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New Progress in Conducting Polyaniline
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ABSTRACT: New synthesis system was established to prepare polyaniline (PAn) with controlled
molecular weight. The synthesized PAn was completely soluble in many organic solvents such as di-
methylsulfoxide (DMSO), dimethylformamide and N-methylpyrrolidone (NMP). The molecular
aggregation due to the interaction between PAn and NMP molecules was found in dilute PAn/NMP
solution. The gelatin of concentrated PAn/NMP solution was a physical crosslinking between PAn
molecules with the help of NMP through hydrogen bonding. A gelatin mechanism was proposed.

Introduction

Polyaniline is an intrinsically conducting polymer
consisting of phenyldiamine and guinodiimine units,
the general formula can be shown as follows":

Scheme 1. General formula of dedoped PAn.
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Phenyldiamine quinodiimine
where v is between 0 and 1, n 1s an integer.

PAn has received worldwide interest since it
was rediscovered by MacDiarmid ef al., mainly for
its unique physical and chemical properties and ver-
satile potential applications therefrom replacement
of existing metals and semiconductors.” Currently,
PAn has been considered as a solution and melt
processible polymer instead of the early “insoluble
and infusible” concept® It has offered wide oppor-
tunities as materials of electronics,' electrostatic
dissipation, corrosion protection,” electromagnetic
interference shielding,® and photolithography.
However, there are still some difficulties. For ex-
ample, PAn of mid to low molecular weight was dif-
ficult to obtain from the polymerization process
based on (NH.).S,0/HCI/HAQ system, and the over
oxidized or cross-linked moiety produced during
the polymerization impaired the quality of the syn-
thesized PAn." In another respect, though the solu-
tion property is of importance for the solution pro-
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cessing, the dilute and concentrated solution beha-
vior of PAn in NMP is far from clear. These two
respects constitute the main concerns of this
presentation.

Modification of Polymerization Process

Polymerization of Aniline in Organic Selvent/
Water System. One advantage of PAn over other
intrinsically conducting polymers is its simple syn-
thesis. Generally, aniline can be chemically poly-
merized in (NH,).S;0/HCI/HQO at temperatures of
wide range, the molecular weight of PAn can be
tuned by changing polymerization temperature or
oxidant/monomer ratio.® However, such “simple’
synthesis caused some undesired troubles. The an-
iline polymerization is a stepwise growth process,
the amount of oxidant used was almost the same
as that of monomer molar to obtain polymer of
high yield. Since (NH.),S,0s was a strong oxidant,
the polymerization was exothermic and proceeded
quickly even at 0°C, a certain amount of over ox-
idized or irregularly coupled (non 1, 4-coupling or
cross-linked) PAn was produced. These defects of
PAn, generally, impair the solubility in common gol-
vent and electrical conductivity. One way to over-
come this difficulty is to slow down the chain
growth process of the polymerization. For this pur-
pose,
ethanol, acetone and tetrahydrofuran was mixed
with water in certain ratio and used as mixed sol-

water miscible organic solvent such as
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Table I. Main Results of Aniline Polymerized in
Aqueous Ethanol Solution

sample ethanol/  temperature Ny/Caa c yield

No. HLO (v/v) ) {dL/g)" (Sfem) (%)
1 171 20 0.30 5.0 70
2 2/3 20 0.35 7.8 71
3 1/2 20 0.46 6.3 75
4 1/4 20 0.48 9.2 73
b 1/1 - 20 .67 200 70

“The viscosity of PAn/NMP solution was measured at 30 °C
al PAR concentration of 0.1 g/100 mL.

vent for the aniline polymerization.” Table 1 lists
the changes of electrical conductivity {6), reduced
viscosity at PAn concentration of 0.1 £/100 mL (n,/
Cs,). vield of PAn as a function of ethanol/H.0 (v/
v} ratio.

The ahove PAn from mixed solvent system was
well soluble in DMSO and NMP. The ethanol con-
tont in the mixed solvents had significant effect on
the molecular weight of PAn. At polymerization
temperature of 20°C, the 1,/Cu at 30°C varied
from 0.30 to 0.48 di/g when the ethanol/HO (v/v)
ratio decreased from 1/1 to 1/4. Though the ob-
tained PAn had relatively low molecular weight, the
electrical conductivity of the cast film upon HCI
doping was about 10" S/cm, similar to the PAn ob-
tained by a common way. Replacement of ethanel
with acetone or tetrahydrofuran gave a similar
result. It is well-known that the PAn obtained from
pure aquecus system was only partially soluble in
NMP. whereas using mixed solvents instead of pure
water led to 100 % solubie PAn. In another respect,
as can be seen in Table I, the molecular weight of
PAn was increased by polymerizing aniline at a tern-
perature as low as — 20 °C.

In order to know more about this polymerization
svstem, the clectrochemical potential of the poly-
merization systems in various ethanol/H.0 {v/v)
ratio at 20 C was followed and shown in Figure 1.
For every polymerization system, the potential in-
creased sharply to a maximum at the first stage,
the maximum value and the time taken to reach
the maximum did not chang significantly upon ad-
dition of ethanol. According to MacDiarmid ef al.,
the maximum point corresponded to the com-
pletely oxidized state (pernigraniline), which acted
as the active polymerization center during aniline
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Figure 1. Potential-time prolfiles of aniline polymerized in

C,HL.OH/HCI/(NH,),S,0, system. Volume ratio of C,H;OH
to H,0O was O/100(CD), 20/80( M3, 50/50 (), and 75/25 (@),

polymerization.” The portential guickly passed the
maximum point and decreased sharply to a certain
value for a pure water system indicating that the
chain growth stage had started. However, a poten-
tial plateau was observed before the sharp de-
crease when ethanol/water was used instead of
pure water. The potential plateau lasted from 20
min to 50 min when the ethanol/water {v/v) chang-
ed from 20/80 to 75/25, increased with increasing
organic solvent content in the mixed solvents. The
existence of the potential plateau indicated that
the chain growth stage was delayed upon the ad-
dition of ethanol, As a result of the existence of
more active centers while the monomer con-
centration was fixed, the molecular weight of PAn
obtained decreased with the addition of ethanol.
Addition of more ethanol led to the more active
centers and thus, a lower molecular weight of final
PAn. Therefere, the molecular weight of PAn can
be simply tuned by addition of organic solvent like
ethanol. This was very effective to prepare PAn
samples of mid to low molecular weights.

Catalytic Oxidation Polymerization of An-
iline. Another drawback of {NH:S:O0vHCI/HO
system was the large amount of inorganic salt
((NH..50, produced during polymerization,
which made the post polymerization treatment
more tedious. Hydrogen peroxide, a kind of ideal
oxidant, has been employed instead of ammonium
persulfate for this purpose, but the reaction proce-
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Table II. Yield and Electrical Conductivity of PAn
Obtained from H0/Fe®'(or Fe'")/HC] System

No. aniline HOyamiline/Fe*” vield ¢  Mg/Cu
(mol/L)  (molar ratio) (%) (S/cm) (dL/g)

1 05 500:500:1 566 034 040
2 0.3 50015001 686 34 0.35
3 0.2 500150011 604 108 036
4 0.1 500:500: 1 46 039 040
5 0.2 1000 : 500 : 1 888 024 030
6 0.2 750:500: 1 816 027 035
7 0.3 50015001 70 10.0  0.30
g 0.2 500 : 5001 1 628 37 0.31

“No. 1~7, 8 was polymerized at 15°C for 24
‘Conductivity of PAn doped with 1mol/L HCI for 24h,
Polymerized at 0~5°C for 48 hi “FeCl, as catalyst.

eded slowly and many undesirable by-products
were formed.” FeSO, was chosen to catalyze the a-
hove reaction by Moon & al.” but the result was
not satisfactory. Recently, we re-examined the poly-
merization of anitine in H:0./FeCl/HCI/H.O sys-
tem to find the optimum polymerization condition
and possible catalytic oxidation mechanism.

When H.O, or FeCl; was used alone as an ox-
idant for aniline polymerization, the polymerization
proceeded stowly and the conversion was very low.
The polymerization was accelerated and high con-
version was obtained once the moiety of FeCl, ex-
isted in H.0./HCl system. More Fe®* was not fa-
vorable, for example, if molar ratio of Fe** to an-
iline was over 1/200 (under equimolar H0, and an-
iline), the reaction proceeded too fast, leading to
polymers of many defects and low electrical con-
ductivity (10"~-10*S/cm upon HCl doping). Best
catalytic effect was observed when molar ratio of
Fe®* to aniline was about 1/500. This value was 5
times lower than that in the literature.”

Table I lists the yield, electrical conductivity,
reduced viscosity of PAn/NMP solution at con-
centration of 0.1g/100 mL at 30 °C(n,/C.,1) under
various polymerization conditions. Aniline con-
centration higher than 0.5 mole/L led to PAn of
low electrical conductivity, whereas aniline con-
centration lower than 0.2 mole/L was not econom-
ic, therefore the favorable aniline concentration
was in the range of 0.2 to 0.4 mole/L. At a given
aniline concentration, increasing H.0. amount led
to a higher vield of PAn, but the conductivity was
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Scheme II. Possible active species in the polymerization
system.

Fe* +H,0, — Fe®'+HO +HO- {1
Fef +HO- — Fe'+HO (2
HO +H,0, HO+HO, - (3)
Fe*” +HO, Fe*'+HO, (4)

low. Lower H:0. amount led to low yield thus it
was not favorable. Equimolar H.0. and aniline gave
product of relatively higher yield (60~70%) and
electrical conductivity.

The polymerization could be performed over a
wide temperature range of 0°C to 30°C. Lower
temperature led to PAn of higher molecular
weight and higher electrical conductivity, but all
the PAn had mid to low molecular weight ac-
cording to their N./Cas at 30 °C. This gave one rea-
son why all the PAn displayed excellent solubility
in DMSO or NMP.

It was found that FeCl; had almoest the same cat-
alytic effect as FeCl,, whereas Cu” and Mn*" failed
to catalyze the above polymerization. In acidic
media, HQ. can preduce free radicals like HO- and
HO,- according to Scheme 11"

The free radicals acted as active species to in-
itiate aniline polymerization. The produced Fe"
was reduced to Fe*" by aniline salt. This was why
FeCl; had the same catalytic effect as FeCl.. There-
fore, in the H.0./Fe*(or Fe')/HCI system, the
really consumed oxidant was H,0., the Fe™ or Fe™
played a role of activator or catalyst. The fol-
lowing reaction mechanism was proposed.

Scheme ITI. Possible catalytic oxidation polymerization
mechanism.

An

H,0, Fe 2+ Fe

Fe 3+ Fe 2+ PAn
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Figure 2. Dependence of reduced viscosity on con-
centration in PAn/NMP solution(O} and addition of 0.5 g/
100 mL LiCl{ ®). Viscosity was measured at 30 °C.

Solution Behavior of PAn, NMP Solution

Aggregation in Dilute Solution. It was found
that addition of 0.5 g/100 ml. LiCl into 1g/100 mL
PAn/NMP solution could get monomodal synmme-
trical GPC profile, otherwise complicated poly-
modal GPC profile was observed." When PAn/
NMP sclution was diluted from 1g/160 mL to 0.1
£/100 mL, as can be seen in Figure 2, a sharp in-
crease in reduced viscosity was observed from
PAn concentration of ca. 0.2 g/100 mL, this was
very similar to polyelectrolyte behaviour. Howev-
er, the reduced viscosity became linear to PAn con-
centration and the whole line was above the ori-
ginal curve upon addition of 0.5g/100 mL LiCl,
which was different from real polyelectrolyte beha-
viour.” Therefore, a molecular aggregation concept
was proposed to explain the above phenomena.
PAn is a polar and rigid polymer with a strong ten-
dency of molecular aggregation. Moreover, the a-
mine or imine structure in PAn may undergo hy-
drogen bonding between themeselves or between
the amine in PAn and the carboxyl structure in
NMP. The molecular aggregate may be formed
with the help of NMP over certain PAn con-
centration, the hydraulic volume was reduced ex-
hibiting viscosity, Further dilution can
reduce the chance of molecular aggregation and
the viscosity increased. When LiCl was added. Li*

lower

92

—

Absorbance

I I I T i
4000 30600 2000 1500 . 1000 500

Wavenumbers

Figure 3. FTIR spectra of PAn powder (1) and PAn/NMP
gel (2),

had strong interaction with carboxyl group in
NMP and prohibited the hydrogen bonding, there-
fore the molecular aggregation was depressed. It
should be noted that molecular weight of PAn play-
ed a special role on molecular aggregation, higher
molecular weight sample was easier to form molec-
ular aggregate. However, no aggregate was formed
even the PAn concentration was 0.5g/100 mL
when the molecular weight of PAn was below a
certain value, ie., M,/Coy was less than 0.3dL/g
The reason was that PAn of low molecular weight
failed to form perfect coils, but assumed rod-like
configuratton giving low viscosity."

Gelation of Concentrated PAn/NMP Solution.
The viscosity of PAn/NMP solution increased with
the standing time and became gel at last, this gela-
tin behaviour was well observed in concentrated
PAn/NMP solution. It was found that the solvent
structure, PAn molecular weight, solution tem-
perature and concentration were factors governing
the gelatin.’® The gel can be destroyed by applying
a shearing field or redissolved in NMP if no heat
treatment was done during gelatin process, indi-
cating the gelation was mainly a physical crosslink-
ing process. The gelatin process was followed by
FTIR spectra to study the gelation mechanism and
found that the C=0 stretching vibration of NMP
red-shifted with standing time. The PAn/NMP gel
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Scheme IV. Structure of the PAn/NMP gel.
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was dried at 50 °C in vacuum for 4 days, and the
FTIR spectra of the dried gel and PAn powder
were known in Figure 3. It was found that the
free -NH- strectching vibration at 3387 cm™ in
PAn powder disappeared in the dried gel. the c=0
stretching vibration of NMP redshifted 17 cm™ and
the intensity of quinone ring stretching vibration
at 1590 cm™ decreased in the gel. Therefore, the
existence of NMP in the dried gel was obvious, the
difference in FTIR spectra between PAn powder
and gel was due to the hydrogen bonding of C=0
in NMP with imine and amine in PAn. Therefore,
the gelation was considered as physical-crosslink-
ing of PAn chains with the help of NMP. The PAn/
NMP gel structure was proposed in Scheme IV,

Conclusions

PAn of mid to low molecular weight was pre-
pared tbrough mixed solvent system or catalytic
oxidation polymerization. The synthesized PAn
was completely soluble in DMSO. Molecular aggre-
gation between PAn molecules was found in dilute
PAn/NMP solution and can be eliminated by ad-
ding certain amount of LiCl. The gelation of con-
centrated PAn/NMP solution was a physical cross-

Korea Polym. J.. Vol 4, No. 2, 1996

linking between PAn molecules with the help of
NMP through hydrogen bonding.
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