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Spectroelectrochemical Investigations of Soluble Polyaniline
Synthesized via New Inverse Emulsion Pathway
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A new inverse emulsion protocol has been developed for the synthesis of polyaniline (PANI), which
can be dissolved completely in common organic solvents such as chloroform. Benzoyl peroxide is used
as the oxidizing agent and toluere2-propanot-water is used as the solvent. Dodecylbenzenesulfonic
acid (DBSA) has been selected as the dopant because it also functions as the surfactant. Cyclic voltammetry
and spectroelectrochemical investigations were carried out to study the electroactivityifkésponse,

and metal-to-insulator transition of the chemically

synthesized PANI as a function of applied electrode

potential. At more positive potentials, cyclic voltammograms of PANI in aqueous acids show two oxidation
waves caused by redox processes of PANI as observed with electrochemically prepared PANI. Peak
position and shape are influenced by the slow anion exchange rate. Electrical conductivity of the material
is relatively high as the minimum resistance value is nearl(2LG5EM investigations show that the
amount of DBSA in the feed strongly influences the morphology of the polymer. In sita-\d¥
spectroscopy measurements reveal good electrochromic reversibility for the polymer very similar to the

response of PANI synthesized electrochemically.

Introduction

Intrinsically conducting polymers still remain the subject
of intense research by many groups worldwidgontinuous
attention to polyaniline (PANI) is due to its well-behaved
electrochemistry, proton susceptibility, environmental stabil-
ity, and electrochromisri Polyaniline is also important in

applications such as rechargeable batteries, electromagneti

shielding materials, sensors, electro-optics, and light-emitting
diodes® It is well-known that polyaniline exists in three
different oxidation states; only the polyemeraldine form
(leucoemeraldine and pernigraniline are the other two states
is electrically conductive. PANI can be doped electrochemi-
cally or chemically with various anions; this results in
significant changes in the electronic transport properties of
the materiaf:® Epstein and co-workefdound that only a
fraction of charge carriers in PANI contributed to the
observed conductivity~4100 S/cm). If all the charge carriers
participated in the conduction, PANI should have a conduc-
tivity similar to copper. Applications of PANI have been
limited by its intractable nature as it is usually obtained

Considerable progress has been made in the past few years
in the processability of polyaniline by synthesis of polymer
blends and composité$ soluble polyaniline derivatives, and
copolymers:1% However, they have been found to be less
conducting than PANI, even though they are more soluble.
Meanwhile, several research groups reported enhanced

golubility of the parent PANI emeraldine salt when they use

ulky acidic groups as a dopant or when they apply a
different synthetic routét'” Laska and WidlarZ have
reported synthesis of water-soluble polyaniline with various

)phosphonic and sulfonic acids as dopants. PANIs in this case

are directly produced as dispersions in water and they are
stable only for a few days. Kinlen et #l.have reported a
synthetic protocol for PANI doped with dinonylnaphthale-
nesulfonic acid (DNNSA). An emulsion polymerization
pathway is employed to prepare PANI-DNNSA in the
organic phase, which can be purified and extracted as a
suspension in organic solvent. However, authors report that
reprecipitated PANI has very low solubility. Ito et'&lhave

chemically as an insoluble powder and electrochemically as (7) Anand, J.; Palaniappan, S.; Sathyanarayana, IPrbg. Polym. Sci.

a thin brittle film; both are difficult to process.
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prepared sulfonated polyaniline that can be dissolved up tobroke into flakes on addition of a small amount of acetone to the
88 g/L in water. They adapted a difficult procedure to Petri dish containing a thick coherent film of PANI. The larger
sulfonate the emeraldine base and the solubility of the flakes were then separated by hand picking whereas the smaller
resulting material depends on the S/N ratio. However, the partilees were separgted by filtration and the polymer flakes thus
conductivity of the PANI is low in the range of 0.02 toxl Oblga;?;;ni‘ﬁ’sg: 3vrilt?1d dli?f;r;rﬁvriglztrigo?gfgéSA (0 aniline (7:1
10_5 S on™. Rece_ntly, Ath_awa!e et &f synthesized pOIY_ and 10:1) have been prepared in the same way by keeping the
gnlllne codoped \,N'th acrylic acid but the PANI synthesized constant oxidant-to-monomer ratio and by varying the concentration
is soluble only in NMP andm-cresol. Four years ago, o pgsa.

Ruckenstein and co-workémeported PANI codoped with Characterization. UV—Vis spectra were recorded using a
HCI and DBSA and the resulting material is soluble in  Shimadzu 2100 PC spectrophotometer. A quartz cell of 1 cm path
chloroform. Conductivity of PANI prepared is as high as length and PANI dissolved in different solvents were used. For
7.9 S cnit but the solubility is not clearly defined. Recently, the in situ UV-Vis measurements, PANIs dissolved in CH@te
Sathynarayana and co-worke&r¥successfully used benzoyl drop coated onto clean ITO-coated glass sheets (indium tin oxide
peroxide as the oxidizing agent for the polymerization of (ITO)-coated glass sheets were supplied by Merck) that were
aniline with many organic and mineral acids as dopants in subsequently_ used as the wo_rklng elgctrode. A quartz cell of 1 cm
good yield and conductivity. However, the resulting polymers path length fitted with a platinum wire as the counter electrode

s . and saturated calomel electrode (SCE) connected via a salt bridge
gi\pl)zczovv\;litiogjggg and the authors have not studied PANI as a reference electrode served as a three-electrode cell. In situ

measurements were carried out under ambient conditions.

In this paper, we report a new inverse emulsion polym-  Cyclic voltammograms were recorded under a nitrogen atmo-
erization pathway for the synthesis of PANI doped with sphere in a three-electrode H-cell using a custom-built potentiostat
DBSA using benzoyl peroxide as the oxidizing agent. DBSA connected to a computer with an AD/DA converter. CVs were
was selected as the dopant because it also functions as #ecorded in three differéri N aqueous acids (sulfuric, perchloric,
surfactant. DBSA as a large molecule facilitates the solubility and hydrochloric acids) and in a nonaqueous electrolyte solution.

of the resulting PANI and benzoyl peroxide has been used For aqueous systems, PANI dissolved in a 2:1 mixture of toluene
for the first time to successfully synthesize PANI-DBSA. + 2-propanol and drop-coated onto a glassy carbon electrode (GCE)

. . . was used as the working electrode. A Pt sheet and a saturated

The resulting polymer is completely soluble in chloroform
. : calomel electrode were used as the counter and reference electrodes,

and in a 2:1 mixture (v/v) of toluene and 2-propanol.

- . . faiy respectively. For nonaqueous systems, PANI dissolved in gHCI
Spectroelectrochemical and cyclic voltammetry investigations 5 grop-coated onto a Pt sheet was used as the working electrode.

of the chemically prepared PANI have been carried out. pt sheet electrode and Ag/AgCI in acetonitrile were used as the
Influence of the mole ratio of DBSA to aniline on the counter and reference electrodes, respectively. CVs were recorded

properties of the PANI is reported. in acetonitrile containing 0.1 M BNBF, and 0.075 M HBE as
the supporting electrolyte.
Experimental Section For in situ conductivity measurements, a double-band gold

electrode® a gold sheet electrode, and Ag/AgCl in acetonitrile were

Chemicals.Aniline (VEB Laborchemie Apolda, analytical grade)  used as the working, counter, and reference electrodes, respectively.
is distilled under reduced pressure and stored under nitrogen. DBSAPANI dissolved in chloroform was drop-coated onto a gold double-
(70 wt % in 2-propanol, 70% solution, Aldrich) and tetrabutyl- band electrode and dried at room temperature for 30 min prior to
ammoniumtetrafluroborate (BNBF,, Aldrich), fluoroboric acid (as the measurements. A dc voltage of 10 mV was applied to the
diethyl ether complex purum, Fluka) were used as received. double-band electrode (gap between the two stripsO€95 mm).
Deionized water (Seralpur pro 90 C) was used. All other chemicals The current flowing across the band was measured with an I/V
were analytical grade reagents and used as procured. converter with an amplification factdfFac) ranging from 10 to

Synthesis of PANI-DBSA.In a typical experiment, 0.303 g of 10°. The film resistanc&®, (ochm) is related to the measured voltage
benzoyl peroxide (0.025 M) was added to a 100 mL round-bottomed Ux @nd the amplification factoFac according to
flask containing 35 mL of toluene. The mixture was kept under
mechanical stirring. Ten milliliters of 2-propanol, 1.165 mL of R,=(0.01x Fagy/U,
DBSA (0.05 M), and 0.05 mL of aniline (0.01 M) were added to
the above mixture. Then 5 mL of water was added to this clear Electrode potential was increased stepwise by 100 mV and after
solution to form an inverted emulsion. Here aniline-DBSA salt and approximately 5 min the electrochemical cell was cut off from the
2-propanol in water form the dispersed phase whereas benzoy|potentiostatConductivity measurements were carried out in ac-
peroxide and 2-propanol in toluene form the continuous phase. Theetonitrile containing 0.1 M BiNBF, and 0.075 M HBE as
reaction mixture gradually turns green in 2.5 h and the stirring was supporting electrolyte.
continued for a period of 28 h. In the end, the Organic phase In situ pre-resonance Raman spectra were measured on an ISA
containing the polymer was separated and 50 mL of acetone was64000 spectrometer equipped with a liquid nitrogen cooled CCD
added to it. PANI phase, which is relatively denser, was then camera detector at a resolution of 2 ¢iSamples were illuminated
separated from the acetone phase. The separation process wawith 476.5 nm laser light from an argon ion laser Coherent Innova
repeated four times and the solvent associated with PANI was 70. A special three-compartment cell contagib N H;SO, was

evaporated at room temperature for 24 h in a Petri dish. The film used in the measurements. PANI dissolved in GH@4s drop-
coated on a platinum disk electrode polished witil .05 (0.05

um) subsequently used as the working electrode. A platinum sheet

(18) Rao, P. S.; Subrahmanya, S.; Sathyanarayana, Bymh. Met2002
128 311.

(19) Rao, P. S.; Palaniappan, S.; Sathyanarayana, Madromolecules (20) Holze, R.; Lippe, JSynth. Met.199Q 38, 99; Lippe, J.; Holze, R.
2002 35, 4988. Synth. Met1991, 41-43, 2927.
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Table 1. Yield, Conductivity, and Experimental and Calculated
Elemental Composition of Polyanilines with Different Mole Ratios of
DBSA/Aniline

C, H, N, S (calculated)

yield conductance C,H, N, S aniline DBSA percentage
sample (%) (L/RQ™) analysis unit unit doping

TIPS 39 0102  GHaN2sS (GHeN)os  CiaHaeS 40
TIP6 45 0.096  GHiN2sS (GHeN)as CiaHasS 40
TIP7 61 0129  GHN.S  (GHeN)2  CiaHasS 50

Elemental Analysis.The elemental compositions obtained
from elemental analysis are in good agreement with the
calculated elemental composition (Table 1). N/S ratios
obtained from elemental analysis are used to find out the
extent of doping (%) and elemental composition of the
polymer. Increase in the DBSA/aniline mole ratio from 5:1
to 7:1 does not affect the doping (40% in both the cases)
but by changing the mole ratio to 10:1, the doping is

Figure 1. Solution of PANI in a 2:1 mixture of toluen¢ 2-propanol (a)

and its dip-coated film on a glass substrate (b). increased by 10% (50% doping). Doping in the range of 40
electrode and a saturated calomel electrode were used as counte?o% always yields very _9°°d conductivity for the PANI.
and reference electrodes, respectivélN H,SO, was used as the Yield. PANIs synthesized by the present method are

electrolyte and the cell was purged with nitrogen for 6 min prior Obtained in an average yield (Table 1). For the calculation
to the measurements. The Raman spectra thus obtained were fairof the yield, we assume 100% doping of the nitrogen atoms
smoothened and baseline-corrected for better visibility. Scanning in the polymer backbone. The reaction was carried out for a
electron microscope pictures of the solid polymer flakes were period of 28 h because the yield obtained is optimal after
recorded using a Philips SEM 515 electron microscope. No gold thjs reaction period. A small amount of polymer is always
or platinum coating was applied prior to recording the images. associated with the acetone, which was used to wash the
EIer1I1entaI analysis was carried out using a Vario EL, Elementar p A phase, and therefore reported yields of PANI are
Analysensysteme GmbH (Hanau), Elemental Analyzer. average values. Yield increases as the molar ratio of DBSA/
aniline in the feed increases. For example, when the ratio of
DBSA/aniline is changed from 5:1 to 10:1, the yield increases
Solubility. Solubility of conducting polymers is always a from 39 to 61%, respectively. This steep increase in the yield
matter of discussion and many reports have been publishednay be due to increased pH of the emulsion and higher
in the literature discussing the solubility of PARI1316.17 stability of the emulsion at higher DBSA concentration.
Normally, when a pinch of PANI doped with mineral or Conductivity. In situ resistance values of all PANIs
organic acid is added to highly polar solvents such as synthesized by the present method are on the order 61 10
dimethyl sulfoxide (DMSQO) oN-methylpyrrolidone (NMP), (/R = 0.1, Table 1), which is much higher than the ones
part of the polymer material (presumably oligomeric or of reported in the literaturé:*1145PANI-DBSA synthesized
low molecular weight) is dissolved but a residual mass is via gelation method has shown conductivity of the same
always present in the mixture. Such a mixture is filtered; by order of magnitude but the excess of dopant always associ-
weighing the residual mass, solubility of PANI in g/L is ated with the polymer reduces the chemical purity of the
calculated. In this article when we quote “completely soluble” polymer?? Conductance of the PANI is proportional to the
we mean that the PANI is dissolved in the solvent without thickness of the PANI film bridging the two bands but
leaving any solid residue. PANI-DBSA produced in the beyond a certain thickness conductivity is not much affected
present way is completely soluble in chloroform and a 2:1 anymore. Higher conductivities in the present case may be
mixture of toluene and 2-propanol. In both solvents it gives due to the bulky dopant DBSA and the preparative method
a clear green solution (Figure 1a), which can be spin- or chosen. Figure 2a shows a plot of IBys Eagiagel for TIPS
drop-coated on metallic and glass substrates. Such films showin an anodic and cathodic sweep in the second potential cycle.
strong adherence to the substrate. Figure 1b shows aAs the applied potential increases, IBgemains unchanged
photograph of a dip-coated PANI film on a glass substrate. until the offset potential for the first oxidation wave in the
The transparency of the material is confirmed by the clear CV is reached (Figure 2b). Further increase in the potential
visibility of the text (PANI-DBSA), which is nearly 810 causes a sharp decrease in(ndicating a sharp increase
cm behind the film. Slight solubility is also observed for in conductivity) until the offset of the second oxidation wave
PANI-DBSA in NMP and in dichloromethane. The PANIs inthe CV is reached. Resistance increases when the applied
synthesized in the present way are of high purity since the potential is further increased. During the cathodic sweep
excess of benzoyl peroxide, excess of DBSA, oligomers, andresistance values follow CV and the minimum value of
byproducts of oxidation were readily removed by acetone, resistance is almost the same as in the case of the anodic
which was used to wash the organic phase. The polymer
samples are labeled as TIP5, TIP6, and TIP7 where the mole(21) Ahmad, N.; Naseer, J.; Gadgil, N.; GoodsonJAndian Chem. Soc.
ratios o_f DBSA/aniline in the feed are 5:1, 7:1, and 10:1, 22) th)gc?afhlii,egﬁﬁarkesh, R.; Ponrathnam, S.; Large, M. Gdakro-
respectively. molecules2004 37, 2002.

Results and Discussion
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sweep. This indicates that stability of the PANI bridging the
two bands is very good. A similar trend is observed for
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Figure 3. Electronic absorption spectra of PANI with different feed ratios
of DBSA/aniline recorded in (a) CHghnd (b) 2:1 toluene- 2-propanol.

UV —Vis Spectroscopy.Figure 3a,b shows absorption
spectra of polyaniline with different molar ratios of DBSA
to aniline in chloroform and in a 2:1 mixture of toluene and
2-propanol. Polyaniline dissolved in chloroform or in a

polyaniline synthesized electrochemically in nonaqueous toluene + 2-propanol mixture (2:1) shows three bands

solvents?® However, the minimum resistance during the

characteristic of the emeraldine salt. A band at 350 nm arises

cathodic sweep is higher than that during the anodic sweep.from thesr — z* transition while the bands at 420 and 800

It is also observed that conductivity of the PANI film was

improved after the first potential cycle. This may be due to
the conformational changes in the chemically oxidized PANI
bridging the two bands induced by the applied potential
cycle. The higher potential limit in the conductivity measure-
ments Eagagel = 1.8 V) slowly damages the film, thereby

reducing the conductivity after the second potential cycle.
Increase in the mole ratio of DBSA/aniline in the feed does
not influence the conductivity of the film. CVs recorded after

nm originate from the charged cationic species known as
polaronst’ In addition, a hump at around 735 nm is observed
for TIP5 and TIP6 in chloroform with unknown cause. PANI
dissolved in chloroform shows a hypsochromic shift when
the mole ratio of DBSA in the feed is increased from 5:1 to
10:1 (Figure 3a). Such blue shift was observed by Yin and
Ruckensteitf for PANIs codoped with HCl and DBSA. They
suggested that an increase in the amount of HCI in the
polymer increases the compact coil conformation of the

the conductivity measurements reveal that the conductivity polymer, leading to a hypsochromic shift. Increase in the
is directly proportional to the anodic peak current. With an dopant ions favors the compact coil conformation and thus
increasing amount of PANI bridging the two bands, the the absorption maximum is shifted to lower wavelengths.
anodic peak response in CV is higher and thus measuredSuch hypsochromic shift is not observed for PANI dissolved
conductivity is higher. in a 2:1 mixture of toluene and 2-propanol (Figure 3b).
Our attempt to measure the resistance values of the PANIHowever, interestingly the ratio of intensity of the band at
in aqueous acids failed; the Idgjvalues were in the range 800 nm to the band at 350 nm is much higher for TIP7,
of 5 and 6 for all applied potentials. Such different behavior indicating a higher concentration of polaronic species gener-
of conductivity in aqueous and nonaqueous electrolyte ated from higher doping (Table 1).
solutions is due to the presence of the long chain bulky Figure 4 shows in situ U¥Vis spectra recorded in 1 N
dopant. This influence was later confirmed by cyclic volta- H:SO at different potentials successively shifted into the
mmetry studies. Polar groups of this dopant are engaged inanodic direction for TIP7. An absorption band at 800 nm
protonation of the nitrogen atoms whereas the nonpolar shows a blue shift as the applied potential increases from
aliphatic chain is extended to the environment leading to a Esce = —0.2 to 0.8 V. The gradual blue shift of this band is
repulsive interaction with aqueous electrolyte solution. attributed to the formation of a compact coil structure due
to the incorporation of S§& ions. When the potential passes
Esce = 0.6 V, a drastic blue shift is observed, which

(23) Vogel, S.; Holze, R Electrochim. Acta2005 50, 1587.
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corresponds to the conversion from the emeraldine state to
the pernigraniline state. Dominis et?lobserved that the
absorption maximum of redoped PANI in two different
solvents is different. They have attributed this difference to
the compact and extended coil conformation of the PANI
where the compact coil form shows absorption maxima at
higher energies. Absorbance at 420 nm originates from
radical cations, showing a maximum valueEgte = 0.2 V,
indicating a maximum concentration. &sce = 0.2 V the

first oxidation wave peaks in the CV have maximum peak
current (Figure 6a). In situ spectral investigations reveal that
polarons exist even &sce = —0.2 V (identified with their
420 nm band) where PANI exists in the completely reduced
leucoemeraldine state. Similar trends have been observed fo
PANI—H,SO, synthesized electrochemically on an indium
tin oxide-coated glass electrotf-However, the latter authors
do not give any explanation for the shifts they have observed.
The position of the band at 350 nm is influenced by the
extent of conjugation in the polymer backbone. Increasing
the applied potential frontsce = —0.2 to Esce = 0.8 V,

this band shifts toward lower energy and the absorbance of
this band is decreased.

In situ electronic absorption spectra were also recorded
in the cathodic direction to check the electrochromic revers-
ibility of the polymer film. Figure 5 shows plots df,axand
absorbance atnax vs applied potential. It is clear from the
figure that PANI films have very good electrochromic
reversibility. Amax at 800 nm shows linear dependency with
applied potential. This linear dependency improves as the
molar ratio of DBSA/aniline in the feed is increased. It is
also observed that increase in the concentration of DBSA in
the feed improves the reversibility of the absorbanciat
In the potential range dfsce= 0.1-0.9 V, PANI films exist
in emeraldine and pernigraniline oxidation states. There exists
an isosbestic point at 460 nm in this potential range,
indicating a one-step transition from the emeraldine to the
pernigraniline state (Figure 4jRecently, MacDiarmid and
co-workerd’” carried out a detailed study with UWis

(24) Dominis, A. J.; Spinks, G. M.; Kane-Maguire, L. A. P.; Wallace, G.
G. Synth. Met2002 129 165.

(25) Li, C.; Mu, S.Synth. Met2004 144, 143.

(26) Lindfors, T.; Kvarnstim, C.; lvaska, AJ. Electroanal. Chen002
518 131.

(27) de Albuquerque, J. E.; Mattoso, L. H. C.; Faria, R. M.; Masters, J.
G.; MacDiarmid, A. G.Synth. Met2004 146, 1.

Shreepathi and Holze

900 T T T T T T
.§ —O— Anodic direction
8\ —@— Cathodic direction
8501 \Q\ﬁ% :
N\,
£ 8
£ 800- ~ 1
-
7501 \g\ 1
Q
N
N
@) g
700 T T T T T T T T T d T T
-200 0 200 400 600 800 1000
Egee/ MV
0.13 T T T T T T
—A— Anodic direction
| —A— Cathodic direction
g 0.124 /A% |
rﬁl
3 e g
3
C
S 0114 &Aﬁ?é i
<] _A
2 A
<
(b)
0.10 T T T T T T
-200 0 200 400 600 800 1000
E,../mV

Figure 5. Plots of Amax (@) and absorbance akax (b) versus applied
potential for PANI (TIP7).

Epectroscopy during interconversion of different oxidation
states of the PANI, where they have observed two isosbestic
points, which they attributed to the interconversion of all
three oxidation states.

Cyclic Voltammetry. Representative CVs of TIP5 in three
different aqueous mineral acids are shown in Figure 6a. There
are two pairs of redox peaks almost similar to the ones
observed with PANI prepared electrochemically in agueous
acids. A first oxidation wave arourtesce= 0.2 V is assigned
to the leucoemeraldine to emeraldine transition and the
second oxidation wave at arouBdce = 0.8 V is due to the
transition from the emeraldine to the pernigraniline state.
During the first 20 cycles, the second oxidation wave shifts
to more negative potentials and a dramatic decrease in the
peak current is observed. A new oxidation wave starts to
appear attsce = 0.5 V and its current density gradually
increases. In the case of HCI, the new band grows much
faster than those with the other two acids. This is attributed
to a kinetic effect, i.e., slow exchange of the anions in the
acid and the bulky dopant anions present in the polymer film.
Thus, the two oxidation waves in the regionEx.e = 0.5~
0.8 V may originate from two different counterions in the
system. Dominis et & observed that PANI redoped with
DBSA does not show distinct redox waves. They quote that
the surfactant-like nature of the dopant hinders the charge
transfer due to poor wettability of the polymer by the aqueous
electrolyte. A hump observed in the region of B@R5 V
arises from products of overoxidatiéhThe cathodic part
of the CV exhibits complicated features; the waves are broad

(28) Abd-Elwahed, A.; Holze, RSynth. Met2002 131, 61.
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Figure 7. Plots of anodiclf) [a] and cathodiclfc) [b] peak currents versus
) ) ) square root of the scan rate/J{’?.
and overlapping® It is also observed that anodic peak

currents are relatively higher than the cathodic ones. Jiangplots of anodic and cathodic peak currents vs square root of
and Dong° have observed the same behavior for soluble the scan rate. The plots yield straight lines, indicating that
polyaniline synthesized by the treatment of emeraldine basethe electrochemical processes are diffusion-contréfled.
with boiling 2 M NaOH. They conclude that the rate of Normally in ideal diffusion-controlled systems, the intercept
proton elimination in the anodic process is greater than that of the plot is zero, but in the case of conducting polymers
of the proton addition reaction in the cathodic process, contributions such as double-layer charging disturb the
leading to higher and sharper peak currents in the anodicconcept of zero intercept. Plots of current/square root of the
process. scan rate vEagiagel (not shown here) yield identical values
Cyclic voltammograms of PANI in acetonitrile containing  of current/square root of scan rate at the peak maxima,
0.1 M BwNBF,4 + 0.075 M HBFR with different molar ratios  confirming the diffusion-controlled process. The straight lines
of DBSA/aniline in the feed are shown in Figure 6b. CVs in Figure 7 also indicate that electrochemical behavior of
show two pairs of well-defined redox waves similar to the PANI synthesized by our method is similar to that electro-
ones synthesized electrochemically in aqueous &tidec- chemically synthesized.
troaCtiVity Of the PANI in nonaqueous Solvents iS Very gOOd In S|tu Pre_resonance Raman Spectroscopypre_
when compared to those of aqueous electrolytes, even thoughesonance enhancem@ritfor the PANI films was effective
they have low pH. As mentioned earlier, this difference arises pecause the laser excitation wavelength usgd=( 476.5
from the poor Wettablllty of the PANI film in agueous media. nm) matches the h|gher Wave|ength W|ng of the absorption
CVs are reproducible for several cycles, indicating the pand of the PANI centered at 42@30 nm. In situ U\-
absence of any free monomers or oligomers in the PANL. vis spectra reveal that, during an anodic potential sweep,
When cycled up tcEagager = 2.0 V overoxidation takes  apsorbance of the band at 430 nm increases, passes through
place, which is reflected by a gradual decrease in the peaka maximum, and then decreases as shown in the inset of
current. An increase in the amount of DBSA in the feed shifts Figure 8. Frequencies Of the major bands and their assign_
the position of the first oxidation wave to more positive ments are summarized in Table 2. Béce = —0.2 V the
potentials (Figure 6b). As mentioned earlier, an increasing Raman spectrum shows two strong peaks at 1628 and 1194
amount of dopant in the polymer leads to the formation of ¢m1 assigned to benzoid ring modes (Table 2). The intensity

compact coil structures, thereby shifting the position of the of aimost all the peaks increases when the applied potential
oxidation wave to more positive potentials. Figure 7 shows

(31) Gardiner, D. J., Graves, P. R., EdsPiractical Raman Spectroscapy
(29) Lapkowski, M.; Berrada, K.; Quillard, S.; Louran, G.; Lefrant, S.; Springer-Verlag: Berlin, 1989; p 9.

Pron, A.Macromolecules1995 28, 1233. (32) Andrews, D. L. In_asers in ChemistrySpringer-Verlag: Berlin, 1986;
(30) Jiang, R.; Dong, SSynth. Met1988 24, 255. p 106.
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Figure 8. In situ pre-resonance Raman spectra of PANI (TIP7) recorded Figure 9. In situ pre-resonance Raman spectra of PANI (TIP7) recorded
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applied potential obtained from in situ electronic absorption spectra.

Table 2. Major Raman Bands and Their Assignments for a PANI
Film Recorded in 1 N HSO4, 40 = 476.5 nm

A band at 1345 cmt is assigned to the €N stretching
vibration of the semiquinone radical state (Table 2); this band
exists even aEscg = —0.2 V, indicating that some radical
cations are still present in the leucoemeraldine state, which

frequency (cm?) staté assignmerit ) i = - )

1626-1630 B G—C ring stretching is al_s_o conflrme_d by in situ UV Vis spectroicopy. At higher
1585-1600 Q G-C ring stretching positive potentials, a new band at 1327 ¢énappears and
1506-1516 Q CiN StretCEing the intensity of this band increases, whereas the intensity of
1480-1486 Q CekE=N stretching olie
1339-1349 SOR GN* stretching _the band a_t_1345_ cm fjecreases as the potential is mcrgased
1257-1266 B G-N stretching in the positive direction. New bands start to appear in the
ﬁ??ﬂ% g g—: !n-p:ane Eeng!ng region of 1486-1520 cm* at or afterEsce = 0.6 V. When

- >—H In-plane bending . . . _ .
885 B in-plane ring deformation the.apph_ed potential is more th&ce= 0.6 V, PANI exists
830-836 Q in-plane ring deformation mainly in the pernigraniline state where the polymer
g(l)g—%i (B? CH ?utl-of-planedb?ndiﬂg_ backbone has more quinoid ring units. Figure 9 shows in

— out-of-plane ring deformation H _ .
685-698 0 out-of-plane ring deformation situ pre-resonance Raman spectrg of PAN_I at different
636 B in-plane ring deformation applied potentials. The new bands in the region of 480
511-526 out-of-plane €N—C torsion 1520 cm® and at 1590 cmt are caused by modes of the
412-420 Q out-of-plane €H wag

quinoid structure. However, the band at 1590 éshows a
red shift when the applied potential is increased friegae
= 0.6 toEsce = 0.8 V. Goff and Bernar stated that there
is raised toEsce = 0.2 V: beyond this value scattered light Should be three €C ring stretching modes (1550, 1575,
intensity decreases with further positive going electrode @nd 1585 cm?) and two G=N stretching modes (1485 and
potential. This trend of potential-dependent pre-resonance1500-1515 cm?) for quinoid rings. They have also observed
enhancement is very similar to the plot of absorbance at 430that C-C ring stretching modes are sensitive to the applied
nm vs applied potential (inset of Figure 8). potential anc_JI pH qf the medium yvhereas _the mult|pl_|C|ty in
Particularly, intensity of the 1628 and 1194 chbands C=N stretch|_ng arises from t_he_ d|ffe_rence in protonation and
bleaches almost by 2 orders of magnitude at higher positive charge localization on the imine sites. The low-frequency
potentials (Figure 8% During an anodic sweep, a new band Shift we observed may be due to the weakening &f\C
appears in the range of 68690 cnm! at Esce= 0.1 V and bond §trquth at higher potential yvhere the ne>§t s_tep is
disappears aEsce = 0.6 V. Liu et al3 assign this band to ~ Overoxidation. The new bands assigned to quinoid ring at
an out of plane ring deformation of the quinoid ring. As the higher p_otent|al cIear'Iy indicate the transformation from the
band exists only in the potential region of the emeraldine conducting emeraldine state to the nonconducting per-
state of PANI, this band may be caused by the semiquinonenigraniline state and thus in situ Raman spectroscopy can
radical and not the quinoid ring. Two bands at 980 and 1005 be used _to monitor the_conductor to msulat(_)r trf_;m3|t|0_n.
cm! of weak to medium intensity are caused by internal ~S¢anning Electron Microscopy.Morphological investi-
modes of the sulfate anion: the band at 980-tim present  9ations were carried out using scanning electron microscopy
at all applied potential® A band in the range of 1040 (SEM) to study the mflugnce of the amount of DBSA in the
1057 cnt?, which is present at all applied potentials, and a fé€d on morphology. It is well-known that morphology of
band at 1120 cri# originate from the dopant, DBSA. These PANI is influenced by the method of synthesis and the

bands are assigned to-G stretching and=80 out-of-plane  ©Xidizing agent employe#l. SEM micrographs recorded at
bending modes, respectivel. lower resolution for all the samples show porous film and

smooth film morphology for the surface open to the

aB = benzoid ring, Q= quinoid ring, and SQR= semiquinone radical.

(33) Sariciftci, N. S.; Kuzmany, HSynth. Met1987, 21, 157.
(34) Liu, C.; Zhang, J.; Shi, G.; Chen, B. Appl. Polym. Sci2004 92, (36) Goff, A. H-L.; Bernard, M. CSynth. Met1993 60, 115.

171. (37) Rao, P. S.; Subrahmanya, S.; Sathyanarayana, Byimh. Met2003
(35) Xu, C.Y.; Zhang, P. X.; Yan, LJ. Raman Spectros2001, 32, 862. 139 397.
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Figure 10. SEM micrographs of PANI-DBSA at (a) 5:1, (b) 7:1, and (c) 10:1 feed ratios of DBSA to aniline. (d) Cross-sectional view of image (b).

environment and the surface in contact with glass substrate

during evaporation of the solvent, respectively. The size of
the pores varies from 20 to 150m and they arise when
evaporation of the solvent is carried out during synthesis.
SEM pictures reveal that PANI flakes are formed during
layer-by-layer stacking of the polymer. High-resolution SEM
micrographs reveal that morphology of PANI is strongly
influenced by the mole ratio of DBSA/ aniline in the feed.
Figure 10 shows SEM images of PANI-DBSA flakes at
different molar ratios of DBSA/ aniline in the feed. TIP5
(DBSA/aniline is 5:1) exhibits fibrillar morphology (Figure
10a) where the fibers are approximately® in length and

1 um in width. When the ratio of DBSA to aniline is
increased to 7:1 (TIP6) and 10:1 (TIP7), morphology changes
to porous network type (Figure 10b) and compact film type
(Figure 10c), respectively. A cross-sectional view shows a
porous network type of morphology (Figure 10d). SEM
images of PANI-DBSA synthesized via gelation also exhibit
a stacked layer-by-layer morphology and the surface of the
gel exhibits fibrillar morphology? The change in the
morphology due to the change in the mole ratio of DBSA
to aniline may be caused by a change in conformation of
the polymer. At higher DBSA to aniline mole ratios, PANI
prefers compact film morphology.

Conclusions

A new inverse emulsion procedure is successfully em-
ployed to synthesize PANI-DBSA, which is completely
soluble in common organic solvents such as chloroform and
a 2:1 mixture of toluene and 2-propanol. PANI redissolved
in these solvents can be spin-, drop-, or dip-coated on metallic
or glass substrates with very good adhesion. PANI suspension
obtained during synthesis can also be used directly for
practical applications. The polyanilines prepared have very
good electrochromic reversibility and good conductivity.
Cyclic voltammetry studies reveal that electroactivity of
PANI is much better in nonaqueous electrolytes than in
aqueous electrolytes and the CVs of PANI are almost similar
to the ones synthesized electrochemically. In situ pre-
resonance Raman spectroscopy is used to monitor metal to
insulator transition in PANI. The amount of DBSA in the
feed strongly influences the morphology of the polymer but
the other properties of the polymer such as conductivity and
solubility are not much affected.
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