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Abstract: Organic disulfide compounds are having higher theoretical capacity than the conventional cathode
materid and are considered as the important storage material. Here, we are reporting the preparation of poly
(2,2-dithiodianiline) PDDA/multiwall carbon nanotubes, (MWCNTS) composites under different experimental
conditions. Amine functionalized and unfunctionalized MWCNTs were independently used for the preparation
of composites. Composites were prepared in the presence of cetyl trimethyl bromide (CTAB), a cationic
surfactant, and also in the absence of CTAB. A physica mixture of PDTDA and MWCNTs was formed with
unfunctiondized MWCNTSs. Grafting of PDDA onto MWCNTs was performed by chemical oxidative polymerization
of 2, 2’-dithiodianiline in the presence of amine functionalized MWCNTSs. The composites of MWCNTs and
PDTDA were characterized for structure, morphology and thermal properties through Fourier transform infrared
spectroscopy, Fourier transform Raman spectroscopy, scanning electron microscopy and UV-visible spectroscopy.
The composite materials prepared by this method are expected to find applications as electrode materials for

lithium batteries.
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1. Introduction

The development of low-cost, solid-state rechar-
gesble batteries is attracting technological importance.
A key development in this gtride is to develop mate-
rial that would give high energy density as electrodes
in eectrochemical storage devices. In this consider-
aion, the use of organic materias having high theo-
retical energy storage capacity, low weight and good
mechanicd srength has attracted atentions. Disulfide
compounds have been introduced as a new organic/
polymer cathode materia in lithium batteries™ A
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series of compounds having —SH groups within the
molecules are being considered as energy storage
materiadls. The energy exchange occurs through
cleavage and recombination of S-S bonds. The
kinetics of the processis dow.

To promote the rate of cleavage-recombination
process, two approaches are generally considered. In
the first approach, a suitable catayst is used to
enhance the redox of disulfides at an ambient tem-
perature. In this regards el ectropolymerized polyaniline
(PANI) has been used as an efficient electrocatalyst
to accelerate the relatively dow redox properties of
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2,5-dimercapt-1,3 4-thiadiazole, DMCT.>7 In the sec-
ond approach, higher energy density was obtained by
using polysulfide. The S linkage recombination effi-
ciency can be improved when the material has acon-
fined polymer structure or conformation inter-
connected with S-S bonds.

Poly(2,2'-dithiodianiling) (PDTDA), a substituted
PANI having interconnected S-S bonds, has been
synthesized by Naoi et al.° Severd reports are aval-
able on the synthesis of poly(2,2' -dithiodianiling) and
its copolymers.>** PDTDA can be synthesized as an
dectro-active thin film by cycling the potential dur-
ing electropolymerization. The discharge capacity and
the energy density of the unit cell using the PDTDA
as an active materia of cathode were 270 Ah/kg and
675 Whikg, respectively.* Reports on the prepara-
tion of nanostructures of PDTDA are scarce.

Carbon nanotubes (CNTs), one of fundamenta
block in nanotechnology, have a novel structure, a
narrow distribution of size, high surface area, low
resigtivity, high stability.”® Based on the unique and
excdllent physicd properties of CNTs, many struc-
tural and smart applications of them have been pro-
posed.’® Polymer/carbon nanctube have attracted
much attention, since they were introduced by pio-
neers like Ajayan et al.l” The polymer/CNTs nano-
composites are finding severa gpplications. However,
the chdlenges for developing high performance
CNTgpolymer nanocomposites are: (i) homoge-
neous dispersion of CNTs in the matrix and (ii)
strong interfacia interactions so as to effect efficient
load transfer from the polymer matrix to the CNTs.
In the past decade, there has been an increasing
interest in the studies of polymer/CNTs nanocom-
posites due to the unique combination of promising
properties and congtruction of multifunctional struc-
tures of each component.&23

Poly(2,2'-dithiodianiline) (PDTDA), a substituted
PANI having interconnected S-S bonds, has been
used as a cahode materia in lithium batteries.
Exploiting the unique and excellent physical proper-
ties of CNTs, many functional materials in the form
of polymer/carbon nanotubes have been prepared.
We are reporting few synthetic strategies to prepare

CNT-PDTDA in the process of improving the per-
formance characterigtics of PDTDA. To the best our
knowledge, this is the first attempt to make nano-
composites based on PDTDA. We believe that the
present study would open-up methodologies to pre-
pare functional materials for using as cathode in lith-
ium batteries.

In the present study, we are reporting few synthetic
strategies to prepare carbon nanotube/PTDA com-
posites. While chemical oxidative polymerization
was used for the preparation of composites, synthetic
drategies were evolved by using unfunc- tionalized
MWCNTs and amine functionalized MWCNTS.
Also, polymerization conditions were used involv-
ing a surfactant. Thus, MWCNTSPDTDA compos-
ites were prepared by performing chemical oxidative
polymerization with unfunctionalized/amine func-
tiondized MWCNTs in the presence/dbsence of
cetyl trimethyl ammonium bromide (CTAB) as the
surfactant. The morphological and structural proper-
ties of the MWCNTSYPDTDA composites prepared
under these conditions are compared.

2. Experimental

2.1. Chemicals

2,2 -dithiodianiine (DTDA), MWCNTs-DBSA, am-
monium persulfate, cetyl trimethyl ammonium bro-
mide (CTAB) and hydrochloric acid were anaytical
grade samples and used as received.

2.2. Synthesis of MWCNT/PDTDA composites
Composites of MWCNTs and PDTDA were pre-

pared with —NH, functiondized/unfunctiondized
MW(CNTs in the presence/absence of CTAB.

2.2.1. Preparation of MWCNT/PDTDA compos-
ites with unfunctionalized MWCNTSs.

MWCNTYPDTDA composites were prepared in
the presence/absence of CTAB medium. A typica
procedure for the preparation of composite in the
presence of CTAB is outlined. A 5% solution of
DTDA was prepared in 1M HCI (aqueous) by hesat-
ing to 80°C. 20 mg of un-functionalized MWCNTs
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were added to an agueous solution of 0.01M CTAB
and the solution was sonicated for 30 min. The two
solutions were mixed and gtirred well. Ammonium
peroxydisulfate (APS) was used as the oxidant. The
oxidant solution was dowly added to the reactant
mixture with vigorous girring. Then, the reaction
mixture was agitated continuoudly for 12 h at 70 °C.
The precipitate was collected and dried at vacuum
oven. MWCNTS/PDTDA composites were also pre-
pared in the absence of CTAB by using a solution of
unfunctionalized MWCNTSs in the second stage of
solution preparation.

2.2.2. Preparation of MWCNT/PDTDA compos-
ites with -\ H, functionalized MWCNTSs:

Here again, MWCNTY/PDTDA composites were
prepared in the presence/absence of CTAB medium.
A similar procedure as described for the unfunction-
alized MWCNTSs was used instead of the use of —
NH, functionalized MWCNTS.

3. Results and Discussion

3.1. Formation of MWCNT/PDTDA composite:
Composites of PDTDA and MWCNTSs were pre-

pared by chemica oxidative polymerization with
prisine MWCNTs and amine functionaized
MWCNTSs, independently. And, preparation of the
composites was done in the presence of CTAB.
Amine functionalized MWCNTs (MWCNTs-NH,)
was prepared using sequential steps as listed in
Scheme 1. The steps involvedin the formation
—COOH and —COCI functiondization of MWCNTSs
are presonted (Scheme 1). There are structura varia

65°C,24h

COOH
HOOC

DABSA = Diamino benzene sulphonic acid
Scheme 1: Amine Functionaization of MWNTSs.
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tions in the MWCNT/PDTDA composites prepared
with the above conditions. Our main objective of the
present investigation is to identify the differences in
structural and morphologica properties between the
composites prepared in the above mentioned condi-
tions.

Firdly, let us anayze the formation mechanism of
the PDTDA composites with amine functionalized
and unfunctionalized MWCNTs. During oxidative
polymerization of DTDA, upon addition of APS,
dithiodianiline cation radicals are expected to be
formed which may be transformed into PDTDA
through dimerization and subsequent polymeriza
tion reactions>® However, in the presence of
unfunctionalized MWCNTSs, the PDTDA may be
intermixed with MWCNTS to results physical blend
of MWCNTs and PDTDA (Scheme 2). In the case of
polymerization of DTDA with the presence of amine
functionalized MWCNTSs, a different type of com-
posite is expected to be formed. In the initial stages
of oxidation, simultaneous oxidation of amine sites
at MWCNTs-NH, and amine unitsin DTDA is pos-
dble. The cation radicds thus generated from
MWCNTs-NH, and DTDA can interact to nucleate
grafting of PANI chains onto MWCNTSs (Scheme 2).
We anticipate that smultaneous oxidation of amine
unitsin MWCNTs-NH, and DTDA could happen in
our system. This could cause a cross-reaction between
oxidized amine groups in MWCNTsNH, and cat-
ion radicals form DTDA. As a result, the formation
of PDTDA grafted MWCNT composite is expected.
The formation of MWCNTS/PDTDA composites in
the presence of pristine and amine functionalized
MWCNTs s schematicaly presented [Scheme 2).

COCl

NH;
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COCl
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Scheme 2. Formation of different types of composites between
PDTDA and MWCNTs in the presence of a)
unfunctiondized MWCNTs and b) amine
functiondized MWCNTSs.

a) Structural order in absence of CTAB

b) Structural order in presence of CTAB

DTDA
.-_—,eB>o CTAB

55

Scheme 3. Formation of structuradl order in DTDA in the
presence of CTAB.

g = CTAB

We have dso prepared the MWCNTSYPDTDA
composites in the presence of CTAB. The surfactant
CTAB is expected to play an important role in the
synthetic pathway. CTAB has two important roles in
the preparation of the composites. CTAB initidly
debundles the CNTs into individual tubes during
sonication process before the oxidative polymeriza-
tion. Secondly, CTAB is adsorbed onto backbone of
CNTs backbone and arranged at the surface in the
regular pattern [Scheme 3]. DTDA in HCI forms
DTDA-hydrochloride (HCI) and adsorbed at the sur-
face of CNTs and arranged with CTAB in an ordered
structure [Scheme 3]. DTDA-HCI molecules may
aso exigt in solution before polymerization. Upon
addition of APS, a precipitate is formed (CTAB-
S0s% complex) dueto dectrical neutralization between
quaternary ammonium cation of CTAB and peroxy
disulphate anions (S,0¢*). Hence, the adsorbed

CTAB onto MWCNTSs is deactivated and the oxi-
dized amine sitesin DTDA that is present on the sur-
face of CNTs could have possibilities to interact with
DTDA molecules in solution. Thus, the formation
mechanism of MWCNTSPDTDA in the presence
and absence of CTAB would be entirely different.

In the case of MWCNTSPDTDA composites for-
mation with unfunctiondized MWCNTSs, the oxi-
dized DTDA molecules a the surface of CNTsand in
solution could undergo polymerization reaction to
results a physica mixture of MWCNTSs and PDTDA.
However, the physicd mixture of MWCNTs and
PDTDA formed in the presence of CTAB may havea
different morphology in comparison to physica mix-
ture of MWCNTs and PDTDA formed in the absence
of CTAB. In the case of MWCNTS/PDTDA, physical
mixture formation with CTAB in the medium, and
debuilding of CNTsinto individua nanotube and pref-
erentia adsorption of DTDA-HCI molecule onto the
surface of CNTs occur prior to polymerization. As a
result, an intimately mixed composite of PDTDA and
MWCNTSsis expected in the presence of CTAB.

Turning back to the formation of MWCNTYPDTDA
composites with amine functiondized MWCNTS in
the presence of CTAB, it isto be noted that adsorbed
DTDA-HCI molecules on the surface of MWCNTs
would have closer proximity for reaction with the
amine sites adsorbed onto the surface of MWCNTs-
NH,. Hence, grafting of PDTDA onto the surface of
MWCNTs would be more facile in comparison to the
reaction in the absence CTAB. The probable morphol-
ogy of MWCNTSYPDTDA found in the presence of
CTAB isddailed in Scheme 3.

From the forgoing discussion, it is clear that the
MWCNTS/PDTDA composites formed in the pres-
ence/absence of CTAB would have different morpho-
logicd and dtructura features. The ensuing discusson
details the morphological, structural and eectronic
properties of MWCNTS/PDTDA composites formed
in the presence/absence of CTAB with -NH, func-
tionalized/unfunctionalized MWCNTSs.

3.2. Morphology
From the above discussion, it is clear that surface
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15.0kV x20k u

Fig. 1. SEM images of (8) pristine PDTDA and MWCNTYPDTDA composites prepared with b) functionaized MWCNTs
(©) unfunctiondized MWCNTs. Polymerization was carried out in the presence of CTAB.

morphology of the MWCNTSPDTDA prepared under
different conditions is influenced by the polymeriza-
tion conditions. Two different types of condition are
utilized i) surfactant induced intimate mixture (physi-
cad) of MWCNT and PDTDA and ii) CNTs surface
linked PDTDA formation (chemicd grafting). SEM
was used to inform the morphologica differences
between the MWCNTSPDTDA composites.

Fig. 1 presents the SEM photographs of pristine
PDTDA, physicd mixture of MWCNTs and PDTDA
and PDTDA grafted MWCNTSs prepared in the pres-
ence and absence of surfactant. Fig. 2 givesthe SEM
pictures of pristine PDTDA, pphysical blend MWCNT
and PDTDA and PDTDA grafted MWCNT pre-
pared in the presence of CTAB. Pristine PDTDA
formed in the absence (Fig. 1a) and presences of
CTAB are having porous morphology. The particles
sizes of PDTDA are larger in the case of PDTDA
formed in the absence of CTAB. Also, there are sur-
face cracks in the particles in both cases. However,
the cracks are minimum in PDTDA prepared in the
presence of CTAB. We envisage that formation of

Vol. 21, No. 1, 2008

PDTDA involves grafting of chain utilizing two
amino groups. This may generate branched structure
for PDTDA. The cracks in SEM pictures signify
such a branched structure. The minimum cracking in
the case PDTDA prepared with CTAB may be due
to the ordering of PDTDA molecules with CTAB
prior to polymerization. MWCNT/PDTDA compos-
ites prepared with MWCNT-NH, structure have a
more compact morphology (Fig. 1b) in comparison to
the one prepared with functionaized MWCNT. This
feature is noticeable for the composites prepared in the
presence/absence of CTAB (Fig. 2aand 2b).

3.3. FTIR spectroscopy
Fig. 3 represents FTIR spectrum of PDTDA and

MWCNT/PDTDA composites prepared with —-NH,
functionalized/unfunctionalized MWCNT in the
presence/absence of CTAB. The band assignments
are made based on available literature.'2%%24% The
strong absorption band around 3450 cmi corresponds
to -NH stretching mode of secondary amine. Bands
around 1500 cm* and 1600 cm™! are assigned to the
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15.0kV x25k 2um

Fig. 2. SEM images of (a) pristine PDTDA and MWCNTSPDTDA composites prepared with b) functionaized MWCNTs

(¢) unfunctionalized MWCNTSs.
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Fig. 3. FTIR spectra of (a) pristine PDTDA and MWCNTSPDTDA composites prepared with b) functiondized MWCNTS (c)
unfunctionalized MWCNTSs. (A) Polymerization was carried out in the presence of CTAB and (B) in the absence of CTAB.

non symmetric Cg aromatic ring stretching modes.
The higher frequency vibration band arises from qui-
niod rings whilst the lower frequency band from
benzeniod rings. Interestingly, there are relative vari-
ations in the intengities of these two bands between

the composites. A close comparison of these relative
intensities of the band at 1600 cm (11600) to band at
1500 cm* (l1s00) informs the following. The varia-
tions in l4600/l 1500 iNdicate that there can be different
proportions of amine and imine units® in the back-
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bone of PDTDA of the composites. The I 100/l 1500 IS
low for pristine PDTDA (Fig. 3c) prepared without
CTAB as compared to PDTDA prepared in the pres-
ence of CTAB. This indicates that PDTDA formed
in the presence of CTAB is more doped and hence
contain more quinoid units. DTDA molecules might
be arranged in order in the presence of CTAB during
polymerization and interactions of amine units with
S,0¢> would be more probable to generate quinoid
units. A comparison of 11500/l1500 between PDTDA/
MWCNTs composite (physical mixture) (prepared
with unfunctionalized MWCNTS) and PDTDA-g-
MWCNTSs is made. l1g00/l1500 IS relatively higher
for the physical mixture as compared to PDTDA
grafted MWCNT. This may be attributed to the
possible difference in the conversion of bezeniod
to quinoid units when PDTDA is chemicaly
linked to MWCNT. The PDTDA and MWCNT/
PDTDA composites have a band around 750 cmt
characteristic of C-S stretch® The weak band
around 850 cm™ corresponds to para linked 1,2,4
trisubstituted phenyl rings.

3.4. Raman spectroscopy

Fig. 4 displays the Raman spectra of prigtine
PDTDA, prigine MWCNTs and PDTDA/MWCNTSs
composites prepared with —NH, functiondized/

31

unfunctiondized MWCNT in the presence and
absence of CTAB. The band around 1580 cm* corre-
sponds to G line representing in plane stretching of
Ezy mode and the shoulder around 1600 cmr is
assigned for D line (disorder ling).?’ It is to be noted
the intengties of characteristic band of MWCNTs are
sgnificantly suppressed in the MWCNTSPDTDA
composites. The probable reason may be the sub-
merging of MWCNTs within the bulk PDTDA. This
type of behavior has earlier been noticed in polymer/
CNTs nanocables.® The pesk around 1400 cm* sig-
nifies the presence of PDTDA and this band is
present for pristine PDTDA and PDTDA/MWCNTSs
composites. Raman spectra of the composites and
PDTDA show a band around 1500 cm* characteris-
tic C=C dretching of the benzeniod ring of aniline
units.® A very wesk band was observed around 1600
cm . The band around 1600 cm! may be due to
C=N stretching of quiniod units or the intensities sup-
pressed G-band of CNT. For the composites pre-
pared with amine functiondized CNTs, a band
around 1330 cm* that corresponds to C-N* stretching
is additionally observed. This band is absent for the
composites prepared with unfunctionalized CNTs.
This band signifies that MWCNTs-g-PDTDA com-
posites are more doped probably due to the liking in
the CNTs.
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Fig. 4. Raman spectra of (8 pristine PDTDA and MWCNTSPDTDA composites prepared with b) functiondized MWCNTS ()
unfunctionalized MWCNTSs. (A) Polymerization was carried out in the presence of CTAB and (B) in the absence of CTAB.
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Fig. 5. Raman spectra of (8) pristine PDTDA and MWCNTYPDTDA compostes prepared with b) functionalized MWCNTS (c)
unfunctionalized MWCNTSs. (A) Polymerization was carried out in the presence of CTAB and (B) in the absence of CTAB.

3.5. UV-Visible spectroscopy

Fig. 5 shows UV-vishble spectra of prisine PDTDA
and composites of PDTDA with MWCNTs pre-
pared with —NH, functionalized/unfunctionalized
MWOCNT in the presence and absence of CTAB.
The spectral characteristics of PDTDA and the
composites show differences in the electronic fea-
tures between the materias prepared in the pres-
ence and absence of CTAB. PDTDA prepared with
CTAB, exhibits two bands around 340 nm and two
broad bands between (520-580 nm). The band
around 340 nm is attributed to ©-r" transition of
aniline unit of emaraldine type. The band around
520-580 nm arises due to excitonic trangition in the
quinine amine units.*>* Generaly, for polyaniline,
the excitonic quinoid peak appears around 800 nm.!
However, when aniline units in PANI backbones are
subgtituted, the excitonic peak blue shifts down to
600 nm. In the present study, the appearance of peak
around 550-580 nm for PDTDA is consistent with
the subgtituent effect. The appearance of quinoid
peak at lower wavelength is resulted from the substi-
tution in the aromatic units of PDTDA and also due
to shorter conjugation length than the unsubstituted
PANI case.

In the case of MWCNTS/PDTDA composites pre-
pared with =N H, functionalized MWCNT in CTAB,

the UV-vishble spectrum (Fig. 5a) shows an addi-
tional band around 450 nm that is characteristic of
polaronic form of aniline type unitsin PDTDA. The
exigence of polaronic band for MWCNTs-g-PDTDA
composites informs that aniline type units in PDTDA
are more doped. This result is consstent with the
observation from FTIR spectroscopy (Fig. 3) and
Raman spectroscopy (Fig. 4). It is dso to noted that
such a polaronic band is less significant in the case
of PDTDA-g-MWCNTSs prepared in the absence of
CTAB. Thus, it is evident that CTAB plays an
important role in anchoring PDTDA units onto the
surface of MWCNTSs in the presence of —NH, func-
tionalized MWCNTSs.

4. Conclusion

Composites of S-S links containing polyaniline
derivative and MWCNTSs were prepared as a physi-
ca mixture as well as the chemically linked grafted
structure. The surfactant used during the preparation
plays an important role in the morphology and prop-
erties of the composites. The S-S links containing
polyaniline is in more doped state when it is grafted
to MWCNTSs. The results are encouraging to pre-
pare the MWCNTs grafted materia to utilize for
energy storage applications.
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