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Abstract

We perform molecular dynamics simulations
of poly(benzodithiophene-thienopyrrolo-dione)
(BDT-TPD) oligomers in order to evaluate the
accuracy with which unoptimized molecular
models can predict experimentally character-
ized morphologies. The predicted morpholo-
gies are characterized using simulated grazing-
incidence X-ray scattering (GIXS) and com-
pared to the experimental scattering patterns.
We find that approximating the aromatic rings
in BDT-TPD with rigid bodies, rather than
combinations of bond, angle, and dihedral con-
straints, results in 14% lower computational
cost and provides nearly equivalent structural
predictions compared to the flexible model case.
The predicted glass transition temperature of
BDT TPD (410+32 K) is found to be in agree-
ment with experiments. Predicted morpholo-
gies demonstrate short-range structural order
due to stacking of the chain backbones (m-7
stacking around 3.9 A), and long-range spa-
tial correlations due to the self-organization of
backbone stacks into “ribbons” (lamellar order-
ing around 20.9 A), representing the best-to-

date computational predictions of structure of
complex conjugated oligomers. We find that ex-
pensive simulated annealing schedules are not
needed to predict experimental structures here,
with instantaneous quenches providing nearly
equivalent predictions at a fraction of the com-
putational cost of annealing. We therefore
suggest utilizing rigid bodies and fast cooling
schedules for high-throughput screening stud-
ies of semi-flexible polymers and oligomers to
utilize their significant computational benefits
where appropriate.

Introduction

Organic semiconducting polymers are promis-
ing components of next-generation electronics,
as they can be used to create lightweight, flex-
ible, and inexpensive devices such as organic
thin film transistors (OTFTSs), light emitting
diodes (OLEDs), and photovoltaics (OPVs).!
These benefits arise from inexpensive, scalable,
solution-based manufacturing processes, gener-
ally performed at lower temperatures than in-
organic material purification, at atmospheric
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pressure, and often without specialist ma-
chinery.®? Additionally, synthetic chemists can
functionalize components of these molecules,
chemically tuning the energetics to obtain en-
hanced electronic performance.* Organic semi-
conductors are of particular interest in the pho-
tovoltaics community, where opportunities ex-
ist for scalable manufacturing of inexpensive
solar technologies.® Understanding how these
molecules can be organized into structures that
optimize conversion of light into electricity is a
significant current challenge in the field.® The
nanostructure of OPV active layers is critically
important to the charge-carrier mobility — a
property that strongly affects the resulting de-
vice performance — and depends on thermo-
dynamic and kinetic factors that govern the
self-assembly of its constituent molecules.”™® In
particular, the spacing between polymer back-
bones, the sizes of these ordered domains, and
their interconnectivity — all morphological char-
acteristics — have a significant impact on OPV
performance.*! In order to rationally design
organic electronics, we require improved under-
standing of how to select components optimized
to assemble into the desired nanostructures.

Current understanding of how OPV active
layer morphologies depend on their components
and processing has been developed through
both wet lab experimentation and computer
simulation.!*™® In the laboratory, active layer
films are made by mixing organic semiconduc-
tors with a compatible solvent that is later
evaporated through spin coating, drop casting,
printing, or other deposition techniques onto
a substrate.!®!” The nanostructure of these
films can be probed using grazing-incidence X-
ray scattering (GIXS), which reveals ordering
of the film components.'® In computer simu-
lations, molecular dynamics (MD) or Monte
Carlo (MC) methods are used to sample equi-
librium ensembles of configurations of the same
molecules, and GIXS analysis can be extracted
by transforming the atomic positions that result
from these models.'® The focus of this work is
to enhance the complementarity of these tech-
niques by improving the predictive capabilities
of computer models.

The challenge in the lab is that determining

the relationships between active layer morphol-
ogy and device performance is hindered by the
difficulty in reliably controlling the morphol-
ogy of organic thin films. One barrier in pre-
dicting the structures that self-assemble in or-
ganic semiconducting polymers is the impact
small changes in materials choice or processing
have on molecular packing.!® For instance, the
molecular weight?® and regioregularities?\?? of
poly(3-hexylthiophene) (P3HT) influences the
conformation of backbone chains, structural
feature sizes, and charge mobility of the de-
posited films. Furthermore, modifications to
the casting solvent,?? annealing conditions, 2?4
or the addition of organic dyes?® can result in an
active layer with drastically different structures
and subsequent device performance. Another
barrier to understanding active layer morphol-
ogy is the difficulty of characterizing structure
in relatively disordered layers with low scatter-
ing contrast.'® Scanning microscopy techniques
can provide useful insight into the surface fea-
tures, but often miss the important structure
of the bulk. Other techniques can provide ad-
ditional information, but at the cost of destruc-
tively sampling the films.?

The challenge with molecular simulations
lies in faithfully representing experiments with
models that are computationally tractable.!®
Increasing the number of simulation elements
either with more detail or larger systems in-
creases the number of calculations to perform
and therefore the computation time required to
obtain the final result of the simulation. The
time needed to perform a simulation —its com-
putational cost— depends on: (1) the cost of
advancing from one configuration to the next,
which scales worse than linearly with the num-
ber of simulation elements (atoms), and (2)
the fact that systems with more simulation el-
ements require more configurations to be sam-
pled before relaxing to a steady-state.. In the
case of organic semiconducting polymers, we
can understand the scale of the problem by con-
sidering that coherence lengths of the order 3 to
30 nm are commonly observed in GIXS experi-
ments. It stands to reason that, if a 30 nm co-
herence length is to be observed in a simulation,
length scales of at least 30 nm must be repre-



sented. This is accomplished in MD simulations
with a periodic unit cell, and filling it with car-
bons, hydrogens, oxygens, sulfurs, and nitro-
gens in representative ratios at realistic densi-
ties of the order 1 g/ cmg, which corresponds
to between 0.7 million and 1.5 million atoms.
Million-atom simulations are now routine on
supercomputers, especially those with graph-
ics processing units (GPUs), but are typically
limited to accessing time scales of hundreds of
nanoseconds at most.?” Performing a million-
atom simulation of organic oligomers on super-
computers that accesses the hundreds or thou-
sands of nanoseconds required to equilibrate
can take several months of computation time
for a single state point. In the polymer limit
of chain length (over hundreds of monomers),
neither experiments nor simulations can be run
long enough to equilibrate, with observed mor-
phologies representing entangled, kinetically ar-
rested configurations. Rather than month-long
computation times accessing equilibrium, the
ability to perform hundreds of simulations per
month that predict thermodynamically-driven
yet possibly-arrested assembly, is required to
determine phase diagrams or to find optimal
conditions for assembling target structures.

To lower the computational cost of a model
(assuming recent GPU supercomputers are be-
ing used), approximations must be invoked to
lower the number of simulation elements rep-
resented. This is the basis behind coarse-
graining strategies, where typically spherical
simulation elements are used to represent col-
lections of neighboring atoms and their associ-
ated bonds. Such models have been used to
overcome the atomistic simulation time/length
barrier, providing insight into photoactive poly-
mers, lipid bilayers, and macromolecular struc-
tures. 13142829 Another modeling approxima-
tion is to ignore the fast modes of fluctuations
about relatively rigid bonded constraints. Re-
cent work studying the self-assembly of aro-
matic molecules perylene and perylothiophene
showed that using rigid bodies to model con-
jugated systems improved sampling by a factor
of two or better, without affecting the observed
phase behavior or self-assembled morphology. *°
The improvement was attributed to the combi-

nation of more timesteps accessible per CPU
second, and shortened structural decorrelation
times when a rigid body approximation was em-
ployed. Because conjugated systems are preva-
lent in organic electronics, coarse-grained mod-
els with rigid body approximations have poten-
tial to enable screening studies of organic elec-
tronic ingredients for those that robustly self-
assemble into desirable nanostructures.

The success of computational screening stud-
ies depends on the accuracy and transferability
of coarse-grained models. In this work we mea-
sure whether and to what degree rigid body
approximations, combined with a united atom
model, may be used to enhance the sampling
efficiency of statepoints for a system that has
characterized experimentally.  We use MD
simulations to investigate the self-assembly
of poly(benzodithiophene-thienopyrrolodione)
(BDT-TPD) pentamers, which are expected
to be representative of donor-acceptor alter-
nating copolymers. This class of molecules
has demonstrated promise as a component of
high power conversion efficiency photovoltaic
devices, due to desirable optical and electrical
properties. 332 We examine the evolution of the
simulated morphologies after slow or fast cool-
ing, and for cases when the conjugated moeities
are described by rigid bodies or more expen-
sive flexible bond, angle, and dihedral terms.
Two different cooling schedules are used: an
instantaneous “quench” from infinite temper-
ature, and a more gradual “annealed” cool-
ing schedule, where the temperature is decre-
mented over a longer period of time. For all
models, we evaluate the degree to which the
simulations reproduce experimentally charac-
terized film structures with simulated GIXS
data, and quantify the computational efficien-
cies of each model. We aim to find the most
efficient set of approximations to include in the
modeling of an amorphous polymer that still
faithfully predicts the morphologies observed
in experiments. We determine that simulating
BDT-TPD using rigid bodies results in a sig-
nificant reduction to computational cost and
reproduces experimentally-observed structure.
We find that “annealing” results in structures
that better match experiments than “quench-



ing”, as expected, but with minor measurable
differences in precise scattering peak locations.
We also observe small measurable differences
between the predictions of rigid and flexible
models, though both accurately predict pri-
mary experimental features, and the disorder-
to-order (glass) transition temperature.

In the Methods section we define the rigid
and flexible models used in this investigation as
well as the analysis techniques used to quantify
structure and determine when a simulation has
sampled sufficiently many configurations. In
the Results section we detail the key simulation
results and explain comparisons against exper-
imental studies. We conclude with a discussion
of the applicability of the present work and sug-
gestions for future directions. The major mod-
eling assumptions and investigation aims can be
summarized in this question: To what degree do
oligomers of BDT-TPD in implicit solvent and
with implicit charges, modeled with OPLS-UA
parameters unoptimized for BDT-TPD, faith-
fully represent self-assembly observed in exper-
iments? We establish a minimum requirement
for performing sufficiently accurate screening
of thermodynamic state points, in order that
promising structures can be quickly identified
and submitted to further, more detailed, anal-
ysis using more expensive and rigorous meth-
ods. The enhanced sampling of time scales and
length scales presented here enables the best to-
date prediction of complex OPV oligomer self-
assembly:.

Methods

The chemical structure of BDT-TPD (Fig-
ure la) is described by a united atom model
(Figure 1b), where hydrogen atoms are ab-
stracted away into a “united” site that repre-
sents the carbon atom and all of its bonded hy-
drogens.?*3* This technique reduces the num-
ber of simulation elements, improving compu-
tational efficiency while still maintaining good
agreement with both atomistic models and ex-
periment for a variety of systems. This tech-
nique has been shown to provide an improve-
ment in computational efficiency, while still

maintaining good agreement with both atom-
istic models and experiment for a variety of sys-
tems. 303539 'We employ the OPLS-UA (Opti-
mized Potential for Liquid Simulations-United
Atom) forcefield to model the non-bonded and
bonded interactions.?? The OPLS-UA forcefield
includes constraints (bonds, angles, and dihe-
drals between pairs, triplets and quadruplets
of simulation elements respectively) to model
intramolecular structure, and describes non-
bonded pair-wise interactions with Lennard-
Jones potentials.?® Reference units taken from
the OPLS-UA force field are: length o = 3.55
A, energy ¢ = 1.74 x 102" J, and mass M =
32.06 amu. The values of o and & correspond
to the van der Waals radius and Lennard-Jones
well depth of OPLS sulfur atoms, and M is
the atomic mass of sulfur. The forcefield coef-
ficients used in this investigation are described
completely in the SI Section 1.
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Figure 1: (a) Molecular structure of a BDT-
TPD monomer. (b) United-atom topology of
BDT-TPD, with implicitly modeled hydrogens.
Blue spheres represent carbon atoms, red oxy-
gen, yellow sulfur, and the green nitrogen. (c)
An example BDT-TPD pentamer, colored by
individual rigid bodies.

We consider two versions of the OPLS-UA



model of BDT-TPD. The first version, termed
“flexible”, is a standard implementation of the
OPLS-UA force field as described above. The
second version, termed “rigid”, represents each
of the benzodithiophene and thienopyrrolodi-
one moieties as rigid bodies (Figure 1c).4°
Within each rigid body the constituent atoms
are locked into place relative to each other, and
a quaternion is used to encode the orientation of
the individual benzodithiophene and thienopy-
rrolodione units. In both the rigid and flexi-
ble models, the oligomer sidechains are treated
as flexible. Utilizing a rigid representation for
these conjugated systems reduces the number of
bond, angle, and dihedral degrees of freedom by
135, 200, and 290 respectively per pentamer, re-
sulting in 53% fewer intramolecular constraints
than in the flexible model. This reduction in
the integrated degrees of freedom results in an
increased quantity of simulated timesteps per
CPU second. The current work focuses on
whether this improved computational efficiency
results in compromised sampling times or the
structural prediction capabilities of the model.

We study oligomers with five repeat units
of isotactic, regioregular BDT-TPD (Figure 1),
each with molecular weight of 3.542 kDa in im-
plicit solvent. These molecular weights per-
mit the simulation of sufficient material to ac-
cess experimentally relevant length scales, while
avoiding the longer relaxation times associated
with longer polymers. 44! The implicit sol-
vent quality is determined by a multiplica-
tive scaling parameter es; that modulates the
Lennard-Jones well depths as implemented by
Shin et al.*? Experimentally, e, < 1.0 corre-
sponds to a solvent within which a solute can
be dissolved easily, and e; > 1.0 describes a sol-
vent that is more difficult to dissolve in. At the
number densities studied here, the implicit sol-
vent represents 18.2% of the simulation volume,
and is meant to capture the mobility-enhancing
effect of the solvent before it is evaporated from
the active layer. This method allows us to cap-
ture the effects of a solvent, without the added
computational cost of directly simulating the
solvent molecules. In this investigation, we use
es = 0.5 throughout to investigate the structure
of BDT-TPD in a relatively good solvent. Here

we also assume long-range electrostatics play
a negligible role in self-assembly, due to com-
bined effects of charge screening by the implicit
solvent and charge delocalization known to oc-
cur within conjugated systems. A performance
benefit of the negligible charge assumption is
that computationally expensive long-range elec-
trostatic interactions need not be computed.
The reduced units of energy, distance, and
mass determine derived units of time and tem-
perature. The calculated units of time are
/M =197 x 1072 5. A unit
of dimensionless temperature T corresponds to
% = 126 K, and dimensionless temperatures
between 0.5 T (63 K) and 9.0 T (1134 K)
are used as thermostat setpoints in this work.
We use the symbol T without units to re-
fer to dimensionless temperature and specify
units of Kelvin otherwise. Molecular dynam-
ics simulations are performed using HOOMD-
Blue*®* on the Maverick and Kestrel high
performance computing clusters outfitted with
K20-architecture NVIDIA graphics processing
units (GPUs). Simulations are performed in
the canonical (constant number N, volume V,
and temperature T') ensemble, regulated with
the Nosé-Hoover thermostat* using the MTK
equations. 546 Particle positions are updated
via the velocity-Verlet integration of Newton’s
equations of motion, after every dimensionless
timestep, dt = 0.001 = 1.97 fs.4” We perform
simulations across a range of temperatures, T,
and unless otherwise specified the fiducial sim-
ulation parameters are listed in Table 1.

therefore 7 =

Table 1: Fiducial simulation parame-
ters: Periodic box length L, number of
molecules Ny, mixing temperature 7y,
solvent quality e,, and timestep size dt.

L 30.0170 | 10.7 nm

Thix | 95 1198 K

dt 0.001 1.97 x107 %% s
N | 197 197

€s 0.5 good solvent

Initial configurations are generated through
random chain placement, mixing, and shrinking
to the target density described below. X-Ray



reflectivity measurements of poly(BDT-TPD)
report 1.17 g/cm3 % and here we initialize
volumes of BDT-TPD oligomers with a small
amount (18.2% by volume) of implicit solvent.
First, the 197 pentamers are randomly initial-
ized in volume large enough to easily place
them without overlap. Second, NVT simula-
tions are run at T, = 9.5 (1198 K) for 1.0x10°
timesteps (0.197 ns), allowing the pentamers to
mix at high temperature and low density. Fi-
nally, an additional 1 x 10° timesteps (0.197
ns) of this simulation are performed while the
periodic box axes are linearly scaled down to
30.017¢. This initialization protocol efficiently
generates unique, randomized configurations of
oligomers at 7" = 9.5 (1198 K) that are then
annealed or quenched to lower temperatures.
When cooled below the glass transition tem-
perature, the oligomers phase separate from the
implicit solvent so we expect the resulting struc-
tures to be comparable to neat BDT-TPD films
after solvent evaporation.

The “annealed” simulations model gradual
cooling of BDT-TPD films. Annealing is mod-
eled here with a sequence of MD simulations
performed at successively lower temperatures.
The dimensionless temperatures in these sim-
ulations are decremented instantaneously by
0T = 0.5 (63 K), every 1.2 x107 timesteps
(~ 24 ns) resulting in a cooling rate of 2.62
Kelvin per nanosecond. Though this anneal-
ing rate is extremely fast compared to those
achievable in experiments, for the relatively
small volumes simulated here it makes the dif-
ference between allowing volumes to relax to-
wards thermodynamic equilibrium versus en-
suring kinetic arrest. Nineteen simulations are
performed for each annealing run, beginning at
T = 9.5 (1198 K) and ending at 7" = 0.5 (63
K). The “quenched” simulations model cool-
ing schedules that kinetically arrest the struc-
ture of BDT-TPD films before they are able to
sample the thermodynamically stable configu-
rations that drive self-assembly. Polymer films
that have been drop-cast or spin-coated in ex-
periments are assumed to be quenched, as sub-
sequent annealing results in significant order-
ing?20:49-52 Here, we implement quenched cool-
ing schedules by instantaneously changing the

temperature of an initial 7' = 9.5 (1198 K) con-
figuration to the desired set point. We quench
to the same nineteen temperatures as sampled
during the annealing schedule. This permits the
differences in structure between cooling sched-
ules to be observed at each of the 19 state
points.

Quenched simulations can be performed in
parallel if multiple processors or GPUs are
available, whereas annealed simulations must
be performed in series. Therefore, if all other
factors are equal, it is computationally advan-
tageous to be able to perform quenched sim-
ulations.  All other factors are usually not
equal when comparing equilibrated to non-
equilibrium structures (initial conditions mat-
ter, integrators can matter, etc), so we expect
the utility of quenching models to be limited to
the specific case of modeling polymer films that
are kinetically arrested.

Simulations are determined to be in thermo-
dynamic equilibrium by comparing the fluctua-
tions in potential energy of a simulation, run for
at least twenty times the expected relaxation
time from preliminary investigations. First,
the evolution of the Lennard-Jones pair poten-
tial energy, E s, is considered for each simula-
tion, and split into 10 bins. For each bin, the
standard deviation in Er; is calculated. Start-
ing from the final bin and working backwards
through simulation time, bins are added to the
“equilibrated region” if the standard deviation
of the bin’s potential energy is no more than
twice that of the previous bin in the region.

Once the equilibrated region is determined,
its autocorrelation time is calculated to ob-
tain the number of timesteps between statis-
tically independent trajectory frames. An ex-
ample is shown in figure Figure 2, where data
after 1x10~" s are considered to be within
the equilibrated window. The autocorrelation
time measured by the first zero of the self-
correlations of the equilibrated windows (SI
Section 2) averages 1.08x10° timesteps (2.12
ns) for the four combinations of model flexibil-
ity and cooling schedule. The slowest autocor-
relation time measured was 2.11x 107 timesteps
(41.6 ns). Simulation configurations are saved
every 1 x 10° timesteps in accordance with the



average autocorrelation times.
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Figure 2: A representative non-bonded poten-
tial energy trajectory FEp;. These data cor-
respond to the flexible annealed simulation at
T = 2.0 (252 K). The blue squares describe
the equilibrated region of the system, where the
standard deviation of energies within each bin
(represented by the vertical, black dashes) is no
more than twice that of the region to the right
of it. Red circles describe the region of the sim-
ulation trajectory where the potential energy
has not yet relaxed to equilibrium. The Python
plotting library Matplotlib is used to generate
the plots within this work.%3

Determining structure

The morphological structure of each cooled sys-
tem is examined through a combination of clus-
ter analysis and simulated X-ray diffraction.
Here, neighboring oligomers are considered to
be part of the same cluster if the centers-of-
mass of at least two adjacent monomers on
each chain are located within 1.60 of each
other. Ensuring that TPD moieties on each
chain are within the defined center-of-mass cut-
off suggests that there will be sufficient molec-
ular orbital overlap between the regions of the
molecule that a charge carrier is likely to be
delocalized along, resulting in favorable charge
transport. Defining clusters in this manner has
the effect of identifying the aggregates within
the morphology that would be expected to have
good inter-chain electronic charge transport -

an important characteristic for efficient photo-
voltaic devices.®%° Figure 3 shows an example
of two clusters. The chains within each cluster
satisfy the clustering criterion, however the cri-
terion is not satisfied between the two clusters
because only a single monomer of each change
lies within the 1.60 cut-off. Distinguishing clus-
ters of BDT-TPD by color gives a visual repre-
sentation of structure, in which significant or-
dering is apparent as BDT-TPD is cooled, as
seen in the Visual Molecular Dynamics visual-
izations (Figure 4).56:57

Figure 3: An example of two independent
clusters (green and white) that do not satisfy
our clustering criterion, due to an insufficient
number of adjacent backbone moeities within
the center-of-mass cut-off for the most exter-
nal molecules. Only a single green monomer is
within 1.60 of a white monomer (see insert).

Quantification of the coherence length scales
in each simulation snapshot is performed by a
simulated grazing incidence X-Ray scattering
technique. The full details of the simulation
methodology, including the mathematical im-
plementations of sample orientation and struc-
ture factor calculation, can be found in Ref. 15.
In order to automate the extraction of any co-
herence length scales and to quantify the degree
to which they appear in a simulation snapshot,
we perform ensemble averages of scattering fea-
tures over spherically-distributed orientations
of the simulation snapshot. These coherence
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Figure 4: An example image of the clusters gen-
erated using our specified criteria within the
flexible BDT-TPD morphology, taken at (a) the
T = 1198 K, and (b) after gradual annealing
down to T' = 63 K. For clarity, only the chain
backbone moieties are depicted, and like color-
ings indicate simulation elements that belong
to the same cluster. Cluster domains are a few
nanometres in size and the simulation volume
is cubic.

length scales represent averages over 100 orien-
tations of the simulation volume, uniformly dis-
tributed about a sphere using the generalized

spiral approximation.®® Each individual scat-
tering pattern captures any anisotropic struc-
tural features associated with its scattering ori-
entation and the spherical averaging facilitates
the extraction of the most significant structural
periodicities. The chain packing is described
by the arrangement of the polymer backbone
moieties within the sample. As our simulations
contain fewer, shorter chains and smaller simu-
lation volumes than are available in experiment,
we remove the aliphatic side-chains in order to
amplify the signal associated with this back-
bone structure. To facilitate automated feature
detection from the 2D GIXS patterns, we com-
pute structure factors from the radial (g, ) aver-
age of diffraction intensities. An example of the
structure factor plot at 7' = 315 K for all four
models can be seen in Figure 5. The location
and amplitude of the various peaks in Figure 5
are dependent on the combination of the pair
interaction potentials, the choice of e, the final
temperature of the simulation, and whether it
was quenched or annealed.
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Figure 5: The logarithm of the intensity in
the scattering pattern as a function of radially-

averaged structure factors (q,) for each model
at T'= 315 K.

We compare the calculated diffraction pat-
tern with experimental GIXS data to validate
our models. This practice is particularly use-
ful when there is a match between experimen-
tal and simulated scattering patterns, because
it gives insight into possible atomistic arrange-
ments that occur in the experimental systems.



Matching scattering patterns do not guaran-
tee that the simulated structures are present
in experimental films,? yet represent the most
detailed insight into possible structures with-
out developing more sophisticated experimental
characterization methods.

Results

MD simulations of the “rigid” and “flexible”
models of BDT-TPD oligomers are equilibrated
using the “annealed” and “quenched” cooling
schedules at nineteen temperatures for each of
the four combinations of model and cooling
schedule (flexible-annealed, flexible-quenched,
rigid-annealed, and rigid-quenched cases). En-
semble average properties are calculated from
statistically independent configurations once
the simulation has relaxed as described in the
Methods section. On average it took 5 x 10°
timesteps (9.85 ns) to reach a steady-state after
which the average potential energy autocorrela-
tion times for each state point were 1.08 x 10°
timesteps (2.12 ns). We evaluate the computa-
tional performance of each model and cooling
schedule combination. Additionally, we com-
pute three ensemble properties to characterize
each trajectory, (1) the non-bonded potential
energy E7 s, (2) the proportion of chains belong-
ing to a cluster ¢, and (3) simulated scattering
patterns.

Performance

The computational performance of the four
cases are compared by evaluating timesteps per
second (TPS), relaxation time, and autocor-
relation time at each temperature. Figure 6
shows the rigid model has roughly 14% higher
TPS compared to the flexible model at the
same temperature, and that there is little dif-
ference in TPS between quenching and anneal-
ing schedules, as expected. Prior work employ-
ing rigid models for perylene and perylothio-
phene showed the rigid model could have sig-
nificantly different relaxation times and auto-
correlation times.3? Here we find the flexible
and rigid models have identical autocorrelation

and relaxation times, which means that TPS
is an accurate metric for comparing computa-
tional efficiency. A more thorough and com-
plete discussion of our simulations’ relaxation
and autocorrelation times is included in SI Sec-
tion 2.

380 E
' ' " -Flex Anneal '
360 |- Du‘b g —4- Flex Quench
340 1 %o -¢- R!g!d Anneal |
*%y - - Rigid Quench
o 320 : .
o
— 300 - E
280 + E
260 E
240 1

0 200 400 600 800 1000 1200
Temperature (K)

Figure 6: The TPS of the simulations explored
in this investigation as a function of temper-
ature. The black vertical line indicates the
disorder-order transition temperature Tpo =
410 K.

Potential Energy

Using Ep; as a proxy for structure we find
the annealed and quenched simulations gener-
ate identical potential energies when 7" > 504 K
(Figure 7a). For cooler temperatures (7 < 504
K) we find the annealed runs achieve lower po-
tential energies than their quenched counter-
parts, as expected. In each case, Er; is aver-
aged over statistically independent samples. In
all four cases, we observe a change in slope of
the potential energy below 504 K, which is con-
sistent with a structural phase transition. We
observe the largest structural changes to occur
between 441 K and 378 K, so we use the average
as the disorder-order transition temperature
Tpo = 410 K. This corresponds well with the
glass transition temperature (411 K) measured
in experiments,®’ although we note the pres-
ence of significant (8%) uncertainties both here
and in experiments. The non-bonded poten-
tial energies are more positive in the rigid case



because pairwise interactions between compo-
nents of a rigid body (which would typically be
negative) are omitted. The differences in non-
bonded potential energy between the rigid and
flexible cases are not constant, which suggests
that these models may give rise to different
molecular arrangements.(Figure 7b). However,
since differences in E}; are merely a proxy for
structure, a more direct measurement of struc-
ture is warranted.
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Figure 7: a) Non-bonded potential energy E;
per atom as a function of temperature, 7. b)
Energy difference per atom between the rigid
and flexible models. Error bars indicate stan-
dard error. Black vertical lines indicate the lo-
cations of the disorder-order transition temper-
ature Tpo = 410 K.
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Clustering

To provide more detailed structural information
about morphologies around the transition tem-
perature Tpo, we analyze and visualize clusters
of oligomer backbones as described in the Meth-
ods section. Figure 4 shows flexible-annealed
morphologies above and below Tpo, with back-
bones colored according to the cluster that they
belong to. The ordering of backbones within
clusters can be seen in Figure 4b. Details of a
single cluster are shown in Figure 8, where two
orientations of the cluster describe the stacks
of backbones that form “ribbons”. This back-
bone aggregation corresponds to m-stacking ob-
served experimentally, and we observe an av-
erage separation of around 4 A. Such stack-
ing is beneficial for charge transport, as closely
stacked chains lead to increased orbital overlap
and faster inter-molecular carrier hops, which
can be critical in obtaining the high device effi-
ciencies in organic thin-films.?*%> We find that
the average spacing between ribbons, similar to
the lamellar length scale observed experimen-
tally, is around 21 A for all four model/cooling
combinations.

Analyzing the proportion of clustered back-
bones, (, as a function of temperature for the
four cases (Figure 9) gives additional insight
into their structural differences. As expected,
both the quenching and annealing models give
the same ¢ when 7" > Tpo. However, the
rigid models are more likely to have clustered
chains when T' > Tpo than the flexible models.
Near Tpo, all four cases demonstrated sharp in-
creases in (. For low temperatures T' < Tpo,
the quenched cases demonstrated a relative de-
crease in ¢, which is consistent with the prior
results indicating that they lack the thermal en-
ergy to rearrange into thermodynamically sta-
ble configurations. The annealed cases both
show increased clustering as temperature is low-
ered, though the flexible-annealed case ordered
more than the rigid-annealed case. These re-
sults reinforce the observations that a structural
transition occurs around 410 K and that mod-
eling conjugated systems with rigid bodies has
a measurable impact on the 7-7 structural fea-
tures that emerge.



a)

A '3

Figure 8: A detailed view of a single clus-
ter, viewed from two orientations, taken from
a T = 315 K flexible-annealed simulation snap-
shot. The red, green, and blue arrows represent
the x, y, and z axis respectively. a) When the
cluster is viewed along the y-axis, the aggrega-
tion of backbones through pi-stacking can be
observed. b) When the cluster is viewed along
the x-axis, the stack of backbones are seen to
be mostly in-register. We refer to these clusters
as “ribbons”.
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Figure 9: The proportion of chains that be-
long to a cluster containing two or more
molecules((), averaged over all statistically in-
dependent frames for each state point, cool-
ing schedule and molecular model investigated.
The black vertical line indicates the disorder-
order transition temperature Tpo = 410 K.

Scattering

For each of the four combinations of flexibility
and cooling schedule, we find simulated diffrac-
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Figure 10: Comparison of a single a) experi-
mental, and b) simulated GIXS scattering pat-
tern of a BDT-TPD morphology. The simu-
lated system contains oligomers described by
rigid bodies, that were annealed to a tempera-
ture of 315 K, and the snapshot was taken from
the sample orientation that most clearly showed
perpendicular features.

tion patterns that closely match experimen-
tal scattering patterns. Below the disorder-
order transition temperature Tpo = 410 K,
GIXS patterns for all four combinations have
the same twofold rotational symmetry with or-
thogonal scattering peaks around 0.30 A=! and
1.77 A='. Figure 10a presents the experimen-
tal X-ray scattering data obtained for BDT-
TPD (synthesis described in SI Section 3 and
Ref 61), in which prominent peaks are observed
at ¢ = 0.30 A" (Pamenar = 20.9 A) and
1.77 A=' (r,_r = 3.5 A). Figure 10b presents
a representative simulated scattering pattern
taken from a 7" = 2.5 (315 K) rigid annealed
simulation. The simulated diffraction peaks are
measured at 0.30 A~! and 1.71 A~', echoing
the length scales observed during our cluster-
ing analysis, and in excellent agreement with
experiment.

We compare the average peak locations at
T = 2.5 (315 K), where all four combinations
of model and cooling schedule demonstrate sig-



nificant clustering. Averaging over all indepen-
dent frames and all scattering orientations at
T 315 K showed that the rigid annealed
system most closely matched the experimental
scattering patterns, with only a 3.34% error in
lamellar spacing, and a 10.57% error in w-7-
spacing. However, the 7-stacking lengths across
all four models lie within 15.71% (0.55 A), and
lamellar spacing within 6.70% (1.4 A) of the ex-
perimental values, suggesting only minor struc-
tural differences between the models. In all four
model and cooling schedule combinations, the
m-stacking length scales (3.87 < r,_, < 4.05 A)
are predicted to be larger than those observed
in experiments (r;_, = 3.5 A), as seen in ta-
ble 2. This corresponds to a 12.41% over-
estimation of the physical w-stacking distance
on average, which would be expected due the
equilibrium distance between OPLS-UA sul-
furs: The minimum of the Lennard-Jones po-
tential is at 2Y/%¢, or 1.12¢, which for sulfur is
3.98 A. The OPLS-UA forcefield was not op-
timized for conjugated systems, and this ob-
servation suggests that new atom types with
smaller diameters to represent conjugated car-
bons and sulfurs may be a small addition to
OPLS-UA that will offer improved structural
predictions for conjugated molecules. The peri-
odicity of the long-ranged lamellar length scales
(around 7iamenar = 20.9 A) is in better exper-
imental agreement, as all four of our models
predict length scales 19.5 < Tamellar < 22.2 A,
within 6.70% of experimental GIXS data. The
OPLS-UA forcefield is well parameterized for
alkyl sidechains, which are expected to mediate
the long length scales in our system, accounting
for the good agreement with experiment.

Table 2: Comparison of the lamellar
(Tamenar) and 7w-stacking (r,_.) structural
features and their deviation from the
experimental values (Texpt, r—r = 3.5 A,
Texpt, lamellar = 20.9 A) at T = 2.5. The
subscript ‘sim’ corresponds to simulated
peak locations.

Long-range (riame Short-range (rr_.
Tsim exp Tsim Tsim — Tex
Model (A) / A) (A)
Flex Anneal | 22.25 + 0.06 +1.35 6.46 3.937 + 0.008 +0.437
Flex Quench | 20.9 + 0.4 +0.0 0.00 4.05 £ 0.03 +0.55
Rigid Anneal | 20.2 + 0.2 -0.7 3.34 3.87 + 0.04 +0.37 .
Rigid Quench | 19.5 + 0.2 —1.4 6.70 3.88 £ 0.04 +0.38 10.86
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Figure 11: The logarithm of the scattering in-
tensity as a function of radially-averaged struc-
ture factors (q,) over each statistically inde-
pendent frame for a representative flexible-
annealed system at simulation temperatures
above and below Tpho = 410K. Only one model
is shown for clarity as all four combinations of
cooling schedules and models demonstrated the
same trend.

Emergence of increased ordering via simu-
lated scattering analysis supports the obser-
vations from our non-bonded potential energy
measurements and clustering data that Tpo =
410K. In Figure 11, we consider the scattering
peak intensities averaged over statistically in-
dependent frames at four temperatures for rep-
resentative rigid-quenched simulations. As the
temperature is lowered, the intensity of the low
¢- ~ 0.3 A1 peak increases and shifts down-
wards, corresponding to longer length scales.
This indicates that there is more and longer-
range structural ordering present in the mor-
phology at lower temperatures, in analogy to
lamellar and liquid crystal formation observed
in neat poly(3-hexylthiophene)-b-poly-(90,90-
dioctylfluorene) (P3HT-b-PF) thin films.%? At
high ¢, ~ 1.6 A~! there is a local peak in-
tensity maximum corresponding to increased 7-
stacking order in the system when cooled be-
low Tpho, but this feature is not observed when
T > Tpo. The presence of the m-stacking
peak at T' < 410 K reinforces that a structural
change is occuring in the system when cooling
from above Tpo to below it.



Conclusions

The OPLS-UA model used in this investiga-
tion captures the phase behavior of BDT-TPD,
with both rigid and flexible models showing a
glass transition temperature around 410 + 32
K, in agreement with the glass transition tem-
perature (411 K) measured in experiments. %
Utilizing rigid bodies to model conjugated sys-
tems in BDT-TPD results in 14% faster simu-
lations that faithfully reproduce the structural
characteristics observed in experiments. Cool-
ing BDT-TPD oligomers below 441 K gives
rise to increasingly ordered stacks of polymer
backbones (“ribbons”), with m-stacking within
the ribbons and the “lamellar” spacing between
the ribbons for both rigid and flexible models,
whether they are annealed or quenched. All
four combinations of model and cooling sched-
ule overpredict the m-stacking length (by 0.37
A t0 0.55 A), which is not surprising consider-
ing the OPLS-UA forcefield is not optimized for
these conjugated backbones. All of the model
and cooling combinations predict the lamellar
spacing within 1.35 A of the experimental value,
with the flexible-quench matching best. Over-
all, the rigid-annealed simulations best match
experiments with the closest prediction of 7-
stacking and only 3.34% error in lamellar spac-
ing, and the rigid-quenched simulations provide
the most structural insight for the least compu-
tation. In short, we find the phase behavior and
morphology of BDT-TPD to be accurately pre-
dicted by GPU-accelerated simulations of short
oligomers in implicit solvent using the OPLS-
UA force-field without explicit long-range elec-
trostatics.

The accurate structural predictions observed
here support the modeling assumptions that
the partial charges of BDT-TPD, the solvent
degrees of freedom, and the flexibility of each
conjugated monomer unit play negligible roles
in determining self-assembled structure. We
interpret these results to indicate that these
modeling assumptions are justified for accel-
erating the prediction of organic photovoltaic
morphologies. This is an important result in the
context of high-throughput simulations needed
to screen thousands of candidate chemicals for
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those most likely to result in high-efficiency or-
ganic photovoltaics because it shows that “off-
the-shelf” force fields that have not been op-
timized for a particular chemistry have high
predictive utility. The computational efficiency
of quenching compared to annealing is signif-
icant, as here a single 12-hour quench gives
as experimentally-relevant results as over 144
hours of annealing. We recommended us-
ing computationally efficient techniques (rigid
bodies, instantaneous quenching) for estimat-
ing phase transitions and identifying candidate
phases, followed by more detailed explorations
where appropriate. As one example relevant to
organic photovoltaics, we show in other work
how back-mapping atomistic detail for calculat-
ing properties such as charge mobility is essen-
tial. 1> Of course, there are certainly moeties for
which charge, flexibility, and solvent assump-
tions made here will break down, so chemical
intuition or first-principles calculations should
be used before blindly applying them.

Using a simplified united atom model to pre-
dict BTD-TPD oligomer structure opens re-
lated questions that extend from this work.
Firstly, to what degree can BDT-TPD and re-
lated organic semiconductors be further coarse-
grained before the increases in sampling effi-
ciency are outweighed by inaccuracies in struc-
tural predictions? Secondly, are there funda-
mental limits to using coarse-graining and back-
mapping as a form of thermodynamic integra-
tion to more rigorously calculate free energy dif-
ferences between materials? Thirdly, how gen-
erally applicable is the rigid-body assumption
for conjugated systems? Answering these ques-
tions and further validating our modeling as-
sumptions by predicting the morphologies of as
yet unsynthesized organic semiconductors is the
focus of future work.
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