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Block copolymers comprising benzothiadiazole were successfully
electro-copolymerized leading to (BTD-T,),(BTD-F5),,, where n and m
were varied in a perfectly controllable, well-defined manner. The
polymers were characterized by cyclic voltammetry, AC-impedance,
SEM-EDAX and XPS analyses. They exhibit absorbance and emission
in the near infrared (NIR) region. Results support an efficient strategy
towards the creation of even more complex materials with innumer-
able possible applications in optoelectronic.

Low-cost and straightforward syntheses of complex organic
materials possessing unique electrical and optical properties
have attracted world-wide attention for the development of
novel electronic, optical, and optoelectronic devices. Since the
discovery of electronically conducting polymers, the area of
electropolymerization has developed exponentially, crossing
borders of all facets of scientific disciplines."™

In contrast to chemical synthesis, electrosynthesis offers
such opportunities since it is based on the addition or removal
of electrons from electrical supplies, making it essentially
reagent-free synthetic methodology.” As such, electrosynthesis
is perhaps the cleanest and greenest way of synthesizing tailor-
made organic compounds for desired applications.

Acknowledging these advantages, we have adopted electro-
synthesis as a versatile technology towards tailor-made materials
having unique electrical and optical properties. Herein, we reveal
the electro-copolymerization of 4,7-dithiophen-2-yl-2,1,3-benzo-
thiadiazole (BTDT,) and 4,7-difuran-2-yl-2,1,3-benzothiadiazole
(BTDF,) leading to alternating and block copolymers (Fig. 1) with
intriguing electronic and optical properties. We note that benzo-
thiadiazole (BTD) based polymers of similar nature have been
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Fig. 1 Structures of BTDT,, BTDF, and (BTDT,)(BTDF,), where m and n
are 0:1,1:0,1:1and 2:5.

reported,®® but never by means of electro-copolymerization in
such a well-controlled and easily detectable fashion.

Details of the electro-copolymerization for BTDT, and
BTDF, taken in desired millimolar ratio of m:n are given in
the ESL 1 The co-polymerization was achieved by repetitive 5 or
10 cyclic voltammetric (CV) experiments from +0 V to 0.8 V or
+1.0 V or +1.2 V depending on the BTDF, to BTDT, molar ratio;
lower upper limit was taken when BTDF, amount is higher than
BTDT, since furan is known to be unstable at high positive
potentials.’® The upper limit was chosen based on the amount
of polymer deposited on the electrode surface without over
oxidation of the polymer. Under argon, CVs were run at a
100 mV s~ ' scan rate except for when scan rate dependence
of peak currents was studied (Fig. 2). In the latter case, scan
rates were doubled: n** where n ranged from 3 to 10. After the
polymer deposition on the working electrode (WE), the electrodes
were rinsed with acetone and the CVs were run with background
electrolyte (BGE) in the potential range between +1.2 Vand —1.5V
(wrt SCE). Films were grown on FTO glass and rinsed with
distilled water and air dried for optical, microscopic and surface
analytical studies. UV-visible spectra were recorded on polymer
coated FTO glasses using bare FTO plates as reference. Small
amounts of polymer samples were scraped off FTO surfaces for
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Fig. 2 Repetitive CVs for the electropolymerization of BTDT, and BTDF,
in 1:1 mol ratio (2.5 mmolar each) (a); CVs of the polymer from (b) 0 V to
+1.2Vat100 mV s tscanrate; (c) +1.2Vto —1.5V for1:1; and (d) +1.2 V to
—1.5V for 2:5 copolymer.

solid-state luminescence studies. Further details on experi-
mental procedures are given in the ESL}

The five CVs illustrating the electropolymerization of 1:1
molar ratios BTDT, to BTDF, are shown in Fig. 2a. Similar CVs
were obtained for other ratios (i.e., 2:5) and are given in the
ESI.f The deposition of electronically conducting polymer film
on WE surface is evident from the growth of currents in
successive CVs. The CV of the polymer-coated WE made using
1:1 molar ratio of BTDT, and BTDF,, run in the BGE, obtained
in the positive direction from 0 V to +1.2 V, is shown in Fig. 2b.
On the forward scan, the growth of current from ~0.16 V
onwards followed by a plateau indicates the polymer film is
gradually charging positively generating charge carriers such as
polarons (extended conjugation of cation radicals) and bipolarons
(extended conjugation of dications formed by the annihilation of
free radicals forming a double bond when two polarons are
combined)."" It is possible that thiophene or furan units are
accommodating these cation radicals and dications. These charge
carriers are trapped within the polymer molecules thus giving
them p-type character and associated electronic conductivity. The
electrical neutralization is achieved by the ingress of counter ions
(PFs 7). On reversal, decline of the current to an essentially
constant value indicates slow discharge of trapped charge carriers
due to the injection of electrons. This discharging process con-
tinues towards high negative potentials up to —1.0 V where
both copolymers show a typical reduction wave indicative of the
neutralization of positively charged polymer backbones. Under
these conditions, the polymers behave as insulators. When the
potential is further scanned to higher negative values, more
electrons are injected to the polymer generating anion radicals
and dianions accommodated by BTD units such as BTD - and
-BTDT,(F,)BTD- species which can be considered as negatively
charged polarons and bipolarons. It is interesting to note that
trapped charges generated in the positive potentials remain in
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the polymers up to a very high negative potentials and this
feature is demonstrated by the non-zero currents obtained in
CVs in a wide range of potentials. When the potential is
scanned back in the positive direction the trapped negative
charge carriers slowly discharge up to about +0.6 V where the
polymer becomes neutral and beyond these potentials it again
acts as a p-type material.">"* This feature was evident in both
homopolymers and copolymers synthesized. Additional data
illustrating the electrochemical activity of the polymer grown with
1:1 and 2:5 molar ratios in both positive (p-type semiconduct-
ing), neutral (insulating) and negative (n-type semiconducting)
potential domains are shown in Fig. 2c and d, respectively.

Confirmation of both BTDT, and BTDF, in each copolymer
was achieved by comparing reduction peaks positions relative
to the two respective homopolymers. In contrast to the homo-
polymers where only one corresponding reduction peak is
observed in —1.0 V to —1.5 V region (ESI{), the copolymers at
all compositions show two reduction peaks. The two reduction
peaks appearing in this potential region are due to the
reduction of the BTD units in the polymers, thus making
conjugated anion radicals (negative polarons). The BTDT,
reduction appears first and can be assigned to the peak at
—1.09 V while the peak appearing at a more negative potential
of —1.35 V is due to reduction of BTDF, units of the copolymer
synthesized using 1:1 molar ratio of the two monomers
(Fig. 2c). The current values and calculated charge values
obtained for the two peaks are equal in the 1:1 polymer,
confirming that the polymer has a 1:1 ratio of BTDT, to BTDF,
units in the polymer backbone. In addition, both reduction
peaks are shifted towards less negative potentials relative to
their homopolymers indicating that the BTD units in BTDT,
and BTDF, are interacting with each other in 1:1 alternating
fashion. In the polymer formed by taking 2:5 molar ratio, the
current ratio of the two reduction peaks is 2:5 (Fig. 2d).

The reduction of the BTD unit in the polymer in the n-type
region is determined by the diffusion-controlled ingress of
counter ions as revealed by a linear relationship in the plot of
peak current versus square root of scan rate for a peak at
—1.32 V in the 1:1 alternating block copolymer (Fig. 3a). It
can be concluded that the ratios of BTDT, and BTDF, in the
copolymers is determined simply by the molar ratio of the
monomers used in electropolymerization. As such, m:n block-
copolymers of BTDT, and BTDF, can be grown via electropoly-
merization by taking appropriate molar ratios of the two
monomers. Such control of block copolymers is not easy to
obtain in chemical polymerization.

AC impedance analysis was achieved at different applied DC
potentials to evaluate resistance values for electron transport
along the polymer backbones (R.). The ion transport between
the solution and the polymer (R;) to compensate charge on the
polymer was also calculated. Nyquist [-Img(Z) vs. Real(Z)] plots
obtained at +0.90 V, —0.80 V and +1.22 V DC applied potentials
for 1:1 alternative block co-polymer are given in Fig. 3, with
additional plots in the ESL{ The dual rail transmission line
model was used in analysing the Nyquist plots.>'>'® The
Nyquist plots were interpreted using the equivalent circuit
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Fig. 3 Plot of peak current versus square root of scan rate for the
reduction peak at —1.35 V for 1:1 alternating polymer (a). Nyquist plots
for AC impedance analysis of BTDT,-BTDF, 1:1 alternating copolymer
at +0.90 V (b), —0.80 V (c) and —1.22 V (d).

given in the ESIf which is the simplified version of the dual rail
transmission line model proposed by Albery et al'®'’ The
equivalent circuit is composed of serially connected electrical
elements, Ry representing the series resistance, the circuit
comprising of R. the electron transport resistance connected
in parallel with the double layer capacitance Cq4, the Warberg
impedance W, and lowest frequency capacitance, C of the pure
capacitive region of the polymer. All the Nyquist plots obtained
experimentally were fitted to this equivalent circuit and simu-
lated until the theoretical plot matches with the experimental
one to less than 1% error. This simulation gives R, R., Cq, W
and Cvalues. The R, thus obtained represents the resistance for
electron transport along the polymer backbone. Note that the
lower the R, the lower the resistance for electron transport and
hence higher the electronic conductivity of the polymer. The
dual rail transmission line model also gives coth functions
which can be simplified to get the resistance, Ry, for ion ingress/
egress to compensate charge of the polymer backbone. Detailed
analysis shows that Ry can be obtained by taking 1/3rd of the
difference between the resistance obtained by extrapolating the
lowest frequency, i.e., an almost vertical line to cut Z’-axis and
the resistance obtained by extrapolating the Warberg impe-
dance, i.e., straight line of 45° inclination, to cut Z’-axis. The R,
and Ry values are tabulated in Table S1 (ESIf). The dual rail
transmission line circuit and simplified equivalent circuit
model used to extract data are provide in the ESL

Results conclude that all polymers are highly conducting at
both positive (p-type) and negative (n-type) regimes but are
insulators in the middle range between two conducting
regimes.17 Of interest to note is that R, and R; values are small
and approximately equal—both the hole/electron transport
along the polymer chain with concomitant ingress of counter
ions for charge compensation are fast indicative of an excellent
electronically conducting polymer in both n- and p-type
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potential domains. Interestingly, BTDF, becomes electroactive
and conducting above +0.6 V up to +1.2 V, but BTDT, becomes
so above +0.8 V. Both polymers have appreciable conductance
in the negative potential regime below —1.0 V. The copolymers
have acquired properties of both homopolymers and are electro-
active and conducting above +0.6 V in the positive regime and
below —1.0 V in the negative regime. R, values obtained for
copolymers are an order of magnitude lower than those of
homopolymers (ESI,T Table S1). Copolymers also show electrical
conductivity over wider potential ranges as well as increased
current densities when compared to homopolymers. Notably,
the resistance for ion transport at each potential for all polymers
is lower than that for electron transport; usually the opposite is
observed."® This may be due to the highly porous globular
structure capable of accompanying solution pockets within the
polymers to facilitate rapid ionic transport between the polymer
backbone and accompanying electrolyte solution.

The globular bulb-like morphology is shown in the SEM
image of 1:1 alternating copolymer deposited on FTO glass
(Fig. 4a). The morphology is due to the lack of microscopic
uniformity of the FTO plate. SEM image of bare FTO reveals
grains of FTO which afford polymer growth in an epitaxial
manner. The atomic ratios obtained from SEM-EDX are also
complicated due to the interference from the atoms of FTO and
glass substrate. When the polymer film thickness is increased
(i.e., 500 nm to 600 nm), less FTO is exposed and elemental
mapping at the macroscopic scale shows acceptable atomic
levels of carbon, nitrogen, oxygen and sulfur that support
copolymerization (Fig. 4b).

Data obtained by elemental mapping and XPS analyses are
more conclusive; however, the counter ions (i.e., PFs~ and Buy,N"
from BGE) present in solvent pockets of the polymer make the
exact fitting of atom ratios difficult (Fig. 4b, ¢ and Table S2,
ESIT). All the polymers contain varying amounts of quaternary
ammonium ions coming from the BGE which increases the
N-atomic percentage. On average, the reduced (negative, n-type)
form of the 1:1 alternating copolymer has more carbon than the
oxidized (positive, p-type) form (~ 70 versus 50 carbon atomic%,
respectively), again indicating the possession of higher quaternary
ammonium ions in the n-type polymer as counter ions.
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Fig. 4 SEMimage of BTDT,—-BTDF, 1: 1 alternating copolymer, n-type (a);
elemental mapping (b); and XPS fitting confirming atomic ratios (c).
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Fig. 5 UV-visible-NIR absorption (a) and emission (b) spectra of BTDT, (black),
BTDF; (red), and 1:1 block copolymer: p-type (blue) and n-type (purple).

Fig. 4c shows nitrogen and sulfur in different electronic
environments with corresponding binding energies of the
deconvoluted XPS peaks. In both p- and n-type alternating
block copolymers, N—=S—N (BTD), C-S-C (thiophene) and
C-O-C (furan) peaks are present. With respect to those of the
monomer, BTD nitrogen and deconvoluted sulfur peaks of BTD
and thiophene can be identified with the latter appearing at a
higher binding energy than those of the former two (Table S2,
ESIT). Comparing the homopolymers to that of the 1:1 alter-
nating copolymer, sulfur peaks were resolved and fitted to BTD
[N=S—N; 165.2 eV p-type; 165.0 eV n-type] and thiophene
[C-S-C; 165.5 eV p-type; 166.0 eV n-type]. XPS analysis of oxygen
further confirms copolymerization revealing two peaks: one
belonging to furan [C-O-C; 533.4 eV p-type; 533.5 eV n-type]
and the other to tin oxide from the FTO substrate (530.9 eV)."*?°
Variation in binding energies attest to an effective polarization
between the BTD and thiophene/furan units affording an ambi-
polar nature within the polymers which is more prominent in the
copolymers than in homopolymers. Such can contribute to an
increased number of electric charge carriers, leading to higher
electrical conductivity for the copolymers as revealed by AC
impedance studies. Note also that BTDT, homopolymer contains
both sulfur peaks associated with BTD [N—S—N; 164.8 eV p-type;
166.0 eV n-type] and thiophene [C-S-C; 165.2 eV p-type; 166.4 eV
n-type] as well as one O peak from FTO which appear at their exact
binding energies (Fig. S6, ESI). BTDF, homopolymer contains
only one sulfur peak corresponding to BTD [N—S—N; 165.7 eV
p-type; 166.2 eV n-type] but two oxygen peaks corresponding to
FTO and furan (Fig. S7, ESIt). Both copolymers in each doping
state contain two sulfur peaks and two oxygen peaks demonstrat-
ing that they have BTD, thiophene and furan. Attempts were made
to quantify thiophene to furan ratio to confirm the formation of
1:1 and 2:5 molar ratios of BTDT, and BTDF, in the two
copolymers. However, the task was rather challenging as the
intensities of oxygen peaks are much higher than those of the
other elements due to the presence of oxygen in the substrate FTO.

Nevertheless, XPS confirms the formation of copolymers.
Elemental mapping diagrams show approximately 2: 1 ratio in
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sulfur to oxygen in the mapped areas of the 1:1 copolymer
(Table S2, ESIT). This agrees with the theoretical atomic ratio of
4:2 in the BTDT,-BTDF,- repeat unit. Additional investigation of
SEM/EDAX spectra for more direct quantitative results of polymer
films with varying ratios of monomer are currently underway.

UV-visible absorption spectra of the 1:1 alternating copolymer
in its p-type and n-type conducting states are shown in Fig. 5.
Those of the homopolymers are also given in Fig. 5; absorption
spectra of copolymers have been included in the ESI.¥ The p-type
polymer exhibits absorption up to 700 nm and those of the n-type
polymer extend up to 1000 nm. When the polymers are n-doped
the electron density of the polymer backbone increases affording
band gaps as low as 1.24 eV. The 1:1 alternating copolymer in its
p-type state has a band gap of 1.65 eV and that of 1.59 eV for its
n-type state. Both possesses additional absorbance bands between
1080-1300 nm. Fluorescence spectra indicate emission in the NIR
region with broad bands extending into the NIRII window. The
1:1 alternating copolymer in its p-type state has emission Apax of
657 nm and that of 710 nm for its n-type state. The broadened
absorbance and emission bands are presumably due to over-
lapping of maxima of the two monomer components further
supporting that the alternating copolymer has a 1:1 ratio of
BTDT, to BTDF,. Despite variations in optical properties, the
Raman spectra of n- and p-type are identical (Fig. S8, ESIf) as
the molecular frameworks and vibrational frequencies of the two
polymers are relatively the same.

In conclusion, a low-cost and straightforward synthetic
strategy towards complex organic conjugated polymers with
perfectly controlled stoichiometric ratios has been presented.
Our goal is to be able to study additional molar ratios and apply
the technique to more difficult substrates for the tailoring of
next generation optoelectronic materials.
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