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ABSTRACT: Recent work has pointed to polymer miscibility
and surface energy as key figures of merit in the formation of
organic alloys and synergistic behavior between components in
ternary blend solar cells. Here, we present a simple model
system and first report of poly(3-hexylthiophene)-based
random copolymers featuring either a semifluoroalkyl
(P3HT-co-FHT) or oligoether (P3HT-co-MET) side chain,
prepared via Stille polycondensation. Water drop contact angle
measurements demonstrated that P3HT-co-FHT polymers
reached a minimum surface energy of 142 mN/m at 50%
composition of comonomers, while in contrast, P3HT-co-MET
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polymers increased as high as 27.0 mN/m at 50% composition, compared to P3HT at 19.9 mN/m. Importantly, the surface
energy of the copolymers was found to vary regularly with comonomer composition and exhibited fine-tuning. Optical and
electronic properties of the polymers are found to be composition independent as determined by UV—vis and CV
measurements; HOMO energy levels ranged from 5.25 to 5.30 eV; and optical band gaps all measured 1.9 eV. Following this
model, surface energy modification of state-of-the-art polymers, without altering desirable electronic and optical properties, is
proposed as a useful tool in identifying and exploiting more alloying polymer pairs for ternary blend solar cells.

C onjugated polymers are promising materials for low-cost,
solution processable devices such as organic solar cells
and field effect transistors." The structure—function relation-
ships of conjugated polymers have been widely explored to
elucidate high performing donor materials for organic photo-
voltaic (OPV) applications. Systematic modification of the
polymer’s primary structure to tune HOMO/LUMO levels and
optical band gaps is well understood through considering
donor—acceptor push—pull effects and chain packing.” To date,
many features such as alternating,3_5 random,é’7 and semi-
random donor—acceptor structures,®” backbone planarity,'®
and side chains®®'"'> have been tools for manipulating
polymer properties toward optimized short-circuit currents
(Jsc) and open-circuit voltages (Voc).'>'* Additionally, several
studies have focused on how primary polymer structure can
influence polymer—fullerene interactions in binary bulk
heterojunction (BHJ) solar cells for optimized charge
separation and transport.'> Specific arrangements and lengths
of side chains have also been utilized to control fullerene
miscibility and intercalation."*™"® Significant progress in this
field of research has pushed single-layer BHJ solar cells with
state-of-the-art donor materials to record efficiencies in the
range of 8—10%."

An emerging class of devices, known as ternary blend solar
cells, utilizes either two acceptors and one donor
(D:AleZ(l_x))zo or two donors with one acceptor
(DI,CDZ(I_JC):A),21 where x represents the composition range
from 0 to 1. More typically, ternary blends with two donors
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have been found to benefit from enhanced Jgc due to
complementary absorption and composition-dependent Vi
derived from the synergistic donor materials.”> Recently, we
reported that polymer compatibility between two polymer
donor materials is a significant factor in the formation of
previously described organic alloys, leading to an intermediate
Voc rather than a lower, pinned value that would suggest hole
trapping in the highest lying HOMO.*® The organic alloy
model suggests that two donors or acceptors experience an
averaging of frontier orbitals when there is miscibility between
the materials. Specifically, the random-copolymer effect”
supports polymer pairs that demonstrated alloying behavior,
which are random or semirandom, based on common
comonomers, and exhibit cocrystallization behavior. More
generally, similar surface energy was attributed as a key figure
of merit for predicting pairs of polymers that may be used
synergistically together in a ternary blend system. In the case of
dissimilar surface energies, devices fabricated with blends
containing two donors, up to 95% composition of the lower-
lying HOMO polymer, showed pinning to the Vi
corresponding to that of the other higher-lying HOMO
polymer, whereas devices incorporating two donor materials
with similar surface energies showed a compositionally
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Scheme 1. Synthesis of (a) Comonomer 4 and (b) Comonomer 7
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Scheme 2. Stille Polycondensation of Comonomers
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dependent V> Surface energy can be correlated with a Here we present a simple chemical modification of the alkyl
material’s Flory—Huggins interaction parameter (y) which is side chains of 3-alkylthiophene monomers toward a new family
used to characterize polymer—polymer interactions.”> Several of random copolymers with fine-tuned surface energy profiles.
recent studies have included surface energy measurements and Poly(3-hexylthiophene) (P3HT) is a well-known conjugated
indicate it as a strong predictor of material compatibility in polymer used in BHJ solar cells, with a simple primary structure
organic photovoltaics.”*>* that may be manipulated for studying surface energy as an
Currently, features of conjugated polymer primary structure isolated variable. With the goal of maintaining the optical and
and their influence on surface energy remain widely unex- electronic properties of P3HT, the alkyl side chains were
plored, even though such information may be a useful tool for identified as a point of modification toward tuning surface
predicting favorable candidates for binary and especially ternary energy. Previous studies have established that small incorpo-
blend solar cells. Moreover, a modular method for tuning the ration of a comonomer into a regioregular copolymer can fine-
surface energy of existing state-of-the-art conjugated polymers tune specific polymer properties while maintaining the desirable
without altering their desirable optical and electronic properties properties of P3HT.*® In the present case, the alkyl chains
may enable more pairing options for ternary blends from well- were modified to contain varying amounts of fluorine or oxygen
known polymers with complementary absorption profiles and atoms to induce hydrophobic or hydrophilic interactions,
different HOMO levels. While a handful of successful ternary respectively, and directly control the surface energy. Precise
blend systems have been identified,***"**~*" little is known control of the comonomer compositions allows for tuning of
about the influence of primary structure on cooperative effects the surface energy. Modification of the alkyl chain was executed
in these materials, which has prompted the need for a better with a spacer of at least two carbons in length to diminish any
understanding and control of polymer—polymer interactions electronic effects from the heteroatoms on the conjugated
and blending.**~** backbone.
726 DOI: 10.1021/acsmacrolett.5b00328
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Table 1. Molecular Weights (PDI), Electrochemical HOMO Values, Optical Band Gaps, and SCLC Mobilities of P3HT, P3HT-

co-FHT, and P3HT-co-MET Polymers

polymer M, (kDa) (PDI)* HOMO (eV) (solution)”
P3HT 257 (2.6) 525
P3HTsy-co-FHT, 41.8 (17) 5.30
P3HTyg-co-FHT,, 429 (17) 529
P3HT.q-co-FHT5, 409 (1.84) 5.30
P3HTy-co-FHT,, 29.1 (1.78) 5.30
P3HT,y-co-FHTs, - 5.30
P3HTyy-co-MET, 23.6 (2.0) 529
P3HTyy-co-MET5, 210 (2.0) 529
P3HT4-co-MET;, 14.5 (2.3) 5.30
P3HT-co-MET,, 9.9 (16) 529
P3HT,-co-MET, 8.5 (14) 528

HOMO (eV) (film)© E, (eV)? wy, (ecm? V1 g7h)e T,; T. (°CY
524 1.9 8.10 X 107° 221; 186
5.30 1.9 1.02 x 107° 221; 187
5.30 1.9 7.98 X 107° 231; 205
528 1.9 2.86 X 107° 236; 216
527 1.9 146 X 107° 233; 213
5.30 1.9 5.45 x 1077 239; 221
529 1.9 3.45 X 1073 .-
529 1.9 1.35 x 1074 -; 109
527 1.9 238 X 107° -5 124
525 1.9 1.78 x 107* =599
529 1.9 1.51 x 107* -5 115

“Determined by SEC with polystyrene standards and 0-DCB eluent. P3HT)-co-FHT, was not sufficiently soluble in 0-DCB at the required
concentration for analysis. *Cyclic voltammetry (vs Fc/Fc*) in chloroform, 0.1 M TBABF,. “Cyclic voltammetry (vs Fc/Fc*) in acetonitrile, 0.1 M

TBAPF,. 9Calculated from the absorption band edge in thin films, E, = 1240/4,

“« »

or T, is indicated by

edger Measured for neat, as-cast polymer films./The absence of a T,,

Synthesis of comonomer, 4 (Scheme 1a), was achieved from
modified literature procedures,* via a Wittig coupling, followed
by hydrogenation, electrophilic bromination, and finally a
lithiation and subsequent stannylation. Comonomer 7 (Scheme
1b) was also prepared following modifications of previous
literature procedures® by an electrophilic bromination
followed by a Williamson-ether synthesis. Intermediate 6
could not be stannylated via the S-lithiated intermediate,
which led to inseparable isomers, but rather a S-magnesiated
intermediate generated from the Knochel—Hauser base.***' To
the best of our knowledge, this is the first report of both of the
final monomers with the S-position functionalized with a
trimethyl tin group. To date, the previously reported monomer
precursors 3 and 6 and similar monomer structures with longer
oligoether or semi or perfluoroalkyl chains have been used in
oligomer syntheses,38’42 GRIM,®* oxidative,* or electro-
polymerizations**™*® to form homopolymers. Comonomers 4
and 7 were subsequently copolymerized in 10—50% feed ratio
with 2-bromo-3-hexyl-S-(trimethylstannyl) thiophene under
Stille polycondensation conditions (Scheme 2, M, and PDI
reported in Table 1). Proton NMR spectra of the polymers
support the feed ratios and composition of the comonomers
(Figures S1 and S2, Supporting Information). Polymers
containing a semifluoro alkyl chain are designated as P3HT,-
co-FHT y_, with x representing percent composition of 3-
hexylthiophene. Likewise, polymers containing a methoxy—
ethoxy—ethyl chain are designated as P3HT -co-MET,_,. This
is the first report of regioregular, random P3HT-co-FHT. While
Bilkay and co-workers** previously reported P3HT-co-MET via
GRIM with different monomer feed ratios, this is the first
report of P3HT-co-MET via Stille polycondensation, which is
made possible by successful stannylation to prepare monomer
7. P3HT-co-FHT polymers exhibited decreasing solubility in o-
DCB with increasing content of the comonomer, to the extent
that P3HT,-co-FHT, was not sufliciently soluble for GPC
analysis. For this reason, we chose only to compare up to 50%
composition for both polymer families.

Critically, surface energies of the polymers were determined
using a contact angle goniometer. Contact angle measurements
of water on pristine, as-cast polymer films revealed that P3HT-
co-FHT polymer surface energy steadily decreases with
increasing content of the semifluoro alkylthiophene monomer
(Figure la). Incorporation of the comonomer up to S50%

727

- - N N N N
N o o N £ -
T T T T T T

Surface Energy (mN/m)

-
N
:

0 10 20 30 40 50
Percent Composition of Comonomer

- N N N N
0 o N Y D
T T T T T

Surface Energy (mN/m)
(=]

-
N
:

0 10 20 30 40 50

Percent Composition of Comonomer
Figure 1. Surface energy of P3HT-co-MET (blue) and P3HT-co-FHT
(red) polymers measured from (a) as-cast thin films and (b) thermally

annealed thin films. P3HT-co-MET and P3HT films were annealed at
100 °C, and P3HT-co-FHT films were annealed at 150 °C.

resulted in surface energy as low as 14.2 mN/m compared to
P3HT at 19.9 mN/m for as-cast blends. This trend is also
observed in thermally annealed polymer films (Figure 1b);
however, P3HT-co-FHT polymers with 10—-30% FHT
composition appear to have roughly the same surface energy
as P3HT. This is perhaps due to a change in content of fluoro
side chains at the polymer film surface relative to the bulk after
thermal annealing. In contrast, polymers containing methoxy—
ethoxy—ethylene side chains gradually increased in surface
energy, up to 27.0 and 26.3 mN/m at 50% comonomer
composition for as-cast and annealed films, respectively (Figure
1). A direct comparison of all surface energy data is also
presented in a single plot (Figure S3, Supporting Information).
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Surface energy calculations based on a two-liquid approach,
using water and glycerol, with the Wu model were also
completed, and the data are available in the Supporting
Information (Figure S4). While our previous research and
others have utilized the Wu model,>>***°73! here we choose to
present the one-liquid method due to previously reported large
variations in surface energy measurements with the two-liquid
method when the pair of testing liquids does not include a
completely dispersive and compatible solvent that can be used
consistently for all samples.*”*® Many material studies of
surface energy utilize diiodomethane as the dispersive solvent,
which poses solubilizing problems during the measurement of
the solid conjugated polymer films. Previous measurements of
conjugated polymers, including our own, have opted to use
glycerol as the dispersive solvent for the two-liquid method;
however, glycerol may pose a solubilizing problem for the
P3HT-co-MET polymer family. As such, the one-liquid method
with water is found to be most applicable to this study.

While the desired effect on surface energy was clearly
demonstrated, importantly the optical and electronic properties
were found to be unaffected by side chain identity and
composition. The optical properties of the resulting polymers
were characterized by UV—vis, specifically to explore effects of
comonomer composition on polymer band gap and absorption
coefficient in films cast from chloroform. Absorption profiles
for both P3HT-co-MET and P3HT-co-FHT families are P3HT-
like, with lower absorption coefficients for both as-cast (Figure
2) and annealed films (Figure SS, Supporting Information)
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Figure 2. Absorption profiles of (a) as-cast P3HT-co-FHT and (b) as-
cast P3HT-co-MET films spin coated from chloroform: (i) P3HT, (ii)
P3HT,q-co-FHT,, (iii) P3HTgy-co-FHT,, (iv) P3HTq-co-FHTS, (v)
P3HTy-co-FHT,,, (vi) P3HTgyco-FHTq, (vii) P3HToq-co-MET,,,
(viii) P3HTgy-co-MET,,, (ix) P3HT,;co-MET;,, (x) P3HTy-co-
MET,,, and (xi) P3HTy-co-METy,.
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relative to P3HT. Absorption coefficients for all P3HT-co-FHT
polymers increase, and vibronic shoulders are more prominent
after thermal annealing (Figure SSa, Supporting Information).
P3HT-co-MET polymer absorption coeflicients remain the
same after annealing, with the exception of P3HT,-co-MET s,
which decreases slightly. All P3HT-co-MET polymer absorp-
tion maxima blue shift between 20 and 30 nm after annealing.
Strikingly, some polymers, such as P3HTy-co-MET,, and
P3HTy-co-METj,, bear prominent vibronic shoulders in the
as-cast blends where others do not (Figure 2b).

The absorption coefficient decreases could be explained
given the volume of the polymeric material, as polymers
containing a higher content of the heteroatom chains (both of
which are seven atoms in length) spatially contain less
chromophore than that of P3HT with six-carbon alkyl chains.
Alternatively, the presence of heteroatom alkyl chains may
induce varied packing compared to that of P3HT, which would
be reflected in the absorption profiles and maxima.*® The
differences in absorption coeflicient and maxima were
investigated by GIXRD and are discussed later. P3HTj-co-
MET,, and P3HTsy-co-METs, polymers feature vibronic
shoulders in as-cast blends, similar to what is seen for P3HT
films after annealing (Figure 2b), suggesting self-organization
within the films without the need for thermal or solvent vapor
annealing. Optical band gaps, derived from absorption onset of
films, of all polymers are 1.9 eV (Table 1), unchanged by the
alkyl chain modification.

Additionally, CV was completed for comparison of HOMO
energy levels of the polymers (Table 1). Both solution and film
CVs were examined; all P3HT-co-FHT and P3HT-co-MET
polymers measured between 525 and 5.30 eV, with no
observable trend within each family. Analysis of optical and
electronic data suggests that both families of polymers exhibit
band gaps, absorption profiles, and solid-state HOMO levels
that are virtually identical to that of P3HT. These P3HT-like
properties were likely maintained by the incorporation of a
carbon spacer to physically decouple the heteroatoms from the
backbone conjugation.

As previously mentioned, the UV—vis study of the P3HT-co-
FHT and P3HT-co-MET polymers revealed variations in
absorption coeflicient and maxima suggesting differences in
the polymer chain packing relative to P3HT. For a full
comparison, all P3HT-co-MET and P3HT-co-FHT polymers
were studied using GIXRD to gain insight into these
differences. The GIXRD d-spacings of P3HT-co-FHT as-cast
and annealed films indicate a larger spacing in lamellar packing
as the content of the FHT comonomer is increased (Figure 3a
and Figure S7a, Supporting Information), and the intensity of
all signals increases after thermal annealing. Interestingly, the d-
spacings for P3HT-co-MET polymers are similar to that of
P3HT for both as-cast and annealed films (Figure 3b and
Figure S7b, Supporting Information), while the intensity of the
signal increases with higher contents of the comonomer; all
signals also increase after thermal annealing.

The larger spacing in lamellar packing of P3HT-co-FHT
polymers is consistent with our hypothesis that the side chains
spatially encompass greater volumes, consistent with a lower
absorption coefficient relative to P3HT. However, as-cast
P3HT-co-MET polymer films have the opposite trend
compared to P3HT-co-FHT polymers, where the absorption
coeflicient increases with increasing MET monomer content.
By comparison, the MET side chain lacks hydrogen atoms
relative to an alkyl or semifluoro alkyl chain, which may
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Figure 3. GIXRD data of (a) P3HT-co-FHT and (b)P3HT-co-MET
annealed films: (i) P3HT, (ii) P3HTgy-co-FHT,,, (iii) P3HTgy-co-
FHT,,, (iv) P3HT,4-co-FHT;q, (v) P3HT¢-co-FHT,q, (vi) P3HT g¢-co-
FHT,,, (vii)) P3HTgy-co-MET,o, (viii) P3HTgy-co-MET,,, (ix)
P3HT,q-co-MET};, (x) P3HT4-co-MET,,, and (xi) P3HTs,-co-METs,.

counteract the longer chain length and allow for tighter
packing, which is supported by the greater intensity of the
GIXRD peaks as MET content increases. GIXRD data
considered together with the observed blue-shift in annealed
films indicate that P3HT-co-MET polymers may have some
unusual packing which may be responsible for absorption
coefficient and absorption maxima differences. Additionally,
hole mobilities measured by SCLC were slightly higher for
P3HT;-co-MET,, and P3HTy-co-MET, compared to P3HT
in as-cast films (Table 1), reflecting the higher level of
crystallinity.

Analysis of the UV—vis absorption profiles and GIXRD data
of annealed films also suggests differences in thermal transitions
that were further explored by DSC. Thermally annealed films
(100 °C) of P3HT-co-MET polymers have a blue-shifted
absorption maxima and vibronic shoulder (Figure SSb,
Supporting Information), and GIXRD measurements indicate
a greater degree of crystallinity of each annealed polymer film
compared to P3HT (Figure 3b). In contrast, P3HT-co-FHT
polymers exhibited vibronic shoulders and increased crystal-
linities comparable to P3HT only after thermal annealing at
150 °C (Figure SSa, Supporting Information). The milder
thermal annealing conditions of P3HT-co-MET required to
enhance film crystallinity, compared to P3HT-co-FHT
polymers, suggest a difference in thermal transitions. A DSC
study indicated that the P3HT-co-MET polymer family has
lower temperature thermal transitions, and P3HT-co-FHT
polymers have a higher transition, compared to P3HT (Table
1, Figure S29—Figure S38, Supporting Information). These
findings are consistent with previously reported thermal
behavior of 3-alkylthiophene homopolsymers featuring oligo
ether®" or semi fluoro alkyl side chains.”>>

Additionally, photoluminescence spectra of selected samples
were obtained (Figure S6, Supporting Information) for further
comparison. Spectra of P3HT-co-FHT polymers have the same
profile as P3HT and are observed to increase in intensity with
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increasing content of comonomer, suggesting a decrease in
nonradiative quenching pathways. We attribute the decrease to
the larger lamellar spacings of the polymer chains observed in
GIXRD of P3HT-co-FHT polymers with increasing como-
nomer content. Interestingly, P3HT-co-MET polymers are less
emissive than P3HT in as-cast films, indicating higher
quenching with the comonomer present. Higher quenching
in these films may be consistent with our hypothesis that these
polymers can pack tighter than P3HT. Moreover, the annealed
film PL spectra of P3HT-co-MET polymers exhibit a blue shift,
consistent with the UV—vis measurements.

In summary, we have demonstrated that simple chemical
modification of monomer alkyl side chains and direct control of
their overall composition in conjugated copolymers is an
effective method for the fine-tuning of surface energy while
maintaining optical and electronic properties. This is the first
report of a family of conjugated polymers with a tuned and
composition-dependent surface energy profile. The synthetic
approaches employed here allow for the preparation of newly
reported stannylated monomers and random copolymers, via
Stille polycondensation. On the basis of these results, we
predict that incorporation of varying amounts of fluorine or
oxygen atoms in the alkyl side chains of other well-known
conjugated polymers will be an effective tool for modifying
surface energies, polymer compatibility, and engendering alloy
formation for the further investigation and exploitation of
ternary blend organic solar cells.
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