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Organic semiconductors have found utility in a diverse array of applications. A key property impacting
device performance is the charge transport mobility of the molecular solids making up the active layer in
these devices. There is increasing interest in accessing, quantifying, and understanding the resilience of
charge transport mobility to thermal, mechanical, and chemical perturbations in molecular solids. Here, we
integrate molecular simulations with graph characterization to quantify the resilience of charge transport.
We consider all-atom simulations of the PTB7 system and build on earlier graph approaches to rapidly
characterize the charge mobility of the PTB7 molecular simulations. We introduce graph centrality
measures to rank order monomers in the molecular solid in terms of their importance to charge transport.
We then systematically quantify the impact of ‘deactivating’ an increasing number of monomers on the
Received 7th November 2021, overall charge transport mobility. This provides a measure of the resiliency of the molecular solid to
Accepted 1st March 2022 increasing amounts of structural perturbations. We find that charge transport in the PTB7 system
considered here is surprisingly resilient to significant amounts of monomers removed from participation in
charge transport. This method provides a quantitative approach to reason about charge transport resilience
rsc.li/molecular-engineering and can be used to design resilient molecular solids.

DOI: 10.1039/d1me00163a

Design, System, Application

We utilize graph theoretic approaches to rapidly and efficiently characterize the transport properties of molecular solids. The graph theoretic approach
naturally assimilates and accounts for a wide variety of constraints impacting charge transport (inter-chain vs. intra-chain, impact of chain rotation, impact
of geometric slip). We subsequently utilize notions of graph centrality measures to identify the most (and least) important monomer impacting charge
transport and systematically quantify the resilience of the charge transport in the molecular solid by removing an increasing number of monomers from
participating in charge transport. This approach provides a fast, rigorous and systematic framework for evaluating the resilience of molecular solids and
could be used for molecular design for resilient transport under mechanical, thermal and chemical perturbations.

1 Introduction efficiency and its behavior under various stimuli (for instance,
mechanical stress, thermal effects, and oxidation). However,
description of charge-carrier transport in pOSC remains a
challenge,"”” limiting technological advances in this field.

A critical issue in the endeavor to describe charge-carrier
transport in pOSC is the multi-scale nature of the aspects that
impact charge-carrier transport and the fact that the degree of
order (or disorder) can vary substantially over these scales.
Models to describe charge-carrier transport in pOSC have
been adopted from both ideally ordered (i.e., band structure)
and disordered (ie., charge-hopping or polaron-based
models) systems and combinations thereof. This duality
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» ) — )
Department of Chemistry, University of Kentucky, Lexington, Kentucky, USA. . . . .
E-mail: chad. risko@uky.edu semi-crystalline polymer or along an (uninterrupted) single

t Electronic supplementary information (ESI) available. See DOI: 10.1039/ POly mer chain - or they can be completely disordered - i.e., in
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Organic semiconductors (OSC), in particular OSC derived
from m-conjugated polymers (pOSC), offer promise for flexible
and stretchable electronics due to the inherent mechanical
properties often associated with plastics. pOSC have seen
utility across a diverse array of applications including solar
cells, thermoelectrics, batteries, chemical, radiological, and
biological sensors, electronic skins, displays and lighting, and
neuromorphic computing. In all these applications, a key
figure of merit that is optimized is the charge carrier
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accessed by a pOSC can be influenced both by the polymer
synthesis (e.g., polymer dispersity and molecular weight) and
processing of the pOSC, such that the same material can lead
to very different performance metrics in device applications.
Additionally, this can change as a function of operating
conditions, including via mechanical stimuli (stretching and
bending), thermal fluctuations, and oxidation.

While there exist molecular-scale design rules that can be
used to describe polymers (up to 10s of nanometers) that
comprise pOSC (100s of nanometers),® the lack of multi-scale
structure-function relationships and limited insight into how
charge-carriers are transported hinder the a priori design of
pOSC with robust semiconductor performance metrics. Recent
work on (near) device scale modeling using kinetic Monte
Carlo based approaches’ suggests a very promising avenue of
analysis, but such approaches are currently limited to a small
number of sample evaluations due to the associated
computational costs. This precludes computational
assessment of the robustness of the structure of molecular
solids when considering charge-carrier transport.

Motivated by these challenges, this work seeks to extend
our previous work'® on using graph theory approaches to
quantify the resiliency/robustness of molecular structures to
charge-carrier transport. This approach 1is based on
representing the structure of molecular solids as a graph,
where each monomer (or voxel) is represented as a node on
the graph and local charge-carrier transport events (hops)
between nodes are represented by weighted, directed edges.
Representing the structure of a molecular solid as an
equivalent graph allows deploying a rich array of graph
algorithms to quantitatively extract a diverse array of features.
Graph theory is particularly appealing for modeling transport
as it enables (a) abstracting out material specific details into
a small set of features (graph edge weights, graph
connectivity, and graph node color), thus allowing
generalization across material systems, geometries, and
dimensions, (b) utilization of sophisticated, highly optimized
graph algorithms that enable computationally efficient
assessment of large systems, and (c) natural extensions to
account for more complex effects including first-principles
based inputs like overlap integrals. Graph methods have
recently been used to efficiently extract and analyze a diverse
array of atomistic features (representing, for instance,
correlations,  shape/size/orientation  distributions, and
topology) related to electronic phenomena in molecular
solids both in ordered and disordered structures,** as well as
ionic solutions.">"?

While previous graph characterization studies have
focused on quantifying various transport features of
molecular solids,'*"'® here, we focus instead on quantifying
how robust (or resilient) the charge-carrier transport features
of a polymer solid are to perturbations in structure. We
utilize notions of graph centrality measures that have been
extensively utilized in graph and network analysis (for
instance, social networks, epidemiological studies, and
transportation and logistics networks, as well as brain
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networks) to identify the most important (and least
important) monomers in a polymer solid consisting of chains
of a high-performance donor molecule, PTB7, poly[[4,8-bis[(2-
ethylhexyl)oxy|benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]. This
graph theory based resiliency analysis provides quantitative
evidence of the resilience of the charge transport
characteristics of molecular solids to fairly significant
perturbations.

2 Methods

The overall procedures are presented in Fig. 1. Each of the
stages in the procedure is elaborated below:

2.1 Molecular dynamics simulations of PTB7

We make use of PTB7 as the chemical constituent making up
the pOSC solid. The molecular solid is the outcome of a fully
atomistic molecular dynamics (MD) simulation of the local
solid-state structure of PTB7. This simulation was originally
reported by Ryno et al.'® and is used here as input for the
graph-based approach. For completeness of this work, we
report key parameters from those simulations.

The MD simulations were completed using the GROMACS
2016 software suite with force-field parameters created
following the OPLS-AA (optimized potentials for liquid
simulations - all atom) format."”””>* Initial parameters for
PTB7 were adopted from Jackson et al’® before being re-
tuned via recalculation of atomic charges. Unique atomic
charges for head, tail, and repeat units were calculated at the
®wB97X-D/6-31G(d) level within the Charge Model 5 (CM5)
framework using a geometry optimized PTB7 trimer.>”*® All
density functional theory (DFT) calculations were completed
using the Gaussian09 Rev. E.01 software package.”® The PTB7
trimer geometry was optimized at the ®B97X-D/6-31G(d) level
before non-empirical gap tuning was applied to optimize the
value of w and then followed by an additional geometry
optimization step.>®*' An optimized o value of 0.108 bohr™
was obtained and used for all subsequent single-point
calculations to generate CM5 atom-centered charges. The MD
simulations consisted of 338 PTB7 chains, each with 30
monomers. These chains are within the realm of M,, that are
generally synthesized. This is generally a departure from
other MD-based studies of conjugated polymers that use
chains that are much shorter (for computational efficiency).
At 300 K, the final density (1.13 g cm™) of the simulation box
was within 4% of the experimentally determined density of a
PTB7 film (1.17 g ecm™).>> A time snapshot of the MD
simulation produced in this study is visualized in Fig. 2.

2.2 MDGraph: converting the MD system into an equivalent
graph

To quantitatively characterize charge transport across the
molecular solid, we convert the MD point cloud data into an
equivalent graph. We consider charge-carrier transport in the
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Fig. 1 The overview of procedures in the present paper.

pSOC solid from the source electrode to the drain electrode
defined as the x (or y or z) bounding planes of the solid (see
Fig. 3, top row). Transport is then considered to occur in the
pOSC active layer from primarily two modes - (a) along a
single chain (intramolecular) or (b) between chains
(intermolecular). We note that since the PTB7 model derived
from the MD simulations is of an amorphous, glassy-like
system, we work under the approximation herein of charge-

Fig. 2 A time snapshot of the PTB7 system under current analysis.
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carrier hopping. Since the predominant transport is by
diffusion with different modes, it is natural to treat the MD
system as a graph, i.e., a set of nodes (charge sites) connected
by edges (hop pathway®®). Since the hop rates between the
above two modes of transport can be vastly different, we
naturally use a weighted graph representation of the MD
system.

Graph construction details. To convert the MD data into a
graph, we define an equivalency between the atomistic/
molecular distribution and the graph nodes and edges
(connecting the nodes). To do this, each PTB7 monomer is
treated as a node in the graph. These nodes are separated by
distances given by the relative locations of the monomers.
Note that at this stage, there is no explicit information about
the difference between interchain and intrachain nodes. We
define edges between the nodes based on the notion of
neighborhood. For this, we construct a three dimensional
ellipsoid around each node (monomer) and consider as
neighbors all nodes whose ellipsoidal envelopes intersect. All
nodes that are neighbors are connected with an edge. Next,
these edges are distinguished as interchain or intrachain and
are respectively given different edge weights. Building upon
previous work,'”"® we assign weights corresponding to the
relative ease of movement of a charge carrier across a pair of
nodes. The main characteristic that we use to define these
weights is the intermonomer transfer integral (or electronic
coupling), as the rate of (hopping-like) charge-carrier transfer
is proportional to the square of the transfer integral, as
defined in the semiclassical Marcus formalism. As the
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Fig. 3 The first row shows the respective source and drain electrodes in each direction. The second row shows the corresponding representative

pathways in each direction.

simplest level of differentiation, we assign a lower weight
(corresponding to easier, or faster time, of charge-carrier
transport) to node pairs that belong to the same chain and a
higher weight (corresponding to harder, or slower time, of
charge transport) to node pairs that belong to different
chains; this choice is made, in part, because intermonomer
interactions along a chain are covalent (e.g., large overlap of
the monomer wavefunctions) compared, in general, to
noncovalent interactions (e.g., small overlap of the monomer
wavefunctions) when monomers are on different chains.
Specifically, interchain edges are assigned a weight 100 times
larger than that assigned to intrachain edges (which are
assigned a base weight of 1). This is approximately based on
considerations of overlap integrals as discussed in several
earlier studies.”®® We next augment this initial weight
distribution (that differentiates between inter- and intra-
chain edges), with a more detailed weight distribution that
accounts for (a) rotation between neighboring monomers
within a chain, (b) the distance and degree (and associated
electronic couplings) of geometric slip between monomers
on two chains, and (c) the direction of the applied electric
field. Intermonomer units along a chain (intrachain) are
modified as a function of the rotation between the units, as
planar conformations give rise to larger transfer integrals
than orthogonal conformations. Further, we modify
interchain intermonomer weights depending on (i) the
relative distance between the nodes and (ii) the degree of
geometric slip. This is based on prior computational work
that determined variations of the overlap integral (affecting
charge carrier transport) across monomers as a function of
the relative distance and orientation.*” The configurations
exhibiting maximum overlap of ellipsoids are normalized to
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a base edge weight of 1, with lower overlaps having higher
edge weights, corresponding to slower charge transport rates.
Finally, the direction of charge-carrier transport (electric
field) also modulates these weights. We provide exhaustive
details of these edge weight assignments in the ESIT (section
5.1).

2.3 Characterizing charge-carrier transport in MDGraph

The above conversion of a molecular system to an equivalent
graph qualitatively preserves the charge-carrier transport
characteristics’® of the system. Specifically, the (inverse)
equivalence between the ease of charge transport across
monomers and the weight of edges between nodes in the
graph construct allows us to characterize the charge mobility
using graph algorithms. To do so, we first define the source
and destination electrodes. We consider transport across x-,
y- and z- directions individually. For each of these cases, we
consider monomers within 5% of the (left) plane of the
bounding box to be the source electrode, and those within
5% of the (right) plane of the bounding box to be the
destination electrode. There are several other possible ways
of defining the electrodes, which are detailed in the ESI}
(section 5.2). With this definition of the electrodes, we
calculate the shortest paths between various locations from
the source electrode to the destination electrode. Each
shortest path - calculated using very efficient graph
algorithms®® - gives an estimate of the time it takes for a
charge to travel from the source to the destination electrode
(equivalent to a normalized hopping time); see
Fig. 3 (bottom row) for a representative shortest path. The
effective charge-carrier mobility (in a particular direction) is

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 4 The first row shows the mobility (in a.u.) distribution in the corresponding direction. The y-axis is the probability of occurrence. The second

row shows the most ‘central”’ monomers in each direction.

then calculated as the inverse of the shortest graph path
calculated above." By considering a large number of source
nodes and evaluating the shortest paths that charges take, we
construct a distribution of charge mobilities; see
Fig. 4 (middle row). We repeat this exercise for source and
destination electrodes placed in the other directions (y- and
z-).

2.4 Characterizing resiliency in MDGraph

By considering charge transport - and defining charge
mobility - as ‘flow’ across a graph, one can naturally frame
and identify nodes in the graph that are ‘hotspots’ of
transport pathways. In other words, the pathways may be
critically dependent on a fraction of the monomers and not
at all dependent on certain other monomers. This is akin to
identifying central hubs in transportation networks or key
influencers in social networks. There are several concepts in
graph theory and network analysis that allow quantitatively
identifying such key nodes in a graph. We use these notions
to ask the following question: How much is charge mobility
affected when such ‘hotspot’ monomers are removed from
participation in charge transport?, which allows us to
quantitatively reason about a broader question: How resilient
is charge transport in a particular molecular solid to physical
and chemical damage?

We address these questions through the use of centrality
measures of a graph. Centrality measures allow quantitative
identification of the most influential nodes of the graph -
based on specific features. There exist several different
centrality measures that focus on different graph properties
to identify and rank order nodes (degree centrality,
betweenness centrality, eigenvector centrality, and closeness
centrality, among others). The simplest centrality measure,

This journal is © The Royal Society of Chemistry and IChemE 2022

degree centrality, identifies nodes in the graph with the
largest connections (or coordination). It is usually
quantified using a number of edges associated with a
particular node. A particularly useful measure is the
betweenness centrality, which identifies the node with the
maximum information/flow passing through it, usually
quantified through the number of shortest paths through
that particular node. Other measures include closeness
centrality which identifies nodes which are closest to all
other nodes in the graph.

In this work, there is a natural correspondence between
how we define charge transport (via the shortest paths
through graphs) and the betweenness centrality measure
(which rank orders nodes based on the number of shortest
paths passing through a given node). We therefore utilize the
betweenness centrality measure to identify the most
important (‘hotspot’) nodes through which a large fraction of
charge transport pathways go through. This allows us to
systematically explore the resilience of charge carrier mobility
to the deactivation of these ‘hotspot’ nodes. A resilient
system should not show a large drop in the charge carrier
mobilities when several nodes are disabled (chemically or
mechanically). In this work we consider “damage” at a very
local level. There are, for instance, types of mechanical
damage that would be much larger than the simulation sizes
here. However, damage in a polymer semiconductor can be
at a molecular scale, driven by chemical reactions (e.g,
oxidation) or even poor morphology. On the other hand, a
low-resiliency system will show a significant drop in mobility
even with small perturbations. We evaluate resiliency by
plotting how the charge carrier mobility degrades when we
(a) disable an increasing number of the most important
(‘hotspot’) nodes and (b) disable an increasing number of the
least important nodes.

Mol. Syst. Des. Eng., 2022, 7, 651-660 | 655
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3 Results and discussion
3.1 Charge mobility distribution in MDGraph

We first calculate the effective charge-carrier mobility in each
direction. Fig. 3(b) shows representative shortest pathways in
each direction. These are the paths with lowest cumulative
edge weight or equivalently with the highest cumulative
charge-carrier hopping probability. It should be noted here
that the pathways are not straight and undergo substantial
bends. This phenomenon is primarily due to the difference
in the intermolecular and intramolecular charge-carrier hop
rates, as well as the increasing sparsity of chains. This
observation is more pronounced in the Z-direction: (a) where
pathways are sparse, i.e., overlaps are smaller compared to
other directions and (b) require a larger number of
intermolecular hops. So, a charge-carrier prefers to take a
slightly circuitous path with a larger number of
intramolecular hops over a straighter path with a larger
number of intermolecular hops. It should also be noted that
this analysis also allows for (slight) backflow of charges, ie.,
against the electric field, when the intermolecular hop
probability is very low.

Next, once the shortest paths are identified, we
approximate the charge-carrier mobility as the inverse of the
cumulative edge weight of the shortest paths, normalized by
the bounding box length in the respective directions. This is
shown in Fig. 4 (top row). One can observe a nearly isotropic
average mobility in the system, with a slightly lower mobility
in the Y-direction. However, the largest mobile charge-carrier
pathways of the system are in the X-direction, in which the
mobility is nearly double compared to the average mobility in
any direction. This is due to the fact that most of the chains
are aligned along the X-direction, thereby increasing the
intramolecular hops and hence increasing the effective
mobility.

Finally, in Fig. 4 (bottom row), we identify the 50 most
important monomers that contribute to a large fraction of
charge transport pathways. These nodes are identified by
evaluating the betweenness centrality measure of each of
the monomers. We see that most of the high centrality
monomers are concentrated near the destination electrode.
This suggests that while there are many similarly weighted
pathways in the bulk of the solid, most of these pathways
pass through a small number of monomers just before
being collected at the destination electrode. Hence these
monomers become critical in charge transport in the
respective directions. Any modification/damage to these
monomers will impact the effective charge transport in the
system.

3.2 Resiliency of MDGraph

Having identified the most critical monomers in the
present MD system, we next look at quantifying how
much these (critical) monomers contribute to the effective
charge-carrier transport of the MD system. For this, we
first rank order all the monomers in terms of their
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betweenness centrality measure. Then we cumulatively and
successively remove each monomer and probe the effective
charge-carrier mobility in the system. In other words, we
disable these critical monomers and re-calculate the
mobility distribution (as described above) of the system.

It should be noted here that it is important to check
not just the average mobility but also the peak mobility
of the system, as these are the most important pathways
for charge-carrier mobility. The results of the removal of
the most critical monomers are shown in Fig. 5. Here, we
remove/disable the monomers one-by-one cumulatively
until no more pathways exist between the electrodes. In
Fig. 5 (top row), we show the average mobility of the
system as a function of disabling an increasing number
of the most important nodes. Additionally,
Fig. 5 (bottom row) shows the charge mobility distribution
for the case where monomers are disabled until there is a
single connection with the destination electrode. From
Fig. 5 (top row), we observe that there is not a significant
decrease (i.e., no multiple orders of magnitude decrease)
in the average mobility of the system due to disabling of
these monomers, and from Fig. 5 (bottom row) we notice
that the variance of the mobility distribution decreases.
While it seems obvious that the effective mobility
decreases when monomers are disabled, we note that even
with a significant fraction (up to 6%) of the important
monomers being disabled (in fact leaving only a single
connection with the destination electrode), the molecular
solid can sustain a significant amount of transport
through. This indicates that such molecular solids are
highly resilient to significant amounts of mechanical/
chemical defects. We observe that the maximum reduction
in the charge-carrier mobility is seen when the monomers
with the highest centrality measure are removed. This is
true in all the three directions. We also observe that the
system attains an asymptotic charge-carrier mobility before
finally becoming non-conductive. This is also true in all
the three directions.

We similarly remove the least important monomers
successively from the original system and explore its
impact on the mobility distribution. The results are
presented in Fig. 6. In this scenario, we observe that there
is hardly any effect on the mobility distribution, even
when 20% of the least important monomers are disabled.
This suggests that a good fraction of the molecular solid
does not play a critical path in charge transport, with
multiple redundant pathways existing to accommodate
significant perturbations to the structure. Overall, these
results suggest that pOSC molecular solids exhibit an
impressive resiliency of charge mobility. This is due to the
existence of several, degenerate charge carrier transport
pathways that pass through a small number of monomers.
An interesting consequence of this is that a considerable
portion of the material can suffer damage (e.g., chemical,
thermal, and mechanical) before charge-carrier transport is
reduced.

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 5 Effect of removal of highly ranked monomers on mobility distribution. The first row shows the decrease in mobility with the removal of
each monomer. The second row represents the mobility distribution just before the last connecting monomer is removed.

4 Conclusions

In this work, we present a novel technique to
computationally quantify charge-carrier transport and
resiliency in a molecular solid. We convert the complex
molecular system into an equivalent directed weighted graph
and draw equivalence between charge-carrier transport in
pOSC solids and graph components. Using this equivalence,
we quantify charge-carrier mobility in terms of the shortest
paths (the highest charge hop probability) between the
electrodes. We develop a formalization to assign, for the first
time, a notion of relative importance to the constituent
monomers for charge transport, using graph centrality
measures. Using betweenness centrality, we rank order the
constituent monomers in terms of their contribution to the
charge transport in the system. We utilize this ranking order
to perform in silico ablative experiments - the effective

mobility of the system is marginally reduced when these
highly ranked monomers are disabled for charge transport.
In contrast, the low ranked monomers have nearly no effect
charge-carrier transport. these
observations, we can define and computationally quantify
resiliency and show that the charge mobility of the PTB7
molecular solid considered in this work is highly resilient
to defects. It should be noted here that M, plays a
considerable role in the polymer structure (e.g., rigid rod,
globule, etc.), which would in turn impact polymer packing
in the glass. One might, for instance, expect more rigid
chains to pack in fiber-like structures that could enhance

on the Based on

transport along the backbone of the chain; or, if the chains
were considerably globule-like in structure, then transport
along a chain could be hampered and transport among
globules would also be important. The present framework
can be easily extended to perform such analysis and
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Fig. 6 Effect of removal of the lowest ranked monomers on mobility distribution. The first row shows the decrease in mobility with the removal
of each monomer. The second row represents the mobility distribution after the lowest 50% are removed.
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quantify the effects of parameters like M, on charge
transport resiliency.

There are several ways in which one can utilize
quantitative and fast characterization of charge resiliency.
Firstly, this framework can be naturally extended to
incorporate interconnectedness of crystallite domains, tie
chains, and amorphous regions. An example of this extension
is demonstrated in ref. 40. Next, one can use this to develop
a detailed design strategy for developing highly resilient
systems. Considering molecular point cloud data, one can
start designing molecular configurations that produce
geometrically well distributed central nodes (see Fig. 4). This
ensures that there is no single point of failure during charge
transport. An example of such configuration generation
based on spatial metrics is available in ref. 41. Alternatively,
one can construct a figure of merit based on the slope of
the drop in mobility with increasing non-participating
monomers (see Fig. 5). Creating molecular configurations
that produce slow drop-offs will provide design rules for
charge resiliency. Another approach is to explore how
changing the weights of the graph (inter-chain vs. intra-
chain transport) affects the resiliency of the system. This
provides a direct route to designing molecular architectures
that provide longer range resiliency. Other applications
include quantitative comparison of the impact of processing
conditions on the charge transport resilience. Finally, this
resiliency quantification can be used at the morphology
scale to design morphologies that show charge transport
resilience. Preliminary work along these lines is shown in
ref. 41. In particular, we hypothesize that coupling this
approach with recent advances in generative (machine
learning) models that rapidly create molecular/morphology
configurations could produce novel design constructs.”?
This work lays the foundation for systematic considerations
of resilience and rapid analysis of charge-carrier transport
in pOSC. We envision extending this approach to
incorporate additional effects including transient charge-
carrier transport, traps, stochastic charge mobility, and
charge delocalization.
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