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The addition of molecular dopants into organic semiconductors (OSCs) is a ubiquitous augmentation strategy to en-
hance the electrical conductivity of OSCs. Although the importance of optimizing OSC-dopant interactions is well-
recognized, chemically generalizable structure-function relationships are difficult to extract due to the sensitivity and
dependence of doping efficiency to chemistry, processing conditions, and morphology. Computational modelling for
integrated OSC-dopant design is an attractive approach to systematically isolate fundamental relationships, but requires
the challenging simultaneous treatment of molecular reactivity and morphology evolution. We present the first compu-
tational study to couple molecular reactivity with morphology evolution in a molecularly-doped OSC. Reactive Monte
Carlo is employed to examine the evolution of OSC-dopant morphologies and doping efficiency with respect to di-
electric, the thermodynamic driving for the doping reaction, and dopant aggregation. We observe that for well-mixed
systems with experimentally relevant dielectric constants, doping efficiency is near unity with a very weak dependence
on the ionization potential and electron affinity of OSC and dopant, respectively. At experimental dielectric constants,
reaction-induced aggregation is observed, corresponding to the well-known insolubility of solution-doped materials.
Simulations are qualitatively consistent with a number of experimental studies showing a decrease of doping efficiency
with increasing dopant concentration. Finally, we observe that the aggregation of dopants lowers doping efficiency,
and thus presents a rational design strategy for maximizing doping efficiency in molecularly doped OSCs. This work
represents an important first step towards the systematic integration of molecular reactivity and morphology evolution
into the characterization of multi-scale structure-function relationships in molecularly doped OSCs.

I. INTRODUCTION

Semiconducting materials have enabled the modern elec-
tronics industry, with electronic doping forming a cornerstone
of practical silicon-based semiconductor devices. However,
the applicability of inorganic semiconductors to large area op-
toelectronic devices is limited by high production costs and
mechanical rigidity.1 Organic semiconductors (OSCs) have
emerged as promising materials for driving the development
of cheap, solution-processable, lightweight, and flexible elec-
tronic devices. Currently, OSCs have been successfully com-
mercialized as light-emitting diode materials in display and
lighting technologies.2,3 However, their broader commercial
viability in applications such as transistors and photovoltaics
is yet to be achieved.4

The physics of electronic doping in OSCs is subject to
structural and energetic disorder,5 which stands in contrast
to doping in crystalline inorganic semiconductors. The dop-
ing mechanism in OSCs is generally accepted to involve two
steps: charge transfer (ionization) and charge transport (dis-
sociation). More specifically, in OSCs, ionization can result
in two types of charge transfer states: integer charge transfer
(ICT) or charge transfer complex (CTC) state formation. ICT
states involve the transfer of an electron and consequent gen-
eration of a hole between an OSC-dopant pair. CTC state for-
mation involves the hybridization of the frontier orbitals of the
OSC and dopant; this net neutral complex requires subsequent
thermal ionization by electronic excitation of an adjacent neu-
tral OSC molecule to contribute to charge conductivity. Al-
though the fully charge separated nature of ICT states is asso-

ciated with higher conductivity than that of CTC states, only
5% of ICT states are able to dissociate and mobilize, due to
the low dielectric constant of organic films resulting in strong
electrostatic interactions between ionized molecules.6

A further complication unique to engineering doped OSC
systems is that the the dopant concentrations required for
OSCs (1%) are significantly higher than those for inorganic
semiconductors (10−5%), which leads to alterations in film
morphology and a deterioration in performance. Concentra-
tion dependent trends are complicated by the confluence of
increased generation of charge carriers, the simultaneous gen-
eration of Coulomb traps, disruptions of morphology, and the
propensity for molecular aggregation.7–9 The chemical and
structural origin of dopant induced effects is particularly diffi-
cult to pinpoint in the ultralow concentration regime, as these
trace chemical impurities often evade traditional microscopic,
spectroscopic, and diffraction measurement detection limits.5

Therefore, it is crucial to understand how dopant concentra-
tion affects morphology and impacts electrical conductivity, a
metric of performance.10,11

Extensive experimental work has led to a large chemical
space that impedes defining structure-property relationships.
Target properties for optimization across chemistries include
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies, the degree of
charge transfer, the dopant-OSC packing distance, and misci-
bility, among others.4,5,12–15 Seemingly minor modifications
to OSC-dopant systems commonly manifest as large changes
in the dopant-OSC interface area, connectivity of OSC chains,
dopant diffusivity, and processing attributes.4,14,16–21 Impor-
tantly, the ratio of ICT to CTC states has been engineered
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through such modifications in solvent, processing conditions,
and relative position of OSC and dopant molecules.16,22–26

Moreover, the limited miscibility of dopants in OSCs has been
of particular importance as dopant aggregation and phase sep-
aration limit charge transfer and reduce both the doping ef-
ficiency and conductivity. Due to these complex interplays
of length scales, reconciling the properties that comprise an
effective dopant requires simultaneous consideration of the
local morphology dependence of electronic energetics and
structural disorder at the mesoscale.

Molecular simulations offer the potential to clarify how
molecular modifications affect the electronic structure and
morphology of doped OSC films. Absent from existing com-
putational work on doped OSCs are methods that incorpo-
rate the strong coupling between OSC-dopant reactivity and
the associated morphology. While molecular dynamics (MD)
and Monte Carlo (MC) approaches to morphology evolution
are powerful, they rarely (or at great computational cost) ex-
hibit coupling to the underlying electronic structure of the
system. Coarse graining can capture mesoscale morphol-
ogy changes, for example in bulk heterojunctions27,28, by
simplifying molecular representations to improve computa-
tional scalability. However these simplifications are typi-
cally unable to reproduce the unique functionalities of OSC
molecules which arise from directional interactions (such as
π −π stacking) and the sensitivity to local electronic structure
(such as predicting ICT/CTC states).29–31 By contrast, quan-
tum chemical (QC) methods that take into account molecu-
lar reactivity cannot couple dynamically changing environ-
mental information into the associated reactivity estimation
at the necessary timescales of morphology evolution. Local
energetics of OSC-dopant systems have been investigated us-
ing density functional theory (DFT) and all-atom MD, focus-
ing on the propensity of molecules to form ICT/CTC states,
rates of charge transfer, and rates of interconversion between
ICT/CTC states.1,22,24,32–35 However, these calculations are
limited in scale, as high-accuracy electronic structure descrip-
tions come at the expense of restricted system size. Molecular
doping in OSCs stands at the interface of these two challenges
where understanding of both the morphology dependence of
doping and the doping dependence of the morphology are en-
tirely lacking while being dependent on this strong coupling
between simulation methodologies.

To properly treat this challenging computational approach,
new methods that can incorporate electronic reactivity and
morphology evolution within the full conformational ensem-
ble are critical to making progress OSC-dopant systems. In
this work, we establish a simple computational model which
captures this strong coupling between molecular reactivity
and multiscale morphology in molecularly doped OSCs. We
adapt existing Reactive MC methodologies36,37 to perform
semigrand MC simulations of the full reactively coupled en-
semble for molecular dopants. We employ this simple model
to characterize the effects of the doping reaction free energy
change, system density, dielectric constant, and dopant aggre-
gation on the doping efficiency and morphology evolution of
OSC-dopant systems.

The remainder of the paper is organized as follows. First,

we describe the MC methodologies used and their experi-
mentally motivated parameters. We then present our results
and discuss their relevance to the broader OSC community.
We conclude with a perspective towards future directions for
strongly coupled models of reactivity and morphological evo-
lution in doped OSCs.

II. METHODS

Figure 1. Simulation snapshot of neutral and cationic organic
semiconductors, as well as neutral and anionic dopant particles,
which interchange identities according to a doping reaction defined
by Equation 1. The range of simulation parameters employed in
this work are motivated by those of quarterthiophene and 2,3,5,6-
tetrafluorotetracyanoquinodimethane, but are meant as a general ex-
ploration of chemically agnostic OSC-dopant morphologies.

We develop a simple MC model in which molecular OSC
and dopant particles are treated as isotropic Lennard-Jones
(LJ) beads that undergo translational, identity swap,38–40 or
reactive MC moves36,37 to achieve chemical and configura-
tional equilibration. System parameters, described in further
detail in the subsequent section, were based on approximate
experimentally known values for F4TCNQ doped thiophene
films.1,24,41–43 Each MC move proposal type is chosen with a
predefined probability (0.2 for reactive moves, 0.2 for swap
moves, and 0.6 for translational moves). Translational moves
occur with a maximum displacement of 0.5σ drawn from a
uniform distribution. Swap moves38,39,44 were introduced to
expedite equilibration in dense systems; we make the sim-
plifying assumption that all particle types are of the same
size σ , leading to a trivial implementation of the associated
swap moves as identity swaps. Like swap moves, the reac-
tive moves also enable the interconversion of species identity
within a semigrand ensemble, although reactive moves do not
necessarily conserve species populations and are rather gov-
erned by the stoichiometry of the reaction, as well as have an
associated intrinsic free energy difference. A brief derivation
of our MC simulation approach, and associated acceptance
criteria, is provided below and is in accord with prior reac-
tive MC frameworks.36,37 Reactive moves are defined by the
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following reaction equilibrium:

Dopant+OSC
∆Grxn−−−⇀↽−−− Dopant−+OSC+ (1)

This reaction assumes that the dominant charge carrier in
the system is a hole, which is always localized on a single
OSC molecule, consistent with the definition of an ICT state
in the doping literature. This reaction is governed by a free-
energy change, ∆Grxn.

The probability within the grand canonical ensemble of be-
ing in a state r with N distinguishable particles is given by
Equation 2.

Pr =
1
Ξ

exp[Σc
i=1(βNiµi +Niln(qi))−βUr] (2)

where Ξ is the grand canonical partition function, Ni is the
number of particles in the system in state r, qi is the single
molecule partition function of species i, β is 1/kBT , µi is the
chemical potential of species i, c denotes all species present
in Equation 1, and Ur is the intermolecular potential energy
of the system. The analogous expression for state s can be
written as Equation 3, where the number of particles in the
system at state s is given by the number of particles in the
system in state r plus its associated stoichiometric coefficient
(νi).

Ps =
1
Ξ

exp[Σc
i=1(β (Ni +νi)µi +(Ni +νi)ln(qi))−βUs] (3)

Note that for the reaction defined by Equation 1, νi = 1.
The relative probability of state r and state s is given by the
quotient of Pr and Ps. Noting that at equilibrium Σc

i=1νiµi = 0,
we obtain Equation 4.

Pr

Ps
= e−β∆U

Π
c
i=1qνi

i (4)

where ∆U represents the change in the sytem’s potential
energy in going from state r to state s. We then factor
out the ideal gas contribution to qi, substituting qi =

V
Λ3 qi,int

into Equation 4, where qi,int represents the internal (non-
translational) contributions to the single molecule partition
function of species i, V is the system volume, and Λ is the
thermal de Broglie wavelength. Using the definition of the
ideal gas equilibrium constant, Kig(T )

Π
c
i=1(

qi,int

Λ3
i
)νi = Kig(T ) (5)

and the stoichiometric coefficients of Equation 1, we can
simply cast Equation 4 as

Pr

Ps
= e−β∆U Kig(T ) (6)

Relating the equilibrium constant to the single molecule
contributions to the free energy of reaction, ∆Grxn, the proba-
bility ratio of Eqn. 7 becomes simply:

Pr

Ps
= exp[−β (∆U +∆Grxn)] (7)

This probability ratio enables MC sampling of the semi-
grand ensemble. Configurational space sampling in this work
is achieved with a combination of translational moves and
identity swaps following standard Metropolis protocols. For-
ward and backward MC reaction move proposals (αrs for the
doping direction, αsr for the de-doping direction) are obtained
by enforcing detailed balance (Prαrs = Psαsr) with the follow-
ing definitions for αrs and αsr (Eqn. 9).

αrs =
1

NDopantNOSC
(8)

αsr =
1

(NDopant− +1)(NOSC+ +1) (9)

Combining the transition probability (Eqn. 7) with the
move proposal probabilities (Eqn. 9) yields the governing ac-
ceptance criterion in Equation 10.

p = min{1,e−β (∆ULJ+∆UES+∆Grxn)
NDopantNOSC

(NDopant− +1)(NOSC+ +1)
}

(10)
where we have decomposed the intermolecular potential

energy, ∆U , from Equation 7 into a sum of potential en-
ergy changes arising from classical electrostatics (∆UES) and
Lennard Jones interactions (∆ULJ), as is standard in classi-
cal force-fields. This acceptance criterion is equivalent to the
semigrand canonical ensemble acceptance criterion due to the
stoichiometry constraint on the doping reaction defined by
Equation 1.45

Equation 13 is the critical expression for the presented MC
method; the thermodynamic acceptance criterion for config-
urational and reaction moves explicitly couples molecularly
specific reaction energies (∆Grxn) with multi-molecule elec-
trostatic energies (∆UES). The latter depends sensitively on
the morphology of charged species. This approximation is the
important enabling element for coupling molecular reactivity
with morphology that can influence doping. Moreover, mu-
tual solubility between OSC and dopant can be modulated via
∆ULJ , which is tunable via the selection of OSC and dopant
Lennard-Jones parameters.

As the present work assumes all doping reactions to be of
the ICT type, where a single positive or negative charge is
localized on a single OSC or dopant molecule, respectively,
∆Grxn characterizes the thermodynamic driving force of this
localized doping reaction. ∆Grxn in the ionization (forward)
direction is equivalent to the difference in free energies of the
charged and neutral OSC and dopant species.
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∆Grxn = G f inal −Ginitial = G(D−O+)−G(DO) (11)

While in principle, computing ∆Grxn with this expres-
sion necessitates the inclusion of complex, often quantum-
mechanical, multi-molecule effects, we utilize the simplifying
single-molecule approximation present in our definition of the
ideal gas equilibrium constant of Equation 5. Specifically, we
rewrite ∆Grxn within a single molecule approximation

∆Grxn = (G(O+)−G(O))− (G(D−)−G(D)) (12)

Note that all intermolecular electrostatic interactions be-
tween charged species that are neglected in going from Equa-
tion 11 to Equation 12 are accounted for in the ∆UES term
present in the decomposition of the intermolecular potential
energy specified by Equation 10. Consequently, Coulombic
interactions between charge carriers are properly accounted
for, and not double counted, in our simulations. Note that for a
single OSC and a single dopant molecule represented as point
charges in vacuum, ∆UES reduces to a simple coulomb inter-
action between charges. In the context of a multi-molecule
system, ∆UES requires a more sophisticated treatment, which
in this work is performed using an Ewald Summation.

Our expression for ∆Grxn can be further simplified using
the definitions of the single molecule ionization potential (IP)
and electron affinity (EA).

∆Grxn = IP−EA (13)

This approximation is ubiquitous in the OSC literature. We
note that IP and EA are often experimentally approximated by
measuring the OSC HOMO and dopant LUMO energy lev-
els, respectively, though the limitations of these approxima-
tions are well-documented.46 Importantly, our formulation of
the reactive MC problem for molecular doping allows one to
input molecularly specific ∆Grxn parameters, related to mea-
surable redox potentials (e.g. cyclic voltammery), and couple
this energetics to multi-molecule electrostatics via Equation
10. This allows for morphology changes to influence doping
efficiency, and likewise for doping reactions to influence the
equilibrium morphology.

To perform these MC simulations, we implemented a num-
ber of standardized techniques. Periodic boundary conditions
were employed for all simulations, as well as a shifted LJ
interaction cutoff radius of 2.5σ . Ewald summation is used
to compute the electrostatic potential energy (nk = 5,α = 6

L ,
where L is the box length in reduced units). Further details on
parameter selection and validation can be found in the SM.

To explore how molecular phenomena govern the morphol-
ogy and doping efficiency, five parameters (∆Grxn, ε , εLJ , ρ ,
and fdopant ) were explored in this study to survey a range of
experimentally motivated parameters. All quantities herein
are reported in reduced units, with energies scaled by the ther-
mal energy, kT (T = 300 K) and σLJ = 1 nm. Each simula-
tion consisted of 256 particles (unless otherwise noted), all of

radius σLJ = 1 and simulated at a reduced temperature of 1
(∼ 300K). Simulations were equilibrated for 105 MC cycles,
with each cycle consisting of as many MC moves as there
are particles; this was observed to be substantially longer than
the decorrelation times (see SM). After equilibration, sam-
pling was performed every 100 MC cycles for 105 MC cy-
cles. Each MC trajectory was initialized with only neutral
OSC and dopant particles and allowed to evolve to an equi-
librium doping fraction and associated morphology. Conver-
gence of MC simulations was ascertained by monitoring the
convergence of the total system energy (and its components),
the dopant-dopant radial distribution function (RDF), and the
doping fraction of the system with respect to the number of
MC cycles. Doping fraction is quantitatively defined as the
number of ionized dopants in the system divided by the to-
tal number of dopants. RDFs between OSCs and dopants are
reported in the SM. Although OSC molecules are typically
larger than dopant molecules, we consider equal size particles
for simplicity of model validation and demonstration and to
keep results agnostic to specific chemical details, as is stan-
dard in e.g. LJ fluids and restricted primitive models.

III. RESULTS AND DISCUSSION

In this work, we use the reactive MC model described in
the Methods section to explore the dependence of doping ef-
ficiency on the reaction free energy (∆Grxn), system density
(ρ), bulk dielectric constant (ε), and morphology of the OSC-
dopant system. ∆Grxn values spanned -10 kT to +10 kT, mo-
tivated by the difference in HOMO/LUMO energy levels of
P3HT/F4TCNQ (0.24 eV, or 9.6 kT)1,5,22 A positive ∆Grxn
value denotes that the doping direction of the ICT state re-
action is endergonic. Three densities, 0.2, 0.6, and 0.8 were
considered throughout the work to mimic solution and con-
densed phase systems. Dielectric constants of 0.05 and 1 are
selected to correspond to the dielectric constants of a bulk
OSC and water, respectively, to explore the influence of di-
electric screening. Dopant concentration was additionally var-
ied between 5% and 20% to be on a similar order to exper-
imentally characterized films of polythiophenes doped with
F4TCNQ.16,17,47,48

We first explore how doping efficiency is impacted by the
ICT state reaction free energy, ∆Grxn, across simulation con-
ditions (Fig. 2). At a dielectric constant of 0.05 (equivalent
to ∼3-5 in real units - characteristic of most bulk OSCs), the
doping efficiency is near unity, regardless of the dopant and
OSC reaction energetics. While potentially surprising, such
a result can be justified by considering the strength of the
Coulomb interaction between an ion pair at a distance of 1σ

(ε = 0.05 → ∼25 kT) relative to the thermal energy at room
temperature. Even provided a strongly positive ∆Grxn, the
magnitude of the Coulomb binding energy between the ion-
ized products makes doping thermodynamically favorable if
assuming bulk dielectric constants to be representative of local
electrostatic interactions. Prior works utilizing optical near-IR
absorption spectra confirm that in systems such as F4TCNQ-
doped P3HT, nearly all dopants ionize,6,49 and this evidence is
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further used to inform simple analytical models of doped OSC
films.9 This result also helps rationalize the diversity of OSC-
dopant chemistries in use, as such a weak influence of single
molecule redox potentials on doping efficiency suggests that
single molecule-derived energetic design rules are not useful
rational design parameters for OSC-dopant pairs.

A richer interplay of molecular reactivity and morphology
evolution is observed at a larger value of the dielectric con-
stant. At a dielectric of ε = 1.00, a strong sensitivity of the
doping efficiency to ∆Grxn is observed (Fig. 2). Interest-
ingly, the concentration of dopants in the simulation cell ex-
hibits a small but significant impact on the doping efficiency,
with an approximately 20% decrease in the doping efficiency
manifesting when increasing dopant concentration from 5%
to 20%. This effect can be related to the statistical mechan-
ics of species in the grand canonical ensemble. Equation 10
shows that the product of prefactors including the numbers of
dopants and OSCs modulates the acceptance criterion regard-
less of ∆Grxn and, consequently, the probability of generating
ionized species. The precise degree to which such an effect
would manifest in an experimental OSC-dopant system is un-
clear, though these findings are in line with evidence from
Jacobs et al. and Wang et al. that as dopant concentration
increases, the fraction of dopants which ionize decreases.5,49

Simulations are further performed at two densities, 0.2 and
0.6, loosely corresponding to solution and semi-dilute or bulk
conditions, respectively, to explore how doping efficiency is
affected by the system concentration. Fig. 2 shows that den-
sity negligibly affects the doping efficiency, with higher den-
sities exhibiting marginally higher doping efficiencies, though
differences are within the error bars of the simulation. We hy-
pothesize that this effect is also related to the prefactors of the
acceptance criterion (Eqn. 10) discussed previously; for lower
density (fewer number of particle) systems, these effects are
more strongly magnified relative to higher densities. Conse-
quently, the conclusion arises that doping efficiency should be
only minimally affected by the density (i.e. the solvent con-
centration) of the OSC-dopant morphology, while exhibiting
a larger (but still minor) effect related to the dopant concen-
tration of the system. However, importantly, these effects are
only observable in our simulations for a dielectric constant
of 1, which is strongly screened relative to the bulk dielec-
tric constants anticipated for OSCs. While a heterogeneous
local dielectric constant deviating from the bulk value is an-
ticipated near charged OSC-dopant pairs, our results remain
an important first step in developing a molecular understand-
ing of doping efficiency.50

We next explore how the variation of simulation parame-
ters in OSC-dopant systems affect OSC-dopant morphologies.
We note that the ability to explore these correlations repre-
sents a critical novelty of this work, as such a coupling of the
electronic structure and morphology evolution would be pro-
hibitively expensive over the simulated length scales for atom-
istic methodologies. To quantify the OSC-dopant morphol-
ogy, we compute dopant-dopant RDFs (Fig. 3, Fig. 4); in this
calculation all dopants, regardless of Coulombic charge, are
included. At a dielectric constant of 0.05, when all dopants are
ionized, the RDF has a broad peak structure that does not de-

Figure 2. Doping efficiency as a function of ∆Grxn. The dashed
line corresponds to a simulation at a dielectric constant of 0.05.
Red curves represent simulations at 5% dopant concentration (darker
curves correspond to a density of 0.2), and the blue curves represent
simulations at 20% dopant concentration (darker curves correspond
to a density of 0.2). The black dashed line corresponds to the limit of
a non-interacting mixture of 50% dopant and 50% OSCs, in which
half of the dopants ionize when ∆Grxn = 0. Error bars represent one
standard deviation of the dopant ionization fraction.

cay to 1 at long distances, signifying inhomogeneity indicative
of dopant aggregation. Interestingly, the aggregated dopants
exhibited asphericity values of approximately 0.94 for the low
density simulation and 0.93 for the high density simulation,
indicating that dopant aggregates are anisotropic; simulation
snapshots depicted in Figures 3b and 3d corroborate this as-
phericity. Note that in these simulations (dielectric = 0.05) the
electrostatic interactions among ionized dopants are so strong
that any dependence of molecular packing structure on ∆Grxn
is obscured (Fig. 3a, 3c).

While electrostatic induced aggregation is a well-known
feature of the restricted primitive model, its appearance at
simulation parameters characteristic of experimental OSC-
dopant systems is noteworthy. Solution-phase aggregation is
a well-documented challenge of solution doping across chem-
ical space,5,16,20 and our results can be interpreted as such.
Moreover, when coating films from doped polymer solutions,
doping-induced insolubility is a common issue due to the
polymer precipitating out of solution.5,51 It has been further
established that doping efficiency is controlled by the pres-
ence of these aggregates.20,52. Many mechanisms for doping-
induced insolubility have been proposed, including a shift in
the polymer dielectric and interchain interactions mediated by
CTCs. However, F4TCNQ-doped P3HT demonstrates this in-
solubility despite low dielectric solvents and predominantly
ICT state generation; thus, it has been proposed that doping-
induced insolubility results from the stabilization of holes in
solvochromic polymers. The energy difference between a
hole on an unaggregated polymer versus an aggregated poly-
mer could induce aggregation if the stabilization overcomes
the Coulombic repulsion between holes and the polymer sol-
vation energy.5,53 The mechanistic explanation here is sim-
ply that in low dielectric solvents electrostatic interactions are
strong enough to promote near unity doping, and thus induce
aggregation. This amounts to what is effectively reaction-
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induced phase separation.
To further explore reaction-induced effects on the OSC-

dopant morphology, we performed simulations at a dielec-
tric constant of 1, where effective electrostatic interactions
are weak (Fig. 4). Dopant-dopant RDFs look significantly
more like homogeneous liquids (Fig. 4a, 4c), and signifi-
cant control over the dopant-dopant RDF structure is induced
by changing the reaction free energy (∆Grxn) of the system.
As ∆Grxn is reduced, more dopants ionize and the repulsive
interactions between negatively charged dopants reduce the
density of dopants in the first solvation shell. Most notably,
reaction-induced aggregation no longer occurs, even at the
most exothermic ∆Grxn values, where all dopants are ionized
(Fig. 3b, 3d). This result provides further evidence that the
strength of the Coulombic interactions between ions drives
reaction-induced aggregation in OSC-dopant systems. When
the dopant and OSCs are uncharged, the system is homoge-
neous (i.e. it is soluble; Fig. 4b, d), and as the simulation
progresses the dopants and OSCs become charged, and segre-
gation of the morphology occurs (Fig. 3b, d). Experimental
literature has established that aggregation can be tuned by sol-
vent choice; a common example involves the comparison of
thiophene films in acetonitrile and chlorobenzene.16 In princi-
ple, the lower dielectric constant of acetonitrile may enhance
the stabilizing electrostatic contribution and eventual cluster-
ing of ions, while the higher dielectric constant of chloroben-
zene is associated with a more homogeneous distribution of
dopants. Solvents should be chosen with caution, as their en-
ergetic interactions with the dopant and OSC play an influen-
tial role in modulating electrostatic interactions, which in turn
governs a variety of molecular packing structures.

Figure 3. Dopant-dopant radial distribution functions (RDFs) at low
dielectric for two simulation densities. The broad peak in the RDF
tail at densities of 0.2 (a) and 0.6 (c) indicates dopant aggregation
when electrostatic interactions among ionized dopants are strong
(ε = 0.05). Representative simulation snapshots corresponding to
(a) and (c) are shown in (b) and (d), respectively. Orange particles
represent OSCs (light orange for neutral particles and dark orange for
cations) and green particles represent dopants (light green for neutral
particles and dark green for anions).

To further investigate how dopant aggregation influences
doping efficiency, different sizes of dopant clusters were in-
troduced into a system where a total of 512 particles were

Figure 4. Dopant-dopant radial distribution functions (RDFs) at high
dielectric for two simulation densities. Weakened electrostatic inter-
actions result in RDFs resembling homogeneous liquids, with tails
approaching 1 at large distances. Representative simulation snap-
shots corresponding to (a) and (c) are shown in (b) and (d), respec-
tively. Orange particles represent OSCs (light orange for neutral par-
ticles and dark orange for cations) while green particles represent
dopants (light green for neutral particles and dark green for anions).

Figure 5. The effect of dopant aggregate size on doping efficiency.
(a) Doping efficiency as a function of cluster size assuming a simple
cubic morphology of dopant and OSC. Error bars represent the stan-
dard deviation of dopant ionization fraction across the MC trajectory.
Snapshot (b) visualizes cluster lengthscale.

fixed on a 8x8x8 cubic lattice for the duration of the simula-
tion. For reference, dopant cubes of side length 3, 4, and 5
roughly correspond to concentrations of 5, 12.5, and 25 per-
cent, respectively. Each of these systems was simulated using
three ∆Grxn values and at dielectric constant values of 0.05
and 1.00 (Fig. 5). For a given set of parameters, the size of
the cluster could cause up to an 80% decrease in doping ef-
ficiency (as in the ε = 0.05, ∆Grxn = 10 case) relative to the
homoegeneous system. The system with the lowest doping
efficiency is a high ∆Grxn and high dielectric, which is con-
sistent with expected trends of dielectric and ∆Grxn. Interest-
ingly, the system that has the highest doping efficiency occurs
when ∆Grxn is low and surprisingly, the dielectric constant
is high. In fact, the expectation that a lower dielectric con-
stant would lead to a higher doped fraction is only observed
in the case of a large free energy barrier (∆Grxn = 10 kT).
We speculate that in the case of a low ∆Grxn where there is a
strong driving force to ionize (i.e. ∆Grxn = -10), this propen-
sity is counterbalanced by dopants being in a clustered state
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where like-charges are very close together and thus repulsive
interactions dominate potential energy. Our findings illustrate
that not only do electrostatic interactions drive the equilibrium
morphology as shown in Figure 3 and Figure 4, but the mor-
phology drives the possible electrostatic interactions,43,51 with
some non-intutive relationships emerging. Importantly, these
simulations show that dopant aggregation can play a signifi-
cant role in shifting the balance between ∆Grxn and dielectric,
and this complex interplay will be of key importance for the
molecular design of OSC-dopant systems.

Figure 6. Simulation snapshots depicting the spatial distribution of
charges as a function of two dielectric constants and three ∆Grxn val-
ues for a centrally located cube of 216 dopants within a 512 particle
lattice.

While these estimated doping efficiencies provide a quan-
titative sense of the extent of ionization in the system, sim-
ulation snapshots from the 6x6x6 dopant cluster case across
all simulation conditions shed further insight into how the
charges are distributed on the cubic cluster. At a dielectric
of 1.00 (specifically, the ∆Grxn = -10 kT and ∆Grxn = 0 kT
case), the electrostatic screening enables charged dopant par-
ticles to closely pack, leading to the higher doping efficiency
stipulated earlier. Additionally, these snapshots confirm that
only the dopants on the surface of the cluster ionize due to the
stabilization energy of a nearby OSC ion. This further justi-
fies the dramatic impact film morphology and heterogeneity
may have in doped OSC films. A brief discussion of how the
doping efficiency is affected if the clusters were not fixed to a
lattice, and rather able to evolve and rearrange is provided in
the Supplementary Materials, but we note that experimental
films with OSC molecules are typically kinetically arrested
morphologies due to high glass transition temperatures not
captured by our MC simulations.

Computational modelling for integrated OSC-dopant de-
sign requires simultaneously reconciling local electronic
structure and film morphology across multiple length and time
scales. In this work, we have developed a simple but powerful
simulation approach for coupling chemically specific reaction
energetics with morphology evolution, facilitating the explo-
ration of doping-induced morphology evolution, dopant struc-
turing, and doping efficiency. Provided the broad diversity of
dopant chemistries in the experimental literature, we see the

simplicity of the proposed model as a benefit that provides
simple physical insights into molecular doping using easily
controllable parameters such as the dielectric constant (ε),
mutual dopant-OSC solubility (εLJ), dopant size (σLJ), and
the density (ρ) and composition ( fdopant ) of the system. While
the forms of our parameters, potential functions, and physical
approximations are simple, our approach can be further en-
hanced by incorporating more complex phenomena which dis-
tinguish doped OSC systems from other molecular systems.

The reactive MC model used in this work is limited in
the complexity of quantum mechanical charge states it can
incorporate. At present, our reactive MC model only in-
corporates integer charge transfer events, though delocalized
charge transfer events (including CTC state formation) are
known to play a role in doped OSC performance and system
design.1,22,24–26,35,54 To incorporate more complex physics as-
sociated with the hybridization of dopant-OSC orbitals and
charge delocalization within the OSC domains, extensions to
the reactive MC framework are required. As experimental
doping efficiencies are known to be strongly influenced by the
strength of electrostatic interactions between charged species,
the presence of fractional charges (i.e. CTC states) would con-
stitute a dramatic reduction in the strength of these interac-
tions. Similarly, the delocalization of charge throughout OSC
domains would present another physically sensible mecha-
nism for reducing the strength of Coulombic interactions.55

However, as the integration of a continuum of delocalized re-
action states into reaction MC represents a challenging and, to
our knowledge, unexplored methodological approach, it will
require careful consideration and derivation of the appropriate
move proposals, acceptance criteria, and calculation of molec-
ular parameters. Specifically, coupling these move propos-
als with a quantum mechanically faithful model Hamiltonian
could allow for a rigorous incorporation of the physics of elec-
tron delocalization into our simulation framework. Such fur-
ther development of the reactive MC model shown here could
demonstrate how the equilibrium of different dopant states in-
terplays with the complexities of the multiscale morphology,
directly accessing the morphology-dependence of the relative
distribution of ICT and CTC states that has been the target of
many experimental works in recent years.

Another important limitation of our model is the fundamen-
tally treatment of doping. As the acceptance of MC moves
in any molecular simulation is dictated by thermodynamic
probabilities, kinetics are absent. While the exclusion of ki-
netics provides obvious benefits in terms of the equilibration
of the morphology that for glassy systems in particular can
be quite crucial, little work has been performed to explore
the morphology-dependence of doping kinetics in molecu-
larly doped systems. These considerations motivate the quan-
tum chemical analysis of electron transfer rates in molecu-
larly doped systems using simple model chemistries; such ap-
proaches proliferate the organic photovoltaics literature and
have been critical for understanding the ultrafast nature of
charge separation.56,57 Interestingly, the dopants designed by
Spokoyny benefit from large, sterically inhibiting and non-
conductive dopant regions that likely suppress charge recom-
bination rates.4,58,59 To incorporate kinetic effects into our re-
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active MC framework would be challenging, but kinetic MC
approaches are well-known in the literature and could be rea-
sonably incorporated into our model.60–64

As the model in this work has been intentionally coarse-
grained with the hope of understanding the general physics of
molecular doping in OSC films, the limitations of such coarse-
grained models for capturing crucial chemical specificity are
well-known and can be incorporated in future works. No-
tably, atomistic or quantum mechanical treatments will pro-
vide significantly more accurate characterizations of electro-
static interactions, polarization, effective local dielectric con-
stants, and quantum mechanical delocalization of charge car-
riers, but will exhibit significant computational cost increases
that will inhibit accessible simulation length scales. Likely the
most important correction to our present model can involve
a more sophisticated treatment of the local dielectric func-
tions, particularly as a function of local charging due to dop-
ing reactions. The sensitivity of CG simulation results to the
value of the effective dielectric constant is a well-known com-
putational result, particularly in the polyelectrolyte modeling
literature.65,66 Recent work in molecular dopants has shown
that the dielectric constant as a function of doping can be
manipulated to induce dramatic performance changes,50 mak-
ing this a critical consideration for future efforts. Lastly, the
isotropic nature of our interaction potentials, while potentially
reasonable for many molecular dopants, is likely untenable for
OSCs that are known to exhibit strong anisotropic packing.
The existence of anisotropic models for molecular and poly-
meric systems are well-known and could be adapted to im-
prove chemical fidelity at reduced computational cost.29,67,68

IV. CONCLUSION

We have developed a simple but powerful approach to
describing doping reaction-induced morphology changes in
molecularly doped systems using Reactive MC. This study
represents the first work, to our knowledge, capable of cou-
pling the details of the doping reaction energetics to mor-
phology evolution, with the potential for computational scal-
ability and chemically generalizable insights. These simula-
tions reveal that doping efficiency is controlled by the organic
semiconductor’s dielectric constant, with near unit doping ef-
ficiency occurring in any well-mixed film morphology. In
many observed simulations, we find doping reaction-induced
aggregation, which we link to the known difficulty of solu-
tion deposition of organic semiconductors and dopants simul-
taneously. Importantly, we explicitly quantify the ability of
dopant aggregates to reduce the overall doping efficiency of
the film by more than 50%. This result reinforces the com-
monly observed experimental trend of working to ensure the
homogeneous dispersion of molecular dopants throughout the
organic semiconductor film. This work represents an impor-
tant first step towards the systematic integration of molecu-
lar electronic structure and mesoscopic morphology evolution
into the characterization of multi-scale structure-function re-
lationships in molecularly doped OSCs.
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