This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 20 February 2013, At: 11:53

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Polyaniline: Protonic Acid
Doping to the Metallic Regime

Alan G. Macdiarmid ? , Jin-Chih Chiang ? , Wusong
Huang ®, Brian D. Humphrey ® & N. L. D. Somasiri ®
o) i/ & Department of Chemistry, University of
Pennsylvania, Philadelphia, Pennsylvania, 19104,
U.S.A.

Version of record first published: 17 Oct 2011.

To cite this article: Alan G. Macdiarmid , Jin-Chih Chiang , Wusong Huang , Brian D.
Humphrey & N. L. D. Somasiri (1985): Polyaniline: Protonic Acid Doping to the Metallic
Regime, Molecular Crystals and Liquid Crystals, 125:1, 309-318

To link to this article: http://dx.doi.org/10.1080/00268948508080110

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948508080110
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 11:53 20 February 2013

whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 11:53 20 February 2013

Mol. Cryst. Liq. Cryst. 1985, Vol. 125, pp. 309-318
0026-8941/85/1254-0309/%$15.00/0

© Gordon and Breach, Science Publishers, Inc. and OPA Ltd.
Printed in the United States of America

POLYANILINE: PROTONIC ACID DOPING TO THE
METALLIC REGIME
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BRIAN D. HUMPHREY AND N. L. D. SOMASIRI

Department of Chemistry, University of Pennsylvania,
Philadelphia, Pennsylvania, 19104, U.S.A.

Abstract

"Polyaniline” has been synthesized in various forms
both chemically and electrochemically in aqueous media.
The quinoid-benzenoid-diimine form, an insulator, is
doped by dilute aqueous protonic acids to the metallic
regime (0 ~ 5 ohm~lem™1l; compressed pellet) to give

the corresponding iminium salt. The polymer is not ox-
idized during the doping process. This represents a
new type of p-doping phenomenon in a conducting polymer.
Both these forms of polyaniline are stable in the pre-
sence of air and/ or water. The doping process is re-
versed by treatment with aqueous alkali. The mechanism
by which doping occurs is discussed.

INTRODUCTION

“Polyaniline"” has been described in many papersl_9 during
the past approximately 100 years. It has been reported as
existing in various, usually ill-defined forms such as "an-
iline black”, “"emeraldine”, "nigraniline”, etc. synthesized
by the oxidative chemical or electrochemical polymerization
of aniline. Extensive_ chemical and electrochemical studies
by Jozefowicz et al.”’  have demonstrated the high conduc-
tivity of certain of the oxidized forms and the dependence
of the conductivity on the pH of the solutions with which
the polyaniline is treated and the sensitivity of the con-

ductivity to the humidity of the environment to which the
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material is exposed. Very recent chemical and electrochemi-
cal studies by several groups have confirmed certain of
these observations and have reported new properties of the
materials¥~®. A better understanding of the chemical compo-
sition of the various forms of polyaniline and the processes
involved in their chemical and electrochemical interconver-
sion has, however, only very recently started to unfold.

CONSTITUTION OF POLYANILINE

We believe polyaniline can be prepared in the four idealized
forms given below, at least when its synthesis and any sub-
sequent treatment are carried out in aqueous media. All
forms are insoluble in water. The polymers in the left-
hand column are considered as being derived from the amine,
1A (A = Amine), and are hence designated (in increasing de-
gree of oxidation) as 1A and 2A.

FREE AMINE FORM AMMONIUM SALT FORM
uqHA
[ -OMam o+ O,
INSULATING lNSULATlNG
OXIDIZ!I f REDUCE OXIDIZEl IREDUCE
aoq HA n
KOO CO- 4,
INSUL ATING METALLIC

These forms may be interconverted at will by chemical and/or
electrochemical oxidation or reduction. The materials in
the right-hand column are regarded as being derived from the
ammonium salt, 1S (S = Salt), and are hence designated (in
increasing degree of oxidation) as 1S and 2S. These forms
may also be interconverted at will by chemical and/or elec-
trochemical oxidation or reduction.

A given "A" form, e.g. 1A, may be converted to a given
8" form, e.g. 1S, by treatment with an aqueous protonic
acid, such as HCl., The acid may be removed to regenerate
the "A" form by treating the "S" form with an aqueous base
such as KOH or NH,0H. Elemental analysis of form 2S5 shows
that even when form 2A is treated with concentrated (10 mo-
lar) aqueous HCl that only one of the two N atoms in the
monomer unit is protonated. This 1is not surprising since
in a weak base containing two N atoms, protonation of the



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:53 20 February 2013

POLYANILINE 311

first N atom is expected to be easier than protonation of
the second.

Form 2A is of particular interest since, like (CH)y, it
appears to have a degenerate ground state (a) and (b), viz.,

KOO (OO (O
(a) (b)
hence it might exhibit defect states in the form of solitons.

PROTONIC ACID DOPING

The oxidized forms of polyaniline, 2A and 2S, may be equi-
librated with aqueous acid solution. This will result in
partial protonation of the nitrogen atoms, the extent of
protonation at equilibrium being a function of the pH of the
solution. At a given pH the same degree of protonation is
obtained regardless of whether one starts with the 2A or 2§
form. At pH values > ~ 4 the material exists in essentially
the non-protonated 2A form. At pH values <~ 0, e.g. IM
acid or stronger, it exists primarily in the 2S form. This
corresponds to ~ 50% protonation i.e. to ~ 50% doping.

The extreme sensitivity of the conductivity of form 2A
to the pH of the aqueous HCl solution with which it is equi-
librated is illustrated in Figure 1% .

\ 1595
1071 1590 =
|
10 1585 g
T |0~| -11580 [r 4
E w
o Io-3 1575 g
¥ 41570 2
€ 107 1565 &
£ 3 >
RS g
b 10 i—j- 1560 =
109 1555
IO-” { 1 | 1 | | 1 1 1550

70 60 50 40 30 20 10 00 -0

EQUILIBRIUM pH OF AQUEOUS HCI
FIGURE 1 Relationship between the final (equilibrium)
pH of the aqueous HCl with which polyaniline (form 2A)
is washed and (1) the conductivity of the resulting
dried powder, (A); (2) the frequency of the ring
breathing absorbance, (0), of the dried powder.
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Each data point gives the conductivity of a ~ 250 mg sample
of form 2A after it had been stirred with 500 ml of aqueous
HCl1 of various selected concentrations. After 55 hours the
pH of the solution, which had attained a constant value, was
measured, the resulting polyaniline powder was dried under
dynamic vacuum for 24-72 hours and its conductivity, infra-
red spectra and elemental composition were determined.

The relationship between the conductivity of selected
samples and the percent doping is given in Figure 2. Since
each HC1l molecule which reacts with form 2A is associated
with a C1~ ion, the (Cl:N ratio)-100 will represent the per-
cent of the N atoms which are protonated, i.e. will repre -
sent the percent doping. The curve given in Figure 2 1is
characteristic of conventional doping of a conducting poly-
mer, i.e., the conductivity rises rapidly at the beginning
of the doping process and then shows little change even
though the polymer becomes more highly doped.

T A2

'g 10

- 0 g X,

'E 10 X

5 102

b

s l07%

=

S 108

-

§ 1078

= lO"O ) 1 ) 1 } 1 J
S O 10 20 30 40 50 60

DOPING PERCENTAGE (%)

FIGURE 2 Relationship between the conductivity of
polyaniline (initially form 2A) and percentage pro-
tonation, i.e., percentage doping.

The above results show that when form 2A is washed with an
aqueous protonic acid such as HCl it undergoes an insulator-

metallaransition involving an increase in conductivity of
~ 101Y:

[=(CgHy ) =N~(CgHy )-N=],+ xHCL *
(form 2A) .
{(=(C.H, )=N-(C_H, }-N(H)=)*C17]
6747 (ot 25) )

This transition is readily reversed by treatment with aque-
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ous base. The conductivity of a compressed pellet {(g~5S/cm)
remains constant indefinitely when exposed to laboratory
air.

It should be noted that the use of non-volatile acids
such as HyS04, either in the synthesis of polyaniline or in
its equilibration with acid solutions may lead to problems
since when polyaniline wetted with dilute H3S04 is placed
in vacuum for drying purposes, the water will evaporate
leaving behind a film of concentrated H7S04 on the surface
of the polyaniline. The strong H,50, residue may react at
least in part with the polyaniline but at the present time
it 1s not clear how it affects the properties of the mater-
ial.

The conventional method of p-doping (oxidizing) an or-
ganic polymer involves removal of electrons from the pi sys-
tem of the polymer by chemical or electrochemical oxidation:

(polymer) +  (polymer)*Y + ye~ (2)
e.g. (CH), + (1.5xy)I, > [(eW)™V(I,], (3)

In principle it should be possible to p-dope a conducting
polymer by adding a proton, which may interact either di-
rectly or indirectly with, and hence partly depopulate the
pi system with concomitant increase in conductivity of the
polymer:
(polymer) + yHt ®  (polymerH )*Y 4)
(base) (acid) (sa1t¥

This is a simple acid/base interaction, in which no formal
oxidation or reduction occurs. This hypothesis is qualita-
tively consistent with the change in frequency of the infra-
red (CgH,) ring breathing absorbance shown in Figure 1. As
can be seen, the frequency of this absorbance decreases as
the conductivity increases. If the proton should interact
and partly depopulate the pi system of the polymer the fre-
quency of this mode should decrease with increasing protona-
tion since the C~C bond order (and hence force constant) in
the (CgH;) ring decreases with decreasing population of

the bonding pi orbitals. As can be seen from the classical
resonance forms of form 2S5 given below it is to be expected
that positive charge will be transferred in part from the N
to the pi system of the (CgH4) rings. This will result in

a partial delocalization of positive charge along the poly-
mer chain. The charge will naturally be pinned close to
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the anion, A~ and delocalization will become less extensive
as the distance from the Nt atom increases.

-uo-u«'}-o!o
—*0!@"-@!0
-uouQuGgﬂ
"
-0 Orr OO0
A OO
AL exe.
In valence bond terminology the placement of a positive
charge on an N atom of a repeat unit of form 2A (to convert

it to form 2S) by its reaction with e.g. HCl may be regarded
as proceeding via the following hypothetical steps:

1) H-C1 + He + Cle (5)
2) =N~ + Cle * =N-+ Cl” (6)
+
sp2 sp2
3) =N~ + He * aN- (7)
+ +
sp2 sp2

The non-bonding electron(s) on the N occupy one of three SPZ
hybrid orbitals. The p, orbital of the N, which may be re-
garded as perpendicular to the plane of the paper, contain-
ing one N electron, overlaps sideways with the p, orbital of
the adjacent carbon atom on the C¢H, ring, which also con-
tains one C electron, to form the pi bond between the CgH,

H
ring and the =N(H)-, viz.,:(D:N_ « If, due to the pos-
+ +

itive charge on the N, the electron in the C 2p, orbital
were completely transferred to the N p, orbital, the pi sys-
tem of the CgHy, ring would be depopulated and would assume

H
a positive charge, i.e._—_@-N—. In such a situation
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the p, orbital of the N, containing two electrons, would hy-
bridize to form an SP3 hybrid, one lobe of which would con-
tain a lone pair of electrons. Classical organic chemistry
does not, however, predict a complete transfer. A partial
transfer of charge only from the C to the N is expected.
Resonance forms such as those depicted above are therefore
expected, the contribution of forms involving a positive
charge on the carbon decreasing with increasing distance
from the N, close to which the dopant anion, e.g. Cl™ will
reside. From simple electrostatic concepts it is to be ex-
pected that positive charge will be more easily delocalized
away from the N on to more distant C atoms if the dopant
anion is large or if it is solvated. Both these effects
will decrease the electrostatic interaction between the pos-—
itive charge and the anion. Greater delocalization of
charge should promote an increase in conductivity of form
28 for a given level of protonation (doping) and decrease
the epr line width due to greater electron mobility of any
free electrons which may be associated with pi system de-
fects. Preliminary studies suggest that these effects are
observed with form 28}!. Similar effects have been
reported by André, et al.l? in the n-doping of (CH)y.

The doping of form 2A to the metallic regime (to form
2S) by treatment with aqueous HCl involves a completely new
type of p-doping; it does not involve formal oxidation, i.e.
loss of electrons from the polymer as is the case in the p-
doping of all other conducting polymers. The observation
that the reduction potential increases slightly during this
conversion does not imply that form 2A has been oxidized.
When the potential of form 2A (or form 2S) is measured ver-—
sus a standard reference electrode such as the standard cal-
omel electrode a very small current flows through the (high
impedence) voltmeter. The electrons which pass in this
manner reduce a minute amount of form 2A to 1A (or form 28
to 1S). The observed potential is a measure of the ease at
which this reduction occurs. However, the actual chemical
specles involved in the actual reduction is a trace of the
protonated specles which is always present even at relative-
ly high pH values as shown by equations 8 and 9 below:

[=(CgH, )=N=-(CcH,)-N=]_ + (2x)H" 2
(form 2A
[=(CgH, )=N(H)-(CgH, )-N(H)=]}2%  (8)
(completely protonated 28)
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[=(CgH, )=N(H)-(CgH, )-N(H)=]F2X + (2x)e” 2
(completely protonated 28S)

[-(Cgly )-N(H)-(CH, )-N(H)=1,  (9)
(form 1A)

(The reduction may alternatively be regarded as occuring in
consecutive steps involving monoprotonated species.) Hence,
the more acidic the solution, the greater will be the amount
of protonated species present and the easier it will be to
reduce the oxidized form of the polymer. This conclusion is
supported by the observation that on decreasing the pH from
5 to 2 the reduction potential increases by 0.053V/pH unit.
On decreasing the pH from 2 to 1, the potential increases by
an additional 0.023V. In the more acidic solutions the
final product is form 1S, the protonated form of lA.

The processes occuring can be readily understood by ex-
amining the analogous more simple, quinone/hydroquinone sys-
tem which has been extensively studied. The overall reduc-
tion reaction (Efaq, = 0.70V vs. N.H.E.)

o:@:o + 2HY + 2= uo-@-on (10)

is known to occur in the following steps:

1) Acid/Base Reaction:

0:@:0 + 20t 2 (Ho=©=ou)+2 (11)

This corresponds to protonic acid doping of 2A (eqs. 1, 8).

2) Reduction Reaction:

(Ho:@:o&)ﬂ + 2= * HO—@- OH (12)

The reduction potential for the overall reduction reaction
given by equation 10 is expressed by the relationship:

E' = g°' _ 0.059 log [HO(CgH, YOH] (13)
Red.  Red. n [0=(C¢H,)=O0] [H" ]

where n is the number of electrons (n = 2) transferred. Step
1 involves no electron transfer and hence is not a redox re-
action. The species which is actually reduced in the reduf—
tion reaction 1is not 0-(C6H4)=0 but rather [H0=(C6H4)=0H)+ .

The reduction potential is therefore controlled by the com
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centration of the [Ho-(C H, )-OH]+2 and may be expressed
by the relationship (derived from equation 12):

g = ger  _ 0.059 1., [HO-(CgHy)—OH) (14)
Red.  Red. n [(HO=(CgH, )=0H) ]

the relative concentrations of the species in the numerator
and denominator being a function of the pH as given by equa-
tion 11. The analogous relationship in the case of polyan-
iline (derived from equation 9) is:

(15)

Er = ger  _ 0.059 100 [=(CaHL)-N(H)~(CqHy)-N(H)]
Red. Red. n [(-'Z'C6HE4g-NZHS-(Cf’HAg-N_(_YH -ﬁ"’xzx

where the partly reduced polymer may be considered as a
“solid solution” of composition:

[~(CghHy =N~ (G, )-N(H)-1, [ (-N(H)=(CHy )NCH)~(CoH, ) -)*2],.
It is therefore clear that no oxidation occurs during the
protonic acid doping of form 2A to form 2S.

CONCLUSIONS

The conventional (oxidative) p-doping of a conducting poly-
mer results in the removal of some of the pi electrons from
the polymer with the formation of a polycarbonium ion.
Unless there is extensive charge delocalization carbonium
ions are known to be very reactive chemically. The smaller
the positive charge on a given C atom the more stable will
the carbonium ion be. In the highly conducting form 2S5 of
polyaniline most of the positive charge resides on the N
atoms. This favors chemical stability since ammonium-type
compounds are known to be generally stable to oxygen and
water. As is well known, only a relatively small number of
electrons need be removed from the pi system of a polymer in
order to increase its conductivity by many orders of magni-
tude. Further removal of electrons results in only a rela-
tively small additional increase in conductivity at the
expense of a large increase in chemical reactivity. What
should be sought in a conducting polymer, therefore, is the
minimum delocalization of positive charge on to the pi sys-—
tem necessary for the desired degree of conductivity. It
appears that polyaniline and related compounds represent an
ideal class of polymer which permits such chemical fine-
tuning of conductivity and chemical stability.
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