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ABSTRACT: Conjugated polymers (CPs) enable a wide range of
lightweight, lower cost, and flexible organic electronic devices, but a
thorough understanding of relationships between molecular structure
and dynamics and electronic performance is critical for improved
device efficiencies and for new technologies. Molecular dynamics
(MD) simulations offer in silico insight into this relationship, but their
accuracy relies on the approach used to develop the model’s
parameters or force field (FF). In this Perspective, we first review
current FFs for CPs and find that most of the models implement an
arduous reparameterization of inter-ring torsion potentials and partial
charges of classical FFs. However, there are few FFs outside of simple
CP molecules, e.g., polythiophenes, that have been developed over the
last two decades. There is also limited reparameterization of other parameters, such as nonbonded Lennard-Jones interactions, which
we find to be directly influenced by conjugation in these materials. We further provide a discussion on experimental validation of
MD FFs, with emphasis on neutron and X-ray scattering. We define multiple ways in which various scattering methods can be
directly compared to results of MD simulations, providing a powerful experimental validation metric of local structure and dynamics
at relevant length and time scales to charge transport mechanisms in CPs. Finally, we offer a perspective on the use of neutron
scattering with machine learning to enable high-throughput parametrization of accurate and experimentally validated CP FFs
enabled not only by the ongoing advancements in computational chemistry, data science, and high-performance computing but also
using oligomers as proxies for longer polymer chains during FF development.
KEYWORDS: conjugated polymers, molecular dynamics simulation, neutron scattering, X-ray scattering, force field, machine learning

I. INTRODUCTION

Over the past 50 years, conjugated polymers (CPs) have been
applied to a growing number of organic electronic devices.
Common examples include organic photovoltaics (OPVs),
organic light-emitting diodes (OLEDs), and organic field-effect
transistors (OFETs),1−5 but emerging technologies also
include flexible displays, bioelectronics, chemical sensors, and
wearable devices.6−11 CPs provide key advantages by being
flexible, lightweight, lower cost, and occasionally biocompat-
ible12 materials, and a thorough understanding of the
relationship between molecular morphology and performance
metrics (e.g., electronic conductivity) is necessary to design
devices with efficiencies that are competitive with alternatives
and that enable wide-scale implementation of new technolo-
gies. CPs consist of a π-conjugated backbone, such as
polythiophene, polyacetylene, polyfluorene, or polypyrrole,
that enables intrachain charge transport along the chain or
interchain charge transport through π-orbital overlap of
neighboring chains.13 The crystalline phase provides well-
ordered chains for extended charge transport through either
mechanism. However, charge transport in the amorphous

phase can only occur at sporadic π-orbital overlaps between
tie,14 “looping”, or “extending” chains.13 Therefore, the
relationship between structure and dynamics in these phases
often determines the limiting rate for charge transport. Finally,
flexible side chains are frequently added to the CP structure to
increase solubility and to enable solution processing.
Researchers have reached the highest efficiencies of organic
electronics thus far using donor−acceptor CPs, which consist
of alternating donor and acceptor conjugated monomeric units
along the backbone.15,16 Nevertheless, polythiophenes remain
the most comprehensively studied CPs, and so, these polymers
provide ideal model systems for exploring the structure−
function relationship between molecular structure and
dynamics, charge transport mechanisms, and macroscopic
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electronic performance with both experimental and molecular
modeling approaches. Both experimental and simulation
approaches can be helpful in this pursuit, but here, we provide
our perspectives on a powerful combined approach involving
quantitative comparisons between atomistic molecular dynam-
ics (MD) simulations and neutron and X-ray scattering.
Together, these methods provide insight into this structure−
function relationship that neither approach could provide on
their own and can help to develop physically accurate MD
force fields (FF) for CPs as shown in Figure 1.
Both quantum and classical molecular modeling approaches

provide useful tools for studying the relationship between
morphology and performance in CPs at length scales on the
order of picometers to millimeters and at time scales on the
order of femtoseconds to milliseconds. Bond vibrations,
electronic orbitals, lowest-energy molecular conformations,
and nonbonded interactions can be captured with highly

accurate quantum-mechanical ab initio calculations and density
functional theory (DFT), but these require a compromise with
feasible simulation size and computational expense. Rouse
motions, atomic structure and dynamics, and chain con-
formation (e.g., radii of gyration, persistence length) can be
captured by use of atomistic MD simulations, which utilize
classical approximations of bonded and nonbonded inter-
actions with quantum-mechanical origins to enable larger-scale
simulations and to access longer time and length scales with
some penalty to accuracy. Finally, larger-scale processes such as
chain reptation and diffusion can be probed with coarse-
grained MD simulations, which further bundle atoms into
single moieties with interactions that approximate their
summed behavior and result in the greatest compromise of
accuracy to reach the longest time and length scales.
Both classical MD and ab initio methods have been used

widely to understand charge transport mechanisms in CPs.

Figure 1. Schematic demonstrating the varying levels of FF development for CPs, from past classical models, the current partially reparametrized
FFs, and to future opportunities in high-throughput development of accurate FFs using machine learning and neutron and X-ray scattering data.

Figure 2. Highest-occupied molecular orbital (HOMO) density localization for P3HT chains simulated with a regioregularilty of 56% as a function
of MD simulation time. During the simulation, the localization of the HOMO orbital density frequently fluctuates between one of two regions,
which are shown by the red and blue boxes. Figure reprinted with permission from reference 17. Copyright 2011 American Chemical Society.
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McMahon et al. were interested in the relationship between
structural regioregularity defects and the electronic density of
states in crystalline poly(3-hexylthiophene) (P3HT).17 The
researchers used efficient MD simulations to obtain “snapshot”
structures across long time scales that were then used as the
molecular conformations in DFT calculations of electronic
structure, as shown in Figure 2, to study localized “trap states”
that directly influenced charge transport. This combined
approach enabled the study of this behavior with a high
accuracy at time scales that would not be achievable with one
technique alone. The team found good agreement between the
computed electronic behavior of these materials when
compared with the experimentally determined field-effect
mobility of OFETs prepared from P3HT with varying degrees
of regioregularity. These structural defects were found to have
a minimal effect on the charge traps in the material, as the traps
are commonly found in regions of high planarity, i.e., high
regioregularity, contrary to a previously common belief.
Alberga et al. employed atomistic MD simulations of
crystalline and amorphous phases of P3HT and poly(2,5-
bis(3-alkylthiophen-2-yl)thieno[2,3-b]thiophene) (PBTTT) as
well as Marcus theory to understand the relationship between
the molecular structure and charge mobility for these
materials.18 They found that while side chains do not play a
direct role in charge transport mechanisms, they influence the
distribution and fluctuation of backbone dihedrals, which are
directly tied to charge mobility through Marcus theory. In the
crystalline phase of PBTTT, side-chain interdigitation is found
to improve charge mobility when compared to crystalline
P3HT. However, the higher density of side chains along the
P3HT backbone improves the stability of backbone dihedrals
(i.e., lower fluctuations) in the amorphous phase resulting in
improved charge mobility when compared to amorphous
PBTTT. Shown in Figure 3 are the distributions of the relevant
backbone dihedral angles and resulting hole mobility
distributions for amorphous and crystalline phases of P3HT
and PBTTT. Tapping et al. used large-scale simulations that
employed a coarse-grained model of P3HT chains in solution,
demonstrating extended conformations in good solvent and
nanofiber formation in a moderate solvent.19 Then, by
mapping back to an atomistic representation of the molecules,
the team could use quantum-mechanical calculations to
understand the movement of excitons from the surface of
P3HT aggregates to the crystalline core, which could trap
excitons and prevent them from reaching donor−acceptor
interfaces in devices. This emphasizes the importance of
understanding morphology−performance relationships across

multiple time and length scales to enable tuning of CP
materials for specific applications and to improve efficiency of
organic electronic devices.
In all these works, the choice of the MD FF directly

influences the structures that are used for subsequent ab initio
calculations to understand charge transport. FF parameters for
new CPs are often determined either via ab initio approaches
or by comparing to empirically determined physicochemical
properties. However, the methods, algorithms, measurements,
and specific material properties that are used to develop FFs
could drastically influence the accuracy and predictive qualities
of the resulting simulations (Figure 1). In this work, we review
existing MD FFs for CPs, including their parametrization and
validation. We find that although there has been some
agreement in the literature about the importance of backbone
dihedral torsion potentials and partial charges in FFs
parametrized for CPs, there has been little work expanding
CP FFs outside of the polythiophene family. This should not
suggest that there is a reduced need for new FFs but rather that
large-scale parametrization is a complex and arduous process
with significant challenges associated with the large chemical
diversity of CPs. Fortunately, modern advances in data science,
high-performance computing, and computational chemistry
promise to accelerate progress. In the following section, a
discussion on experimental approaches used in FF validation is
introduced with an emphasis on the integration of neutron and
X-ray scattering methods. These tools are particularly advanta-
geous for validation, because they probe material structure and
dynamics on the same length and time scales as MD
simulations. Moreover, neutron scattering also enables the
use of contrast variation, a tool that can help researchers to
focus on specific features within a molecule or material. Our
past work employing contrast variation found that existing FFs
for P3HT fail to capture characteristic backbone motions in
regiorandom P3HT that are relevant to charge transport
mechanisms.20 Thus, we further propose that the adjustment
of nonbonded parameters in CP FFs must be considered to
improve future molecular models. DFT calculations suggest
that classical parameters, which are frequently adopted without
adjustment from generalized FFs (e.g., OPLS), do not
adequately capture the effects of conjugation along the CP
backbone. Finally, we provide a discussion and outlook on how
data science could open up new opportunities for high-
throughput FF parametrization in the future, not only to
develop FFs for new CPs but also to provide an efficient and
systematic process to improve model parameters.

Figure 3. Distributions of dihedral angles (a) between thiophene rings in P3HT and PBTTT simulations and (b) between thiophene rings and
thienothiophene units in PBTTT simulations. (c) Distribution of hole mobilities from simulations of crystalline and amorphous phases of P3HT
and PBTTT calculated using Marcus theory. Confidence intervals could not be shown for reprinted figures. Figures were adapted with permission
from reference 18. Copyright 2015 The Royal Society of Chemistry.

ACS Polymers Au pubs.acs.org/polymerau Perspective

https://doi.org/10.1021/acspolymersau.1c00027
ACS Polym. Au 2021, 1, 134−152

136

https://pubs.acs.org/doi/10.1021/acspolymersau.1c00027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00027?fig=fig3&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.1c00027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


II. CURRENT FORCE FIELDS OF CONJUGATED
POLYMERS

An MD simulation uses a potential energy function and
corresponding set of parameters to describe all bonded and
nonbonded interactions between atoms. The functional form
(i.e., potential equations), parameters, and method used for
development (i.e., parametrization) can vary and will affect
both the accuracy and applicability of the resulting FF. By
integrating the potential energy function, the force felt by every
atom due to its bonded and nonbonded interactions with
nearby atoms can be used to update each its position and
velocity at every time step during the simulation. For CPs
specifically, many of the reparametrized FFs use a Class I
functional form to describe the bonded and nonbonded
potential energies, which is represented by21−23
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where V is the total potential energy of bonded (Vbonded) and
nonbonded (Vnonbonded) components to the force field. In the
bond (Σbonds), angle (Σangles), and improper dihedral (Σimpropers)
contributions, K is the bond, angle, and improper angle spring
constant for bonds bij, angles θijk, and improper angles ζijkl,
respectively. The equilibrium bond length, angle, and improper
angle are represented by bo,ij, θo,ijk, and improper angle ζo,ijkl.
The dihedral contribution (Σdihedrals) is defined by the dihedral
spring constant, Kϕ,ijkl, the dihedral angle between four linearly
bonded atoms, θijk, and the phase, δn. The nonbonded
potential includes a pair potential, shown here by the 12/6
Lennard-Jones potential, and Coulombic interactions. ϵij, σi,
and σj are the Lennard-Jones parameters, qi and qj are the
atomic partial charges, κ is the dielectric constant, and rij is the
distance between nonbonded atoms i and j.
A review of FFs that have been reparametrized for CPs is

provided in Table 1 with a focus on polythiophenes, because
these materials have provided a model system of study for the
community. FFs for CPs utilize a classical FF as the base and
make modifications to the parameters thought to be most
influenced by conjugation. Commonly selected base classical
FFs include the Optimized Potentials for Liquid Simulations
All-Atom (OPLS-AA) FF,24−26 the Generalized Assisted
Model Building with Energy Refinement (AMBER) FF
(GAFF),27 the Chemistry at Harvard Macromolecular
Mechanics (CHARMM) FF,28 the Groningen Molecular
Simulation (GROMOS) FF,29,30 and the molecular mechanics
(MM3) FF.31−33 The OPLS-AA FF follows closely the
functional form provided above and is a well-developed
classical set of parameters for a wide range of organic liquids
and proteins. GAFF was developed as a generalized model for
organic molecules to supplement the AMBER FF originally
designed for proteins and nucleic acids. Its advantage is a
limited set of atom types that can be combined with the

empirically derived algorithms to create a full set of parameters
for specific molecules based on their bonded geometry.
CHARMM and GROMOS were both developed for biological
materials but also refer to simulation software that includes
tools to parametrize FFs for new molecules using their built-in
methodologies and parameters. The MM3 FF uses a similar
form to the one presented in eqs 1−3 but also includes cross-
interaction terms of stretch−bend, torsion stretch, torsion−
bend, and bend−bend to represent the motions of bonded
atoms more accurately and is classified as a Class II FF. It was
developed for aliphatic hydrocarbons and a collection of small
molecules, including thiophene derivatives. Classical FFs are
commonly parametrized to reproduce crystal structures, heats
of formation, heats of vaporization, density, or ab initio
intermolecular interactions.24−27,31−33 After relevant parame-
ters were selected from the classical models, Table 1 shows
that the most frequently reparametrized interactions for CPs
include the electrostatic interactions (partial charges) and
torsion potentials along the backbone, with only a couple
models making variations to bond and angle contributions or
the nonbonded Lennard-Jones interactions. We also find that
there is a wide range of approaches used in the reparameteriza-
tion process. For example, many differ on the representative
oligomers and levels of theory that are used for ab initio
calculations and the empirical and theoretical parameters that
are used for validation.
Despite the range of approaches that have been used, there

is widespread agreement among the FFs in Table 1 that the
dihedral torsion potential between two monomers along the
backbone will be greatly affected by conjugation and needs to
be reparametrized. The modified torsion potential is
determined via dihedral angle scans of relevant oligomers
using ab initio simulations. After an initial planar geometry
optimization of the molecule, energy calculations are
performed as the central dihedral angle is “stepped” through
either a half or full rotation. These scans are performed with or
without side chains (to reduce computational expense) and
with a range of ab initio theories. The early models from
Marcon et al. found that the torsion potential barrier was
overestimated in the classical MM3 FF when compared with
potentials derived from ab initio calculations.34 Moreover, the
potential energy was noticeably lower for the cis-conformation
of thiophene rings in the classical model, but calculations at the
MP2/aug-cc-pVTZ level of theory for 2,2′-bithiophene show a
smaller energy difference with a slight preference for the trans-
conformation. Widge et al. point out, however, that regardless
of a preference for a trans-conformation evident from ab initio
calculations in vacuum, the surrounding medium can also
influence the final dihedral distribution in the system.37 They
compared MD simulations of P3HT and P3EHT in an implicit
solvent of either water (poor solvent) or hydrocarbons
(moderate solvent) and observed that more favorable
solvent−polymer interactions resulted in a preference for
trans-conformations in the hydrocarbon as compared to water.
Moreover, they observe preferred geometries that are slightly
shifted from perfectly planar conformations by approximately
50−60°, which has been observed in prior polythiophene
simulations from other groups. Schwarz et al. also emphasize
that the chain length of the oligomer used in parametrization
of the inter-ring torsion potential should be carefully
considered, as longer oligomers would result in greater
electron delocalization and higher torsion potential.42 Bhatta
et al. performed a thorough analysis of these torsion potentials
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for P3HT and polythiophene (no side chains) at a range of
lengths from 2 to 12 monomers, as shown in Figure 4.57 They
find that the potential converges after an octamer length for
P3HT and that the inclusion of side chains results in a lower
potential energy barrier due to nonbonded interactions of
nearby side chains in the planar configurations. In our previous
work, we also compared this backbone dihedral potential
across five different FFs from three different works and found
that they all differed not only in the potential energy barrier at
90° but also in the preferred trans- or cis-conformation of the
backbone thiophene rings, as shown in Figure 4.20 This
resulted in a significant difference in the distribution and
degree of fluctuation in large-scale simulations of regiorandom
P3HT using these models. Similarly, the different levels of
theory and parametrization approaches across the works
presented in Table 1 resulted in sets of partial charges with
minimal consistency, both in sign and magnitude, across the
models. As shown in our previous work,20 this also influenced
molecular structure and dynamics relevant to charge transport
calculations, i.e., Marcus theory.
By far, CP FF parametrization in the literature has focused

on the family of polythiophenes. These molecules are relatively
simple molecules that have been well-studied experimentally in
the literature, making them an ideal model system for
parametrization and validation. Some of the works, however,
have also explored FFs for molecules outside of the
polythiophene family,36,39,44,45,52,53,56 including the work of
Jackson et al. that provided FF parameters consistent with
OPLS-AA for the 15 different conjugated polymers that are
shown in Figure 5 and studied their solution conformation and
behavior to learn more about the relationship between
structure and performance.44 They found that more planar
backbones tend to form more ordered conformations (i.e., rod,
stacked rod, and toroid), which lead to more π-stacking and to
improved charge transport. However, the researchers note that
other factors, such as side chains, can also influence this
relationship and other structural descriptors, such as dihedral
distributions. Therefore, the backbone torsion potentials were
not a clear indication of the resulting dihedral distributions of
the simulations. Furthermore, the researchers conclude that
longer range ordering is not necessarily tied to improved
performance, but rather, the local polymer ordering is more
important. The parametrization procedure of Jackson et al. was
noted as an effective approach to generating FFs for other CPs
in future work, as the methods used were of modest
computational cost.
Other works have proposed generalized methodologies for

CP FF development, including Wildman et al.45 and Łuzṅy et
al.,41 and while the details vary, they all agree upon the
importance of torsion potentials and partial charges. Still, slight
variations in each approach resulted in a wide range of model
parameters across available FFs for CPs. Nevertheless, all
groups created systems that were validated to experimental or
theoretical parameters and that provided valuable in silico
insight into their materials. This highlights the difficult nature
of capturing the complex quantum-mechanical interactions in
CPs using a classical atomistic approximation. Moreover, we
find that parametrization efforts for CP FFs have slowed in
recent years due to the high computational costs and
challenges that were encountered for even the simplest
polythiophenes. For more complex molecules, researchers
need to rely on classical models or FF toolkits based on
classical sets to generate FF parameters, as added molecularT
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complexity exponentially increases computational cost of the
parametrizations reviewed above. Regardless, we emphasize
that the choice of FF, or choice of parametrization method(s),
level of theory, and basis molecules as well as the selected
validation metrics will all impact the resulting in silico behavior
of the MD simulations and their accuracy with respect to
physical systems at different time and length scales.

III. EXPERIMENTAL VALIDATION OF FORCE FIELDS
The choice of a validation metric can affect the perceived
accuracy of FFs at specific time and length scales, which can
also influence their applicability for specific cases. Figure 6
shows a selection of experimental and computational tools that
have been used to study polymeric properties at different time
and length scales. Molecular fluctuations, especially along the
conjugated backbone, are incredibly influential to charge
transport in CPs as described by Marcus theory. However, we
note that most parametrized CP FFs are only validated against

thermophysical or structural material properties. Quasielastic
neutron scattering (QENS) is an underutilized but powerful
approach to validating CP FFs, as the technique covers the
same time and length scales of molecular simulations.
Moreover, QENS and MD simulations can be used together
as a powerful combined approach to understand molecular
fluctuations on the order of picoseconds to nanoseconds along
the backbone and to describe how they influence charge
transport in CPs beyond what experimental approaches can
provide on their own. In this section, we first provide a concise
review of both elastic and inelastic neutron and X-ray
scattering methods and how they have been used in the past
to explore structural and dynamic properties of CPs. We then
provide metrics that can be used to directly compare between
experimental scattering results and molecular dynamics
simulations. Finally, we provide a discussion on the advantages
of using QENS as a validation metric for atomistic MD FFs.

Figure 4. (a,b) Backbone dihedral torsion potential for P3HT and oligothiophenes of varying length calculated at the B3LYP/6-31+G(d,p) level of
theory. Markers are shown for the dimer to demonstrate at which torsional angles the energy was calculated. The gray dashed line in panel (a) was
calculated using dispersion corrections at the B3LYP-D2/6-31+G(d,p) level of theory. The 2(r) line in panel (a) is representative of additional
geometry optimization at each step. A trans-conformation of the thiophene rings corresponds to a dihedral angle of 0° in these plots. (c) Backbone
dihedral torsion potential for P3HT from three different FFs including Moreno et al.23 (Moreno FF1, FF2, and FF3), Bhatta et al.40 (Mod. Bhatta
FF), and Schwarz et al.42,43 (Huang FF). (d) Backbone torsion populations from MD simulations of regiorandom P3HT with a chain length of 60
monomers using the same selection of FFs. A trans-conformation of the thiophene rings corresponds to a dihedral angle of 180° in panels (c) and
(d). Confidence intervals could not be shown for reprinted figures. Figures in panels (a) and (b) were reprinted with permission from reference 57.
Copyright 2012 Elsevier B.V. Figures in panels (c) and (d) were reprinted with permission from reference 20. Copyright 2019 The Royal Society of
Chemistry.
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A. Review of Elastic and Inelastic Scattering X-ray and
Neutron Scattering Theory

The scattering techniques of QENS, small-angle X-ray or
neutron scattering (SAXS, SANS), and wide-angle X-ray
scattering (WAXS) may vary in instrumentation and in the
material structure and dynamics that they can probe, but they
all make use of the same scattering fundamentals. An incident
beam of neutrons or X-rays is passed through a material, and
the small fraction that scatter at a particular angle, θ, are
analyzed to provide information about the molecular level

structure and dynamics. Elastic scattering methods, including
SANS, SAXS, and WAXS, assume that the scattered beam only
changes in momentum (direction) and can be related to
structural features at characteristic length scales, d*, in the
material through the scattering vector, q58

q
4

sin
2

π
λ

θ= i
k
jjj

y
{
zzz (4)

q
d
2π* =

* (5)

where q is the difference between the scattered and incident
beam vectors, λ is the wavelength of the incident beam, and θ
is the scattering angle between the incident beam and scattered
beam. Inelastic scattering methods, including QENS, utilize
both the momentum and energy change of the scattered beam
to collect information about the molecular dynamics of the
material. The scattering vector, q, and the energy change, ΔE,
can be related to the incident and scattered beams, ki and kf,
through the following equations58

q k k k k2 cos( )i f i f
2 2 θ= + − (6)

E
h

m
k k

4
( )f i

2
2 2

π
Δ = −

(7)

where ΔE is the energy change, h is Planck’s constant, and m is
the neutron mass.

Figure 5. Conjugated monomers used in the FF development from the work of Jackson et al. The red markers indicate the atom bonded to the
next monomer in the polymer form. Figure reprinted with permission from reference 44. Copyright 2015 American Chemical Society.

Figure 6. Time and length scales of experimental and computational
methods compared to polymer properties.
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X-rays and neutrons interact with materials differently: X-
rays with the electron cloud and neutrons with the atomic
nucleus. This interaction strength is quantified using the
scattering length, b, and the scattering cross section, σ, which
can be thought of as controlling the probability of a scattering
event.58 Therefore, the scattering length density (SLD) of a
material is determined by both the atoms present and the
incident radiation, i.e., neutrons or X-rays. The total scattering
cross section includes both coherent and incoherent scattering.
Identical spatially correlated SLDs result in coherent scattering,
which includes information about the internal structure or pair-
correlated motions. Incoherent scattering, however, arises from
a distribution of scattering lengths and includes information
about self-correlated motions.58−61 Elastic scattering techni-
ques measure the differential cross section, which is defined as
the neutrons scattered per scattering angle, to extract structural
information about a material. This differential cross section can
be broken down into its coherent and incoherent contributions
by the following formulas58,59

q b( ) e
coh

j k
N q r2
, 1

i jk
δσ
δΩ

= ⟨ ⟩ Σ ⟨ ⟩=
·

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ (8)

N b b( )
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2 2δσ
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Ä
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ÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑ (9)
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where σcoh and σinc are the coherent and incoherent cross
sections, respectively, b is the scattering length, Ω is the
scattering angle, N is the total number of particles, and rjk is the
position vector between particles j and k. This scattering
intensity as a function of the scattering vector, q, can be fit with
a range of models to quantify the shapes and sizes of structures
present in the sample, and we refer the reader to the work of
Hammouda et al.62 for a thorough review of SANS theory and
analysis. Inelastic scattering techniques measure the double-
differential cross section, which is defined as the neutrons
scattered per solid angle and per energy change,58,59,61 to
extract information about a material’s dynamic fluctuations.
QENS techniques specifically are sensitive to small energy
changes caused by molecular rotations and translations.58 This
double-differential cross section can also be broken down into

Figure 7. (a) SANS data of P3DT-d21 (deuterated side chains) at varying ratios of deuterated chlorobenzene (dCB) and hydrogenated
chlorobenzene to highlight structure of the backbone and side chains. (b) Persistence lengths (LP) of the backbone, side chain, and whole chain of
P3DT determined using contrast variation of the molecule and solvent. (c) Representation of the coarse-grained molecules used in coarse-grained
MD simulations of P3DT. The backbone was represented by 100 beads, and each side chain was represented by 10 beads. (d) Persistence length in
reduced Lennard-Jones units of the backbone and whole chain as determined from coarse-grained MD simulations. (e) Molecule from the MD
simulations that shows the chain broken up into persistence segments (cylinders), and notations for the persistence lengths of the whole chain and
backbone. Confidence intervals could not be shown for reprinted figures. Figure reprinted with permission from reference 65. Copyright 2020
American Chemical Society.
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its coherent and incoherent contributions by the following
formulas59
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where ω is frequency (related to neutron energy), t is time, and
all other variables remain as previously defined. QENS data is
most frequently collected in the energy domain, and so, the
data are converted to the time domain with a Fourier
transform, which also enables deconvolution with the instru-
ment’s resolution61
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where R(q,ω) is the resolution function. The elastic scattering
signal of a QENS measurement also provides information
about the different phases of a material’s dynamics. In “elastic
mode” or “fixed window scans”, the elastic scattering intensity
is tracked as a function of temperature, which can be converted
into a mean squared displacement using the formula for the
Debye−Waller factor63

S q( , 0) e q u /32 2
ω = = − ⟨ ⟩

(15)

where ⟨u2⟩ is the mean squared displacement.
The differing interactions of X-rays and neutrons can be

particularly advantageous during an experiment to highlight
structural or dynamic features of interest. In neutron scattering,
the large difference in cross section between hydrogen and its
isotope deuterium can be used to generate contrast between
two phases that may otherwise be difficult to differentiate with
microscopy techniques, such as two blended polymer phases
demonstrated in our previous work.64 The technique of tuning
the SLD of materials in a complex sample to generate contrast
is called contrast variation. Cao et al. implement contrast
variation on dilute solutions of poly(3-decylthiophene)
(P3DT) in an organic solvent to deconvolute the structure
of the backbone and side chains in the molecule.65 Without
contrast manipulation, SANS would only provide information
on chain rigidity for the whole molecule. However, it is
specifically the backbone structure and fluctuations that are
important in the context of charge transport mechanisms.
Therefore, the researchers also investigated the SANS data for
P3DT with a deuterated side chain (P3DT-d21) at varying
ratios of hydrogenated and deuterated solvent, which high-
lighted either the backbone or side-chain structure. They find
both with contrast variation SANS measurements and
complementary coarse-grained MD simulations that the
backbone has a lower rigidity when compared to the rigidity
of the whole molecule as captured in SANS measurements of
fully hydrogenated polymers, as shown in Figure 7. This
overestimation of the chain rigidity would influence our
understanding the of relationship between chain structure and
charge transport mechanisms.
There are numerous examples showcasing the use of

neutron scattering to characterize and understand molecular

structure and dynamics of conjugated polymers. Bastianini et
al. use SANS to follow the progression of P3HT from
individual chains in solution to self-assembled nanofibers,
which grow lengthwise in the π-stacking direction and provide
favorable pathways for charge transport.66 By fitting the SANS
data to a combined Porod−Guinier model, they extract the
Porod exponent, m, and the dimensionality factor, s, which
provide information about the particle shapes. At high
temperatures, the chains remain in globular form, suggesting
that this is limiting the formation of nanofibers and
maintaining a higher solubility. After the temperature is
reduced, the chains begin to form elongated 1D structures, and
after aging at this low temperature, 2D lamellae and nanofibers
form in solution. These structures are then reversed during a
final heating of the solution. This work demonstrates how
SANS can be a powerful tool for in situ characterization of
conjugated polymer self-assembly and can inform future tuning
of these materials for improved performance. Guilbert et al.
used a combined QENS and MD simulation approach to
understand the effects of blending P3HT and PCBM, a
relevant blend for OPV active layers, on the dynamics of the
two molecules.67 They note that the simulations were an
essential component for achieving a thorough understanding of
their experimental results, uncovering a wrapping of the P3HT
chains around the PCBM molecules with the thiophene rings
oriented cofacial to the PCBM. This structure was found to
hinder side-chain dynamics of P3HT while enhancing those of
PCBM side chains. The researchers point out that developing a
thorough understanding of interactions between donor and
acceptor molecules is important for understanding the
influence of charge transport and phase morphology in these
blends on overall device performance.

B. Quantitative Comparison of Metrics from Scattering
and Atomistic Molecular Dynamics Simulations

An advantage of using scattering as a validation tool for
atomistic MD simulations is that they can be directly
compared through the static structure factors (e.g., WAXS)
or via the intermediate scattering functions (e.g., QENS). The
static structure factor for any arbitrary distribution of atoms is
calculated with the following formula68,69

S q
n Z

Z Z( )
1

e e
j
N

j j

N q r q r

1
2 ,

i i
species

=
Σ

Σ ⟨ ⟩α β α α β
=

≥
− · − ·α β

⎯⇀ ⎯⇀⎯ ⎯⇀ ⎯⇀⎯

(16)

where Nspecies is the total number of atom types (i.e., isotopes),
N is the total number of atoms, Zα and Zβ are weight factors
corresponding to the atomic numbers of atoms α and β for the
case of X-rays, q is the scattering vector, and rα and rβ are the
positions of atoms α and β. It is also possible to use the
structure factor to compare with results from neutron
diffraction, an approach employed by Alvarez, Arbe,
Colmenero, Richter, and co-workers to study polystyrene,
poly(alkylene oxide)s, polyisoprene, and many other classical
polymers.70−77 Although neutron diffraction requires deuter-
ated materials or the use of neutron polarization analysis to
deconvolute the incoherent and coherent contributions, it
enables the study of partial structure factors of specific local
structures that would not be possible with X-rays.
The intermediate scattering function can be calculated from

MD simulations using the following equations68,69
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where Nspecies is the total number of atom types (i.e., isotopes),
nj is the number of atoms of isotope J, N is the total number of
atoms, bi,inc and bi,coh are the incoherent and coherent scattering
lengths of isotope i, bα,inc and bα,coh are the incoherent and
coherent scattering lengths of atom α, q is the scattering vector,
and rα(t) and rβ(t) are the positions of atoms α and β at a time
t. The mean squared displacement (MSD) can also be used to
directly compare simulation results with those of QENS elastic
scans. By selecting a time scale corresponding to the
instrument’s resolution, the MSD is calculated by
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where N is the total number of atoms, σα,inc and σβ,inc are the

incoherent and coherent scattering cross sections, r ( )Oτα
⎯⇀⎯

is the

positional vector at time τO, r ( )Oτ τ+α
⎯⇀⎯

is the positional vector
at a time τ + τO of atom α, and F is the Frobenius, or
Euclidean, norm.
There are now several software tools available to calculate

these and other relevant properties that enable direct
comparison of atomistic MD simulation results to X-ray and
neutron scattering experiments. nMoldyn69,78,79 focuses on
interfacing MD simulations with neutron scattering data and
can calculate quantities including static and dynamic structure
factors, coherent and incoherent intermediate scattering
functions, mean squared displacement, and more. A related
and more recent software, MDANSE, has a useful user-friendly
interface and is actively supported by the Institut Laue-
Langevin. LiquidLib80 also focuses on quantitative analysis of
MD simulation trajectories with neutron scattering for liquid
systems. Overall, these packages are particularly useful for
comparing simulations to experimental QENS measurements.
We also note ATSAS,81 a suite of software packages focused on
analysis of small-angle scattering data. While there is a focus for
use on biomacromolecules, the software is easily extendable to
study a broader array of systems such as the solution
conformation of CPs. Some specific programs to note include
CRYSOL and CRYSON, which can generate SAXS and SANS
profiles of macromolecules in solution from MD-derived
molecular “snapshots”. Sassena82 takes a parallel computing
approach to reduce the computational expense of calculating
scattering profiles from massive MD simulations. Another
software, SASSIE,83 can be used to generate SANS or SAXS
profiles from a generated conformation sampling of molecular

Figure 8. (Left) Intermediate scattering function extracted from QENS experiments for P3HT compared to (right) theoretical systems modeled
using the Moreno et al. FF at three different temperatures that span below, approximately at, and above the glass-transition temperature. Colored
areas correspond to the different subgroups of atoms and dynamics time scales of two different QENS instruments used in this work. Confidence
intervals could not be shown for reprinted figures. Figure reprinted with permission from reference 88. Copyright 2015 American Chemical Society.
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structures and is particularly useful for exploring large
conformation spaces of macromolecules that may not be
achievable with MD. An advantage of many of these software
packages is that they are open source and Python-based,
making them widely accessible and compatible with Python-
based high-throughput and machine learning (ML) packages.

C. Quasielastic Neutron Scattering for Validation of
Atomistic Force Fields

As previously mentioned, QENS has been an underutilized but
powerful tool to combine with molecular modeling for a
thorough study of CPs and for the quantitative validation of
CP FFs for more physically accurate simulations. Arbe,
Alvarez, and Colmenero also emphasize these points in
reviews61,84 advocating for the combined analysis of neutron
scattering and simulations. The group has successfully applied
this to uncover local structure and dynamics in classical
polymers, including poly(ethylene oxide),70 poly(vinyl ac-
etate),72 poly(methyl methacrylate),85 and others.71,73−77 Still,
there are currently only a handful of works that implement a
combined QENS and MD approach for CPs.63,67,86−88 We
introduced earlier the work of Guilbert et al., who used MD
simulations to uncover interactions between P3HT and
PCBM.67,87 The researchers were also interested in using
QENS to validate system dynamics that were generated by
atomistic simulations of P3HT and poly(3-octylthiophene)

(P3OT).88 They found that the simulated and experimental
approaches agreed well, which provided them with detailed in
silico information into the picosecond to nanosecond dynamics
that experiments could not provide alone. Figure 8 shows a
comparison of the intermediate scattering function for P3HT
that was extracted from QENS experiments and the results of
MD simulations using the FF proposed by Moreno et al.23

Through this quantitative comparison, they were also able to
understand contributions from different subgroups of atoms
within the two dynamic windows above and below the glass-
transition temperature of the material.88 More recently, the
team used contrast variation in a collection of neutron
scattering techniques in parallel with MD and ab initio
simulations to provide a thorough characterization of the
P3HT dynamics.86 This allowed them to bridge structural
features to self- and pair-correlated motions in the material.
Finally, we note the work of Zhan et al. that demonstrated the
influence of side-chain dynamics on backbone fluctuations in
P3HT and P3DDT using combinations of MD simulations,
QENS and SANS.63 They found that longer side chains lead to
enhanced dynamics and decreased rigidity of the conjugated
backbone, which would directly influence any intrachain
charge transport mechanisms.
In a previous work,20 we also used QENS to compare the

accuracy of five different FFs that had been proposed in the

Figure 9. Mean squared displacement (MSD) of fully hydrogenated regiorandom P3HT and partially deuterated (along the side chain)
regiorandom P3HT. Shown in the upper left is the experimental MSD extracted from QENS elastic scans. In the other panels are results from
atomistic molecular dynamics simulations of regiorandom P3HT using the FF of Moreno et al.23 (Moreno FF2), Bhatta et al.40 (Mod. Bhatta FF),
and Schwarz et al.42,43 (Huang FF). Confidence intervals could not be shown for reprinted figures. Figure reprinted with permission from reference
20. Copyright 2019 The Royal Society of Chemistry.
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literature for P3HT in works by Moreno et al.,23 Bhatta et al.,40

and Schwarz et al.42,43 As previously discussed, all of these used
a classical FF that was modified with reparametrized atomic
partial charges and dihedral potentials along the chain
backbone to account for the effects of conjugation. Simulations
of regiorandom P3HT using these FFs resulted in differing in
silico structure and dynamics, including differences in the
distribution of cis- and trans-conformations between mono-
mers along the chain, the degree of twisting between
monomers, and radial distribution of thiophene−thiophene
distances in the material. Conjugation along the polymer
backbone and π-orbital overlap of neighboring chains are very
sensitive to these parameters, and charge transport simulations
performed on frames obtained from these simulations would
be greatly influenced by the specific choice of FF. When
comparing the modeled systems to QENS results, we find that
all FFs captured the overall system dynamics reasonably well
when the polymers where fully hydrogenated and the side-
chain motions dominated the signals. However, when alkyl
side chains were deuterated to increase sensitivity toward the
P3HT backbone, a significant limitation of all investigated FFs
was uncovered. Figure 9 shows the mean squared displacement
(MSD) that is extracted from QENS fixed window scans for
fully hydrogenated and partially deuterated P3HT. Due to the
significantly larger incoherent cross section of hydrogen,
dynamics of the alkyl side chains is the primary contributor
to the dynamics in the fully hydrogenated material, while
sensitivity toward backbone motions is maximized in the
partially deuterated material. We find that dynamic motions of
the side chains begin at very low temperatures (<200 K), while
the dynamics of the backbone has a significantly delayed
relaxation and only become significant at temperatures above
400 K. For comparison, Figure 9 shows MSDs calculated from
three of the modeled systems. Qualitatively, all FFs capture the
dynamics of the alkyl side chains reasonably well but fail to
capture the delayed relaxation of the backbone. By utilizing
QENS and partial deuteration, it was possible to quantify the
capabilities and limitation of these FFs at time scales ranging
between picoseconds and nanoseconds. This highlights how
neutron scattering, when coupled with contrast variation, can
provide a very large and rigorous data set that could be
subsequently used for testing, benchmarking, and continuous
improvement of future FFs for CP systems. Given the
considerable expense of synthesizing good quality CPs with
partial deuteration as well as the expense associated with
performing neutron scattering experiments, it is imperative that
such data sets are openly available and documented for their
future use.

IV. REPARAMETERIZATION OF NONBONDED
PARAMETERS IN CONJUGATED POLYMER FORCE
FIELDS

In current reparametrized FFs for CPs, the parameters
expected to be most significantly affected by conjugation
include partial charges and inter-ring torsion potentials. Past
work demonstrates that reparametrized FFs can capture
structural properties of CPs very well but also that they fail
to capture characteristic backbone dynamics that would
directly influence charge transport. This does not suggest
that dihedral potentials and partial charges are unimportant but
rather that we need to take a critical look at other components
of the FF that may also be affected by conjugation.

Intermolecular forces in condensed phases involve complex
Coulombic, polar, and induced polarization interactions that
have been described in great depth in several texts. The reader
is referred to the work by Israelachvili89 for a thorough
introduction. Since these physically inspired parameters are all
highly sensitive to the electronic orbitals of the atoms that
make up these macromolecules, it is logical to anticipate that
conjugation and electronic delocalization should significantly
affect their values. However, as shown in Table 1, few works
have attempted to reparametrize these nonbonded compo-
nents in FFs for CPs. Marcon and co-workers mention that
stronger dispersion forces would be found in conjugated
polymers due to the increased polarizability caused by the
electron delocalization along the chain.34 Davies et al. found a
theoretical power law dependence of polarizability on the
molecular weight of polyacetylene, again due to the long-range
electron deleocalization.90 Schmit and Levine also studied
polyacetylene and found that, as two chains approached each
other in a cross formation, an additional strong binding force
presented itself due to electron tunneling between the chains.91

This electron delocalization is critical to the electronic
performance of CPs. We can consider the importance of
exciton movement through donor and acceptor phases of an
OPV active later to reach the respective cathode and anode
surfaces. Marchiori et al. found that the orientation of induced
dipoles can influence the exciton dissociation at the P3HT and
PCBM interface and that this behavior would be influenced by
long-range polarization.92 Overall, π-conjugation in CPs results
in increased polarizability that would modify the van der Waals
forces. Although MD simulations cannot capture these
quantum-mechanical effects, it is important that intermolecular
interactions are represented as accurately as possible within the
classical FF definition to adequately represent realistic
structures and dynamics for CPs.
While we point out that most reparametrized FFs for CPs do

not update the nonbonded Lennard-Jones interactions, a few
have made some modifications of classical models. DuBay et al.
employed a buffered 14/7 functional form rather than the
more common 12/6 Lennard-Jones form to reduce the
electrostatic repulsive forces.39 Marcon and co-workers
employed a Buckingham potential with modified parameters
for the carbon atoms that resulted in an attractive well depth
that was 39% deeper relative to the depth generated by the
classical Lennard-Jones MM331−33 parameters to account for
the underestimated density of oligothiophenes.34 In another
work focused on oligofluorenes, the authors again found that
the attractive component to the Buckingham potential needed
to be even stronger to account for the underestimated
density.36

To further investigate the effects of conjugation in the
nonbonded interactions, we extracted partial charges and
Lennard-Jones parameters from the FF of Moreno et al.23 and
calculated the total combined nonbonded interaction energy
between two P3HT oligomers of various lengths. This model,
as well as most of the FFs reviewed in Section II, borrow the
classical nonbonded parameters. However, these parameters
are frequently determined from empirical fits of small
molecules. For FFs utilizing a base of OPLS-AA, these
parameters are taken from those of molecular thiophene or
benzene. Figure S1 of the Supporting Information shows the
Coulombic and Lennard-Jones contributions to the non-
bonded interaction energies determined from the FF of
Moreno et al.23 The results show that the Lennard-Jones
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interactions, rather than the Coulombic terms that are
modulated by the partial charges, make the most significant
contribution to the net interaction energy, which also supports
our past findings20 demonstrating that modifying partial
charges across FFs did not significantly improve agreement
between experimental and simulated dynamics of regiorandom
P3HT. Furthermore, when the net interaction energy is
normalized by the chain length, after a chain length of six
monomers (hexamer), the attraction between molecules
(depth of the well) converges. Nonbonded potential energies
from published CP FFs can also be further compared to DFT
computations performed on P3HT oligomers at the B3LYP/6-
311++g** level of theory to determine if the impact of
conjugation could be significant. A thorough methods section
for these DFT calculations is provided in the Supporting
Information. Figure 10 shows that, unlike the potential energy

from MD FFs, the normalized nonbonded interaction energy
from DFT does not converge. Instead, it continues to diverge
from the “classical” approximation of the Moreno et al.23 FF.
These results suggest that the Moreno FF is likely under-
estimating the nonbonded interaction strength, most consid-
erably as the molecular weight of P3HT increases, where the
conjugation length could be significant.
We note, however, that the strength of these interactions has

been shown to be highly sensitive to the level of theory at
which the ab initio calculations are performed,93 adding to the
complexity and challenge of parametrizing accurate non-
bonded interaction parameters for CP FFs. Another limitation
of this approach is the high computational expense of
performing ab initio calculations. We emphasize that the
point of these calculations is not to provide quantitative
replacements for Lennard-Jones potentials in MD simulations
but rather to demonstrate the need to also reparametrize
nonbonded Lennard-Jones interactions. Atomistic MD FFs
aim to capture complex quantum-mechanical interactions

within a simple and computationally efficient functional.
Ultimately, the aim is to obtain a meaningful representation
of the physical system to further interrogate it via
computations. Still, traditional parametrization approaches
require a complex, synergistic, and hierarchical approach to
building up the full parameter set. The approach of isolating
specific interactions, such as dihedral potentials between
monomers along CP backbones or the partial charges, for
reparameterization via ab initio calculations has been necessary
to manage the significant computational expense that is
associated with full FF development. This is especially complex
when considering that, for CPs, this process needs to be
repeated for each new molecule of interest due to the complex
variation in electronic energy levels that is possible to achieve.
Fortunately, this expensive approach toward FF parametriza-
tion has already begun to shift with the introduction of
powerful new methods in computational chemistry, machine
learning, and data science. When combined with the rich and
expansive data that can originate from neutron scattering
experiments, these methods promise a bright future for the in
silico design of advanced conjugated soft materials.

V. OPPORTUNITIES FOR HIGH-THROUGHPUT FORCE
FIELD DEVELOPMENT

Including Lennard-Jones parameters in the reparameterization
process for CP FFs offers an opportunity for improving the
accuracy of MD simulations, such as adequately capturing the
backbone dynamics that is relevant to important charge
transport mechanisms. However, the use of current repar-
ameterization procedures is already not sustainable given the
large computational expense and the rapidly increasing
diversity of CP molecules that become available. For almost
two decades, researchers have been exploring a range of
parametrization methods and validation metrics in pursuit of
physically accurate CP FFs, but existing models still fail to
capture accurate dynamics in the simplest of model systems
(e.g., polythiophenes). If we hope to ever enable the use of
MD simulations to predict and design the performance of
advanced CPs for new technologies, we need a new robust,
accurate, and efficient process for FF parametrization.
Advances in computational hardware and software have
decreased computation time, but these are still insufficient to
overcome the arduous process of FF parametrization. We
propose to consider the use of automated and higher-level ML
approaches, as well as the implementation of oligomers as
proxies for longer polymer chains, to realize a high-throughput
approach to a more accurate experimentally validated FF
parametrization.
Researchers have already begun applying ML approaches to

FF development across a broad range of materials and
applications. For example, Botu et al. developed an AGNI
FF, the name of which pointed out the adaptive, generalizable,
and neighborhood informed qualities of their model.94,95 Their
training set included DFT and ab initio MD simulations of
local atomic environments, including within bulk phases, at
surfaces, and near defects, in elemental materials and the
resulting forces felt by the atoms. They created a fingerprint to
map local atomic environments to resulting forces and trained
a nonlinear kernel ridge regression method to predict the force
at each step within the MD simulation. The team notes that
while their approach can be easily applied to multielement
materials, the model becomes exponentially more complex to
develop as the material’s complexity increases. Nevertheless,

Figure 10. Nonbonded interactions determined by ab initio
calculations at the B3LYP/6-311++g(d,p) level of theory with D3
dispersion corrections (markers) compared to those determined by
the Lennard-Jones potential parametrized in Moreno et al.23 FFs
(lines) between two P3HT oligomers.
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their models enabled accurate and computationally inexpensive
MD simulations. The approach of Jinnouchi et al. is similar,
but the team uses a Bayesian linear-regression model to only
perform ab initio calculations of local atomic environments
when needed, i.e., when a new local environment is
encountered during a simulation.96 The model is then updated
with the new information to determine the FF parameters and
their derivatives to update each atom’s position and velocity
accordingly. For a more in-depth review of these types of ab
initio ML FFs, we refer the reader to a recent review by Unke
et al.97 Their work not only provides a thorough review of the
fundamentals behind the ML models used and how these types
of FFs can be generated, but the authors also carefully note the
advantages and limitations of this approach. One of the
discussed limitations for these ab-initio-based models is that
they remain computationally expensive compared to classical
FFs and MD simulations. Another recent work by Befort et al.
describes an alternative top-down approach to ML-para-
metrized FFs.98 Their workflow incorporates experimental
validation, domain knowledge, and surrogate models to
perform an extensive optimization of Lennard-Jones parame-
ters for two different small molecules with an objective to
reproduce either the vapor−liquid equilibrium or crystal
structure. The authors also note that with such an exhaustive
exploration of the parameter search space, they can better
understand whether a model is limited by the optimized
parameters, the unoptimized parameters, or the chosen
functional form of the FF.
With a similar top-down ML approach, we propose that the

use of ML approaches to perform on-the-fly MD simulations of
CPs could capture larger-scale dynamics that are not accessible
with ab initio methods and fit classical MD FF parameters to
reproduce the structure and dynamics that are captured by
neutron and X-ray scattering experiments. Bayesian (and
other) ML approaches would improve the automation of FF
parametrization and would also be able to cover a broader
search space of relevant parameters than what researchers
could reasonably do with current approaches. We recognize
that a significant rate-limiting step in this approach is the
computational expense of the MD simulations that are used for
generating scattering profiles. Even if we employ parallel
computing approaches, large-scale simulations of full-size CPs
can require days or weeks to complete. Therefore, we also
propose that researchers should consider the use of oligomers
as proxies for longer CPs to reduce the time required to
perform the requisite MD simulations. While it is known that
the electronic and mechanical behavior of CPs is sensitive to
molecular weight, it has been demonstrated that local
molecular fluctuations, e.g., dihedral twisting along the
backbone, converge to those of longer chains at a moderate
length. The work of Bhatta et al. explored the dynamics of
P3HT dynamics at varying oligomer lengths and found that,
after a chain length of 10−12 monomers, oligomers
demonstrated behaviors representative of polymeric equiv-
alents.57 Moreover, our previous work has demonstrated that
the existing MD FFs for CPs fail to capture these local
dynamics, even for a simple molecule like P3HT, and that
these local motions are directly tied to charge transport
mechanisms.20 We propose the use of oligomers for a high-
throughput development of accurate, experimentally validated
CP FFs. The use of oligomers as a substitute will reduce the
computational expense of the MD simulations (on the order of
atom count99) while still capturing the localized dynamics

relevant to charge transport and, if the oligomer length is
sufficiently long as previously discussed, that is representative
of those in longer chains. While future simulations utilizing the
optimized force field should implement full chains representa-
tive of the material’s molecular weight, the use of oligomers
during the FF optimization can enable this powerful approach
for more accurate models.
As a starting place for the proposed approach, we also

collected QENS data for partially deuterated and fully
hydrogenated forms of regioregular (semicrystalline) P3HT
polymers and oligomers and provide it openly for use in
validation by researchers interested in FF development. Figure
11 shows mean squared displacement results for QENS elastic

scans. The intermediate scattering functions for the same
samples are also provided in the Supporting Information as a
compressed data file. For the P3HT polymers, the side chains
begin to relax at low temperatures below 200 K, while the
backbone dynamics relax after 440 K, similar to the results
presented in Figure 9 for regiorandom (amorphous) P3HT.
Moreover, the transition point for RRe-P3HT-D13 aligns at
the melting point of the material at approximately 475 K.
However, for the P3HT oligomers, the difference between the
side-chain and backbone dynamics is more subtle, and we
hypothesize that this is due to a lower-temperature relaxation
of the backbone in shorter chains. Overall, this data provides
opportunities for a thorough investigation into origin of these
phase transitions using MD simulations. In the Supporting
Information, we provide the full data sets to encourage open
science and broad utilization by the community. While neutron
scattering provides a powerful tool to uncovering dynamics
along the backbone and side-chain regimes of CPs, synthesiz-
ing selectively deuterated molecules and collecting neutron
scattering data is not always readily achievable. However,
utilizing data collected broadly by the community can help us
in pursuit of implementing ML approaches for accurate CP

Figure 11. Fixed window scans (elastic scans) collecting during
warming on the High Flux Backscattering Spectrometer (HFBS) at
the NIST Center for Neutron Research for hydrogenated and partially
deuterated regioregular poly(3-hexylthiophene) (RRe-P3HT) poly-
mers and oligomers. Error bars representing standard deviations are
provided but are smaller than the marker sizes and not visible.
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FFs. Broad and open collaboration between experimentalists
and computational researchers will be critical and essential to
advancing the computational accuracy of simulations aiming to
describe complex electronically conjugated materials.

VI. CONCLUSION

In this work, we have reviewed the powerful nature of a
combined MD, X-ray, and neutron scattering approach to
achieve deep understanding in the relationship between the
molecular structure and dynamics, charge transport mecha-
nisms, and macroscopic electronic performance in CPs. These
computational models require the use of accurate FFs, yet the
existing reparametrized CP FFs still fail to capture backbone
dynamics relevant to charge transport mechanisms in a very
simple model system of polythiophene after almost two
decades of effort. Moreover, we find that the current
reparameterizations exclude critical force field parameters
such as the Lennard-Jones potential, which are significantly
affected by the large-scale conjugation along the polymer
chains. However, broadening the parametrization space for
more accurate CP FFs will not be sustainable with current
parametrization approaches. Therefore, we propose the use of
ML, such as Bayesian methods, to automate this process and
generate empirically fit FF parameter sets for new CPs using
neutron and X-ray scattering data sets that capture structure
and dynamics at commensurate length and time scales. This
will open a broader computational space to explore structure−
function relationships in CPs and tune new molecules for
improved efficiencies and to enable new technologies.
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GAFF Generalized Assisted Model Building with Energy
Refinement Force Field

GROMOS Groningen Molecular Simulation force field
MD molecular dynamics
ML machine learning
MM3 molecular mechanics force field
MSD mean squared displacement
OPLS-AA Optimized Potentials for Liquid Simulations All-

Atom force field
OPV organic photovoltaic
OLED organic light-emitting diode
OFET organic field-effect transistor
PBTTT poly(2,5-bis(3-alkylthiophen-2-yl)thieno[2,3-b]-

thiophene)
PEDOT poly(3,4-ethyl-enedioxythiophene)
P3DDT poly(3-dodecylthoiphene)
P3DT poly(3-decylthiophene)
P3EHT poly(3-(2′-ethyl)hexylthiophene)
P3HT poly(3-hexylthiophene)
P3OT poly(3-octylthiophene)
QENS quasielastic neutron scattering
SANS small-angle neutron scattering
SAXS small-angle X-ray scattering
SLD scattering length density
WAXS wide-angle X-ray scattering
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