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Existing models for the electronic properties of conjugated polymers
do not capture the spatial arrangement of the disordered macromolecular chains over which charge transport occurs. Here, we present
an analytical and computational description in which the morphology of individual polymer chains is dictated by well-known statistical
models and the electronic coupling between units is determined
using Marcus theory. The multiscale transport of charges in these
materials (high mobility at short length scales, low mobility at long
length scales) is naturally described with our framework. Additionally, the dependence of mobility with electric ﬁeld and temperature
is explained in terms of conformational variability and spatial correlation. Our model offers a predictive approach to connecting processing conditions with transport behavior.
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he performance of organic semiconductors has improved
substantially in recent years through careful molecular engineering and processing (1, 2), and solution-processed systems are
now competitive with amorphous silicon. A path to constant
improvement is best guided by rational materials design, which
requires that the relationship between processing, structure, and
ensuing properties be well understood. In complex macromolecular systems, such as conjugated polymers, there is no generally accepted model for charge transport that explicitly takes
into account the macromolecular nature of the material. Such
difﬁculty is partially due to their complicated microstructural
behavior and strongly disordered intramolecular conformation
and intermolecular packing.
Several properties of ﬂexible macromolecules are understood
in terms of the statistics of their chain conformations. For example, the viscoelasticity of polymers in solution has been shown
to depend on chain entanglements (3–5), and liquid-crystalline
microstructures result from nematic ordering of individual chains
(6). We present a model of electrical charge transport in conjugated polymers that places this important property on the same
theoretical footing as many other macromolecular properties. To
achieve this goal, it is necessary to build the model by starting
from the polymer and its disordered conformations.
The disordered nature of semiconducting polymers is rationalized to be the cause of many observations in these systems, most
notably thermally activated charge transport attributed to disorder-induced traps (7, 8). On-site energetic disorder and positional
disorder are invoked in phenomenological models to explain the
dispersive nature of charge transport and the electric-ﬁeld dependence of charge mobility (i.e., the Poole–Frenkel effect), often
including intersite correlations (8, 9).
Gaussian disorder models (GDMs) are based on describing
a 3D material as a grid of sites. The on-site energy is selected from
a Gaussian probability distribution to reﬂect the energetic disorder in the material. Structural disorder is introduced by varying
the localization radius of each site’s wavefunction, affecting
intersite transfer. This model can be modiﬁed to include spatial
correlations in on-site energies, which provides an explanation for
the electric-ﬁeld dependence of charge mobility over a larger
range in electric ﬁeld strength (10, 11). Great progress in device
modeling and materials understanding has resulted from applying
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Gaussian disorder models, partly due to their ability to be incorporated into advanced computational simulations. Initially,
Gaussian disorder models were developed to study charge transport in molecularly doped systems or amorphous small molecules,
where the electronic coupling between individual sites is small and
isotropic (12–14). The importance of disorder for charge transport
in conjugated polymers resulted in the application of the same
GDM framework (15). However, for conjugated polymer materials, the applicability of models developed for molecularly doped
systems is not clear, and a physical understanding of the underlying
molecular mechanism behind disorder is still lacking.
Recent experimental measurements reveal the fundamentally
multiscale nature of charge transport in semiconducting polymers—fast motion at short length scales and slow motion at large
length scales—and show its deep relationship to the hierarchical
connectivity of their macromolecular structure (16–18). Indeed,
a charge can move quickly along a single chain but may have to
wait a long time before being able to hop from chain to chain.
This observation highlights one of the shortcomings of the
GDM-based framework currently used to describe charge transport in conjugated polymers: it cannot account for the ﬁne-grained
mechanism of charge transfer through a disordered polymer ﬁlm.
These models have been successful at describing long-range
transport due to the coarsening of the microstructure at such
length scales. Although a time-dependent mobility might be
extracted in the process of energy relaxation in the density of
states in a GDM, this process is fundamentally different from
providing a multiscale description of the mobility. In a conjugated
polymer, even after a charge has traversed a large number of
chains, its motion will still be described as fast at short distances
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and slow at long distances. Thus, we arrive at the root of the
problem: differences in electronic coupling between sites on the
same chain and those on different polymer chains are not included in present charge transport models. In this manuscript,
we present a charge transport model that provides a microscale
interpretation of the impact of polymer conformations on
intrachain and interchain transport processes.
By developing a model that includes the inherent structural
features of individual chains and the statistical behavior of an
ensemble of such chains, it is possible to provide a more fundamental description of charge transport in disordered semiconducting polymers. Here, we explore the role of individual
chain conformation as the key feature dominating the way
charges move in solid ﬁlms of disordered semiconducting polymers. Our model reconciles the observed multiscale transport
behavior with temperature- and ﬁeld-dependent mobility measurements. This framework provides physical insights capable of
guiding materials design and offers a predictive approach to
connecting processing conditions with transport behavior. Additionally, the treatment described here can be used as a building
block to study intergrain transport in semicrystalline materials.
The simple theoretical treatment described here is an improvement upon current charge transport models, and recent molecular dynamics (MD) and density functional theory (DFT)
calculations (19) conﬁrm several inherent features of our theory.
These MD and DFT calculations show that the electronic
structure of amorphous polymers can be determined by the
disordered conformations of individual chains, and that the
interaction between electronic states localized in the same
chain or in adjacent chains is different.
Model
Our model ﬁrst addresses the conformations of polymer chains
in a disordered amorphous solid. At small length scales, a polymer chain in such materials exhibits rod-like correlation in their
orientation, reﬂecting the molecular elasticity of the segments of
the chain. At much larger length scales, the additive effect of
small local deformations results in a conformation resembling
a random walk. This semiﬂexible behavior is common to many
polymer systems and is essential in capturing the multiscale
transport behavior in conjugated polymer materials.
Semiﬂexible polymer chains can be described by the worm-like
chain model (20–26). The orientation of the chain at each point
is deﬁned by the tangent vector ~
u, which has unit magnitude to
enforce chain inextensibility arising from stiff covalent segmental
bonds. The degree to which a given chain resists deformation is
reﬂected in its persistence length lp , which is the distance over
which the tangent vectors ~
u are correlated. The Hamiltonian for
a worm-like chain is given by the following:
H lp
=
kB T 2

ZL
0

!2
!
∂u
ds;
∂s

[1]

where kB T is the thermal energy, L is the contour length of the
polymer chain, and s is the path length coordinate along the
chain (s = 0 at one end, and s = L at the opposite end).
For simulations, we discretize the chain into segments of
length l0 . Upon discretization, the bending modulus e = lp =l0
governs the resistance to bending between adjacent discrete
subunits. To reproduce the properties of a solid amorphous ﬁlm,
a random sample of all possible conformations is selected, where
the bending between segments follows Boltzmann statistics.
Because the amorphous material is assumed to be prepared from
a concentrated polymer solution, we assume the chain conﬁgurations obey ideal chain statistics that are unaffected by segmental interactions (27–29). The polymer chains are assumed to
be ﬁxed in the amorphous material, which exists in either
a semicrystalline solid state or a quenched glassy state. Our
model focuses on the disordered amorphous state due to the
experimental systems that are the focus in this study, but future
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work will address semicrystalline materials (see SI Text for details
regarding the selection of polymer conformations).
Fig. 1 provides a schematic representation of each level in our
hierarchical model for charge transport. Fig. 1A shows two
randomly generated chains (one in blue, the other in red) to
describe various aspects of the proposed model. The semiﬂexible
behavior of polymer chains is evidenced, and the distances corresponding to the persistence length lp and segment length l0 are
shown. An electric ﬁeld ~
F breaks the symmetry of the system and
deﬁnes a preferential direction for charge motion. Each site can
transfer charge to its two neighbors on the same chain with rates
k+i (for transfer from site i to i + 1) and k−i (for transfer from site
i to i − 1), and to a different chain with rate khop . The energetic
landscape a charge experiences when moving along a semiﬂexible chain in the presence of an electric ﬁeld is affected by
the polymer conformation. For simplicity and without loss of
generality, the direction of the electric ﬁeld ~
F = F^z is taken along
the z axis. Fig. 1B shows a polymer chain with monomer coloring
to indicate the z position of each monomer, where red is the
maximum z position in the chain and blue is the minimum z position. The corresponding electrostatic potential energy of
a charge at each monomer position is shown in Fig. 1C. Even
though the overall behavior is to lower the charge’s electrostatic
energy by moving along the chain, short- and medium-range
conformation ﬂuctuations can act as barriers for charge transport.
The electronic properties are determined based on the spatial
arrangement of the polymer segments. The transfer rates between
the discretized sites of the chain are calculated using Marcus
theory (30, 31). Without including inherent variations in site
energy, a charge q experiences an energy difference ΔGi;j between sites i and j resulting from their positions along the electric
ﬁeld. This energy difference is given by ΔGi;j = − Fqðzj − zi Þ,
where zi is the z position of the ith polymer segment. Using
semiclassical Marcus theory (30, 31), the transfer rate for hopping from site i to site i + 1 on the same chain is as follows:
" 
2 #
λ0 + ΔGi;i + 1
J02
2π
+
;
[2]
ki;i+1 = ki = pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ exp −
Z 4πλ0 kB T
4kB Tλ0
where J0 is the electronic coupling between neighboring sites in
the chain, λ0 is the reorganization energy, and Z is the reduced
Planck’s constant. Similarly, the transfer rate from site i to site
i − 1 on the same chain is as follows:
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Each site can also couple to another site on a different chain,
with a rate khop determined by the interchain electronic coupling
Jhop and a reorganization energy λhop . We assume a constant
negative energy difference ΔGhop = − Fqγl0 for interchain transfer, where γ is the ratio between the interchain hop distance and
the segment length l0 . The validity of Marcus theory is not
central to our treatment of charge transfer events; any rate
equation that satisﬁes detailed balance and is parametrizable
can be applied (e.g., Miller–Abrahams).
We now use this framework to study charge transport applying
two different approaches. First, we focus on the limiting case
where charges move large distances. This limit is relevant because in typical experiments charges move distances longer than
any individual chain over timescales much longer than the hopping time between chains. Later, we pay closer attention to the
processes of charge transport at smaller length scales and faster
timescales, following the transfer of charge between individual
conjugated segments.
At any point in the simulation, only one chain is under consideration, and the escape from the chain is described with an
effective rate that is independent from the location of other
chains. This simpliﬁcation is valid in the low charge density regime, and given the strong anisotropy in electronic coupling
Noriega et al.
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observed in this study, intrachain transfer is much faster than
interchain hopping, and the electric ﬁeld imparts a strong directionality to interchain hopping. Thus, the probability of
returning to a previous chain is ignored, and assumed that each
interchain hop can be treated as arriving at a new conﬁguration.
When a charge is placed on a polymer chain, a set of rate
equations describe the time evolution of the probability of occupying each site along the chain as a function of time, given by
the following:


dpi
= − pi khop + k+i + k−i + pi−1 k+i−1 + pi+1 k−i+1 ;
dt

[4]

where the ﬁrst term on the right-hand side describes hopping
from site i to either a new chain or to neighboring sites i ± 1 on
the same chain, and the last two terms on the right-hand side
represent hopping to site i from the same neighboring sites i ± 1.
The hopping rates are calculated for each chain conformation as
a function of temperature and applied electric ﬁeld.
The long-time limit allows a simpliﬁcation of the governing
equation describing charge motion (Eq. 4). The Laplace transform of this coupled set of differential equations is deﬁned as
follows:
Z∞
pei ðνÞ =

pi ðtÞexpð−tνÞdt:

[5]

0

The transform evaluated at ν = 0 is equivalent to integrating the
probability of occupying each site over all time. For each new
polymer chain, the charge is initially placed in a randomly selected site along the chain. Solving the coupled set of algebraic
equations for pei ðν = 0Þ, and normalizing the probabilities by the
rate at which they decay (interchain hopping rate khop ), we calculate the expected value of the position at which the charge will
exit the chain at long times. It is thus possible to calculate the
displacement of the charge in the polymer chain between hopping events, or its drift length. Repeating this process for a large
number of chains, the ensemble average of single-occupancy
drift lengths hzi is calculated. Expressing the average charge
speed as the single-occupancy drift length divided by the average
interchain hopping time ð1=khop Þ, we obtain hvi = khop hzi. This
average speed can then be used to calculate the charge mobility
if we divide by the electric ﬁeld F, μ = khop hzi=F (see SI Text
for details).
Besides focusing on the long-time behavior of charges, our
framework is ideally suited to study charge transport at much
smaller length scales and faster timescales. This behavior is observed by tracking the position of individual charges as they hop
between conjugated subunits using a dynamic Monte Carlo
Noriega et al.

Fig. 1. Schematic representation of our model for
charge transport in conjugated polymers. (A) Hierarchical representation demonstrating the multiscale features built into our model. (B and C) The
effect of chain conformation on the energetic
landscape experienced by a charge within the conjugated polymer.

simulation, implementing the Gillespie algorithm (32, 33) for the
hopping events. At every point in time the charge resides on one
site of a chain (i), and it can undergo three distinct charge
transfer reactions. The charge can hop to the neighboring sites
ði ± 1Þ on the same chain with rates ki± or to a different chain
with rate khop . When the charge hops to a new chain, it arrives at
a randomly selected site along this new randomly determined
chain conﬁguration. The result of each reaction is chosen at
random, where each possible outcome is weighted by its transfer
rate (i.e., reactions with faster transfer rates are more likely).
The reaction time is selected randomly from an exponential
distribution with decay rate ktot = khop + k+i + k−i . Allowing each
charge to move through many individual chains and averaging
the trajectories of many charges yields the ensemble-average
charge transport rate. The long-time value of the charge transport
rate tends to the value determined using the Laplace-transform
methodology. In addition to the long-time limit, the Monte Carlo
methodology provides a history of the charge transport at different
time and length scales (see SI Text for details).
Before detailing the results of our approach, it is useful to
describe the characteristics that set it apart from the other
available models. First and most important, it incorporates
a better approximation to the physical nature of the semiconducting material, with a simple model to describe the polymer
chains. The model accounts for the fact that each site where
charges reside is part of a larger macromolecular chain, with
a strongly anisotropic connectivity to other sites determined by its
position within the chain. Moreover, the conformation of individual chains is obtained from fundamental materials parameters and is the result of small bends of the polymer backbone. In
this regard, our model is easily extended to include a more detailed treatment of the processing conditions and the molecular
interactions that govern the solid-state microstructure.
Bridging the gap between electronic and microstructural
modeling provides a more realistic inclusion of the different
processes that result in macroscopic charge transport in disordered conjugated polymers. However, there are some aspects that
this version of the model neglects. The effect of bending and
twisting the polymer backbone on the electronic coupling is not
included. A distribution of conjugation lengths (or segment
lengths) is to be expected in any real material, which could result
as well in variations in the on-site energies. These effects are
neglected with the objective of keeping the model as simple as
possible and are justiﬁable on the basis of modeling strongly
disordered materials in which chain conformation is the limiting
factor to charge transport.
Thermally Activated Transport and Poole–Frenkel Effect
With the long-time limit approach described above, we study two
well-known phenomena in organic semiconductors: thermally
activated transport and the Poole–Frenkel effect (electric-ﬁeld–
dependent charge mobility). We explain the molecular mechanism
PNAS Early Edition | 3 of 6
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that gives rise to both of these observations and reveal the key
role of disordered chain conformations. A set of time-of-ﬂight
measurements of the mobility of poly(spiro-biﬂuorene) reported by
Laquai et al. (34) is shown in Fig. 2A. It is important to note the
evident thermal activation of transport and a dependence of
mobility with electric ﬁeld. The original data were modeled with
a Gaussian disorder model (Eq. 6), using an intersite distance of
0.6 nm, a width of the distribution of on-site energies of σ = 86
and an expomeV, a mobility prefactor μ0 = 2:9 × 10−4 cm2/Vs,
1
nential ﬁeld dependence C0 = 3:5 × 10−4 ðcm=VÞ2 .
#
"
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[6]
exp C0
μ = μ0 exp
3kB T
kB T
With our model, the basic physics of the experiment can be
described using a semiﬂexible chain of N = 201 beads, each representing a monomer with an interbead spacing l0 = 0:9 ± 0:2 nm
and bending modulus e = 1:7 ± 1:0 (persistence length lp = 1:6
nm). The intrachain transfer rates are determined by J0 = 46 ±
23 meV and λ0 = 644 ± 58 meV, and the interchain transfer
parameters are Jhop = 0:34 ± 0:05 meV, λhop = 799 ± 30 meV,
and γ = 5:6 ± 0:6. These values are obtained with a simulated
annealing routine to explore a large parameter space through
random perturbations to the ﬁtting parameters (see SI Text
for details).
The values obtained with this approach are reasonable for
a ﬂexible polymer with weakly coupled electronic units, such as
poly(spirobiﬂuorene). The persistence length of more rigid polyalkyl ﬂuorenes is on the order of 7 nm (35), but the spiro
linkage disrupts molecular packing and reduces the persistence
length to only a few monomer units. The reorganization energies
of a few hundred millielectronvolts and electronic couplings of
a few millielectronvolts agree well with recent calculations in
a variety of systems (36–39). A recent study of phenanthrene
indenoﬂuorene copolymers suggests that reorganization energies
are lower than those calculated by DFT, so disorder and hole
localization effects are predominant (40). Introducing a small
amount of energetic disorder (35 meV) to our simulations
resulted in lower reorganization energies but no change in the
remaining ﬁtting parameters.
Several additional metrics are commonly used to analyze
measurements of charge mobility versus external ﬁeld and
temperature. One of such metrics is the ﬁeld dependence of
thepmobility
at a constant temperature, captured by β = dðlog μÞ=
ﬃﬃﬃﬃ
dð F Þ. Fig. 2B provides experimental and theoretical values for
β. It can be seen that our model accurately predicts the behavior
of β versus 1=T 2 . Fig. 2B is a reasonable way to display the data
because the Poole–Frenkel effect predicted by Gaussian disorder
models typically results in linear plots when the data are represented in this manner (Eq. 6) (34).
Spatial correlations in the site energies for Gaussian disorder
models have been used to describe the dependence of charge
mobility on electric ﬁeld. One explanation for the origin of such
correlations relies on the large polarizability of organic molecules to create a disordered dipole arrangement that results in
correlated on-site energies (10, 11). Conversely, by averaging
over a large ensemble of randomly generated chains, we can use
our charge transport model for disordered conjugated polymers
to offer an explanation for these correlations within a disordered
energetic landscape.
A randomly selected pair of nearest neighbors have any orientation with respect to the electric ﬁeld with equal probability.
However, once a charge is placed on a given site on a chain it is
able to travel a certain distance Δz along the ﬁeld direction before encountering a bend in the chain that acts as a transport
barrier. Upon arriving at the bend, the charge must either wait to
overcome the barrier or hop to a neighboring chain. This distance Δz follows an exponential distribution with a decay length
dictated by the distance over which the orientation of individual
segments is correlated, i.e., the persistence length lp . In other
words, once the charge is placed on a segment of a chain with
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1307158110
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Fig. 2. Modeling of time-of-ﬂight mobility of spirobiﬂuorene. (A) The data
as reported by Laquai et al. (34) is shown by squares, color coded by temperature (from 173 K to 343 K). The solid lines are results obtained with our
model. (B) The slope of logarithmic plots of mobility vs. the square root of
the electric ﬁeld is a useful metric to compare models and experimental
data. The error bars are obtained as the SE of ﬁtting a line to a logarithmic
plot of the raw data.

a ﬁnite bending modulus, the orientation of the neighboring
segments are correlated due to the intrinsic molecular elasticity of
the chain, leading to energetic correlations for charge transport.
Multiscale Behavior of Charge Transport
Using dynamic Monte Carlo simulations, we study the behavior of
charges as they move through a set of disordered polymer chains.
With this analysis, two very different regimes are observed (Fig. 3).
At short times, charges move short distances with a large mobility
along the polymer backbone, and at longer times, charge move
larger distances with a much lower mobility corresponding to
multiple interchain hops. The transition between these two
regimes happens after the charges have moved a distance on the
order of the persistence length along the chain backbone and do
so in a time consistent with the interchain hopping rate.
Noriega et al.

B

Fig. 3. Monte Carlo simulations of the multiscale behavior of charges in conjugated polymers. Ensemble average of the position (A) and mobility (B) as
a function of time after injection or excitation of charges as obtained with
computer simulations for poly(spirobiﬂuorene). These simulations assumed a ﬁlm
thickness of 100 nm, an applied voltage of 8 V, and a temperature of 300 K. The
Inset shows experimental results of mobility as a function of time after charge
injection obtained by Devizis et al. (18) for a ladder-type polymer (MeLPPP).

This multiscale behavior of charges has been previously observed experimentally by several groups using pulse-radiolisis
time-resolved microwave conductivity or time-resolved electric
ﬁeld-induced second harmonic generation, but its explanation has
remained at a qualitative level (16, 18, 34, 41). Fast transport
along a single conjugated backbone has been cited as the reason
for a large mobility at short times and for short distances in
a variety of materials, but the addition of ad hoc time dependence
in the GDM has been used to model the data. Our framework
provides a detailed quantitative explanation of this behavior, relating it to fundamental materials properties. It is important to
compare our simulations for spirobiﬂuorene with experimental
results obtained by Devizis et al. (18) for a ladder-type polymer,
methyl-substituted ladder-type poly(para-phenylene) (MeLPPP)
(Fig. 3, Inset). The resemblance between the two behaviors is
remarkable, with the differences in mobility and timescales arising from differences in the electronic and mechanical properties
of the two materials. MeLPPP is much more rigid than poly
Noriega et al.

(spirobiﬂuorene)—with a persistence length of 25 nm (35)—which
increases the on-chain electronic coupling.
It is possible to arrive at an analytical expression for the onchain mobility by using the fact that any randomly selected pair of
neighbors has an equal probability of pointing in any direction
with respect to the electric ﬁeld. Thus, the component of the velocity of a charge along the ﬁeld direction can be written as the
rate for transfer ðkintra Þ times the displacement ðl0 cos θÞ and averaged over all possible values. This expression (SI Text) depends
only on the parameters describing on-chain transport (J0 , λ0 , and
l0 ) as well as on the electric ﬁeld and temperature. The value
obtained with this analytical approach agrees very well with the
results from simulations (Fig. 3B) and provides additional validation for the interpretation of the mechanisms at play in the
hierarchical charge transport process in conjugated polymers.
Because the hopping rates and the electrostatic barriers for
charge transport will be dependent on the temperature and electric ﬁeld, charges will behave differently as these parameters
change. Systematic studies of charge transport across a variety of
timescales as a function of electric ﬁeld and temperature will allow
the precise determination of fundamental materials parameters at
play in charge transport, and guide materials design.
It is important to note that the electronic properties of semiconducting polymers are not completely described by device-scale
measurements (e.g., transistor transfer curves), but the multiscale
nature of charge transport processes in these systems requires
complementary techniques that explore local charge transfer
mechanisms [e.g., time-resolved electric-ﬁeld–induced second
harmonic generation (16–18), pulse radiolysis time-resolved
microwave conductivity (41), THz pump-probe (42)]. Here, we
describe a simple model that is capable of connecting these disparate length and time scales to experimentally and chemically
accessible materials properties.
Being able to relate changes in the electronic properties or
processing conditions of a material to the observable charge
transport behavior is of great importance in the development and
improvement of semiconducting polymers. If the goal is to improve local charge transport, the most important parameter to
tune is the intrachain electronic coupling. This approach would be
useful to avoid charge recombination at an interface in organic
photovoltaics, where one wants charges to move a few nanometers quickly. However, if the goal is to improve the transport of
charge at the device scale, then the most effective approach lies in
processing of the material, aligning the chains to use the more
efﬁcient intrachain transport to increase the drift length of
charges in each polymer chain. Such drastic improvements in
conductivity of conjugated polymers with mechanical stretching
have been experimentally observed previously (43). Tuning the
interchain electronic coupling also results in signiﬁcant improvements in the long-range charge mobility, with little effects on the
ultrafast intrachain charge transport. The dependence of charge
transport on several materials parameters is described in more
detail in SI Text (Fig. S1).
Conclusions
With the structural considerations included in this model, a more
complete view of charge transport in disordered semiconducting
polymers becomes available. One of the prominent features of
the model discussed in this manuscript is the common structural
origin of experimental observations that have usually been
explained with two distinct phenomenological models. These two
experimental observations are as follows: (i) the temperature and
electric ﬁeld dependence of mobility in macroscopic measurements,
and (ii) the remarkably high mobility of charges at short length
scales, and a transition to lower mobility for larger displacements. The inherent hierarchical nature in the connectivity of
individual polymer segments, and variations in local chain conformation of disordered polymer semiconductors can explain the
behavior of charges in these systems at both limiting cases.
Although it is designed to model disordered polymers, this
framework can be extended to more ordered systems by modifying the microstructural description of the chains. For example,
the semidisordered region between aggregates in high-mobility
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semicrystalline polymers is composed of distorted (but not entirely amorphous) chains that provide connectivity between the
ordered regions. Additional modiﬁcations to this model may result from realizing that, if chain conformation is so distorted that
large bends are possible, it should affect the electronic coupling
between units along the conjugated backbone. Moreover, the
model presented here can be extended to describe different systems where anisotropic and multicomponent transport is observed, with signiﬁcant modiﬁcations. One of such systems is
networks of rigid inorganic nanowires or of more ﬂexible carbon
nanotubes (44–48). These networks are sparse, which results in
a key difference from the model we propose. In polymer ﬁlms, it is
reasonable to assume that charges can hop to a new chain at any
point along the chain (i.e., every site has a nearby neighbor that
belongs to a different chain). In sparse nanotube networks, not
every point along the nanotube has the potential to transfer
charge to another nanotube. Another related system is the study
of diffusive transport through polymeric materials, which can
involve transient binding to the polymer chains and consequently
anomalous transport behavior. For example, such effects are
implicated in protein transport through crowded DNA networks
to facilitate the binding to speciﬁc DNA sites (48–50). The

trapping of charges in our model is a result of the external ﬁeld
and would not arise for passive diffusive transport. These related
physical systems share the common feature of having complex
transport trajectories that are dictated by chain conformation and
layout, and our model offers insight into how these effects can be
addressed in a simple theoretical framework.
The inclusion of the macromolecular nature of conjugated
polymers in the description of charge transport is a deﬁnitive step
to increase the understanding of the fundamental materials
properties at play, and the multiscale processes that must take
place to sustain efﬁcient macroscopic charge transport. Furthermore, the model described here provides physical insights capable
of guiding materials design and offers a predictive approach to
connecting processing conditions with transport behavior.
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SI Text
Simulations
The methods used to implement the model and simulations are
described in detail in this section. First, we create a random polymer
chain conformation described by the worm-like chain model (1–6).
The orientation of the initial chain segment is chosen at random.
For each following segment, the orientation relative to the previous
segment is deﬁned by the bending and rotation angles, θ and ϕ. The
bending angle 0 ≤ θ ≤ π was chosen from a probability distribution
taking into account the energetic penalty associated with that
elastic deviation at room temperature as follows:
pðθÞ =

e sin θ
exp½e cos θ:
2 sinh e

[S1]

After determining the bending angle, any value for the rotation
about the chain axis was chosen, 0 ≤ ϕ ≤ 2π. This was repeated
until the chain had the desired contour length L.
To simulate the long-time behavior of charges, we implemented the following algorithm for each value of electric ﬁeld and
temperature: (1) create a random chain conformation, (2) calculate the transfer rates between all of the sites on the chain using
semiclassical Marcus theory (7, 8), (3) place a charge in a random
site along the chain, (4) create the matrix that deﬁnes the set of
algebraic equations in Laplace space, (5) solve the matrix
equations and normalize the result vector by khop , (6) calculate
the expected
displacement of the charge in that chain as
P
Δz = i pi zi − zstart , and (7) repeat steps 1–6 for a large number of
chains and average the displacements. The mobility was obtained
as the ensemble average of Δz multiplied by the hopping rate
and divided by the electric ﬁeld.
For the Monte Carlo simulations, we implemented a version of
the Gillespie algorithm (9, 10): (1) create a random chain conformation, (2) calculate the transfer rates between all of the sites
on the chain, (3) place a charge in a random site along the chain,
(4) out of the three possible hopping outcomes—two neighbors on
the same chain, and one on a different chain—randomly select the
destination and hopping time. For neighbors (A, B, C) with
transfer rates kA , kB , kC , the probability of hopping to A is proportional to kA =ktot , where ktot = kA + kB + kC is the total hopping
rate. The hopping time is selected randomly from an exponential
distribution with decay time 1=ktot . (5) Repeat step 4 until the
destination site is on a different chain; (6) repeat steps 1–5 until
the charge hops the desired number of times. This algorithm yields
a trace for the position as a function of time for a single charge
migrating through the material. To obtain an ensemble average,
this process must be repeated for a large number of charges.
Convergence checks were performed to ensure that the simulations did not have artifacts relating to undersampling the chain
conformations, as well as the number of charges tracked for the
Monte Carlo simulations.
The function that is minimized in our simulated annealing
procedure is the difference between the experimental and predicted mobilities, in a log scale, as follows:
R2 =



N 
μexperiment 2
1 X
log
:
N i=1
μsimulation

[S2]

This allows for the description of mobility data over orders of
magnitude, whereas if the linear mobility values were used in
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the ﬁtting routine, larger mobilities would be weighed much more
strongly than small mobility values. In a simulated annealing routine, a given perturbation to the ﬁtting parameters is kept if it
improves the overall ﬁt to the data. If a perturbation decreases
the quality of the ﬁt, it is kept with a probability that decays exponentially with the change in the ﬁtting residues normalized by
a simulation temperature (here, Tsim = 5 × 10−4 ). The uncertainties in the parameter values were obtained by calculating the
variance of the parameter space sampled with Tsim = 1.
Analytical Expression for the On-Chain Mobility
The mobility of a charge q moving along a segment of length
l0 oriented at an angle θ with the electric ﬁeld ~
F will be determined by the distance it travels along the ﬁeld, l0 cos θ, and the
rate at which it is transferred, kðθÞ. Deﬁning ρ = cos θ, and averaging over all possible orientations it is possible to write the
following:
μ=
=

hvz iρ
F



J02 l0
2π
λ0
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Z F 4πλ0 kB T
4kB T
Z1
×
0

#
F 2 q2 l20 2 Fql0
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2kB T

πλ0 J 2
= 3 20
ZF q l0
+

"

(

" rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
" rﬃﬃﬃﬃﬃﬃﬃﬃﬃ#)
#
1
λ0 Fql0
1
λ0
erf
− 1 + erf
2 kB T λ0
2 kB T

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ





J02 4πλ0 kB T
λ0
Fql0 Fql0
1
−
exp
exp
−
−
1
:
4kB T
2kB T 2λ0
ZF 3 q2 l0
[S3]

Eq. S3 yields an analytical expression that involves only l0 , J0 ,
λ0 , F, T, and physical constants. The on-chain mobility increases
for larger ﬁelds due to the increasing driving force for charge
transfer, and artiﬁcially increases at very low ﬁelds due to the
inverse ﬁeld dependence of mobility—even though charges move
more slowly, the v=F ratio increases as F → 0. Thermal activation
increases the rate of charge transfer, and thus the mobility as the
temperature increases.
The distance over which this large on-chain mobility is sustained depends on the mechanical properties of the polymer
chains. Strongly disordered conformations (low bending modulus) result in short correlation lengths of the segment orientation
and short distances between kinks in the chain. Increasing the
stiffness of the polymer backbone should result in a larger role of
the on-chain mobility for charge transport.
Effect of Molecular Properties and Processing Conditions on
Charge Transport
The usefulness of our model is directly related to the lessons we
learn through its simplicity. It is possible to predict how changes
in materials properties, both electronic and microstructural,
result in observable differences in the charge transport behavior.
To explore this point further, we ran simulations where we systematically varied the parameters of our model. In each panel of
Fig. S1, only one parameter was modiﬁed (e for A and D; J0 for
B and E; Jhop for C and F), whereas all other model parameters
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were kept constant at the values reported for poly(spiro-biﬂuorene) in the main text.
One parameter that is easy to access experimentally is the
bending modulus e (or persistence length) of the polymer chains.
Mechanical stretching of a polymer ﬁlm is one way to align the
polymer chains and induce a more rigid conformation. As shown
in Fig. S1, this manipulation would have dramatic effects on the
device-scale charge transport properties of the ﬁlm, with little to
no effect on the small-scale electronic processes. This strategy
has been shown to increase the conductivity of conjugated
polymer ﬁlms by aligning individual polymer chains (11).

A usual approach for the molecular design of polymeric
semiconductors is the improvement of the intrachain electronic
coupling ðJ0 Þ. With our model, it is possible to show that the
most dramatic effects of this approach are at the local scale, not
the device scale. The short-range ultrafast mobility is most affected by changes in J0 , with only modest changes in the devicescale mobility.
A natural parameter to tune to improve long range charge
transport is the interchain electronic coupling (the interchain
charge transfer integral, Jhop ). This can be done by improving
molecular packing and orbital overlap. As expected, improving
interchain transport only affects the mobility at longer scales.
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Fig. S1. Effect of a select group of parameters on the multiscale charge transport properties (A–C) and charge mobility as a function of temperature and
electric ﬁeld (D–F). The Monte Carlo simulations of charge transport used a voltage of 8 V at room temperature and a ﬁlm thickness of 100 nm. The temperatures used for the transfer curves in the bottom row were 343 K, 263 K, and 173 K. (A and D) The arrows mark the direction of increasing chain stiffness
e = f0:087,1:73,17:36,173:6g. (B and E) The arrows mark the direction of increasing interchain charge transfer integral J0 = f15,45:6,136,456g meV. (A and D) The
arrows mark the direction of increasing intrachain charge transfer integral Jhop = f0:03,0:17,0:34,0:69g meV. In each pair of graphs, only one parameter is
modiﬁed and all other model parameters are kept at the values found for poly(spiro-biﬂuorene) in the main text.
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