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Benzodithiophene-S,S-tetraoxide (BDTT) as an Acceptor
Towards Donor-Acceptor (D-A)-Type Semiconducting
Electropolymers
Tharindu A. Ranathunge,[a] L. P. Tharika Nirmani,[b] Toby L. Nelson,[b] and Davita L. Watkins*[a]

This study introduces a benzodithiophene-S,S-tetraoxide (BDTT)
monomer as an acceptor and 3,4-ethylenedioxythiophene
flanked thiophene (TEDOT2) and terthiophene (T3) as donor
molecules for polymer formation. The synthesis of the poly
(TEDOT2-BDTT) and poly(T3-BDTT) copolymers was performed
via a single-step monomer radical formation that is typically
associated with electropolymerization methods. The electro-
polymerization is controlled by using a suitable monomer
stoichiometric ratio that enables the deposition of copolymer

thin films on the working electrode. Resultant copolymers were
investigated by electrochemical analysis and their electronic
properties are discussed in detail. A low average electron
transport resistance of 16.5 Ω was found for poly(TEDOT2-
BDTT), indicating excellent conductive behavior. Solid-state
absorbance and emission studies of the copolymers show
visible to near-infrared spectral activity. Results support an
effective strategy towards highly efficient electronically con-
ducting polymers (ECPs) based on a unique BDTT monomer.

1. Introduction

Recent developments in conducting polymers have enabled
their use in diverse industrial applications such as lithium-ion
batteries,[1] organic photovoltaics,[2] organic field-effect transis-
tors (OFET),[3] and NIR polymer probes.[4,5] In part, the donor-
acceptor (D-A) design is an effective strategy to tune the optical
band gap of a material. Such molecular designs can influence
the bandgap difference between electron-rich donors and
electron-poor acceptors, with the development of new acceptor
moieties affecting the most change in regards to the optical
properties.[6–9] Their compositions have played crucial roles in
molecular planarity and crystallinity, power conversion
efficiency,[10,11] photoluminescence,[12] and thermal-mechanical
stability.[13,14] However, reports have shown challenges associ-
ated with this strategy when applied to the systematic
optimization of conjugated polymers.

Throughout decades of work, different types of synthetic
approaches were implemented to afford these D–A polymers.
The use of direct arylation,[15–17] palladium cross-coupling,[18,19]

organometallic polycondensation,[20,21] and
electropolymerization[22,23] as synthetic methods have all been
shown to provide these polymers effectively. Among all of
these methods, however, electropolymerization is the most

straightforward, efficient, and environmentally friendly techni-
que.

There are several examples of applying electropolymeriza-
tion to form D-A conjugated polymers. Malik et al. developed
an electrochromic D-A-D polymer consist of triphenylamine
(TPA) as a donor and isonaphthalene diimide as an acceptor.[24]

Rybakiewicz and co-workers electro-synthesized a naphthalene
diimide core-functionalized with 1,4-phenylene functionalized
carbazole to obtain donor-π-linker-acceptor-π-linker-donor (D-
π-A-π-D) type polymers.[25] In another attempt, Lu and co-
workers developed two donor-acceptor type pyrazine-EDOT
hybrid polymers.[26] We, too, have shown the advantages of
electropolymerization to make D-A polymers. These studies
consist of benzothiadiazole (BTD),[27] terthiophene (T3) incorpo-
rated as a donor with thienothiadiazole-bisthiophene (TTDT2),
diketopyrrolopyrrole-bisfuran (DPPF2) and diketopyrrolo-
pyrrole-bisthiophene (DPPT2) and isoindigo[26] employed as
acceptors.[27,28]

Herein, we introduce benzodithiophene-S,S-tetraoxide
(BDTT) as an acceptor for polymerization of p-type materials for
application in optoelectronic devices. BDTT has seen limited
utility as a building block for conjugated materials due to
difficulties in chemical functionalization and low yields.[29,30]

Despite its limited synthetic accessibility, BDTT was previously
implemented in direct arylation studies for regioselective
functionalization and proven as an efficient acceptor in D-A
type molecular strategy for n-type materials.[30,31] Interestingly,
its electrochemical synthesis and conductivity have not been
studied. We, in turn, electropolymerized it using 3,4-ethyl-
enedioxythiophene flanked thiophene (TEDOT2) and T3 as our
donor monomer. These latter molecules act as radical initiators,
π-linker, and donors simultaneously. The monomeric units and
their four resulting polymers are illustrated in Figure 1, poly(T3),
poly(TEDOT2), poly(T3-BDTT), and poly(TEDOT2-BDTT), respec-
tively. Electropolymerization yields conducting polymers where
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impedance spectroscopy is used to measure the electrical
conductivity of the polymers. A dual rail-transmission circuit is
used to rationalize the conductivities obtain in solid-state thin
films via Nyquist plots. Optical properties were studied to
demonstrate the absorbance, emission, and reflectance of the
solid-state polymeric material. Here we summarize our results
to showcase the application of BDTT as a promising acceptor
moiety for the realization of high-performing conductive
materials.

2. Results and Discussion

2.1. Electro-copolymerization

The initial investigation consists of introducing BDTT as an
acceptor for D-A type polymer via electropolymerization. Addi-
tional details regarding monomer synthesis, electrochemical
and photophysical characterization are available in the Support-
ing Information (Figure S1–S11). The electrochemical activity of
BDTT from selected chemical potentials was scanned through
ranges of @1.0 V to +1.0 V, @2.0 V to+2.0 V, and @2.0 V to+
3.0 V and their cyclic voltammograms (CVs) are shown in
Figures S9-S11. There were two oxidation onsets observed at
+0.355 V, and +1.069 V that are shown in Figure S12 in the
range from 0 V to +1.2 V. The polymerization attempt was
conducted as shown in Figure S13 for this particular potential
range. The CVs show a random change of current densities with
an increasing number of scans indicating that BDTT is incapable
of polymerizing in this potential range. The non-polymerizable
nature of BDTT is distinct as the monomer is unable to form a
thin layer on the working electrode.

The next attempt was carried out from 0 V to +1.8 V as
shown in Figures S14–15 and illustrate the origin of two
oxidation peaks at +1.195 V and +1.563 V. Unlike the 0 V to
+1.2 V range, the reduction peaks visible in this range appear
at+0.350 V and+1.350 V. However, the polymerization at-

tempt ended with no result. Figure S16–17 shows the potentials
from 0 V to 2.2 V where two oxidation peaks are seen at
+1.054 V and +1.559 V, respectively. As our final attempt, we
extended the potential range up to 3 V to explore electro-
chemical trends. Note that, at higher potentials, BDTT possesses
irreversible redox behavior that shows over-oxidation of the
molecule.

Unlike previous ranges, the first oxidation peak is invisible
due to the large current density of the second oxidation
potential at+1.560 V (Figure S18–19). These plots show random
current density patterns with respect to the increment of the
number of scans. Still, however, no homopolymer is detected as
corresponding polymerization curves (Figures S13, S15, S17,
and S19) show the inability of these oxidation potentials to
produce a sole polymer made of BDTT alone even using a
potentiodynamic range. Although BDTT was unable to homo-
polymerize, it can still be copolymerized using a radical initiator.
Similar to previous studies using diketopyrrolopyrrole (DPP) and
thienothiadiazole (TTD), BDTT is electrochemically active and
these oxidation values can be used to link radical donors at
each end of the thiophene units.[27,28]

Acknowledging the inability of BDTT to form a homopol-
ymer, we then introduced a donor molecule as an initiator for
the polymerization.[25–27] BDTT was copolymerized separately
with either T3 or TEDOT2 under mild oxidative electrochemical
conditions from 0 to +1.2 V to result in two different
corresponding copolymers, poly(T3-BDTT), and poly(TEDOT2-
BDTT). Electropolymerization with the two donor molecules is
evident via a successive increase in currents in repetitive CVs
and concomitant deposition of polymer films on the working
electrode (WE) surface. Figures 2a and b show successive CVs
for the formation of the two copolymers of BDTT with T3 and
TEDOT2, respectively. After the polymers were formed on the

Figure 1. Monomers and respective hypothesized structures of the polymers
formed via electropolymerization.

Figure 2. CVs representing electropolymerization of a) BDTT and T3 and b)
BDTT and TEDOT2 monomer mixtures leading to poly(T3-BDTT) and poly
(TEDOT2-BDTT), respectively, on a GC electrode surface. CVs of poly(T3-
BDTT) and poly(TEDOT2-BDTT) in neat BGE are shown in (c) and (d),
respectively.
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WE surface, they were rinsed with acetone to remove small
soluble organic impurities. CVs run in argon purged background
electrolyte (BGE) solution without monomers are shown in
Figures 2c and d. Additional details of the electropolymerization
for T3 or TEDOT2 with BDTT are given in the Supporting
Information.

It is important to note that poly(T3-BDTT) and poly(TEDOT2-
BDTT) exhibit different redox characteristics from that of T3 and
TEDOT2 homopolymers, poly(T3) and poly(TEDOT2). The corre-
sponding CVs for poly(T3) and poly(TEDOT2) are given in
Figures S5–S8. The co-polymerization was achieved with 10
repetitive scans from 0 V to +1.2 V versus SCE with a potential
scan rate of 100 mVs@1. Such differences support the ability of
T3 and TEDOT2 to act as both polymerization initiators and
linkers between the BDTT. Details of the electropolymerization
for T3 or TEDOT2 with BDTT are given in the Supporting
Information.

The process of electropolymerization to yield poly(T3) is
well-established and is used to rule out the possibility of
forming poly(T3), alone.[27] Poly(T3) has two-electron transfer
onsets, which resemble two types of radical species generation.
The first electron transfer at +0.639 V corresponds to the
formation of the mono-radical cation (T3.

+). The second one
appears at +0.972 V corresponds to the dication radical
generated from (T3.

+ +). Polymerization can occur beyond the
upper limit of the first oxidation potential. However, the rate
determined at the second oxidation step is higher than the first
oxidation step, as appeared in our previous work.[27] This
phenomenon explains the ability of dication species to afford
successive monomer units attached at both terminal thio-
phenes of T3 while mono-radicals can add one at a time
sequentially. Alternatively, polymerization of TEDOT2 carried out
at the anodic potential of +1.2 V (Figure S7) shows the highest
current density of 93 μA/cm@2.

Electrochemical activity from 0 V to +1.2 V of poly(TEDOT2)
shows (Figure S8) two oxidation onsets due to a radical
formation similar to poly(T3). The first peak appearing at+
0.355 V is due to the cationic radical formation of the polymer
propagation step and corresponds to poly(EDOT-T-EDOT.+). A
second peak at +1.069 V is due to the formation of a dication
radical, poly(.+EDOT-T-EDOT.+). TEDOT2 polymerizes at both
+0.8 V and +1.0 V. A poor rate of deposition is noticed at these
two potentials, presumably due to the presence of single or
multiple mono-radical cations instead of multiple diradical
cation species. Therefore, +1.2 V potential was chosen to
obtain a higher rate of deposition and also to study the
presence of both oxidation potentials in the resulting polymer.
The resultant polymer shows an excellent electrochemical
profile in both reduction and oxidation potentials from @1.5 V
to +1.2 V (Figure S8). Similar to what we have seen for T3, this
electrochemical profile highlights the prospect of using TEDOT2
as a polymer initiator for future co-polymerization attempts
with other types of monomers.[27]

Noting the electrochemical properties of poly(T3) and poly
(TEDOT2), we can rationalize their use as radical initiators with
BDTT to form copolymers under a constant potentiodynamic
environment. Firstly, we note that to co-polymerize BDTT with

both T3 or TEDOT2, it is unfavorable to make copolymers at
potentials between the two oxidation potential onsets of each
polymer initiator. Surpassing both second oxidation potentials
is a necessity to achieve successful copolymers in both cases. As
our speculation for the T3 initiator consists of diradical cation,

+

.T-T-T.+ is inducing the chronological oxidation of two sulfo-
thiophene(ST) units at the terminal ends of the benzo unit(BZ)
in BDTT. Therefore, the propagation step results in the
formation of a -ST-BZ-ST-T3-ST-BZ-ST- sequence. On the other
hand, the TEDOT2 initiator consists of a diradical cation + .EDOT-
T-EDOT.+ which works as the polymer initiator to oxidize the
sulfo-thiophene terminals. This, of course, leads to the forma-
tion of a -ST-BZ-ST-EDOT-T-EDOT-ST-BZ-ST- sequence for linking
EDOT terminals to BDTT. These units are required for further
propagation of both types of polymerization reactions. This
would lead to the formation of alternating copolymers of T3-
BDTT and TEDOT2-BDTT if only both T3 and TEDOT2 are used to
couple the other monomer units.

Comparatively, the electrochemical kinetics of poly(T3-
BDTT) and poly(TEDOT2-BDTT) were similar at comparable
current density ranges at +150 μA/cm@2 and - 200 μA/cm@2

(Figure 2c and d). The polymer propagation steps for both poly
(T3-BDTT) and poly(TEDOT2-BDTT) show an increase in current
density. However, at oxidative potentials, a noticeably higher
current density discrepancy was observed for poly(T3-BDTT)
due to faster polymerization kinetics relative to poly(TEDOT2-
BDTT).[27,32,33] As shown in Figure 2c and d, anodic peak current
densities are observed for poly(T3-BDTT) at 0.57 V (J=38 μA/
cm@2) and 0.74 V (J=45 μA/cm@2). For poly(TEDOT2-BDTT), the
anodic peak current densities are observed at 0.02 V (J=72 μA/
cm@2), 0.42 V (J=85 μA/cm@2), and 0.7 V (J=77 μA/cm@2). The
higher current densities in poly(TEDOT2-BDTT) are a result of
faster polymerization rates for the EDOT initiator. This result is
leads to a higher deposition rate of poly(TEDOT2-BDTT) than
poly(T3-BDTT) version.

Correlation of existing polymers was analyzed by the
screening-scan of polymer in neat background electrolyte as
shown in Figures 3a and b. Because we could not form poly
(BDTT), we looked for electrochemical signatures of T3 in poly
(T3-BDTT). The comparison between poly(T3) and poly(T3-BDTT)

Figure 3. a) Correlation of CVs poly T3 (red line), poly(T3-BDTT) (grey line)
scan from @2.0 V to +1.2 V and poly(T3-BDTT) (blue line) @2.2 V to +1.2 V.
b) Correlation of CVs poly(TEDOT2) (blue line), poly(TEDOT2-BDTT) (green
line) scan from @2.0 V to +1.2 V. Arrows indicate the molecule correspond-
ing to the particular redox background.
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helps gain insight into the presence of T3 incorporated in the
polymer backbone.

Referenced via peak potentials (Ep), current density (J) and
electric charge (Ah), poly(T3) (Figure 3a red color) has a
characteristic reduction peak centered at Ep= +0.694 V (J=
@27.33 μA/cm@2, Ah=@17.39 μC) in the potential range from
@1.5 V to+1.2 V. In poly(T3-BDTT), the CV from @2.0 V to
+1.2 V (grey line) shows this peak has shifted to +0.612 V (J=
50 μA/cm@2) without any interference of electronic background
of BDTT monomer. This corresponding shift is due to the
fingerprint electronic background achieved by the bonding of
T3 with the thiophene unit of the terminal BDTT monomer (ST-
T3-ST). However, the scan from @2.2 V to +1.2 V (blue line)
shows a broadening in the peak due to T3 being bonded to
thiophene dioxide (ST-T3-ST), hence the display of more
oxidized characteristics than reductive features. These proper-
ties are due to the oxidized sulfur atoms in BDTT that are now
bonded to T3, achieving a new chemical environment with
broader kinetics.

Due to an inability to form poly(BDTT), the electrochemical
properties and signatures of BDTT are assessed using the
monomer. Beginning with a negative potential, an excellent
redox behavior for this acceptor core is seen. A significant
oxidation peak is present at @0.853 V (J=7.8 μA/cm@2) and a
return reduction peak at @1.061 V (J=@29.6 μA/cm@2), afford-
ing the perfect reversible redox behavior caused by the
acceptor core. This feature is absent in poly(T3) and present in
the poly(T3-BDTT) which gives direct evidence of BDTT in the
copolymer. Other characteristic irreversible reduction peaks are
at @1.440 V (J=19 μA/cm@2) and @1.761 V (J=17.6 μA/cm@2) of
BDTT monomer have shifted in poly(T3-BDTT) due to new
bonding features. BDTT monomer features visible at the
negative potentiodynamic range present after co-polymeriza-
tion can be observed. The redox behavior at @1.973 V (J=
@173.3 μA/cm@2) corresponds to the reduction of BDTT mono-
mer. Its return sweep oxidation at @1.718 V (J=46.91 μA/cm@2)
is evidence of a new electronic environment where the BDTT
monomer bonding with the T3 linker is assigned to be -T3-ST-
BZ-T3. The results correlate to the properties of BDTT as a strong
acceptor and oxidized species (or bearing oxidized sulfur
atoms).

The electrochemical signature of TEDOT2 was analyzed in a
similar method (Figure 3b) by plotting poly(TEDOT2) with poly
(TEDOT2-BDTT). Poly(TEDOT2) (Figure 3b blue color) shows two
oxidation potentials that characteristically irreversible centered
at Ep= +0.075 V (J=12 μA/cm@2), and +0.680 V (J= 77 μA/
cm@2) show the peak shift without any interference of electronic
background of the BDTT monomer. Noticeably, two irreversible
oxidation peaks appear at the lower positive regime in poly
(TEDOT2-BDTT). The first peak at +0.014 V (J=71.4 77 μA/cm@2)
corresponds to the BDTT monomer. The second oxidation
potential at +0.420 V (J= 85 77 μA/cm@2) also corresponds to
the BDTT monomer (Figure S12) that has shifted from +0.355 V.

Further evidence for the presence of BDTT can be validated
by assessing the negative regime. A reduction peak at @1.031 V
(J=@98.3 μA/cm-2) and return sweep oxidation peak present at
@0.732 V (J=7.7 μA/cm@2) expose a quasi-reversible redox

behavior that is caused by both the BDTT acceptor core (BZ)
and TEDOT2 monomers. The redox behavior of BDTT can be
noticed by looking at deeper potentials. Reduction peak at
@1.792 V (J=@132 μA/cm@2) and return sweep oxidation at
@1.573 V (J=@25 μA/cm@2) indicates a new bonding environ-
ment between monomers EDOT and BDTT. These bonds can be
assigned to the -EDOT-ST-BZ-ST-EDOT- sequence and show the
dominating redox behavior of BDTT now present in the polymer
backbone. In addition, reduction peak at @1.945 V (J=
@142 μA/cm@2) and return sweep oxidation peak at @1.829 V
(J=@30.5 μA/cm@2) is due to the acceptor core.

Current differences between the two CVs indicate that poly
(TEDOT2 -BDTT) has faster electrochemical polymerization
kinetics than poly(TEDOT2). The presence of electron-rich
acceptor core has provided additional indirect evidence of
copolymerization. The trends in current and charge values for
redox peaks indicate that the two monomer units are most
likely 1 :1 and that poly(T3-BDTT) and poly(TEDOT2 -BDTT)
both exhibit intriguing electrical properties.

2.2. Electrical Properties

AC impedance spectroscopy is an essential tool to characterize
electronically conducting polymers (ECPs). Note that there is a
difference in the bandgap between the monomers and their
resulting polymers. Before the electrosynthesis, these individual
monomers have a higher bandgap. After electropolymerization,
the resulting polymer achieves a lower bandgap. This decrease
in band gap yields a condition where the conduction band (CB)
and valence band (VB) of the polymer can exchange electrons.
Thus, the resulting polymers, poly(T3-BDTT) and poly(TEDOT2-
BDTT), act as semiconducting materials relative to their
individual monomers. The significant electronic features ob-
served in each polymer are due to conjugated double bonds
along the polymer backbone. This includes strongly localized σ-
bonds and weakly localized π-bonds. The conductivity is
dependent on the doping of the polymer. Herein, the polymers
are positively-doped with cations (p-dope status) upon electro-
polymerization at positive oxidization potentials. The polymer
dopants consist of charged moieties that transfer electrons and
holes subsequently. The redox behavior of the polymer is
comprised of charge carriers such as polarons (radical cations),
and bipolarons (dications).[33]

Impedance spectra of copolymers were recorded for both
copolymers starting from @1.0 V to +1.0 V with a recording
sequence of 0.2 V throughout negative and positive potentials.
These plots were analyzed by the dual-rail transmission line
circuit model proposed to determine the electrical properties
for ECPs.[34–37] All of the impedance data was converted to
conducting properties and is shown in Table 1 and 2. The dual
rail transmission line circuit and simplified equivalent circuit
models are shown in the Supporting Information (Figure S20).

The resulting Nyquist plots are reported in the Supporting
Information (Figures S21–S26). Nyquist and Bode plots were
recorded for poly(TEDOT2), poly(T3-BDTT), and poly(TEDOT2-
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BDTT). AC impedance data for poly(T3) is available from
previous work.[27]

In general, poly(T3-BDTT) and poly(TEDOT2-BDTT) exhibit
similar conducting patterns throughout the potential range but
poly(TEDOT2) and poly(T3) slightly differ. Table S3 summarizes
the conducting behavior of the latter two polymers. The poly
(TEDOT2) and poly(T3) display insulating properties in the
negative regime. This is also confirmed by the higher current
densities observed in the positive regime of both poly(TEDOT2)
and poly(T3). For the copolymers, poly(TEDOT2-BDTT) shows
higher conductivity values than poly(T3-BDTT) due to a more
polarized polymer backbone extended from the EDOT moieties.
Conductivity is relatively higher in this polymer at both negative

and positive potentials because of the more polarized polymer
backbone in the presence of oxidized sulfur.

Consequently, electron density from T3 and TEDOT2 on both
sides of BDTT tends to polarize the polymer backbone more
effectively than when either of the donors presents on their
own. For poly(T3-BDTT), the average electron transport resist-
ance (Re) was 697.8Ω throughout @2.0 V to +1.0 V potential
series (Table 1). Higher conductivity trends can be observed at
@2.0 V, @1.8 V, @1.2 V, @1.0 V, @0.8 V, and at zero bias
potentials of an average value of Re 133.45 Ω. Even pristine
conductance at zero potential indicates that the polymer itself
has intrinsic electrical properties due to effective polarization.
Similar to poly(T3) at the +0.8 and +1.0 V positive potentials,
poly(T3-BDTT) Re-value has an average of 127.9 Ω. Further

Table 1. Electrical properties of poly(T3-BDTT) were obtained from fitting AC impedance Nyquist plots to the equivalent circuit as shown in Figures S21–S22
(Supporting Information).

Poly(T3-BDTT)
E [V] Rs

[a] [Ω] Re
[b] [Ω] Cd

[c] [μF] W[d] [μΩ] C[e] [μF]

@2.0 57.66 94.56 3.356 110.4 2.976
@1.8 31.34 35.43 4.246 61.34 3.298
@1.6 45.56 867.7 3.566 90.56 3.134
@1.4 42.48 5687 3.173 465.4 3.294
@1.2 47.13 185.4 3.295 103.7 2.856
@1.0 35.95 238.0 3.261 62.48 3.230
@0.8 37.20 173.7 3.191 98.52 3.261
@0.6 41.90 585.4 3.295 103.7 2.856
@0.4 45.30 648.7 3.295 133.9 2.846
@0.2 42.66 363.1 3.381 39.42 2.937
0.0 43.84 73.56 3.346 177.4 3.346
+0.2 42.29 825.0 9.252 120.1 2.235
+0.4 42.75 639.0 3.210 55.81 2.426
+0.6 40.48 493.0 3.148 34.47 3.573
+0.8 43.21 126.5 3.173 36.81 3.875
+1.0 45.44 129.2 4.844 47.52 3.650

[a] RS: series resistance of the cell. [b] Re: resistance for electron transport along the polymer backbone. [c] Cd: double layer capacitance between polymer-
electrolyte interface. [d] W: Warburg impedance for ingress and egress of counter ions by diffusion. [e] C: capacitance of the high frequency pure capacitive
regime.

Table 2. Electrical properties of poly(TEDOT2-BDTT) obtained from fitting AC impedance Nyquist plots to the equivalent circuit, as explained in Figures S23–
S24 (Supporting Information).

Poly(TEDOT2-BDTT)
E [V] Rs

[a] [Ω] Re
[b] [Ω] Cd

[c] [μF] W[d] [μΩ] C[e] [μF]

@2.0 8.680 134.2 0.234 31.45 1..112
@1.8 8.350 245.5 0.275 35.57 1.346
@1.6 8.120 536.1 0.257 47.56 1.422
@1.4 9.160 1112 0.928 36.40 1.514
@1.2 3.810 735.0 0.374 40.17 1.481
@1.0 2.630 138.7 0.071 22.48 1.45
@0.8 8.580 535.5 0.57 63.79 1.076
@0.6 7.180 935.5 0.899 63.79 1.076
@0.4 7.330 636.7 0.57 63.79 1.066
@0.2 9.340 418.1 0.193 6.42 1.157
0.0 10.52 28.56 0.156 77.40 1.566
+0.2 8.970 224.7 0.812 60.09 0.455
+0.4 9.430 239.2 0.021 55.81 0.646
+0.6 7.160 93.83 0.0044 34.47 1.793
+0.8 9.890 16.55 0.0292 36.81 3.095
+1.0 12.12 19.28 1.304 47.52 1.279

[a] RS: series resistance of the cell. [b] Re: resistance for electron transport along the polymer backbone. [c] Cd: double layer capacitance between polymer-
electrolyte interface. [d] W: Warburg impedance for ingress and egress of counter ions by diffusion. [e] C: capacitance of the high frequency pure capacitive
regime.
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insights into the semiconductive behavior of poly(T3-BDTT) is
observed by the Nyquist plots located in the Supporting
Information (Figure S21–22). The double-layer capacitance (Cd)
values are low (from 2.2 to 3.87 μF) in the potential range
between @2.0 V and +1.0 V with an average value of 3.11 μF.
This independent nature of capacitance of applied potential
range provides direct evidence for an ECP.

Warburg impedance (W) shows the analogous behavior
range of 35 μΩ to 135 μΩ in the potential range of @2.0 V and
+1.0 V also acts as an independent variable. The reversible
redox nature of poly(T3-BDTT) at negative potentials is the
reason for its excellent conducting nature. Once again, this is
due to the presence of the BDTT moiety within the polymer
framework.

The electrical properties of poly(TEDOT2-BDTT) are shown
in Table 2. Poly(TEDOT2-BDTT) has, on average, considerably
lower resistance values (378Ω) for electron transport (Re) than
poly(T3-BDTT). Similarly, both polymers show excellent con-
ductance at both negative and positive regimes. Noticeably,
poly(TEDOT2-BDTT) at @2.0 V, @1.8 V, @1.0 V, and zero bias
potentials have an average Re of 193Ω. This is a lower
conductivity with comparison to poly(T3-BDTT). At zero
potential, both poly(T3-BDTT) and poly(TEDOT2-BDTT) show
low resistance values indicating that the polymer has intrinsic
conducting properties. Poly(TEDOT2-BDTT) shows excellent
conductivity at positive potentials due to the heavily p-doped
nature of the EDOT moieties. This is further confirmed by the
large redox band in the positive potential regime of the
polymer CV. Poly(TEDOT2) has similar electronic properties at
the positive potentials as shown in Table S3. In contrast, poly
(TEDOT2-BDTT) is drastically nonconducting throughout the
negative potential regime exhibiting a high electron-transport
resistance between @0.6 V and @1.4 V. This is similar to the
electronic performance of poly(T3), which also possessed a lack
of conductivity at negative potentials. Unlike poly(T3), poly
(TEDOT2) shows excellent conductivity from @0.4 V to +1.0 V
with an average electron transport resistance of 117.4Ω. Poly
(TEDOT2-BDTT) shows conductivity from +0.2 V to +1.0 V with
an average of 118.7Ω. This reflects the corresponding
electronic behavior of poly(TEDOT2) dominant as TEDOT2
monomers entangled in the polymer backbone. However, at
higher p-doped potentials +0.8 V to +1.0 V, poly(TEDOT2-
BDTT) shows an average electron transport resistance of 17.9 Ω
lower than poly(TEDOT2), which is 60.1 Ω.

Relative to conventional polymers with similar molecular
frameworks (Table S4), the average Re (Ω) indicates that
conductivity increases in the positive potential of EDOT based
polymers. For poly(TEDOT2-BDTT), the p-doped electron trans-
port resistance at +0.8 V is 16.6 Ω and the de-doped resistance
is 28.6 Ω, a relatively high conductance for a sulfur-based
polymer.

Further insight into the semiconductive behavior of poly(T3-
BDTT) and poly(TEDOT2) are seen in their Nyquist plots in the
Supporting Information (Figure S23–26). The average double-
layer capacitance (Cd) values for poly(TEDOT2-BDTT) and poly
(TEDOT2) are 0.417 μF and 2469 μF, respectively. Warburg
impedance (W) shows a trend that correlates with this behavior

range from 6.4 μΩ to 63.7 μΩ from @2.0 V to +1.0 V in poly
(TEDOT2-BDTT). Results indicate that poly(TEDOT2-BDTT) shows
better electronic properties than poly(T3-BDTT) and all the
homopolymers in this study.

2.3. Optical Properties

The mechanistic p-doping of both poly(T3-BDTT) and poly
(TEDOT2-BDTT) respectively consists of two steps. First, the
formation of mono cationic polaron state and second, a
dication-bipolaron state. In these states, double bonds are
forming between the D-A units that lead to different bonding
patterns in the ground and excited-state resulting in the
formation of various low energy optical bands close to NIR-I
(650 nm–950 nm), NIR-II-a (950 nm–1450 nm), and NIR-II-b
(1450 nm–2500 nm).[38]

To confirm these optical properties, copolymers were
formed using 50 successive scans to obtain a thin polymer film
deposited on FTO glass. Both copolymers display optical
absorbances throughout the visible to NIR-II region (Figure 4a).
In the solid-state, p-doped poly(TEDOT2-BDTT) shows multiple
spectral maxima throughout 400 nm to 2000 nm. The absorb-
ance at 477 nm is indicative of a π!π* transition.

Poly(T3-BDTT) is excited at 535 nm and shows a traditional
π*!π transition at 657 nm (Figure 4b). This indicates that even
in the solid-state this material can emit photons successively .[39]

Poly(TEDOT2-BDTT) was excited at 477 nm and its emission
profile shows a broadband spectrum due to the extended
charge transfer system formed by the copolymer. Poly(TEDOT2-
BDTT) shows the highest intensity maximum at 576 nm. These
characteristics are widely useful in many applications that are
related to the design of NIR-optoelectronic materials.

The optical band gap of thin films is calculated experimen-
tally using Tauc plot analysis.[40] According to the Tauc plot

Figure 4. Optical properties of a) solid-state thin-film absorbance of copoly-
mers, b) solid-state emission of copolymers, c) Tauc plot of solid-state
copolymers, and d) reflectance (%) dispersion in the visible to near IR
spectral range of polymer thin films.
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(Figure 4c), the bandgap is reported 1.575 eV for poly(TEDOT2-
BDTT). Due to the doped states (Figure S27) polaron band
appears at 0.946 eV and the bipolaron band appears at
0.632 eV. Similarly, poly(T3-BDTT) shows π!π* transition and
n!π* transitions. In the visible range, these properties are
inconspicuous, presumably due to the solid-state packing
order.[41] The optical band gap obtained from the Tauc plot is
2.302 eV which is higher than the former copolymer. The
corresponding (Figure S28) polaron band appeared at 1.824 eV
and the bipolaron band appeared at 0.812 eV. Comparative
band gap analysis is shown in Table S5.

Reflectance is directly correlated to the thin film thickness
of the material.[42] Additionally, absorbance and reflectance are
related. In turn, we investigated the percentage reflectance
from 400 nm to 2000 nm to understand the interesting optical
properties for each polymer that are presumably due to film
thickness. Poly(TEDOT2-BDTT) shows low reflectance range of
6% to 12% where poly(T3-BDTT) shows higher reflectance
range 0.2 to 22.25%. This is due to the thickness of the
deposited thin layer for poly(TEDOT2-BDTT) is higher than poly
(T3-BDTT). In addition, it provides direct evidence for the higher
kinetics of poly(TEDOT2-BDTT) in the polymer propagation
step. Comparatively, this leads poly(TEDOT2-BDTT) to show
electronic properties, lower bandgap, and broader emission
profile. Such results support that both copolymers are suitable
for NIR triggered optoelectronic material with poly(TEDOT2-
BDTT) being the most promising candidate for further
application.

3. Conclusions

In summary, BDTT monomer is utilized as an acceptor towards
designing D-A type polymers. The study implemented a single
step radically associated electropolymerization to obtain co-
polymers. Two copolymers poly(T3-BDTT) and poly(TEDOT2-
BDTT) were investigated and electrochemical evidence aided in
rationalizing the structural outcome of the electrosynthesis.
Studies indicate that TEDOT2-BDTT monomer mixtures lead to
faster polymerization kinetics relative to T3-BDTT based poly-
mers. The resulting polymers show excellent conductivities
compared to their building blocks with the lowest electron
transport resistance reported of 16.5 Ω for poly(TEDOT2-BDTT).
Further investigation shows that the polymers exhibit absorb-
ance throughout the visible to the NIR region with both
copolymers showing high-intensity fluorescence from 500 nm
to 1000 nm. These results show that BDTT can be used as an
electron acceptor in electro-copolymerization to yield promis-
ing NIR optoelectronic materials.

Experimental Section

Materials

All reagents were obtained from commercial vendors and used as
received unless otherwise stated. The synthetic pathways for BDTT,

T3, and TEDOT2 monomers were adopted from previously reported
literature[27,30,31,43] and outlined in the Supporting Information (Fig-
ure S1–S3). The Photophysical properties of BDTT is reported in
Supporting Information (Figure S4).

Electropolymerization

The one-step electro-copolymerization method was implemented
in this study based on the stoichiometric ratios of the monomers as
previously reported.[16] In brief, monomer mixtures of BDTT and T3
for poly(T3-BDTT) or BDTT and TEDOT2 for poly(TEDOT2-BDTT)
were dissolved in 10 mL of acetonitrile such that each monomer is
in 1 mmol dm@3 concentration within the solution. (Calculated
amounts are presented in Tables S1 and S2). Background electrolyte
was prepared using tetrabutylammonium hexafluorophosphate
(0.1 mol dm@3 concentration).

All the electrochemical studies were performed in a one-compart-
ment cell containing three electrodes with a glassy carbon (GC) or
fluorine-doped tin oxide (FTO) working electrode (WE), a saturated
calomel electrode (SCE) as the reference electrode (RE), and a Pt-
wire counter electrode (CE). All potentials are measured against SCE
unless otherwise stated. In each case, the solution was degassed by
purging with high purity argon gas for 20 minutes and a slow flow
of argon was maintained above the solution to prevent re-entry of
air. Electro-copolymerization was performed via 10 repetitive CV
cycles by selecting a potential range between 0.0 V and +1.2 V to
prevent over-oxidation of polymers. The polymer films obtained on
the WE surface were washed with acetone to remove any small
organic residue and CV and AC-impedance characteristics were
recorded in argon purged neat BGE without monomers. CVs were
recorded in the potential range within @2.2 V to +1.2 V to include
all redox peaks of the copolymers and a scan rate of 100 mVs@1 was
used unless otherwise indicated. Nyquist and Bode plots of AC
impedance characteristics were recorded in the frequency range
from 0.1 Hz to 1 MHz at several selected DC potential bias values in
the above potential range which contained all the information of
the electrochemical system being investigated. Electrochemical
characterization for poly(T3), poly(TEDOT2) and BDTT is shown in
the Supporting Information (Figure S5–S11).

Photophysical properties

Samples were deposited and studied on fluorine-doped tin oxide
(FTO) substrates. To remove any residual solvents, the samples
were cleaned with acetone and dried in a vacuum oven at 50 °C
before obtaining ultraviolet-visible-near infrared-short wavelength
infrared (UV-Vis-NIR-SWIR) spectra. UV-Vis-NIR-SWIR spectra were
measured with a Cary 5000 spectrophotometer on the samples
deposited on FTO substrates. Emission was measured using the
Horiba FluoroMax fluorescence spectrophotometer of tunable
excitation wavelength from 350 nm to 1000 nm range using a 5 nm
slit for the solid-state compartment. Excitation wavelengths were
chosen using the absorption maximum of solid-state.
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