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ORIGINAL ARTICLE

Chemical and electrochemical synthesis of crosslinked
aniline sulfide resin

Seyed Hossein Hosseini!, Maryam Malekdar? and Shaghayegh Naghdi®

A strategy was used to control the crosslinking of polyaniline (PANi) to allow the synthesis of high-molecular-weight, conductive
copolymers. Aniline sulfide resin (ASR) was synthesized by the reaction of aniline and sulfide dichloride. Crosslinked ASR (ASC)
was prepared in the presence of ammonium peroxydisulfate and aniline in an aqueous solution as the oxidant and monomer,

respectively. The graft copolymer was obtained by oxidizing aniline on ASR in the presence of an initiator and an excess amount
of aniline, in which the aniline was oxidized to form PANi through a radical cation mechanism. By changing the ratio of ASR to
aniline during the polymerization reaction, it was possible to control the number of crosslinked sites, the electrical conductivity,

the molecular weight and the solubility. The structure was characterized by spectroscopic data. The method introduced here
describes a strategy for controlling the molecular weight of PANi and in turn its physical properties. This approach may be
extended to the synthesis and modification of other polymers. Electropolymerization was carried out by coating ASR on the
surface of a glassy carbon disk electrode and then growing this on graft copolymer ASC in the presence of fresh aniline and an
acidic solution. The electrical conductivity of ASC was studied by a four-point probe method and produced a conductivity of

8.5x103Scm™L
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INTRODUCTION

Nitrogen- and sulfide-containing polymers have an important role in
electrically conductive polymers, such as polyaniline (PANi), poly-
pyrrole, polythiophene and poly(phenylene sulfide) (PPS).=> PPS and
PANi are heteroatom-containing polymers with unique properties.
Although PPS provides a good level of chemical and thermal stability,*
PANIi is important because of its ability to form electrically conductive
films.

Among these conductive polymers, PANi has important technolo-
gical applications in many areas, owing to its excellent electrical
properties, good environmental stability, facile synthesis and low
monomer cost.>” To the best of our knowledge, although many efforts
have been made to investigate its synthesis, structure, properties and
applications, PANi synthesized by chemical or electrochemical poly-
merization, usually exhibits an ill-defined structure. Nevertheless,
there are still some unsolved problems with regard to its structure
and properties because of the complexity of its molecular structure
and the poor solubility of its common organic solvents, which to some
extent limit investigations of the structure—property relationship and
the conducting mechanism. It should be noted out that the challen-
ging aspect of synthesis research is the design of new PANi derivatives
with fixed conjugation lengths as the model polymers for identifying

the conducting mechanism of common PANi. In addition to a low
mechanical strength, the adhesion of PANi on solid substrates is
another important factor that has limited its utility in applications
such as in antistatic coatings.° For example, although PANi films cast
from N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO) or
dimethylformamide solutions adhere strongly to glass in dry atmo-
spheres, adhesion quickly fails when the films are immersed in water.
Increasing the molecular weight of PANi is expected to increase the
strength of its adhesion as well as its mechanical strength. The effect of
aniline formaldehyde resin on the conjugation length and structure of
doped PANi was investigated by Ho et al.'%!! by spectral and thermal
studies. Kumar et al.!? synthesized aniline formaldehyde condensate
coated on silica gel for the removal of hexavalent chromium.

The method described herein uses aniline sulfide resin (ASR) to
crosslinked ASR (ASC). The copolymer can be synthesized by oxidiz-
ing ASR-aniline mixtures at room temperature. A wide range of
molecular weights can be obtained by simply adjusting the ratio of
ASR to aniline before polymerization. The conductivity and solubility
of the copolymer are a function of the ratio of ASR to aniline and
therefore can be varied systematically. The use of this method for
copolymer preparation results in significantly better adhesion on glass
both in air and water compared with pure PANi.
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EXPERIMENTAL PROCEDURE

Materials

Aniline monomer (reagent grade, Merck, Darmstadt, Germany) was distilled
under reduced pressure and stored below 0 °C. All the other reagents were of
analytical grade and were used without further purification, including ammo-
nium peroxydisulfate, sulfide dichloride, sodium hydrate (NaOH), HCI (37%),
hydrogen peroxide (H,0,, 30%) and ethanol. Water was double distilled and
bubbled for 30 min with N,.

Physical measurements

Conductivity changes were measured with a four-probe device (ASTM Stan-
dards, F 43-93). 'H and '*C nuclear magnetic resonance ('*C-NMR) spectra
were recorded on a BRUKER 250 NMR spectrometer (Bruker Biospin GmbH,
Rheinstetten, Germany) at 400 MHz in deuterated dimethylsulfoxide-ds with
TMS as an internal standard. NMR data are reported in the following order:
chemical shift (p.p.m.), spin multiplicity (s, singlet; d, doublet; t, triplet; g,
quartet; m, multiplet) and integration. Molecular weights were measured at
30 °C with gel permeation chromatography (Waters Associates, Milford, MA,
USA, model 150-C). Three styragel-packed columns with different pore sizes
(10%-10°A% were used. The mobile phase was NMP with a flow rate of
1.5mlmin~!. The solution concentration was 0.2wt%. Calibration of the
instrument was performed with nine standard samples of monodispersed
polystyrene having molecular weights between 3.0x10°> and 1.4x10° The
PHILIPS XL30 (Philips, Eindhoven, Netherlands) was used for scanning
electron microscopy (SEM). A Fourier-transformed infrared (FT-IR) spectro-
meter (8101 M-Shimadzu; Shimadzu, Kyoto, Japan) and BRUKER-IF-66.5 were
used in spectral measurements of the polymer and were reported as sharp (sh),
weak (w), broad (b), middle (m) and shoulder (s). FT-IR spectra were recorded
on the 8101-M-Shimadzu and BRUKER-IF-66.5 spectrometers. The vibrational
transition frequencies are reported in wave number (cm~!). The ultraviolet
(UV)-visible spectra were obtained using a UV-visible recording spectropho-
tometer (Perkin-Elmer Lambda 15; PerkinElmer, Waltham, MA, USA).

Synthesis of ASR
ASR was synthesized by reacting sulfide dichloride with aniline. In a 100-ml
three-necked flask equipped with a stirrer, a condenser and an inlet of nitrogen,
0.2 ml sulfide dichloride in 5 ml diethylether was added dropwise to a mixture
of 0.5g aniline and 0.1 ml pyridine in 10ml diethylether. Condensation was
carried at 25°C for 1h. The resin was filtered and washed with warm water
three times. The resin was kept at 80 °C under a reduced pressure of 10 kPa for
1h to remove any unreacted aniline or sulfide dichloride.

UV (m-cresol): Ama=220nm (3.1 intensity), 270 nm (0.7 intensity).

FT-IR: 3490(m), 3357(sh)(N-H stretching), 3034(m)(C-H aromatic stretching),
2925(m)(C-H aliphatic stretching), 1612(sh)(C=S stretching), 1495 (sh)(C=C
stretching), 1277(sh), 1169(m)(C-S stretching), 1029(m), 883(m) and 755(sh),
690(m), 496(sh) cm—L.

TH-NMR (d°®-DMSO) 6 2.4 (DMSO), 6.5-7.5 (NH, protons), 8-9 (aromatic
protons) p.p.m.

BC-NMR (d®-DMSO) 6 38-40 (DMSO), 123, 127, 129, 132, 142, 145
(aromatic carbons) p.p.m.

Synthesis of PANi-sulfide crosslinked copolymer (ASC)
In a 150-ml reaction vessel, ASC and aniline monomer were dissolved in 50 ml
of 1 M HCI aqueous solutions with varying ratios. A trace amount of FeSO, was
added to the solutions as a catalyst. Then, 3ml of 30% H,0, was added
dropwise to the solution with vigorous stirring. After polymerization for 6 h at
25 °C, a dark polymer powder was obtained. The powder was washed with 1M
HCI until the washing solution became clear. Lower-molecular-weight oligo-
mers were removed by further washing with copious amounts of acetonitrile.
The doped (or conducting) forms of the polymers were obtained by acidifica-
tion of the polymers with 1M HCL The base forms of the polymers were
obtained by treating the polymers with aqueous 1 M NH3;0H.

UV (m-cresol): Apma=228nm (2.3 intensity), 260nm (0.5 intensity),
560-750 nm (0.2 intensity).

FT-IR: 3400-3600(w)(NH, stretching), 3041(m), 1622(m)(C=S stretching),
1467 (sh)(C=C stretching), 1090(s)(C-S stretching), 680(m), 750(sh) cm~1.
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'H-NMR (d®-DMSO) & 2.4 (DMSO), 7.3-9 (aromatic protons) p.p.m.
I3C-NMR (d°-DMSO) & 38-40 (DMSO), 121, 126, 129, 131, 134, 141, 142,
146 p.p.m.

Electrochemical synthesis of ASC

Electrochemical synthesis of ASC was carried out using a conventional three-
electrode system containing an Ag/AgCl reference electrode, a platinum wire
counter electrode and a glassy carbon (GC) disk working electrode. The cyclic
voltammetric solution was 0.1m H,SO, and 1m HCI (50/50 v/v) as the
supporting electrolyte. First, ASR was coated as a suitably thin layer (50—
60 pm) on the GC disk electrode using a casting method. A cyclic voltammo-
gram of ASR on a GC electrode under the above-mentioned conditions with a
50mVs! scan rate was created. Then, 0.1M aniline was added to the
electrolyte. The graft copolymer was prepared on the GC disk electrode under
the same conditions. The scan potential was in the range of —0.1 to 1.5V vs Ag/
AgCl (11 cycles), and the scan rate was 50mVs~'. Finally, a blank cyclic
voltammogram of ASC on a GC electrode under the same conditions was
prepared.

RESULTS AND DISCUSSION

Spectroscopic studies

Conductive polymers have a conjugated system of double bonds in a
backbone polymer. These polymers have some conventional transfers
in the UV region, such as n—mn*, t—n* and so on. The n—>n*
transfers of conjugated double bonds are related to near-visible regions
and are associated to the polaron and bipolaron status, as well as the
solution of conductive polymers.

UV-visible spectrum data for ASR and ASC in an m-cresol solvent
are shown in Figure 1. The above-mentioned polymer (with the
aniline pattern) should have two peaks at 221 nm with a 3.1 intensity
and 270 nm with a 0.7 intensity. Transfer of the first one could be for
n—m* and that of the second one could be for m— 1* of a benzoic
system. As we know, with an increase in the length of the chain and
the subsequent increase in conjugated double bonds, a decrease in the
energy m— m* occurs, which causes an increase in the wavelength. The
UV-visible spectrum for aniline formaldehyde condensation shows
four peaks in 225, 280, 325 and 520-720 nm. The peaks at 225 and
280 nm related to n—7* and m—n* transfers for the benzoic form.
The peaks at 325 and 520-720nm are related to ASC structure.
Obviously, after grafting aniline on ASR, a the wide peak at 560—
750 nm comes from the transfer of the m— n* quinion of the aniline
groups (for the polaron and bipolaron transfers). We also observed
more conductivity, which could be due to the couple length of the
dual grafts in the system length. As is shown in Figure 1, the polaron
and bipolaron transfers are increased by increasing the percentage of
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Figure 1 UV-visible spectra of ASR (...) and ASC (-).
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Figure 3 FTIR spectrum of ASC.
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5

aniline in the copolymers, as the conjugated double bond systems
were increased.

The FTIR spectra of the ASR and ASC polymers are shown in !
Figures 2 and 3, respectively. The characteristic absorption bands of
ASR are 1612cm™! (C=S), 1495cm~! (C=C) and 1169cm™! (C-S),
while the absorption peaks of both shifted and decreased ASC are
1622, 1467 and 1090 cm~!. This is possibly due to steric interactions
and the high molecular weight, which could reduce the energy level
interval of the phenyl ring.

The '"H-NMR spectra of ASR and ASC polymers are illustrated in
Figures 4 and 5, respectively. The 'H-NMR spectrum of ASR shows .

2. 48015

just one broad peak each for the amino proton at 6=7.0-7.7 p.p.m. 'LL_JL Lo~ L

and for the aromatic protons at 6=8-9 p.p.m. Notably, the 'H-NMR —T e o
amino proton signal of the shifted ASC is 10-11 p.p.m., which is also i Ll l'g[ 'HWE[“'"

possibly due to steric interactions and the high molecular weight. The Il e b

13C-NMR spectrum of ASR is shown in Figure 6. The structure of ASR T A S R I B B

is confirmed by this '*C-NMR spectroscopy as well, in which only p-p-m. 8 6 4

aromatic carbons at 123—145 p.p.m. are observed. Figure 4 FT'H-NMR spectrum of ASR.
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Figure 6 FT13C-NMR spectrum of ASR.

Polymerization and kinetics peroxydisulfate. The resulting graft copolymer includes both ASR and

ASR can be synthesized as shown in Scheme 1, where the resulting  PANi.
polymer has alternatively substituted aniline and sulfide units. The The graft copolymerization occurs readily, although the reaction has
existing aniline in ASR can be oxidatively polymerized by ammonium steric interactions. Thus, aniline sulfide crosslinked (ASC) copolymer
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Scheme 2 Chemical and electrochemical synthesis of ASC.

can be synthesized by chemically and electrochemically oxidized resulting graft copolymer has a branch-like structure. By controlling
ASR (Scheme 2). Aniline acts as a terminating agent in the polymer-  the initial ratio of ASR to aniline, the molecular weight of ASC can be
ization process, and on termination of many PANi chains, the controlled.
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The mechanism for the graft copolymerization of aniline monomer
was proposed as shown in Scheme 3. The graft copolymerization can
be divided into three steps involving initiation, propagation and
termination. The role of ASR in the rate of polymerization can be
determined by the influence of ASR on all three steps of polymeriza-
tion. ASR significantly influences the initiation and propagation steps.
This influence is due to the growth of PANi on ASR. Therefore, it is
expected that the most important role of ASR in the overall poly-
merization reaction will be in the initiation and propagation steps.

As a result, it is possible to change the molecular weight, solubility
and conductivity of the crosslinked polymer. Under appropriate
conditions, high-molecular-weight polymers can be obtained with
conductivity, flexibility and solubility similar to pure PANi. The
method introduced here describes a strategy for controlling the

molecular weight of ASC and its physical properties. This approach
may also be extended to the synthesis and modification of other
polymers.

Liu and Freund® proposed aniline formaldehyde condensation as
the termination step in the same reactions, but we think aniline is the
termination agent for this step in crosslinked aniline and sulfur. In any
event, the influence of ASR on the rate of the overall graft copolymer-
ization reaction can be summarized as follows:

Initiation ~ ASR —1s ASR**+e~
. .k .
Propagation ASR**+nANi — ASR — nANi*" (ASC**)

Termination ASR—nANi** +ANi — ASR—(1+1)ANi (ASC) —e~

Here, ky, k, and k3 are corresponding reaction rate constants.
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The reaction rate for the above mechanism will then be a function
of the rate of the generation of ASR®* in the initiation step,

d[ASR**]
dt
the rate of the generation of ASC®* in the propagation step through
the reaction with monomer,

d[ASC*]
dt
and the rate of the generation of ASC or the consumption of ASC®* in
the termination step.

d[ASC]
dt
Assuming that the rate for the generation of ASR®** equals the rate for
the consumption of ASC®* or the generation of ASC (i.e., under
steady-state conditions), Equations (1) and (3) will be equal, and we
know that [ASR®*]=[ASC®**], yielding.

ki [ASR] = k;[ASC**][ANi], [ASC**] = [ASR**] (4)

= ki [ASR] (1)

= ky[ASR®*][ANi]” )

= ks[ASC™*][AN] (3)

kA (5)
3 [ANI]

If the rate of polymerization is taken to be the rate of the disappear-
ance of ASR, and if the contribution of the initiation and termination
steps to the disappearance of ASR is negligible, the rate of polymer-
ization, Ry, will be equal to the rate of propagation (Equation (2)).
Substituting Equation (5) into Equation (2) yields

[ASR*] =

Ry =k [ASR**][ANIi]" = k k,/ks[ASR] [ANi]nfl ©)

Molecular weight and conductivity studies

Clearly, the ratio of ASR to aniline in the initial mixture will influence
the degree of crosslinking and the space between PANi chains. These
changes will in turn alter the molecular weight and the conductivity of
the resulting graft copolymers. To investigate these relationships,
copolymers were synthesized using different ratios of starting materi-
als. The graft copolymerization molecular weights and conductivities
for different copolymers were determined by gel permeation chroma-
tography and a four-probe method and are summarized in Table 1.
According to this table, the conductivity increases with an increasing
portion of PANi. ASR is not a conductive polymer. Electric conduc-
tivity was introduced and increased by increasing the PANi ratio in the
graft copolymers. Thus, ASR-PANi-3 (ASR/PANi:1/3) exhibited an
electrical conductivity near to that of pure PANI.

Although PANI is not soluble in conventional organic solvents in its
acid-doped form, the base form (obtained on exposure to 1 M NaOH)
is soluble in NMP. The copolymers PANi, ASR-PANi-1, ASR-PANi-2
and ASR-PANIi-3 exhibited significantly different solubilities in this same

Table 1 Starting materials and molecular weights and conductivities
for different graft copolymers

Polymers ASR (g)  ANi (g) Mw | Conductivity (Scm™)
PANi 0.00 3.0 1.1x10% 2.1 8.1x102
ASR-PANi-1 0.15 3.0 6.2x10* 4.3 2.7x1074
ASR-PANi-2 0.50 3.0 3.3x10° 5.4 4.3x103
ASR-PANi-3 1.00 3.0 1.2x10% 7.3 2.2x1072

Abbreviations: ANi, aniline; ASR, aniline sulfide resin; Mw, molecular weight; PANi, polyaniline.

Polymer Journal

solvent. For example, both PANi and ASR-PANi-1 dissolve in NMP up
to ~8% by weight, whereas ASR-PANi-2 and ASR-PANi-3 are only
partially soluble, with ASR-PANi-3 being the least soluble. These changes
in solubility can only be attributed to changes in the molecular weight of
the graft copolymers, as both PANi and ASR are soluble in the NMP.
Further, as ASR is soluble in the 1 M HCl used in the washing procedure,
any unreacted ASR will be removed from the final products.

Electropolymerization study

Polymer structure and morphology are greatly affected by the electro-
synthetic conditions,!? such as the electrode materials, the solvent and
electrolyte salts, the oxygen and water content of the system and the
current density used for electropolymerization. Although a quantita-
tive measurement of these effects has not been established, some
general observations have been made. Thin films generally appear
smooth, whereas thicker samples have much more uneven and
textured surfaces.!* The potentials used during electropolymerization
give rise to smoother films.!> Cyclic voltammetric measurements were
carried out in an aqueous solution at room temperature with 0.1 M
H,SO, and 1M HCI (50/50 v/v) as the supporting electrolyte. A three-
electrode system was used and included an ASR film coated with a GC
working electrode (5060 um), a Pt wire as a counter electrode and
Ag/AgCl as a reference electrode. Figure 7 shows the cyclic voltammo-
gram of ASR under the above-mentioned conditions. The cyclic
voltammogram curve shows two oxidation peaks at 0.47 and 1.16,
and two reduction peaks at 0.43 and 0.94V, respectively. Aniline was
added to the supporting electrolyte and electropolymerization was
carried out for 11 cycles. Cyclic voltammetry for the preparation of
ASC is shown in Figure 8. In this cyclic voltammograms in addition to
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Figure 7 Cyclic voltammogram of ASR that was cast coated as a suitably
thin layer (30-35um) on a GC electrode in aqueous 1m HpSOg4, 0.1m HCI
(v=50mVs1); the potential range was from 0.3 to 1.4V vs Ag/AgCl.
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Figure 8 Cyclic voltammogram of ASC formation on a GC electrode that was
cast coated by ASR in an aqueous 1m HoSO4, 0.1 m HCI and 0.1 m aniline
solution (v=50mVs1); the potential range was from —0.1 to 1.5V vs Ag/
AgCl (11 cycles).
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Figure 9 Cyclic voltammogram of ASC on a GC electrode in aqueous 1 m HySOy,
0.1m HCI (v.=50mVs1); the potential range was from O to 1.6V vs Ag/AgCl.
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Figure 10 SEM surface images of (a) ASR and (b) ASC.

two oxidation peaks at 0.50 and 1.08, two reduction peaks at 0.44 and
1.22V can be seen. These peaks are similar to those in Figure 7 but
both oxidation and reduction are decreased. Ultimately, a cyclic
voltammogram of blank ASC was carried out under the above
conditions and is shown in Figure 9. Accordingly, this figure shows
two oxidation peaks at 0.84 and 1.28, and one reduction peak at
0.48 V. The reduction peak at 1.22V seen in Figure 7 weakened and
gradually disappeared as it is not seen in Figure 9. This influence could
be due to steric interactions and crosslinks of the polymer. The
thickness of the film was ca. 0.1 mm as determined by SEM.

SEM study
SEM shows the monotony of the kinds of phases and surfaces of the
polymers. The SEM also shows that the doping/de-doping process is often
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accompanied by major changes in morphology,'® perhaps due to swelling
caused by the insertion and removal of ions within the polymer matrix.
Figures 10a and b shows SEM images of ASR and ASC. As is shown in
Figure 10a, the monotony and single phase of the polymers are completely
clear. The PANi chain in ASC shows a sponge-like morphology, which has
smooth surfaces, and no morphological characteristics could be observed.

Summary
In this paper, we chemically and electrochemically synthesized a rubbery,
crosslinked, graft copolymer with ASR. This polymer has good flexibility,
a rubbery behavior, an ability to form films, stability in air for years,
and solubility in organic solvents such as DMSO, dimethylformamide
and NMP. It is possible to control the number of crosslinked sites,
the electrical conductivity, the molecular weight and the solubility, by
changing the ratio of ASR to aniline during the polymerization reaction.
ASC copolymer can be synthesized by chemically oxidizing ASR in
the presence of aniline. Aniline acts as a terminating agent in the
polymerization process, and by terminating many PANi chains; the
resulting graft copolymer has a branch-like structure. The molecular
weight of ASC was controlled by controlling the initial ratio of ASR to
aniline. As a result, it is possible to manipulate the molecular weight,
solubility and conductivity of the crosslinked polymer. Under appro-
priate conditions, high-molecular-weight polymers were obtained with
conductivity, flexibility and solubility similar to pure PANi. The method
introduced here describes a strategy for controlling both the molecular
weight of ASC and its physical properties. This approach may be
extended to the synthesis and modification of other polymers.
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