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(571 " ABSTRACT

Sulfonic acid-substituted polyaniline compositions, am-
monium salts thereof, and uses therefor are disclosed.
The ammonium salts of the sulfonic acid-substituted
polyaniline compositions are used as interim materials in
the processing of conducting sulfonated polyaniline
compositions. The ammonium salts of the sulfonic acid-
substituted polyaniline compositions are also used to
either reversible or irreversible NHj filters, sensors,
temperature indicators and the like.
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SULFONATED POLYANILINE COMPOSITIONS,
AMMONIUM SALTS THEREOF, PROCESS FOR
THEIR PREPARATION AND USES THEREOF

The present invention is a continuation-in-part of
co-pending application Ser. No. 07/423,902, filed Oct.
19, 1989 now U.S. Pat. No. 5,137,991 which is a con-
tinuation-in-part of co-pending application Ser. No.
193,964 filed May 13, 1988 now U.S. Pat. No. 5,079,334.

BACKGROUND OF THE INVENTION

The present invention relates to self-protonated sul-
fonic acid-substituted polyaniline compositions, ammo-
nium salts thereof, their derivatives, processes for their
preparation, and uses thereof.

Polyaniline is a family of polymers that has been
under intensive study recently because the electronic
and optical properties of the polymers can be modified
through variations of either the number of protons, the
number of electrons, or both. The polyaniline polymer
can occur in several general forms including the so-
called reduced form (leucoemeraldine base), possessing
the general formula

the partially oxidized so-called emeraldine base form, of
the general formula

and the fully oxidized so-called pernigraniline form, of
the general formula

DOm0

In practice, polyaniline generally exists as a mixture
of the several forms with a general formula (I) of

H-ololeo-0x

When 0=y=1, the polyaniline polymers are referred
to as poly(paraphenyleneamineimines) in which the
oxidation state of the polymer continuously increases
with decreasing value of y. The fully reduced poly(-
paraphenyleneamine) is referred to as leucoemeraldine,
having the repeating units indicated above correspond-
ing to a value of y=1. The fully oxidized poly(para-
phenyleneimine) is referred to as pernigraniline, of re-
peat unit shown above corresponds to a value of y=0.
The partly oxidized poly(paraphenyleneamineimine)
with y in the range of greater than or equal to 0.35 and
less than or equal to 0.65 is termed emeraldine, though
the name emeraldine is often focused on y equal to or

—
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2
approximately 0.5 composition. Thus, the terms
“leucoemeraldine”, “‘emeraldine” and “pernigraniline”
refer to different oxidation states of polyaniline. Each
oxidation state can exist in the form of its base or in its
protonated form (salt) by treatment of the base with an
acid.

The use of the terms “protonated” and “partially
protonated” herein includes, but is not limited to, the
addition of hydrogen ions to the polymer by, for exam-
ple, a protonic acid, such as mineral and/or organic
acids. The use of the terms “protonated” and “partially
protonated” herein also includes pseudoprotonation,
wherein there is introduced into the polymer a cation
such as, but not limited to, a metal ion, M+. For exam-
ple, *“50%" protonation of emeraldine leads formally to
a composition of the formula

H H H H
| | | |
OO0
+ +
which may be rewritten as

Lololo!

Formally, the degree of protonation may vary from a
ratio of [H+})/[—N=]=0 to a ratio of
[H+]/[—N=]=1. Protonation or partial protonation at
the amine (—NH—) sites may also occur.

The electrical and optical properties of the polyani-
line polymers vary with the different oxidation states
and the different forms. For example, the leucoemeral-
dine base, emeraldine base and pernigraniline base
forms of the polymer are electrically insulating while
the emeraldine salt (protonated) form of the polymer is
conductive. Protonation of emeraldine base by aqueous
HCI (IM HCI) to produce the corresponding salt brings
about an increase in electrical conductivity of approxi-
mately 10!2; deprotonation occurs reversibly in aqueous
base or upon exposure to vapor of, for example, ammo-
nia. The emeraldine salt form can also be achieved by
electrochemical oxidation of the leucoemeraldine base
polymer or electrochemical reduction of the pernigrani-
line base polymer in the presence of an electrolyte of the
appropriate pH. The rate of the electrochemical revers-
ibility is very rapid; solid polyaniline can be switched
between conducting, protonated and nonconducting
states at a rate of approximately 105 Hz for electrolytes
in solution and even faster with solid electrolytes. (E.
Paul, et al., J. Phys. Chem. 1985, 89, 1441-1447). The
rate of electrochemical reversibility is also controlled
by the thickness of the film, thin films exhibiting a faster
rate than thick films. Polyaniline can then be switched
from insulating to conducting form as a function of
protonation level (controlled by ion insertion) and oxi-
dation state (controlled by electrochemical potential).
Thus, in contrast to, other polymeric materials for ex-
ample, polypyrrole, polyaniline can be turned “on” by
either a negative or a positive shift of the electrochemi-
cal potential, because polyaniline films are essentially
insulating at sufficiently negative (approximately 0.00 V
vs. SCE) or positive (+0.7 V vs. SCE) electrochemical

n
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potentials. Polyaniline can also then be turned “off” by
an opposite shift of the electrochemical potential.

The conductivity of polyaniline is known to span 12
orders of magnitude and to be sensitive to pH and other
chemical parameters. It is well-known that the resis-
tance of films of both the emeraldine base and 50%
protonated emeraldine hydrochloride polymer decrease
by a factor of approximately 3 to 4 when exposed to
water vapor. The resistance increases only very slowly
on removing the water vapor under dynamic vacuum.
The polyaniline polymer exhibits conductivities of ap-
proximately 1 to 20 Siemens per centimeter (S/cm)
when approximately half of its nitrogen atoms are pro-
tonated. Electrically conductive polyaniline salts, such

as fully protonated emeraldine salt [(—C¢Hs—NH—Cq¢15

Hs—NH+)—Cl—],, have high conductivity (10—4 to
10+2 S/cm) and high dielectric constants (20 to 200)
and have a dielectric loss tangent of from below 10—3to
approximately 10!. Dielectric loss values are obtained in
the prior art by, for example, carbon filled polymers,
but these losses are not as large nor as readily controlled
as those observed for polyaniline.

The present invention is related to the invention dis-
closed in the parent co-pending application Ser. No.
07/423,902 filed Oct. 19, 1989 now U.S. Pat. No.
5,137,991 which is a continuation-in-part application of
Ser. No. 193,694 filed May 13, 1988 now U.S. Pat. No.
5,079,334 which are expressly incorporated herein by
reference. The Ser. No. 07/423,902 filed Oct. 18, 1989,
U.S. Pat. No. 5,137,991 application discloses self-
protonated sulfonic acid-substituted polyaniline compo-
sitions, their derivatives, processes for their preparation
and various uses thereof.

The present invention also relates to the co-pending
patent application Ser. No. 07/426,959 filed Oct. 24,

20

25

1989 now U.S. Pat. No. 5,164,465 which is expressly -

incorporated herein by reference. The application Ser.
No. 07/426,959 filed Oct. 24, 1989, now U.S. Pat. No.
5,164,465 is a continuation-in-part of the Ser. No.
07/423,902 filed Oct. 19, 1989, now U.S. Pat. No.
5,137,991 and discloses non-protonated sulfonated
polyaniline salt compositions which are electrically
insulating polymers and which readily dissolve in aque-
ous solutions.

While the preparation of polyaniline polymers and
the protonated derivatives thereof is known in the art, it
is novel to prepare sulfonated polyaniline compositions
which are capable of being “self-protonated” or “self-
doped”. The use of the terms “self-protonated” and
“self-doped” herein includes, but is not limited to, the
reorganizaton of hydrogen ions on the polymer i.e., the
absence of any counterion not covalently bonded to the
polymer chain. For example, self-doping or self-proto-
nation of a polyaniline base polymer leads to a polyani-
line salt polymer and a reorganization of the electronic
structure which then forms a polaronic metal. The con-
ductivity of such polaronic metal is independent of
external protonation.

However, there is a need for facile methods for pro-
cessing and using the sulfonated polyaniline composi-
tions and ammonium salts thereof. Such methods will
aid in the commercial development of useful conduct-
ing sulfonated polyaniline compositions and their deriv-
atives.

SUMMARY OF THE INVENTION

The self-protonated sulfonic acid-substituted polyani-
line composition is capable of protonating or doping

40
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itself to form an electrically conducting polymer. The
sulfonated polyaniline polymer has faster electronic,
electrochemical, chemical, and optical responses and
improved solubility than the parent polymer, polyani-
line. The solubility of the sulfonated polyaniline poly-
mer is increased greatly due to the presence of the sul-
fonic group SO3H. The sulfonated polyaniline polymer
is easy to dissolve in basic aqueous solutions in which
the polyaniline polymer is insoluble. In addition, due to
the electron withdrawing effects of the SO3H group,
the sulfonated polyaniline polymer has improved envi-
ronmental stability over the polyaniline polymer. The
process for producing the sulfonated polyaniline com-
prises reacting the polyaniline polymer with concen-
trated sulfuric acid. :

The sulfonated polyaniline compositions and their
derivatives are useful in a variety of electronic, electro-
chemical, chemical, and optical applications. The elec-
trical and optical properties of sulfonated polyaniline
compositions can be modified by chemical or electro-
chemical means. Further, electronic and microelec-
tronic devices based on the chemical and physical prop-
erties of sulfonated polyaniline compositions and their
derivatives and the control of those properties can be
used in many applications.

The present invention relates to methods for process-
ing the and using sulfonated polyaniline polymers in
order to make useful forms of the polymer. According
to one aspect of the present invention, the sulfonated
polyaniline polymer is dissolved in NH4OH to form a an
ammonium salt-sulfonated polyaniline solution. The
solution is then applied to a substrate or any object to be
cast or coated with the sulfonated polyaniline polymer.
Upon the removal of water and ammonia, the conduct-
ing form of the self-protonated sulfonated polyaniline
polymer is formed.

The speed and reversibility of the electrochemical
response of the sulfonated polyaniline compositions and
the ammonium salts thereof allows such compositions
to be especially useful in such applications as for exam-
ple, ammonia filters, temperature indicators, active elec-
tronic devices such as temperature controlled optical or
conductivity switches, chemical sensors, and optical
memory devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of the different
structures of sulfonated polyaniline (a and b), the am-
monia salt (c), and the emeraldine base (d).

FIG. 2 is a graph illustrating the FTIR spectra of (a)
self-doped sulfonated polyaniline; (b) emeraldine base,
the parent polymer of sulfonated polyaniline in wave
numbers cm—1,

FIG. 3 is a schematic illustration of the equilibrium
between self-doped sulfonated polyaniline and its base
form in aqueous NH4OH solution.

FIG. 4 is a graph illustrating the electronic absorp-
tion spectra of (a)—sulfonated polyaniline film cast
from an aqueous NH4OH solution in a quartz substrate,
then dried in air, (b)—emeraldine salt film.

FIG. 5 is a graph illustrating the cyclic voltammo-
grams (50 mV/s) of—sulfonated polyaniline in IM HCI.

FIG. 6 is a schematic illustration of the redox process
of the sulfonated polyaniline during sweeping the po-
tential from —0.2~1.0 v vs Ag/AgClL

FIG. 7 is a graph showing the self doped sulfonated
polyaniline, without external doping, has a conductivity
of 0.1 s/cm depending on the pH.
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FIG. 8 shows the insulating ammonium salt form of
the sulfonated polyaniline film as NH; filters.

FIG. 9a and 95 shows a closed, light transmissive
temperature sensitive environment comprised of glass,
quartz or plexiglass that contains the insulating ammo-
nium salt of the sulfonated polymer, NH¢+SPAN.

FIG. 10 shows a window of conductivity which
shows the temperature changes from high to low.

FIG. 11 shows that the polyaniline composition can
be operatively connected to a switching mechanism
whereby the conductivity of the self-doped conducting
polyaniline composition can be deleted. The tempera-
ture controlled electric switch can be used in protecting
or operating systems.

FIG. 12 is a diagram which shows a strip of the am-
monia salt of the sulfonated polyaniline composition as
a temperature control indicator used to tag and identify
items when the ammonia salt is exposed to an environ-
ment having a temperature change. The ammonia salt
becomes conducting as the temperature increases and
the ammonia evolves off and the sulfonated polyaniline
composition is detected by a receiving antenna.

FIG. 13 shows how the concentration of ammonia
can be measured by weight gain wherein a quartz oscil-
lator comprising a piezomaterial and sulfonated
polyaniline composition are exposed to ammonia.

FIG. 14 shows that the concentration of ammonia
can also be measured by detecting a change in the ca-
pacitance.

FIG. 15 shows that the ammonia salts of sulfonated
polyaniline compositions can also be used for capaci-
tance memory devices for the storage and retrieval of
information.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention relates to sulfonic acid substi-
tuted polyaniline compositions, their derivatives, pro-
cesses for their preparation and uses thereof.

The self-protonated sulfonated polyaniline composi-
tions have the formula I

Ry Ry Ri R

N =N

Ry R4

1-y Ry

Rs R;3 R4
Y
wherein O=y=1; Ry, Ry, R3, R4, Rs and Rg are inde-
pendently selected from the group consisting of H,
—SO3M, —R7SO3M, —OCH3;, —CHj3, —CHs, —F,
—Cl, —Br, —I, —NR7 3, —NHCOR;, —OH, —O-—,
—SR7, —ORj3, —OCORj;, —NO; —COOH,
—COOR37, —COR37, —CHO and —CN, wherein R7isa
C)-Cs alkyl, aryl or aralkyl group wherein M is an
unsubstituted or substituted ammonia of the formula
NAjAzA3and A}, Azand Ajzare independently selected
from the group consisting of H and C;-Cg straight or
branched alkyl. For the sake of clarity, the structure
shown in formula I is in the non self-protonated form.
The fraction of rings containing at least one Ry, R,
Rjor Rqgroups being an —SO3M, or —R7503M can be
varied from a few percent to one hundred percent. In
certain embodiments the percentage ranges from at
least approximately 20% up to and including 100%. It is
within the contemplated scope of the present invention
that the SO3M and —R3SO3M substituents can be var-
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6

ied so that the sulfonated polyaniline is soluble in a
range of solvents in order to make the sulfonated
polyaniline polymer more easily blendable with other
polymers and/or more easily cast onto a variety of
surfaces.

The solubility of sulfonated polyaniline can be varied
by changing the degree of sulfonation (i.e., the sulfona-
tion time and/or temperature in HSO4(SO3) or time of
exposure to SO3, or other sulfonation agents). It is noted
that the oxidation state of the polymer (from leucoemer-
aldine through emeraldine to pernigraniline) and the
degree of sulfonation (x) can be independently varied.
Here x is the fraction of Cg rings which have an SO3—
or SO3H group attached.

When x=0, the polymer does not dissolve in either
basic or acidic aqueous solutions. Upon increasing the
value of x, the polymer becomes soluble in strongly
basic, basic, weakly basic and eventually in acidic aque-
ous solutions. This progressive improvement in solubil-
ity implies that the polymer becomes soluble in neutral
media, particularly H,O, at the appropriate value of x,
yielding a water-soluble conducting polymer. The color
of soluble sulfonated polyaniline in acidic solution is
green, indicating it is the conducting salt form.

The solubility of polyaniline is increased greatly in
basic aqueous solution by the presence of —SO3H
group on the phenyl rings. This is in contrast with
polyaniline which, when washed with basic solutions,
converts to the insoluble base form.

Protonation of the emeraldine base polymer leads to
the emeraldine salt polymer and a reorganization of the
electronic structure to form a polaronic metal. Since
benzenesulfonic acid is a strong acid, about as strong as
hydrochloric acid, the sulfonated polyaniline is capable
of self-doping. Hence, the conductivity of the sulfo-
nated polyaniline is independent of external proton-
ation.

Being able to dope itself, the sulfonated polyaniline
polymer has enhanced optical and electrical response to
electrochemical potential as compared with the parent
polyaniline polymer. Since the solid-state diffusion of
counterions in and out of a polymer during electro-
chemical processes is often the rate controlling step in
the kinetics, it also limits the speed of both optical and
electrical response of polymers. In the self-doped conju-
gated polymer of the present invention, the counterions
are not necessary from the medium. The positive charge
introduced into the conjugated pi electron system of the
backbone of the polymer is compensated by the protons
migrating out of the polymer, or vice versa, leaving
behind the opposite charged counterion. Being the
smallest and most mobile ion, proton hopping mecha-
nisms lead to relatively fast doping kinetics as compared
to those counterions migrating in or out of the polymer.
As a consequence, it is possible to achieve sufficient
speed to be useful for a variety of technological applica-
tions. .

The sulfonated polyaniline polymers of the present
invention provide opportunities to use the phenomena
of the dependence of electrical and optical properties on
the backbone chain conformation and on the substituent
as well as chain properties which change the chemical
properties of polyaniline in a number of useful applica-
tions. The side groups on polyaniline also can affect the
charge transport in polyaniline. Theoretical studies of
polyaniline indicate that the bandgap and bandwidth
are affected by the torsion angle (dihedral angle) be-
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