

The Supporting Information contains fits between atomistic and coarse-grained potentials, valida-
tion of the coarse-grained model, as well as derivations for forces used in simulations. Addition-
ally, all parameters used in simulations are provided. Example LAMMPS input files are included
to describe the topology of atomistic simulations. The Supporting Information is available free of

charge via the Internet at http://pubs.acs.org.
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