0 OO0 00 0O

. US005164465A
United States Patent [ (1] Patent Number: 5,164,465
) *
Epstein et al. [45] Date of Patent: ~ Nov. 17, 1992
[54] SULFONATED POLYANILINE SALT
COMPOSITIONS, PROCESSES FOR THEIR FOREIGN PATENT DOCUMENTS
PREPARATION AND USES THEREOF 61-197633 2/1985 Japan .
[75] Inventors: Arthur J. Epstein, Bexley; Jiang Yue, OTHER PUBLICATIONS
Columbus, both of Ohio Paul, et al,, J. Phys. Chem. 89:1441-1447 (1985).
. . . 3 Stafstrom et al., Phys. Rev. Lett. 59:1464 (1987).
[73] Assignee: Ohio State University Research Rice et al., Phys. Rev, Lett., 49:1455 (1982). )
Foundation, Columbus, Ohio Bredas et al, Phys. Rev., B29:6761 (1984).

Chiang et al., Synth. Met. 13:193 (1986).
Ginder et al., Solid State Commun., 63:97 (1987).
Epstein et al., Synth. Met., 18:303 (1987).

[*] Notice: The portion of the term of this patent
subsequent to Aug. 11, 2009 has been

disclaimed.
1selame Choi et al., Phys. Rev. Met., 59:2188 (1987).
[21] Appl. No.: 426,959 Skoptheim et al., Electrochem. Soc., 132:246 (1985).
Obayashi et al., Adv. Chem. Ser., 163;316 (1977).
[22] Filed: Oct. 24, 1989 (List continued on next page.)
Related U.S. Application Data Primary Examiner—John Kight, ITI

Assistant Examiner—T. Mosley

{63] Continuation-in-part of Ser. No. 423,902, Oct. 19, 1989, Attorney, Agent, or Firm—Emch, Schaffer, Schaub &

which is a continuation-in-part of Ser. No. 193,964,

May 13, 1988, Pat. No. 5,079,334. Porcello Co.
[51] Imt. Cls5 ... CO8F 283/00; C08G 283/00; 573 L. . ABSTRAC,T. "
C08G 73/00; HOIB 1/00 Sulfonic acid-substituted polyaniline salt compositions,
[52] U.S. Cli coovoreeeeeeeeee e 525/540; 252/500; ~ Processes for their preparation and uses therefor are
428/473.5; 528/422; 528/210; 359/265 disclosed. The sulfonated polyaniline salt compositions
[58] Field of Search ...................... 350/357; 369/100; ~ have fast electronic and optical responses to electro-

252/500; 428/473.5: 525/540: 528/422, 210  chemical potentials, improved environmental stability,
’ ’ ’ ’ and improved solubility. A process for producing the

[56] References Cited sulfonated polyaniline salt compositions comprises re-
acting a sulfonated polyaniline polymer with an aque-

U.S. PATENT DOCUMENTS ous basic solution. The sulfonated polyaniline composi-

3,941,810 3/1976 KOEbNEr ....ooeoerrreerrreirennne 252/518 tions are useful for absorption of electromagnetic radia-
4,488,943 12/1984 Skotheim .... .. 204/58 tion, as a high density erasable data storage medium for
4,556,623 12/1985 Tamura et al. . .- 430/73  yge in information storage and processing applications,

4,585,581 4/1986 Skotheim ... - 252/518 and to provide electronic, chemical, electrochemical,
::Zgg:zg?] g;}ggg K?}gﬁrf; ::'a']" N g;gﬁg; and optical mi.croelectronic.devices wh%ch use and con-
4,615,829 10/1986 Tamura et al. ... 528,490 trol the chemical and physical properties of the sulfo-
4,636,430 1/1987 Moehwald .. . 428/3044  nated polyaniline salt compositions.

4,742,867 5/1988 Walsh .coococerrrrvreererrncnnrirenen, 165/96

4,749,260 6/1988 Delery et al. . 350/357

4,822,638 4/1989 Yaniger ........... ... 427/79

4,851,487 7/1989 Yaniger et al, . 525/540

4,855,361 8/1989 Yaniger ........... ... 525/436

4,935,164 6/1990 Wessling et al. . 252/500

4,973,391 1171990 Madou et al. w.ooevreeerererernnnnn, 204/78 12 Claims, 4 Drawing Sheets

ABSORBANCE

" L ! 1 .
500 700 900 1100 1300 1500 700

WAVENUMBER, cm-1

Copy provided by USPTO from the PIRS Image Database on 02-27-2003



5,164,465
Page 2

OTHER PUBLICATIONS

Sammels et al., J. Electrochem. Soc., 131:617 (1984).
Chao et al,, J. Am. Chem. soc., 109:6627 (1987).
Hardy et al., J. Am. Chem. Soc., 1071:3823 (1985).
Gregory et al., Synthetic Metals, 28:C823-C835 (1989).
Nakajima et al, Synthetic Metals, 28:C629-C638
(1989).

Mizumoto et al., Synthetic Metals, 28:C639-C646
(1989).

Angelopoulos et al., J. Vac. Sci. Technol. B7 (6) Nov./-
Dec. 1989.

Lacroix et al, J. Electrochem. Soc., 136:1308-1313
(1989).

Computer search performed in the 1989 Am. Chem.
Soc., (1989).

Chem. Abstracts, 106:33982g (1987).

WPI Data Base Search of JP patent No. 61-197633.
Noshay et al, J. App. Polymer Sci.,, 20:1885-1903
(1976).

Declaration of Arthur J. Epstein.

Copy provided by USPTO from the PIRS Image Database on 02-27-2003



U.S. Patent Nov. 17, 1992 Sheet 1 of 4 5,164,465

I 1 I I 1
w
O
i
@ —X'1G. 1
@
n
(11]
<
] | L ! i
500 700 900 100 1300 1500 1700
WAVENUMBER, cm™
10
0.8} 7]
)
O
4
<< 06} .
@
a
O
n
D o4} -
0.2} -

L s ]
o2'00 400 600 800 1000
WAVELENGTH,nm

—F'IG. 2

Copy provided by USPTO from the PIRS Image Database on 02-27-2003



U.S. Patent Nov. 17, 1992 Sheet 2 of 4 5,164,465

Copy provided by USPTO from the PIRS Image Database on 02-27-2003



U.S. Patent Nov. 17, 1992 Sheet 3 of 4 5,164,465

SO, SO,
AN Ve SN
Structure a !
Compound I 4 o 9)('
SO,Na SO,Na
H H
Structure b 1{;_©_ N N=<:>= N >_
Compound II X
SO,H SO,H
I;I H
I
Structure ¢ N—O"N N=<:>'=N>'
X

SO,M SOM
H H
Structure d ll\I < > II\I N=®=N'>'

Structure e :: 1"\1 : leI : N : N%:
T 16, 4

Copy provided by USPTO from the PIRS Image Database on 02-27-2003



U.S. Patent Nov. 17, 1992 Sheet 4 of 4 5,164,465

+ Z-3T

SO, SO;
AN g

|
! - %

Reaction A
SO,M SOM
i 0
|
N— )N N N)- +@0H0
X
or
SO SO

(2x)MOH (M =NH,",)
SOM SO.M

H H
{@—ﬁ—@—l‘q N N}x- + QRH0

Reaction B

Copy provided by USPTO from the PIRS Image Database on 02-27-2003



5,164,465

1

SULFONATED POLYANILINE SALT
COMPOSITIONS, PROCESSES FOR THEIR
PREPARATION AND USES THEREOF

BACKGROUND OF THE INVENTION

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

The present invention relates to sulfonic acid-sub-
stituted polyaniline salt compositions, 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,
chemical and optical properties of the polymers can be
modified through variations of either the number of
protons, the number of electrons, or both. The polyani-
line polymer can occur in several general forms includ-
ing 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

DD

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

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, through
the name emeraldine is often focused on y equal to or
approximately 0.5 composition. Thus, the terms

“leucoemeraldine”, “emeraldine” and “pernigraniline”

—

0

—
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2
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

{olokod

which may be rewritten as

H H H H

| | | |
Lo-lo--0-
+. +.

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 (1M HCI) to produce the corresponding salt brings
about an increase in electrical conductivity of approxi-
mately 1012; 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, polyaniline can be turned *“on” by either a nega-
tive or a positive shift of the electrochemical potential,
because polyaniline films are essentially insulating at
sufficiently negative (approximately 0.00 V vs. SCE) or
positive (+0.7 V vs. SCE) electrochemical potentials.
Polyaniline can also then be turned “off” by an opposite
shift of the electrochemical potential.

n
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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 5

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) 10

when approximately half of its nitrogen atoms are pro-
tonated. Electrically conductive polyaniline salts, such
as fully protonated emeraldine salt [(—C¢Hs—NH—Cs.
H4—NH+)—Cl—], have high conductivity (10—4 to

10+2 S/cm) and high dielectric constants (20 to 200) 15

and have a dielectric loss tangent of from below 10—3to
approximately 101. 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. 20

The present invention is related to the invention dis-
closed in the co-pending application Ser. No. 305,872,
which was filed on Feb. 2, 1989 and is incorporated
herein by reference. That application discusses an opti-

cal information storage process which provides for 25

erasable high density optical data storage which can be
used in information storage and processing applications.
The powerful information storage process is based upon
the photoexcited optical transformations resulting from

the optical absorptions of polyaniline. 30

While the preparation of sulfonated polyaniline com-
positions which are capable of being “self-protonated”
or “self-doped” is disclosed in the parent application
Ser. No. 07/423,902, filed on Oct. 19, 1989, it is novel

herein to prepare sulfonated polyaniline salt composi- 35

tions.

SUMMARY OF THE INVENTION

The present invention provides nonprotonated sulfo-

nated polyaniline salt compositions which are electri- 40

cally insulating polymers and which are easy to dissolve
in aqueous solutions. The present invention also relates
to a process for producing the nonprotonated sulfo-
nated polyaniline salt compositions which comprises

reacting a sulfonated polyaniline polymer with a basic 45

solution, such as NaOH, KOH and the like. The sulfo-
nated polyaniline salt compositions are very soluble in
water at high densities and are therefore useful as in-
terim materials in producing self-protonated sulfonated

polyaniline compositions. 50

The present invention further relates to the use of
sulfonated polyaniline and derivatives thereof for ab-
sorbing electromagnetic radiation, including micro-
waves, radar waves, infrared waves, visible waves, and

ultraviolet waves as needed. The invention further re- 55

lates to the use of the radiation-absorbing sulfonated
polyaniline compositions to modulate another electro-
magnetic beam.

The invention further relates to the use of the sulfo-

nated polyaniline salt compositions as a high density 60

erasable data storage medium intended for use in infor-
mation storage and processing applications.

The present invention also relates to a method for the
bit-wise or total erasure of the stored information. Fur-

ther, the present invention relates to a method for the 65

“layering” of information stored. As the intensity of the
photoinduced (write beam produced) change in absorp-
tion is proportional to the intensity of the write beam,

4
discrimination of the amount of photoinduced optical
absorption by the read beam enables more than one bit
(0,1) to be written at a single bit location.

The present invention and the sulfonated polyaniline
salt materials described herein may also be used to pro-
vide a medium for recording of hologram as done for
example in photorefractive Bi;2SiO [J. P. Herriau and
J. P. Huignard, Appl. Phys. Lett. 49, 1140 (1986)] and
BaTiOj3 [J. Feinberg, Physics Today, 41 (10) 46 (1988)].
This technique allows for storage of information in a
form of photoinduced fixed gratings within the sulfo-
nated polyaniline salt material and formation of holo-
graphic images.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is 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. 2 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, (peaks at 3.88 and 2.16 eV in 0.1IM
NH;OH; (b)—emeraldine salt film, (peaks at 3.76 and
2.0 eV) in NMP.

FIG. 3 is a graph illustrating the electronic absorp-
tion spectra of (a)—sulfonated polyaniline in NH4OH,
maxima at 320 nm (3.88 €V) and 563 nm (220 eV);
(b)—emeraldine base in NMP, maxima at 330 nm (3.76
eV) and 620 nm (200 eV).

FIG. 4 is a schematic illustration of the equilibria
among different structures of self-doped sulfonated
polyaniline.

FIG. 5 is a schematic illustration of the equilibrium
between self-doped sulfonated polyaniline and its base
form in aqueous NH4OH solution.

DETAILED DESCRIPTION OF THE
INVENTION

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

The sulfonated polyaniline salt compositions have the
formula I

wherein 0=y=1; Ry, Ry, R3, R4, Rsand Rg¢are indepen-
dently selected from the group consisting of H,
—SO;3H, —R;SO3H, —SO:M, —R7SO3M, —OCH3,
—CHj3, —CyHs, —F, —Cl, —Br, —I, —NR7;, —NH-
COR;, —OH, —0O-, —SR3, —ORj7, —OCORj,
—NO;, —COOH, —COOR7, —COR37, —CHO and
—CN, wherein Ry is a C1-Cg alkyl, aryl or aralkyl
group and M is a positive cation or counterion, for
example NHg4+, Li, Na+, K+, Rb+, Cs+, Ca++,
Ba++ and the like; and wherein x is that fraction of
phenyl or quinoid rings that have an —SO3;~ group and
where z is that fraction of these phenyl or quinoid rings
that have the M positive cation; such that when z is
much less than x, the composition is a conductor and as
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z approaches x, the composition becomes nonconduct-
ing.

The fraction of rings containing at least one Ry, Ra,
R3or Ragroups being an —SO3M, or —R7S03M 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 —R7SO3M substituents can be varied so that
the sulfonated polyaniline is soluble in a range of sol-
vents in order to make the sulfonated polyaniline salt
composition more easily blendable with other polymers
and/or more easily cast onto a variety of surfaces. The
sulfonated polyaniline composition is of weight average
molecular weight in the range of from approximately
300 (oligomers of sulfonated polyaniline) to in excess of
100,000 as measured by laser light scattering of sulfo-
nated polyaniline. Static light scattering light measure-
ments as a function of solution concentration and angle
were made at room temperature with a Brookhaven
B1200SM spectrometer and B12030AT Correlator
using as a light source an Argon ion laser operating at a
wavelength of 5145A.

The present invention discloses herein the synthesis,
the electronic, electrochemical and optical properties of
sulfonated polyaniline salt compositions. The sulfonated
polyaniline has a conductivity of 0.5 S/cm without
external doping which makes the sulfonated polyaniline
a self-protonated conducting polymer. It is disclosed
herein that, in contrast, a salt (Na+ or K+, for example)
of the sulfonated polyaniline is a non-protonated insulat-
ing polymer.

The chemical synthesis of the sulfonated polyaniline
salt compositions of the present invention is accom-
plished by reacting sulfonated polyaniline with a basic
solution.

An example of the synthesis of sulfonated, non-
protonated sodium polyaniline salt follows: 1 g of sulfo-
nated, protonated polyaniline in the emeraldine oxida-
tive state (structure a, compound I, in FIG. 6) was dis-
solved in 40 ml 0.1M NaOH solution. The color of the
solution was blue-violet. The water was removed from
the solution by slowly reducing the pressure of the
polymer solution at room temperature. After most of
the water was gone, the polymer was transferred to a
vacuum desicator and dried under dynamic vacuum for
24 hours. The sulfonated, non-protonated sodium
polyaniline salt, shown as structure b, compound 11, in
FIG. 4 was then obtained.

Infrared and electronic spectra. Infrared spectra were
obtained by mixing the either compound I or the com-
pound H into KBr matrix, pressing into peliets and
recording on an FTIR spectrometer.

For taking electronic spectra the compound I was
dissolved in 0.IM NH4OH to form a homogeneous
solution, the polymer solution was then cast on a quartz
substrate. Slow evaporation of the aqueous solution of
the compound 1I (ammonium salt) in air at room tem-
perature resulted in spontaneous removal of the weak
volatile base, NH3 with reformation of the compound L.
Compound II was dissolved in either HyO/NMP(N-
Methyl 2-Pyrrolidinone/solution for taking the spectra.

Conductivity measurement. Conductivities of the
compound I and compound II were measured on com-
pressed pellets of the powder by using four point probe
techniques with a Keithley 220 constant current source
and Keithley 181 voltmeter.
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Cyclic voltammetry studies. Cyclic voltammetry
studies were carried out using a Hokto Corporation
(HC) Model HA-301 potentiostat/galvanostat with HC
HC-201 digital coulometer. The HC HB-111 universal
programmer was used for the generation of the sweep
signals which were fed into the HA-301. Voltammo-
grams were recorded on a Hewlett-Packard Model
7046B XYY’ recorder with an optional time base func-
tion. For the studies of current peak changing with the
sweep rate, a Nicolet Model 370 digital oscilloscope
with digitizer and disk-drive plug-in was used for re-
cording ipin the high frequency characterization experi-
ments. A standard three electrode system was enclosed
in a dual compartment cell with a fine porosity glass frit
separating the working electrode and reference elec-
trode from the counter electrode. Platinum disks (1.0
cm?) were used as working and counter electrodes. A
Ag/AgCl, saturated KCI electrode encased with a lug-
gin probe was used as a reference electrode. 1.0M
HCI(20 ml) was used as the electrolte. All studies, ex-
cept scan rate dependence of current peak, were per-
formed at a sweep rate of 50 mV/s. Since preliminary
observations indicated that air did not have any effect
on the cyclic voltammograms, all operations were car-
ried out in the presence of air.

The compound I was cast on a Pt electrode by evapo-
rating a solution of the polymer in 0.IM ammonium
hydroxide and subsequently dried in air. In order to
obtain reproducible cyclic voltammograms the elec-
trode was preconditioned by cycling between —0.2 and
0.4 volts vs Ag/AgCl for ~ 10 minutes (25 cycles).

Structure Characterization and Physical Properties.
Elemental analyses, infrared and electronic spectros-
copy, conductivity and cyclic voltammetry studies are
consistent with the sulfonation of emeraldine base with
fuming sulfuric acid proceeding to give a self-doped,
sulfonated, protonated forms of the emeraldine oxida-
tive state of polyaniline, the compound I (shown as
structure a in FIG. 4) which has a conductivity of ~0.5
S/cm. This polymer can be regarded as being formed
by the hypothetically initial formation of the strong
acid, shown as structure c in FIG. 4, which then imme-
diately protonates the imine nitrogen atoms to give the
conducting polymer in an entirely analogous manner to
strong acids such as HCI. Treatment of the structure c
compound with an aqueous base yields the sulfonated,
non-protonated insulating salt forms analogous to emer-
aldine base, viz, the structure d compound shown in
FIG. 4.

With respect to the above structure, sulfonation oc-
curs preferentially in alternating rings and that under
the present experimental conditions, only half the rings
were sulfonated. This is consistent with the increased
stability of the semiquinone form. Further sulfonation
and consequently double protonation of nitrogen atoms
convert some of the —(NH)—to—(NH;+)-— and hence
reduce the conjugation of the polymer. The FTIR spec-
trum shown in FIG. 1 of the self-doped polyaniline, the
compound I, is consistent with the presence of —SO3—
groups alternated to the aromatic rings. IR shows ab-
sorption maxima of out of plane bending of aromatic
hydrogens at 820 and 870 cm—! are indicative of 1, 2, 4
trisubstitutents on the rings. The absorptions are not
present in the 1, 2 disubstituted emeraldine base from
which the compound I was synthesized. Absorption
peaks at 1080, 700 and 590 cm—! are consistent with the
presence of SO3— groups.
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