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Introduction. Poly(3-alkylthiophenes) (P3ATs) have been
used broadly in organic electronic applications because
they transport holes well (1, ~ 102 cm” V™' s~ 1), they are pro-
cessable into thin films from many common organic solvents,
and they have relatively low bandgaps (£, ~ 1.9 ¢V) that can
be tuned through chemical modification.'* Originally in-
troduced to increase solubility in polythiophenes, side chain
alkyl substitutions allowed for synthesis of higher molecular
weight polymers.>® Since these initial efforts, side chain
substitution has been used to tune the electronic properties
of polythiophene,”” improve polythiophene solubility in
polar solvents,'®!'! and promote polymer interaction with
inorganic species.'> Some of these early results showed that
the crystalline melting temperature is suppressed with the use
of longer alkyl side chains;'*'* however, little work has been
performed to passivate rod—rod intermolecular interactions
for control of nanoscale morphology. Poly(3-hexylthiophene)
(P3HT) has become one of the most utilized active layer
materials both in high performance organic field-effect
transistors (OFETs)'>'® and organic photovoltaic (OPV)
devices.!”"!” However, it generally has not been possible to
control the nucleation and growth of crystalline grains as
the melting temperature of P3HT is extremely close to its
degradation temperature.?® To date, obtaining well-ordered
morphologies over long ranges in P3HT thin films has
proven difficult due to the rapid formation of thin lamellae
(nanofibrils) when cast from solution®' = or cooling from
the melt.** These strong rod—rod interactions also severely
complicate phase behavior in multicomponent P3HT-
containing systems, such as polymer-fullerene blends for
OPYV active layers.>>~® Additionally, strong rod—rod inter-
actions dominate the microphase separation in P3HT-
containing block copolymers and prevent the formation of
well-ordered domains commonly observed in all-coil block
copolymers.?’ 2 In fact, if passivation of rod self-alignment
occurred, many previously unexplored microstructures could
be found in P3AT-based block copolymers.

Recently, poly(3-alkylthiophene) copolymers have been
synthesized in attempt to design polymer systems with
controlled morphologies. Several groups have incorporated
unsubstituted thiophene units randomly during polymeriza-
tion to decrease the crystallization and control the morpho-
logy of blends and block copolymers.** 3¢ Though nominally
successful, this approach creates low crystallinity rod blocks
caused by the random lattice defects introduced along the
chain and decreases the optoelectronic properties of the
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polythiophene copolymers. Additionally, the Jenekhe group
has copolymerized 3-alkylthiophenes with octyl and butyl
side chains resulting in semicrystalline polymers with ther-
mal properties that can be tuned by changing the feed ratio of
monomers.’"*® Though these random copolymers exhibited
improved photovoltaic efficiencies relative to either homo-
polymer,* thermal properties of the copolymers were limited
by those of the constituent homopolymers and transition
temperatures were found to vary linearly between those of
the pure components. Systematic side chain substitution
provides a convenient synthetic approach to controlling the
rod—rod interactions of polythiophenes in order to obtain a
chemically well-defined, semicrystalline polymer with dis-
tinct thermal transitions.

Here we detail the thermal, structural, and electronic
properties of a less-studied P3AT, poly(3-(2'-ethyl)hexyl-
thiophene) (P3EHT). We compare its properties to two more
common P3ATs, poly(3-hexylthiophene) and poly(3-dodecyl-
thiophene) (P3DDT). Three different molecular weights of
each type of polymer were synthesized, and the molecular
weights were controlled such that the average number of
thiophene repeat units per chain was approximately the same
between the P3HT, P3DDT, and P3EHT series. We show
that P3DDT and P3EHT, with melting transitions suffi-
ciently removed from the thermal degradation temperature,
exhibit a nematic liquid crystalline phase, observed by
polarized optical microscopy (POM), with a molecular weight-
dependent nematic—isotropic transition temperature. From
the nematic—isotropic transition temperatures, the Maier—
Saupé interaction parameter has been extracted for P3DDT
and P3EHT, which quantitatively shows the significantly
reduced rod—rod interactions in P3EHT. The bulk and thin
film microstructure of the polymers were studied using wide-
angle X-ray scattering (WAXS) and atomic force micros-
copy (AFM), respectively. Additionally, the optoelectronic
properties of these materials are studied using thin film
ultraviolet—visible (UV—vis) absorption spectroscopy and
field-effect transistor (FET) testbeds. These results demon-
strate that P3EHT has comparable optical and charge trans-
port properties to that of P3HT and P3DDT. Importantly,
the introduction of a short branch in the hexyl side chain
causes P3EHT to have a lower melting temperature, lower
liquid crystalline transition temperature, and reduced rod—
rod interactions. These assets, combined with similar
optoelectronic properties to that of P3HT, will allow for a
better understanding of crucial structure—property relation-
ships in P3AT-containing systems and offer researchers
another handle with which to control the assembly of these
polymers.

Results and Discussion. Regioregular (>98% head-to-tail
coupling), low polydispersity P3ATs were prepared using the
Grignard metathesis (GRIM) method developed by the
McCullough group (Scheme S1).***! Three samples of each
substituted P3AT were synthesized and their properties are
summarized in Table 1. The polymer molecular weights and
regioregularities were determined by "H NMR analysis and
size exclusion chromatography (SEC) against polystyrene
standards was used to ascertain the polydispersity index (PDI)
values. Molecular weights were controlled so that the number
of thiophene repeat units is approximately matched across
all three polymer series.
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Table 1. Characterization of P3AT Samples

FET MobilitP/g

sample  N° My /M, T,'(°C) dyd (am) (em®V 's7h)
P3HT-43 43 1.1 224 0.38 1.6 x1073
P3HT-55 55 1.1 234 0.37 28x1073
P3HT-73 73 1.1 236 0.38 1.3x1073
P3DDT-30 30 1.3 157 0.39 4.6x 1074
P3DDT-50 50 1.2 164 0.39 8.1x 1074
P3DDT-79 79 1.2 169 0.39 6.5x107*
P3EHT-37 37 1.2 68, 78°¢ 0.41 32%x107°
P3EHT-54 54 1.2 71, 83¢ 0.41 1.1x107%
P3EHT-65 65 1.2 76, 89¢ 0.41 1.2x107%

“P3AT-X indicates the polymer has an X average number of thio-
phene repeat units per chain. ” As determined by '"H NMR spectroscopy.
¢ As determined by SEC versus polystyrene standards. “ Main chain melt-
ing transition temperatures, as determined from the peak endothermic
value of the DSC thermogram. ¢ Two temperatures indicate two distinct
peaks in the DSC data, suggesting the coexistence of two crystal forms
(see text).” As determined by WAXS. ¢ Average field-effect hole mobility
values were calculated in the saturation regime (V' = —80 V).

Differential scanning calorimetry (DSC) data (Figure 1a)
show that the alkyl chain architecture has a significant effect
on the melting transition temperature of the polymers. Thermo-
grams for P3HT indicate that the main chain melting transi-
tions occur over the range 224—236 °C, depending on the
molecular weight of the polymer. When the number of alkyl
groups in the side chain is increased from 6 to 12 in P3DDT,
the melting transition decreases to between 157 and 169 °C.
A broad secondary peak between 20 and 80 °C is consistent
with previous literature reports of the melting of interdigi-
tated dodecyl side chains.** Introducing the branched archi-
tecture of the 3-(2'-ethyl)hexyl side chain further depresses
the main chain melting transition temperature. When an-
nealed at temperatures below the melting transition tem-
perature for at least an hour, P3EHT shows two distinct
peaks between 70 and 90 °C, characteristic of the existence of
two coexisting semicrystalline microstructures.***** We note
the presence of two melting endotherms in the P3HT and
P3DDT thermograms as well; however, these are not as
pronounced as the P3EHT samples and appear as small
shoulders of the main peaks. Side chain crystallization is not
expected due, in part, to the irregular geometry imparted by
the stereocenter at the 2-carbon of the hexyl side chain. It
should be noted that if P3EHT is not allowed sufficient time
to crystallize (for example if a film is cast directly from
solvent or a powder is measured immediately after drying
from solvent), no melting is observed, suggesting that this
polymer has relatively slow crystallization kinetics. There-
fore, reports of the thermal transitions of P3EHT are highly
dependent on thermal history.*

Because the melting temperatures of P3DDT and P3EHT
are removed far from the degradation temperatures of these
polymers, they exhibit interesting liquid crystalline behavior
at temperatures greater than their respective melting tem-
peratures. Polarized optical microscopy (POM) was used to
identify these liquid cr}/stalline phases via their well-known
birefringent behavior.***” These phases arise because rod-
like molecules tend to align in the melt due to geometric
constraints arising from the anisotropic shape of the mole-
cules. In particular, the nematic phase, in which molecules of
a crystal grain preferentially align along a given rod director,
is evidenced by schliern textures which originate from or-
ientational point defects.*® Because of high viscosity inherent
to polymer melts, nematic textures tend to be small scale and
can be enlarged by shearing (by sliding the top slide of a
microscope slide-polymer-microscope slide sandwich) to a
length scale observable by optical microscopy. The inset of
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Figure 1. (a) DSC thermograms of representative P3HT, P3DDT, and
P3EHT polymers at a heating rate of 10 °C/min. The chemical struc-
tures of the three polymers are inset in the figure. (b) Inverse P3AT chain
length as a function of the inverse nematic—isotropic transition tem-
perature for P3DDT (circles) and P3EHT (squares). The slopes of linear
fits to the data (dashed lines) are related to the Maier—Saupé rod—rod
interaction parameter for the respective polymers. The inset shows a
POM image of a representative P3EHT polymer in the nematic phase.
The image was taken at 10x magnification after gentle shearing.
(¢) WAXS powder diffraction patterns for representative P3HT,
P3DDT, and P3EHT. The prominent lamellae reflections are labeled
as (h00) and the 7— stacking distance is labeled as (010). The reflection
labeled with * is consistent with the presence of a second crystal struc-
ture present in the P3EHT sample, as seen in DSC.

Figure 1b shows the presence of a nematic phase in a repre-
sentative sample of P3EHT upon shearing in the melt. Nematic
phases are observed in P3HT and P3DDT, as well, and
similar schliern patterns are formed upon shearing above
the melting temperature. On slow heating, the patterns
persist until the nematic—isotropic transition, at which point
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an isotropic phase is obtained and the sample loses birefrin-
gent textures.

The Maier—Saupé parameter can be used to quantify the
attraction between rods and is useful in understanding the
relative strengths of the alignment interactions in these poly-
mers.*”* Rod—rod interaction parameters for P3ADDT and
P3EHT were extracted by performing linear regressions on
the observed nematic—isotropic transition temperatures over
a range of molecular weights>® (Figure 1b), following the
procedure described in previous work.>! Although a nematic
phase is present in P3HT, a nematic—isotropic transition is
precluded by thermal degradation; as a result its Maier—
Saupé parameter is undefined. P3DDT and P3EHT Maier—
Saupé parameters are tp3ppr = 15377 1-0.3 and Up3pprr =
1097 " — 0.3; this suggests that the presence of the alkyl branch
in the P3EHT side chain results in a decrease in interaction
strength of approximately 33% relative to P3DDT.

While P3EHT has minimized rod—rod interactions and
a depressed melting transition, its crystalline structure, as
determined by powder wide-angle X-ray scattering (WAXS),
was strikingly similar to that of P3HT.> The unit cells for
P3HT and P3DDT have been presented in literature as
orthorhombic cells with observable reflections from back-
bone spacing and w— stacking.?**>**** The (100) reflection
of P3HT, which measures distance between backbones
across alkyl chains, is present at 3.84 nm ™', corresponding
to alattice spacing of 1.64 nm; peaks consistent with the (200)
and (300) reflections are present also. The (010) reflection,
measuring the spacing of w— stacking between thiophene
rings, can be seen as a broad hump with a distinct peak at
16.65nm ™", Asexpected, P3DDT patterns show (100), (200),
and (300) peaks at 2.47, 4.93, 7.27 nm ™" at larger domain
spacings than those in P3HT patterns due to the longer side
chain; a peak at 16.18 nm ™!, which corresponds to the (010)
plane is consistent with the w—u stacking distance reported
in the literature.”> > Powder WAXS patterns (Figure Ic)
demonstrate that P3EHT is semicrystalline, similar to the
other polythiophene derivatives, and has a similar packing
motif as that of P3HT and P3DDT, but with slightly diffe-
rent lattice spacing. We note the presence of the peak labeled %
at g-values between the (100) and (200) planes in the P3EHT
samples. This may be indicative of a second P3EHT crystal
structure, as samples with multiple 5polymorphic phases have
been observed in other P3ATs.***® The (100) reflection of
P3EHT is located at 4.29 nm ™', which indicates a slightly
smaller lattice spacing than in P3HT. However, the (010)
reflections are shifted to a slightly lower g-value relative to
both P3DDT and P3HT with a 7—x spacing of 0.41 nm.
Furthermore, the greater sharpness of this diffraction pat-
tern is suggestive that the smaller undercooling temperatures
possible in this low melting system result in larger grain size.

Tapping mode atomic force microscopy (AFM) images
show the semicrystalline nature of the P3ATs in as-spun thin
films, evidenced by the presence of a percolating network of
nanofibrils (Figure 2).>* In representative images, fibrils in
P3HT-55 (Figure 2a) and P3EHT-37 (Figure 2b) have widths
of ~32 nm and ~15 nm, respectively. Interestingly, the
lengths of the P3HT nanowires are dramatically longer than
in the P3EHT case. This difference in nanofibril length
between P3ATs may affect the in-plane charge transport in
these materials.

Despite the slightly larger m—x packing distance of
P3EHT (relative to P3HT) the optoelectronic properties
are comparable, as evidenced by UV—vis light absorption
spectroscopy and field-effect transistor (FET) mobilities. As
shown in Figure 3a, the global maximum absorbance values
for P3HT and P3DDT solutions in chloroform are located at
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Figure 2. Atomic force microscopy tapping mode images of (a) P3HT-
55 and (b) P3EHT-37 as-spun thin films showing the nanofibril micro-
structures present in both P3AT materials. Note that the lengths of the
fibers in the P3HT sample are longer than in the P3EHT sample. Films
were fabricated by spin-coating a 10 mg of polymer per 1 mL of chloro-
form solution at 1000 rpm for 1 min onto a silicon dioxide substrate. Final
thin film thicknesses were ~80 nm as measured by profilometry.
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Figure 3. UV—vis light absorption profiles of P3HT (black), P3DDT
(red), and P3EHT (blue) (a) in chloroform solutions and (b) cast as thin
films. The solution concentration was 10 ug of polymer per 1 mL of chloro-
form. Thin films were fabricated by spin-coating from 10 mg of polymer
per 1 mL of chloroform solutions at 2000 rpm for 1 min onto a glass sub-
strate. All film thicknesses were ~60 nm, as measured by profilometry.

450 nm while the P3EHT maximum is slightly blue-shifted to
440 nm. This suggests that the branched alkyl chain archi-
tecture in P3EHT may introduce slight twists in the thiophene
backbone, which occasionally disrupt conjugation.””*® Upon
casting into thin films from chloroform the UV—vis spectra of all
the P3ATs were red-shifted and a vibronic shoulder became
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evident at lower energies (Figure 3b). The thin film absorption
profiles for P3DDT and P3HT (Figure 3b) are identical, except
that P3HT has a larger maximum absorption coefficient, con-
sistent with previous reports.**** P3EHT also shows a similar
profile with an almost identical maximum absorption coefficient
as P3DDT. However, the vibronic shoulder for P3EHT is blue-
shifted 30 nm, suggesting a decrease in the conjugation length in
the solid state; this causes the optical bandgap of P3EHT to be
~0.1 eV greater than the bandgaps of PZHT and P3DDT. While
not identical, the solid state absorption profiles obtained for
P3EHT are very similar to those of P3HT and P3DDT.

Charge transport in these materials was compared by fabri-
cating top contact, bottom gate FETs with each of the poly-
mers as the active layer, as summarized in Table 1. P3HT
FETs exhibited hole mobilities of z, ~10™* cm? V™' s~ while
P3DDT showed mobilities which were 1 order of magnitude
lower on average, consistent with previous reports for rela-
tively low molecular weight® P3HT and P3DDT. The hole
mobility of P3DDT has been seen to be lower than P3HT due
to the larger lattice spacing in both the (100) and (010)
directions.®® P3EHT showed similar hole mobilities to those
of P3DDT polymers (1, ~10~* cm® V™! s7!). Relative to
P3HT, P3EHT has similar (100) spacing to P3HT, but a
slightly larger m7—n-stacking distance (~0.03 nm). Therefore,
it is expected that the overall mobility of P3EHT would be
slightly lower relative to P3HT. It is surprising, however, to
note that the incorporation of the bulkier, branched side
chain and resultant increased (010) spacing does not appear
much more detrimental to the field-effect mobility than increa-
sing the straight chain length from 6 to 12 carbons in
P3DDT. Given that P3DDT previously has been demon-
strated to have practical properties in both transistor and
photovoltaic devices, these results suggest that P3EHT also
will be a potentially useful organic electronic active layer
material.

Conclusions. Straight and branched side chain P3ATs with
narrow molecular weight distributions have been synthe-
sized using the GRIM method. DSC, powder WAXS, and
AFM confirm that P3EHT is a semicrystalline polymer,
similar to P3HT and P3DDT; a fact which can be overlooked
if relying solely on DSC data acquired at a fast heating rate.
The lower melting transitions for P3DDT and P3EHT allow
for observation of a liquid crystalline region which is un-
stable in P3HT due to the proximity of its melting tempera-
ture to thermal degradation. The Maier—Saupé rod—rod
interaction parameter for P3DDT and P3EHT were deter-
mined and the Maier—Saupé parameter for P3DDT was
found to be significantly higher than P3EHT, suggesting a
larger strength of rod—rod interactions. Powder WAXS
spectra showed lattice spacings which vary with the length
and architecture of the alkyl side chain. Introducing a branch
in the P3EHT case slightly increases the (010) spacing
relative to the P3HT and P3DDT cases. UV —vis absorbance
spectroscopy and FET mobility measurements demonstrate
that P3EHT has similar optoelectronic properties to P3HT
and P3DDT. These facts, coupled with the unique thermal
and liquid crystalline properties of P3EHT, makes poly-
(3-(2'-ethyl)-hexylthiophene) a promising material for higher
order microstructural control in pristine P3AT films, P3AT-
containing blends, and P3AT-based block copolymers that
can be readily utilized in organic electronic devices.
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