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ABSTRACT: Molecular dopants such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,TCNQ) can interact with conjugated
polymers such as poly(3-hexylthiophene-2,5-diyl) (P3HT) in two
different ways: they can undergo integer charge transfer (ICT) or they
can form a partial-charge-transfer complex (CTC). Both are seen
experimentally, but the CTC has been challenging to characterize,
making it difficult to answer questions such as the following. Which
polymorph is more stable? Do they have similar barriers for formation?
Is there a thermodynamic route to convert one to the other? Here, we
study the structure and the thermodynamics of bulk F,TCNQ-doped
P3HT with all-atom molecular dynamics simulations, using thermody-
namic integration to calculate the relative free energies. We find that the
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ICT and CTC polymorphs have similar thermodynamic stabilities. The barrier to create the ICT polymorph, however, is lower than
that to make the CTC polymorph, because the ICT polymorph has a small critical nucleus, but the critical nucleus for the CTC
polymorph is larger than what we can simulate. Moreover, simulated thermal annealing shows that the activation barrier for
converting the CTC polymorph to the ICT polymorph is relatively modest. Overall, the simulations explain both the observed
structures and the thermodynamics of F,TCNQ-doped P3HT and offer guidelines for targeting the production of a desired

polymorph for different applications.
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1. INTRODUCTION

Conjugated organic semiconductors offer great promise as the
active materials for applications in flexible electronics,
including light-emitting diodes, photovoltaics, and thermo-
electric devices.' > For many of these applications, organic
semiconductors need to be doped by adding charge carriers,
i.e., holes or electrons, into the 7-systems of these materials.
This can be accomplished through either electrochemical or
chemical doping. In chemical doping, a strong oxidizing (or
reducing) agent is added to inject holes (or electrons) into the
conjugated 7-system. Most organic semiconductors are p-type
materials; thus, they are doped by adding strong oxidizing
agents to remove electrons from the 7-conjugated backbone.

In general, molecular dopants have two ways to interact with
organic semiconductors. One way is that the dopants and the
organic semiconductors share their molecular orbitals, allowing
for partial charge transfer between them and thus the
formation of charge-transfer complexes (CTCs).*” This is
the preferred mode of interaction in charge-transfer salts,
which are cocrystals of small-molecule organic donors and
acceptors. Alternatively, for materials such as conjugated
polymers, dopant molecules almost always reside in the
lamellar region of the polymer crystallites, among the side
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chains that are much farther from the z-system on the polymer
backbone.**™'° In this situation, the wave functions of the
conjugated polymer 7-system and the dopant do not overlap,
and the result is transfer of a full electron from the conjugated
polymer to the dopant acceptor, or integer charge transfer
(ICT).

In the doped conjugated polymer literature, ICT appears to
dominate following molecular doping, and CTC formation,
involving a polymorph where the dopants z-stack with the
polymer backbone, is relatively rare.'' ~>° The fact that CTCs
do not readily form in doped conjugated polymers is generally
desirable since CTCs are not associated with the production of
mobile charge carriers needed for various device applications.
In fact, one has to go to great lengths to produce significant
amounts of the CTC polymorph in doped semiconducting
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polymer films, using extreme processing conditions such as
heating the solutions during film deposition”® or using specially
designed conjugated polymers with branched side chains that
block dopants from occupying the lamellar region.'”
Recently, we systematically investigated the doping of the
well-studied conjugated polymer poly(3-hexylthiophene-2,5-
diyl) (P3HT; Figure 1f) with the commonly used strong
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Figure 1. Simulation snapshots of (a) undoped P3HT, (b, c) the fully
F,TCNQ-doped ICT polymorph, and (d) the fully F,TCNQ doped
CTC polymorph. Only a small fraction of the P3HT chains in each
snapshot are shown for clarity. For (c) and (d), the P3HT hexyl
chains are not shown. (a) and (b) show the view down the polymer
backbone (unit cell ¢ axis), with the unit cell b axis running vertically.
(c) shows a top view of the polymer backbone (looking down the unit
cell b axis with the ¢ axis running vertically). (d) shows the view
looking down the hexyl chains (unit cell a axis), with the unit cell b
axis running vertically. The atoms and bonds highlighted in red are
part of the polymer backbone, while those represented by yellow
sticks are part of the hexyl side chains. The F,TCNQ molecules in (c)
and (d) are highlighted in green; the F,TCNQ dopants are not shown
in (b) for clarity. (e) and (f) show the chemical structures of
F,TCNQ and P3HT, respectively.

oxidizing agent 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F,TCNQ, Figure le).”” We showed that CTCs
and ICT are both always present in doped semiconducting
polymer films and that the relative amount of CTCs formed
upon doping can be controlled by the dopant infiltration
conditions. If the P3HT film is cast first, we found that the use
of chloroform as a solvent to infiltrate the dopant leads to one
order of magnitude more CTC formation in comparison to the
use of dichloromethane (DCM). This is because chloroform
partially dissolves the underlying polymer film and allows for
recrystallization into the CTC z-stacked polymorph, whereas
DCM only swells the polymer and does not dissolve it, leaving
the original polymer crystallites largely intact.”” We also
demonstrated that introducing the F,TCNQ dopant from the
vapor phase creates fewer CTCs in comparison to infiltrating
the dopants from solution and that doping P3HT films that
start with higher crystallinity from either the vapor or solution
phases results in less CTC formation. Finally, we also argued
that ICT is thermodynamically favored, because annealing
doped P3HT films with a large fraction of CTCs at only 80 °C

for 5 min was enough to convert most of the CTC polymorph
to the ICT polymorph.”’

For all of this experimental work, however, there are still
many questions left unanswered concerning the formation
kinetics and relative thermodynamic stabilities of the CTC and
ICT polymorphs in doped conjugated polymer films. These
questions include the following. What is the free energy cost
for producing the ICT polymorph with the dopant in the
polymer lamellae versus creating the CTC polymorph with the
polymer and dopant in a z-stacked arrangement? Does the free
energy for producing a doped polymorph depend on the
number of dopants in the system (i.e.,, are there nucleation
effects for producing either the ICT or CTC polymorphs)?
What is the barrier for converting the CTC phase to the more
desirable ICT phase and vice versa? In this paper, we use all-
atom molecular dynamics (MD) simulations to provide
qualitative thermodynamic answers to these questions by
studying the structures of pristine P3HT and the CTC and
ICT polymorphs of P3HT doped with F,TCNQ, the
thermodynamics of the doping process, and the kinetics of
interconverting between the different doped polymorphs. Our
simulation cell consists of 6 stacks of 12 P3HT chains (for a
total of 72 chains) that each have 24 thiophene monomer units
(1728 monomers in total), along with various numbers of
F,TCNQ molecules in different doping geometries, which with
periodic boundary conditions in all three directions provides a
reasonable approximation to the bulk material. We note that,
although there have been many computational studies
examining the doping of conjugated polymers, most either
looked only at single oligomers and dopant molecules in the
gas phase”™ " or examined the structure and mechanical
properties of the pure P3HT polymer without including
dopant molecules.”>™** As far as we know, this represents the
first work using simulation methods to study the bulk structure
with dopant molecules and the thermodynamics of the doping
process for semiconducting polymers.

It is worth noting that, by using classical MD simulations, we
are implicitly making assumptions that integrate out quantum
mechanical degrees of freedom that might be important in
determining the thermodynamics of the conjugated polymer
doping process. We chose classical MD because understanding
thermodynamics requires the simulation of systems that are
large enough such that any quantum mechanical treatment,
even with methods such as density functional theory (DFT),
are far out of computational reach. As we will show below,
however, our classical simulations are able to reproduce
experimental X-ray-determined structure factors for undoped
P3HT and both the CTC- and ICT-doped polymorphs. The
simulations also successfully predict the conversion of the
CTC polymorph to the ICT polymorph upon modest thermal
annealing that is observed experimentally.”” To ensure that the
conclusions we draw are robust, we also performed simulations
with several different force fields and found that the
thermodynamics did not qualitatively change. This suggests
that, despite being classical approximations to a quantum
mechanical system, our simulations are useful for obtaining
thermodynamic insights and can provide guidelines for
designing materials to favor one or the other polymorph for
different applications.

The rest of this paper is organized as follows. In Section 2.1,
we introduce one of the force fields that we used to calculate
the structure of undoped P3HT films, providing a direct means
to validate our simulations against experimental X-ray
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diffraction experiments. We find that the simulated structure is
in excellent qualitative agreement with experimental diffraction
patterns. We then insert different numbers of F,TCNQ
dopants into the system in different locations to simulate the
CTC- and ICT-doped polymorphs and then use the simulation
results to examine the changes in structure upon doping. In
Section 2.2, we use thermodynamic integration to calculate the
free energy, enthalpy, and entropy associated with the different
polymorphs of F,TCNQ-doped P3HT. The results indicate
that the free energy barrier to create the ICT polymorph is
lower than that to create the CTC polymorph. This is because
creation of the ICT polymorph shows a critical nucleus size of
only 2—3 dopant molecules, after which there is effectively no
penalty for expanding the ICT phase. In contrast, we were
unable to observe nucleation effects for creating the CTC
phase, suggesting either a very large critical nucleus for CTC
phase formation or possibly a complete lack of nucleation
effects for this phase. We also see that the ICT and CTC
polymorphs have similar overall thermodynamic stabilities at
room temperature, but the fact that they have different doping
entropies means that their relative stabilities are highly
sensitive to temperature. In Section 2.3, we simulate thermal
annealing of F,TCNQ-doped P3HT in the CTC polymorph
and find that the barrier for converting the CTC to the ICT
polymorph is only ~140 meV, in qualitative agreement with
the experimental observation that modest heating can convert
the CTC polymorph to the ICT polymorph. We summarize
the results in Section 3, and our simulation methodology is
described in Section 4. The force field parameters and the
results from several other force fields to show that our
conclusions are qualitatively robust are detailed in the
Supporting Information. Overall, our MD simulations are
able to paint a qualitatively accurate picture of the doping
process in conjugated polymer films. The results explain why
CTCs are always present in doped polymer films even though
the ICT state is kinetically preferred and offer guidelines for
enhancing or avoiding a particular polymorph for the desired
applications.

2. RESULTS AND DISCUSSION

2.1. Methodology for Simulating the Doping of Bulk
P3HT Films with F,TCNQ. We begin our exploration of the
simulated properties of doped and undoped P3HT films by
introducing one of the force fields used in this study, which is a
derivative of the OPLS-AA force field.”” This force field was
developed by Wildman et al,>® who performed a dihedral
angle scan along the P3HT backbone using CAM-B3LYP/6-
31G* to optimize the molecular geometry and CAM-B3LYP/
cc-pVTZ to calculate single-point energies. These workers then
modified the OPLS-AA force field parameters so that the
potential energy along the dihedral angles of the polymer
backbone matched the DFT results; the other OPLS-AA
parameters were left unchanged. These workers showed that
the force field reproduced experimental measurements of
P3HT persistent lengths,”® and this force field also has been
used in another computational study of P3HT.’' In the
Supporting Information, we present a comparison of the
results using this force field to those using two other force
fields. All three force fields produce the same qualitative
results, which suggest that the conclusions we draw from our
simulations are qualitatively robust.

2.1.1. Simulating Bulk Undoped P3HT. Before examining
the thermodynamics and structure of P3HT doped with
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F,TCNQ, we first compare the simulated undoped structures
with those of experimental X-ray and electron diffraction
studies. As was mentioned above, our simulation box consists
of 6 stacks of 12 P3HT chains (for a total of 72 chains) that
each have 24 thiophene monomer units (1728 monomer units
in total); with periodic boundary conditions along all three
axes, this provides a reasonable approximation of the bulk
material. The initial structures were generated using the
Avogadro program’s universal force field, a simple molecular
mechanics force field.>* For the initial structure, we did not
take special care in stacking the P3HT chains and instead only
ensured through the use of Avogadro that the bond lengths
and angles were reasonably close to their optimal values. Then,
using GROMACS, ™ ° we annealed the systems at 600 K and
then at 500 and 400 K for 1 ns each, after which the systems
were equilibrated at room temperature (300 K) for an
additional 10 ns in the isobaric—isothermal ensemble
(NPT), with the pressure chosen to achieve the experimental
bulk density of 1.1 g/ cm®. Details of the simulations and force
field parameters can be found in Section 4 and in the
Supporting Information. During the 10 ns equilibration, the
P3HT chains formed their bulk crystal structure sponta-
neously.

Figure 2a shows a comparison of the experimental and
simulated structure factors, S(q), for P3HT. Details of the
experimental methods can be found in the Supporting
Information. S(q) is calculated using the built-in function of
GROMACS, which uses a fast Fourier transform. As with most
semicrystalline polymers, there are three principal features seen
in the structure factors. The first is the (100) peak or a axis
repeat distance, near 0.35 A" (plus several overtones), which
corresponds to the lamellar spacing between the P3HT
backbones. The second peak is the (020) or b axis repeat
distance, near 1.65 A™', which corresponds to the (tilted)
P3HT 7-stack distance. The third feature is the (001) peak or ¢
axis repeat distance, near 1.2 A~!, which corresponds to the
distance between the thiophene rings along the polymer
backbone. The (001) peak has a low intensity and appears near
the (300) peak; thus, it is not distinct.

Figure 2a shows that the force field developed by Wildman
et al,*® which was optimized specifically for P3HT, reproduces
the correct experimental (020) distance. By looking directly
down the polymer backbone (Figure 1a), we see that the
simulation produces a P3HT crystal structure where the
polymer m-stacking direction is orthogonal to the chain axis.
Electron diffraction experiments have shown that the P3HT
backbone is tilted by 26° with respect to the unit cell b axis,
which is oriented vertically in Figure la, indicating that, even
though the force field is reproducing the correct 7z-stacking
distance, it is not capturing this aspect of the polymer
structure.”’ For comparison, we also performed limited
simulations using the unmodified OPLS-AA force field (orange
curve in Figure 2a), which predicts an (020) z-stacking
distance that is larger (S(q) peak at smaller g) than that of the
Wildman et al. force field. The ~1.45 A™' (020) peak position
predicted by OPLS-AA is more in accord with the disordered
m-stacking seen experimentally in regiorandom P3HT and
amorphous regioregular P3HT,”™” which suggests that the
lack of optimization of the dihedral potentials produces a less-
ordered, more-amorphous overall structure. Figure 2a also
shows that the Wildman et al.”> and OPLS-AA force fields
both predict a (100) lamellar peak position that is in
reasonable agreement with experiment.
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Figure 2. (a) Structure factors, S(q), of undoped P3HT from
experiments (blue) and from simulations with two different force
fields: orange, OPLS-AA; yellow, Wildman et al.>° (b) Experimental
structure factors of undoped (blue) and doped (blue dashed line)
P3HT and the calculated structure factors of undoped P3HT
(yellow), fully F,TCNQ doped P3HT with the F,TCNQ_ dopants
in the crystallite lamellae (yellow dashed line; ICT polymorph) and in
the polymer 7-stacks (green; CTC polymorph). All structure factors
are normalized to the height of the (100) peak. For both panels, the
horizontal axis scale changes at 0.5 A™', as indicated by the vertical
dashed line. To the right of the scale break, the y axis is expanded to
better show the (h00) overtones and the (020) peak. For the
experimental doped structure factors, the P3HT films were cast from
o-dichlorobenzene and then sequentially doped with a 6 mg/mL
solution of F,TCNQ in n-butylacetate (see the Supporting
Information). Results for other force fields, which are qualitiatively
similar, are shown in the Supporting Information.

In the Supporting Information, we also simulate the P3HT
structure with two additional force fields, both of which have
stiffer torsional potentials in comparison to the Wildman et al.
force field.’® We find that both of these alternate force fields
also produce similar structure factors and that one of them
even partially captures the tilt of the thiophene backbone
relative to the unit cell. The fact that multiple force fields yield
similar results indicates that the P3HT unit cell structure is
primarily determined by how the molecule fills space and that
finer details of the interactions are of lesser importance, which
is what allows us to use classical MD to draw structural and
thermodynamic conclusions about this inherently quantum
mechanical system.

2.1.2. Simulating Bulk P3HT with a Single F,TNCQ
Dopant. With force fields that are able to reproduce structural
features that are in generally good agreement with experiment,

we now turn to simulations of doping the polymers. There are
two primary ways to insert a single F,TCNQ molecule into a
simulation of crystalline P3HT: the dopant can be inserted
into the lamellar region of a P3HT crystallite to form the ICT
state, or it can be placed into one of the P3HT 7z-stacks to form
a CTC. To simulate a single ICT, we inserted an F,TCNQ
molecule into one of the lamellar regions of the simulated pure
P3HT crystallites with the long axis of the dopant molecule
being oriented parallel to the a axis of the P3HT unit cell. This
orientation was chosen as the best match to what was
determined experimentally for the ICT polymorph by
Brinkmann and co-workers. **’

In our simulations, the F,TCNQ molecule carries a full
negative charge at its molecular center. We elected to split the
counterbalancing positive charge on the two neighboring
P3HT chains across the lamellae. We made this choice because
we found that if the polaron’s positive charge were placed on a
single chain, the F,TCNQ molecule would push the polymer’s
hexyl side chains aside to be as close as possible to the charged
polymer backbone. Experimentally, however, there is strong
evidence that the dopant anion resides in the center of the
lamellae, about 7—8 A from the P3HT chains on either
side,* and we found that splitting the positive charge
between chains produced exactly this result. We distributed the
positive 0.5e charge on each neighboring polymer chain in a
Gaussian manner with a full width (26) of six monomer units,
with the charge on each monomer unit distributed equally
among the heavy atoms of each thiophene ring. We note that
our laboratory recently measured the intrachain coherence
length of polarons in doped crystalline P3HT using the
vibrational Stark effect,’’ and we chose the size of the polaron
in our calculations to match what we experimentally measured.

To simulate a single CTC, after preparing the simulation cell
with pure crystalline P3HT, we inserted a single F,TCNQ
molecule between two of the P3HT #-stacked thiophene rings,
a geometry that should be consistent with X-ray diffraction
experiments that have studied the F,TCNQ:P3HT CTC
polymorph.”**” DET calculations, which are described in more
detail in the Supporting Information, suggest that a
P3HT:F,TCNQ CTC undergoes transfer of 0.59 of an
electron between the two molecular species. Thus, to simulate
a single CTC, we distributed a positive 0.59 charge across the
thiophene rings centered on one of the P3HT chains that 7-
stacks with the dopant. The positive charge distribution was
spread in a Gaussian fashion with a 2¢ value of four monomer
units in the same manner as for the ICT polymorph described
above. Unlike the ICT polymorph, we placed the positive
P3HT charges for the CTC polymorph on only a single chain.
This is because we found that putting the positive charges on
two neighboring P3HT z-stacked chains caused the two chains
to repel each other and weakened the 7-stack. For the —0.59-
charged F,TCNQ counterion in the CTC, we used the
Mulliken charges from the DFT calculations (see Table S6 in
the Supporting Information).

It is worth noting that our simulations do not explicitly
include the “benzoid-to-quinoid” conformational change along
the P3HT backbone that takes place upon doping and polaron
formation, which should affect the stiffness of the backbone
dihedral angles relative to the neutral polymer. This is why one
of the additional force fields we tested in the Supporting
Information has a much stiffer P3HT backbone. We found,
however, that the stiffer backbone produces essentially the
same structure factor as the Wildman et al. force field discussed
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here.*® This again suggests that the way the molecules fill space
in the different polymorphs is more important than the details
of their quantum mechanical interactions, giving us confidence
in the conclusions we draw below.

2.1.3. Simulating Bulk P3HT with a Few F,TNCQ Dopants.
To study nucleation effects in transforming the pure P3HT
system into one of its doped polymorphs, we also prepared
simulations with more than a single dopant. For the ICT
polymorph, we manually inserted two, three, or four F,TCNQ
molecules into the same lamellar stack of a P3HT crystallite
with the long axis of the dopant molecule oriented parallel to
the a axis of the P3HT unit cell. We chose different positions
of the F,TCNQ molecules relative to the thiophene rings,
which are shown in Figure 3a—c. We label the four different
relative dopant positions as “along-chain”, “perp”, “triangle”,
and “triangle (tight)”. For both the “along-chain” and “perp”
simulations, we placed the F,TCNQ molecules in a straight
line. Our “along-chain” simulations had the F,TCNQ

P3HT (hexyl chains,
which point in-and-

(020) out of the page, are
not shown)

(001) — f1CNQ
(100) along-chain

moocrooooc&&

90 0C 30000000
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(b9 SSSSL

2ICT

30

3ICT

sessesasbece

\triangle

41CT.

ICT

Fully-doped Fully-doped

Figure 3. Relative positions of F,TCNQ molecules chosen for (a) “2
ICT”, (b) “3 ICT”, (c) “4 ICT”, (d) “fully doped ICT”, and (e) “fully
doped CTC”. The cartoon shows the view down the P3HT unit cell a
axis with the unit cell b axis running vertically. The black circles
represent thiophene rings, and the yellow circles represent F,TCNQ
molecules. The hexyl chains (not shown for clarity) point in and out
of the page. The F,TCNQ molecules connected by the red line
represent the “along-chain” orientation. The F,TCNQ molecules
connected by the purple line represent the “perp” orientation. The
F,TCNQ_ molecules connected by the blue lines represent the
“triangle” orientation. The F,TCNQ molecules connected by the
green lines represent the “triangle (tight)” orientation. The polaronic
charges on P3HT are not shown for simplicity. The “along-chain” and
“perp” orientations are not shown for “3 ICT” and “4 ICT”.

molecules inserted into the same lamellar stack but spaced
six thiophene units apart along the P3HT backbone (red line
in Figure 3a). For our “perp” simulations, we placed the line of
inserted F,TCNQ molecules perpendicular to the polymer
backbone, i.e. parallel to the b axis of the P3HT unit cell, and
we placed the F,TCNQ molecules one P3HT chain apart
(purple line in Figure 3a).

For the “triangle” and “triangle (tight)” simulations, we
placed the F,TCNQ molecules either along neighboring P3HT
chains (“triangle (tight)”) or spaced one P3HT chain apart
(“triangle”). As an example of the different triangle geometries,
for “3 ICT”, we placed two F,TCNQ molecules in the lamellar
region along the same P3HT chain (chain 1) and one
F,TCNQ molecule in the same lamellar region but aligned
along a different chain (chain 2). For “triangle (tight)”, chains
1 and 2 are neighboring chains (green lines in Figure 3b); for
“triangle”, chains 1 and 2 have a P3HT chain in between (blue
lines in Figure 3b). As with the single ICT simulations, the
polarons (not shown in Figure 3) are split on the two
neighboring P3HT chains across the lamellae, and the positive
charges are distributed on each chain in a Gaussian manner
with a 20 value of six monomer units. When multiple polarons
overlapped on the same P3HT chain, the total polaronic
charge on each unit was added.

For the CTC-doped polymorph, we prepared a simulated
system with two F,TCNQ molecules inserted into the same
P3HT 7-stack. The two F,TCNQ molecules in the CTC
polymorph were initially placed six monomer units apart
(Figure 4a), but as the system equilibrated, we saw that the
two F,TCNQ molecules diffused toward each other until they
became adjacent (Figure 4b). When the two F,TCNQ
molecules are six monomers apart, the thiophene rings on
the adjacent P3HT chains between the two dopants cannot
make a good z-stack, so that the z-stacked space between the
two F,TCNQ molecules has a lower density. This creates a net
force that drags the two F,TCNQ molecules toward each other
until they are adjacent and better fill the z-stacked space.
However, as we will show in Section 2.2.2, the free energy
costs for inserting either one F,TCNQ molecule or two
F,TCNQ molecules into the CTC geometry are similar,
indicating that the critical nucleation size for creating the CTC
polymorph is quite large. For this reason, we did not prepare
systems with three or four F,TCNQ molecules in the CTC
polymorph.

2.1.4. Simulating the Fully F,TCNQ Doped P3HT ICT and
CTC Bulk Polymorphs. To simulate a fully doped
F,TCNQ:P3HT ICT polymorph, 288 negatively charged
F,TCNQ_molecules were inserted into the lamellae of the
simulated P3HT crystallites such that the dopant:monomer
ratio was 1:6, which corresponds to a carrier density of 5.5 X
10* cm™3, similar to the experimentally measured carrier
density at high doping levels: i.e., the doping level for the
experimental structure factors in Figure 2.°° For the
corresponding positive charges, we placed 4 polarons on
each of the 72 P3HT chains. The centers of the polarons were
placed 6 monomer units apart, and on neighboring chains, the
centers of the polarons were staggered by 3 monomer units, so
that the polaron centers aligned with the dopant molecules as
shown in Figure 3d. The 20 value of the Gaussian polaronic
charge distribution remained at 6 monomers, and where the
polaronic charges on the same chain overlapped, the total
charge on each thiophene unit was added. We did not consider
the formation of bipolarons in our simulations, because
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Two F,TCNQs in the CTC polymorph

(a) Initial structure

Figure 4. Snapshots of (a) the initial structure and (b) the structure
after 10 ns equilibration of P3HT with two F,TCNQ molecules
inserted in the P3HT crystallite z-stacks (i.e., CTC polymorph) using
the force field by Wildman et al>® Only a small fraction of the
simulated cell is shown for clarity. The snapshots show the view
looking down the hexyl chains (unit cell a axis, hexyl chains not
shown), with the unit cell b axis running vertically. The atoms and
bonds highlighted in red are part of the polymer backbone, and the
F,TCNQ molecules are highlighted in green. There is a free energy
penalty to leave empty space in the polymer z-stacks between the
dopant molecules, leading to a net force that drives the dopants to be
adjacent in the 7z-stacked CTC polymorph.

bipolarons have never been experimentally observed when
P3HT is doped with F,TCNQ.

To simulate the case of the fully doped CTC polymorph, we
inserted 144 F,TCNQ molecules with a net charge of —0.59
(as with the single CTC case) into the simulated crystalline
P3HT 7-stacks: i.e., the dopant was incorporated at only a 1:12
dopant:monomer ratio rather than 1:6. We made this choice
because, when we attempted to insert additional F,TCNQ
molecules, the doped P3HT no longer remained crystalline
and did not show a well-defined polymorph, in contrast to the
clear c?rstal to crystal transformation observed in experi-
ments.”” The positive countercharges for this case were treated
in a manner similar to that for the fully doped ICT case, i.e.,
the delocalized polarons with +0.59e charge were placed 12
units apart and the delocalized polarons on neighboring chains
were shifted by 6 units, to align with the dopant positions as
depicted in Figure 3e.

2.1.5. Equilibration of the Different F,TCNQ-Doped P3HT
Systems. To ensure equilibration, all doped systems were
annealed first at 400 K and then at 350 K for 1 ns each, after
which they were equilibrated at room temperature for an
additional 10 ns in the isobaric—isothermal ensemble (NPT).
For all simulations except the fully doped CTC, we found that
the polymorph crystal structure formed spontaneously during
the final 10 ns equilibration step. For the fully doped CTC

26993

case, keeping a well-defined polymorph required a more
complex equilibration process. This is because when we
annealed the fully doped CTC system at higher temperatures
starting from our manually generated initial configuration,
many of the F,TCNQ molecules moved from being 7-stacked
with the P3HT backbone to residing in the lamellae; in other
words, we saw that heating caused the CTC polymorph to be
converted into the ICT polymorph, as described in more detail
in Section 2.3. We found that we could prevent the destruction
of the CTC polymorph from happening if we equilibrated each
of the six P3HT chain stacks separately, with the other stacks
held fixed. Once each P3HT chain stack had been separately
equilibrated, we then equilibrated the entire system at 300 K
for an additional 10 ns. With this procedure, all but a few of the
F,TCNQ molecules remained z-stacked in the CTC
polymorph.

2.1.6. Structure of Fully F,TCNQ Doped P3HT Films.
Having equilibrated the doped systems, we now examine the
structures of the different polymorphs. As mentioned earlier,
the Wildman et al. force field®® does not do a good job of
reproducing the unit cell tilt that takes place upon doping, but
other force fields can capture this aspect (see Figure S2 in the
Supporting Information). Figure Ilc,d shows simulation
snapshots of the fully doped ICT and CTC polymorphs for
the P3HT chains, with the hexyl side chains not being shown
for clarity. These panels show clearly that the F,TCNQ
molecules remain oriented with their long axes perpendicular
to the P3HT backbone, essentially in the same orientation
where we initially inserted them. This is consistent with
experimental evidence studying rub-aligned films of F,TCNQ-
doped P3HT, which showed that the transition dipole for
absorption of F,TCNQ is entirely orthogonal to that of
P3HT,” further indicating that the equilibrated doped
structure simulation is in good agreement with experiment.

Experimentally, it is known that when P3HT is doped with
F,TCNQ in the ICT polymorph, the (100) peak shifts to a
lower g value, while the (020) peak shifts to a higher g value.®®
This is because as F,TCNQ_molecules are inserted into the
P3HT crystalline lamellae, the crystallites expand in the
lamellar direction to accommodate the dopants, as visualized in
Figure lc. In fact, since P3HT chains lie edge-on to the
substrate, the introduction of F,TCNQ into P3HT films leads
to an increase in film thickness of ~15%,°* about the size of the
observed (100) lattice expansion. The decreased (020) spacing
results from the change in the tilt of the P3HT unit cell b axis
upon doping.

Figure 2b compares the simulated and experimental
structure factors of undoped P3HT with the fully F,TCNQ
doped polymer in the ICT polymorph. The Wildman et al.
force field>® correctly reproduces the experimentally observed
increase of the P3HT lamellar distance upon doping. In
contrast, the force field does not correctly reproduce the
experimental shift of the (020) peak to a higher g value,
because it does not properly describe the tilt of the unit cell
prior to ICT doping.

As far as we are aware, there are no experimental results
available that describe the orientation or precise positions of
the F,TCNQ molecules in the CTC polymorph. Our
simulations suggest that, as with the ICT polymorph, the
long axis of the F,TCNQ molecule prefers to orient
perpendicularly to the P3HT backbone for the CTC
polymorph (Figure 1d). Figure 1d also shows that in the
fully doped CTC polymorph, the F,TCNQ molecules tend to
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pair together, at least between different P3HT m-stacks.
However, Figure 1d also suggests that there is less long-
range order with the CTC polymorph than with the ICT
polymorph, consistent with the fact that the CTC polymorph
is harder to observe experimentally via X-ray diffraction.

For the structure factor of the fully doped CTC polymorph,
shown in Figure 2b, with F,TCNQ molecules located primarily
in the P3HT s-stacks rather than in the lamellae, the
calculations show a smaller shift of the (100) peak to a
lower g value upon doping and essentially no shift of the (020)
peak relative to the undoped material. Experimentally, we
found in previous work that the CTC polymorph is
characterized by a small shift to a higher g value of the ICT-
phase lamellar (100) peak, though the CTC (100) peak is
broad and overlaps the ICT peak, making a determination of
precise peak positions difficult.”” We also experimentally
observed a shift of the z-stack (020) peak toward a higher g
value as more CTCs were formed.”” Thus, our simulations are
in good qualitative but not quantitative agreement with
experiment. The differences likely stem from the fact that
the CTC state has more interdigitated side chains than either
the neutral or the ICT states, but the Wildman et al. force
field*” does not produce significant interdigitation of the hexyl
side chains in the CTC polymorph.

Overall, although the Wildman et al. force field>® does not
perfectly reproduce all of the experimentally observed details, it
adequately describes the doped and undoped P3HT crystal
structures. It appears to be better at capturing changes that
occur in the P3HT lamellae in comparison to the tilting of the
unit cell for the ICT polymorph. It accurately produces the
experimental z-stack distance for the undoped polymer and
gives good qualitative agreement for the structures of the fully
doped polymer in both the ICT and CTC polymorphs.

2.2. Thermodynamics of Doping P3HT with F,TCNQ
in Different Polymorphs. With the nature of the force field
and the simulation procedures for doping established, we now
turn to using MD simulation to examine the thermodynamics
of conjugated polymer doping. Our approach is to calculate the
free energy cost of inserting F,TCNQ molecules into P3HT
crystallites using thermodynamic integration (TL), specifically
the Bennett acceptance ratio method.””*> We only briefly
discuss TI here, and details on how the calculations were
carried out are given in the Supporting Information.
Thermodynamic integration determines the free energy
difference between two states by defining a thermodynamic
path over a coordinate A that connects the two states and then
integrating the ensemble-averaged free energy change along
that path. In our case, the two states are undoped P3HT and
one of the F,TCNQ-doped P3HT polymorphs, and the
thermodynamic path is defined as first turning on the
Lennard—Jones (LJ) interactions between the F,TCNQ
molecules and the P3HT chains (i.e, both the Lennard—
Jones ¢ and € parameters, referred to as /1LJ) and then turning
on the Coulomb interactions between them, labeled Acgyiomb-
Thus, our (/ICoulomb)/lL_]) TI coordinate starting point at (0,0)
has no F,TCNQ and the P3HT chains are undoped and
electrically neutral. As 4;; is slowly increased over six to eight
steps, the (0,1) state point corresponds to insertion of
uncharged F,TCNQ_into the neutral P3HT Ilattice. Finally,
as Acoulomp 18 slowly increased over six steps, the (1,1) state
point corresponds to having negatively charged F,TCNQ and
a delocalized polaron on the neighboring P3HT chains. At
each intermediate point along the path, the system is

equilibrated for 500 ps, and then an additional 500 ps
trajectory is used to calculate the change in Gibbs free energy,
AG. The change in enthalpy AH is then calculated with the
built-in function of GROMACS using the positions of the
atoms. Finally, the change in entropy AS is calculated using the
definition of Gibbs free energy, AG = AH — TAS, with T =
300 K.

We choose this particular path treating the L] and Coulomb
interactions separately for two reasons. First, turning both
interactions on simultaneously allowed the charges to become
too close together at small values of the TI coordinate since
there was insufficient repulsion between atoms to keep them
apart; thus, the energy of the system could diverge. Second,
examining the L] and Coulomb terms separately also allows us
to better understand the interplay of the two competing types
of forces in the doping process. Turning on the L] interactions
describes the process of opening a hole in the P3HT crystal
lattice to insert an F,TCNQ molecule. This process is
generally free energetically uphill, and we believe that this
provides a reasonable approximation to the barrier for doping,
Turning on the Coulomb interactions, on the other hand, is
essentially the redox process that occurs upon doping, which
stabilizes the system by generating an electron—hole pair or
CTC. It is worth noting that all of the thermodynamic
quantities we calculate are state functions that are path
independent; thus, our conclusions do not depend on whether
or not any particular part of our chosen path shows a barrier.

We note that our classical thermodynamic integration
calculations do not include the quantum mechanical electro-
static energy change associated with charge transfer: i.e., the
difference between the ionization energy of P3HT and the
electron affinity of F,TCNQ. The literature values for the
HOMO of P3HT and the LUMO of F,TCNQ are —5.0 and
—5.24 eV, respectively, vs vacuum,("‘_66 which gives chemical
energy stabilizations of 240 and 142 meV (scaled by the 0.59%
charge) per dopant for the ICT polymorph and the CTC
polymorph, respectively. To account for this, we added this
stabilization term, weighted by Ac,yompy to our calculations of
AHc,yomp in performing the thermodynamic integration.

Figure S shows the free-energy profile along our defined
thermodynamic path, and Table 1 shows the calculated
changes in free energy, enthalpy, and entropy for inserting
F,TCNQ into P3HT. Figure S and Table 1 explore three
different systems: a single F,TCNQ molecule inserted into the
P3HT crystalline lamellae (blue squares, single ICT), a single
F,TCNQ molecule inserted between two z-stacked P3HT
chains (orange circles, single CTC), and 288 F,TCNQ
molecules inserted into the lamellar region of the P3HT
crystallites (yellow diamonds, fully doped ICT). The total free
energies in Table 1 and Figure S include the enthalpic term
due to the chemical energy difference of the P3HT valence
band and the F,TCNQ LUMO, described above, to better
represent the total chemical driving force.

2.2.1. Thermodynamics of Inserting a Single F,TCNQ
Dopant into P3HT. We begin our exploration of the
thermodynamics of conjugated polymer doping by studying
what happens upon insertion of a single F,TCNQ molecule
either into the P3HT crystalline lamellae (single ICT) or
between two z-stacked P3HT chains (single CTC). For the
doping process, we see that when the dopant L] interactions
with the polymer are turned on, AH;j;, AS;), and AGy; are all
more positive for insertion of a single F,TCNQ into the CTC
polymorph than for the ICT polymorph. The more positive
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Figure S. Free energy profile per dopant for insertion of F,TCNQ
into a P3HT crystallite along the thermodynamic integration path.
The x axis is the thermodynamic integration coordinate, (Acouombsry)-
From (0,0) to (0,1), the LJ interactions are slowly turned on, and
from (0,1) to (1,1), Coulomb interactions are slowly turned on.
“single ICT” and “single CTC” show the profiles for inserting a single
F,TCNQ molecule into different locations (lamellae; 7-stack) in the
undoped P3HT crystallite, while “fully doped ICT” shows the profile
for inserting 288 F,TCNQ molecules into the P3HT crystalline
lamellae (which we consider to be the “fully doped” state). The free
energy profile for fully doped CTC is not shown, because no
nucleation effect was observed for creating the CTC phase, as
discussed in the text. The chemical energy change, multiplied by
ACoulombs 18 added to AG.

AHyy for CTC insertion reflects the larger enthalpic cost of
creating space in the P3HT #-stacks in comparison to creating
space in the P3HT lamellae. Creating space in the m-stacks
involves bending the polymer backbone and significantly
reorganizing the P3HT crystalline unit cell, whereas creating
space in the P3HT lamellae only involves a modest
rearrangement of the P3HT hexyl side chains and a tilting of
the P3HT backbone.

Since AGyy approximately represents the barrier for doping,
Figure S and Table 1 also suggest that the barrier for initially
forming the CTC polymorph is higher than the barrier for
inserting an F,TCNQ molecule into the ICT polymorph.
Thus, our simulations indicate that doping via ICT is more
kinetically favored, which fits well with experiments which
show that it is difficult to form the CTC polymorph.'>***
However, even though the ICT polymorph is the more
kinetically favored state, the total change in free energy, AG,y,

is more negative for insertion of an F,TCNQ_ into the CTC
polymorph in comparison to the ICT polymorph. This
indicates that, for insertion of a single dopant into undoped
P3HT, the CTC polymorph is actually more thermodynami-
cally favored, explaining why CTCs are always observed
experimentally in doped P3HT films even if they are kinetically
difficult to form.””

To verify that the thermodynamic quantities shown in Table
1 truly are path-independent, we also used TI to calculate the
change in free energy for moving a F,TCNQ dopant from the
CTC configuration, 7-stacked with the P3HT backbone, to the
ICT configuration, among the P3HT side chains. The
F,TCNQ dopant in the initial CTC configuration and the
F,TCNQ dopant in the final ICT configuration are placed one
P3HT stack apart (see Figure S7 in the Supporting
Information). We connected the two states by simultaneously
turning off the LJ and the Coulomb interactions for the
F,TCNQ dopant in the CTC configuration and turning on L]
and the Coulomb interactions for the F,TCNQ dopant in the
ICT configuration over 11 steps, as shown in Table S2 and
Figure S8 in the Supporting Information. The TI-computed
change in the free energy for converting a CTC dopant into an
ICT dopant is indeed equal within error to the difference
between the cost of inserting a dopant into the backbone and
the cost of inserting a dopant into the lamellae. Thus, no
matter how one traverses a thermodynamic cycle, the change
in the free energy, which is a state function, depends only on
the initial and the final structures and not the path.

The large barrier for dopant insertion suggests that the CTC
phase forms more easily in amorphous regions of P3HT films,
where there is less energetic cost to reordering the polymer 7-
stacks. This is also consistent with the experimental
observation that the crystalline CTC polymorph only tends
to form when the dopant is present in a solvent that can
dissolve and thus completely restructure the P3HT crystal-
lites’>*” or when the P3HT side chains are engineered to block
the dopants from being able to reside in the P3HT lamellae.'”

2.2.2. Nucleating the Different F,TCNQ-Doped P3HT
Polymorphs. Having examined the thermodynamics for
insertion of a single F,TCNQ_dopant into crystalline P3HT,
we show in Figure 6 how AGcoyomy AGry, and AGy, per
dopant change as the number of adjacently inserted F,TCNQ
molecules increases. The different geometries we chose for
inserting neighboring F,TCNQ molecules, shown in Figure 3

Table 1. AH, AS, and AG Values per Dopant for Insertion of F,TCNQ into Different Locations in P3HT

single ICT fully doped ICT single ICT
LJ 0.610 + 0.48 0.382 + 0.003 2.90 + 0.46
AH (eV) Coulomb® —0.855 + 0.45 —1.27 + 0.002 —428 + 045
total” —0.245 £ 045 —0.888 + 0.003 —1.38 + 0.46
1J 0.900 + 1.6 1.12 + 0.32 720 £ 1.5
AS (meV K1) Coulomb 0.079 + 1.5 —0.352 + 0.21 -8.36 + 1.5
total 0.980 + 1.5 0.764 + 0.38 —-1.16 + 1.5
19 0.340 + 0.044 0.047 + 0.096 0.739 + 0.002
AG (eV) Coulomb® —0.878 + 0.001 —1.16 + 0.062 —1.78 + 0.049
total” —0.538 + 0.044 —-1.12 + 0.11 —1.04 + 0.049

“AHcqyiomp and thus AH, o, AGegyiomty and AGygy, include an extra term due to chemical energy stabilization. The literature values for the HOMO
of P3HT and the LUMO of F,TCNQ are —5.0 and —5.24 €V, respectively, vs vacuum,®* % which gives chemical energy stabilizations of 240 and
142 meV (scaled by the 0.59 charge) for the ICT polymorph and the CTC polymorph, respectively.
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Figure 6. Change in free energy per dopant for inserting different numbers of F,TCNQ molecules into undoped P3HT. AGy; (orange symbols) is
the change in free energy for turning on the LJ interactions while the Coulomb interactions are kept off, i.e., going from ()'COulomblj’L_]) =(0,0) to
(0,1). AGeguomp is the change in free energy for turning on the Coulomb interactions while the L] interactions are on: i.e.,, going from (0,1) to
(1,1). AGyy, (yellow symbols) is the overall change in free energy going from undoped to doped species. The different symbol shapes indicate
different geometrical arrangements of placing the F,TCNQ molecules in the P3HT crystalline lattice (see Figure 3). For the CTC polymorph, the
polaron is only delocalized on a single chain. The dashed curves show the average free energy for insertion of F,TCNQ_in the different geometrical
arrangements to help guide the eye. The chemical energy is included in AG¢yyomp and, thus, AG,.

and discussed in Section 2.1.3, are represented by different
symbols. Of the different arrangements that we explored, the
“along-chain” geometry appears to have the lowest AG values
per dopant. For the other three geometries, there does not
appear to be a trend as to which arrangement is more stable.
This suggests that, when additional F,TCNQ_ molecules are
inserted into the lamellar region, the F,TCNQ molecules
prefer to line up parallel to the polymer backbone: i.e., along
the unit cell ¢ axis. This finding, however, might be an artifact
of the finite size of the simulation box. Since each P3HT chain
has only 24 monomer units and the F,TCNQ_dopants are
placed 6 monomer units apart, the maximum number of
F,TCNQ molecules for the “along-chain” orientation is only 4.
Therefore, the “along-chain” orientation would reach the
“fully-doped” limit sooner than the other orientations.
Regardless of how the F,TCNQ molecules are arranged, the
way the free energy changes with the number of inserted
F,TCNQ molecules in the ICT polymorph is roughly the
same. For all neighboring geometries, AG,, per dopant
increases from inserting one F,TCNQ to inserting two
F,TCNQ molecules into the P3HT side-chain region and
then decreases as additional F,TCNQ molecules are inserted.
This indicates a critical nucleation size of ~2 for forming the
ICT polymorph. The subsequent decrease in AG,,, with
doping number is mainly driven by changes in AGy: ie. a
lowering of the barrier for dopant insertion. Once a few
F,TCNQ molecules are inserted into the polymer lamellae,
inserting additional F,TCNQ molecules becomes easier
because the lamellae have already started to expand and the
P3HT unit cell has started to undergo its phase transition into
the ICT polymorph. The very small critical nucleation size for
the doping phase transition is consistent with experimental
observations: X-ray diffraction experiments show that the
(100) and (020) P3HT scattering peaks both shift as low levels
of F,TCNQ are added, showing a two-phase coexistence
between doped and undoped polymorphs.®' Once the material
is fully converted to the doped polymorph, no further peak
shifts are observed, even though significantly more F,TCNQ
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dopant can be added to the polymer lattice before saturation is
reached.>”

It is also worth noting that, even though the dopants are all
negatively charged, there appears to be no Coulomb free
energy penalty for adding additional dopants in any of the
geometries we considered. This is likely because the polaronic
charges along the polymer chains that accompany the insertion
of the first few dopants, along with the new polarons created by
additional dopants, help to overcome any dopant—dopant and
polaron—polaron repulsions (and our “fully doped” simula-
tions are not in a doping concentration regime where
bipolaron formation or other polaronic interactions are likely
to be significant). Thus, the main driving force for creating the
ICT polymorph is the reorganization of the P3HT unit cell.
The tilting of the chain and the increasing of the lamellar
spacing are effectively nucleated after only ~2 dopants are
appropriately placed in the P3HT crystalline lattice.

In contrast, our simulations suggest that the creation of the
CTC-doped polymorph does not show nucleation at these
small sizes. The upper right panel of Figure 6 shows that the
AG,,, values per dopant for inserting one F,TCNQ and
inserting two adjacent F,TCNQs into the P3HT z-stacks are
basically the same, consistent with the presence of a significant
barrier to forming this polymorph.

2.2.3. Thermodynamics of Forming Fully Doped
F,TCNQ:P3HT ICT and CTC Polymorphs. As mentioned in
Section 2.1.5, in attempts to prepare the CTC polymorph, it
was challenging to keep the F,TCNQ molecules in the P3HT
7-stacks, particularly at higher temperatures. Moreover, the fact
that we saw no nucleation effects at a small size for producing
the CTC-doped polymorph means either that the free energy
cost for insertion per dopant for the fully doped polymorph is
similar to that of a single F,TCNQ in the CTC polymorph or
that the critical domain size is very large. If we assume that the
CTC insertion cost is independent of the number of dopants,
then we can directly compare the free energy per dopant of the
fully doped ICT polymorph to that of the CTC polymorph.

Table 1 shows that the fully doped ICT polymorph is
entropically favored, while the CTC polymorph is enthalpically
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Figure 7. (a) Cartoon illustration of the coordinates used to define the location and the orientation of F,TCNQ. The P3HT backbone is shown in
red (the hexyl side chains are not shown), and F,TCNQ is shown in orange (the cyano and fluoro groups are not shown). d is the distance between
the centers of mass of F,TCNQ and the closest P3HT thiophene ring. 8 is the angle between the vector that connects the centers of mass and the
normal vector of F,TCNQ. The F,TCNQ depicted below the P3HT chain shows the CTC polymorph, while the F,TCNQ shown to the right of
the P3HT chain is an example of the ICT polymorph. (b—f) Locations and orientations of F,TCNQ molecules for fully doped CTC, fully doped
ICT, and the fully doped CTC phase following thermal annealing at 400, 500, and 600 K, respectively. The bottom left blue rectangle highlights
F,TCNQ molecules that are 7-stacking with the backbone (CTC polymorph). The upper right blue rectangle represents F,TCNQ molecules that

are sitting in the P3HT lamellae (ICT polymorph). (g) Arrhenius plot based on the number of CTC dopants that convert to the ICT phase at the
different temperatures in (d—f).
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favored. For both fully doped polymorphs, there are three
reasons we believe that the calculated entropy/enthalpy
balance is qualitatively accurate. First, the CTC polymorph
should have a lower (more negative) AHcouom, Value in
comparison to the ICT polymorph. Although the magnitude of
the charges on the polymer and dopant are smaller for the
CTC polymorph (+0.59¢ vs *1le), the charges reside much
more closely together in the CTC polymorph than in the ICT
polymorph (~4 A apart vs ~8 A apart, respectively). Second,
we expect the fully doped ICT polymorph to have a higher
entropy than the CTC polymorph, because there are more
ways to orient and distribute the F,TCNQ molecules in the
P3HT lamellae among the side chains than there are ways to 7-
stack the F,TCNQ molecules with the polymer backbone.
Finally and most importantly, experiments showed that
thermally annealing doped films at only a slightly elevated
temperature (80 °C for S min) caused the CTC polymorph to
convert into the ICT polymorph.”” This observation agrees
with the calculated entropy/enthalpy balance of doping, which
says that the ICT polymorph is entropically favored.

Overall, AG,, per dopant is roughly the same for the fully
doped CTC and ICT polymorphs. The fully doped ICT
polymorph is predicted to be more stable than the CTC
polymorph, but only by ~79 meV. This is consistent with
experiments which show that both the CTC and ICT
polymorphs form simultaneously, even in the most crystalline
films.”” Moreover, the fact that the ICT polymorph is at most
only slightly more stable than the CTC polymorph suggests
that the relative amount of CTCs in doped films in
experiments is determined more by the kinetics of the dopant
infiltration method and not by thermodynamic stability.

2.3. Thermal Conversion of the CTC to the ICT
Polymorph in F,TCNQ-Doped P3HT. Because our chosen
path for thermodynamic integration is arbitrary, to further
explore the kinetics barriers involved in the formation of the
CTC- and ICT-doped P3HT polymorphs, we simulated
thermal annealing of the fully doped CTC polymorph at
three different temperatures: 400, 500, and 600 K. With an
equilibrated room-temperature configuration as the starting
point, the system was annealed at each target temperature for 2
ns and then allowed to re-equilibrate at 300 K for an additional
6 ns. For this set of simulations, we held the values of the
charges fixed at the CTC value of +0.59 even if the dopant
molecules moved from the P3HT 7-stacks to the lamellae (i.e.,
converted from CTC to ICT). We note that this means that
our simulations will underestimate the tendency for the CTC
polymorph to convert to the ICT polymorph, since we are
underestimating part of the Coulomb stabilization that would
result with the ICT charge distribution.

Figure 7 summarizes the spatial reorganization of the
F,TCNQ molecules prior to and at the end of the simulated
thermal annealing cycles. We use two parameters to character-
ize the location of the F,TCNQ molecules in the P3HT
crystallites, summarized in Figure 7a. The first parameter is the
distance between the center of mass of the F,TCNQ molecule
and the center of mass of the closest thiophene unit, d. The
second parameter is the sine of the angle & between the normal
vector of the F,TCNQ molecule and the vector connecting the
center of mass of the F,TCNQ molecule and the center of
mass of the nearest thiophene monomer. Figure 7 also shows
the distributions of these parameters for the fully doped ICT
(Figure 7c¢) and CTC (Figure 7b) polymorphs at room
temperature.

With these definitions, we see that, for the equilibrium CTC
polymorph (Figure 7b), the distribution of the distance d is
fairly narrow at around 4 A, reflecting the fact that the
F,TCNQ molecules are 7-stacking with the neighboring
thiophenes (light blue box at lower left). In contrast, the
equilibrium ICT polymorph (Figure 7c) has a wider
distribution of distances between the dopant and the
thiophene backbone (light blue box at the upper right). The
average d value of ~8 A matches that observed in X-ray
diffraction®” and that predicted theoretically on the basis of IR
spectroscopy of the polaron;*” the width of the ICT
polymorph d distribution reflects the large number of ways
available for the dopant to sit in the crystalline lamellae.
Figures 7b,c also shows that the distribution of sin 6 is wider
for the CTC polymorph than for the ICT polymorph. The fact
that the CTC polymer:dopant z-stacks have a large degree of
angular disorder (see also Figure 1d) may be one of the
reasons it has been difficult to characterize the CTC
polymorph experimentally.”>*”

Figure 7d—f shows the change in the spatial distribution of
F,TCNQ dopants that results upon thermally annealing the
fully doped room-temperature CTC polymorph at different
temperatures. The results agree well with experiment in that
our simulated annealing process shows a conversion of the
CTC polymorph to the ICT polymorph.”” On the basis of the
thermodynamic data from the previous section, the entropic
cost of forming the CTC polymorph is negative (unfavorable),
whereas the entropic cost of forming the ICT polymorph is
positive (favorable), and the difference in the entropic costs is
~2 meV K'. Therefore, modest changes in the temperature
will significantly change the relative stabilities of the two
phases. Figure 7f also shows that the CTCs which survived the
annealing process at 600 K have an average sin € value that is
slightly smaller than that at 300 K, which means that only the
CTCs where the F,TCNQ_ and the nearby P3HT thiophene
ring were almost paralle], i.e., the ones that were well 7-stacked,
are able to survive the annealing process.

If we define a molecule as being in the CTC or ITC
polymorph if its d and sin 6 parameters fall within the light
blue boxes in Figure 7, we can determine precisely how many
dopant molecules changed polymorph during the annealing
process. Figure 7g plots the rate of CTC to ICT conversion
based on the number of molecules that switched polymorphs
as a function of the inverse temperature: i.e., an Arrhenius plot.
The slope of the best-fit line provides an estimated activation
barrier of ~140 meV for converting the CTC polymorph to
the ICT polymorph. This simulated activation barrier is likely
higher than the experimental value, particularly since we know
experimentally that annealing at only 80 °C (~350 K) is
enough to convert most of the CTC polymorph to the ICT
polymorph.”” One reason for the overestimation of the
simulated barrier is the fact that we underestimate the
Coulomb stabilization of the ICT phase in the annealing
simulations, as mentioned above. In addition, the few
nanoseconds of annealing time of these simulations is likely
not enough time to reach population equilibrium, even at
elevated temperatures. Overall, however, the simulations show
clearly that the CTC polymorph has stability comparable to
that of the ICT polymorph and that the application of modest
thermal energy can convert many of the CTCs to the more
desirable ICT phase.
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3. CONCLUSIONS

In this work, we simulated the F,TCNQ doping of bulk P3HT
in both the ICT and CTC polymorphs. The overall free
energies to create the fully doped ICT and CTC polymorphs
are similar, explaining why both phases always appear to be
present experimentally. The barrier for insertion of a single
F,TCNQ molecule into P3HT, however, largely comes from
the Lennard—Jones interactions between the dopant and the
polymer, and we saw that the AGy; value is lower for the ICT
phase than for the CTC phase. We also saw that ICT doping
shows a nucleation effect: as more F,TCNQ_molecules are
inserted into the P3HT lamellae, the lamellar region expands
and the barrier for inserting additional dopants decreases. On
the other hand, the CTC-doped polymorph does not show this
behavior; thus, either it does not show nucleation effects or the
critical nucleus size is very large. Either way, the different
nucleation behaviors help explain why the CTC polymorph is
experimentally harder to observe. Finally, our simulations
indicated that the relative stability of the two polymorphs is
highly temperature dependent: the entropic cost of making the
CTC polymorph is negative, while it is positive for making the
ICT polymorph. We also saw that by annealing the CTC
polymorph at different temperatures, there was only a
moderate activation barrier for converting the CTC polymorph
to the ICT polymorph.

With the ICT polymorph and the CTC polymorph being
roughly equally stable at room temperature, this means that,
unfortunately, it will be nearly impossible to completely
eliminate the undesirable CTC polymorph in F,TCNQ-doped
P3HT films. However, our simulations indicate that there are
two ways to minimize the formation of the CTC polymorph.
First, the simulations show that formation of the ICT
polymorph is kinetically favored, which also explains the
prevalence of the ICT phase experimentally. This means that
we can minimize the creation of CTCs as long as the method
chosen for dopant infiltration does not lower the barrier for
placing dopants in the polymer a-stacks. Second, the
simulations show that the formation of the ICT polymorph
is entropically favored. This means that we can favor the ICT
polymorph over the CTC polymorph with the application of
modest annealing (i.e., at temperatures below that which
causes dedoping of the polymer).

Overall, despite the use of classical mechanics and pre-
existing force fields, our MD simulations paint a qualitatively
accurate picture of the doping of P3HT with F,TCNQ. With
the insights learned about the relative stabilities, barriers for
insertion, and nucleation effects, it should be possible to design
a new generation of polymer:dopant systems to enhance the
desired doped polymorph for a variety of applications.

4. SIMULATION METHODS

MD simulations and calculations were carried out using the
GROMACS package.”> *® DFT calculations were carried out using
Gaussian®” with PBE0-D3/6-31G(d,p). The parameters for the force
field and the charges are given in the Supporting Information. All of
the simulations were carried out with periodic boundary conditions in
all three axes in the isothermal—isobaric (NPT) ensemble using the
Berendsen thermostat with 7, = 5.0 ps. The pressures is set to match
the experimental density of pure P3HT films. A time step of 1 fs and a
leapfrog integration algorithm were used. Electrostatics were treated
using the fast smooth particle-mesh Ewald (SPME) with a cutoff at
1.4 nm, a Fourier spacing of 0.12 nm, and a PME order of 4. The van
der Waals cutoff was set at 1.4 nm. For thermodynamic integration, a
soft function with ¢ = 0.3 and & = 0.5 is used for A. An example mdp

file, which sets all the MD parameters used in one of the TI
calculations can be found at the end of the Supporting Information.
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