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ABSTRACT: Regioregular poly(3-alkylthiophene)s (P3AT) are easy to synthesize 5 P3HT 10% Este
conjugated polymers with good electrical properties, but they tend to be brittle,

Stress (MPa)

limiting their application. To improve their mechanical properties, we investigated P3HT 0% Ester
incorporating ester groups in the side chains of P3AT six carbons away from the
q q (o]

polymer backbone. Two random copolymer series were synthesized: poly(3- /
alkylthiophene-2,5-diyl)-ran-(3-(6-pentanoatehexyl)thiophene-2,5-diyl), where the Tough & Strong
alkyl is either n-hexyl (P3HT series) or n-dodecyl (P3DDT series). In both the
series, the ester-functionalized side chain had a length similar to that of n-dodecyl
and its content was varied from 0 to 100 mol %. The copolymer’s optical, thermal,
structural, electrical, and mechanical properties were investigated. The effect of 10— W x

: c g St 8" h
25% ester content on copolymer film aggregation behavior was very different for 00 =
each series: for the P3HT series, the side chains cocrystallized with the main chains Strain (%)
into one crystal structure and behaved as one phase. As a result, incorporation of
the longer ester-functionalized side chain greatly affected the thermal, morphological, and mechanical properties. For the P3DDT
series, the side chains and main chains crystallize separately, and the n-dodecyl and ester-functionalized side chains appear to
cocrystallize together. As a result, the main chain melting temperature decreases only slightly with the ester content, and the
mechanical properties were not significantly improved with 10—25% ester. The best combination of mechanical robustness and
charge carrier mobility was thus obtained for the P3HT random copolymer with ~10% ester: a high fracture strain (29 + 6%)
combined with a high tensile strength (3.9 + 0.6 MPa) resulted in a large toughness (90 + 30 J/m?®). This was achieved while
maintaining the same high charge carrier mobility as P3HT of similar molecular weight (0.12 + 0.01 cm®* V™' s7'). Improved
ductility was also shown by the thin film-on-elastomer technique. These results demonstrate that side chain modification can
optimize both the mechanical and electrical properties of P3ATs when the side chains and the main chain behave as one phase.
Bl INTRODUCTION interchain hopping. As a result, high performance CPs tend to
be highly crystalline or semicrystalline, which results in brittle
materials with high stiffness.'"”'> This restricts their use in rigid
or semiflexible device applications and limits device lifetime
due to cracking."’ More flexible and ductile materials can be
obtained if the microstructure is more amorphous, which
allows rotational and conformational freedom for polymer

chains to realign and reorganize to dissipate mechanical
14 .
stress.~ However, these tend to have lower charge carrier

Conjugated polymers (CPs) are integrated into a wide range of
organic electronic applications, such as organic photovoltaics
(OPVs), organic light-emitting diodes (OLEDs), and organic
field-effect transistors (OFETs).'”* Some advantages of
organic electronics include flexibility, lightweight, low cost,
chemical tunability, and solution-processing capability.”® In
addition, self-healing, biodegradability, biocompatibility, and

other new functionalities can be incorporated into CPs via bility th Kine it challencine ¢ timize both th
rational design of the chemical structure, expanding CPs mobility, thus making it challenging to optimize bo €

toapplications such as biomedical devices for health monitor- charge transP ort and ‘mechanical properties. Very high
ing purposes.”™ molecular weight (MW) CPs can have good charge transport

To enable organic electronics, a lot of effort has been properties while being more stretchable due to the long-
devoted to optimizing charge carrier mobility, but less
attention has been devoted to optimizing mechanical proper- Received: ~ September 15, 2023 Nacromolecules
ties, which is critical for flexible devices. In these materials, Revised: ~ March 29, 2024 g %
charge transport is achieved via intrachain conjugation or Accepted:  April 15, 2024 1
interchain 7—7 stacking."”'? To maximize charge transport, Published: April 23, 2024
increasing the planarity of the polymer conjugated backbone is
critical to both extend the conjugation length and facilitate
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intertwined polymer chains that ‘connect’ crystalline regions
within the film."> However, it is not often practical to
synthesize very high MW CPs due to solubility issues or
polymerization terminations.

Several alternative strategies have been explored to improve
the mechanical properties of CPs. Extrinsic approaches include
the use of additives, such as triacetin, to improve stretchability
of CPs in OFETs, or blending CPs with noncon{'ugated
polymers that have the desired mechanical properties. °~'® A
second approach is to improve the intrinsic properties of CPs
via rational design of the chemical structure such as backbone
or side chain engineering. Examples of chemical structure
modification include introducing nonconjugated spacers,
dynamic covalent bonds such as hydrogen- or metal—ligand
bonding, controlling polymer sequence such as alternating,
random, or block copolymers, and adding large and flexible
side chains.”'® Recent efforts have been successful in creating
highly flexible CPs with high charge carrier mobility in FETs,
ideally suited for applications that interface with biology.” Less
work has been reported on CPs that have high flexibility and
high tensile strength, i.e., tough or robust CPs, which would be
suited for robust electronic devices such as sensors, LEDs, or
OPVs."® Even more elusive are CPs that are flexible and elastic,
meaning they return to their original shape after stretching.”
There is therefore a great need for more structure—property
studies to better understand how to tune the mechanical
properties of CPs while maintaining good electrical properties.

Regioregular poly(3-alkylthiophene)s (P3ATs) are an
important class of CPs that are simple to synthesize, have
been extensively studied, and have good electrical proper-
ties.'”~** Like many CPs, they tend to be brittle. The most
common P3AT, poly(3-hexylthiophene) (P3HT), is no
exception. For a relatively high MW that is still relatively
easy to solution-process (Mn ~ 95 kDa), tensile-strain tests of
free-standing films show that it is brittle with a fracture strain
of only 0.7% and tensile strength of 3.0 MPa.”> Efforts to
improve the mechanical properties of P3AT include adding
very large flexible side chains and making random copolymers
with thiophenes.”* Very little is known about the introduction
of simple functional groups in the side chain of P3ATs.

In a previous study, we modified the side chains of P3HT to
increase its dielectric constant, as shown in Figure 1.** To our
surprise, P3 has unusual properties for a P3AT: it formed free-
standing films that could be handled by hand. The stress—
strain curve of a thick free-standing film, Figure 1b, shows that
P3 is tough with a high tensile strength of S MPa and a high
fracture strain of ~25%. Unfortunately, P3 has very poor
electrical properties since it is 100% functionalized. Since these
improvements in mechanical properties were not seen in P2,
we hypothesize that they were caused by the ester group,
perhaps due to its flexible nature and its ability to have dipole—
dipole interactions. Interestingly, many plasticizers contain
ester groups.”” In addition, ester-functionalization was recently
used to improve fracture strain of poly[(2,6-(4,8-bis(5-(2-
ethylhexyl-3-chloro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]-
dithiophene))-alt-(5,5-(1',3’-di-2-thienyl-5’,7’-bis(2-ethyl-
hexyl)benzo[1',2'-c:4’,5'-c]dithiophene-4,8-dione))] (PM7)
from 20% to 47—58%.”° The authors wrote that the flexible
ester side chains provide pathways for relaxation against
applied stresses compared to rigid units in PM7, though the
ester groups also affected polymer backbone planarity since
they are directly connected to the polymer backbone. In the
case of P3ATS, ester-functionalized copolymers where the ester
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Figure 1. (a) Polymer structures and dielectric constants; (b) stress—
strain curve of P3 obtained by DMA in tensile mode from free-
standing films.

group is adjacent to the conjugated polymer were found to
improve electrical properties and stretchability.”” There is a
study where ester groups were introduced further from the
polymer backbone and integrated into OPVs, but no
mechanical properties were reported.”®*” To the best of our
knowledge, no investigation of the effect of ester groups on
electrical and mechanical properties when placed further away
from the polymer backbone, such as in P3, was reported.

To verify our ester hypothesis, we first synthesized P3AT's
similar to P3 but without a sulfone group. However, the 100%
functionalized polymer is gooey and has bad electrical
properties. To establish the ester content that simultaneously
optimizes mechanical and electrical properties, we varied the
ester content from 0 to 100%. A very simple way to vary the
ratio of two monomers is using random copolymers; we
therefore synthesized copolymers that randomly combined
ester-functionalized 3-alkylthiophene with 3-alkylthiophene, as
depicted in Scheme 1.>* Since little is known about the effect
of simple functional groups in P3ATs, we questioned whether
the alkyl side chain should be shorter or of similar length as the
ester functionalized side chain. Since the ester group is six
carbons away from the polymer backbone, we investigated n-
hexyl (P3HT series) where the alkyl is shorter than the ester-
functionalized side chain and n-dodecyl (P3DDT series) where
the alkyl is the same length as the ester-functionalized side
chain, as shown in Scheme 1. The copolymers were obtained
using a previously reported method, where random copolymers
of 3-alkylthiophene and 3-(6-bromohexyl)thiophene with
desired ratios are first synthesized using the Grignard
Metathesis (GRIM) method, see Scheme 2.** The brominated
side chains are then converted to esters via postpolymerization
reactions with pentanoic acid.”* The repeating units of the
polymers were kept low (35—4S repeating units) to maintain a
high solubility in organic solvents and to limit entanglement
effects. The copolymer’s thermal, optical, structural, mechan-
ical, and electronic properties were investigated. This system-
atic study revealed that ~10% ester content improves the
mechanical properties of P3ATSs without negatively impacting
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Scheme 1. Random Copolymers Containing an Ester Functional Group Within the Side Chains: P3HT and P3DDT series. X:Y
is the Non-functionalized Monomer: Ester Functionalized Monomer Feed Ratio. Note: the 8:1 Ratio Corresponds to 11 mol %

Ester, which We Rounded Down to 10% for Simplicity
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Scheme 2. Reaction Scheme of P3AT Copolymers
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the electronic properties. Further, the effect of the ester group
on mechanical properties is maximized when the coalkyl side
chain is shorter (n-hexyl).

B RESULTS AND DISCUSSION

Synthesis. Random copolymers of 3-alkylthiophene and 6-
bromo-3-hexylthiophene were synthesized using GRIM
(Scheme 2), following the published methods.”*** The ratio
of nickel catalyst to monomer was adjusted to obtain a
relatively low molecular weight, which is important to maintain
optimal polymer solubility in organic solvents for postpolyme-
rization reactions. We aimed for a number of repeating units of
about 40. The actual numbers of repeating units (or the degree
of polymerization DPn) were estimated from 'H NMR using
end-group analysis and were between 31 and 45, averaging
~37 (see Table S1).° Molecular weights were also estimated
by gel permeation chromatography in THF using polystyrene
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standards. The M,, ranged between 7 and 14 kDa (see Table
S2 and Figures S27 and S28). The copolymers actual mole %
of 6-bromoalkyl thiophene was estimated by 'H NMR
spectroscopy using the peak integration from methyl protons
at 0.9 ppm and the methylene protons adjacent to the Br at
3.42 ppm, see Table S3. The experimental mole %
functionalization obtained was very similar to the theoretical
values calculated from the monomer ratios. The desired ester-
functionalized random copolymers were obtained by post-
polymerization reaction of the 6-bromo-3-hexyl side chains
with pentanoic acid in high yields (Scheme 2).** Complete
conversion to ester functionality was confirmed by '"H NMR
with the disappearance of the peak at 3.42 ppm and the
appearance of triplet peaks at 2.29 and 4.06 ppm (Figures
S18—526). In addition, we confirmed that there was no F-
substitution in the resulting ester random copolymers by the

https://doi.org/10.1021/acs.macromol.3c01886
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absence of two triplets at 4.41 and 4.52 ppm (H, on F-
substitution).

Optical Properties. The polymers’ UV—vis absorption
spectra in solution are given in Figure 2, and the A,,, values are
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Figure 2. UV—vis absorption spectra of (a) P3HT and (b) P3DDT
series in solution.

summarized in Table 1. All absorption spectra are very similar,
with a small blue shift from P3HT (452 nm) and P3DDT (447
nm) to the 100% ester functionalized polymer (A, = 436
nm). The minimal effect of the ester groups on the absorption

spectra in solution is as expected since the ester group is
several carbons from the conjugated backbone.

The UV—vis absorption spectra for the as-cast and annealed
films are shown in Figure 3, and the optical properties are
summarized in Table 1. The main visible absorption peak for
all polymers red shifts upon film formation by 61—77 nm for
0—50% ester and by 49 nm for the 100% ester polymer,
indicative of extended z-conjugation in films. The 0—50%
ester-containing polymers also show the typical vibronic
shoulders for P3AT films, which generally become a bit
more pronounced upon annealing 125 °C for 15 min. The
vibronic shoulders indicate some aggregation and 7— stacking
in the films. In the P3HT series, the incorporation of ester
functionalized side chains decreases the vibronic shoulders, as
would be expected with increased disorder due to the random
incorporation of the longer ester-functionalized side chain. In
the P3DDT series, however, the vibronic shoulders appear to
be stronger for the 10—25% ester copolymers than for P3DDT,
suggesting that some ester functionality helps aggregation and
7m—m stacking. At ~50% ester content, however, the vibronic
shoulders become less pronounced than those of P3DDT, and
the 100% ester polymer spectrum does not show any vibronic
shoulders. Further, annealing the 100% ester polymer film
significantly blue shifts the absorption by 44 nm to 441 nm,
becoming like the solution spectrum (436 nm). The ester
groups in P3DDT-100E therefore thermodynamically discour-
age planarization and m—n stacking. The optical band gap
values for the polymers were estimated from the absorption
onset, Aoy and were all ~1.9 eV, except for P3DDT-100E,
which has a higher optical band gap of 2.18 eV.

Thermal Properties. The polymers’ thermal properties
were evaluated by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The TGA thermo-
grams are shown in Figure S31, and the temperature values at
5% weight loss (Tys) are summarized in Tables S4 and SS.
The decomposition of all copolymers occurs in one step
around 400 °C, comparable to P3HT and P3DDT
homopolymers. This contrasts with a study from Son et al.
showing that degradation of ester side chains occurs in two
steps forming carboxylate at 200 °C and complete removal of
the carboxylate group at 300 °C.*" The difference is in the
placement of the ester group: our copolymers have the ester
group in the middle of the side chain, whereas the polymers
with lower degradation temperatures have the ester group next
to the thiophene. We concluded that placing the ester groups
in the middle of the side chain did not lead to degradation at
lower temperatures.

Table 1. Summary of Optical Properties of P3AT Copolymers in Solution and Film

Amax SOlution Amay as-cast solution to film shift
polymer (nm) (nm) (nm)
P3HT (0E) 452 522 70
10E 449 S15 66
20E 448 520 72
25E 441 502 61
SOE 448 520 72
P3DDT (OE) 447 521 67
10E 443 520 77
20E 448 523 75
25E 446 519 73
SOE 439 504 65
100E 436 485 49

Amap annealed as-cast to annealed shift Aonset annealed film B
(nm) (nm) nm) (e\?)
520 -2 643 1.93
506 -9 646 1.92
514 -6 644 1.93
494 -8 643 1.93
514 -6 641 1.93
498 —-12 649 191
S15 ) 651 1.90
516 =7 651 1.90
502 -17 653 1.90
490 —14 645 1.92
441 —44 568 2.18
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Figure 3. UV—vis absorption spectra of as-cast films for (a) P3HT and (b) P3DDT copolymers. UV—vis absorption spectra of annealed films for

(c) P3HT and (d) P3DDT copolymers.

The DSC thermograms for the second heating and cooling
cycles are shown in Figure 4, and the thermal events are
summarized in Figure Sa,b and Tables S4 and SS. Both P3HT
and P3DDT exhibit melting and crystallization peaks due to
their semicrystalline nature. P3HT shows one sharp melting
peak at 231 °C during the heating cycle and one sharp
crystallization peak at 198 °C during the cooling cycle. The
polymer melting temperature (T},) and crystallization temper-
ature decrease significantly with the ester content, see black
dash line in Figure 4a,, as well as Figure Sa These results
indicate that ester-functionalized side chains strongly impact
the polymer’s intermolecular forces and tight packing in the
solid state. The enthalpy of melting (AH,), which is
determined from integration of the melting peak, also
decreases with increasing ester content, see black curve in
Figure SB. This is consistent with ester groups decreasing the
copolymer’s crystallinity. P3DDT shows two melting peaks
during the heating cycle, one at 68 °C and one at 145 °C.
These are attributed to the side chain and main chain melting,
respectively.”” Both the main chain and side chain recrystallize
separately during the cooling cycle. Figure Sa shows that the
side chain melting temperature (T,,;) and main chain melting
temperature (T,,) decrease with the ester content, but the
decrease in T,,, with ester content is much less than what was
observed for the P3HT series. Figure Sb shows that AH,,
decreases with the ester content, but AH,, seems to fluctuate
around 10 J/g. The AH,, for P3DDT-10E appears to be lower
than P3DDT, whereas those for P3DDT-20E, -25E and -50E
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are similar to that of P3DDT. We have repeated this
measurement and currently cannot explain this inconsistency.
It could be due to differences in sample history or impurities in
the sample. The 100% ester polymer is very different than
P3DDT despite having similar side chain lengths: it shows a
small broad melting peak around 68 °C that could be
attributed to main chain crystals and a small broad
recrystallization peak around 15 °C during the cooling cycle,
presumably related to main chain recrystallization. These
results show that the ester groups have dramatic effects on the
thermal properties.

Powder Wide-angle X-Ray Diffraction. The polymers’
degree of crystallinity was estimated from the powder patterns
shown in Figures $32 and S33 and summarized in Figure Sc.
The percent crystallinity of P3HT was 55%, which is similar to
the literature value.”® The percent crystallinity decreased to
40% as the ester content increased to 50%, consistent with
increased disorder due to side chain mismatch. Interestingly,
the 100% ester polymer had a crystallinity higher than that of
P3HT-50E, at ~52%, where the side chains are no longer
mismatched. The unit cell dimensions for the g-axis (lamellar)
and b-axis (7—7 stacking) are shown in Figure Sd. The 7—x
stacking distance does not change with the ester content, but
the lamellar distance increases linearly with ester content. This
is due to the incorporation of the longer ester-functionalized
side chain and is consistent with the side chain and main chain
cocrystallizing and behaving as one phase. The trends are very
different for the P3DDT series. The crystallinity of P3DDT
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was 45% and increased to 57% for P3ADDT-10E. Some ester
functionality may help crystallization due to dipole—dipole
interactions. Further increasing the ester content decreases

crystallinity to 40% for P3DDT-SOE. Note that P3HT-10E,
-20E, and -2SE all had higher relative crystallinity than
P3DDT. Figure Se shows that the 7—x stacking distance (b-
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Figure 6. 2D GIWAXD images of P3HT (a) and P3DDT (b) series.

10E

axis) does not change with the ester content. The lamellar
distance (a-axis) increases only slightly when the copolymers
have ester groups, consistent with the side chains being of
similar length and possibly cocrystallizing together.

The DSC and powder WAXD data strongly suggest that for
the P3HT series (0—50% ester), the side chains and the main
chain cocrystallize as one phase. As a result, side chain
modification strongly impacts the P3HT copolymer’s thermal
behavior. On the other hand, for the P3DDT series (0—50%),
the longer n-dodecyl side chains crystallize separately from the
main chain due to stronger van der Waals forces. This results
in a microphase separation between the main chain and the
side chains, as observed previously.”> Because the side chains
and main chain are immiscible, it makes sense that the side
chain modification would not strongly impact the main chain
thermal behavior, as observed for the P3DDT copolymers. To
verify this hypothesis, we performed heating WAXD experi-
ments for both the P3HT and P3DDT series, as shown in
Figures S34 and S35. For the P3HT series, the 1D WAXD
profile during stepwise heating does not change until the
temperatures reaches the melting point and the polymer melts.
This is consistent with the main chain and side chain behaving
as one phase. The situation for the P3DDT series is different
since there are two melting temperatures, one for the side
chain and one for the main chain. At a low temperature range
(see Figure S35 for exact ranges), there are peaks for both the
side chain (Kgc) and main chain (Ky) and then a higher
temperature range with only Ky before the polymer melts.
The mixed ester and n-dodecyl side chains possibly crystallize
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together into one isomorphic crystal structure because the
melting peak at low temperatures between 0 and 80 °C could
not be deconvoluted into two melting peaks. Meanwhile, their
crystal reflections could not be clearly identified in WAXD,
suggesting relatively poor crystal-packing.

Thin Film Morphology. To better understand the
influence of ester side chains on film morphology, grazing-
incident wide-angle X-ray diffraction (GIWAXD) was obtained
for thermally annealed spin-coated thin films on silicon wafers.
The 2D GIWAXD patterns are shown in Figure 6, and the
corresponding intensities along the vertical (out-of-plane) and
horizontal (in-plane) directions versus the scattering vector (q)
plots are shown in Figure 7. The GIWAXD lamellar and 7—7
stacking distances are summarized in Table 2. The GIWAXD
pattern for P3HT shows the characteristic P3HT diffraction
peaks with lamellar reflections in the out-of-plane direction and
m—m stacking in-plane, pointing to mainly edge-on orientation,
though there is a significant amorphous content. As the ester
content increases to 50%, the amorphous content increases,
and orientation becomes poorer. The lamellar distance also
increases from 16.6 A for P3HT to 22.0 A for P3HT SOE,
consistent with the powder XRD data discussed above. The
m—m stacking distance remains at ~3.7-3.8 A for all
copolymers.

The P3DDT polymer shows a diffraction pattern consistent
with a mostly type I form, where the side chains are not
interdigitated.”*>* The lamellar patterns can be seen in both
the out-of-plane and in-plane directions, though the intensity is
greater in the out-of-plane direction, pointing to a preference
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Figure 7. 1D GIWAXD intensity vs q plots for out-of-plane (top) and in-plane (bottom) for (a, ¢) P3HT and (b, d) P3DDT series.

Table 2. Summary of GIWAXD Lamellar and z—7n
Distances

polymer lamellar spacing (A) type I (type II in-plane) 7—x (A)
P3HT (0E) 16.6 3.8
10E 18.0 3.8
20E 18.8 3.9
2SE 18.8 3.8
SOE 21.7 3.8
P3DDT (0E) 254 3.9
10E 24.7 (19.0) 3.9
20E 279 39
25E 26.3 (19.0) 3.9
SOE 28.4 3.9
100E 30.9 39

for the edge-on orientation with a significant amorphous
component. The lamellar distance of 25.4 A is slightly smaller
than the reported type I (27.1 A), but significantly larger than
the more compact side-chain indigitated type II form (19.8
A).>® This observation is also consistent with the mostly type I
form. A z—rn distance of 3.9 A could be calculated for the
P3DDT copolymers; however, the intensity of the peak
significantly decreased with 10% or higher ester functionaliza-
tion. The lamellar distance increases from 25.4 A for P3DDT
to 31.0 A for the 100% ester polymer, even though the two side
chains are of the same length. This suggests that the ester
groups push the lamellar stack farther away from each other.
Interestingly, the P3DDT films with 10, 20, and 25% ester also
have in-plane diffraction patterns with a lamellar spacing of
19.0 A, consistent with a small amount of the type II form that
is mainly face-on. This has also been observed in regiorandom
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P3DDT and could be possible because of the random nature of
the copolymers®® or small (unintentional) differences in film
processing conditions. The 100% ester polymer shows a
different set of lamellar peaks than P3DDT, with a larger
lamellar distance of 30.9 A that has mainly an edge-on
orientation.

The P3DDT and P3DDT copolymers show an additional
peak labeled (100),, (Figure 6b, OE), which is attributed to side
chain crystallization. This peak is calculated to be ~4.6 A,
consistent with previous reports of P3DDT XRD where the
side chains approximate a 4.5 A hexagonal close packing.”” The
side chain peak decreases in intensity as the ester content
increases and completely disappears in P3DDT-S0E. This
suggests that the ester-functionalized side chains interfere with
crystallization of n-dodecyl side chains.

The thin film surface morphology was imaged by atomic
force microscopy (AFM, see Figures $36—S39). Generally, the
1 um X 1 pum images of all the polymers are very similar and
show a relatively smooth surface with no clear formation of
nanofibrils, even for the 100% P3HT sample. For the 5 ym X §
pum images, more defects were observed due to the larger
scanning area. Furthermore, the 100% ester polymer appears to
have a surface texture different from those of the other
polymers, pointing to a very different self-assembly.

Mechanical Properties. To evaluate the mechanical
properties of P3AT random copolymers, we fabricated thick
(0.1—0.2 mm) free-standing films. This was achieved by drop-
casting a 140 mg/mL P3AT solution in o-chlorobenzene onto
a glass slide that was precoated with PEDOT:PSS. The
PEDOT:PSS layer was then dissolved in water to give a free-
standing P3AT film for tensile tests. Our P3HT, P3DDT, and
P3DDT-100E homopolymers could not be tested because
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adequate free-standing films could not be made: the P3HT and
P3DDT films fractured when dissolving the PEDOT:PSS layer
in water, and the P3DDT-100E was too sticky to be handled
properly. For each copolymer, 4—7 samples were measured.
Figure 8 shows stress—strain plots for the best sample of each
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Figure 8. Stress—strain plots for the (a) P3HT and (b) P3DDT
series.

copolymer. The corresponding parameter averages and
standard errors are reported in Table 3 and plotted for
visualization in Figure S40. For comparison, we also added
data extracted from the literature for P3HT and P3DDT
homopolymers.”> Sydlik and co-workers were able to obtain
tensile tests for free-standing films of P3HT and P3DDT,
presumably because they have much higher MW than our
polymers (PDn 95).”’ Higher MW values are known to
improve robustness.

Compared to the reference P3HT, P3HT-10E has a much
smaller elastic modulus, 46 MPa versus 350 MPa for high MW
P3HT. P3HT-10E has a slightly higher tensile strength (3.9
MPa) and much larger fracture strain (29%) than the P3HT
reference (3.0 MPa, 0.7% fracture strain, respectively), making
it about 75 times tougher than P3HT (~90 vs 1.2 J/m?). This
is impressive considering that the reference P3HT has a higher
MW than the P3HT-10E copolymer (DPn ~ 45 for our P3HT
and P3HT-10E versus DPn ~ 95 for the reference P3HT). As
the ester content increases to 50%, the elastic’s modulus
decreases to 6 MPa, consistent with ester functionalization
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Table 3. Parameters Extracted From the Tensile Tests for
P3HT and P3DDT Series

elastic’s tensile
modulus strength fracture toughness
polymer (MPa) (MPa) strain (%) J/m?)
P3HT 350 3.0 0.7 1.2
(0E)
10E 46 + 6 39 + 0.6 29+ 6 90 + 30
20E 32+3 2.0 +£02 11+£2 13£3
25E 10 + 2 0.7 + 0.1 18 +1 9+2
SOE 6.3 + 0.6 0.17 + 0.03 42 + 03 0.34 + 0.07
P3DDT SS 1.4 2.8 2.2
(0E)
10E 14 + 0.4 0.95 + 0.08 9+1 5.1 +09
20E 23 +2 0.6 + 0.1 3.6 + 0.6 1.1 +£03
2SE 33+9 0.45 + 0.09 23 + 04 0.5 + 0.1
SOE 0.8 + 0.2 0.14 + 0.04 26+ 5 22 + 0.7
100E — — — —

softening the free-standing films and making it more
deformable. Tensile strength and fracture strain also decrease
significantly with increasing ester content, going down to 0.17
MPa and 4.2% for 50% ester content, respectively. As a result,
the random copolymer’s toughness decreases with the ester
content, going down to 0.34 ]/m3 for S0% ester content.
Despite this trend, the copolymers with 10%, 20%, and 25%
ester content all have a higher toughness than the P3HT
reference, which means they can absorb higher total
mechanical stress than the P3HT reference. Of the P3HT
series, 10% ester content resulted in the most robust
copolymer.

The effects of the ester content on the mechanical properties
of P3DDT are very different than those of P3HT (Figure 8b
and S$40, Table 3). The P3DDT-10E copolymer has a lower
modulus, 14 + 0.4 MPa vs 55 MPa for P3DDT. The P3DDT-
10E also has a lower tensile strength (0.95 + 0.08 vs 1.4 MPa)
and a higher fracture strength (9 + 1 vs 2.8%), resulting in a
2.5-fold increase in toughness (5.1 + 0.9 vs 2.2 J/m? for the
P3DDT reference). This increase in toughness is much more
modest than what was observed for the P3HT-10E. As the
ester content increases further, the elastic modulus slightly
increases to 33 + 9 MPa for 25% ester content and then
significantly decreases to 0.8 + 0.2 MPa for 50% ester content.
Tensile strength decreases with ester content, down to 0.14 +
0.04 MPa for the P3DDT-S0E, whereas fracture strain
decreases to 2.3 + 0.4% for 25% ester content and then
significantly increases to 26 + 5% for 50% ester content. As a
result, toughness decreases to 0.5 + 0.1 _]/m3 for 25% ester
content and then increases to 2.3 + 0.9 J/m? for the 50% ester
copolymer. The P3DDT-S0E thus behaves very differently
than all copolymers studied: it has the lowest modulus
combined with a high fracture strain, which makes it a
stretchable material with low toughness. The 100% ester
polymer (P3ET-100E) was very gooey and not robust enough
to make a free-standing film.

The difference in mechanical properties between the P3HT
and P3DDT series can be explained by whether the polymers
crystallize in one phase or two, as discussed above. In the case
of P3HT, the copolymer main chain and side chains are
miscible and behave as one phase. As a result, side chain
modifications have a large impact on the mechanical properties
of P3HT-based copolymers because they also affect the main
chain behavior. For the P3DDT series, the main chain and side
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chain microphases separate into two phases. As a result, side
chain modification has a much smaller impact on the main
chain crystallization. This explains why the P3DDT with 10—
25% ester content has similar tensile strengths and small
fracture strains. Furthermore, the increased toughness with
10% ester content for the P3DDT series is very small
compared to that for the P3HT series. The P3DDT-50E
behaves very differently from P3DDT, with a much lower
modulus, lower tensile strength, and much larger fracture
strain. This is consistent with the DSC results for this
copolymer.

To investigate the effect of tensile test on film morphology,
free-standing films were probed in-house using WAXD before
and after they were pulled to failure in tensile tests (data in
Figure S41). The WAXD patterns before and after tensile tests
were very similar, suggesting that the copolymer film
morphology was not altered by stretching. All free-standing
films show isotropic rings in WAXD patterns, which are
indicative that they do not have a preferred orientation
(anisotropic).

Electronic Properties. The electronic properties of P3AT
copolymers were evaluated in bottom-gate-top-contact
OFETs, and the results are summarized in Table 4 and

Table 4. Summary of OFET Characteristics for the Polymer
Films (Average of 8 Devices)

Polymer uy, FET (cm? V7! s71) Va (V) Hon/ My
P3HT (OE) 0.12 + 0.03 53 10°
10E 0.12 + 0.01 -2.2 10*
20E 42 +19x%x 1073 -2.8 103
25E 21+ 13x%x1073 -7.1 10°
SOE 84 + 4.6 x 107* 1.8 10°
P3DDT (0E) 1.3+ 0.5 X 1072 132 103
10E 51+ 12x%1072 -2.2 10*
20E 9.8 +£9.1 X 1073 -2.6 103
25E 7.7 +31x107* -89 10°
S0E - - -
100E - - -

illustrated in Figure 9. All polymers’ devices demonstrated
OFET behavior in an accumulation mode, and the hole
mobility (y;,) was extracted from the transfer curves using

IEP3HT [EEIP3DDT -

- o
S S,
% N
L

Mobility cm? V' s7)
=

10™
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10E 20E 25E 50E 100E

Figure 9. OFET average hole mobility as a function of ester content.
(™).
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linear fitting of the Ig'/? vs Vg curves in the saturation regime
using the following equation: Ipg(,y = (WC/ 2L) pg (Vg —
Vi)?. Notably, no data could be obtained for PADDT-50 and
P3DDT-100E due to poor film formation. For the P3HT
series, the y;, of P3HT was 0.12 + 0.03 cm®V~! s™!, which is
excellent for P3HT. Surprisingly, u, of the P3HT-10E
copolymer was also 0.12 + 0.01 cm* V™' 57!, demonstrating
that 10% ester content is not detrimental to charge carrier
mobility. Further increasing ester content decreased yy,, though
a py, of ~107% cm? V™! 57! was still maintained for P3HT-20E
and P3HT-2SE.

Hole mobility for the P3DDT series all have lower 4, than
for the corresponding P3HT copolymers, which is not
surprising since the samples are generally more amorphous
than P3HT. In addition, hole mobility of longer P3ATSs has
been shown to be more susceptible to differences in
morphology at the dielectric—polymer interface than shorter
n-hexyl side chains.***” The y, for the P3DDT homopolymer
was 1.3 + 0.5 X 10> cm® V™' s7". Interestingly, u;, increased to
5.1 +12 % 1072 cm? V7! s7! for P3DDT-10E, consistent with
the higher relative crystallinity measured for P3DDT-10E than
for P3DDT. The p, for P3DDT-20E polymer is like that of the
P3DDT homopolymer, while that of P3DDT-25E is lower
than that of P3DDT. No field-effect could be recorded for
P3DDT-S0E and P3DDT-100E, partly because of poor film
formation. The threshold voltages (V) and on/off ratios are
as expected for P3ATs, though we note that both P3HT-10E
and P3DDT-10E have an on/off ratio of 10, which is higher
than those of the other polymers.

Film-On-Elastomer. To explore the mechanical properties
of thin films, we further tested the best copolymer P3HT-10E
using the film-on-elastomer technique and compared it with
P3HT of similar MW. The optical images obtained under
various percent stretch are shown in Figure 10. The P3HT
sample cracked with less than 5% stretch. On the other hand,
the P3HT-10E sample does not show any cracks at 5% stretch.
Some cracks appear at 10% stretch, and the propagation of the
cracks is less extensive than in P3HT, demonstrating that
P3HT-10E is more deformable than P3HT.

B CONCLUSIONS

Two series of random copolymers with varying amounts of
ester functionalized side chains were successfully synthesized
and studied. We found large differences in thermal properties,
aggregation/morphology, and mechanical properties between
the two series. For the P3HT series where the side chains are
n-hexyl and 6-pentanoatehexyl, the side chains and the main
chain crystallize as one phase. As a result, incorporating the
ester-functionalized side chain decreases T,, AH, and
crystallinity and increases the lamellar distance. It also strongly
affects mechanical properties, where P3HT-10E was found to
be the most mechanically robust, with a toughness of ~90 J/
m®. We attribute the mechanical property improvement to a
small increased disorder from the side chain mismatch in the
copolymers combined with the ester functionality that can
introduce dipole—dipole interactions. The P3HT-10E also
maintained a high field-effect mobility of 0.12 cm®* V™' s7" in
thin films, suggesting that the small film morphology changes
did not adversely affect the charge transport. Further increasing
ester content decreased mobility but was still relatively high
with 25% ester. The film-on-elastomer experiment confirmed
that thin films of P3HT-10E are more ductile than that of
P3HT of similar molecular weight. For the P3DDT series, our
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Figure 10. Optical images of (a) P3HT and (b) P3HT-10E on elastomer under various percent stretch. The scale bar is 100 ym.

data are consistent with a microphase separation that is not
due to copolymers but due to side chains crystallizing
separately from the main chains. Since the n-dodecyl and 6-
pentanoatehexyl are about the same length, they could
cocrystallize together. Because the ester functionality is not
in the same phase as the main chain, it does not strongly
influence the main chain T, and has a much smaller impact on
the mechanical properties for the 10—25% ester content. The
P3DDT-10E has the largest toughness of the P3DDT series at
~$ J/m>. In OFETs, the P3DDT-10E has a higher field effect
mobility (0.05 cm®* V™! s7') than P3DDT (0.01 cm® V™! s7%)
due to increased crystallinity. Further adding ester functionality
decreases mobility significantly. These results show that tuning
the right amount of ester functionalization, especially when the
copolymers behave as one phase, is a promising strategy to
optimize both charge transport and mechanical robustness of
conjugated polymers. These exciting results provide further
understanding for the effects of ester-functionalization and side
chain length on the mechanical properties of P3ATs.
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