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ABSTRACT: Free-standing bulk structures encompassing highly doped conjugated polymers are currently heavily explored for
wearable electronics as thermoelectric elements, conducting ﬁbers, and a plethora of sensory devices. One-step manufacturing of
such bulk structures is challenging because the interaction of dopants with conjugated polymers results in poor solution and
solid-state processability, whereas doping of thick conjugated polymer structures after processing suﬀers from diﬀusion-limited
transport of the dopant. Here, we introduce the concept of thermally activated latent dopants for in situ bulk doping of
conjugated polymers. Latent dopants allow for noninteractive coprocessing of dopants and polymers, while thermal activation
eliminates any thickness-dependent diﬀusion and activation limitations. Two latent acid dopants were synthesized in the form of
thermal acid generators based on aryl sulfonic acids and an o-nitrobenzyl capping moiety. First, we show that these acid dopant
precursors can be coprocessed noninteractively with three diﬀerent polythiophenes. Second, the polymer ﬁlms were doped in
situ through thermal activation of the dopants. Ultimately, we demonstrate that solid-state processing with a latent acid dopant
can be readily carried out and that it is possible to dope more than 100 μm-thick polymer ﬁlms through thermal activation of
the latent dopant.

■

polymers.15 Sequential processing has emerged as an
alternative where a conjugated polymer is ﬁrst processed
from a solution or a melt, followed by introduction of the
dopant via an orthogonal solvent12,13,16,17 or via the vapor
phase.18−21 However, such a two-step process is challenging in
the case of thick conjugated polymer structures, as it involves
very long doping times because of diﬀusion-limited transport
of the dopant.22 Thus, it would be highly desirable to develop
means that permit coprocessing of polymers and dopants into
thick structures, while avoiding the premature formation of
intractable polymer/dopant complexes.
One strategy that has been explored to coprocess conjugated
polymers and dopants noninteractively involves the use of
photoacid generators (PAGs), a class of compounds that oﬀer
latent acid functionality instead of acting as an active acid
dopant. In this way, a semiconducting polymer can be easily
coprocessed with an acid dopant precursor, after which the
active acid dopant can be accessed through irradiation with
(most commonly) ultraviolet (UV) light. Within the ﬁeld of

INTRODUCTION
Additives such as ﬁllers, plasticizers, and stabilizers are
commonly used to enhance the mechanical properties,
processability, and environmental stability of commodity
polymers. Similarly, redox-active additives called dopants are
widely employed to introduce charge carriers in conjugated
polymers, in order to boost their electronic performance in
thin-ﬁlm electronic devices such as ﬁeld-eﬀect transistors,1
organic solar cells,2 and light-emitting diodes.3 Further, freestanding bulk structures comprising highly doped conjugated
polymers attract attention as thermoelectric elements,4,5
conducting ﬁbers for electronic textiles,6−8 stretchable
sensors,9 and electrodes for electronic skin and muscles.10,11
One-step processing of doped conjugated polymers is
diﬃcult to carry out because of their poor solubility and
absence of an accessible melt phase. In solution, for example,
conjugated polymers tend to form intractable complexes with
dopants, leading to inhomogeneous ﬁlms upon drying.12−14
One route to enhance processability is through selection of
suitable counterions, for example, dodecylbenzene sulfonic
acid (DBSA) or poly(styrenesulfonate), which enhance
solubility in organic solvents or water, respectively, and
facilitate melt processing upon blending with commodity
© 2019 American Chemical Society
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polymer and potentially dimerizes to form azobenzene-2,2′dicarboxylic acid or evaporates from the polymer matrix.55
To obtain the latent dopants, we ﬁrst reacted the sulfonyl
chloride derivative of EBSAand DBSA with 2-nitrobenzyl
alcohol, oﬀering the TAGs in moderate to high yields. The
capped EBSA (EBSAc) was isolated as a cream-colored
powder that could be puriﬁed to white crystals via
recrystallization from methanol, whereas the capped DBSA
(DBSAc) was puriﬁed through ﬂash column chromatography
(performed in the dark) to aﬀord the target product as a
slightly yellow oil. For both TAG dopants, 1H- and 13C NMR
spectra were recorded to verify their chemical structure
(Supporting Information Figures S1−S4).
We continued our studies by determining a suitable
activation temperature for the TAGs with thermal gravimetric
analysis (TGA) combined with diﬀerential scanning calorimetry (DSC) (Figure 1a). Supporting Information For DBSAc,
we ﬁnd an exothermic transition starting at ∼120 °C, with a
maximum at ∼140 °C, which we attribute to the thermal
decapping of the TAG. For EBSAc, we ﬁnd that the thermal
decapping is lowered by ∼10 °C, corresponding to the onset

thin-ﬁlm organic electronics, PAGs have predominantly been
used to cross-link functionalized conjugated polymers to
obtain enhanced structural stability in organic light-emitting
diodes23−25 and organic solar cells26 but also for patterning of
conjugated polymers.27−36 Several studies have demonstrated
the use of PAGs for direct photopatterning of thin ﬁlms of
conjugated polymers, thereby utilizing the intractability of the
doped conjugated polymer/counterion complex.37−40 Recently, a dimer dopant precursor has been developed that,
upon photoactivation, resulted in the formation of two active
n-type dopant molecules.41
However, the use of PAGs to dope millimeter-thick
structures is not feasible, as UV light would only reach a
micrometer-thin surface layer. Heat has been used as a
stimulus to immobilize thin-ﬁlm structures of conjugated
polymers by thermal cleavage of solubilizing side chains or
thermally activated cross-linking.42−47 Using heat to trigger a
doping event post-processing would eliminate thicknessdependent diﬀusion and activation limitations. Fortunately,
some acid precursors can also be activated via heat
commonly referred to as thermal acid generators (TAGs)
which are primarily used as curing agents for coatings.48,49 In
1991, Angelopoulos et al. considered in situ doping of thin
spin-coated polyaniline ﬁlms with diethylammonium triﬂate
salt through thermal activation and then went on to use these
latent dopants for lithography through activation via e-beam
irradiation.50 We argue that the use of TAGs as dopant
precursors is an intriguing route for coprocessing of conjugated
polymers and dopants, which would considerably simplify
manufacturing of thick conducting polymer structures.
In this work, we introduce the use of TAGs as latent
dopants, which can be coprocessed with a variety of
polythiophenes such as poly(3-hexylthiophene) (P3HT),
poly[2,5-bis(3-hexyldecylthiophen-2-yl)thieno[3,2-b]thiophene] (C16-PBTTT), and a glycolated polythiophene
derivative p(g42T-T). In a second step, in situ bulk doping can
be carried out on demand through thermal activation. In
addition, we demonstrate that solid-state processing and
subsequent thermally induced doping of thick P3HT structures
can be readily carried out.

■

RESULTS AND DISCUSSION
Acid doping of conjugated polymers occurs through
protonation of the conjugated polymer, thereby removing
electrons from the conjugated backbone and resulting in a pdoped material with the conjugate base acting as the
counterion. We chose to work with two sulfonic acids,
ethylbenzene sulfonic acid (EBSA) and DBSA, which are
widely explored acid dopants for organic semiconductors.15,17,51,52 As the capping moiety for the sulfonic acids,
we selected the photocleavable group 2-nitrobenzyl alcohol.
The 2-nitrobenzyl moiety is easily installed and has been
comprehensively studied as a photocleavable protecting
group,53 and thermal decapping occurs autonomously via
intramolecular displacement.54 The intramolecular displacement involves an oxygen transfer reaction from the o-nitro
group onto the benzylic carbon that triggers the release of the
arylsulfonic ester group. The resulting arylsulfonate subsequently abstracts a proton from the reaction intermediate
to form the activated sulfonic acid that proceeds to dope the
conjugated polymer. The 2-nitrosobenzaldehyde byproduct
that is formed after rearrangement either persists in the

Figure 1. (a) Schematic of TAG dopant activation and corresponding
DSC thermograms (ﬁrst heating) for the EBSAc and DBSAc TAG
dopants, (b) 1H NMR spectra and peak assignment of EBSAc
(spectrum 1), reference EBSA (spectrum 5), and the evolution of the
1
H NMR spectra upon thermal decapping of EBSAc at 140 °C for tact
= 0.5, 1, and 3 min (spectra 2−4).
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Figure 2. (a) Chemical structures of the conjugated polymers used in this study; (b) evolution of UV−vis−NIR spectra of p(g42T-T), C16PBTTT, and P3HT coprocessed with 0.66 molar ratio EBSAc as-cast (ﬁlled spectra) and after activation of the EBSAc dopant (open spectra), and
(c) electrical conductivity of drop-cast p(g42T-T) (top), C16-PBTTT (middle), and P3HT (bottom) processed with varying amounts of EBSAc
before (light-colored diamonds) and after (dark-colored diamonds) thermal activation of the dopant. Figure 2b also shows the electrical
conductivity of reference samples of each semiconductor polymer doped with diﬀerent amounts of EBSA (gray circles).

was achieved after ∼1 min at 140 °C. Thus, the 1H NMR
experiment shows that the TAGs have a similar activation time
(tact) ≈ 1 min and can be converted quickly and completely at
a Tact of 140 °C. In addition, we performed thermal stability
studies using the free DBSA and EBSA acid dopants with the
polythiophene p(g42T-T) (see Figure 2 for chemical structure)
and measured the electrical conductivity of acid-doped
p(g42T-T) to asses thermal degradation upon prolonged
exposure to elevated temperatures (Supporting Information
Figure S7). We have selected p(g42T-T) for this study, as we
believe that its good compatibility with polar dopants52,56
makes it the most sensitive probe to study thermal
degradation. The electrical conductivity (σ0 ≈ 50 S cm−1) of
both DBSA- and EBSA-doped p(g42T-T) remains constant for
an annealing time of at least 30 min at an annealing
temperature of 140 °C, indicating that the thermal stability
of acid-doped p(g42T-T) vastly exceeds the activation time of
tact = 1 min at Tact = 140 °C.
To test the generality of the latent doping approach, we
studied EBSAc in combination with p(g42T-T), P3HT, and
C16-PBTTT (see Figure 2a for chemical structures) as these
polymers have successfully been p-type doped with acid
dopants before.17,51,52,57,58 We drop-cast chlorobenzene
solutions of each polymer with diﬀerent molar ratios (0.1,
0.2, 0.33, and 0.66 with regard to the average mass of one
aromatic moiety) of the EBSAc dopant onto poly(ethylene
terephthalate) substrates and collected absorption spectra of
each polymer/TAG mixture before and after thermal activation
(Figure 2b) with UV−vis−NIR spectroscopy. Before doping
(ﬁlled spectra), the optical spectra show the absorption

and peak values of ∼110 and ∼130 °C, respectively. In
addition, we observe an endothermic transition, which we
attribute to melting of solid EBSAc, with a melting temperature
(Tm) ∼90 °C. A minor reduction in mass is observed after
thermal decapping, ∼3% at 150 °C, after which the loss of
mass accelerates (Supporting Information Figure S5). As we
noticed a slight almond-like smell during decapping, we believe
that the initial mass loss can be attributed to the evaporation of
2-nitrosobenzaldehyde, which is the byproduct after thermal
activation of the TAG dopants. For consistency, we chose to
use one activation temperature (Tact) of 140 °C when using
these TAG dopants, as both molecules readily decap at this
temperature over a period of a few minutes.
We employed 1H NMR to analyze the decapping eﬃciency
of the TAG molecules in DMSO-d6 (boiling point = 189 °C)
that were exposed to Tact = 140 °C for progressively longer
activation times (Figure 1b, Supporting Information Figure
S6). We observed that both EBSAc and DBSAc are converted
rapidly, judged by the disappearance of the aryl methylene
peak at 5.47 ppm and a concomitant appearance of a doublet
at 7.14 ppm. Together with the doublet at 7.50 ppm, this peak
corresponds to formation of the liberated acid, which is in
excellent agreement with the 1H NMR spectrum that we
recorded for the pure acid. The concomitant appearance of a
singlet at ∼10.2 ppm, doublet at 8.15 ppm, and an overlayed
multiplet at ∼7.9 ppm with an integral ratio of 1:1:3 suggests
the formation of 2-nitrosobenzaldeyde, which is the main
expected reaction byproduct. From the peak integrals at 7.50
and 7.14 ppm, we calculate that both TAG dopants were
decapped for ∼70% after 30 s and that complete decapping
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polymer and hence could be removed. In PTEG, however, the
EBSAc decapped only partially upon activation, but all
decapped dopants appeared to be retained by the polymer
(see Supporting Information Figure S10). Under the
assumption that every retained EBSA molecule generates one
charge on the polymer, we calculated the charge carrier
concentrations in the range of 1020 cm−3 for both P3HT and
PTEG. For doped P3HT, we calculated an average charge
carrier mobility of μ ≈ 4 × 10−5 cm2 V−1 s−1 for all bound plus
mobile charges, which increased by a factor of ∼2.5 upon a 4fold increase in the concentration of the EBSA dopant. In
sharp contrast, we found that the charge carrier mobility of
EBSA-doped p(g42T-T) increases by several orders of
magnitude from μ ≈ 8 × 10−4 cm2 V−1 s−1 to μ ≈ 2.6 ×
10−2 cm2 V−1 s−1 upon a 2-fold increase in the concentration of
the EBSA dopant.
We note that higher electrical conductivity values of aciddoped p(g42T-T) ﬁlms are achieved over time and that
processing in ambient atmosphere leads to higher electrical
conductivities. As described by Mammone and MacDiarmid
and shown in our recent work,52,60 acid doping yields higher
electrical conductivities for samples prepared in air than for
samples prepared under inert conditions, most likely because
of the occurrence of an acid-mediated oxidation reaction. It
was conﬁrmed in this study that processing in air resulted in
higher electrical conductivities of EBSA- and DBSA-doped
P3HT, C16-PBTTT, and p(g42T-T) ﬁlms, where the increase
in electrical conductivity is more prominent for doping with
pure acids and for the p(g42T-T) polymer (Supporting
Information Figure S11a). To elucidate whether moisture in
the air is a decisive factor in the doping step, we performed
doping studies of p(g42T-T) with DBSA under ambient
atmosphere, dry air, dry argon, and wet argon (Supporting
Information Figure S11b). We ﬁnd that the absence of water
during our processing does not seem to reduce the electrical
conductivity, whereas the absence of oxygen generally results
in lower values for the electrical conductivity. Our results
suggest that the (latent) acid-doping process in the case of
p(g42T-T) does seem to involve a subsequent oxidation
reaction.
We studied the environmental stability by exposing EBSAcdoped p(g42T-T) and P3HT ﬁlms to ambient conditions for
up to 2 weeks (Supporting Information Figure S12). After 1
day of aging in ambient atmosphere, EBSAc-doped P3HT
samples achieved their highest electrical conductivity, whereas
EBSAc-doped p(g42T-T) samples achieved their maximum
electrical conductivity values after 2 days. Further aging
showed a 1−2 orders of magnitude drop in the electrical
conductivity for the doped P3HT samples within 1 day,
whereas the electrical conductivity of doped p(g42T-T) was
retained for 2 weeks and even increased for lower dopant
concentrations. This result, combined with the already
excellent long-term stability of acid-doped p(g42T-T),52
indicates that TAG doping has technological potential
provided that a suitable polymer and TAG dopant combination is used.
TAG doping appears to be inﬂuenced by many factors, and
optimization of activation conditions may further improve the
electrical conductivity that can be achieved using the latent
doping approach. Our results show that polythiophenes, such
as P3HT, C16-PBTTT, and p(g42T-T), can be successfully
doped with TAG dopants, which allows to increase the

features of the parent polymer as well as a minor polaron peak.
We explain the slight doping of each polymer with photochemical activation of the TAG dopant.
After activation of the EBSAc TAG dopant at 140 °C, the
absorption spectrum (solid lines) of p(g42T-T) markedly
changes; its pristine absorption decreases while the polaron
absorption (Ephoton: 0.65−2 eV) strongly increases. The same
eﬀect is observed for P3HT and C16-PBTTT but is not as
pronounced. An activation time of tact = 0.5 min proved to be
suﬃcient to highly dope p(g42T-T) with EBSAc, whereas
P3HT and C16-PBTTT required longer activation times (tact =
3 min) to result in more pronounced levels of doping. We
explain the diﬀerence in activation time between the aliphatic
P3HT and C16-PBTTT, and the more polar p(g42T-T) by
enhanced compatibility of the TAG-dopant with the latter. For
the C16-PBTTT/EBSAc system, we found that a subsequent
annealing step at 100 °C for 15 min resulted in a further
increase of the polaron peak (Supporting Information Figure
S8).59 Conversely, when we used DBSAc as the TAG dopant,
an additional annealing step was not needed to reach similar
doping levels (Supporting Information Figure S8).
We went on to measure the electrical conductivity of thicker
drop-cast (∼1−10 μm) polymer/EBSAc ﬁlms, both before and
after thermal activation as well as polymer/EBSA ﬁlms for
comparison (Figure 2c). Before thermal activation, all
polymer/EBSAc ﬁlms display low values of σ ≈ 10−4 S cm−1
for p(g42T-T)/EBSAc and P3HT/EBSAc. We were unable to
obtain a conductivity value for C16-PBTTT/EBSAc as the
resistivity of the ﬁlms exceeded the detection limit (500 MΩ)
of our measurement setups. After activating the TAG-dopant
at 140 °C, the electrical conductivity of each polymer increased
by several orders of magnitude. For P3HT and C16-PBTTTbased ﬁlms, the electrical conductivity increased progressively
with larger amounts of the EBSAc dopant, achieving modest
electrical conductivities for P3HT/EBSAc and C16-PBTTT/
EBSAc after activation of the TAG dopant (tact = 3 min), 2 ×
10−2 and 5 × 10−2 S cm−1, respectively. P3HT/EBSA reference
ﬁlms achieved a similar maximum σ ≈ 4 × 10−2 S cm−1,
whereas C16-PBTTT/EBSA reference ﬁlms achieved higher σ
≈ 1 S cm−1, for a 0.66 molar ratio EBSAc per thiophene unit.
In contrast, p(g42T-T) achieved a much higher electrical
conductivity of ∼22 S cm−1 after TAG dopant activation (tact =
0.5 min), which is, to the best of our knowledge, a record value
regarding latent doping of semiconductor polymers. For
p(g42T-T)/EBSA reference ﬁlms, the electrical conductivity
initially increased with EBSA concentration to σ ≈ 73 S cm−1
(0.2 molar ratio) before leveling-oﬀ to σ ≈ 40 S cm−1 for larger
amounts of the acid dopant.
To obtain information about the doping eﬃciency of the
TAG dopant, we determined the charge carrier concentration
and charge carrier mobility for P3HT and p(g42T-T) doped
with EBSAc. We prepared polymer/EBSAc ﬁlms with a varying
molar ratio (0.1, 0.2, 0.33, and 0.66 EBSAc/thiophene unit)
and recorded the electrical conductivity after thermal
activation of EBSAc. The ﬁlms were then extensively washed
with diethyl ether, and analysis of the extracted fractions by 1H
NMR allowed us to quantify the amount of EBSAc as well as
the fraction of EBSA that can be removed from the ﬁlm
(Supporting Information Figure S9). We found that the
eﬃciency of the decapping and of the doping was
fundamentally diﬀerent in P3HT and PTEG ﬁlms. In P3HT,
nearly all EBSAc was eﬃciently decapped upon activation, but
a considerable amount of EBSA had not interacted with the
2773
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P3HT/EBSAc blends were able to ﬂow unrestrictedly,
resulting in smooth, continuous ﬁlms with a thickness of
∼130 μm. In contrast, EBSA-doped P3HT was considerably
less malleable and inhomogeneous with numerous holes and
cracks as a result of the intractable nature of doped P3HT.
We carried out wide-angle X-ray scattering (WAXS) to
obtain more in-depth information regarding the solid-state
nanostructure of each hot-pressed sample (Figure 3b,c). For
hot-pressed samples of neat P3HT and P3HT/EBSAc, the
appearance of both the lamellar and π-stacking diﬀraction (d100
≈ 1.6 nm, d010 ≈ 0.39 nm) in the qz-direction indicates that
P3HT backbones within these samples are oriented horizontally to the plane of the ﬁlms as a result of the shear they
experienced during hot-pressing with a mixed “edge-on” and
“face-on” texture.62 For pressed P3HT/EBSA, we ﬁnd that the
100 diﬀraction peak is shifted, resulting in a slightly larger
lamellar spacing of d100 ≈ 1.74 nm, which we ascribe to
incorporation of the dopant into the crystalline regions of
P3HT.18,19,63 To further investigate the EBSAc decapping
kinetics, we studied the microstructure evolution of P3HT/
EBSAc upon exposure to 140 °C by recording a diﬀraction
spectrum every 15 s to construct a time−temperature plot
displaying the evolution of the diﬀraction peaks in the qzdirection during prolonged heating. We note that the initial
diﬀraction peaks of all three samples measured at 140 °C (tact =
0.25 min) are slightly shifted compared to the diﬀraction peaks
of the same samples measured at room temperature. The
lamellar spacing (001, qz ≈ 3.4 nm-1) in the P3HT/EBSAc
sample increased over time while the π-stacking distance
(010, qz ≈ 16.2 nm-1) decreased over a time span of ∼5 min
(Figure 3d), after which no further change was observed,
indicating that doping of P3HT was completed after 5 min.
This change in lamellar and π-stacking distance was not
observed in pristine P3HT and P3HT/EBSA samples that
were annealed at 140 °C (Supporting Information Figure S13).
As a ﬁnal experiment, we performed dynamic mechanical
analysis (DMA) to investigate the mechanical properties of
∼140 μm-thick neat P3HT and a P3HT/EBSAc ﬁlm (EBSAc/
P3HT molar ratio = 1:10) before and after activation of the
latent dopant (Figure 4).
With DMA, we performed a temperature sweep from −100
to 70 °C while following the evolution of the storage modulus,
E′, and the loss modulus, E″. For all samples, we observe a
steady drop in the storage modulus, indicating that all three
materials become less stiﬀ with increasing temperature. For
neat P3HT, E′ is initially ∼2 GPa at −100 °C, which drops
slightly to about 1 GPa at room temperature before decreasing
relatively sharply to ∼100 MPa at 70 °C. At the same time, E″
reaches a maximum at ∼ 30 °C, which marks the glasstransition temperature (Tg) of neat P3HT. The elastic
modulus of the EBSAc/P3HT blend drops more rapidly to
∼330 MPa at room temperature. We identify a Tg ≈ 17 °C and
rationalize the reduction with regard to neat P3HT with partial
dissolution of EBSAc in the amorphous P3HT phase, allowing
the TAG dopant to act as a plasticizer. From the DMA results,
we also conclude that P3HT and the TAG dopant can be
coprocessed without diminishing the mechanical integrity of
the semiconductor polymer (cf. image of P3HT/EBSAc in
Figure 3a). For the EBSAc/P3HT sample, we observe an
additional peak at ∼−33 °C, which we tentatively attribute to
the Tg of pure EBSAc (note that the WAXS data indicate that
P3HT/EBSAc has partially phase-separated, cf. Figure 3c).
Then, we subjected the P3HT/EBSAc sample to thermal

electrical conductivity of the polymers by 3−4 orders of
magnitude upon thermal activation of the dopant.
Next, we explored solid-state processing of P3HT/EBSAc
and P3HT/EBSA blends. The onset of the decapping
temperature of the EBSAc molecule (Tact,onset ≈ 110 °C) lies
well below the melting temperature of, for example, P3HT (Tm
≈ 248 °C) and PBTTT (Tm ≈ 244 °C), which prevents
processing from the melt. However, previous work demonstrated that P3HT could be processed at much lower
temperatures into oriented ﬁlms via hot-pressing at 100
°C,61 allowing us to solid-state process P3HT/EBSAc blends
without activation of the latent dopant. EBSA/P3HT and
EBSAc/P3HT blends (0.66:1 molar ratio) were prepared by
solution-mixing all components in CHCl3, followed by
evaporation of the solvent (boiling point = 61 °C). Then,
each mixture as well as neat P3HT reference material (sample
size ≈ 20 mg) was solid-state-pressed at 70 °C for 30 s into
disc-shaped samples (Figure 3a). Both pristine P3HT and the

Figure 3. (a) Photograph of hot-pressed samples of P3HT, P3HT
doped with EBSA, and P3HT processed with EBSAc; (b) WAXS
images of the hot-pressed samples displayed in (a) measured at room
temperature; (c) azimuthal plot of the (100) lamellar stacking
diﬀraction (left) and the (010) π-stacking diﬀraction (right) of the
samples in (a) at room temperature, integrated perpendicular to the
ﬁlms; and (d) diagram illustrating the time evolution of the (100)
lamellar stacking diﬀraction (left) and the (010) π-stacking diﬀraction
(right) of the P3HT/EBSAc sample during EBSAc activation at 140
°C. WAXS was performed with the incedent X-ray parallel to the ﬁlm.
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Figure 4. DMA storage and loss modulus (E′ and E″) of neat P3HT
(top), P3HT/EBSAc (EBSAc/P3HT molar ratio = 1:10, or ∼16 wt
%) before activation (middle), and after activation by heating the
sample at 140 °C for 5 min (bottom). The DMA test was performed
with a dynamic strain of 0.02% at a frequency of 1 Hz with a heating
rate of 3 °C min−1 from −100 to +70 °C.

annealing for 5 min at 140 °C to activate the TAG dopant. The
DMA curve of the activated EBSAc/P3HT sample shows a
similar thermomechanical behavior as the pristine EBSAc/
P3HT sample. After thermal activation, the storage modulus at
70 °C of the doped P3HT sample, despite the presence of
∼2.2 wt % uncapped EBSAc and ∼1.6 wt % free EBSA and a
trace of 2-nitrosobenzaldehyde (from an initial 16 wt %
EBSAc) (Supporting Information Figure S9a), is a factor of 2
higher than before activation of the dopant and 1.5 times
higher than for pristine P3HT.
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