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The performance of a bulk-heterojunction organic solar cell critically depends on the morphology of
the active layer. The solution temperature-dependent aggregation characteristics of a series of polymer
donors have been recently exploited as an effective protocol for morphology control in high-efficiency
devices. Here, we use an approach combining molecular dynamics simulations and long-range
corrected density functional theory calculations to investigate the impact of solution temperature-
dependent aggregation on the polymer solid-state packing and electronic properties. We consider two
representative polymer systems: (i) PffBT4T-20D (polyl(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-
(3,3"""-di(2-octyldodecyl)-2,2";5',2";5",2"" -quaterthiophen-5,5"""-diyl)]), and (i) PBT4T-20D (poly[(2,1,3-
benzothiadiazole-4,7-diyl)-alt-(3,3""'-di(2-octyldodecyl)-2.2";5",2";5",2""" -quarterthiophen-5,5"""-diyl)l), where
the fluorine atoms on the benzothiadiazole moieties of PffBT4T-20D are replaced with hydrogen atoms.
We find that both temperature-dependent aggregation and the presence of fluorine atoms are
important in determining the nature of the solid-state packing and the electronic properties in the
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polymer phases. Our results are consistent with the experimental data that show that PffBT4T-20D

rsc.li/materials-c aggregates at lower temperatures and leads to higher OPV efficiency.

Active layers with a binary architecture often display a three-

1. Introduction
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In organic solar cells, the bulk heterojunction (BHJ) nature of
the active layer is now well established as a key element
to realize higher power conversion efficiencies (PCEs). The
prospect of large-scale roll-to-roll processing of polymer
materials on flexible substrates at low cost is giving organic
photovoltaics (OPV) technology a promising edge among
renewable energy technologies. With the development of
efficient polymer donors and non-fullerene acceptors, PCEs as
high as 14.2% in single-junction devices and 17.3% in tandem
cells have recently been achieved.'

Many investigations have underlined the central role played by
the active-layer morphology in promoting high PCE values.”>°
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phase arrangement: a polymer donor-rich phase, an acceptor-
rich phase, and a mixed donor-acceptor amorphous phase.*™
Generally, OPV devices with higher PCE values possess donor
and acceptor domains with good crystallinity and reasonably
small sizes (typically 20-40 nm). Also, resonant soft X-ray
scattering and atomic force microscopy experiments have
revealed the importance of domain purity in improving device
performance.'®" Overall, improving the morphology charac-
teristics of the active layer remains an important step in
obtaining higher device efficiencies.

Significant efforts have been devoted to try and control
the active layer morphology via techniques including thermal
or solvent annealing,**>® chemical substitution of the polymer
donor and/or acceptor,'* 1192427 the use of solvent
additives,>>**2” and/or varying the donor-acceptor ratios in
the active layer. Recently, Yan and co-workers demonstrated
the successful exploitation of the solution temperature-
dependent aggregation properties of a series of polymers in
achieving efficient morphology control.'”™*° Temperature-
dependent aggregation can be used to direct the polymers
to form domains with optimal 20-40 nm sizes, which is
conducive to high device performance.

This journal is © The Royal Society of Chemistry 2018
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We note that most of the polymers displaying temperature-
dependent aggregation properties have fluorine atoms along
the polymer backbone.'””* Interestingly, when removing the
fluorine atoms from the backbones, the TDA properties tend to
disappear and, in this context, lower device efficiencies are
observed.” ™ In some instances, the domain sizes for non-
fluorinated polymers in the active layer were found to be very
large (up to ~100 nm). Also, up to four-fold differences in
device efficiencies were observed between polymers with and
without TDA properties. For example, in the cases of blends
of PBTAT-20D (poly|[(2,1,3-benzothiadiazole-4,7-diyl)-alt-(3,3""'-
di(2-octyldodecyl)-2.2';5',2";5" 2"""-quarterthiophen-5,5""'-diyl)])
and PffBT4T-20D (poly][(5,6-difluoro-2,1,3-benzothiadiazol-4,7-
diyl)-alt-(3,3""'-di(2-octyldodecyl)-2,2";5',2";5" 2'"’-quaterthiophen-
5,5'"’-diyl)]) with PC,;BM, the device efficiencies were measured
to be 2.6% and 10.5%, respectively.'”'® Thus, in order to gain a
better understanding of the relationship between the morphology
of the active layer and efficiency, it is useful to connect the TDA
properties of the polymer donors with the fluorination of the
backbone, as well as to consider the impact of the TDA properties
on the inter-chain packing at the molecular level.

Here, we use a combination of molecular dynamics (MD)
simulations and density functional theory (DFT) calculations to
investigate the TDA properties of representative polymer
donors and their impact on the formation of efficient morpho-
logies and the nature of inter-chain packing. We chose the
non-fluorinated polymer PBT4T-20D and its difluorinated
counterpart PffBT4T-20D as model systems, see Fig. 1.

We start by discussing the results of MD simulations for the
pure polymers in 1,2-dichlorobenzene solution at five different

C1gH21 CgHyz-CroH21
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PffBT4T-20D

Fig. 1 Illustration of the chemical structures of the PBT4T-20D and
PffBT4T-20D polymers, highlighting their chemical difference.
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temperatures and characterize the differences in their extent of
aggregation. We then rationalize these differences by analyzing
the planarity of the PBT4T-20D and PffBT4T-20D backbones.
Finally, we evaluate the impact of the temperature-dependent
aggregation properties on the solid-state packing and electronic
properties of the two polymers.

2. Methodology

2.1. Molecular dynamics simulations

The MD simulations were performed® with the LAMMPS package
based on the Optimized Potential for Liquid Simulations - All
Atom (OPLS-AA) force field.**> The OPLS-AA force field was
parameterized with bond lengths, bond angles, torsion angles,
and atomic charges coming from PBT4T-20D and PffBT4T-20D
oligomers optimized at the density functional theory (DFT)
®B97XD/6-31G(d,p) level. The torsion potentials for specific
dihedral angles were calculated on oligomers of increasing size
until convergence was achieved. The atomic partial charges
were evaluated using the restricted electrostatic potential fitting
scheme (RESP) at the ®B97XD/cc-PVTZ level of theory. We obtained
very good fitting of the force-field with the updated parameters, as
described in our previous work.’® Here, all the DFT calculations
were performed with the Gaussian 09-D01 package® and the RESP
calculations were carried out with Red software.**

The initial models for the MD simulations were built by
constructing polymer stacks (consisting of six polymer chains
perfectly packed on top of each other) for both PBT4T-20D and
PffBT4T-20D (see ESI,T Fig. S1 and S2); each polymer chain is
6 repeat-units long. The simulation boxes consisted of 152448
atoms in total, including 12226 1,2-dichlorobenzene (0-DCB)
molecules. Here, the MD simulations were performed for both
polymers at 100 °C (for 50 ns), 80 °C (for 80 ns), 60 °C (for 120 ns),
40 °C (for 200 ns) and 25 °C (for 200 ns); in the latter case, the time
scale of 200 ns represents the limit of our MD simulations while at
100 °C, 80 °C, and 60 °C, the stacks nearly disaggregate into
individual chains after 50 ns, 80 ns, and 120 ns, respectively.

We note that we tried initially to follow the experimental
procedure and consider the aggregation rather than the disaggre-
gation process. We randomly placed the polymer chains in the
simulation box with the 0-DCB molecules. The simulation box
consisted of 20 PffBT4T-20D polymer chains (each chain has 6
repeat units) and 7172 o0-DCB molecules, which corresponds
to a polymer concentration of 105.6 mg mL . Although such a
concentration is higher than the experimental value, chain aggrega-
tion occurs only at very long time scales, well beyond what is
currently computationally feasible in terms of such MD simulations.
We were thus forced to investigate rather the disaggregation process.

To examine more closely the planarity of individual chains,
MD simulations were carried out on single chains. The simula-
tion box for the PBT4T-20D polymer consisted of 87 440 atoms
(one chain of PBT4T-20D and 7207 molecules of 0-DCB) while
that for the PffBT4T-20D polymer contained 89600 atoms
(one chain of PffBT4T-20D and 7387 molecules of o-DCB).
Here, the simulations were carried out at 25 °C for 10 ns.

J. Mater. Chem. C, 2018, 6, 1316213170 | 13163
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2.2. Density functional theory calculations

All the DFT calculations were performed at the ®wB97XD/
6-31G(d,p) level of theory. In the framework of semi-classical
Marcus theory, the electronic couplings (transfer integrals)
among neighboring chains are a relevant figure of merit to
describe at least qualitatively the charge-transport properties of
the active layer.>® The transfer integrals among sets of neigh-
boring chains, i.e., dimers extracted from MD simulation snap-
shots at different temperatures were calculated using a
fragment orbital approach®® combined with a basis set ortho-
gonalization procedure. These calculations were performed
with the Gaussian 09-D01 package.?

Another useful parameter in determining the strength of
interaction among polymer chains is their binding energy.
A higher binding energy between specific chain segments
implies a higher probability of the presence of such interacting
segments in the bulk phase of the active layer. In the evaluation
of the binding energies, in order to prevent basis set super-
position errors (BSSE), the counterpoise correction method
proposed by Boys and Bernardi was applied.®’

3. Results and discussion
3.1. Morphology of the polymers in solution

We first focus on the disaggregation of the polymer stacks as a
function of time at five different temperatures representative of
those used experimentally:

e For the PffBT4T-20D and PBT4T-20D stacks in solution at
100 °C and 80 °C disaggregation into individual chains takes
place after 50 ns and 80 ns, respectively (see Fig. 2).

e At 60 °C, while the PBT4T-20D stack disaggregates into
isolated polymer chains after 120 ns, the PffBT4T-20D stack
separates into a smaller stack containing 3 interacting chains
and into three separated chains; interestingly, the smaller
3-chain PffBT4T-20D stack keeps long-range order.

e At 40 °C, the PBTAT-20D stack starts to disaggregate along
several sections after 200 ns; in contrast, the PffBT4T-20D
6-chain stack begins to separate into two 4-chain and 2-chain
stacks that clearly maintain the overall shape and long-range
order compared to the PBT4T-20D case.

e The simulations at 25 °C show trends similar to those at
40 °C in both cases; after 200 ns, the PffBT4T-20D stack has
separated into two smaller 3-chain stacks that keep their
pattern and long-range order, while the PBT4T-20D stack is
seen to disaggregate along several sections.

The MD results are fully consistent with the experimental
observations. Yan and co-workers indeed reported that
PffBTAT-20D chains aggregate when the solution is cooled
down from 85 °C to room temperature, while PBT4T-20D
chains do not present any aggregation under the same
conditions."””*® The ability of the PffBT4T-20D chains to stack
at 25 °C and 40 °C can be attributed to efficient chain packing
in the aggregated state. This can be correlated with multiple
observations that fluorination of the polymer backbone leads to
more efficient n-n stacking in the solid state."****™'” We note
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Fig. 2 Snapshots from the MD simulations showing the extent of disaggrega-
tion of the six polymer chains present in the simulation box. The snapshots on
the left and right correspond to PBT4T-20D and PffBT4T-20D, respectively;
they are taken from simulations at 100 °C (after 50 ns), 80 °C (after 80 ns),
60 °C (after 120 ns), 40 °C (after 200 ns) and 25 °C (after 200 ns).

that inter-chain H-F interactions could be a major driving force
that leads to this effect in the PffBT4T-20D polymer.*® Since the
PBT4T-20D chains do not maintain any stacking configuration,
be it at high or low solution temperatures, fluorination of the

This journal is © The Royal Society of Chemistry 2018
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polymer backbone is confirmed as a crucial factor directing
chain aggregation at low temperature.

The simulations at 25 °C, 40 °C, and 60 °C reveal another
major difference in the conformational behavior of the polymers.
Unlike the PBT4T-20D chains, the PffBT4T-20D chains maintain
long-range order throughout the simulations. Upon separation
from the stack in solution, a PBT4T-20D chain tends to bend,
twist, and assume random conformations. Therefore, upon film
casting, during the evaporation of the solvent molecules, the
PBTAT-20D chains are expected to remain in their disordered
conformations; this, in turn, will lead to the formation of large,
uncontrolled amorphous domains that can limit charge separa-
tion and thus result in lower device performance. On the
contrary, the fact that the PffBT4T-20D chains can maintain
packing and long-range order in solution can translate into
ordered domains in the solid state. Also, the low-temperature
pre-aggregation of PffBTAT-20D chains in solution allows
the control of the eventual domain sizes in the solid state, via
tuning of the solution temperature.

3.2. Distribution of dihedral angles along the polymer chains
and assessment of co-planarity

To compare the relative planarity between the PBT4T-20D and
PffBT4T-20D chains, we analyzed the distributions of dihedral
angles present along the polymer backbones. We evaluated these
distributions based on 2000 snapshots extracted from the final
10 nanoseconds of the MD simulations at each temperature.

We first discuss the dihedral-angle distributions for the
polymer stacks in solution. Since the distributions turn out to
be similar at the five temperatures, we describe here the 25 °C
case while the distributions at higher temperatures (40 °C,
60 °C, 80 °C and 100 °C) are provided in the ESL.f Three
dihedral angles, depicted in Fig. 3, have been chosen for this
analysis. Dihedral 1 represents the torsion angle between the
benzothiadiazole unit of the PBT4T-20D polymer or di-fluoro-
benzothiadiazole unit of the PffBT4T-20D polymer and the
thiophene unit on its right side. Dihedrals 2 and 3 represent
the torsion angles between the two central and two external
thiophenes of the quarterthiophene moieties.

A comparison of the dihedral distributions of both polymers
reveals that, for dihedral angle 1, there is a substantially higher
relative frequency distribution of dihedral angles around 0° £ 50°
for PffBT4T-20D as compared to PBT4T-20D (see Fig. 4).
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Fig. 3 lllustration of the three dihedrals considered to analyze the
distribution of dihedral angles.
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For dihedral angle 3, PffBT4T-20D has a strong distribution
around 180° £ 50° and a very limited distribution around
0° + 50°, while PBT4T-20D has a much narrower distribution
around +180° and a broad distribution around 0° £ 50°. For
dihedral angle 2, largely similar distributions are found for
both polymers.

The results for dihedral angles 1 and 3 confirm that the
PffBT4T-20D polymer chains tend to be more planar as com-
pared to the PBT4T-20D polymer. As shown in Fig. S3-S6
(ESIY), these trends in dihedral-angle distributions are found
to be similar at all the other temperatures. Since the side chains
are the same on both polymers, their impact in determining the
final stable conformations of both polymer chains is expected
to be nearly identical.'® With the only difference between the
two polymers being the presence or absence of fluorine atoms
in the polymer backbone, it is clear that the tendency of
PffBT4T-20D to remain more co-planar can be mainly ascribed
to the backbone fluorination itself.

We also evaluated the dihedral-angle distributions of single
polymer chains in 0-DCB solution. Here, a single PBT4T-20D/
PffBT4T-20D chain consisting of 6 repeat units was placed in
solution; the simulations ran for 10 ns. Interestingly, we find
similar trends for the distributions of all three dihedral angles,
see Fig. 5. This result underlines that neither the solvent nor
the effect of inter-chain interactions plays a significant role in
determining the planarity of the PffBT4T-20D chains. Thus,
it is an intrinsic property of the PffBT4T-20D chains to remain
more co-planar in comparison to the PBT4T-20D chains.

3.3. Binding energies and their effect on morphology

A way to quantify the strength of the inter-chain interactions is
to consider the binding energies. We first evaluated the inter-chain
binding energies for DFT-optimized PBT4T-20D and PffBT4T-20D
dimers, where a dimer consists of two well-packed polymer chains
with each chain containing two repeat units (see Table S1, ESIT).
A difference of ca. 2 kecal mol "' is calculated between the
PffBT4T-20D and PBT4T-20D cases, which thus translates into
ca. 1 keal mol™" per repeat unit.

We then estimated the binding energies between adjacent
polymer chains extracted from the MD simulations of the
polymer stacks in solution. Two chains in close proximity,
consisting each of six repeat units, are taken as a dimer; thus
overall, given six polymer chains, a maximum of five dimers can
be present at any temperature. We note that at the higher
temperatures of 80 °C and 100 °C, for which the polymer stacks
disaggregate into individual chains, only the binding energies
between chains that are somewhat close (<5 A) are evaluated.

The binding energies between PffBTAT-20D chains are found
to be significantly larger than those between PBT4T-20D chains
(see Table 1). This is consistent with the fact that the simulations
at lower temperatures, e.g., at 25 °C and 40 °C, indicate that the
PffBT4T-20D chains remains better packed with longer-range
order as compared to the PBT4T-20D chains. Thus, adjacent
PffBT4T-20D chains have a longer interaction length. Considering
the small difference in binding energy per repeat unit that we
found between PffBT4T-20D and PBT4T-20D dimers, it is the

J. Mater. Chem. C, 2018, 6, 13162-13170 | 13165
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Fig. 4 Distribution of dihedral angles along the PBT4T-20D (left) and PffBT4T-20D (right) chains after MD simulations of the respective polymer stacks

in solution at 25 °C.

longer interaction length between the PffBT4T-20D chains, and
not the fluorination-induced increase in binding energy, that is
mainly responsible for the significantly higher binding energies.
Also, we note that the highest magnitude of binding energy for the
PffBT4T-20D chains is obtained at 25 °C, which correlates well
with the largest extent of aggregation observed at that temperature.

3.4. Electronic couplings

The electronic couplings (transfer integrals) are important
parameters in the description of the charge-transport charac-
teristics. As discussed above, the fact that the aggregation
behavior and long-range packing order found in solution are
expected to be maintained in the solid state, means that the
electronic couplings for the chains in solution will be repre-
sentative of the situation in the active layer.

Thus, we have evaluated the electronic couplings between
adjacent PBT4T-20D chains and PffBT4T-20D chains extracted

13166 | J. Mater. Chem. C, 2018, 6, 13162-13170

from the MD simulations of the polymer stacks in solution.
The DFT calculations show that the HOMOs of both polymers
delocalize across about two repeat units along the polymer
backbone. For that reason, each chain (6 repeat-units long)
was cut into 3 segments of two repeat units each; the
HOMO-HOMO electronic couplings were then calculated
between these segments (see Fig. S8 and S9, ESIf). We note
that: (i) the electronic couplings between segments with inter-
molecular distances larger than 5 A are not evaluated since
there is no effective wave-function overlap between such distant
segments; and (ii) we only consider electronic couplings
between HOMO levels since the polymers are hole transporters
in the active layer.

At all solution temperatures (except 100 °C), the HOMO-HOMO
couplings between PffBTAT-20D segments are found to be
consistently larger in comparison to the PBT4T-20D case,
see Fig. 6. We note that, at higher solution temperatures, the

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Distribution of dihedral angles along the PBT4T-20D (left) and PffBT4T-20D (right) chains after MD simulations of single polymer chains in o-DCB

solution at 25 °C.

Table 1 Binding energies between two adjacent polymer chains, as calcu-
lated at the ®B97XD/6-31G** level of theory. A negative value indicates an

attractive interaction

Binding energy (kcal mol )

Polymer Dimer 25 °C 40 °C 60°C 80°C 100 °C

PBT4T-20D 1 —99.7 —62.7 —-254 —499 0
2 —63.8 —49.0 0 0 0
3 —50.6 —41.5 0 0 0
4 —40.8 —-23.1 — — —
5 — —18.2 — — —

PffBT4T-20D 1 -120.5 —-100.1 —-879 813 0
2 —64.7 —89.3 0.0 —-334 0
3 —54.5 —87.9 0.0 0 0
4 —2.2 —-75.1 — — —
5 — —23.9 — — —

This journal is © The Royal Society of Chemistry 2018

polymer segments separate and, consequently, there are very
few interacting segments at 60 °C and 80 °C. At 100 °C, the
polymer stacks are totally separated into individual chains and
no interacting segments can be found within the threshold
distance of 5 A.

Overall, our investigations give useful insights that allow us to
correlate the nature of the interactions in both polymers with the
experimental results. The PffBT4T-20D chains are observed
experimentally to aggregate in solution at lower temperatures;'”"°
our MD simulations also show this pre-aggregation behavior as
the PffBT4T-20D stacks hold together at lower temperatures. The
PffBT4T-20D chains display better planarity, more efficient pack-
ing, and longerrange order in the stacks, leading to more
efficient wave-function overlap between the chains; accordingly,
we calculate higher electronic couplings among PffBT4T-20D
segments as compared to the PBT4T-20D case.

J. Mater. Chem. C, 2018, 6, 13162-13170 | 13167
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Fig. 6 Electronic couplings between segments of the PBT4T-20D and
PffBT4T-20D chains at 25 °C, 40 °C, 60 °C and 80 °C.

4. Synopsis

We have investigated the effects of temperature-dependent
aggregation on the solid-state packing and electronic properties
of two representative polymers, PBT4AT-20D and PffBT4T-20D,
using a combination of MD simulations and long-range corrected
DFT calculations.

Fluorination of the polymer backbone plays a key role in
keeping the PffBTAT-20D chains more co-planar than the
PBTAT-20D chains. The planarity of the polymer backbones in
turn facilitates a longer interaction length between the polymer
chains, as a result of which the PffBT4T-20D chains remain
well-packed in the stacks. These combined effects lead to easier
pre-aggregation of the PffBT4T-20D chains in solution.

Upon film formation, the solvent molecules evaporate; the
well-aggregated nature of the PffBT4T-20D chains is expected
to be maintained in the solid state, which leads to adequate
size morphologies in the active layer. This can contribute to
efficient exciton diffusion and hole transport within the PffBT4T-
20D domains, and ultimately lead to higher device efficiency. The
exploitation of the temperature-dependent aggregation properties
thus represents an effective tool to control the morphology of the
active layers.
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