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Mechanical compliance is a critical attribute for organic semiconductors in flexible, stretchable,
mechanically robust, and biologically integrated electronics. This paper substantially develops the
observation that a small change in the length of the alkyl side chain of regioregular poly(3-
alkylthiophene)s has a dramatic effect on the interplay between their mechanical and charge-transport
properties. Specifically, the thermal, mechanical, and charge-transport properties of poly(3-heptylth-
iophene) (P3HpT, n=7), which we found to be an unusual example of a stretchable semiconducting
thermoplastic, are described in comparison to those of poly(3-hexylthiophene) (P3HT, n=6) and poly(3-
octylthiophene) (P30T, n=8). Neat P3HpT was found to have mechanical properties similar to that of
P30T, and when mixed in 1:1 blends with the fullerene [6,6]-phenyl Cg; butyric acid methyl ester (PCBM),
exhibited electronic properties comparable to P3HT. However, the charge-carrier mobility of neat P3HpT
is substantially inferior to that of P3HT; the good performance of P3HpT-based solar cells is the result of
improved mobility in P3HpT:PCBM blends compared to the neat material. While P3HpT may be a
favorable alternative to P3HT in ultra-flexible, stretchable, and mechanically robust organic solar cells,
P3HpT would only make a good field-effect transistor in situations in which mechanical compliance was
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more important than high mobility.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Given the vast literature devoted to the regioregular poly(3-
alkylthiophene)s (P3ATs), it may seem that every aspect of the
chemical, physical, and optoelectronic properties of this class of
materials have been characterized exhaustively. This paper shows
that a small change in the length of the alkyl side chain—in the
range of 6 <n<8—nevertheless has profound effects on these
properties, in particular the flexibility, stretchability, and resis-
tance to mechanical failure of devices. The mechanical properties
of organic semiconductors are highly variable and sensitive to
small molecular and microstructural changes [1-4]. Moreover,
there is substantial evidence that suggests that good charge-
transport and mechanical compliance are mutually exclusive
properties [5,6]. We recently reported the tensile moduli of a series
of P3AT homopolymers and copolymers and their power conver-
sion efficiencies (PCEs) when combined in 1:1 blends with [6,6]-
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phenyl Cg; butyric acid methyl ester (PCBM) in organic solar cells
(OSCs) [2]. We found that the tensile moduli of the thin films (Ef)
exhibited a drop-off of more than one order of magnitude when the
length of the side chain was increased from six carbon atoms—as in
poly(3-hexylthiophene) (P3HT, Ef=1.0GPa) the workhorse of
organic electronics—to seven carbon atoms, as in poly(3-heptylth-
iophene) (P3HpT, E;=0.07 GPa) [2]. Spectroscopic evidence using
the weakly interacting H-aggregate model showed similarities in
the level of order between P3HT and P3HpT, and both materials
exhibited similar photovoltaic performance. The good perfor-
mance of P3HpT, especially in the context of OSCs, suggested to us
that P3HpT could be useful in applications that demand mechani-
cal flexibility, stretchability, and robustness (that is, some
applications of organic semiconductors that currently use
P3HT). The purpose of this paper is to develop substantially our
previous finding by characterizing the thermal, mechanical,
photovoltaic, and charge-transport properties of P3HpT in
comparison to P3HT and poly(3-octylthiophene) (P30T) for pure
films (i.e., for thin-film transistors) and when blended with PCBM
(i.e., for solar cells, Fig. 1a). Our measurements point to seemingly
minor changes in the chemical structure of polymers that can have
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Fig.1. (a) Plot of power conversion efficiency of the P3ATs in a 1:1 blend with PCg;BM vs. tensile moduli of the pure polymers. The position of P3HpT well above and to the left
of the line connecting P3HT and P30T suggests the possibility of co-optimization of photovoltaic and mechanical properties (data reproduced from Ref. [2]). (b) DSC
thermograms of representative P3HT, P3HpT, and P30T samples at a heating rate of 10°Cmin~". The chemical structures are inset in the figure. T, values of 11 to 13 °C were
determined for P3HT, —5 to —4°C for P3HpT, and —10 to —8°C for P30T. T, values were observed at 225, 192, and 155 °C for P3HT, P3HpT, and P30T, respectively. (For
interpretation of the references to color in text, the reader is referred to the web version of this article.)

dramatic effects on their physical properties. We found that P3HpT
is in fact an unusual example of a stretchable semiconducting
thermoplastic. While we believe P3HpT is an excellent candidate to
replace P3HT in OSCs, its high mobility in this context seems to be
the result of blending with fullerenes. In pure form, as required for
organic thin-film transistors, the material is more elastic and
ductile than P3HT, but the charge-carrier mobility of P3HpT is
inferior to that of P3HT.

2. Results and discussion
2.1. Characterization of the polymers

P3HT, P3HpT, and P30T were examined for regioregularity and
purity using 'H NMR spectra. The percent regioregularity for each
sample was as follows: P3HT, 88%; P3HpT, 92%; and P30T, 82%. We
observed no additional peaks beside those expected (Fig. S1,
Supporting information). From size-exclusion chromatography, we
determined that the molecular weights of the polymers are as
follows: P3HT, M,, =44 kDa, PDI = 2.0; P3HpT, M,, =35 kDa, PDI = 1.5;
and P30T, M,,=34kDa, PDI=2.5.

2.2. Thermal properties

The intuitive rationale for the increase in elasticity and ductility
measured as a function of increasing length of the side chain P3AT
(a comb-like polymer) is a reduction in the density of load-bearing
carbon-carbon bonds along the main chain per cross sectional area
[1,7]. The glass transition temperature (Tg) for comb-like polymers
also decreases with increasing length of the side chain until a
critical value, after which Ty remains roughly constant or even
increases [8]. Long side chains installed for solubility on otherwise
rigid backbone structures thus have deleterious consequences for
polymers intended for structural applications [9]. For flexible and
stretchable organic devices, however, high compliance (low tensile
modulus) is desirable. Values of T in the literature occupy a wide
range of values for P3HT, but it seems that the consensus value is
equal to or slightly less than room temperature (i.e., 15-25°C,
though our experience is that research laboratories are often kept
at temperatures significantly below 25 °C) [5]. The value for P30T is
unequivocally below room temperature [10], and we have used the
ductility of P30T:PCBM composites at ambient temperature to

stretch, conform, and bond whole OSCs to hemispherical surfaces
without generating cracks or wrinkles [11].

We used differential scanning calorimetry (DSC, Fig. 1b) to
measure the T, and melting temperature (T;,) of P3HpT (red curve)
and compared it to those of P3HT (blue curve) and P30T (black
curve). From the analysis of the total heat flow for the heating of
the pure polymer samples, we found values of T, between 11 and
13°C for P3HT, -5 and —4°C for P3HpT, and —10 and —8°C for
P30T. These data are consistent with decreasing T, with increasing
length of the side chain, and that T is substantially below room
temperature for P3HpT and P30T. The melting temperatures, Ty,
also decreased with increasing length of the side chain, which
agreed with previously reported results [12]. We note that the
values of T, found in literature can vary significantly due to the
different heating rates employed and the thermal history of the
sample. The relationship of T, for P3HpT and P30T to ambient
temperature suggests that these materials can be treated as
stretchable semiconducting thermoplastics. Our experience with
0OSCs based on either P3HpT or P30T, however, suggests that the
two polymers have significantly different semiconducting perfor-
mance.

The addition of fullerene to P3HT has previously been reported
to produce a greater Ty in the blend compared to that of the neat
polymer [13]. We reasoned that this increase in T, would occur in
all P3ATs, and that the good photovoltaic performance of P3HpT:
PCBM might be produced concomitantly with anti-plasticization of
P3HpT by PCBM. To determine if the Ty of the P3ATs increased
significantly with the addition of PCBM, we analysed the total heat
flow for the P3AT:PCBM samples. We found the T, of P3HT:PCBM
increased to the range between 37 and 40°C, which agrees with
previously reported results [14], and the T, of P30T:PCBM
increased to the range between —5 and 0°C. Interestingly, the T
of P3HpT:PCBM increased to the range between 33 and 35°C,
which is close to that of P3HT:PCBM. The similarity in T, between
P3HT:PCBM and P3HpT:PCBM is consistent with their similar
photovoltaic properties [2].

2.3. Band structure
Increasing the length of the side chain in P3ATs has a very small

effect on the bandgap, however, with a side chain longer than n=6,
the absolute positions of the frontier molecular orbitals decrease in
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energy (become more negative relative to the vacuum level) [15].
To verify this trend previously identified in the literature for P3ATs
with an even number of carbon atoms in the side chains [15], we
measured the positions of the HOMOs for the three P3ATs by cyclic
voltammetry. The onset of oxidation (Egx) for P3HT, P3HpT, and
P30T can be seen in Fig. 2a, which reveals a linear dependence on
ionization potential with the length of the side chain. To determine
the LUMO, we added the optical band gap, Egopt, and 0.3 eV to the
HOMO. The 0.3 eV is added because it is the typical difference
between the optical and electrochemical band gaps, previously
attributed to the exciton binding energy [16]. The absorption
spectra of the solid films, shown in Fig. 2b, reveal similar onsets of
absorption, 1.92-1.94eV (639-646nm). The spectra also show
better order in P3HT and P3HpT compared to P3OT. The optical and
electrochemical properties of the P3ATs are summarized in Table 1.
We initially hypothesized that similar order when n=6 or 7 would
produce similar charge-carrier mobilities, though the effect of
unequal T, between P3HT and P3HpT could also play a role.

2.4. Charge transport properties

The good charge-transport properties of P3ATs are generally
attributed to the semicrystalline morphology in which well
ordered aggregates (observed spectroscopically or by X-ray
diffraction) have been correlated with high hole mobilities in
organic thin-film transistors (OTFTs) and good efficiencies in OSCs
[5,17]. To compare directly the field-effect hole mobility, up, for
P3HT, P3HpT, and P30T, we fabricated bottom-gate, bottom-
contact thin-film transistors with the dimensions of 500 wm
(channel width) and 10 wm (channel length). Fig. 3a-c shows the
output plots and Fig. 3d shows the transfer plots for P3HT, P3HpT,
and P3OT. The field effect mobilities, wy, were extracted from the
slopes of the linear fits in the saturation regime on the plots of
(—Ips)'? vs. Vgs (Fig. 3d), and the threshold voltages, Vy, were
extracted from the interception of the linear fits and the x-axis
using Eq. (1) [18,19],

Vios =\ 1nCagy (Ves — Vi) (1)

where C4=1.38 x 10" 8Fcm 2W=500wm, and L=10wm. The
mobilities, threshold voltage, and on-off ratios extracted from
the current-voltage characteristics for the three materials are
listed in Table 2.
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Table 1

Optical and electrochemical properties of the P3ATs.
Material Eox (V) HOMO(eV)? Eg opt (€V) LUMO (eV)°
P3HT 0.54 —5.25 1.94 -3.01
P3HpT 0.68 -5.39 1.92 -317
P30T 0.75 —5.46 1.92 -3.24

2 HOMO = —e(Eox+4.71)eV.
b LUMO =Egopc +0.3+HOMO eV.

As expected, P3HT exhibited the greatest mobility, 0.01 cm?
V~1s~1 while P30T exhibited the lowest, 0.0001 cm?V~'s~I. The
mobility of P3HpT was intermediate, 0.0006 cm? V! s~!, but closer
to that of P30T than to that of P3HT. Although P3HT, P3HpT, and
P30T have different HOMO values (Table 1), the injection barriers
at Au/P3AT interfaces are sufficiently small (work function of Au
Py ~51~53eV) [20,21] and should only result in minimal
differences among three differenct P3AT samples in contact
resistance values, which are largely dominated by the polymer
nanomorphologies at the Au/channel contact edges in bottom-
contact OTFT configuration [22]. The disparity in hole mobilities
could be a manifestation of the thermal properties, where the
amorphous domains are less mobile for P3HT than they are for
P3HpT or P30T. The relative rigidity of the amorphous domains of
P3HT could be conducive to greater charge mobility than P3HpT,
despite the similarity in aggregation apparent in the UV-vis
spectra of the solid films (Fig. 2b).

The low hole mobility of P3HpT should be deleterious to
photovoltaic performance, yet we found that P3HpT:PCBM devices
performed as well as P3HT:PCBM devices [ 16]. It has been reported
by others that blending MDMO-PPV with PCBM can improve the
hole mobility of the polymer by orders of magnitude [23,24]. The
exact mechanism that produces the improvement in mobility is
unknown, but it has been speculated that the presence of the
fullerene improves ordering in the polymer [25]. We therefore
tested this hypothesis for the three P3AT:PCBM composites. The
hole mobility of P3HT, 0.01 cm?V~'s~!, remained similar to that of
the neat polymer, however, the mobilities of P3HpT and P30T
increased by an order of magnitude to 0.004cm?V~!'s~! and
0.001 cm?V~1s7!, respectively. Such a large increase in pu for
P3HpT and P30T with the addition of fullerene correlates with the
increase in T, These results support the hypothesis that
immobilization of polymer chains with the incorporation of an
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Fig. 2. Determination of the HOMO and LUMO for P3HT, P3HpT, and P30T. (a) Cyclic voltammetry oxidation curves measured at a scan rate of 100mV s~ . (b) Absorption

spectra of the polymer thin films on ITO and annealed at 100 °C for 30 min.
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P3HT, (b) P3HpT, and (c) P30T. (d) Transfer characteristics (—Ips)'/? vs. Vs at Vps=—80V with respect to alkyl side chain length. Dashed lines represent the linear fit in the

saturation regime.

anti-plasticizer may increase the mobility and thus the photovol-
taic performance.

2.5. Combined mechanical and photovoltaic properties

Given that the charge-transport properties of P3HpT compare
favorably to those of P3HT, we believed that P3HpT might be useful
as a stretchable and mechanically robust semiconductor for
flexible solar cells and wearable devices. Fig. 4a compares the
representative J-V curves of the three P3AT:PCBM devices and the
figures of merit are summarized in Table 3. P3HT:PCBM and P3HpT:
PCBM exhibited similar power conversion efficiencies, while P3OT:
PCBM performed considerably poorer.

The necessity to add fullerenes (e.g., PCBM) to conjugated
polymers to make a bulk heterojunction has the unwanted effect of
increasing the stiffness and brittleness of the composite film
[1,2,26]. We hypothesized that there may be a concentration of
PCBM that maximized both compliance and power conversion
efficiency (PCE) of solar cells with the architecture glass/PEDOT:

Table 2

PSS/P3HpT:PCBM/eutectic gallium-indium (EGaln). Fig. 4b plots
the PCE of P3HpT:PCBM blend as a function of the weight fraction
of PCBM in the blend. The tensile modulus (Eg, left vertical axis) and
the crack-onset strain (CoS, right vertical axis) as a function of
PCBM concentration are plotted in Fig. 4c. We observed that the
three quantities were highly correlated. This apparent trade-off
between stiffness and electronic performance has been observed
before in polythiophenes exhibiting different levels of crystalline
order, specifically P3HT:PCBM blends with different order in the
polymer phase produced by different rates of drying during
solution casting [5], and in the conductive polyelectrolyte complex
PEDOT:PSS, when spin-coated from inks containing different
concentrations of dimethylsulfoxide (DMSO) [27].

We also examined the effect of PCBM concentration on the
extent of ordering in the polymer component, as measured by
UV-vis spectroscopy and analysed by the weakly interacting H-
aggregate model (Fig. 4d). The UV-vis spectra can be deconvoluted
into contributions from the aggregated material (the lower-energy
shoulders in the spectra) and from the amorphous material. The

Average mobility values obtained from the transfer curve of the P3HT, P3HpT, and P30T OTFTs.

Materials Mobility, un(x1073)(cm?/V's) Threshold voltage, Vi (V) On-off ratio?
P3HT 11+18 34.5+3.63 13.8 £3.00
P3HpT 0.55+0.082 36.4+4.25 10.2+2.44
P30T 0.144+0.032 180+32.0 1.68 +0.21
P3HT:PCBM 10+3.3 12.8+5.63 375+231
P3HpT:PCBM 40+10 23.5+4.47 165+ 86.8
P30T:PCBM 1.2+0.66 45.04+18.1 48.8+33.2

¢ On-off ratios were calculated through I(Vgs=—80V)/I(Vgs=+20V).
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Fig. 4. (a)J-V curves of average devices (N > 7) with an active layer of 1:1 blend of P3AT and PCs;BM. The architecture of the devices was PEDOT:PSS/P3AT:PCBM/EGaln. The
data were reproduced from Ref. [2]. (b) Power conversion efficiency of average devices (N > 7) comprising P3HpT and PCBM as a function of weight fraction of PCBM. (c) Values
of tensile modulus and crack-onset strain of P3HpT:PCBM as a function of weight fraction of PCBM. All films were fabricated by spin-coating from solutions of ODCB and
thermally annealed at 100 °C. (d) Example of deconvolution of the absorption spectra into vibronic transitions of ordered P3HpT and amorphous absorption using the weakly

interacting H-aggregate model.

percent aggregate has been correlated to increased stiffness and
crack-onset strain in P3HT:PCBM blends [5]. Interestingly, small
concentrations of PCBM appear to have an ordering effect on the

Table 3
Characteristics of P3HpT:PCBM films as a function of weight percentage of PCBM. All
films were spin-coated from ODCB and thermally annealed at 100°C.

Wt% PCBM?®  PCE (%)° Ef (GPa)*  CoS(%)! W (eV)® Agg. fraction’
0% - 019+0.05 54+2 0.181 0.547
10% 0.014+0.002 0.33+0.07 40+2 0165 0.552
16.7% 0.12+0.01 0.82+028 26+2 0.168 0.555
25% 0.59+0.03 1014022 16+2 0.169 0.550
33.3% 1.24+0.09 1754035 1242 0169 0.547
40% 1.58 £ 0.06 1.84+028 6+1 0172 0.518
50% 216+0.17 1924022 4+1 0179 0.464

2 The weight percentage of PCBM in the solution prepared in ODCB.

P The architecture of the OSC devices was PEDOT:PSS/P3HpT:PCBM/EGain. The
thickness of the active layer for each sample was ~150 nm. The power conversion
efficiencies were averages of N> 8 devices.

¢ Tensile modulus of each sample was determined by the buckling-based
methodology.

4 Crack-onset strain was determined by transferring the film of each sample
(~150nm) onto an unstrained PDMS substrate and incrementally increasing the
induced strain. Optical micrographs were taken to observe the formation of cracks.

€ The exciton bandwidth, W, which is inversely correlated to aggregate order.

 The aggregate fraction were calculated from a least-squares fit of the weakly
interacting H-aggregate model to the absorption spectra.

polymer, however this effect disappears with larger loading of
PCBM. Both the W value, which is inversely related to the aggregate
order, and the aggregate fraction suggests that a decrease in
ordering begins with a loading of PCBM above 33.3%. At lower
loadings, the PCBM is likely to be dispersed in the amorphous
domains of the polymer [28]; at higher loadings, larger PCBM-rich
domains form that serve as electron-conducting regions required
for efficient solar cells, but are also hard inclusions in the film that
stiffen and embrittle the film and are deleterious to polymer
ordering. Of note, these results suggest that the increase in hole
mobility we measured in 1:1 P3AT:PCBM blends is not due to
increased polymer ordering, and thus, further studies are required
to fully understand the mechanism responsible.

We note that molecular weight affects the mechanical
properties of the P3ATs in ways that have not yet been fully
characterized. For example, Bruner and Dauskardt found that
cohesive fracture energy of P3HT increases with molecular weight
(My) in a range of 28-100kDa [29], while the entanglement
molecular weight has been estimated to be 10-20kDa for P3HT
[28]. Koch et al. observed that monodisperse samples of P3HT with
exceptionally low degrees of polymerization (dp=12) can exhibit
structures in which the side chains intercalate that have been
described qualitatively as brittle [30]. We have previously found
that the tensile modulus was similar within experimental error for
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P3HT with M, between 7 and 44kDa [2,11]. We thus did not
attribute differences in mechanical properties to differences in the
molecular weight (M,) of the samples used in this study (P3HT
44 kDa, P3HpT 35kDa, P30T 34 kDa).

A summary of the electronic and mechanical properties of
P3HT, P3HpT, and P30T is presented in Fig. 5. While P3HT has a
favorable wu;, and PCE, it exhibits poor compliance and ductility.
P30T, on the other hand, has high compliance and ductility, but
poor u, and PCE. In contrast, P3HpT is a chimera; in neat films, it
has a similar compliance and ductility to P30T, and when blended
with fullerene, its electronic performance becomes closer to or
equal to that of P3HT. While P3HpT is stiffened by PCBM, the blend
is still less stiff than P3HT:PCBM by a factor of approximately two:
E¢=1.46 +0.16 GPa for P3HpT:PCBM compared to 2.75 4+ 0.59 GPa
for P3HT:PCBM [31].

3. Conclusions

Poly(3-heptylthiophene) is an interesting example of a
semiconducting thermoplastic elastomer (STE). While P30T could
also be described as an STE, the semiconducting performance of
P3HpT is better, especially when blended with PCBM. The
mechanical compliance of P3HpT arises from the fact that its
glass transition is the first in the series of P3ATs that is well below
ambient temperature. When compared to P3HT and P30T, the PCE
of an organic solar cell with an active layer comprising P3HpT:
PCBM is comparable to that of P3HT:PCBM, while the hole mobility
of P3HpT is poor—closer to P30T than P3HT—it is increased by
nearly an order of magnitude with the addition of PCBM. P3HpT is
thus attractive as a potential replacement for P3HT in flexible,
stretchable, wearable, and mechanically robust solar cells, though
it would not make an especially good transistor. More generally,
the behavior observed in these relatively simple conjugated
polymer systems should provide insight into designing highly
elastic and high performing organic electronic devices in outdoor,
portable, and wearable applications that require mechanical
robustness.

Notes

Electronic Supplementary information (ESI) available: experi-
mental methods, UV-vis absorption spectra for P3HpT:PCBM at
different concentrations, DSC of the P3AT:PCBMs, method for
determining E,x from CV, and charge transport of P3AT:PCBMs.
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