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radio frequency sputtering.

Description of the Related Art

Stability enhancement of electroactive polymers

Electroactive polymers have undergone an unexpectedly
rapid development in the last half-century. Polyaniline
(PANI) is an extensively studied electroactive polymer
due to its interesting properties and potential
applications. PANI doped with mobile inorganic anions
readily undergoes undoping when immersed in water, and in
basic solutions the undoping process is particularly
rapid. This limits the scope of possible applications for
these electroactive materials. Some investigations have
therefore been devoted to improve the electrical
stability of PANI in aqueous media through either

physical or chemical methods.

(1) Modification of PANI films or fibers.
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surface of PANI film The grafted filmexhibits significantly higher
stability in maintaining its conductive state than the ungrafted film
either in deionized water or in aqueous nedia with pHfrom2 to 10. 10 The
protective effect is dimnished when the pH exceeds 10. (Zhao Baozong,
Neoh K. G, Liu F. T., Kang E. T., Langnuir, 15, 8259 (1999) ) US Patent
4692225 di scloses a nethod of stabilizing 15 electroactive polyners to
hostile environments. The electroactive pol ymer may be, for exanple,

pol ypyrrole or polyaniline, as a powder, a free-standing filmor

pr ef er abl y Surfigve fograhtofcopodgmeosiziag iwint ko fa Patistriahea hgdebpasbac

fiberglass fabric, .inpregnated with the 20 el ectroactive pol yner. The
met hod conPlPS8ET difc & &P tilﬁé'\ﬂ K& Ye "€ CESALE \?@pf}&lt?ﬁ@itg\ﬂi‘t’ h@R9sui t abl e

epoxy, pol wha @& seic ikitedralodismiade dReiudtidgtdn  eneaBpHbattng agent. The
preferred nethod involves "coating or pre-pregging"” the fabric of the
el ect r oact MPECXS L5 ISHFEY afi Plends fdpenpstasiencarnd Féur phg ShEreasukehng

syst em dUSRaLenieSIa300and A Paterl #493200 4 sclqsg a pethed for

stabilizing the shelf tivit con Ive coating such as
pol ypyr r ol evarfamieclod] PRMIf ifddmon Thes whsifitatde fSuah extibiber gl ass by

i ncorporating a ol yphenol or al.ysi | gxane .in the conductive coati ng.
The polyphgﬁgpﬁﬁgdéﬁﬁiﬂa Bhsh & éﬁ&ﬁﬂblﬁaF@FW&PlPﬁnﬂhétsforn1of a
phenol - f or mRindeltderRremRr thanaf 1 WeRPRrtely mhenokikacraldehyde, and the
pol ysi | oxane is derived from
deionized water or in aqueous media with pH from 2 to 10.
10 The protective effect is diminished when the pH exceeds
10. (Zhao Baozong, Neoh K. G., Liu F. T., Kang E. T.,

Langmuir, 15, 8259 (1999))

US Patent 4692225 discloses a method of stabilizing

15 electroactive polymers to hostile environments. The
electroactive polymer may be, for example, polypyrrole or
polyaniline, as a powder, a free-standing film or
preferably in the form of a composite with a substrate,
such as a fiberglass fabric, impregnated with the

20 electroactive polymer. The method comprises
encapsulating the electroactive polymer with a suitable
epoxy, polyimide or bis-maleimide resin, as an
encapsulating agent. The preferred method involves
“coating or pre-pregging” the fabric of the electroactive

25 polymer with an epoxy resin and curing the resulting

system.

US Patent 5393610 and US Patent 5198266 disclose a method
for stabilizing the shelf life conductivity of conductive
30 coating such as polypyrrole or nickel sulfide on a

substrate such as fiberglass by incorporating a



5 a siloxane. Upon heating, the phenolic material cures to a pol yphenol
and the siloxane is converted to a polysiloxane, formng the stabili zing
material on the conductive polypyrrole or nickel sulfide coated
substrate. The phenolic material is preferably 10 incorporated directly
into the solution formulation for preparing the conductive nickel sulfide
or polypyrrole on the substrate, and the pol yphenol stabilizer is forned
together with the conductive coating om®the substrate by heating. In the
case of the silane or siloxane material, 15 the conductive polypyrrole or
ni ckel sul fpaleyptiafer at ya psl forrmehdd rist W the@ihsivat@a@ng.t he
conductive coated substrate is contacted wwth a solution of the siloxane
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‘conductive polypyrrole or nickel sulfide coated
substrate. The phenolic material is preferably

10 incorporated directly into the solution formulation for
preparing the conductive nickel sulfide or polypyrrole on
the substrate, and the polyphenol stabilizer is formed
together with the conductive coating on the substrate by
heating. In the case of the silane or siloxane material,

15 the conductive polypyrrole or nickel sulfide preferably
is formed first on the substrate, and the conductive
coated substrate is contacted with a solution of the
siloxane followed by heating to convert the siloxane to a
polysiloxane protective overcoating.

20
Japan Patent JP 2221851 discloses a method of improving
the electrochemical properties of conducting polymer
chemical sensor by coating the polymer with a hydrophobic
polymer via spin coating or by the use of adhesives.

25 European Patent EP 0783050 describes the stability
enhancement of electroactive polymers. A method of
depositing a electrcactive polymer film on a textile
fabric substrate is provided by the oxidative
polymerization of a pyrrole compound in the presence of a

30 dopant anion and a stabilizing agent having the formula:



wherein Rl, R2, R3 and R4 are independently selected from H OH and OR
and Ris C-C8 alkyl; and R5 and R6 are independently selected fromH,
COOH and SO3H. 10 These mnet hods achieve the stability enhancenent of

el ectroactive polynmers by either surface or bulk nodification. However, in
the surface nodification techniques nentioned above, the surface
conductivity of a filmof the electroactive polynmer will decrease after
the 15 coating or grafting process, andtthe thickness of the coating or
graft layer is difficult to control. On the other hand, the bulk

nodi fication of the electroactive polyners to forma conposite will change
the nature of the electroactive polyner, resulting in a | ower 20
conductivity. Hence these nmethods are usgeful only for special products and

for certain applications. (2) Using"® i c/or pol ymeric anions as dopants
25 An alternative way of retarding® de fonation of the conducting
un

polymer is to mnimze the | oss of terrens fromthe el ectroactive
pol yner.g Loss of counterions is acconpani ed by deprotonation of the
el ectroactive polyner, which then reverts to a non-conductive state. 30

PANI salt fiHameicastl,f Ron @ tar&DIRA i018 IRiaidhations sdieidieid Whem, tr eat ed
with water |f | arger o&ganic ani ons 5é§e.g@jsulfosalicylic aci d) rather
than smal | ét- iHbr ORa@f dhilohS € d.aldivl; @rau-BS @ndd Redrq Neoh K.

G; Kang EndepenthtSy lseiRRloUn éﬁﬂﬁqg-d%dﬁ“%nd4§h%4l (1994)) Polyneric

anions incorporated into the electroacti've 5 polymer “matrix are not easily
| ost when the polyner is

10 These methods achieve the stability enhancement of
electroactive polymers by either surface or bulk
modification. However, in the surface modification
techniques mentioned above, the surface conductivity of a
film of the electroactive polymer will decrease after the

15 coating or grafting process, and the thickness of the
coating or graft layer is difficult to control. On the
other hand, the bulk modification of the electroactive
polymers to form a composite will change the nature of
the electroactive polymer, resulting in a lower

20 conductivity. Hence these methods are useful only for

special products and for certain applications.
(2) Using organic or polymeric anions as dopants

25 An alternative way of retarding the deprotonation of the
conducting polymer is to minimize the loss of counterions
from the electroactive polymer. Loss of counterions is
accompanied by deprotonation of the electroactive
polymer, which then reverts to a non-conductive state.

30 PANI salt films cast from salt solutions retain anions

better when treated with water if larger organic anions



imrersed in water. However, these nethods cause sone problens. Filns doped
with large organic or polyneric anions have substantially weaker

mechani cal properties than filns doped with inorganic acid anions, as well
as 10 lower doping |levels and conductivity. Doped PANI filns prepared by
bl ending PANI with poly(acrylic acid) in N nethyl-2-pyrrolidinone (NVP)
have the problem of non- uniformty and inefficient doping (Chen, S. A ;
Lee, H T. Macronol ecul es, 28,2858(1995)), and the synthesis of 15 PANl in
pol ymeric acids | eads Iargely to soluble product (Neoh K G ; Kang E. T.;

Tan K L. J(e.Féj'lySSulfﬁ‘t&i’HliB:ylﬂfﬂ]a,CZiZﬁ( HrhHer Hhdn Seddl-ldapeachdqr@jamirr s 20 In
t hese polyners, functio aI acid grggups such as -SO3H caoval ently attached
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treatnment of PANI or polypyrrole (PPY) with fumng sulfuric aC|d (Yue J.
Wang Z. H. ;PGrrsicic aoipns Epsq@nprad;eci] lnuvactm@raﬂ:attmacglvb Am Chem

Soc. 113,26 e]% té}f’ L PoI ym
Commun. 326%55(1%%? ﬁ%@or Wi t egarhsols &odnsitc Wgjcelnd Teshi ma
S.; Aizawa Rﬂﬂeﬂ%kmnYwatmhﬁsmveﬁ tHdofd ﬁi’%’tl’ﬁ)d&l\/lcaﬁw‘d fBonM?t 96, 161
(1998)) The 6 bstlt%eh%%(:? oups dim nish the conjugation of polyner
units, reSLﬁlfc?kﬁger?% t RﬁfB PollArde Iy RONEiG e (about
one or norexdidtey Kfvdregidiude i1 1\PS&aker mechanical properties
than films doped with inorganic acid anions, as well as
10 lower doping levels and conductivity. Doped PANI films
prepared by blending PANI with poly{acrylic acid) in N-
methyl-2-pyrrolidinone (NMP) have the problem of non-
uniformity and inefficient doping (Chen, S. A.; Lee, H.
T. Macromolecules, 28,2858(1995)), and the synthesis of
15 PANI in polymeric acids leads largely to soluble product
(Neoh K. G.; Kang E. T.; Tan K. L. J. Phys. Chem. B.
101,726(1997)).

(3) Self-doped polymers

20
In these polymers, functional acid groups such as —-SOsH
covalently attached on the polymer chains of the
electroactive polymer serve as counterions in the polymer
matrix. These counterion groups can be introduced by

25 treatment of PANI or polypyrfole (PPY}) with fuming
sulfuric acid (Yue J.; Wang Z. H.; Cromack, K.R.; Epstein
A. J.; MacDiarmid, A. G. J. Am. Chem. Soc.113,2665(1991);
Kang E.T.; Neoh K. G.; Woo Y. L.; Tan K. L. Polym.
Commun. 32,412 (1991)) or with chlorosulfonic acid

30 ({(Murata K.; Teshima S.; Aizawa R.; Asako Y.; Takahashi
K.; Hoffman B. M. Synth. Met. 96,161 (1998)) The



of conductivity) than the externally doped polyner. The 5 self-doped

pol ynmers usually are of poor nmechanical strength. It has been verified
that the inmobilized -SO3- groups in the self-doped polyner are stable in
water. It should be noted that the undoping process would be accelerated

in basic solutions. Electroactive polyners 10 nodified by using organic or

pol yneric anions as dopants or self-doped polyners as nenti oned above

rapidly revert
hi gh pH val ue.

to the insulating state especially in basic solution with
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accelerated in basic solutions. Electroactive polymers

10 modified by using organic or polymeric anions as dopants

or self-doped polymers as mentioned above rapidly revert

to the insulating state especially in basic solution with

high pH value.

15

Stability enhancement of redox active materials

An example of redox active materials includes 1,1'-

disubstituted-4,4’ -bipyridinium salts, which are commonly

20 known as viologens. Viologens exist in three redox

states, as dication, radical cation, and di-reduced

species. Almost all of the applications of viologens are

related to electron transfer reaction between the first

two redox states. Viologens display a photochromic

25 effect caused by reduction of the viologen dication to

its radical cation and this has received considerable

attention for application to electrochromic displays,

dosimeters and actinometers. However, the radical cations

of viologens are not stable in air because of the highly

30 oxidation-sensitive nature of the radical cation.

Reaction with molecular oxygen is particularly fast. In

t wo



the stability of the radical cations. 5 (1) Verneulen [L. A, Thonpson M
E. NATURE, 358, 656 (1992)] describes stable photo-induced charge
separation in layered viologen conpounds. It is reported that the

phot ochrom ¢ behavi or of novel |ayered zirconium phosphonate/viol ogen
conpounds shows very efficient 10 photo-induced charge transfer. The
conpounds forma charge-separated state that is long-lived and stable in

air. Spectroscopic studies indicate that the phot opr oduct

is a dialkyl

vi ol ogen radical cation, produced in the interlanellar region of the

zi rconi um phgkphdmatshiditd ivsl ol gsngy stoad ddvatent e rogmerk alxdielistiali | ity of
t he charge-_ separ at tate arises fromstructural features that .allow for
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mol ecul ar @hegetabdQ i(td) J4S trat antq 2506464 idescri bes an enhanced cycl e
lifetime el ectrochromc system In this electrochromc systens, the
increase in cycle lifetime is a product of one or nore of the follow ng:

novel org K YEvBtdd G, Viol o anpoynd l{(ﬁ%gel rolyte systens,
and m xed n(ggnso vent sygaénéy’(%?ﬁﬁg?opegﬁ gétgL ’0%@%28£¥ﬁ§scribes an
el ect r ochr olti%® Zddv ides diaiieasy snaddld efotesliorduigd pheperd isepawkitdlnuses an
el ectrol yte sal ution, canposed of 30 a viologen and a specific al cohol
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one conponent of the device. It further

phosphonate/viologen compounds shows very efficient

10 photo-induced charge transfer. The compounds form a

charge-separated state that is long-lived and stable in

air. Spectroscopic studies indicate that the photoproduct

is a dialkyl viologen radical cation, produced in the

interlamellar region of the zirconium phosphonate. It is

15 suggested that the remarkable stability of the charge-

separated state arises from structural features that

allow for stabilization of the radicals by delocalization

and shielding from molecular oxygen.

20 (2) US Patent 5516462 describes an enhanced cycle

lifetime electrochromic system. In this electrochromic

systems, the increase in cycle lifetime is a product of

one or more of the following: novel or known asymmetric

viologen compounds, mixed electrolyte systems, and mixed

25 solvent systems.

(3) European Patent EP 0682284 describes an

electrochromic device having excellent coloring

properties which uses an electrolyte solution composed of

30 a viologen and a specific alcohol solvent as one

component of the device, or uses an electrolyte film



provi des an el ectrochrom c device having i nproved operation |life and
stability to operate at a |lower 5 tenperature and conprising an el ectrolyte
pl aced between a pair of electrodes, wherein the electrolyte is in the
formof an electrolyte solution prepared by dissolving a viologen
derivative in an organic solvent or wherein the electrolyte is in the form
of an electrolyte film 10 prepared by imersing and i mobilizing the
solution into a porous film In both US patent 5,516,462 and EP patent
0682284 viologens are enployed as the electrolyte in 15 el ectrochromc

devi ces. | mpordiered dowvioimeoxicate o nmhdie 1 ¥e0ox @ed i e wd iadrogieltd & usual |y
tightly sandw ched_. between two el ectrodes and/ or support substrates |ike

gl ass. 20 Bf9EtY% VOO PRI orP Bur st | RS, L WiFseisit approach
has been foundy{fts & abiddzidehidie; degdyad qpndye! iMe,RIARerties or 25

oxi dation states of electroactive polynmers or redox active materials. In
t hi s proces¥erdtecan obkie vand pot atmek st prt e edfoxr ot iate arateréral s are coat ed

with a I ing radio. freque RF) sputtering. .30 I n one
aspect, Effhgp él“g@ée)gn%/%e pér%%/i a5 g fretho o‘?rfé/%éﬁ%i%ﬁ%éﬂﬁceecggoaeoﬁwﬁ@ of an
el ectroact iaepgint yoerelectr sBskoX wicd o/tn NEH LI Bdct 1051 B £ 0TS tigh&€onpri si ng
an el ectro%:#ive pol yner and a redox active material, which conprises
deposi ti ng THR HeE ect 1t Vet p ot ion Herepared by dissolving a

viologen derivative in an organic solvent or wherein the
electrolyte is in the form of an electrolyte film
10 prepared by immersing and immobilizing the solution into

a porous film.

In both US patent 5,516,462 and EP patent 0682284
viclogens are employed as the electrolyte in

15 electrochromic devices. In order to avoid oxidation, the
redox active viologen is usually tightly sandwiched
between two electrodes and/or support substrates like

glass.

20

Brief Summary of the Invention

Surprisingly, a different approach has been found for
stabilizing the desired conductive properties or

25 oxidation states of electroactive polymers or redox
active materials. 1In this process, electroactive
polymers or redox active materials are coated with a

fluoropolymer, using radio frequency (RF) sputtering.

30 In one aspect, the invention provides a method of

enhancing the stability of an electrocactive polymer, a



redox active material, or the conposite, a fluoropolyner 5 coating by radio
frequency sputtering. In another aspect, the invention provides an

el ectroactive polynmer, a redox active material, or a conposite conprising
an el ectroactive polyner and a redox 10 active material, that bears a radio
frequency sputtered fluoropolyner coating. The present nethod enploys a
thin, fluoropolyner coating deposited on the electroactive polynmer or
redox active 15 material via RF sputted ng. The fluoropol ymer coating can
be transparent. No adhesives or epoxy resin are needed to apply the

f1 uor opol ymerdccoatdtige matsalivdnt ors a uethdsitichecapatiisigigpraecess, and the
surfaces of th% eI%gtroactive ol ymer or_ redox ,active material to be 20
coated do MOCTEQATE 5 EAYIREMETC aTHE dnge AGHtide Mes@riar nghiisht he

present i nvesid AsdLaldedsa 13 dhickness o 19 tfildierarel WK Loat ihg that can
be controlled by changing the sputtering tine at fixed power levels, or by

carryi ng odiedaie asihitee Mag i@l ,a oderthal wompes idte 2% dilfufogropratl ymedi o
frequency ROWRrS. i.ck f the_  fluagr.opolyner nmay be, for exanple,
from about 1 Hﬁ¥%gﬂﬁ§%%%%)%%%%ﬁ%pcfhgpﬁggﬁgﬁpq'nvention does not result in
significant 30 changes to the bulk properties of the el ectroactive polyner

or redox active terial. The gégting process 10 can be carried out after
the el ectr dAcEEFAH PFESr H&ddR VARG PEOaideSs @ave attai ned t he

desired | evalecafroa@@tivg b1 yilereT RAtieVRlY a ftUiidh&la tR1atai ndyced reacti ons
composite comprising an electroactive polymer and a redox

10 active material, that bears a radio frequency sputtered

fluoropolymer coating.

The present method employs a thin, fluoropolymer coating
deposited on the electroactive polymer or redox active

15 material via RF sputtering. The fluoropolymer coating
can be transparent. No adhesives or epoxy resin are
needed to apply the fluoropolymer coating, no solvent is
used in the coating process, and the surfaces of the
electroactive polymer or redox active material to be

20 coated do not require pre-treatment. The use of RF
sputtering in the present invention leads to a thickness
of fluoropolymer coating that can be controlled by
changing the sputtering time at fixed power levels, or by
carrying out the sputtering for a certain time at

25 different radio frequency powers. The thickness of the
fluoropolymer may be, for example, from about 10 nm to

about 100 nm.

The present invention does not result in significant
30 changes to the bulk properties of the electroactive

polymer or redox active material. The coating process



can be carried out in the electroactive polynmers or redox 5 active
materials after the coating process due to the thin and transparent nature
of the fluoropolynmer coating. The present invention relates to a nmethod of
enhancing the stability of electroactive polyners and redox active
materials. In the case of electroactive polyners, for 10 exanple

pol yaniline, the fluoropolynmer coating enhances the electrical stability
of the polyner, especially when it islPmersed in aqueous nedia. In the
case of redox active materials, for exanple viologens, the fluoropolyner

coating enhances tdwrddaiiton fest sthanea <kt ol td veefiyirai it @ras
phot ochrom c stability) of the  viologen. The preferred nethod of enhanci ng
1

the stabi H¥3P%R G He Mt dacts Ve oldfrer riéordesdiade 19wededtal
i nvol ves t@%ﬂ¥ﬂ¥¥yﬁ'(ﬂlﬂgrﬁéﬂfﬁ@ﬁyfﬁf&%tﬁéfﬂﬂ ﬂﬁﬁ?ﬁe§(yéé@ﬁygﬁéa

fluorinated ethyl ene propylene 20 "copol ymer (FEP ving a thickness of
about 10 nragy beavsree wired eits uinf dde of 1l @dier ad atitweo aetliwres rrratcer irgddoxdhen a

pol yani Id ne fi.l m sputtered with fluyoropolyner is imersed in,aqueous nedia
such as 5wa£%ecrt,lv§r "%lriceéflbagssl caétoeilht#b%,c‘po e]d)rgad)artcic(ﬁ?sofds‘i%éloelr]:&et rical
conducti vi tohief drhe fridripgart netandeds SiHE |ﬂrddhopM1§mear ddtagen film
sputtered with fluoropolyner is excited under UV irradiation to the

radi cal cathteh RERE d VeI hgFeditsration srethesd 9 mnhangid@qt ai ned for

TSR e O G SRl Batl] 0 Gl LSRN, Al v ol ove
oxygen. llmaterials. In the case of electroactive polymers, for

10 example polyaniline, the fluoropolymer coating enhances
the electrical stability of the polymer, especially when
it is immersed in aqueous media. In the case of redox
active materials, for example viologens, the
fluoropolymer coating enhances the oxidation resistance

15 (also referred to as photochromic stability) of the
viologen. The preferred method of enhancing the
stability of the electroactive polymer or redox active
material involves the deposition of a layer of a
fluoropolymer, for example fluorinated ethylene propylene

20 copolymer (FEP), having a thickness of about 10 nm or
more on the surface of the electroactive material. When a
polyaniline film sputtered with fluoropolymer is immersed
in aqueous media such as water, or in a basic solution,
degradation of the electrical conductivity of the film is

25 retarded. Similarly, when a viologen film sputtered with
fluoropolymer is excited under UV irradiation to the
radical cation state, a resulting coloration of the film
is maintained for a longer period of time due to
retardation of the reaction of the viologen film with an

30 oxidative atmosphere, such as an atmosphere containing

oxygen.



The stability enhancenent of both the el ectroactive polyner and the redox
active material is evident from conductivity measurenent and/or
spectroscopi ¢ analysis. 5 Description of the Figures Figure |I displays the
rel ati onship between the sheet 10 resistance and the water treatnent tine
for a doped polyaniline coating coated with a fluorinated ethyl ene

propyl ene copol yner (Exanple 1), a doped polyaniline free-standing film
coated with a fluorinated ethyl ene prépylene (Exanple 3), a

pol yani | i ne-viologen thin film 15 assenbly coated with a fluorinated

et hyl ene propylene after UV irradiation (Exanple 5) and a pol yaniline-

vi ol ogen t§| n film.assenbly irradiated wwth UV after coating with a

f1 uori nat ed & A oA Erdmte P thifek lisateicssd iivie wat er. 20
Figure 2 dlpmly@fsésr arldV-rHeS IR ARIATRE ARG e Uy i1 RO IdEat ed
pol yani line coating before imersion in water, a non-treat ed

‘pol yani | i n€Eogscitig idn meaélﬁ”enmnrmtaeld/mmrspamncmqum areigdfs.a treated
(fluorinated 25 ethyl ene propyl ene copol yner coating) polyaniline coating
after a 3 hour inmrersion in water. Figure 3 displays a UV absorption
spectrum of a non- fluoropolyner coated vinyl benzyl viologen grafted film
30 in the -resence of oxyoen | mnute after the formation of the viologen
radi cal catCeFER Sequehce UM 12 absorption spectra of a

f I uor opol yner coated vi nyl benzyl

Figure 1 displays the relationship between the sheet

10 resistance and the water treatment time for a doped
polyaniline coating coated with a fluorinated ethylene
propylene copolymer (Example 1), a doped polyaniline
free-standing film coated with a fluorinated ethylene
propylene {(Example 3}, a polyaniline-viologen thin film

15 assembly coated with a fluorinated ethylene propylene
after UV irradiation (Example 5) and a polyaniline-
viologen thin film assembly irradiated with UV after
coating with a fluorinated ethylene propylene (Example
6), when immersed in water.

20
Figure 2 displays a UV-visible absorption spectrum of a
non-treated polyaniline coating before immersion in
water, of a non-treated polyaniline coating after a 5
minute immersion in water, and of a treated (fluorinated

25 ethylene propylene copolymer coating) polyaniline coating

after a 3 hour immersion in water.

Figure 3 displays a UV absorption spectrum of a non-
fluoropolymer coated vinyl benzyl viologen grafted film,
30 in the presence of oxygen, 1 minute after the formation

of the viologen radical cation, and a sequence of UV



viol ogen grafted film in the presence of oxygen, 0, 2, 4, and 6 m nutes
after the formation of the viologen radical cation. 5 Description of the
Preferred Enbodi nents The el ectroactive pol yner can be sel ected, for
exanpl e,

pol yacet yl enes [ (CH)x],

10 from pol yanilines [ PANT], polypyrroles, polythiophenes,

pol y( par a- phenyl ene) [ PPP] and pol y(p-phenyl ene

vi nyl ene) [ PPV]. The el ectroactive poI%ners can be either unsubstituted or

substituted. Exanples of substituted

pol y(o-tol uidine), and hal ogenated polyanilines such as

8l yani | i nes include, for 15 exanpl e,

iline is

for

pol y( 2- f | uabearidtiioe) sp[é@k)t@OonhlaOer&@iﬂdplaﬁMn@d:oatt@ hiikgy1 Reinmni
connerC|aI%y vai | abl e. mpl es .of substituted pol ypyrrol es include,
exanpl e, Pu @ 6?Fr§Pé§“s&@ht§§ PHﬁﬁﬁPE@k%&iEﬁYﬂeﬁo ﬁyrﬁbles and

1-(4-nitr Oﬂhe%)hld) 6pan1'hQ1|t%s %’I@etrh%hle' l@%rma@&%'ﬁploqis 9fe

polythlophenes i nclude, for exanple, poly(3,4- ethylenéﬁioxythlophene)

pol y[ 3- ( 4- n@ﬁyﬂadh@@$npmhlophene] and the like. 25 The unsubstituted or

substituwted el ectroactive polyners
pol ynmeri'c anions as dopants, for exanple as descri bed by Neoh et al.

can al so contain |large organic or

in

Polym Degrad. Stabil. 43,141 (1994), or they can be self-doped polyners,

for exanple as descrlbed b Yue et 30 al.
2665(1991) 2° L g Prepgnpad

et al.

in

10

15

20

25

30

in J. Am Chem Soc. 113,

Synthw Met. 96, 161 (1998).

The electroactive polymer can be selected, for example,
from polyanilines [PANI}, polypyrroles, polythiophenes,
polyacetylenes [(CH)x], poly(para-phenylene) [PPP] and
poly (p-phenylene vinylene) [PPV]. The electroactive
polymers can be either unsubstituted or substituted.
Examples of substituted polyanilines include, for
example, poly(o-toluidine), and halogenated polyanilines
such as poly({2-fluoroaniline), poly{o-chlorcaniline), and
the like. Polyaniline is commercially available.
Examples of substituted polypyrroles include, for
example, N-substituted pyrroles such as 1-(carboxyalkyl)
pyrroles and 1-(4-nitrophenyl) pyrrole, and the like.
Examples of substituted polythiophenes include, for
example, poly(3,4~ethylenedioxythiophene), poly[3-
octylphenyl) thiophene], and the like.

The unsubstituted or substituted electroactive polymers
can also contain large organic or polymeric anions as
dopants, for example as described by Neoh et al. in
Polym. Degrad. Stabil. 43,141 (1994), or they can be
self-doped polymers, for example as described by Yue et
al. in J. Am. Chem. Soc. 113, 2665(1991), by Kang et al

MePXFS 412 (1991), or by Mirata



An el ectroactive polynmer may be in any form for exanple 5 in the form of
a free-standing film a thin filmcoating on inert substrates such as LDPE
(low density polyethylene) film or a coating on viologen-grafted LDPE
films. One nethod of preparing the el ectroactive polynmer on a substrate

i nvol ves placing the substrate in a 10 polynerizing m xture of the
appropriate nononer to obtain a thin filmcoating of the el ectroactive

pol ymer. OQther preferred nmethods for pBeparing el ectroactive pol yners

i nvol ve casting the electroactive polyner froma solution into a thin

film or sy hesiyngdaeuel et r aact i Meshs pely By Murafid @t rm vird

el ectrochem cal neans (Tan, H H.: Neoh, K G ;Liu, F.T.; Kocher gi nsky, N.;
Kang, E.T. SYP%pplMedol yih, 164 (16981 -(2001); Cen, L.: Neoh, K G: Kang,
E.T. Langnuir, 18,8633, (2002)). The el ectroacti ve pol ynmer can have: 1) only
reduced repeating units (termed 20 | eucoeneraldine in the case of

pol yani | i nédn £)eantoacturiedippddmreapestyi g um tany( tiermed flaer rdxgingitid i ne in

emer al e TS TR G T A (A 2 S o O FAAICRt and.

oxi di zed repeatrid¥t Zudbtitates FiRIEIRCIDIACT (1MR; RRINETRIy can exist in the
form of |ts base or its protonated form The redox actlve materi al can be

sel ected, fRAL¥SENPIe) fiidM via dyaee tsaeh s @@mmmﬁaﬁdﬁ% Pat ent
. 030 s g v B ) e A1 48 L, P
vi ol ogen amm\arauﬁﬁnn@ﬁe\mnﬁdﬂyﬂsapﬂhc1ng the substrate in a
10 polymerizing mixture of the appropriate monomer to obtain
a thin film coating of the electroactive polymer. Other
preferred methods for preparing electroactive polymers
invelve casting the electroactive polymer from a solution
into a thin film, or synthesizing the electroactive
15 polymer in film form via electrochemical means (Tan,
H.H.;Neoh, K.G.;Liu, F.T.; Kocherginsky, N.; Xang, E.T.
J.Appl.Polym. Sci.,80,1, (2001); Cen, L.; Neoh, K.G.:
Kang, E.T. Langmuir,18,8633, (2002)). The electroactive
polymer can have: 1) only reduced repeating units (termed
20 leucoemeraldine in the case of polyaniline), 2) only
oxidized repeating units {termed pernigraniline in the
case of polyaniline), or 3) varying ratios or both
species {(termed emeraldine in the case of polyaniline
with a 1:1 ratio of reduced and oxidized repeating
25 units). The electroactive polymer can exist in the form

of its base or its protonated form.

The redox active material can be selected, for example,
from viologens such as described in European Patent No. 0
30 682 284 and U.S. Patent No. 5,516,462, the relevant parts

of which are hereby incorporated by reference. Mention



their salts, particularly the dihalide salts. Viologens have been studied
extensively, and further exanples of suitable viologens can be found in
the literature (for 5 exanple P. M S. Mnk, The Viol ogens: Physi cochem cal
Properties, Synthesis and Applications of the Salts of 4,4 -Bipyridine,
John Wley & Sons, Chichester, 1998, which is hereby incorporated by
reference). The redox active material nmay be in the formof a filmor it
can be 10 i mobilized on the surface ota substrate (Zhao, L.P.; Neoh,

K. G; Kang, E. T. Chem stry of Mterials, 14,1098, (2002); Liu, X ; Neoh,
K. G ; Zhao,is .mRde KahgyendyIT.vilcdrgyan randl&,in?Abénz(20820ogth HRel | nvention
al so cont enpl at es rial _that conprises both an

conposite ar mat e
el ect r oact i V& oI SAreErS ’gprﬁf”%ltlrcé’gﬁgalyactﬁ]evéilﬁ&tlérdieals.alﬁsconﬁdé’illoéieﬂ‘?at

conpri ses hedfe afedl entudagd idse HRi%aEry , ant A 8¢9k aekiye 1t ¢/d al , such
as a viologen, can exhibit interesting changes in 20 conductivity under W

i rradi ati onSYNgpPl® Wiolhegstiis Ka@ be Sawvpahtimathe) 1iterkange BLPr, Tan, K. L.
J. Phys.5 Chem B 0 1 (20 +Hence, irradiation of. selected areas
can pr oVl de comrﬁuect%vﬁ%y%'o%soe ]géc&;leﬂdg arSILIERG ¢ sSlﬁéyscr}]egéTcﬁ ence, for
exanpl e, foPrqeetieras f abyiidaid ion antl 2 leleaticeni ©Adesieyka e dhin and

t ranspar ent f. 1he fl | ymer coating .is useful in these systens

nafure o or opo _
as the chafrg s“%lrpyczbjrfé&ﬂﬁ'i Y 6‘@1]5%6&(1 Ky sV Frchgisaeiton 1988 be carri ed
out after tieidd UQy CRAISHTRTI iQAIIIG R APRIRen3’)15 The redox

active material may be in the form of a film or it can be
10 immobilized on the surface of a substrate (Zhao, L.P.;

Neoh, K.G.; Kang, E.T. Chemistry of Materials,

14,1098, (2002); Liu, X.; Neoh, K.G.; zhao, L.P.; Kang,

E.T. Langmuir, 18, 2914, (2002)).

15 The invention also contemplates a composite or a material
that comprises both an electroactive polymer and a redox
active material. A composite that comprises both an
electroactive polymer and a redox active material, such
as a viologen, can exhibit interesting changes in

20 conductivity under UV irradiation (Ng, S.W.; Neoh, K.G.;
Sampanthar, J.T.; Kang, E.T.; Tan, K.L. J. Phys. Chem. B,
105, 5618, (2001)). Hence, irradiation of selected areas
can provide conductivity to selected areas, and this has
pertinence, for example, for pattern fabrication and

25 electronic design. The thin and transparent nature of
the fluoropolymer coating is useful in these systems as
the changes in conductivity obtained by UV irradiation
can be carried out after the fluoropolymer coating is
applied.

30



As fluoropolynmer to be deposited, there is preferably used a
perfluorinated polyner. Exanples of perfluorinated polyners include
fluorinated ethylene propylene copolynmers (FEP). Such copolyners are 5
commercially avail able, for exanple, under the trademarks Hostaflon FEP
and Tefl on FEP. Exanples also include polytetrafluoroethylene, which is
comercially avail able, for exanple, under the trademarks Fluon, Hostaflon
TF and Teflon TFE. These are commerci &Ply available from 10 Goodfel | ow
Canbridge Limted, and from other sources. Fluorinated ethyl ene propyl ene
copol yner s Amvel. wxogidlgmer dherbe alegesitsidnatheard g0 qdafeatabdri ng

resi stance,__al pn w t.h good radi ation resistance and inpact strength.
Though not lﬁﬁci)eagé%%%]éfcgar@ai}ecgtﬁ%lﬁ%ﬁ y riefanRl o5 Q% ansparent (from about
250/ 300nm tee redioidr FQRQMpANEhd ts e GRIOTH 8BRS 10la 26 A Hsfiieght bl ui sh
tinge. In the present invention, a |layer of fluoropolyner is sputtered on

t he surfac@IPHEE VdreiAe PHRIer Bich radox yaeisvaaeat erial . One
sputteridgg i ves i I t he fl uorqpol.ynmer as.a target
é%ﬁﬂg¥kléwﬁy 1f§51 E%é??%ﬁﬁ le (ﬁnder éﬂ% @éad§ﬂ§rks

inarado equency *( magnet’ron’’s I" dun powered by a gener at or
in a sputtdlagig ditani®e shddnpi ot FHE. c@tahldd A selieedineret i ve pol yner

or redox acti.v terial) i fixed Qn a rotary sanple stage placed at a
suitabl e ﬁoétygﬁﬁr%aaéwrgqﬁﬁlt@?'ar‘ﬁé’t& TPrie RSt hGviad l@rSed  out

in a reducethPrea&mpiee, eMHION Y t f Ler@ONP 18 fn 2 HIURSSYEL 16f 2k nlorr,
and a sputtering %%SE, for exanple argon, is introduced into the chanber to
b

form the pllashon ol iy a reonmgsia { Zhawp MahlevdiprG H., Kang, E.
10 Goodfellow Cambridge Limited, and from other sources.
Fluorinated ethylene propylene copolymers have excellent
chemical resistance and good weathering resistance, along
with good radiation resistance and impact strength.
Though not quite crystal clear, the copolymer is
15 transparent (from about 250/300nm to about 7000nm) and it

is colorless or has a slight bluish tinge.

In the present invention, a layer of fluoropolymer is
sputtered on the surface of an electroactive polymer or
redox active material. One sputtering method involves the
placement of the fluoropolymer as a target in a radio
frequency (RF} magnetron sputter gun powered by a RF
generator in a sputtering chamber. A sample to be coated
{i.e. electroactive polymer or redox active material) is
fixed on a rotary sample stage placed at a suitable
distance away from the target. The RF sputtering is carried
out in a reduced pressure environment, for example at a
pressure of 12 mTorr, and a sputtering gas, for example
argon, is introduced into the chamber to form the plasma
for bombarding the target [Zhang Yan, Yang G. H., Kang, E.
T. and Neoh, K. G. Langmuir, 2002, 18, 6373]. For a



T. and Neoh, K. G Langmuir, 2002, 18, 6373]. For a 16 specific

fluoropol ynmer, the thickness of the fluoropolyner |layer is nostly
dependent on a) the distance between the electroactive material sanple and
the fluoropolymer target, b) the power of the radio frequency generator,
and c) the length of sputtering time, and these conditions can be

i ndependently varied to obtain the wanted thickness of fluoropolyner. A
sui tabl e di stance between the fluoropbfymer target and the sanple is about
13 cm and the RF power can be in the range from 100Wto 300W for exanple
150W al t heygridtilverf Iswirtcplollemdirst amees hdlckiRe sgowdr thal Fasioroan liyaer
det er m ned .t hrough non-inventive experinentation. For sone applications,

the sputteridgh e "O&F e ndgatords 3dr thsr &1 5528cer BBty eeRotE00s t o

600s, to okfiRidt rdate i4RS i8¢ HikiCkRESI Ofarld YRHORAWIRL ARG a il |y,
the di stance between the fluoropolymer target and the "sanple to be coated
is fixed f&) &hspasivieire ofF tieymeadion fromuenesyi wgnersttomeand thertdéfor e t he

t hi ckness qgf..t f r |y gating js.normal |y .varied h hangi ng t he
sputteri ng(?Ltelrl %ar?cfl ﬁ%él réorﬁ\%rtgn%ie %ﬁil C hneess?s 5 l\é’éonfsl &8‘?10%& ymer
coating i s ialdspeatelertdentvaai dde dnatbitad rofthd harftledotepeliyr®ers, oFs di fferent
fluoropol yners are . deposited at different rates. A person skilled in the

art  will YR My Wet-er fi if T TP Mo ALSHRERS B tveeselin®ent ati on, whi ch

thi ckness afl JJrQIARMMMR gt SHid Al L0 18NNANGIRGH Re $tabidid yref the
el ectroactive polyner or the redox active material. For sone purposes, a

sputtered REGCHes war Deayier this clmess facom 196Ut ol BP0 for example

150W, although other suitable distances or RF power values
can be determined through non-inventive experimentation.
For some applications, the sputtering time can be 100
seconds or more, preferably from 100s to 600s, to obtain
the desired thickness of fluoropolymer coating. Normally,
the distance between the fluoropolymer target and the
sample to be coated is fixed for a specific RF magnetron
sputtering instrument, therefore the thickness of the
fluoropolymer coating is normally varied by changing the
sputtering time and the RF power. The thickness of the
fluoropolymer coating is also dependent on the nature of
the fluoropolymer, as different fluoropolymers are
deposited at different rates. A person skilled in the art
will be able to determine, by non-inventive
experimentation, which thickness of fluoropolymer is
suitable for enhancing the stability of the electroactive
polymer or the redox active material. For some purposes, a
sputtered fluoropolymer layer thickness from about 10nm to
about 100nm or more is preferred, and a thickness from

about 10 to about 50nm is more preferred.



50nmis nore preferred. 17 In one enbodinent, with a fluorinated ethyl ene
propyl ene copolynmer (FEP) target, with a target and sanple (i.e.,

el ectroactive polynmer or redox active material) separation of 13 cm and
with a RF power of 150 W the 5 thickness of the FEP deposited on the
sanple can be varied fromless than 10 nmfor a 100 seconds sputtering
time, 16 nmfor 300 seconds, and 43 nmfor 600 seconds. A preferred
application and good results are obtained when the fluoropolyner |ayer is

t r anspar entinanteoferbddimegkness thn at fe uoanaaRler <segleneSpebpgieaating is
adherent and allows further photo-induced reaction in the active materials
to be carriC8&°dYTeAf t'{&EPY hé 28T ny 1thr dc&sgIethanspsereiend it 8chni que can

be appliedeh@ctid@iaRel YBLhel cgenedl it Wig$qaR)etion of the 15
sputtering process, the stability of the electroactive polynmer or redox

active nmat sepalraitdognkdndéd cwi ehgutvithuet Rér powecessi AG0 Whethki ckness of
t he sputt er, f.l uar opol yner,_coati ng.can be term ned by using, for
o B e I e B e 6 T RGN £450 P& TEP 500

exanpl e,” a surfaceé profiTing in s

Surface Profidied (ifoAr TeseorhGa. 18amml 88, aCA00 WeAbndAPRbugatkirgag 25 The
present invention may further extend the applications of electroactive
pol yners afd™fedd® &8t itPE RALericgredSuc Rndad 3pamy 9t 086, sErensisut t er ed

fl uoropol yrer €0athRY #¥1ication and good results are obtained

when the fluoropolymer layer is transparent and of

10 thickness in the nanometer scale. Such a coating is
adherent and allows further photo-induced reaction in the
active materials to be carried out after the coating
process. The sputtering technique can be applied to
fluoropolymers in general. After the completion of the

15 sputtering process, the stability of the electroactive
polymer or redox active material is enhanced without
further processing. The thickness of the sputtered
fluoropolymer coating can be determined by using, for
example, a surface profiling instrument such as an Alpha-

20 STEP 500 Surface Profiler (KLA-Tencor Co. San Jose, CA,
USA) .

Applications

25
The present invention may further extend the applications
of electroactive polymers and redox active materials such
as polyaniline. The sputtered fluoropolymer coating may
work as a barrier to prevent the degradation of

30 conducting polymers when they are used as coatings in

aqueous environments. This technology may also be



work as a barrier to prevent the degradation of 30 conducting polyners when
they are used as coatings in aqueous environnments. This technol ogy nmay

al so be 18 enployed in electrochem cal devices. In addition, this

invention may also find applications in maintaining the electrical
stability of conducting polynmer patterns formed on sem conductors in

oxi dati ve or basic 5 atnospheres, using the sputtered fluoropol yner as the
passivation layer. In the area of optié8l and radiation technology, the
use of sputtered fluoropolyner to prolong the photochrom c effect may have
potential applicad dns eligvteledtamchyloniey idiesnl ays adiiBrion)i RAAWS,
dosineters and 10 acti noneters ampl es 15 The fol l.owi ng specific

exanpl es ard B HLdd0 2499 JS1h @R HI R G iRReh tifomedmd e earidé i n whi ch
it may be crsdd etk Outardidi Widy d¥e HMIRIELORA pIMRME - that, & he  specific

details given in each exanpl e have been sel ected” for "the purpose of
illustrati ofPrRgl At eqwcAsiUE 2B donsiyiedt iaze Ivei dpddiari tations on the

scope ofct i jon. J.n all the anpl t here s used magnet r on
with a h%%nv\c}e 0 él%’O aian?aﬁhs }cugc eer?év?ngr%ué)rfqpuo r%“&oﬁ ﬁ‘?e%l'iear get 25
and a sanplpad<iheticoatledef. authel3em dh dda examlesadike ifdruor i nat ed
et hyl ene progﬁle e copqlynmer used is as obtained from Goodfell ow Canbri dge

Lim ted, undérmthe®Ptadetfarkd® R I FER S Hoem Iy fiep PradPnche
pol yt et r af lys gafdvd anemised 2 @S hf 3ldRA potential applications

in electrochromic displays, smart windows, dosimeters and

10 actinometers.

Examples

15 The following specific examples are provided to
illustrate this invention and the manner in which it may
be carried out. It will be understood, however, that the
specific details given in each example have been selected
for the purpose of illustration, and are not to be

20 construed as being limitations on the scope of the

invention.

In all the examples there was used a magnetron with a RF
power of 150W and distance between a fluoropolymer target

25 and a sample to be coated of about 13 cm.

In the examples, the fluorinated ethylene propylene
copolymer used is as obtained from Goodfellow Cambridge
Limited, under the trademarks Teflon FEP or Hostaflon

30 FEP, and the polytetrafluorcethylene used is as obtained
under the trademarks Fluon, Teflon TFE or Hostaflon TF.



under the trademarks Fluon, Teflon TFE or Hostaflon TF. 19 EXAMPLE 1 A
coating of polyaniline (in the eneraldine state) on a 5 |lowdensity

pol yet hyl ene (LDPE) substrate was prepared according to a previous report
(Ng SSW, Neoh K G, Sanpanthar J.T., Kang E.T., Tan K L. J. Phys. Chem B,
105, 5618(2001), the disclosure of which is hereby incorporated by
reference). Before the sputtering 10 process, the polyaniline coated LDPE
filmwas redoped to the conducting st &fe (sheet resistance - 2.4 X1030/
sq) by treatnent with 0.5M H2SO4. This filmwas then sputtered with
fluorinated ethyl ene propyl ene copol yner (FEP) for 100s using argon, to
deposi t FEPE)&E{\PLSJE.}%”‘F on the 15 polyaniline coated LDPE film A

fl uoropol yner coati'ng of about 10nm was obtained. Wien the filmwth the
FEP | ayer was immersed in water, the sheet resistance (Rs) was initially
9x103 Q'sq,_and 20 it increased to 7.4x105 Q' sq after 3 hours. The change
in Rs with %itRAING rdathritanin g erln Shehemesad Hingusdate) lom Gonpari son,

the sheed resisiancs f@fé’gﬂ Bhe PAly@EN Id i | thout. F oating
woul d increase to m)xgept an .6xn1e09&c/sq aéfl{ﬂ)gsrtffgntl@wasm%%%pr%%rdgi on in 25
wat er. The agtasdingd etabes grysvicn s pesgianim @fg malw.gniNdde K.s5. ,i ndi cati ve of

pol yant 11 ne TR 140 ‘arif i Thoun (158 REp cont /5 KT mir of on | n
water are X@BYpaF@B Wdd t,hathofadepadknl yanijHing hef ors dgeat ment
incorporated by reference). Before the sputtering
10 process, the polyaniline coated LDPE film was redoped to
the conducting state (sheet resistance ~ 2.4x10°Q/sq) by
treatment with 0.5M H;S0,. This film was then sputtered
with fluorinated ethylene propylene copolymer (FEP) for
100s using argon, to deposit FEP copolymer on the
15 polyaniline coated LDPE film. A fluoropolymer coating of

about 10nm was obtained.

When the film with the FEP layer was immersed in water,
the sheet resistance (Rs) was initially 9x10?3 Q/sq, and
20 it increased to 7.4x10° Q/sq after 3 hours. The change
in Rs with time of treatment in water is shown in Figure
l. In comparison, the sheet resistance of a similar
polyaniline film without FEP coating would increase to
more than 6.6x10° Q/sq after only 5 min immersion in

25 water.

The UV-visible absorption spectrum of polyaniline is

indicative of its doped state. 1In Figure 2, the UV-

visible absorption spectra of the polyaniline films with
30 and without the FEP coating after immersion in water are

compared with that of doped polyaniline before treatment



20 with water. In the spectrumof the doped PANI film before water
treatnent, there is no absorption band at around 620nm while a band at
430nm and a high absorption tail beyond 800nm exist. These two bands have
been 5 assigned to excitations fromthe highest and second highest
occupi ed energy bands to the partially filled polaron band in PAN,
indicating the polyner is inits conductive state. In the case of the film
with FEP coating after 3h i mersion i ROwater, the spectrumis 10 sinilar
to that of the doped polyaniline prior to treatnent with water. Wthout a

FEP coat i ngqiﬁkheved:cqle.d RANIhe idpeatelopest ey dpp<ak BANIDGIL lgxposure to
wat er . tensity of the 620nm hand i ncreases while the bands at 430nm
and beyond dErFade CaMARA ndF e oMY GPserRdtiathéadik @ty oact i ve

pol yner to Aheunonsmadushide 4 undeper) Aloe anthe absel RN Reaks found

at 325 and 625nmafter 5 minutes Inmersion In water are characteristic of
undoped pol 5z Ib%@l‘(cbrﬁé}(knndlmﬂiase)TheSﬁm:sm e ridis \hmeblt@eabsor ption

spect rosco 0n5| st eet e5| st

measur e?en%sgﬁ%& ttzlh W th rnoé“ %ensgt J I| ne remains
in the condugitdste cs:tcai;eleeyemafgwbaaadb it wateerpa@%\ﬁ@i f21121%d°~

pol yaniline coated LDPE filmwas synthesized as described in Exanple 1.

The il m wPHHE! dand emed Mt 1nfkgaiomshdthed RaAhe pridpyltene
copol yner (ddeRuditrvS W dindem amArQan AaMsphere, e idgp Wi th the FEP

| ayer
coating after 3h immersion in water, the spectrum is

10 similar to that of the doped polyaniline prior to
treatment with water. Without a FEP coating, the doped
PANI film undopes very quickly upon exposure to water.
The intensity of the 620nm band increases while the bands
at 430nm and beyond 800nm decrease, implying a conversion

15 of the electroactive polymer to the non-conductive
(undoped) state. The absorption peaks found at 325 and
625nm after 5 minutes immersion in water are
characteristic of undoped polyaniline {emeraldine base).
Thus the UV-visible absorption spectroscopy results are

20 consistent with the sheet resistance measurements which
show that with the FEP coating the polyaniline remains in

the conductive state even after 3 h in water.

EXAMPLE 2
25
A polyaniline coated LDPE film was synthesized as
described in Example 1. The film was then sputtered with
a fluorinated ethylene propylene copolymer (FEP) for 600s
under an argon atmosphere. The film with the FEP layer
30 was then immersed in 0.01 M NaOH. Sheet resistance

increased gradually from an initial value of 5.06x10%Q/sq



30 was then imrersed in 0.01 M NaCH. Sheet resistance increased gradually
froman initial value of 5.06x104Q' sq 21 to a value of 6.5x106c/sq after 3
hours. On the other hand, the polyaniline filmwthout FEP coating was
undoped inmedi ately after imersion in 0.01 M NaCH solution and was
changed to an insulating state. 5 EXAMPLE 3 A pol yaniline free-standi ng
base film(in the eneraldine or 50% oxidation state) was synthesized via
the oxidative 10 polynerization of ani Eine usi ng anmoni um persul fate in

0. 5M H2S04 (MacDiarmd A G et al. Synth. Met. 18, 285 (1987), the

di scl osur e tof anhiadme other.ébyl @c’aqparfaEed_%bgnoun:ef er éencehe bhhaecor dance

with the f II edur . anl | i r vvas .undoped usi ng excess
0.5 M NaC]—I%fél ﬁgﬁq (91 :'1rien Jeﬁr}tﬂ"ﬁevﬁ% A¥as di ssol ved
in N et hylurmaprea |ldrmmm(éw°)afﬂ& gimz@-slosplluat IoormofM Fawo A
free-standin ilmof 10-20 pm thickness was cast fromthe polyaniline
base in thé‘%wl%latﬂq oS chiegssl yiehian e slediqiardiat@ fi |l m was then 20
doped by treatnment with 0.5M H2SO4 and dri ed under reduced pressure. The
filmwas then sputtered with fluorinated ethylene propyl ene copol yner
(FEP) for IX@IPLkhder an argon at nosphere to obtain a fluoropol yner

coating of about 10nm The filmwith the FEP |layer was 25 immersed in
wat er. Sheet resistance (Rs) increased slowy froman initial val ue of

3..7x103Q s@ w1y atallite ofrcd-tM AP bAfd ofi 1% haW Thell@eihanged n Rs
with the or 50% oxidation state) was synthesized via the oxidative

10 polymerization of aniline using ammonium persulfate in
0.5M H2S04 (MacDiarmid A. G. et al. Synth. Met. 18, 285
{1987), the disclosure of which is hereby incorporated by
reference), in accordance with the following procedure.
Polyaniline powder was undoped using excess 0.5 M NaOH

15 and the polyaniline (emeraldine) base powder was
dissolved in N-methyl pyrrolidinone (NMP), to give a
solution of 8 wt%. A free-standing film of 10-20 um
thickness was cast from the polyaniline base in the NMP
solution. The polyaniline free-standing film was then

20 doped by treatment with 0.5M H,S0, and dried under
reduced pressure. The film was then sputtered with
fluorinated ethylene propylene copolymer (FEP) for 100s
under an argon atmosphere to obtain a fluoropolymer
coating of about 10nm. The film with the FEP layer was

25 1mmersed in water. Sheet resistance (Rs) increased
slowly from an initial value of 3.7x10°Q/sq to a value
of 3.6x10° Q/sq after 3 hours. The change in Rs with the
time of treatment in water is shown in Figure 1. 1In
contrast, the sheet resistance of the doped free-standing

30 PANI film without FEP coating increased from 1.2x10°Q/sq
to 3.3x10° Q/sq after 3 h.



time of treatnment in water is shown in Figure 1. In contrast, the sheet
resi stance of the doped free-standing 30 PANI filmw thout FEP coating

i ncreased from 1.2x103Q sq to 3.3x105Q sq after 3 h. 22 EXAVPLE 4 A

pol yani |l ine coated LDPE fil mwas synthesized as 5 described in Exanple 1.
The filmwas then sputtered with polytetrafluoroethylene (PTFE) for 100s
under an argon atnosphere. The filmwth the PTFE | ayer was i mrersed in
wat er. Sheet resistance increased fron£8.5x104 to 4.2x106Q sq after the
first 15 min, and then slowy 10 increased to nore than 6.6x109Q sq after 2
hours. While the PTFE coating offers a degree of protection to the

pol yani | i n%g&ry&{ﬁ%he aqueous environnent, it is not as effective as a FEP
coating fo & the same sputtering conditions (RF power and
sputtering tinme) 15 possibly due to a |ower deposition rate of the PTFE
pol ymer. EXAMPLE 5 20 A pol yaniline-benzyl viologen chloride thin film
assenbly &h ABPRNHS. sy mdedsicz ddPBEc dorldi mpst ¢ yatpresidizeuslas  publ i shed

thod. {Z i iy . G, K N I Mater. 14 1Q 2002),
{nﬁe gi sC og%%e%@%il&%"@eer by ﬁﬁ%o&ﬁ&f“atwgdsdgcs’@%fsé)r%@é?d ﬂ‘}g“%( :

pol yani | i nepd25titoladijern ddd thywias eC OfPTETR e ¢ dr0 18 (GORGREY 8 Sirdfed Vi a
exposure to near UV-irradiation froma lkWnercury lanp for 1 h [please
refer to (RFTSHRETSNeoH e fdLm wdihhdhen HTFE) Ipyerkamy immerserhdn K L. J.

Phys. CheMyater. Sheet resistance increased from 8.5x10% to

4.2x10° Q/sq after the first 15 min, and then slowly

10 increased to more than 6.6x10°Q/sq after 2 hours. While
the PTFE coating offers a degree of protection to the
polyaniline from the aqueous environment, it is not as
effective as a FEP coating formed under the same
sputtering conditions (RF power and sputtering time)

15 possibly due to a lower deposition rate of the PTFE
polymer.

EXAMPLE 5

20 A polyaniline-benzyl viologen chloride thin film assembly
on LDPE was synthesized according to a previously
published method. (Zhao Luping, Neoh K. G., Kang E. T.,
Chem. Mater. 14,1098(2002), the disclosure of which is
hereby incorporated by reference). The polyaniline-

25 viologen film was converted to a conductive state via
exposure to near UV-irradiation from a 1kW mercury lamp
for 1 h [please refer to (Ng, S.W.; Neoh, K.G.;
Sampanthar, J.T.; Kang, E.T.; Tan, K.L. J. Phys. Chem. B,
105, 5618, (2001))]. It was then sputtered with

30 fluorinated ethylene propylene copolymer (FEP) for 100s,

using argon, to obtain a fluoropolymer coating of about



105, 5618, (2001))]. It was then sputtered with 30 fluorinated ethyl ene
propyl ene copol yner (FEP) for 100s, using argon, to obtain a fluoropol yner
coating of about 23 10nm The filmw th the nanostructured FEP | ayer was
imrersed in water. Sheet resistance (Rs) increased slowy froman initial
val ue of 4.4X104Q'sq to a value of 2.3x106Q sq after 3 hours. The change
rn Rs with 5 time of treatment in water is shown in Figure 1. In

conpari son, the sheet resistance of a 48milar polyaniline-viologen film
wi t hout FEP coating would increase to nore than 6.6x109Q sq after only 5
mn i ner si0gm.i n Tt e‘i’ilnﬂ.@JiEXAI‘t‘lHaEr@n@»s{l&iuy:a:mirleimi'{@enh}yleﬂiwlsogen
chloride fi,lm a%\e#rhlrn)r/ synLht esi zed as described . in Exanple 5. Before
exposur e é"(ﬂtﬁ]ﬁ 95 frlelsrh%?‘:?pdtl?tséré@c\ﬁe@ﬁeldl uori nat ed
ethyl ene prsqwdl%nef&ﬁp@rym@ﬁt(l%ﬁp)vafl% H0s;_4:49°0958" 908- 2 Thg1EE! M was
then exposed to near. UV- irradiation enitted froma IkWnercury [anp for 1
h to rend&f 2néX¥i0°Rés@cafienl 3 yhewrguct Tve. ciihegd i 1tm Rmsv2th | mer sed i n

water and ift§ s (%% was bserved o |ncreas slowy from
an initial vzq ure;'lﬁg?tf %&%4% 6 ava t?émof eSf’/sq dfter 3 hours.
The change c:omgas:md:rh tihee sofedtr e:&tsriﬁniarid’e et ey Sllﬁ'llS.thVm in Figure 1. In

conpari son, resistance qf a 25 simlar polyaniline-viologen film
wi t hout FEPS lﬁ@nﬁ"ﬁfepelm tid- 1o theat & 56k Foes/isy add only 5
m nut es increase to more than 6.6x10°Q/sq after only 5 min

immersion in water.
10
EXAMPLE 6

A polyaniline-benzyl viologen chloride film assembly was
synthesized as described in Example 5. Before exposure
15 te UV irradiation, the film was sputtered with
fluorinated ethylene propylene copolymer (FEP) for 100s,
using argon. The film was then exposed to near UV-
irradiation emitted from a 1kW mercury lamp for 1 h to
render the film electrically conductive. The film was
20 immersed in water and its sheet resistance (Rs) was
observed to increase slowly from an initial value of
3.6x10%Q/sg to a value of 1.1x107 Q/sq after 3 hours.
The change in Rs with time of treatment in water is shown
in Figure 1. 1In comparison, the sheet resistance of a
25 similar polyaniline-viologen film without FEP coating
increases to more than 6.6x10°Q/sq after only 5 minutes

of immersion in water.

EXAMPLE 7
30



of imrersion in water. EXAMPLE 7 30 24 Vi nyl benzyl viol ogen dichloride
grafted on a LDPE film was synthesized according to a previously published
met hod. (Liu Xin, Neoh K G, Zhao Luping, and Kang E. T., Langnuir, 18,
2914 (2002), the disclosure of which is 5 hereby incorporated by
reference). This viologen-grafted filmwas sputtered with fluorinated

et hyl ene propyl ene copolyner (FEP) for 100s, using argon, to obtain a

fl uoropol yner coating of about 10nm Th& FEP coat ed vi ol ogen filmwas then
exposed to near UWV-irradiation for 10 10 min in order to form viol ogen

radi cal catVionslbeRryl foratatgeon difchlve eolgngefitachdircal IEHE @idn esul ted in
a blue coloratioqﬂland -visibl.e aﬂ§orption.s ectroscopy. showed an

absor pti on 'Band ¥At" BHor® 6 £5 TR UFort @ & MR DT of B Gistyesdi ation, with

oxygen pres@thod.ne(Lilb wim! egam nedical Aald A inRpl dng 1Rkt g th oxygen
to return to the dication state and the color bleaches. In "the absence of
the FEP coatingaRde il ue &oldf i i P04 . 1tgst diisHigsureniafutdicol tils t he FEP

coati ng,s5 avaidahi lj_iﬁdbr&:fgra 1S ¢, erse%:r' ted t he ,bl eachj ng.process is
thus 20 retarded as shéwn :Pn%gfeg,ure 3 odetcjﬁoseﬁrs}% ST AT % 0 whi ch
this inventfiidm weel aires,t ey wikdngdsidm reanst raidiiemandopydelne di ff erent
enbodi nent scoa%%a%i@ﬁg o] of tOhe i nvention 25 will suggest thensel ves
wi t hout depart éﬂo o tHe E‘Bﬁ A0S ra M 10h 5 91 t He® I9RFEHE 6n. The
di scl osur eflartopolymer coating of about 10nm. The FEP coated
viologen film was then exposed to near UV-irradiation for
10 10 min in order to form viologen radical cations. The
formation of the viologen radical cations resulted in a
blue coloration, and UV-visible adsorption spectroscopy
showed an absorption band at about 613 nm. Upon
termination of the irradiation, with oxygen present, the
15 wvioclogen radical cations rapidly react with oxygen to
return to the dication state and the color bleaches. 1In
the absence of the FEP coating, the blue coloration is
lost within 1 minute. With the FEP coating, availability
of oxygen is restricted and the bleaching process is thus

20 retarded as shown in Figure 3.

To those skilled in the art to which this invention
relates, many changes in construction and widely
different embodiments and applications of the invention
25 will suggest themselves without departing from the spirit
and scope of the invention. The disclosures and
description therein are purely illustrative and are not

intended to be in any sense limiting.

30 The documents cited and referred to above are hereby

incorporated by reference.



description therein are purely illustrative and are not intended to be in
any sense limting. 30 The docunents cited and referred to above are hereby
i ncorporated by reference. 25 Clains 1. A nethod of enhancing the stability
of an electroactive polyner, a redox active material, or a 5 conposite
conprising an el ectroactive polyner and a redox active material, which
conpri ses depositing on the electroactive polyner, the redox active
material, or the conposite, a quorop%Pyner coating by radio frequency
sputtering. 10 2. A method according to claim1, wherein the electroactive
pol ymer isCdeligst ed fromthe group consisting of unsubstituted or
substituted polyaniline, polypyrrole, polythiophene, polyacetyl ene,

pol y(para 15 phenyl ene), pol y(p-phenyl ene vinylene), and their

derivatived. 3. A nehe@taeeOicH RGN GNY Phk Htabilwhes eii dihe redox
active material is a viologen. 20 4. A nethod according to claim3, wherein

the viol 0§fGtEOSatdVEe@Ol VBRI he FeoP¥F @AtV impgedfiadensal 2 vi ol ogen and
vi nyl beg,nzgomgogliqgeg.on%}§i§.ir© et Qq%&%%rﬁdcii% E)%l eror%%cpfa the, preceding
claims, wherein the fluoropolynmer is a perfluorinat pol yner .
active material, which comprises depositing on the
electroactive polymer, the redox active material, or the
composite, a fluoropolymer coating by radioc frequency
sputtering.
10
2. A method according to c¢laim 1, wherein the
electroactive polymer is selected from the group
consisting of unsubstituted or substituted polyaniline,
polypyrrole, polythiophene, polyacetylene, poly(para-
15 phenylene), poly(p-phenylene vinylene), and their

derivatives.

3. A method according to claim 1 or 2, wherein the

redox active material is a viologen.

20
4, A method according to claim 3, wherein the
viologen is selected from the group consisting of benzyl
viologen and vinyl benzyl viologen.

25 5. A method according to any one of the preceding

claims, wherein the fluoropolymer is a perfluorinated

polymer.

6. A method according to claim 5, wherein the
30 perfluorinated polymer is a fluorinated ethylene
propylene copolymer.



6. A nethod according to claim5, wherein the 30 perfluorinated polyner is
a fluorinated ethylene propylene copolyner. 26 7. A nethod according to
claim5, wherein the perfluorinated polyner is a polytetrafl uoroethyl ene.
5 8. A method according to any one of the preceding clains, wherein a
conposite conprising an el ectroactive polyner and a redox active material,
is subjected to W irradiation to renggr it electrically conductive before
deposition of the fluoropolynmer. 10 9. met hod according to any one of
claims 1 to 7, wherein a conposite conprising an el ectroactive pol yner

and a redox active material, is subjected to UV irradiation to render it

el ectricallyy conductiy fter 15 deposition.of. the fluarapolyner. 10. A

met hod accojbr/'di ng to g‘n?ne(;acr?eod(’)fact f& plrn &8 r?&al& ggl’né’{hevﬁ?elrnei%et he

f 1 uor opol ymeriilsicdepesideddlyner ik ckpess/ teft famamatth ia t o about
100nm 20 11. A nethod according to any one clains 1 to 9, wherein the
fluoropol ynmer is deposited in a thickness of from about 10nmto about

50nm 25 1%, A met h ' L . Wi,
nm 25 1%, A methody aRASH NI any Q%ea%r‘/i e‘%‘ee Rieasl ﬁﬂ;%ﬁxﬁce of

wherein the radiof requency sputtering s car out wt
about 13 crilzamiee whee rfd igo o poimprs i tea ragetp rdred rich e re ledataastdhierepol yner

the redox p%ﬂgjm\é%r %HI{[CF rai aa‘:le’do(g(r atc %v%orrma%sei;i%’l ,V\'iitsh s%gjaédétoed to UV
irradiation to render it electrically conductive before
deposition of the fluoropolymer.

10

9. A method according to any one of claims 1 to 7,
wherein a composite comprising an electroactive polymer
and a redox active material, is subjected to UV
irradiation to render it electrically conductive after

15 deposition of the fluoropolymer.

10. A method according to any one of the preceding
claims, wherein the fluoropolymer is deposited in a

thickness of from about 10nm to about 100nm.

20
11. A method according to any one claims 1 to 9,
wherein the fluoropolymer is deposited in a thickness of
from about 10nm to about 50nm.

25 12. A method according to any one of the preceding

claims, wherein the radiofrequency sputtering is carried
out with a distance of about 13 cm between a
fluoropolymer target and the electroactive polymer, the
redox active material, or the composite, with a radio

30 frequency power of from about 100W to about 300W, and for

a time of from about 100 seconds to about 600 seconds.



30 frequency power of from about 100Wto about 300W and for a tine of
from about 100 seconds to about 600 seconds. 27 13. An el ectroactive
polymer, a redox active material, or a conposite conprising an

el ectroactive polyner and a redox active material, that bears a radio 5
frequency sputtered fluoropolymer coating. 14. A redox active materi al
according to claim 13 that displays oxidation resistance when contacted
with an oxidative atnosphere. 10 15. A/conposite according to claim 13 or
14 that displays electrical stability when i mmersed in an aqueous nedium
15 16. An el ectroactive polyner, a redox active material, or a conposite,

accordi ng t claim1l t hat hears a fl uoropol yner coating having
a thlckness of frcné%ﬂxéi69ﬁﬁﬂﬁQﬁ}V§béﬁﬂYTGénnﬁ FG9PE. a&41¥Pect r oact i ve

pol ymer, a miaadox Act iste a r@n@dsqlt,e %n@)ﬁ%m%s'ahee@%%%% A9 0 claim 13,
14 or 15, that bears a fl uoropol yner coating having a t |ckness of from

about jiknngq;gﬂﬁﬂﬂaqghﬁnrquxggctlve material, that bears a radio
5> frequency sputtered fluoropolymer coating.

14. A redox active material according to claim 13
that displays oxidation resistance when contacted with an
oxidative atmosphere.

10
15. A composite according to claim 13 or 14 that
displays electrical stability when immersed in an aqueous

medium.

15 16. An electroactive polymer, a redox active
material, or a composite, according to claim 13, 14 or
15, that bears a fluoropolymer coating having a thickness

of from about 10nm to about 100nm.

20 17. An electroactive polymer, a redox active
material, or a composite, according to claim 13, 14 or
15, that bears a fluoropolymer coating having a thickness

of from about 10nm to about 50nm.

25

30



