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ABSTRACT: Composites consisting of camphor sulfonic acid (CSA)-doped poly(o-toluidine) (POT) and insulating 

poly(methyl methacrylate) (PMMA) show percolation behavior and the value of percolation threshold to be 4 wt% of con

ducting CSA-doped POT. The composite was considerably transparent, e.g., the transmittance of the composite (-15 

um) with 4% of CSA-doped POT and 96% of PMMA was about 70% at 540 nm. Conductivity at the percolation threshold 

point is attributed to the interconnected network, which was revealed by scanning tunneling micrographs. Thermogravi

metric analysis demonstrates four step decomposition and phase separated morphology of CSA-doped POT is found to be 

thermodynamically stable up to 250°C. This was supported by mass spectra simultaneously recorded in thermal analy

sis. 
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The use of neat conducting polymers in various tech
nological applications has been restricted due to their 
poor mechanical properties. This problem has been 
solved by combining electronic properties of conducting 
polymers with mechanical properties of insulating poly
mers. This is a unique combination which seems to have 
great potential for many applications. The use of se
lected sulfonic acids, 1-

3 and phosphoric acid diesters4
•
5 

as protonating agents makes it possible to process con
ducting polymers from solution. 

Although several reports are available on various com
posites processed either from solution3

•
6

•
7 or by thermal 

blending,8
-

10 there are few works on electrically con
ducting transparent composites.11

•
12 Such composites 

are especially important in applications for electrostatic 
dissipation (ESD)/antistatic, optically transparent elec
trode and corrosion protection.11-13 These composites 
could serve for more than just delivering two properties 
(conductivity and transparency), in visual application 
such as electrochromic indicator or sensing material. 13 

The need of transparent coating is probably caused by 
brittleness, humidity-dependence, and poor long-term 
performance of the existing materials (ITO, ceramic 
powders etc.). 

Cao et al. first prepared optically transparent film by 
mixing polyaniline with poly(methyl methacrylate) 
(PMMA).12 The electrical conductivity of their composite 
at about 5% of conductive component was 10 S cm - 1. 

Poly(o-toluidine) (POT)/PMMA composite seems to be a 
candidate for an useful transparent coating, however, to 
the best of our knowledge no reports are available for 
such composite. The present work attemptes to apply 
the composite of camphor sulfonic acid (CSA)-doped POT 
and PMMA to the optically transparent and conductive 
film. The composite was characterized by optical absorp
tion and fourier transform infra-red spectroscopy (FT
IR), scanning tunneling microscopy (STM), thermogravi
metric analysis/mass spectroscopy (TG/MS), and electri-

tTo whom correspondence should be addressed. 
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cal conductivity method. 

EXPERIMENTAL 

All chemicals used were of analytical reagent grade. 
The emeraldine base of POT was synthesized using ear
lier described procedure. 14 The dried fine powder of em
eraldine base (EB) was mixed with d, l camphorsulfonic 
acid at a molar ratio of 1 : 2 for EB (tetramer) to CSA us
ing an agate mortar and pestle in an inert atmosphere. 
A given amount of CSA-doped POT was dissolved in m

cresol under ultrasonic irradiation for 1 hat 50°C to pre
pare 4 wt% solution. The resulting viscous deep green 
solution was further utilized for preparing the compos
ites. To obtain composite solutions, the required propor
tion of CSA-doped POT was mixed with 10 wt% solution 
of PMMA at room temperature. The composite was 
casted on a glass plate using a spin coater unit (Oriental 
Motor Co. Ltd., Japan) at a rotating speed of 1000 rpm, 
and dried on a hot plate in order to evaporate the sol
vent. Film thickness was measured with a Hitachi S-
2300 scanning electron microscope. 

Transmittance measurements were carried out on a 
Shimadzu double beam spectrophotometer (model 2200). 
IR spectra of doped and undoped forms of CSA-doped 
POT in KBr pellets were recorded using a Shimadzu 
FT-IR (Type 8100M) spectrometer. The conductivity of 
the films was determined by the two probe method using 
Hokuto Denko galvanostat (Model, HA-501). TG/MS 
analysis was performed on a JEOL MS-TG/DTA (model 
220) under helium atmosphere at a scan rate of 
5 °C min - 1. The STM image was taken using a Nano
scope II instruments from Digital Instruments. Samples 
were prepared by casting the composite solution on a 
steel plate and by evaporating the solvent at 50°C. The 
measurements were performed in a constant current 
mode with a bias voltage of 30.0 m V and tunneling cur
rent 2.0 nA. All images in the text are real time photo
graphs taken directly from the computer screen. 
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Figure 1. IR absorption spectra of (a) EB (POT) and (b) CSA
doped POT. 

RESULTS AND DISCUSSION 

Protonation of the base form of the POT was proved 
with the help ofIR spectroscopy. Figures la and lb show 
the IR spectra of the base and protonated forms of POT, 
respectively. The key bands in the base form match well 
with those reported in the literature.15 In comparison of 
IR spectra of the base with that of the protonated form, 
two prominent features reflecting the protonation of the 
base form are seen clearly. The red shift in the quinoid 
(from 1600 to 1560 cm - 1) and benzenoid vibrations 
(from 1498 to 1488 cm - 1) are indicative of delocalization 
of quinoid and benzenoid structures to the semiquinoid 
form (polaron), confirming the protonation of the emer
aldine base.16 The absorption bands at 1602 and 1177 
cm - I can be ascribed to the Raman active C = C ring 
stretching vibration and an ag C-H in plane ring defor
mation or an ag ring amine stretching vibrations, respec
tively.17 These bands are normally IR-inactive, but be
come IR-active when a protonation process is accompa
nied by confirmational changes in the polymer chain, 
i.e., the formation of polaron and bipolaron. Hence, the 
appearance of these bands for the doped polymer pro
vides an evidence for the protonation of the polymer. The 
presence of well-defined peaks in the doped form at 1746 
and 1052 cm -l, relating to C = 0 and SO3 - groups, 
shows the incorporation of CSA- ions into the polymer 
backbone. 

To provide additional support to the IR data, the opti
cal absorption spectrum of CSA-doped POT dissolved in 
m-cresol was recorded. Optical absorption spectrum of 

Polym. J., Vol. 32, No. 6, 2000 

3.5 

3.0 

"' ·8 2.5 
"' .LS 

2.0 

8 
] l.5 

l.O ,.c 
<i: 

400 600 800 1000 1200 1400 1600 1800 200:l 

Wavelength (nm) 

Figure 2. Optical absorption spectrum of CSA-doped POT in m

cresol. 
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Figure 3. Plot of conductivity against wt% of CSA-doped POT in 
the PMMA matrix. 

this polymer in the range between 300 and 2000 nm is 
shown in Figure 2. The appearance of free carrier tail at 
-1000 nm is indicative of change in polymer conforma
tion from coil to expanded coil like. This transformation 
in conformation facilitates delocalization of electrons 
through polymer chain effectively by reducing conjuga
tion defects. The optical absorption spectrum is in well 
agreement with the conductivity value of CSA-doped 
POT which is found to be higher -28 S cm -l compared 
to HCl-doped POT (-1 S cm-1). 

Variation in conductivity of the composite film with 
wt% of CSA-doped POT is presented in Figure 3. The 
composite exhibits reasonably high conductivity even at 
low content of CSA-doped POT, and the percolation 
threshold is at -4%. Such a low percolation threshold 
can be explained with the help of STM studies. STM 
images of the composite containing 4% of CSA-doped 
POT are displayed in Figures 4a and 4b. As seen from 
Figure 4a, the composite is very homogeneous and the 
contrast between darker and brighter regions is poor. 
Figure 4b shows the STM image of the composite in 
which the insulating PMMA is completely dissolved in 
CHC13• In this figure, the brighter region is due to the 
void formed by the removal of PMMA while the darker 
region represents the interconnected network of remain
ing conducting particles. The removal of PMMA from the 
composite was confirmed from the FT-IR measurements 
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(a) 

(b) 

Figure 4. Scanning tunneling electron micrographs of the 
PMMA composite with (a) 4% of CSA-doped POT and (b) after 
etching (a) in CHC13 for 12 h. 

of pure PMMA and that of PMMA extracted composite in 
reflectance mode. The prominent bands appearing due 
to PMMA especially at 2980, 1720, 1435, 1387, 1140, and 
1063 cm -I disappeared in the PMMA extracted compos
ite. The STM results are in well agreement with the con
ductivity data where the significant value of conductiv
ity was observed at the percolation threshold. The inter
connected network gave rise to a conductive path for 
electrons to travel from one end to other, resulting in the 
revelation of conductivity. Similar observation is re
ported for the P ANI-PMMA composite by Reeger et al. 18 

The low percolation threshold is extremely important 
for the formation of transparent coating. Conductive 
polyaniline and its derivatives exhibit high extinction 
coefficients for blue and red lights, 19 and the transparent 
films may be fabricated only at extremely low content of 
the conductive phase in the composite. Figure 5 shows 
the transmittance of visible light between 4 75 and 675 
nm for the PMMA composites with different percentage 
of CSA-doped POT, where thickness was always -0.15 
µm. Although transmittance decreases with increasing 
concentration of conducting particles, the composite con
taining 4% of CSA-doped POT still shows transmittance 
of about 70%. Thus, unlike the composite with polyani
line, the CSA-doped POT/PMMA blend can serve well 
for the fabrication of transparent conductive coatings. 

It is important to know the thermal properties of CSA
doped POT/PMMA in order to check its usefulness in 
certain applications where higher temperature process-
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Figure 5. Transmission spectra of CSA-doped POT/PMMA com
posites at various concentrations of CSA-doped POT, (a) 1 % (b) 4% 
(c) 10% and (d) 20%. 
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Figure 6. TG thermograms of the CSA-doped POT/PMMA com-
posite. Heating scan rate, 5 'C min -1. 

Table I. Details of decomposition of CSA-doped 
POT/PMMA blend 

Step 
Temperature Weight loss 

Fragments obtained(m/z) range/°C % 

53: C4H5 

1st step 40-200 11.48 79: C6H6 
91: C6H5CH3 

107 : C6H4CH3OH 

41: C3H5 j 
55 : C3H3O From PMMA 
69: C4H5O 

M SO, j 2nd step 200-317 3.33 81: 803 
95 : CH2SO3 From CSA 

109: C8H13 
135 : C9H 12O 
152 : C10H15O 

41 C,H, j 55: C3H3O 
3rd step 317-415 81.86 69 : C4H5O From PMMA 

85: C4H5O2 

100: C5H8O2 

4th step 415-600 3.33 44: CO2 

ing is essential, e.g., in melt processing for packaging 
electronic materials.12 The temperature stability of in
terconnected network morphology has been investigated 
by the tunneling electron microscopic method.18 In the 
present work, the exact degradation path was demon
strated with the help of TG/MS spectra. Figure 6 repre
sents the thermal pattern of CSA-doped POT/PMMA, 
showing four step degradation. The weight loss of 
-11.5% in the initial step is attributed to m-cresol sol-
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Figure 7. Mass spectra of the CSA-doped POT/PMMA taken at different temperatures, (a) 120°C, (b) 250°C, (c) 390°C, (d) 550°C. 

vent (Table I, Figure 7a). Before taking TG/MS spectra, 
the composites were preheated at 50°C for 48 hon a hot 
plate, and it is therefore surprising that m-cresol is in
volved in TG/MS analysis. The appearance of a signifi
cant amount of m-cresol even after heating at 50°C dem
onstrates the existence of strong hydrogen bonding be
tween the OH group at meta position and the carbonyl 
group of CSA. This bonding may be weaken as tempera
ture is raised to 120°C, leading to loss of m-cresol. The 
second step between 200 and 317°C represents the loss 
of CSA together with the initiation of gradiation of con
ducting as well as insulating polymer (Table I). This step 
is accompanied by weight loss of 3.33%. The mass spec
tra of CSA doped POT/PMMA composite recorded at 250 
°C show purely the loss of CSA molecules together with 
the insulating PMMA. However, the spectra does not ex
hibit any single fragment from the main chain of the 
poly(o-toluidine) (Figure 7b). Hence, a small-scale depro
tonation of the CSA-doped POT occurs around 130°C, 
and proceeds slowly on further elevation of temperature. 
The CSA molecule does not vaporize until 200°C, but re
mains localized within the POT network. 20 Above 200°C, 
CSA molecules become more mobile and finally detached 
from the polymer backbone. The decomposition of CSA 
molecules does not occur until -250°C, and the network 
of POT remains intact in the insulating matrix, indicat
ing that phase-separated network morphology is ther
mally stable. The third step extending up to 417°C sug
gests loss of PMMA matrix (81.8%) as PMMA melts at 
370°C (Table I, Figure 7c). Once PMMA is completely de
composed, the chains of POT undergo the decomposition 
(3.33%) with the evolution of CO2 (Figure 7d). 

CONCLUSIONS 

The optically transparent composites can be prepared 
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using substituted derivative ofpolyaniline like POT. The 
composite of CSA-doped POT with PMMA possesses rea
sonably good conductivity and is transparent as well. 
Such composite can be useful in certain applications 
such as antistatic coating in electronic industry where a 
visual inspection is necessary. The low percolation 
threshold for CSA-doped POT/PMMA composite is at
tributed to the formation of the thermally stable in
terpenetrating network which was confirmed from the 
STM observation. This observation may indicate that 
such composites can be fabricated by extrusion process 
which is commercially important. 
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