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High-performance solution-processed organic semiconductors
maintain macroscopic functionality even in the presence of
microscopic disorder. Here we show that the functional robustness
of certain organic materials arises from the ability of molecules
to create connected mesoscopic electrical networks, even in the
absence of periodic order. The hierarchical network structures of
two families of important organic photovoltaic acceptors, func-
tionalized fullerenes and perylene diimides, are analyzed using
a newly developed graph methodology. The results establish
a connection between network robustness and molecular topol-
ogy, and also demonstrate that solubilizing moieties play a large
role in disrupting the molecular networks responsible for charge
transport. A clear link is established between the success of mono
and bis functionalized fullerene acceptors in organic photovoltaics
and their ability to construct mesoscopically connected electrical
networks over length scales of 10 nm.
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The discovery that organic semiconductors can complement,
or even replace, more expensive/less processable inorganic

semiconductors in many applications has spurred intense re-
search for several decades (1). This led to the realization of
devices where organics act as one, or all, of the components in
transistor, battery, light-emitting diode, photovoltaic, and artifi-
cial photosynthetic technologies (2). All of these applications
rely on the efficient mesoscopic (10–1,000 nm length scale)
transport of charge or energy through space, whereas the fun-
damental design unit for these systems is the single molecule
(∼1 nm length scale). The successful function of these devices thus
lies in the ability to bridge these length scales through the con-
struction of efficient electrical molecular networks in the condensed
phase. In this context, the challenge for materials scientists is to
develop molecular descriptors that are predictive for macroscopic
observables, such as charge mobility (3), exciton diffusion (4), or
charge generation (5).
To close this understanding gap, it will be necessary to develop

methodologies that go beyond the traditional formulation of
quantum chemistry, which begins with accurate single-molecule
properties and extrapolates outward, to frameworks that estab-
lish the hierarchical importance of the many possible in-
termolecular interactions in structurally disordered materials
(6–9). In this work, we show how network theory can be com-
bined with quantum chemistry to describe the mesoscopic per-
colative behavior of technologically relevant organic electron
acceptors. The network framework enables the connectivity of the
quantum transport states in these materials to be described on the
10–1,000 nm length scale as a function of molecular identity and
structural disorder. By evaluating how the transport networks
transform with structural disorder and molecular identity, we
elucidate the connection between network robustness and
molecular topology.
Nature offers a template for how relatively small molecular

units can be combined to transport charge and energy rapidly
over large distances. For instance, the biochemical machinery of
both photosynthesis (10) and cellular respiration (11) depends

on the intricate distribution and alignment of chromophores and
redox centers throughout many proteins and membranes. This
cellular machinery, which sustains most life on Earth, highlights
the central importance of molecular alignment in both energy
and space to facilitate energy and charge transport within net-
works of molecules. In both natural examples, however, the
orientations of the molecules comprising the transport network
are precisely controlled by protein scaffolding, but in synthetic
materials such a level of control is currently unattainable. This
represents a challenge for the rational design of materials for
energy and charge transport, because orientational disorder must
be considered, and the crystal structure, even when obtainable,
may have little bearing on the microstructure of the actual film
(12–14). This challenge is further accentuated for solution-pro-
cessable materials, where film disorder is widely recognized as
intrinsic to the deposition technique (6, 15). Moreover, the
chemical moieties responsible for solubilizing organic semi-
conductors, such as linear and branched alkyl substituents, do
not contribute to the quantum states responsible for optoelec-
tronic functionality (species such as in Fig. 1), but act instead as
insulators in a semiconducting film. As we show below, these
moieties play a larger role than even structural disorder in ulti-
mately disrupting the mesoscopic electrical networks responsible
for charge transport.

Elementary Network Analysis
Concepts from graph theory have been used to analyze problems
as seemingly disparate as tracing genetic inheritance (16), eval-
uating the Internet’s robustness to power outages (17), and
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characterizing the electronic structure of molecules (18). A
graph, G, is a general object easily visualized as in Fig. 2A. This
intuitive object is formally defined by lists of vertices (V) and
edges (E); together V and E contain all of the pairwise rela-
tionships that define G. In graph theory, the concept of an edge
is generalized to be compatible with any dimension of compar-
ison. For example, if the vertices represent atoms, then the edges
could represent bonds, nearest neighbors, or like elements,
depending on the problem of interest (19, 20). All vertex and
edge relationships are succinctly contained within the weighted
adjacency matrix, A, for the graph (Fig. 2A), where A is expressed
in the basis of vertices, and the elements Aij express the magni-
tude of each edge in the graph. Depending on the property
that the edges represent, Aij might take binary, integer, or
continuous values.
The hierarchical importance of interactions between vertices

can be assessed through simple operations on the adjacency
matrix of the graph (Fig. 2A). In this study we define a simple
networking algorithm, N(X;R), that returns the subnetworks
within the matrix X that satisfy the list of connectivity conditions,
R. Formally, N is a crawling algorithm that partitions the vertices
of the graph into subgroups (networks) based upon the con-
nectivity conditions (SI Appendix, Methods). The operation of N
on X produces a variable number of subnetworks, depending on
the permissiveness of the criteria within R.
As an example, Fig. 2A shows an application of the networking

algorithm using the minimal criteria that an edge (of any mag-
nitude) exists between two vertices. This returns two sub-
networks, revealing that the set {a-j} is comprised of two
unconnected systems. Additional information can be extracted
by noting that the graph includes edges with capacities between
0 and 3. The result of applying the networking algorithm for
varying thresholds on the edge capacity results in varying num-
bers of subnetworks. As the connectivity threshold is increased
from Aij > 0 to Aij > 2, the networks fragment due to the smaller
number of connections in the set, and a smaller number of in-
dependent pathways connect the vertices of each network.
The networks in Fig. 2 have intentionally been drawn in

a nonintuitive spatial distribution to reflect the similarly coun-
terintuitive relationship between spatial proximity and electrical
connectivity in many real systems (21). A major finding of the
present study is that ostensibly proximate quantum states can be

electrically inaccessible in the amorphous phase, depending
upon the topology, state degeneracy, and degree of functionali-
zation of the molecular repeat unit.

Molecular Networks
Graphical approaches in chemistry have a rich history for de-
scribing the electronic structure of molecules beginning with
Kekule (22), and continued by Pauling (23), Clar (24), Heil-
bronner (25), and many others (26, 27). Burdett and Lee first
showed that graphical operations on tight-binding Hamiltonians
could be used to understand the density of states of solids and
clusters (28). We now show that by a simple, powerful extension,
graph approaches can be used to describe mesoscopic relation-
ships among interacting molecules.
In the weak coupling regime, charge transfer between mole-

cules is mediated by the energy difference and electronic cou-
pling of molecular orbitals (MOs; Fig. 1; ref. 29). The network

Fig. 1. The molecular structure and LUMOs of several organic electron
acceptors used in organic photovoltaic cells. With the exception of C60, all of
the acceptors have saturated hydrocarbon solution-processing substituents
that contribute little to the LUMO that mediates charge transport. More-
over, the LUMO topology is essentially identical to that of the unfunction-
alized parent molecule: All fullerene derivatives have spherical LUMOs, and
all PDI derivatives have planar LUMOs.

Fig. 2. (A, Left) Generalized graph of vertices (a–h) and edges (lines). The
edge thickness corresponds to the strength of the connection between
vertices, and vertex radii are scaled according to the number of finite ca-
pacity edges per vertex. (A, Right) Pedagogic representation of the network
analysis algorithm N acting on the adjacency matrix A for the graph on the
Left. (B) Returned networks for finite capacity (Aij > 0), edge capacity greater
than 1 (Aij > 1), and edge capacity greater than 2 (Aij > 2). (C, Left) Snapshot
of 64 DO-PDI molecules from a MD trajectory. Network analysis is performed
using states within 0.3 eV of the DO-PDI LUMO, and a variable electronic
coupling threshold, VT. (C, Right) Returned networks for a range of thresh-
olds: VT values of 1, 5, and 20 meV. In each case, distinct electrical networks
are given a unique color, and the total number of networks is specified
beneath each cluster.
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analysis developed above for the generic graph in Fig. 2 can be
extended to arrays of molecules by realizing that, when expressed
in the MO basis, the electronic tight-binding Hamiltonian, H,
carries the same structure as the adjacency matrix,

H =
X
i

«ijϕiihϕij+
X
i;j

Vijjϕii
D
ϕj

��: [1]

Here ϕis are the molecular orbitals, indices i and j run over all
molecular orbitals on all molecules in the system, «i is the energy
of ϕi, and Vij is the electronic coupling between orbitals ϕi and
ϕj. In the MO basis, the magnitude of the off-diagonal elements
of H reflects the degree of mixing between molecular orbitals on
different molecules in the mesoscopic system. Because all that is
required to apply the network analysis is a unitary basis set trans-
formation from the system eigenbasis to a localized molecular
basis (of which the MO basis is the simplest), the model chem-
istry represented by H can be chosen to suit the application.
Expressed in the MO basis, H contains the MO energy dif-

ferences and couplings necessary to enumerate the possible
pathways for charge transfer. Network analysis of the form N(H;
R) can thus be generalized to evaluate the hierarchical electrical
connectivity of arbitrary arrays of molecules. To identify the
networks capable of transporting charge, we use simple con-
ditions for R based on the energy differences and couplings be-
tween MOs. All of the materials studied in this work are used as
electron acceptors, so only MOs within 0.3 eV of the vacuum
lowest unoccupied molecular orbital (LUMO) level of each
molecule are included in each network ðj«i − «LUMOj< 0:3 eVÞ.
The connectivity between MOs is then determined by a variable

threshold, VT, for the electronic coupling, and MOs are consid-
ered connected when the condition

��Hij
��>VT is satisfied.

Fig. 2C shows an example of molecular network analysis on
a cluster of 64 N,N′-Bis(1-octylnonyl)perylene-3,4,9,10-tetra-
carboxylic diimide (DO-PDI) molecules (see Fig. 3C for all
molecular structures, and the SI Appendix for formal names). It
is immediately apparent that the networking algorithm reveals
the hierarchical connectivity of molecules within the cluster in an
intuitive fashion. Using the very weak threshold VT = 1 meV,
several independent networks already exist within the cluster.
Stronger molecular connections are returned by increasing the
VT, from 1 to 5 and 20 meV, respectively, from which it can be
observed that network fragmentation occurs [maximum frag-
mentation occurs, in this case, when N(H;R) = number of
molecules]. As shown below, the dependence of network
fragmentation on the coupling threshold can be used to evaluate
the relative robustness to disorder of electron motion within the
cluster and the probability that a percolation path for charge
transport spans the cluster volume.
We now present the results of the network analysis for two

families of important organic electron acceptors: substituted
perylene diimides (PDI) and C60 fullerenes. Fullerene deriva-
tives are preeminent acceptors in virtually all high-performance
organic photovoltaic (OPV) cells (30). Monofunctionalized
fullerenes such as PC60BM (Fig. 1) are high-mobility n-type
semiconductors, despite forming disordered glassy films (12),
and bis and tris-functionalized fullerenes attract interest due to
their lower electron affinities and potential to sustain higher
device open-circuit voltages in solar cells (31, 32). PDI deriva-
tives have been studied as promising replacements for fullerenes
in OPVs (33), as they are inexpensive, robust, and possess highly

Fig. 3. (A, Left) Number of networks, NNET in
PC60BM-based systems as a function of electronic
coupling threshold. (A, Right) Ratio of the radius of
gyration of the largest network to the total system
radius of gyration, as a function of the electronic
coupling threshold. (B, Left) Number of networks,
NNET, in PDI derivatives as a function of electronic
coupling threshold VT. (B, Right) Ratio of the radius
of gyration of the largest network to the total sys-
tem radius of gyration, as a function of VT. (C)
Molecular structures of the substituted fullerenes
and PDIs. Many regioisomers are possible for bis and
tris-PCBM; see SI Appendix for a full discussion. (D)
Subnetworks for a sample snapshot of each system,
with a coupling threshold, VT, of 20 meV. In each
case, distinct electrical networks are given a unique
color, and the total number of networks is specified
beneath each cluster. The pink lines in A and B de-
note the threshold value visualized in D. PC60BM
and bis-PC60BM materials are highlighted as the
only materials whose largest electronic network
percolates the cluster volume at the 20-meV
threshold.
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tunable solubility and orbital energetics (34). In both families of
materials, the attachment of side chains renders the materials
soluble in common organic solvents (requisite for solution phase
film growth), and in the resulting films, the side chains contribute
negligibly to the orbitals mediating charge transfer (Fig. 1).
The network methodology developed in the previous section

was used to interrogate the mesoscale electrical connectivity of
PDI derivatives with varying length side chains, from dioctyl
(DO-PDI) to dihexyl (DH-PDI), dibutyl (DB-PDI), and diethyl
(DE-PDI), as well as C60 derivatives, PC60BM, bis-PC60BM, and
tris-PC60BM, that differ by the number of attached side chains
(Fig. 3C). For each of the seven materials, a 64-molecule cluster
was simulated using classical molecular dynamics (MD) in an
isobaric–isothermal ensemble. The central role of surface effects
in both OPVs and organic transistors makes it necessary to
simulate finite clusters rather than bulk periodic materials (1, 7).
The network analysis for each material was then performed on
50 snapshots collected from five independent MD trajectories
(the size dependence, role of surface molecules, convergence
behaviors are discussed in the SI Appendix). These simulations
were used to assess each material’s capacity to form mesoscale
networks in disordered environments. (See SI Appendix, Methods
for additional details.)
Network analysis for each material within the PC60BM family

was performed over a VT ranging from 1 to 50 meV. The mag-
nitude of the coupling element between MOs, Vij, determines the
upper limit for the rate of charge transfer between molecules
[τ−1 ∼ 2π Z−1 V 2

ij , taking the density of states factor to be one
state per electron volt (eV)], which can be used to estimate the
timescale for charge movement through a given network. For
example, a coupling of 1 meV corresponds to a transfer time
between molecules of ∼0.7 ns, and a coupling of 20 meV
decreases the transfer time to ∼1.5 ps, making the process po-
tentially competitive with nuclear reorganization. For an or-
ganic solar cell, the injected charge must traverse several
nanometers within a few picoseconds to avoid geminate re-
combination (35). Thus, percolating networks with thresholds >1
meV, (and probably even >20 meV) are necessary to guarantee
this possibility. Electronic couplings less than this, even
neglecting other considerations, are simply not strong enough to
facilitate the transfer. Fig. 3A shows the number of independent
(unconnected) networks as a function of VT for the C60 deriva-
tives. In this analysis, fewer networks implies greater electrical
connectivity throughout the cluster, and therefore favorable
mesoscale charge transport. There is also a conceptual con-
nection between network fragmentation behaviors and Klein
and Randi�c’s idea of graphical resistance (36). Across the ful-
lerene series, increasing functionalization unambiguously leads
to greater network fragmentation. In the case of the highly
substituted tris-PC60BM material, fragmentation even occurs at
the smallest investigated values of VT (for VT = 1 meV, ∼3
networks exist on average).
To establish the degree to which fragmentation correlates

with an actual spatial contraction of the transport network, we
evaluated the radius of gyration, RNET, of the largest network in
each system

R2
NET =

1
N

XN
i

jri − hrNETij2; [2]

where the index i runs over all N atoms in the largest network, ri
is the position of atom i, and rNET is the network centroid. Sim-
ilarly, the radius of gyration of the total system, RSYS, was calcu-
lated according to Eq. 2 while allowing the summation to run
over all atoms in the cluster. The ratio RNET/RSYS, hereafter re-
ferred to as the percolation ratio, provides a metric for the de-
gree to which the largest network percolates the cluster.
Fig. 3A shows the percolation ratio as a function of VT for the

present C60 derivatives. The network characteristics of the tris-
PC60BM material are again qualitatively distinguished from the

mono and bis materials by a precipitous decline in percolation
behavior above the 1-meV threshold. The failure to produce
percolating networks at even small couplings suggests that co-
herent electron transport between tris-PC60BM molecules is
strongly suppressed in this material, and that electron transfer
is limited to thermally activated nuclear rearrangement. This
qualitative distinction between PC60BM and bis-PC60BM relative
to tris-PC60BM is surprising in light of the incremental nature
of the substitution: the tris-material, although energetically
semiconducting with a band gap similar to the other materials,
behaves mesoscopically as an insulator due to poor in-
termolecular coupling and high energetic dispersion. This is also
born out experimentally by the exceptionally poor electron mobility
reported for tris-PC60BM (∼4 × 10−9 cm2 V−1 s−1) relative to
PC60BM (∼1 × 10−3 cm2 V−1 s−1) and bis-PC60BM (∼1 × 10−4 cm2

V−1 s−1), assayed by space-charge limited current measurements
(37). Our simulations can also be compared with the corresponding
organic solar cells, whose filamentous acceptor domains have
dimensions comparable to our simulated clusters (30). OPV devices
using the tris-PC60BM acceptor show consistently poor photocur-
rent production in all known device configurations (37, 38), sug-
gesting that tris-PC60BM fails to facilitate the electron–hole
separation necessary for photocurrent production; whereas, ef-
ficient devices using both mono and bis-PC60BM acceptors have
long been known (31).
The same network analyses that were performed on the C60

derivatives were next performed on the family of PDI acceptors
(Fig. 3B). Qualitatively, the network structure of the PDI
materials shares similar nonpercolative features with the tris-
PC60BM networks. Even at the permissive 1-meV coupling
threshold, the derivatives with the longest side chains, DO-PDI
and DH-PDI, are comprised of many networks, and none of the
materials efficiently percolate the cluster volume for VT > 1 meV.
The topology of each class of molecules is also reflected in the

shape of the networks that each molecule forms. This is rigor-
ously quantified by calculating the orientational correlation
factors between the molecules in each network (SI Appendix,
Figs. S4 and S5), but even visual inspection of Fig. 3D shows that
the planar and spherical topologies of PDI and C60 are inherited
in the network topologies as stacks and globules, respectively.
The orientational correlation data also demonstrate that elec-
trical connections between PDI derivatives are limited solely to
stacked orientations, in agreement with the columnar structures
and strong mobility anisotropy experimentally associated with
this class of materials (39, 40). As we show below, however, the
restricted orientational space for establishing connections be-
tween PDIs leads to an unexpected fragilizing effect on the
mesoscopic electrical networks.

Network Robustness
Comparing the stacked PDI networks with the globular networks
formed by the C60 derivatives, we speculate that the di-
mensionality of the networks influences their fragility with re-
spect to structural disorder. As elaborated below, fragility can be
quantified by two complementary measures: (i) the average
number of connections per molecule in each material (network
fragility) and (ii) the spatial contraction of the largest network
with respect to fragmentation (percolation fragility).
Fig. 4A shows the average number of connections per mole-

cule, NC, across each series of materials. These numbers should
be interpreted while keeping in mind that a continuous unfrag-
mented network can only be formed if the average molecule
has ∼2 connected neighbors (see SI Appendix for more detail).
Minimally connected systems (NC ∼ 2) are “fragile,” however,
because they cannot tolerate any pairwise disruptions without
network fragmentation. Networks comprised of multiply con-
nected molecules (NC > 2), possess built-in redundancies for
charge transport, and can tolerate pairwise disruptions without
fragmentation. This is confirmed by observing that the coupling
threshold at which the NC of each material falls below ∼2 cor-
responds to the onset of network fragmentation in Fig. 3 A and B.
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It is also evident that within each family and across all values of
VT, increasing functionalization is accompanied by fewer con-
nections per molecule and increasing fragmentation suscepti-
bility. From this dataset we can also infer that even when the PDI
derivatives efficiently form stacks, the networks remain fragile.
The geometric constraints of stacking essentially limit their
coupling to two neighbors, with the result that none of the NC
values for PDI derivatives rise much above ∼2 for any appre-
ciable value of the coupling threshold. This also correlates with
the counterintuitive result that the best fullerene replacements in
organic solar cells have been PDI units designed to disrupt
stacking via covalent dimerization (41–43). In addition to pro-
moting miscibility with the donor, these nonplanar structures likely
emulate the superior percolative properties of spherical fullerenes.
The ability of a material to sustain network fragmentation

while maintaining percolation can be quantified by the magni-
tude of dRNET

dNNET
(Fig. 4B), representing the rate of largest network

spatial contraction versus fragmentation (percolation fragility).
For example, it is unnecessary for the fragmentation transitions
shown in Fig. 3 A and B to also correspond to percolation
transitions, because the latter are defined only by the spatial
extent of the largest networks. We expect that some materials
may accommodate fragmentation while retaining transport ca-
pability (6), with the most favorable scenario being that frag-
mentation occurs while leaving a large percolating network intact
(7). Investigating the hypothesis that percolation fragility has
a topological contribution from the molecular units, we compare
the percolation behavior of the C60 and PDI derivatives in Fig.
4B, and observe a clear difference in how the largest networks of
each family respond to fragmentation. The slower decline in the

percolation ratio of the C60 derivatives with fragmentation sug-
gests that the largest networks in these clusters contract more
slowly than those of the PDI derivatives. This feature is also
preserved within each family, despite the varying degree of
functionalization, which clearly demonstrates the topological
contribution to percolation fragility.
Furthermore, the percolation fragility quantified in Fig. 4B also

suggests that molecular topology impacts the distribution of weak/
broken connections throughout the percolating network. Fragile
percolating networks appear to accumulate weak connections at
core and branch vertices (e.g., in stacked PDI networks, with only
∼2 connections per molecule, every molecule serves as a branch
point); whereas, robust percolating networks distribute weak
connections to the periphery or in local aggregates that prevent
total collapse (e.g., in Fig. 3D, both the PC60BM and bis-PC60BM
materials fragment first along the surface while retaining central
percolating networks; see SI Appendix for further discussion).
These results plausibly suggest that materials can be designed
with specific percolation properties for applications such as OPV
cells and organic field-effect transistors, where performance
depends on achieving electrical percolation in minimally pro-
cessed, usually highly disordered, films (7, 39).
In principle, the susceptibility of electrical percolation to

structural disorder is inherent in device work as the performance
variance across devices, and the sensitivity of performance to
processing. Neglecting other considerations, materials that form
fragile networks should generally be more demanding to work
with, exhibit lower performance stability, and systematically show
greater performance variance across devices. Robustness con-
siderations are thus of tremendous importance for practical de-
vice work, although little discussed, and almost never considered
during the design process. To our knowledge, the graph meth-
odology developed here is the first means of quantifying this
property for soft semiconductors.

Connections Between Molecular Networks, Percolation
Theory, and Charge Transport
The graph methodology developed here can be considered to a
unification of traditional percolation models with the quantum
details of molecular semiconductors. As applied to bicontinuous
bulk heterojunctions, percolation models typically assume that
the nuclear coordinates are congruent with the electronic coor-
dinates and that transport within each phase can be modeled as
an effective medium (44–46). Both assumptions have proven
successful in different contexts, but are invalid for solution-pro-
cessed semiconductors where charge transport bears both ori-
entational anisotropy and spatial inhomogeneity, and the charge
carrier wave functions are highly localized on conjugated moie-
ties. By working within a basis of transport states, this ap-
proach remedies both shortcomings and maps the powerful
machinery of percolation theory onto the molecular details of
electronic structure.
We have highlighted here that graph analysis provides com-

plementary information to traditional charge-transport simu-
lations (47, 48), including the spatial distribution of transport
bottlenecks, directionality of transport networks, percolation
behaviors, and the vulnerability of percolation to structural dis-
order. The natural next step will be to use the network in-
formation to generate more accurate charge transport models.
The clearest connection between the networks and transport lies
in understanding N(H;R) to represent the subspace of efficient
pathways for charge transport, whose traversal timescale is de-
termined by the couplings and the energy differences defined in
R. For hopping transport, the dynamical nature of the networks
is germane because the timescale of transfer is slow relative to
the nuclear motion. For coherent transport, the snapshot net-
work structure supplies information about the transport path-
ways that are instantaneously available. In each case, network
percolation is a necessary (although not sufficient) criteria for
efficient transport that can be screened for during design.
Moreover, the spatial connectivity information supplied by the

Fig. 4. (A, Left) Average number of connections per molecule, NC, in C60

derivatives as a function of the electronic coupling threshold (VT). (Right) NC

as a function of coupling threshold for the PDI derivatives. Shaded areas
indicate nonpercolative conditions. (B) Number of networks (NNET) versus the
percolation ratio (RNET/RSYS) compared across all materials. Lines added as
a guide to the eye, “spherical” refers to the C60 derivatives (in blue) and
“planar” to the PDI derivatives (in red).
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network structure is usually a fitted parameter in traditional
variable range and Gaussian disorder models, which limits these
to a posteriori use. Significant work by Baumeir et al. has also
shown that network structures can be used to produce accurate
first principles models of transport that are scalable to macro-
scopic applications (49).

Conclusions
Sustainable progress in organic semiconductor design ultimately
requires a quantitative predictive understanding of the way
materials transport properties respond to structural disorder.
This is especially true of solution-processed materials and for
applications such as solar cells and transistors where perfor-
mance has proven remarkably sensitive to mesoscopic morpho-
logical features. However, inexpensive processing and structural
disorder need not be incompatible with robust performance; as
this work demonstrates, it is possible for some molecules to form
mesoscopically connected networks even in the absence of pe-
riodic order. This represents a materials design paradigm fo-
cused on stochastic robustness and electrical network assembly
that complements traditional process-engineering and crystal-
packing studies.

For mesoscopic phenomena, such as charge generation and
transport, where functionality arises from charge moving in
space, understanding the spatial connectivity of molecular
states is critical for evaluating functionality. The molecular net-
work serves as an intuitive, uniquely defined object that
expresses all accessibility relationships among molecules in the
condensed phase, thus conveying physical content that includes,
but goes beyond, density of states and bandwidth analyses, with
obvious applications for models of charge and energy transport.
Work is currently underway investigating the capacity of net-
work analysis for materials screening and extending the ap-
proach to polymeric and binary materials.
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