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ABSTRACT: This contribution reports a series of anionic
narrow-band-gap self-doped conjugated polyelectrolytes
(CPEs) with z-conjugated cyclopenta-[2,1-b;3,4-b']-di-
thiophene-alt-4,7-(2,1,3-benzothiadiazole) backbones, but
with different counterions (Na*, K', vs tetrabutyl-
ammonium) and lengths of alkyl chains (C4 vs C3).
These materials were doped to provide air-stable, water-
soluble conductive materials. Solid-state electrical con-
ductivity, thermopower, and thermal conductivity were
measured and compared. CPEs with smaller counterions
and shorter side chains exhibit higher doping levels and
form more ordered films. The smallest countercation
(Na*) provides thin films with higher electrical con-
ductivity, but a comparable thermopower, compared to
those with larger counterions, thereby leading to a higher
power factor. Chemical modifications of the pendant side
chains do not influence out of plane thermal conductivity.
These studies introduce a novel approach to understand
thermoelectric performance by structural modifications.

he majority of thermoelectric materials under investigation

are inorganic semiconductors;" inorganic/organic compo-
sites have also been studied.” Organic materials have recently
drawn increased attention® due to their unique properties, such
as low thermal conductivity,* synthetic and structural variability,
and ease of processing. Thermoelectric efficiency is determined
by the dimensionless figure of merit ZT = S’6T/k, where S is the
Seebeck coefficient (thermopower), o the electrical conductivity,
k the thermal conductivity, and T the absolute temperature.
Doping of organic semiconductors is commonly used to increase
o for device applications.” Both S and 6, and thus the power
factor (PF = $%6), have been studied on a variety of conjugated
polymers® and small molecules.”

Self-doped conductive polymers are conjugated polymers in
which a significant fraction of monomer units contain covalently
attached ionizable functional groups that may act as stable/
immobile dopant counterions.® Because of the locally available
charge-compensating ions, self-doped conductive polymers are
interesting candidates for thermoelectric materials. Moreover, an
anionic narrow-band-gap conjugated polyelectrolyte, CPE-K
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CPE-Na: M =Na (n=1);
CPE-K:M=K(n=1);
CPE-TBA: M = n-BugN (n = 1);
CPE-C3-Na: M =Na (n =0);
CPE-C3-K: M=K (n=0).

Figure 1. Chemical structures of CPEs studied.

(Figure 1), was recently reported that can be doped during
dialysis to provide a self-doped, water-soluble, and stable
conductive polymer.” This polymer can serve as a hole-
transporting layer in organic solar cells with performance equal
to or better than that of PEDOT:PSS (poly(3,4-ethylenedioxy-
thiophene): polystyrenesulfonate).'® Organic materials with this
combination of properties have not been previously examined
within the context of thermoelectrics and may provide better-
defined systems relative to the much more widely studied
PEDOT:PSS."

Here we report a series of anionic narrow-band-gap
conjugated polyelectrolytes (CPEs) with z-conjugated cyclo-
penta-[2,1-b;3,4-b’']-dithiophene-alt-4,7-(2,1,3-benzothia-
diazole) (CPDT-alt-BT) backbones, but with different counter-
ions and lengths of alkyl side chains.”'* The structures of these
materials, namely CPE-Na, CPE-K, CPE-TBA, CPE-C3-Na,
and CPE-C3-K, are shown in Figure 1. Similar alternating donor/
acceptor units along the backbones of neutral polymers have
proven beneficial for achieving high charge mobility in field effect
transistors.'> By measuring their thermoelectric properties along
with doping efficiency and morphology, determined by
absorption and X-ray scattering, respectively, we can probe the
effects of the counterions and alkyl chain length on the
thermoelectric performance of these CPEs.

All the CPEs in this study were synthesized via Suzuki—
Miyaura polymerization reactions (see Supporting Information,
SI) and found to be doped after purification by dialysis.” As
shown in Figure 2, the UV/vis/NIR absorptions of the CPE thin
films on glass substrates confirm their doped nature. They exhibit
similar absorption profiles, but with different absorption maxima.
The two absorption bands at wavelengths <1000 nm are
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Figure 2. Thin-film absorptions, normalized to A, of CPEs on glass
substrates. Film thickness () and root-mean-square (rms) surface
roughness (surface area =2 ym X 2 ym): CPE-Na, t = 32 nm, rms = 640
pm; CPE-K, t =198 nm, rms = 510 pm; CPE-TBA, t = 31 nm, rms = 310
pm; CPE-C3-Na, t = 78 nm, rms = 860 pm; and CPE-C3-K; t = 89 nm,
rms = 550 pm.

characteristic of undoped polymers with a CPDT-alt-BT
backbone.'* The bands centered around 1250 nm and extending
from 1500 nm to >2000 nm most reasonably originate from
polaronic transitions (ﬂpolamn).ud’ls

The counterions influence the optical properties and extent of
doping. In Figure 2, CPE-Na, CPE-K, and CPE-TBA, all of
which contain a four-carbon pendant group, exhibit different
relative intensity ratios (Apolamn//lmax), probably due to varying
doping levels induced by the different counterions. CPE-Na,
with the smallest counterion, shows the highest 4,,oj4:on/Ama0 With
Apolaron 10cated at the lowest wavelength (1084 nm). However,
CPE-Na, CPE-K, and CPE-TBA exhibit nearly identical
absorption profiles in basic solution (0.1 M KOH), in which
these CPEs can be de-doped (see S, Figure S4b), consistent with
the fact that they have the same backbone and similar molecular
weights. Finally, it is worth noting that variations of the CPE
structures discussed with pendant cationic groups show no
evide9nce of doping under the experimental conditions described
here.

The length of the alkyl side chain also influences the optical
properties. Compared to CPE-K, CPE-C3-K possesses a greater
Apolaron/ Amaw implying possibly a higher doping level under
similar conditions. This observation also holds true for the
comparisons of CPE-Na and CPE-C3-Na. One plausible
explanation is that the shorter side chain brings the negatively
charged SO;™ closer to the conjugated backbone, more readily
stabilizing positive charges on the backbone by electrostatic
interactions. This proposed explanation is consistent with
reports in the literature that self-doped poly-n-(3’-thienyl)-
alkanesulfonic acids with shorter side chains have higher doping
levels due to more effective Coulomb stabilization."

As confirmed by atomic force microscopy (AFM), all the CPEs
form smooth films when spun-cast on pre-cleaned glass
substrates from the respective solutions (10 mg/mL in 1:1
H,0:MeOH) using standard spin-coating conditions (see SI).
These processing conditions were also used for preparing
samples for measurements of ¢ and S. The choice of counterions
impacts the film thickness (t) in a non-obvious way despite
identical spin-coating conditions (CPE-Na, ¢ = 32 nm; CPE-K, ¢
= 198 nm; CPE-TBA, t = 31 nm; CPE-C3-Na, t = 78 nm; and
CPE-C3-K, t = 89 nm). All the films are smooth, with root-mean-
square (rms) roughness (surface area =2 ym X 2 ym) of <1 nm.
CPEs with larger counterions show slightly smaller rms
roughness (CPE-Na, rms = 640 pm; CPE-K, rms = 510 pm;
CPE-TBA, rms = 310 pm; CPE-C3-Na, rms = 860 pm; and
CPE-C3-K, rms = 550 pm).
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Figure 3. Two-dimensional GIWAXS patterns of thin films on silicon
substrates: (a) CPE-Na, (b) CPE-K, (c) CPE-TBA, and (d) CPE-C3-
K. The color scale shown in panel (d), which corresponds to the
scattered intensities (a.u.), applies to all four images.

The molecular packing of the films was examined by using
grazing incidence wide-angle X-ray scattering (GIWAXS)."” To
the best of our knowledge, the molecular ordering of CPE solids
have not been studied by GIWAXS before. It has been previously
proposed that a cationic CPE with smaller counteranions exhibits
higher charge mobility due to tighter interchain packing
distances.'® As shown in Figure 3, CPE-Na and CPE-K show
similar GIWAXS scattering patterns. The presence of scattering
peaks near the g, axis and the absence of off-axis peaks expected
for hexagonal packing, commonly observed in some poly-
(fluorenes), suggest a layered packing structure for these CPEs."”
Additionally, a peak at q,, ~ 1.8 A~ corresponds to a relatively
tight intermolecular 7— stacking distance. The in-plane (along
q.,) stacking distance for CPE-Na (g,, = 1.79 A™',d = 3.50 A) is
smaller than that of CPE-K (q,,= 1.76 A™!,d = 3.57 A). The 7—7
stacking distances of these two CPEs are shorter than neutral
polymers with the same CPDT-alt-BT backbone and linear alkyl
side chains (3.7—3.8 A)."** Furthermore, the full width at half-
maximum (fwhm) of this peak can be correlated to a crystallite
correlation length (CCL) via the Scherrer equation.'”* The CCL
is slightly larger in the CPE-Na film (fwhm =0.24 A, CCL=2.6
nm), relative to CPE-K (fwhm = 0.39 A™', CCL = 1.6 nm),
indicating larger or more perfect crystallites. In contrast, the
scattering pattern of CPE-TBA in Figure 3c is more diffuse than
those of CPE-K or CPE-Na, without a clear stacking reflection,
suggesting lower crystallinity. Thus, we conclude that the much
larger and miscible tetrabutylammonium (TBA) counterions
impede crystallization of the polymer chains. Finally, CPE-C3-K
has a 7—7 stacking distance (q,, = 1.77 A™!, d = 3.54 A) similar to
that of CPE-K, but it is more crystalline, as proved by the sharper
n—r stacking peak (fwhm = 0.32 A™', CCL = 2.0 nm).

The length of the CPE side chains also modulates the
morphology of the films. Figure 4 provides a plot of the intensity
distribution for the 7— stacking reflections of CPE-K and CPE-
C3-K as a function of the polar angle. Polar angles of 0° and 180°
correspond to in-plane scattering, and 90° corresponds to out-of-
plane scattering. The data in Figure 4 suggest differing crystallite
orientations. Compared to CPE-K, CPE-C3-K has a greater
intensity along the in-plane directions (0° and 180°) than the
nearly out-of-plane direction (90°).*° Domain boundaries
between edge-on and face-on domains are known to impede
charge transport, suggesting that the more even bimodal
distribution in CPE-K inhibits transport relative to the more
dominantly edge-on CPE-C3-K.
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Figure 4. Intensity distribution for the 7—7 stacking reflections of CPE-
K (blue) and CPE-C3-K (red). Polar angles of 0° and 180° correspond
to in-plane scattering, and 90° corresponds to out-of-plane scattering.

The three thermoelectric properties (S, 6, and k) of CPE thin
films were measured and compared. CPE solutions were spun-
cast onto pre-cleaned glass substrates, followed by thermal
evaporation of gold electrodes (100 nm) through a mask. S was
determined by linear fitting of a data series taken by imposing a
temperature difference across the sample and measuring the
thermovoltages (S = —AV/AT). Thermocouples were attached
to the sample via a spring force from the probe arm, and good
thermal contact was made with thermal paste. The system was
validated by measuring samples of bismuth telluride, silicon, and
indium tin oxide, and the uncertainty was determined to be
+10—15%. 0 was measured on the same substrate via four-point
probe measurements. x of the thin film spun-cast on silicon
substrates was measured along the vertical direction of the film
surface employing time-domain thermoreflectance (TDTR).*!
The thermoelectric parameters are summarized, together with
PF results, in Table 1.

Table 1. Summary of Thermoelectric Parameters of CPEs

o, S, cS?, K,
S/cm WV/K  pW/(mK?)  W/(mK)
CPE-Na 0.16 + 0.005 165 + 12 0.44 0.26
CPE-K 0.024 + 0.001 230 + 10 0.13 0.23
CPE-C4-TBA 0.22
CPE-C3-Na 0.22 + 0.02 195 +S 0.84 -2
CPE-C3-K 0.048 + 0.004 200 + 18 0.19 0.27

“Not measured.

Table 1 reveals that the choice of countercation and alkyl chain
length has a clear impact on 6. CPEs with smaller counterions are
more conductive than those with larger ones. Specifically, CPE-
Na (0.16 + 0.005 S/cm) and CPE-C3-Na (0.22 + 0.02 S/cm)
are more conductive than CPE-K (0.024 + 0.001 S/cm) and
CPE-C3-K (0.048 + 0.004 S/cm). Shortening the side chains
(CPE-Na vs CPE-C3-Na, and CPE-K vs CPE-C3-K) appears to
be beneficial for improving ¢ within this series of CPEs. This
increase in ¢ occurs at the expense of difficulties in purification.
CPE-TBA, on the other hand, proved to be too resistive (¢ <
107* S/cm) to be measured with our experimental setup. We
note that o is determined by the charge carrier concentration and
mobility.** In general, the o values of these CPEs correlate well
with the doping levels, as observed in absorptions (Figure 2).
Specifically, higher 4,cjqron/Amax leads to higher 6. Moreover, as
evidenced in the GIWAXS data (Figure 3), CPEs with higher
also form more-ordered films, which may contribute to higher
carrier mobilities. The low ¢ of CPE-TBA can therefore be
attributed to the lowest doping level and the least ordered films.

Conductive organic polymers, like all thermoelectric materials,
face a challenge for optimization of the power factors (S’c), due
to the inverse relationship between ¢ and $.3*¢ The more
conductive CPE-Na exhibits a lower S (165 + 12 xV/K) than
CPE-K (230 + 10 uV/K). However, the PF of CPE-Na (0.44
#W/(m-K?)) is higher than that of CPE-K (0.13 ygW/(m-K?)),
due to the higher o. Similarly, S of the more conductive CPE-C3-
K (200 + 18 uV/K) is slightly lower than that of CPE-K (230 +
10 #V/K), and CPE-C3-K possesses a higher PF (0.19 4W/(m-
K?)) than CPE-K (0.13 W/ (m-K?)). Interestingly, CPE-C3-Na
possess o and S both higher than those of CPE-Na, resulting in
the highest power factor (0.84 W/ (m-K*)) among all the CPEs
studied.

We further explored the electronic properties of the CPEs
using ultraviolet photoemission spectroscopy (UPS). It has been
reported that the work function of PEDOT:PSS can be
systematically tuned over an eV-wide range by exchanging the
excess matrix protons with different counterions.”> However, in
our studies, the work functions of CPE-Na, CPE-K, and CPE-
C3-K determined by UPS are almost the same within
experimental errors (4.7—4.8 eV). The similar slopes of the
UPS data at the Fermi level (see SI) are in agreement with the
similar thermopowers of CPE-Na, CPE-K, and CPE-C3-K.''®

Thermal annealing of the CPE thin films to 150 °C in a
nitrogen-filled glovebox does not lead to substantial differences
in 0 and S. In general one observes a decrease in ¢ which is
compensated by gains in S (see SI, Table S3). Additionally, AFM
shows minor increases in surface roughness (see S, Figures S6
and S7).

The out-of-plane thermal conductivities of the CPE thin films
treated at 80 °C on silicon substrates were measured by the
TDTR method, an ultrafast pump/probe laser technique,21 and
found to be almost the same (0.2—0.3 W/(m-K)). These values
are within the usual range for neutral conjugated polymers
(0.05—0.6 W/(m-K)),** which indicates that the ionic content of
CPEs does not significantly influence the out-of-plane thermal
conductivity. It should be noted that, due to the structural
anisotropy of the thin films, it is not appropriate to combine these
values and the in-plane electrical transport measurements to
obtain ZT. The structural-induced anisotropy of in-plane to out-
of-plane thermal conductivities of spin-coated PEDOT was
reported to be ~1.5.""f We speculate that the anisotropy of all
CPE films should be similar to these literature values.

In conclusion, a new class of water-soluble anionic narrow-
band-gap conjugated polyelectrolytes has been designed and
synthesized. These materials allow one to gauge thermoelectric
properties of easily doped organic semiconductors as a function
of counterion and tether length, while keeping the conjugated
backbone the same. CPEs with smaller counterions (Na*, K*, vs
TBA) exhibit higher electrical conductivities with lower
thermopowers, most reasonably because of the higher doping
efficiency, tighter m—n stacking, and better crystallinity, as
determined by absorption and GIWAXS. Shortening the side
chains of CPE leads to increased doping level, better crystallinity,
and a more edge-on molecular orientation, all of which provide
useful handles to modulate electrical conductivity. Side-chain
engineering has been recognized as an effective method to tune
the electrical properties of semiconducting conjugated poly-
mers.”> Our studies highlight the importance of the ionic side
chains of CPE to modulate conductivity, morphology, and
thermoelectric properties.
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