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he processability of insoluble or
partially soluble functional and structural variants
of polymers based on 3,4-alkylenedioxythiophene†

Bikash Kumar Sikder‡*

This work describes the processability of insoluble or partially soluble polymers based on 3,4-

alkylenedioxythiophene (ADOT). Functional and structural variants of poly(3,4-alkylenedioxythiophene)

(PADOTs), P1(a–e), are synthesized, in which the side chain bulkiness was minimized to obtain better

planarity and strong p-interaction. P1(a–e) were synthesized via chemical coupling polymerization using

palladium acetate as the catalyst. Subsequent polymers structures (P1a to P1e) were obtained with either

an enhanced alkylenedioxy bridge and or a side chain substituent in the alternate repeating units.

Polymers P1(a–c) are insoluble in all common organic solvents, whereas the hydroxyl functional

polymers P1(d–e) are soluble in organic polar solvents, which absorb at 535 nm and display optical

properties both in solution and solid state. The conductivity of the oxidized thin films of the soluble

polymers P1d and P1e is 4.7 S cm�1 and 1.5 S cm�1, respectively. The neutral P1(a–e) polymers were

dispersed in aqueous media using polystyrenesulfonate (PSS) and oxidized with sodium persulfate

(Na2S2O8). The particle size, stability and ion contents of these aqueous dispersions were characterized

via various spectroscopic techniques. The thin films of the P1(a–e):PSS dispersions were transparent with

conductivity ranging from 8.1 � 10�2 to 1.2 � 10�2 S cm�1. Spectroelectrochemical studies show that

the P1(a–e):PSS polymer films switch between opaque blue to a transmissive oxidized state with optical

contrast in the range of 40–46%.
Introduction

One class of conducting polymer that has seen signicant attention
fromboth academia and industry, largely because of its diverse and
oen remarkable properties, is poly(3,4-alkylenedioxythiophenes)
(PADOTs), such as poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(3,4-propylenedioxythiophene) (PProDOT). Their derivatives
have been widely used in organic solar cells,1 electrochromic
devices,2 chemical and biosensors,3 fuel cells,4 photovoltaic
devices,5 organic thin lm transistors,6 hole transport for light
emitting diodes,7 actuators8 and antistatic coatings for cathode ray
tubes.9

The interest in using PADOTs for the aforementioned
applications is related to their low oxidation potentials, high
transparency, they are conducting in the oxidized state, and
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exhibit excellent chemical and thermal stability.10 Driven by the
properties and uses of PADOTs, multiple lines of research are
directed toward exploiting their processability and conductivity.
Although the addition of bulky side chains ameliorates the
processability of PADOTs, it invariably leads to reduced
conductivity due to diminished intramolecular p–p interac-
tions.11 Conductivity is oen associated with highly planar and
strongly interacting p-conjugated polymers, whereas process-
ability is typically associated with highly twisted and weakly
interacting p-conjugated polymers, and hence it is difficult to
achieve both properties simultaneously within a single mate-
rial. Herein, polymers P1(a–e) are designed to achieve better
p–p interactions by attaching less bulky groups on the side
chain of the polymers.

Basically PADOTs are synthesized either by oxidative poly-
merization, which includes electrochemical polymerization,12

chemical polymerization with a catalyst,13 organic vapor phase
polymerization,14 solution casting polymerization,15 and solid-
state polymerization16 or reductive polymerization, which is
chemical coupling polymerization with a specied catalyst.17

Chemical coupling reductive polymerization gives much better
quality18 materials in terms of their electrochemical properties,
as well as it is an efficient method for large scale synthesis. For
example Yamamoto et al.19 investigated the conductivity of
PEDOT, which was synthesized via oxidative polymerization20
This journal is © The Royal Society of Chemistry 2016
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and chemical coupling polymerization, over a certain range of
temperature.21 It was observed that the conductivity of iodine-
doped PEDOT synthesized via the chemical coupling polymer-
ization route was two hundred times greater than that of PEDOT
prepared using the oxidative polymerization route. Hence, it is
highly desirable to synthesize polymers using the chemical
coupling polymerization method and later oxidized to obtain
the doped form.

A series of reports by Reynolds and co-workers22–25 on
PADOTs have established that increasing the size of the alky-
lenedioxy bridge, Fig. 1: (I–III), or increasing the bulkiness of
the substituent groups on the polymer backbone (V–VII),
signicantly enhances the optical contrast between the neutral
and oxidized states by inducing an increased torsional twist in
the conjugated system. Larger ring sizes and bulky substituents
make more porous and open morphologies, which allow easy
ingress and egress of ions during doping and dedoping mech-
anisms. This phenomenon is not only restricted to homopoly-
mers, it is also relevant for copolymers and polymer blends.
Hence, the P1(a–e) polymer structures were designed in
a manner to increase the alkylenedioxy bridge along with
restricted bulkiness on the polymer backbone (Scheme 1).

Most of the important applications or uses of PADOTs are in
their conducting state. In order to make effective use of these
polymers for varied applications it is essential that they are
soluble or dispersible in their conducting state. The organic
soluble PADOTs are generally soluble in organic solvents only in
Fig. 1 Various PADOT structures with optical contrast.

Scheme 1 Synthetic route for the preparation of the PADOTs.

This journal is © The Royal Society of Chemistry 2016
their non-conducting or reduced forms, whereas the corre-
sponding conducting forms are insoluble. As a result, the
potential use or versatility of use of these polymers is limited.
Therefore, it is highly desirable to have PADOTs in the con-
ducting form that can be processed either by dissolution or by
dispersion in water. Unfortunately, relatively few viable tech-
nologies have emerged from the proof-of-concept stage to full
commercial realization because of processability problems. In
the 1980s Bayer AG26 research laboratories developed emulsion
polymerization of ethylenedioxythiophene (EDOT) in aqueous
media in the presence of water soluble PSS, as charge-balancing
dopant forming colloidal particles.27 This combination resulted
the random coil entanglement of PSS chains with PEDOT olig-
omers, which formed particles that consisted of a PEDOT-rich
core covered by a PSS-rich shell. These aqueous colloidal solu-
tions, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), are quite successful and commercially available
conducting polymers with nearly forty ve different formula-
tions under the trade name CLEVIOS P.28 Unfortunately, the
special nature of the commercially available PEDOT:PSS has
some disadvantages. (1) It is based on a single monomer
(EDOT) and hence no functional or structural variants are
available. (2) Unreacted monomer or low molecular weight
oligomers cannot be separated out of the mixture. (3) PSS,
which is the charge-balancing dopant in PEDOT:PSS, desulfo-
nates to release sulfuric acid on long standing.29 Further, several
research groups observed that the conductivity of PEDOT:PSS
RSC Adv., 2016, 6, 107776–107784 | 107777
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increases more than thousand times upon the addition of
compounds containing multiple hydroxyl groups30 as
a secondary dopant. In this article, the said lacunas in the
commercially available PEDOT:PSS are addressed, such as
structural variants of PADOTs, unreacted monomers and low
molecular weight oligomers are removed during the workup of
the polymers, the polymer dispersions can be prepared when
required and nally the pendent hydroxyl group in the P1d and
P1e polymers can itself act as a self-dopant for the polymers.

This report presents a collection of interconnected studies
on PADOTs. Functional as well as structural variants of PADOTs
are synthesized, where planarity and strong p-interaction were
taken in account by restricting the bulkiness of the side chain.
PADOTs were synthesized via the chemical coupling polymeri-
zation method using Pd(OAc)2 as the catalyst31 to obtain
reduced or neutral polymers P1(a–e). The introduction of
hydroxyl groups along the polymer backbone results in func-
tional dispersion as well as it addresses the issue of the addition
of secondary dopants. Much attention is paid to developing
a convenient and efficient method for preparing aqueous
dispersions by dispersing powder polymers in suitable solvents,
which can be processed when required to avoid the desulfona-
tion caused by PSS on long standing.
Results and discussion

Polymers P1(a–e) were designed in a manner to induce
enhancement in the dioxepine ring (P1a to P1b and P1d to P1e) or
side chain bulkiness (P1b to P1c to P1d) in the alternate repeating
units in the polymers. For the synthesis of the polymers, the
monomers, M1, selected were either EDOT or ProDOT (or Pro-
DOT derivatives), which were synthesized following reported
procedures.10,32,33 M2 monomers were obtained by brominating
EDOT or ProDOT using NBS.33 3,3-Dimethyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepine (ProDOT-Me2) (structure V of Fig. 1),
which has two methyl pendent groups on ProDOT, showed an
optical contrast of 74%, and is the alternate repeating unit in
polymer P1c. For polymers P1d and P1e, (3-methyl-3,4-dihydro-
2H-thieno[3,4-b][1,4]dioxepin-3-yl)methanol (ProDOT-OH) is used
as the alternate repeating unit, which can be easily synthesized in
one step using the commercially available 3,4-dimethox-
ythiophene and 2-(hydroxymethyl)-2-methylpropane-1,3-diol.
ProDOT-OH resembles the hydroxy derivate of ProDOT-Me2
which introduces hydroxyl functionality along the backbone of
polymers P1d and P1e. In summary, the subsequent polymers,
P1a to P1e, were designed in a manner to increase the alkylene-
dioxy bridge in the alternate repeating units of the polymers
(Scheme 1) or the bulkiness of the side chain (P1b to P1d).
Fig. 2 Solution doping of P1d using 2 mL of 0.8 mM of Na2S2O8 in
DMSO with the isosbestic point at 665 nm.
General procedure for the synthesis of PADOT and its
structural variants

In a ame dried two neck round bottom ask, under nitrogen
atmosphere, equipped with a reux condenser, 5 mmol of
ADOT M1(a–e), 5 mmol of tetrabutylammonium bromide
(TBAB), 20 mmol of sodium acetate and 200 mL of anhydrous
DMF were added and stirred at room temperature for 15 min
107778 | RSC Adv., 2016, 6, 107776–107784
followed by the addition of 5 mmol of 2,5-dibromo-ADOTM2(a–
b) and 1 mol% of palladium acetate, and then heated to 80 �C
for 48 h (Scheme 1). The color of the polymerization mixture
turned to dark brown and purple for P1(a–c) and P1(d–e),
respectively, within a fewminutes of the addition of the catalyst,
which indicates the formation of polymers. These polymers
were isolated by precipitating the reaction mixture in methanol.
The resulting polymers were centrifuged and washed thor-
oughly with distilled methanol followed by stirring with
hydrazine hydrate to obtain reduced (or neutral) polymers, and
then washed thoroughly with water and dried under vacuum.
The resulting polymers were isolated as a dark brown powder.

P1a, P1b and P1c were insoluble in all common organic
solvents, whereas P1d and P1e were soluble in organic polar
solvents, such as 1-methyl-2-pyrrolidone (NMP), N,N-dime-
thylformamide (DMF), dimethyl acetamide (DMAc) and
dimethyl sulfoxide (DMSO). The soluble polymers P1d and P1e
were purple in color when dissolved in DMSO and absorb at
535 nm, as shown in Fig. 2, which is typically associated with
the p–p* transition in soluble ADOT based polymers.

FTIR spectra were recorded for polymers P1(a–e). In the FTIR
spectra of P1(a–c) (ESI†), the bands at 2925 cm�1 and 2855 cm�1

are due to the C–H stretching symmetric and asymmetric
vibrations, respectively. The absorptions at 1645 cm�1 and 1445
cm�1 are associated to the C]C stretch of the thiophene ring.
The bands at 1200 cm�1, 1185 cm�1 and 1095 cm�1 are assigned
to the C–O–C band stretching vibration in the alkylenedioxy ring.
The absorptions at 985 cm�1, 845 cm�1, and 685 cm�1 are
associated to the C–S stretching vibration. The soluble polymers,
P1d and P1e, have primary hydroxyl groups which show a vibra-
tional band at around 3400 cm�1 (ESI†). The bands at 2925 cm�1

and 2850 cm�1 are due to the C–H stretching symmetric and
asymmetric vibrations, respectively. The absorptions at
1640 cm�1 and 1450 cm�1 are associated with the C]C stretch
of the thiophene ring. The bands at 1290 cm�1 and 1125 cm�1

are assigned to the C–O–C band stretching vibration in the
alkylenedioxy ring. The absorptions at 990 cm�1, 850 cm�1, and
690 cm�1 are due to the C–S stretching vibration.

Since polymers P1d and P1e are soluble only in high boiling
solvents, Soxhlet purication could not be performed. 1H NMR
spectroscopy of P1d and P1e (ESI†) in DMSO-d6 was performed
to obtain well dened spectra, however a reasonable resolution
This journal is © The Royal Society of Chemistry 2016
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could not be achieved. To obtain the molecular weight of the
soluble polymers, gel permeable chromatography (GPC)
experiments were performed on P1d and P1e using DMAc as
the mobile phase. Unusually low molecular weights (Mw ¼
1000, PDI ¼ 1.4) were observed for P1d and P1e probably
because of absorption on the column due to the pendant
hydroxyl group. This is in agreement with other cases of
hydroxyl functional soluble conjugated polymers based on
PADOTs.33 Further, the polymeric nature of the organic soluble
P1d and P1e polymers were characterized by solution doping,
spectroelectrochemistry and conductivity studies. The insol-
uble polymers P1a, P1b and P1c were characterized via UV-vis
absorption spectroscopy and spectroelectrochemically aer
dispersion in aqueous media.

For the solution doping study, the P1d and P1e polymers
were reduced with hydrazine hydrate prior to the experiment,
washed thoroughly with water and dried under vacuum. A series
of UV-vis absorbance spectra were recorded as a function of
concentration of dopant (0.8 mM solution of Na2S2O8 in
DMSO). In the reduced state, both the P1d and P1e solutions
exhibited absorption at 535 nm corresponding to the p–p*

transition, which imparts purple color to the solution (Fig. 2).
The intensity of this peak decreases with an increase in the
concentration of dopant. Moreover, an additional absorbance
peak at 880 nm appeared upon the addition of the dopant. The
absorbance at 880 nm indicates the formation of polaron
charge carriers upon doping and the intensity of the peak at
880 nm increases with an increase in concentration of the
dopant. An isosbestic point is observed at 665 nm for the peaks
at 535 nm and 880 nm. Upon further addition of Na2S2O8

solution the polymer achieved a highly doped state, which gave
rise to a transparent solution (Fig. 2).

For spectroelectrochemical studies, thin lms of P1d and
P1e were coated on ITO-coated glass plates and used as the
working electrode. A series of UV-vis spectra were then recorded
as a function of applied potential in a 0.1 M solution of tetra-
butylammoniumperchlorate (TBAP) in acetonitrile using silver
wire as the reference electrode and platinum foil as the counter
electrode. The P1d and P1e lms were purple in colour at
�1.0 V, and P1d absorbs at 560 nm, as seen in Fig. 3, which is
due to the p–p* transition, whereas P1e exhibits two peaks with
Fig. 3 Spectroelectrochemical spectra for P1d as a function of applied
potential between �1 V and +1 V in 0.1 M TBAP/ACN: (a) �1, (b) �0.8,
(c) �0.6, (d) �0.4, (e) �0.2, (f) 0, (g) +0.2, (h) +0.4, (i) +0.6, (j) +0.8 and
(k) +1 V.

This journal is © The Royal Society of Chemistry 2016
absorption maxima at 535 nm and 560 nm (ESI†). The splitting
of the absorbance for P1e is due to vibronic coupling and is well
documented in the literature.22 Stepwise oxidation of the poly-
mer showed a reduction in absorbance throughout the visible
region as the color changes from the purple absorbing state
(fully reduced form) to a highly transmissive state (oxidized
form). The intensity of the absorbance at higher wavelength
increases during the initial oxidation of the polymer, which is
subsequently redshied upon further oxidation of the polymer.
This is attributed to the formation of a bipolaron and is in
agreement with the other reported polymers based on ADOT
derivatives.

1% DMF solutions of P1d and P1e were prepared and spin
coated on glass slides to obtain 100 nm thin lms. The lms
were purple in color, however when baked at 150 �C, they turned
light green color due to partial oxidation with atmospheric
oxygen. The average conductivity of the partially oxidized P1d
and P1e lms was 6.2 � 10�3 S cm�1 and 6.6 � 10�3 S cm�1,
respectively. The partially oxidized P1d and P1e lms were
soaked in a 0.01 M chloroform solution of antimony penta-
chloride (SbCl5) to obtain the oxidized form and were washed
thoroughly with chloroform to remove traces of SbCl5, dried
and their conductivity measured. The conductivity of the
oxidized P1d and P1e lms was 4.7 S cm�1 and 1.5 S cm�1,
respectively. Hence the conductivity of the oxidized P1d and P1e
thins lms increased by three orders of magnitude compared to
their neutral or partially oxidized form.
General procedure for the synthesis of aqueous dispersions of
P1(a–e)

P1(a–c) are insoluble polymers, whereas P1(d–e) are soluble
only in high boiling and polar solvents, which limits their
processability. It is highly desirable to obtain the conducting
form of conjugated polymers that can be processed either by
dissolution or by dispersion in water. The processability issue of
these polymers was circumvented by dispersing the P1(a–e)
polymers of submicron particles using PSS in aqueous media.
The common protocol followed for dispersing all ve polymers
is as follows: P1 (1 g), PSS (Mw-2 lakh to 30 wt%) (1 g) and 100
mL of Milli Q water were mixed in a beaker and probe sonicated
thrice for 30 minutes each time, which resulted in a brown
colored emulsion with a reduced particle size. The P1 polymers
were oxidized with sodium persulfate (Na2S2O8), and it was
observed that 0.3 mole of Na2S2O8 oxidizes 1 g of P1. Upon
oxidation, the dispersion turned blue in color and the oxidized
state of P1 was conrmed via UV-vis spectroscopy. To achieve
homogeneous micro-emulsions, the oxidized P1 dispersions
were further probe sonicated and nally passed through
a homogenizer under varying pressure ranging from 800 bar to
1200 bar for 30 minutes. Then, the homogeneous dispersions
obtained were treated twice with 20 g each of Amberlite IR-120
(strongly acidic cationic exchange resin) and Amberlite IRA-410
(strongly basic anionic exchange resin) to eliminate the inor-
ganic ions present in the dispersions, which resulted in
dispersions of p-type conductive polymer P1 and polyanion PSS
in aqueous media.
RSC Adv., 2016, 6, 107776–107784 | 107779
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Characterization of P1(a–e):PSS aqueous dispersions

UV-visible absorption spectroscopy. The oxidized state of the
P1(a–e) polymer dispersions were conrmed by UV-vis absor-
bance spectroscopy. Absorbance maxima at 790 nm were
observed for P1a and P1b, whereas the maxima for P1(c–e) were
observed above 900 nm (Fig. 4(a)), which are the features typi-
cally seen in the doped state of polymers based on ADOT. When
these dispersions were reduced with hydrazine hydrate, the
absorption maxima were shied in the range of 550–600 nm
(Fig. 4(b)), which is ascribed to the p–p* electronic transition of
the reduced state of the P1(a–e) polymers.

Particle size of P1(a–e):PSS dispersions. Dynamic light scat-
tering (DLS) experiments were performed at an average count
rate of 100–170 kcps (kilo counts per second), and a poly-
dispersity of 0.2–0.25. The optimal concentration for DLS
measurement was evaluated over a range of concentrations to
yield the best signal possible. The dispersion concentration
used (1 mL was diluted to 10 mL with MilliQ water) resulted in
the highest measurable signal, and an increase in the polymer
concentration resulted in total absorption and extinguishing of
the scattered light. The temperature was kept constant (295 K)
in the surrounding decalin (ltered through a Whatman Ano-
pore syringe lter of 0.45 mm). The scattered light was collected
at 90� from the incident laser. Using the DLS soware, the
hydrodynamic diameter (Dh) was calculated and weighted in
relation to the number of particles in the samples. The mean Dh

was calculated to be 430 nm, 454 nm, 470 nm, 306 nm and
330 nm for the P1a, P1b, P1c, P1d and P1e dispersions,
respectively, based on ve average readings. The gures are
Fig. 4 UV-vis spectra of (a) (1) P1a, (2) P1b, (3) P1c, (4) P1d and (5) P1e.
(b) Hydrazine hydrate treated (1) P1a, (2) P1b, (3) P1c, (4) P1d and (5) P1e
aqueous dispersions.

107780 | RSC Adv., 2016, 6, 107776–107784
shown in the ESI.† It is evident that the hydrodynamic diameter
of the hydroxyl functional polymers dispersions P1d and P1e are
100 nm smaller in that of the un-functional polymer P1a, P1b
and P1c dispersions. However, DLS measured the hydrody-
namic diameter (containing water molecules), and hence the
nal features are smaller. The exact particle size was conrmed
by performing eld emission gun transmission electron
microscopy (FEG-TEM). Fig. 5 presents a representative FEG-
TEM micrograph of the P1d particles, in which the particles
resemble irregular shells with a thickness of 10–15 nm.

Stability of P1(a–e):PSS dispersions. Zeta potential experi-
ments were performed to determine the stability of the polymer
dispersions. Zeta potential experiments were recorded with
respect to the pH of the dispersions at 25 �C. The optimal
concentration for zeta potential measurement was evaluated
over a range of concentrations to yield the best signal possible.
The dispersion concentration used (1 mL was diluted to 3 mL
with Milli Q water) resulted in the highest measurable signal.
The zeta potential value of a moderately stable dispersion is in
the range of �30 mV to �40 mV. The zeta potential values of
P1a, P1b, P1c, P1d and P1e were found to be �31.7 mV,
�33.2 mV, �34.8 mV, �35.1 mV and �32.68 mV, respectively,
which evidently indicate that the dispersions have moderate
stability.

Ion content of P1(a–e):PSS dispersions. To determine the
content of palladium and sodium ions present in the disper-
sions, inductive coupled plasma atomic emission spectroscopy
was performed. Standard solutions of the ions of interest were
prepared by diluting commercial standards, and the calibration
was linear with an error of 1%. Palladium and sodium ions are
characterized by very strong emission, and their content in the
nal dispersion was found to be 0.7 ppm and 1.6 ppm,
respectively.

Conductivity of P1(a–e):PSS dispersions. The P1(a–e)
dispersions were spin coated on glass slides to obtain trans-
parent thin lms and their conductivity was measured. The
conductivity of the P1(a–e) lms were found to be in the range of
8.1 � 10�2 S cm�1 to 1.2 � 10�2 S cm�1. A sample of the
commercially available PEDOT:PSS showed a conductivity of
2.3� 10�2 S cm�1 under identical conditions. It should however
Fig. 5 FEG-TEM image of P1d particles.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Square root of scan rate vs. anodic current peak of the redox
process for P1(a–e).
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be noted that higher conductivity values for CLEVIOS P have
been reported elsewhere34 and that combined chemical and
thermal treatment can give much higher conductivities.

Electrochemical P1(a–e):PSS dispersion studies. The P1(a–e)
dispersions were spin coated on ITO-coated glass slides and
were used as working electrodes for the electrochemical studies.
For cyclic voltammetry, Ag/Ag+ was used as the reference elec-
trode and platinum foil as the counter electrode. Cyclic vol-
tammetric studies of the polymer lms were performed in 0.1 M
TBAP in acetonitrile by cycling the potential between �0.60 V
and +1.20 V at a scan rate of 25 mV s�1, 50 mV s�1, 75 mV s�1,
100 mV s�1, 125 mV s�1 and 150 mV s�1. At the scan rate of
150 mV s�1, the oxidation peaks were in the range of +0.02 V to
+0.74 V and the corresponding reduction peaks were in the
range of�0.34 V to +0.23 V vs. the Ag/Ag+ reference electrode for
the P1(a–e) polymers. The cyclic voltammogram of P1d shown
in Fig. 6 represents a positive shi in the oxidation potential at
higher scan rates, which compensates the charge transfer
resistance. The scan rate dependence study indicates the line-
arity (R2 value of the lines are in the range of 0.984–0.998) of
current as a function of square root of the scan rate, as shown in
Fig. 7, which suggests a diffusion-limited redox process.35

For the spectroelectrochemical studies, a series of UV-vis
spectra were obtained as a function of applied potential in
a 0.1 M solution of TBAP in acetonitrile using silver wire as the
reference electrode and platinum foil as the counter electrode.
The spectroelectrochemical spectra of P1(a–e) are similar with
respect to the growth of the oxidation peak as a function of
applied positive potential. The polymer lms were opaque
blue at �1.0 V and exhibited absorption maxima at 525 nm,
540 nm, 585 nm, 580 nm and 555 nm for P1a, P1b, P1c, P1d
and P1e, respectively, which are assigned to the p–p* transi-
tion. Fig. 8 presents the spectroelectrochemical spectra of P1d,
in which stepwise oxidation of the polymer resulted in
a reduction in absorbance throughout the visible region since
the color changes from the dark blue absorbing state (fully
reduced form) to a highly transmissive state (oxidized form).
The interesting feature to note in Fig. 8 is the growth of the
oxidized peak at 950 nm, which is ascribed to the polaron
charge carriers. The intensity of this peak increases during the
Fig. 6 Cyclic voltammogram of P1d in 0.1 M TBAP at a scan rate of (a)
25 mV s�1, (b) 50 mV s�1, (c) 75 mV s�1, (d) 100 mV s�1, (e) 125 mV s�1

and (f) 150 mV s�1.

This journal is © The Royal Society of Chemistry 2016
initial oxidation of the polymer but later on the intensity
becomes saturated, even upon further oxidation of the poly-
mer. This is ascribe to the formation of bipolarons and is in
agreement with other reported polymers based on 3,4-propy-
lenedioxythiophene derivatives.32 The optical contrast of the
P1(a–e) lms was calculated from the difference in %
T between the completely oxidized and reduced state, which
was found to be 40–46%. For optical switching studies, P1(a–e)
lms were switched at 525 nm, 540 nm, 585 nm, 580 nm and
555 nm for P1a, P1b, P1c, P1d and P1e, respectively, by
repeated potential steps between their reduced (�1.0 V) and
oxidized (+1.0 V) states in a 0.1 M solution of TBAP in aceto-
nitrile, using silver wire as the reference electrode and plat-
inum foil as the counter electrode. Fig. 9 presents the optical
switching spectra of the P1d thin lm, which was switched at
580 nm and was monitored as a function of time. The
switching of the lm was carried out by switching the potential
between �1.0 V and +1.0 V with a delay time of 3 s while
monitoring the % T of the polymer at its lmax. The contrast
calculated from the difference in % T between the completely
reduced and oxidized state was 40%, 42%, 42%, 44% and 46%
for P1a, P1b, P1c, P1d and P1e, respectively.
Fig. 8 Spectroelectrochemical spectra of P1d as a function of applied
potential between �1 V and +1 V in 0.1 M TBAP/ACN: (a) �1, (b) �0.8,
(c) �0.6, (d)�0.4, (e)�0.2, (f) 0, (g) 0.2, (h) 0.4, (i) 0.6, (j) 0.8 and (k) 1 V.
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Fig. 9 Optical switching studies for P1d film deposited by spin coating
and monitored at 580 nm, when stepped between its reduced (�1.0 V)
and oxidized (+1.0 V) state.
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Conclusions

Herein, the synthesis and processability of functional and struc-
tural variants of polymers based on 3,4-alkylenedioxythiophenes
are discussed. The primary focus was on the subsequent
synthesis of PADOT polymers to achieve better p-stacking,
increase the alkylenedioxy bridge ring size and introduce
hydroxyl functional groups. The P1(a–e) polymers were prepared
via the chemical coupling reductive polymerizationmethod using
Pd(OAc)2 as the catalyst, andwere obtained in powder form. P1(a–
c) are insoluble, whereas the hydroxyl functional polymers P1d
and P1e are soluble in organic solvents and display optically
properties both in solution and solid state and are conducting in
their oxidized state. Aqueous dispersions were developed to
overcome the processability issue of insoluble or partially soluble
polymers based on ADOT. Sub-micron particles of PADOTs were
dispersed in aqueous media using a counter anionic surfactant.
The dispersions particle size, ion content, stability and conduc-
tivity were measured using various techniques. Thin lms of
these dispersions are transparent and conducting in the oxidized
state. The electro-optical properties of the dispersions were
investigated using spectroelectrochemical studies.
Experimental section
Instrumentation and methods
1H NMR spectroscopy was recorded using a BRUKER 400 MHz
NMR spectrometer. Fourier transform infrared spectroscopy
(FTIR) experiments were performed on a Perkin-Elmer Spec-
trum One FTIR-SPECTROMETER using an NaCl window. Gel
permeation chromatography (GPC, Waters 515 HPLC) was
performed with an RI detector (Waters 2414) using HPLC grade
dimethylacetamide (DMAc) as the mobile phase. P1d and P1e
solutions in DMAc of concentration 1.0 mg mL�1 were injected
in the GPC column (Styragel HR2 DMAc) at a ow rate of 0.4 mL
min�1. Narrow molecular weight distribution polystyrene
standards (Polymer Standards Service) with a polydispersity
index# 1.1 were used for the GPCmolecular weight calibration.
UV-visible spectra were recorded with a Perkin-Elmer Lambda
35 UV/vis spectrometer, and corrected for baseline with
107782 | RSC Adv., 2016, 6, 107776–107784
a solvent-lled cuvette. Dynamic light scattering (DLS) experi-
ments were conducted using a BI-200SM motor-driven goni-
ometer, BI-9000AT digital auto-correlator and BI-9025AT
photon counter system (Brookhaven Instruments Corporation,
USA). Zeta potential was measured using a Zetasizer Ver. 6.01
(Malvern Instruments Ltd). Field emission gun transmission
electron microscopy (FEG-TEM) measurements were carried out
on a JEOL JEM2100F eld emission electron microscope oper-
ated at 120 kV. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES) experiments were conducted using
a SPECTRO ARCOS (Spectro, Germany). Sheet resistance was
measured using a four-point probe (Lucas Labs Pro4, Lucas-
Signatone) connected to a Keithly 2400 source-meter (Cleve-
land, OH, USA). Electrochemical measurements were per-
formed with a CH Instruments CHI-760 workstation
potentiostat controlled with a PC. For cyclic voltammetry char-
acterization, Pt foil was used as the counter electrode and Ag/
Ag+ as reference electrodes and for spectroelectrochemistry and
optical switching Pt foil was used as the counter electrode and
Ag wire as the reference electrode. ITO-coated glass slides were
used as the working electrode. For optical switching studies an
EG&G PAR Model 273 potentiostat/galvanostat was used to
control the potential.
Materials

Monomers 3,4-ethylenedioxythiophene (EDOT), 3,4-propylenediox-
ythiophene (ProDOT), 3,3-dimethyl-3,4-dihydro-2H-thieno[3,4-b][1,4]
dioxepine (ProDOT-Me2), 2,5-dibromo-3,4-ethylenedioxythiophene
(DBEDOT), 2,5-dibromo-3,4-propylenedioxythiophene (DBProDOT)
and (3-methyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-3-yl)
methanol (ProDOTOH) were synthesized according to a re-
ported procedure. Tetrabutylammonium bromide (TBAB),
sodium acetate, sodium persulfate, acetonitrile and anhydrous
N,N-dimethylformamide were purchased from Merck. Palla-
dium acetate, tetrabutylammoniumperchlorate (TBAP) and
antimony pentachloride (SbCl5) were purchased from Aldrich.
Indium-doped tin oxide (ITO)-coated glass slides were obtained
from Delta Technologies.
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