1 Method of Enhancing the Stability of Electroactive Polyners and Redox
Active Materials 5 Field of the Invention This invention relates to a

met hod of enhancing the stability of el ectroactive polynmers and redox
active materials by deposition of a fluoropolyner coating by 0 10 radio
frequency sputtering. Description of the Related Art 15 Stability
enhancenment of electroactive polyners Electroactive polyners have

under gone an unexpectedly rapid develognent in the |ast half-century.
Polyaniline (PANI) is an extensively studied el ectroactive polynmer 20 due
to its interestiaihqt OPEIEniemaitl POiEnti @bi BOPY | SAtE DOSE -SAM 1 ggped with
mobi I e inorganic anions _readily undergoes undopi ng when inmersed in water,
and in basic sol uti on§°thBetfd8pingeprscéssive Mateirdallarly rapid. This
limts the scope of possible applications for 25 these el ectroactive
materials. Some investigations have therefore been devoted to inprove the
electrical stability of PANI in aqueous nedia through either physical or
chem cal . met.hods. 30 (1) _Mdification of PANI filnms or fibers. 2 Surface
graft co%ol FoHSeF2PARELREt h a hydrophobic mononmer is a practica
way to retard deprotonation, and the associated |oss of conductivity.

Hydr ophobi ¢ nmononmers such as pentafl uorostyrene (PFS) and styrene can
This invention relates to a method of enhancing the

stability of electroactive polymers and redox active
materials by deposition of a fluoropolymer coating by

(zé 10 radio frequency sputtering.

Descriptidn of the Related Art

15 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
20 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
25 these electroactive materials. Some investigations have
therefore been devoted to improve the electridal
stability of PANI in aqueous media through either

physical or chemical methods.

30 (1) Modification of PANI films or fibers.



5 be graft copolynerized, in a multi-step nmethod, on the surface of PAN
film The grafted filmexhibits significantly higher stability in
maintaining its conductive state than the ungrafted film -either in

dei oni zed water or in aqueous nedia wth 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., Langnmuir, 15, 8259 (1999)) US Patent 4692225

di scl oses a nethod of stabilizing 15 elRectroactive polyners to hostile
environments. The el ectroactive polynmer may be, for exanple, polypyrrole
or  pol yani buR€ac8Sgdapewdepolgmbigeatt 8RdbRIPANE M9k H B ﬁfya&%gh}sb&e the
formof a conposite with a substrate, such as a fiberglass fabric,

i npr egnat ed®@}RPHEFhesS29 Bracticaédt wag peol yeerrdTHepmethodtdonpr ksds
encapsul at i t agt.i.ve pol i.th,a sujtable oxy, polyinde
or bis-nale?%?d%gﬁgéﬁﬁ%égsféﬁg 8%0gégﬁpgﬁFﬁétggenk¥8¥ﬁghﬁﬁgFerred net hod
invol ves "momtmagsosupheapr pggtaglubkestgbehe QProheaghiestieaski van25

pol ynmer with an epoxy resin and curing the resulting system US Patent
5393610 And*BIFAtEn OB‘igm%laFch d8e2aHethodteporeshadi| PR B§et he shel f

1 e conduckiyisyeobrCondycel YR, 30c00abiRgqsHElnaSOLYpUr rol e or nickel
sul fide on a substrate such as fiberglass by incorporating a 3 pol yphenol

"~ or a polysifsbdahbi¢anthe tbadect stebécdatyngn mIhetpbhyphenok is derived

froma phenQ&ﬁ&u@@igglg{a{Q £an the ungrafted film, either in.

deionized water or in aqueous media with pH from 2 to 10.

(j} 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



form of a phenol -fornmal dehyde nononer or an oligomer of
phenol - f or mal dehyde, and the polysiloxane is derived from5 a sil oxane.
Upon heating, the phenolic material cures to a polyphenol and the sil oxane
is converted to a polysiloxane, formng the stabilizing 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 conductiwe nickel sulfide or polypyrrole on
t he substrate, and the pol yphenol stabilizer is formed together with the
heat i I n. the case of, the silane

conducti ve the_s tyane b .

or siloxanegggﬁéggg fg'thgﬁ' uctl 681&&%‘%9%9%% NMTKEP SR F i de
preferably The ponp‘pdeﬁﬂoashsolaletrhereﬂl&&u@fae,letlhﬁ nEduGH viey tgRat ed
substrate |§ﬂcontacted with a solution of the siloxane followed by heating

to convert tREMsPFoRaRBE1a fopEajdehydenaopaseacdn @rovdiasmemet 20 | |
Japan Patenfshéﬁoﬁ%@ﬁ%l@feﬁgd%se% & TR h%%l?zfml@é é ng q‘e*]:%ved from
f conéhctlng pory Iby

el ectrochem cal properties enlca sensor

coati ng ﬁheapawqeanw t Ifﬂpapnhyxderaaphn@bl d:hep@lh;eme:rll\u anas:mrrlailoaium afo by the

~use of adhegivez % an, Patent EP 0783050 descrlbes the stability
enhancenent 2 of el R ?P8 e LhS) FePLang st kOB VS tefbposiding a

el ectroact i ye1pel ysRANE, | FoRtmia ?t Xl |s%abf1§l?_rz'1(flgs%erﬁaq ich RiRvi ded by
t he oxidative polynerization of a pyrrole conpdund in the presence of a 30

" dopant ani ofcRAdChl¥eabPlyPyEgodgent haviked tshd Fictemdamted
' substrate. The phenolic material is preferably

(j} . 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 contécted with a solution of the
siloxane followed by heating to convert the siloxane to a
polysiloxane protective overcoating.

20

(m} 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 electroactive 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:



4 R30P., A 5 wherein Rl, R, R3 and R4 are independently selected from
H OH and OR and Ris O-C8 alkyl; and R5 and R6 are independently
selected fromH COOH and SGBH. F 10 These nethods achieve the stability
enhancenent of electroactive polyners by either surface or bul k
nmodi fi cati on. However, in the surface nodification techniques nentioned
above, the surface conductivity of a filmof the electroactive polyner
wi Il 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 bul k nodification of the electroactive polyners to forma conposite

w Il change the nature of the electroactive polyner, resulting in a | ower
20 conductivity. Hence these nethods are useful only for special products
and for certain applications. (2) Uskng @rgamic or polyneric anions as
dopants 25 An alternative way of rei TN deprotonation of the-
conducting polyner is to mnimze th 0SS counterions fromthe

el ectroactive polynmer. Loss of counterions is acconpani ed by deprotonation
of the ePectroactive polyner, which then reverts to a non-conductive

state. 30 PARL 'ﬁﬁt @il cast _from,salt solutions retain_anion better

R : >

when treated mf% wa érﬁ?f ?gragg g?ggﬁﬁcl G ntly seieered rrom
H, OH, and OR, and R is Cl1-C8 alkyl; and R5 and R6 are

independently selected from H, COOH and SOszH.

cf} 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

(mi 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



(e.g. sulfosalicylic acid) rather than smaller inorganic acid anions (e.gqg.
d-, C1G) are used. (Neoh K. G; Kang E. T.; Tan K. L. Polym Degrad.
Stabil. 43,141 (1994)) Polyneric anions incorporated into the _

el ectroactive 5 polymer matrix are not easily |ost when the polyner is

i mersed 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 ¥ th inorganic acid anions, as wel
as 10 | ower doping |levels and conductivity. Doped PANI fllrp _preparﬁﬁp?y
bl endi ng PA it AMEAGI I I [ -4 none.

have thg prgllgl'\gm Io%fug(r?on- gr%l&%mﬁyl@gnﬁ% ﬁq%ﬂnt&ld%%fl%lg Jl.(%]ré a}n A
Lee, H T. apder emdloasul (es,9.281285810995)dre arskd.he(Myut Hesie. ofKddg PANI i n

polynmeric aci ds | eads lLargely to soluble product, (Neoh K G ;: Kang E. T.;
Tan K. L. J%‘Pﬁ‘yé.aféﬁeﬁ % ?fb%’,‘"rz%@f% .Sf(a%ﬂsel“fird]o"&ed”p%?%)ers 20 I'n
these pol ymeosymeunet izonah saGind RS &HG @RS thal3H e S enidy attached

on the paolynmer chains of the electroactive polynmer serve as counterions in

the pol yrer POkaREEx Matidde a@6umodr ieow ignb dﬁtca«hdse ﬁhElt frmdl_wwr pfgés (23 ,
treat nent of I :po r.r ol i, t um sul furic_ aci ue J.
wang Z. H.; H&B‘é%g% l&. k?é?%égst%w%%%g’ ?@e%gﬁtgﬂ)rﬂsd,c%sees%e Am Chem
Soc. 113, 266p¢0B3&)ns . KadgsEdbpedNedht K 1aGge \Wigra¥iid-.or T fuetic Pol ym

1 or with chl.orosul fonic acid
Gommun. 32’3%%0%%9%a%£ substangially weaker mechanical properties

than films doped with inorganic acid anions, as well as

cz} 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 PANTI 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 —SOs3H

®
t\ui

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 polypyrrole ({(PPY) with fuming
sulfuric acid (Yue J.; Wang Z. H.; Cromack, K.R.; Epstein
A. J.; MacDiarmid, A. G. J. Am. Chemn. 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



30 (Murata K.; Teshima S.; Aizawa R ; Asako V.; Takahashi__K:;_befnan B.
M Synth. Met. 96,161 (1998)) The 6 substituting groups dimnish the
conj ugation of polymer wunits, resulting in the self-doped polymer being

| ess conductive (about one or nore order of magnitude in |oss of
conductivity) than the externally doped polynmer. The 5 self-doped pol yners
usually are of poor nechanical strength. It has been verified that the

i mrobi ['i zed -S03- groups in the self-domed polymer are stable in water. It
'shoul d be noted that the undoping process would be accelerated in basic
sol uti ons. ] ti B 10 modi f Using organi c or

pol yneric aﬁ?gﬁg&gg%éggzg?§h§geggpﬁﬁég%e&%%oFfﬁ@?ﬁeégihﬁnp|5ﬁ%amﬁﬂbve .
rapi dly revenitstoresalitisgl alhihmgessatlé—e?@md@iollyn![e& lb@ilr?;e?@;gsl 2\2 with
hi'gh pH val ye. .15, Stabi ity enhancenent of redox active mater.i

exgone of #gﬂg%cgéypvéahﬁ¥§rPBFSOFn@P§&e§rf?P ©of magnitude in loss

di substi t ut 8- éoAdubitRYAILe) NEUBhS 2hkS e xMAXGR 13KL @d%xﬁg}.k%%. as

vi ol ogens. Viologens exist in three redox statés, as dlpallpn, radi cal
cation, andS@ifrdgpeddrodymerssusnemdst aglel off polee amephiacdidadns of

vi ol ogens ted,t I op.transfer.reagtion be en the first two
redoxgstatgésr%ﬁgkggegg gﬁgpﬁgéha@856?&€ﬁr3HF%.%éeeﬂpgfkl é&?gb“ﬁy3
reduction ofrohesviol ohenseitatiopadt poliyiner adieC @l a8aki QB @A¢Lhi s has

i iderable attention for application to el ectrochromc
recei ved COfg gﬁou d be noted that thepﬂndoping process would be

di spl ays,
' accelerated in basic solutions. Electroactive polymers
(r} 10 medified 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 wvalue.
15

Stability enhancement of redox active materials

An example of redox active materials includes 1,17 -
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

O
K‘tmﬂ

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 vioclogens 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



dosi neters and actinoneters. 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 nolecular oxygen is particularly fast.
In 7 order to shield viol ogens from oxygen or other oxidizing agents,

di fferent nethods have been attenpted to maintain the stability of the
radi cal cations. 5 (1) Verneulen [L. A, Thonpson M E. NATURE, 358, 656
(1992)] describes stable photo-induced charge separation. in |ayered

vi ol ogen compounds. It is reported that the photochrom c behavior of novel

layered zi rmeimtdomﬁthﬁng@r@%&p%m éﬁo%%evrewxféﬂf@ nt 0 10

phot o-induced charge transfer. The conpounds forma arge-separated state
that is | ong9enidd aid fsrsbite methogls haBpe digers copi ansttad] i tes matthtcaie t hat

t he photoprgﬂ%c%tgbal%t@i%%kxhevg%#ﬁggghggchal cation, produced in the

interlanellar region of “the zirc 'e. It is 15 suggested that
the remarkabl e stability of the charge- separated state arises from

structurgl features that allow for stabilization of the radicals by
del ocal i gat i(g Vergeddied dilng A rofheBiRsan #- dkydeHURR (358 ,US Fat ent

RSt e Lunben RSt e U o d P R TS 251 Tl

of one or Abrédaykereke viollbgenngompoveldsar NdwWN RHEARIA ithatvitlogen

compounds, - B1%ed B8R LOLLESvIEE S nAl] Taiede S S Honii, SYStEM:
phosphonate/viologen compounds shows very efficient

.(z} 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

D

systems, the increase in cycle lifetime is a product of
one ox 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 spedific alcohol solvent as one

component of the device, or uses an electrolyte film



(3) European Patent EP 0682284 describes an electrochrom c device having
excellent coloring properties which uses an electrolyte solution conposed
of 30 a viologen and a specific al cohol solvent as one conponent of the
device, or uses an electrolyte film@8 produced by i mrersing or

i mmobi lizing the solution into a porous filmas one conponent of the
device. It further provides an electrochrom c device having inproved
operation life and stability to operate at a | ower tenperature and
conprising an el ectrolyte placed betwegn a pair of electrodes, wherein the
electrolyte is in the formof an electrolyte solution prepared by

di ssol vi ngradvicetiogenimuer et e dimmcd ldzdgagi theokvbntion ivner e n t he

el ectroly .S kh.the_for f an el ectrolyte, fi.lm prepared i mrer si ng
and innnb%ﬁf?k%gk?%% %%I§?$L§O$%?%e%tp%rcﬁ%?f?ﬁ%ﬁcq'n Hﬁﬁgg%ﬁient

5, 516, 462 pandiBPspahenle06822R4onmi ol agense nseirgplayedves dberetastirol yte
in electrﬁcgronig dev%c S, In order to avoid oxidation, the redox active
vi ol ogen i<¢teugtdl £ ?‘SﬁFYytga%W%iﬁ%oatbeﬁ WEHIE R WETR AT Fe £1%hd/ or
support subsbiakefgl hkeegbassel P é 6b1 Sumrasy et he Jvwendd on Surprisingly,
a different approach has been found for stabilizing the desired conductive
properti e§lEFtERAAAL | Bhergint Blae opleteke ¥ v tivdpdl ot @édox active
mat eri al s LBaP tyi ] r - ctive

Tt or 1 al S AF e EoR S NPT R SR UErepary ey A X TR e
sputteringerivative in an organic solvent or wherein the electrolyte

is in the form of an electrolyte film prepared by immersing

and immobilizing the solution intc a porous film.

In both US patent 5,516,462 and EP patent 0682284 viologens
are employed as the electrolyte in electrochromic devices.
In order to avoid oxidation, the redox active viologen is
usually tightly sandwiched between two electrodes and/or

support substrates like glass.

Brief Summary of the Invention

Surprisingly, a different approach has been found for
stabilizing the desired conductive properties or oxidation
states of electroactive polymers or redox active materials.
In this process, electroactive polymers or redox active

- materials are coated with a fluoropolymer, usiﬁg radio

frequency (RF) sputtering.

In one aspect, there is provided a method of enhancing the

stability of an electroactive polymer, a



I n one aspect, there is provided a nethod of enhancing the stability of an
el ectroactive polyner, a 9 redox active material, or a conposite
conprising an electroactive polynmer and a redox active nmaterial, which
conprises depositing on the el ectroactive polyner, the redox active
material, or the conposite, a fluoropolyner coating by radio frequency
sputtering. In another aspect, there is provided an el ectroactive polyner,
a redox active material, or a conposite conprising an electroactive
polymer and a redox active material, that bears a coating, the coating
consisting of a radio frequency spluttered fluoropolyner. In one

enbodi menredédreract kv road eisich lan @t ectacowctsive qeeipyisringaanedox active

mat eri al , ite i Si n, el ectroactive palyner.and a redox
active mATErTAONHA® Herht Tt FrSiny eplrEFaa | U8+aBol yrrer
coati ng. cdiver pseseddparei thiody may @npladyeca ridlidtivid perlgpelky mehec@atibig
deposi ted op he el ectroactiv or redox activ material via RF

t ol yner
sputt eri ngSThe PR UOT bl yifer o ATRY S Be SPRrERET RB2EYR8si ves or

epoxy respp rRYyidermepdetty puarekYnghe fluoropol ymer coating, no sol vent
may be used in the coating process, and the surfaces of the electroactive

pol ymer or redox active material to be coated may not require
pr e-t r eat FRngnoTher useprott RFCker tieF ippvided e prlesdentosdanient i on may | ead

to a thickness of _fluoropolyner coating that can be cqontroll ed by changing
the sput { BYTRASET B SEOTTwE: pUndlc 1eveTy, Br by WR3YiiRg Compr 12hd

an electroactive polymer and a redox active material, that
bears a coating, the coating consisting of a radio frequency

spluttered fluoropolymer.

In one embodiment there is provided an electroactive
polymer, a redox active material, or a composite comprising
an electroactive polymer and a redox active material, that

bears a radio frequency sputtered fluoropolymer coating.

The present method may employ a thin, fluoropolymer coating
deposited on the electroactive polymer or redox active
material via RF sputtering. The fluoropolymer coating can
be transparent. No adhesives or epoxy resin may be needed
to apply the fluoropolymer coating, no solvent may be used
in the coating process; and the surfaces of the
electroactive polymer or redox active material to be coated
may not regquire pre-treatment. The use of RF sputtering in
the present invention may lead to a thickness of
fluoropolymer coating that can be controlled by changing

the sputtering time at fixed power levels, or by carrying



9a out the sputtering for a certain tine at different radio frequency
powers. The thickness of the fluoropolyner nay be, for exanple, from about
10 nmto about 100 nm The disclosed nethod nay not result in significant
changes to the bulk properties of the el ectroactive polynmer or redox
active material. The coating process 10 can be carried out after the

el ectroactive polyner or redox active materials have attained the desired
| evel of activity. Alternatively, further photoinduced reactions can be
carried out in the electroactive polymgrs or redox active materials after
the coating process due to the thin and transparent nature of the

f 1 uor opol 9krtieeatpugteDire| bxed iceriaimrettion oft ailfdwrieng tdeslist ability of
el ectroact] | yoer nd dqx. . iV rial h S f
electroac%%% %@%&ﬁgﬁggr br‘%ﬁ%ﬁ%?%ﬁéﬁééagﬁfﬁﬁﬁ,f?HSEBPFégﬁggo ?gér coating
may enhanice, t her eéeatwleal fisdr@lbabdadty 1®nr hey polouteriO0eapeci al ly when it is
imersed in aqueous nedia. In the case of redox active materials, for
exanpl e viologens, the fluoropol yner coating may enhance the oxidation
resi st ancend alisecT®f@d mest Hol a8 yphetoeBEamitCinskaghl F1yan©fchdggeyd ol ogen.
The preferred nethod of enhancing the stability of the electroactive

pol ymer of° FRYRUBELPVRPHEE ST AT i i st haoadHe e pseitiegn <6f a | ayer  of

a fluoropplydRract re XL EaT | UFFHOH SN SN L& s PTOPYI ene copol yrer
(FEP), having a thickness of about 10 nm or nore on the surface of the

el ectroactive material. Wen a



polyaniline filmsputtered with fluoropolyner is imersed in aqueous nedia
such as water, or in a basic solution, degradation of the electrical
conductivity of the filmnmay be retarded. Simlarly, when a viologen film
sputtered with fluoropolynmer is excited under Wirradiation to the radical
cation state, a resulting coloration of the filmmay be naintained for a

| onger period of tinme due to retardation of the reaction of the viol ogen
filmw th an oxidative atnosphere, sucqoas an at nosphere contai ni ng
oxygen. 11 The stability enhancenent of "both the el ectroactive polyner
and the redox active material _ may be evident from conductivity measurenent
and/ or spedtrbecepreletatyisiaftes Tﬁ%&l%ﬁﬁ@ﬁﬁl‘{%é’@@ﬁ@§ﬂ:l@% 1

displays 4beivel bt onsdid J%ﬁ o yam_i[}?e&ke%é qed LEpiy gand the water

treatnment tinme for dope ne coating coate vvlt a fluorinated

et hyl ene agEopytene %bWWaf@IVG(EXarﬁJJlHME): E&lcdijgnﬁlm@maqm@ns can
free-sta n c9 quorl at ed et-hyl ene ene (Exanp
3), a polngémlg j|j:Jr:1eg2\i/| o‘?%gen |Cftrci%cnca335erﬁ)cf oat & &p eto%oﬁ FUSE nat ed
et hyl ene pabpyiebe afféertid/ ctasar’cadn@tpmbe(@(amﬁ ed)trandhnpelnygani | i ne-
viologen thin filmass iated with UV after, coating wt

nbly i di a
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Figure 2 digptiays &f L%Nér&tﬁ{g? @t@%ﬁbﬂm@paﬁﬁ A @frdactive

polymers and redox active materials. In the case of
electroactive polymers, for example polyaniline, the
fluoropolymer coating may enhance 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 may enhance the
oxidation resistance {also referred to as photochromic
stability) of the wviologen. The preferred method of
enhancing the stability of the electroactive polymer or
redox active material may involve the deposition of a layer
of a fluoropolymer, for example fluorinated ethylene
propylene 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 f£ilm may
be retarded. Similarly, when a vioclogen film sputtered with
fluoropolymer is excited under UV irradiation to the radical
cation state, a resulting coloration of the film may be
maintained for a longer period of time due to retardation of
the reaction of the viologen film with an oxidative

atmosphere, such as an atmosphere containing oxygen.



non-treated polyaniline coating before inmersion in water, of a
non-treated polyaniline coating after a 5 mnute inmersion in water, and
of atreated (fluorinated 25 ethyl ene propyl ene copol yner coati ng)
polyaniline coating after a 3 hour imrersion in water. Figure 3 displays a
UV absorption spectrumof a non- fluoropolynmer coated vinyl benzyl viol ogen
grafted film 30 in the presence of oxygen, 1 mnute after the formation
of the viologen radical cation, and a sequence of UV 12 absorption spectra
of a fluoropol yner coated V|nyI benzyl viologen grafted film in the
presence of oxygen, 0, 2, 4, and 6 mnutes after the formation of the

vi ol ogen rdﬁl&:aﬂtaimlmy énﬁRﬁCémthtoréfOfbotﬁihe t'ﬁreefee_Lré@@r pgli,gents The
on1po|yan|I|nes

| ect t f
[PAN | ¢ pol eyR st oand: Sy Reafcagtve ﬁ%@ex"’"ﬁ‘yﬂ%@q Eron

pol y( par a- phemdwrited fﬂméﬁ@hr@ﬂéﬁépaﬂﬁ?%¥|% 3%%&? S@&%%ygas.

el ectroactive polyners can be eit unéabstr)

Exanples5of substituted pol yanilines include, for 15 exanpl e,

pol y(o-tol ui dine), and hal ogenated pol yanilines such as

pol y(2-fluoroaniline), poly(o-chloroaniline), and the like. Polyaniline is
comer ci al | Peacaiipabilon o3 Esg@fegubstituted pol ypyrroles include, for
exanpl e, N-substituted pyrrolés such as 1-(carboxyal kyl) 20 pyrrol es and
1-(4-nitrophenyl) pyrrole, and the |ike.

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
pPropylene 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

s
i

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 coatlng) polyanlllne coating

after a 3 hour 1mmer31on 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

\



Exanpl es of substituted pol yt hi ophenes include, for exanple,

pol y( 3, 4- et hyl enedi oxyt hi ophene), poly[3-(4- octyl phenyl)thi ophene], and
the like. 25 The unsubstituted or substituted el ectroactive polynmers can
also contain |arge organic or polyneric anions as dopants, for exanple as
described by Neoh et al. in Polym Degrad. Stabil. 43,141 (1994), or they
can be self-doped polyners, for exanple as described by Yue et 30 al. in
J. Am Chem Soc. 113, 2665(1991), by Kapg et al 13 in Polym Comun. 32,
412 (1991), or by Murata et al. in Synth. Met. 96,161 (1998). An _
el ectroacti i r f or. _exanpl e in the form of a
free- st andi %S)S]B? m%lg thi #%?cla: na%f?(%tf{lﬁlgorgogno et n‘?%‘%?‘?a‘f’e%YQJ&?lnéglLDPE
(I ow densi t yipdbgenhygirafield iflimm,orim t@Ratd fgs e | OF agepgan Af ¢ edo LDPE
films. One thogt%f preparing the electroactive polymer —on a substrate

i nvol ves pl 4¢i fiff e“%ablglﬁsa et &he forsitiat iof nghen xiekeget the
appropri at ergaReRBr cheiehtain a thin filmcoating of the el ectroactive
polymer. Other preferred nmethods for preparing el ectroactive polyners

i nvol ve €asting the el ectroactive polymer froma solution into a thin
film or synthesizing the electroactive 15 polynmer in filmformyvia

el ectrochem cal neans (Tan, H H ;Neoh, K G ;Liu, F.T.; Kocherginsky, N
Kang, E.T. DdséppbtPohyst Seie. p8@.rbrrdl0Embdemerdts Neoh, K. G; Kang,
E.T. Langnuir, 18,8633, (2002)). The electroactive polyner can have: 1) only
reduced repeating units (terned :

The electroactive polymer can be selected, for example,

€}; 10 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
15 example, poly(o-toluidine), and halogenated polyanilines
such as poly(Z2-fluoroaniline), poly(o-chloroaniline), and
the like. Polyaniline is commercially available.
Examples of substituted polypyrroles include, for
example, N-substituted pyrroles such as 1-{carboxyalkyl)
20 pyrroles and 1-(4-nitrophenyl) pyrrole, and the like.
.(ﬁ% Examples of substituted polythiophenes include, for
- example, poly(3,4-ethylenedioxythiophene), poly[3~ (4~
octylphenyl) thiophene], and the like.

25 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

30 al. in J. Am. Chem. Soc. 113, 2665(1991), by Kang et al



20 | eucoeneraldine in the case of polyaniline), 2) only oxidized repeating
units (terned pernigraniline'in the case of polyaniline), or 3) varying
ratios or both species (ternmed eneraldine in the case of polyaniline wth
a 1:1 ratio of reduced and oxidi zed repeating 25 units). The el ectroactive
pol ymer can exist in the form of its base or its protonated form The
redox active material can be selected, for exanple, fromviologens such as
descri bed in European Patent No. O 30 82 284 and U.S. Patent No.
5,516,462, the relevant parts of which are hereby incorporated by

ref erence. Nty 4 1S de, jof nzyl Mol ogen and vinyl benzyl viol ogen
and their g[gll tysofm%lzlir tngﬁritg% ézt’héﬁ%nhél%gcfe) 'S rs]?y Vi) MRt Havelbeen
studi ed ext &ysitviel Wetanddf, ustihgr s@ggnpl es of suitabl e vi ol ogens 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" - Bi pyri dnhne; 'AF , i st.er,_.199 i ch is_ hereby

i ncorporated by re‘eljggﬁghélgé)%?é ‘%ﬁ?%% oX Y;ici'@teﬁ Ve it ritsdaﬁm'\r;wﬁﬁp%ee’fﬂw e form
of a fil M oini theafioe 0fl@ ifmeebisitianed ron ftilen,su fiacien ofilan Sibist 1.8 e
(Zhao, L.P.; yeoh K.g.£ K%n%, E.E. Chem stry of Materials,

14, 1098, (2082 *EF G, SROSTREERS RUEh, aghdPPE Bow WenpityE T. Langmuir, 18,
2914, (2002pplydbh¥henenventinonozl g0 t:enpl - )QS] terial
t hat conpri%esybotﬁ an glectrgactiéecggﬁ§ﬁ%fcgﬁgégﬁag§OXQﬁ%%$¥%%]%% erial.
A conposi t eft hBE - coRPRi Beshpet Rfapreparing the electroactive polymer

on a substrate involves placing the substrate in a
(j} 10 polymerizing mixture of the appropriate monomer to obtain

a thin film coating of the electroactive polymer. Other
preferred methods for preparing electroactive polymers
involve 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.; Kang, 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

r‘“w

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



el ectroactive 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; Sanpanthar, 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 exanple, for
pattern fabrication and 25 el ectronic design. The thin and transparent
nature of the fluoropolyner coating isléseful in these systens as the
changes in conductivity obtained by UV irradiation can be carried out

after the flisomapel yWiebeeeatli RY d1ogeaPRIdE i n3A bkS Ji 00! r to be
deposi ted, gggne is_preferably _used a perfﬁﬁ%@inafgg§p51ynéggpé¥§§ples of
per f | uor i natr@§1FolPfreSs PRAtdGa lAndor ithst eld hatlhiylee mel tar.opyWierie gapol yner s

(FEP) . SuchpgQRobyaer K rciallly avai lable, for exanple, under the
t r ademar ks Fbstaflon%E%Sggﬁd%ie¥:gﬁv%é3¥ é@§n§a£§ﬁﬁﬁy?%%wa of
pol yt et r af | goisebiyl erelogeinsh dan Gemfeneidalihy tdeaillialleytudorexanml e,

under the té%den?r k% FWog, E%(és afl on TF and Teflon TFE. These are
comrer ci al | Y aVar Fabl e fr dm 1 1F A& ddredigsnscadisdge aiar e, and from

et SPur SErapeliiuen) nakatpaln @Rt DERAYIENS SOl 18IS SIEMe, el ent
chem cal resistance and good weathering resistance, along Wi th Yood
radi ati on résf]_srﬁﬁ@éfr&ﬁéﬂiempé@hnsi’wléﬁgt 4. SPheyglhiahegttictre arggst,al cl ear,
the copol yngribf is hereby incorporated by reference). The redox

active material may be in the form of a film or it can be
CEE 10 immobilized on the surface of a substrate {Zhac, 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.;

(m, 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



15 transparent (from about 250/300nmto about 7000nm) and it is colorless
or has a slight bluish tinge. In the present invention, a layer of
fluoropolyner is sputtered on the surface of an el ectroactive polynmer or
redox active material. One sputtering nethod involves the placenent of the
fluoropolyner as a target in a radio frequency (RF) magnetron sputter gun
powered by a RF generator in a sputtering chanber. A sanple to be coated
(i.e. electroactive polyner or redox acflbve material) is fixed on a rotary
sanpl e stage placed at a suitable distance away fromthe target. The RF

sputtering Bs €amoiregpolgued @ B tUGRsk DN &ESS Wik £NVi 4 rafff exanpl e
at a pressure of 12 niforr, and a sputtering gas, for exanple gon, is
i ntroduced PREE h&eddmserinadgbmalwrep adiramdles bohbar di ng the tar get

Zh Yan, H. T.. oh, K.. G, Lan i.r, 2002, 18,
g37g)n9 FgP gg%gguggéaaﬁécéﬁ%% ul3}r?rl opol ylrIrleaC{i,cL({!{eﬁtth?r tsesdaoe}qcrHJWeerTef uor opol ymer
| ayer is noprbpydependemtolomen)s t(RER) .St aiath heipwemdhe a @l ectroactive

mat eri al .sanpl e and e fluqropaqlyner target, b) the power of the radio
frequency ggﬁgpﬁfgﬁfa Hd%f?%ﬁ%giQ%ﬂﬁﬂq1Qﬁamﬁiﬁ¢eﬁﬂ@R¥tﬁhﬁztﬁﬂﬂﬁm&m%% f
condi ti ons naBthelonndependentior 1R iFgd t o E?ﬁaglﬁﬂ]%§ %elé’&a’ltne&&c[‘é ckness o

fl uoropol yner. A suitable distance between uor opolymer- target and
val tes  can 8L SRPRPTEnedNERTodR RoRATREE Vo e Ao g an
Teflon TFE. These are commercially available from
c:} 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 guite 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



For some applications, the sputtering tine can be 100 seconds or nore,
preferably from 100s to 600s, to obtain the desired thickness of

fl uoropol yner coating. Normally, the distance between the fl uoropol yner
target and the sanple to be coated is fixed for a specific RF nmagnetron
sputtering instrunment, therefore the thickness of the fl uoropolyner
coating is normally varied by changing the sputtering tine and the RF
power. The thickness of the fluoropolyher coating is al so dependent on the
nature of the fluoropolyner, as different fluoropolyners are deposited at

different rapeeifAcpelsoropbiliied,i Rnhe 1AldknMd 'ofb%téb'ﬂﬁt&rgg%ﬁn@ﬁ‘e, by
non-inventive experinentation, which thickness of fluoropolyner is
sui tabl e fot2¥RKahéi REStRY semrsndeny oh the tdleectirsdactdey dbetpaemerher t he

redox activ L . EO urposes, .a uttered fl uyoropol yner |ayer
t hi ckness f%%%?%g%é?kﬁggn&nggg guﬁg%ﬁi%nﬁwi3%Fbﬁi¥ﬁ&%ﬁ4$¥ : %%RQ%F’-
t hi ckness flkbrthabputvetOotfotakottd3ONMricsudN S Riefcaated:, hhd I ang

enbodi nment , mﬁtE a fluorinated ethyl ene propylene copolyner (FEP) target,
with a targetRdhl SAnpPULERTdDY tdmget posk tihpsepslopseit ion s sdax ket i ve

material) sgpapahbient®l +3r¢@uand whihia %%ep%‘?%e%f +h3Q e N6,
npl n be 5

“thickness of the FEP deposited on the sa e ca varie rom7less than
10 nm for afligorepedmasrspuit eniihgblei e sthhcemideaweddO theconds, and 43 nm -

for 600 sec . A-preferred appli,cati on and gqod results are obtained
when t he flﬁg‘?gfﬁ??l “fa 8Fg|e§ F‘P&ngb&r SRR 15 about 13 cm, and the

RF power can be in the range from 100W to 300W, for example

CT} 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

y 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.



10 thickness in the nanoneter scale. Such a coating is C adherent and

al lows further photo-induced reaction in the active materials to be
carried out after the coating process. The sputtering technique can be
applied to fluoropolynmers in general. After the conpl etion 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 cah7?be determ ned by using, for
exanpl e, a surface profiling instrument such as an Al pha 20 STEP 500

Surface Profhl ghe (&hPodenent, RitRA] 1938 iFhredShy 1800 LGRLANS, 25 The
E 3 o) Fectroacti ve

present invention may further extend the application

pol ynmer s an@OP@@ﬁMGECKFEE)naaegéabswsghha_aarF@kyammlB?mfﬁﬁhgisguggfrgﬁ of
f 1 uor opol yr L Ng. M rk_as_a rrier to prevent e degra

30 conguc¥?%%e%g$§%%€§vﬁzeﬂf?ﬂ8§ 8Fer8§8§ 3§t&8§tpﬁ§§rﬁﬁl)aqueous _
envi ronment sepdhasidrchnol Bo¥ymnaMdalysenbe k& pemRioyed1ish & e¢iyochem cal
devices._In addition, this invention may also find applications in

mai nt ai n? ngteheknesecefi ehe EEBbirpegisedcendtbe sgmpdeymen pat t er ns

(o1, o SPALEQICHELEISeL PHAASL N Ry 503, SUMBRIECER, g e
and radi at i bimet ethnohofiyr 30@ sseonfisspahitiedadnfl geropobyBREchesRr 0l ong
'A preferred application and good results are obtalned
when the.fluoropolymer layer is transparent and of
10 thickness in the nanometer scale. Such a coating is
C:§ 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 flucropolymer 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



the photochrom c effect may have potential applications in electrochronc
di spl ays, smart wi ndows, dosineters and 10 actinonmeters. e Exanples 15
The follow ng specific exanples 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 exanple have been

sel ected- for the purpose of illustration, and are not to be 20 construed
as being limtations on the scope of th&8 C invention. " Inall the
exanpl es there was used a magnetron with a RF power of 150Wand di stance

bet ween a fbﬂ@&@P@BNE%réﬁ@&%%bcﬁ@ﬁﬁ@%iEHé%ﬂHEéitfhf&ﬁé%ﬁﬁéﬁic%thOUt 13
es

cm In the exanp the fluorinated ethyl ene propylené copol yiner used is

as obtainediﬂﬁéﬁﬁé@®dﬂ@W|@WS@aﬁﬁmﬂd@@pﬂjqﬁuiﬂhslﬂﬁ?ﬁaidﬁainf?gwmhés Tefl on
FEP or Host FEP nd .t he | vt et r af.l uor oet ene used is as

obt ai ned u%géggfﬁga%r§5§%ﬁg%§yFP%g€%né§q e -of Yo RHFTOMIF. 19
EXAVPLE 1 Afceatdngnokepdloyadilcitae s(iim e erera dngsiate) ona 5

| ow- density pol yet hyl ene (LDPE) substrate was prepared according to a
previousgreBgWPsPﬂﬁrS?MIPSN§8htR?GSPuUE%ﬁﬁﬁnﬂiﬂoIppplymeﬂuﬁ&iﬂhe Tan K. L.

J. Phys. Chﬁabsﬁvatigi}1%9%%(29R1%het%%é%‘%%‘%Bgf%éﬁ QMH(¥EAf5g¥g§by
technology, the use of sputtered fluoropolymer to prolong
the photochromic effect may have 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 polytetrafluorocethylene used is as obtained
under the trademarks Fluon, Teflon TFE or Hostaflon TF.



i ncorporated by reference). Before the sputtering 10 process, the

pol yaniline coated LDPE filmwas redoped to the conducting state (sheet
resi stance - 2.4X1030/sq) by treatnent with 0.5M H2SO4. This filmwas then
sputtered wth fluorinated ethyl ene propyl ene copolyner (FEP) for 100s
usi ng argon, to deposit FEP copol yner on the 15 pol yaniline coated LDPE
film A fluoropolyner coating of about | Ohm was obtained.- Wien the film
with the FEP | ayer was inmmersed in watet9 the sheet resistance (Rs) was
initially 9X103 0/sq, and 20 it increased to 7.4X105 0/sq after 3 hours.
The change in Rs with time of treatment in water is shown in Figure 1. In
conparison, the sheet resistance of a simlar polyaniline filmw thout FEP
coat i ng wouF¥AMREEedse to nore than 6.6X109 0/sq after only 5 min
imersion in 25 water. The UV-visible absorption spectrumof polyaniline is
indicative of its doped state. In Figure 2, the UV- visible absorption
spectra of Aheopbhygnbflpel&ahmﬁlmbtM1§0tﬁ@demb&89a&nbh%t558)C%%Ibng after

i mrersio water are npared with that of doped pol yaniline before

tr eat men ZEOWM??HS&EYePOlYﬁtPMée§ﬁed@PBﬁﬂoﬁubﬁérééﬁeHaPANreﬁﬁK@ﬂ bef or e

water treat eabrdihgr 8ol 8 eeeteéegppegerk?agﬁgg e ONadnogoam while a band

at 430nm and a hi gh absorp Ion tai eyon M XIS sé two bands
have been 5Samgaghbkdrt d. ExclKangoEsTt;omnhhﬁ.thUesEhaﬂd sgeand B, hi ghest

occupi ed enf6gy gefg%268l}hetgaréagLHXsB&glg% which is hereby
incorporated by reference). Before the sputtering
. 10 process, the polyaniline coated LDPE film was redoped to
(:; the conducting state (sheet resistance ~ 2.4XI03Q/Sq) by
treatment with 0.5M H,30,. 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

™
»

1. 1In comparison, the sheet resistance of a similar
polyaniline film without FEP coating would increase to
more than 6.6x10° Q/sg after only 5 min immersion in

25 water.

The UV-visible absorption spectrum of polvaniline is

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

visible absorption spectra of the polyaniline films with
30 and withqut the FEP coating after immersion in water are

compared with that of doped polyaniline before treatment



pol aron band in PANI, indicating the polymer is inits .conductive state.
In the case of the filmwith FEP coating after 3h imersion in water, the
spectrumis 10 simlar to that of the doped polyaniline prior to $
treatment with water. Wthout a FEP coating, the doped PAN film undopes
very qui ckly upon exposure to water. The intensity of the 620nm band
increases while the bands at 430nm and beyond 800nm decrease, inplying a
conversion 15 of the el ectroactive pol yper to the non-conductive (undoped)
state. The absorption peaks found at 325 and 625nmafter 5 m nutes

i mrersion ip;MatgLage a i.C_0 Qp ener al di ne
base). Thuglﬁﬁeﬁ%N§%|S|gP Eﬁ Sﬁﬁgﬁnépect?bsgg%ﬁgxégﬁﬁigggﬂé .

“consi st ent hbfhrehﬂasheetreasmehancehﬁeasu@embnb®sw&p&hoﬁﬂmaﬁdf&ﬁ with the
FEP coatlng the 3 the conductive state even after 3

|
hin water. ﬁPEé8%52EQ§FEgrg;ggpbzétcéép@@-EDﬁEahmhﬁhmﬁ?%ﬂﬁﬁqkﬁﬂzed as

descri bed | aExappyend. 530An! LkTLWRS TREBSRYL! hadaillyo dddiori nat ed
et hyl ene_propyl ene” copol yner (FEP) for 6005 an argon atnosphere. The

filmwth t%@SFﬁﬁedayere&@lﬂaslohenfmmmemhedhugh@smlaMdWyadonSheet
to a val ue BOECEE 15eereEedToatrsvnBaRes & rhe Berbialandlide - o
pol yani | i nepdlanomi baedt i rEPARDAt ERBIWASing the polymer is in its
-conductive state. In the case of the film with FEP
coating after 3h immersion in water, the spectrum is
m 10 similar to that of the doped polyaniline prior to
{i} 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
(ﬁndoped) state. The absorption peaks found at 325 and
625nm after 5 minutes immersion in water are
characteristiq 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

€
ﬂy 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



undoped i nmmedi ately after imersion in 0.01 M NaOH solution and was -
changed to an insulating state. 5 EXAMPLE 3 A polyaniline free-standing
base film (in the eneraldine or 50% oxidation state) was synthesized via
the oxidative 10 polynmerization of aniline using amoni um persulfate in
0.5M H2SO4 (MacDiarmd A G et al. Synth. Met. 18, 285 (1987), the

di scl osure of which is hereby incorporated by reference), in accordance
wi'th the foll owi ng procedure. Polyanil2he powder was undoped usi ng excess
0.5 M NaOH 15 and the polyaniline (eneral dine) base powder was di ssol ved

in N-met hylc@ys rodigengnes( BMPD Q) 9q 0h Ve 3SRLYEEON 8 Endtdendy
free-standing filmof 10-20 pm thicCkness was cast fromthe polyaniline
base in theé'and Betuppbrianthénpolfyam WihbohiteFES anditdiggf Wam was t hen 20

40P, {NSHABEN, AV ROL Bl S0 OB o PECUPSAR S T
(FEP) for I19futimdesndnwasgonaaysaspbenn tasahhaiinga shlawer opol yner
coating of about 1Onm The filmwith the FEP | ayer was 25 i mrersed in
wat er. Sheet resistance (Rs) increased slowy froman initial val ue of
3. 7x1030/ sy, wakue of 3.6x104 0/sq after 3 hours. The change in Rs
with the tine of treatnment in water is shown in Figure 1. In contrast,
~the sheet resistance of the doped free-standing 30 PANI film w thout FEP
cqating in%{%%)§%£{f{%é"g§%gggéggdi£8 %égélgﬁlgzi%nakagre%egéldine
or 50% oxidation state) was synthesized via the oxidative
h 10 polymerization of aniline using ammonium persulfate in
C 0.5M H;SO; (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
(:5 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 immersed in water. Sheet resistance (Rs) increased
slowly from an initial value of 3.7x10°Q/sq to a value
of 3.6X1OQQ/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.



22 EXAWMPLE 4 A polyaniline coated LDPE fil mwas synthesized as 5 descri bed
in Exanple 1. The filmwas then sputtered with polytetrafl uoroethyl ene
(PTFE) for 100s under an argon atnosphere. The filmwth the PTFE | ayer
was imrersed in water. Sheet resistance increased from 8.5x104 to
4.2x1060/sq after the first 15 mn, and then slowy 10 increased to nore

t han 6. 6x1090/sq after 2 hours. Wiile °$ the PTFE coating offers a degree
of protection to the polyaniline fromgphe agqueous environnent, it is not
as effective as a FEP coating forned under the sane sputtering conditions
(RF power and sputtering tine) 15 possibly due to a | ower deposition rate
of the PTFE polyner. EXAMPLE 5 20 A pol yaniline-benzyl viologen chloride
thin filmaB¥8MBL¥ 4on LDPE was synt hesi zed according to a previously (..
publ i shed nmethod. (Zhao Luping, Neoh K. G, Kang E. T., Chem Mater.
14,1098(2002), the disclosure of which is hereby incorporated by

ref erence) . AThe1pahyanikl Bea2ad 9PROeN 1hi WBMAS RORMEred 4o a conductive
state via exposure to near UV-irradiation froma 1kWnercury lanp for 1 h
[ pl ease Pef @FSEE1PRY, i8. Brammdehl.K Ghe fSdmpantshathen) Shuttéang] WB.ith; Tan,

Fi uor | nat odb 8L RV P o8 b EERE Sebsol Sra) o) 18R H6Er it gon, to.
obtain a flabmopphymer coaki dglef wabhdUtthe PTFE layer was imitersed in '
‘water. 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 vioclogen chloride thin film assembly
. on LDPE was synthesized according to a previously
o 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,
1065, 5618, (2001))]. It was then sputtered with
30u fluorinated ethylene propylene copolymer (FEP) for 100s,

using argon, to obtain a fluoropolymer coating of about



23 10nm The filmwth the nanostructured FEP | ayer was imersed in
water. Sheet resistance (Rs) increased slowy froman initial value of
4.4X10952/sq to a value of 2.3x106Q sq after 3 hours. The change in Rs
with 5 time of treatnent in water is shown in Figure 1. In conparison, the
- sheet resistance of a simlar polyaniline-viologen filmwthout FEP
coating would increase to nore than 6.6x1090/sq after only 5 mn .
imrersion in water. 10 EXAMPLE 6 A pol yaniline-benzyl viol ogen chloride
filmassenbly was synthesized as described in Exanple 5. Before exposure

15 to Wiir at| puttered wth at ed et hyl ene
propyl ene c%glg yme?H?FEIE’)et f(kﬁqulr{llh\ggzle DEEONY TS d:&{:eérﬁﬁ fﬁﬁ%swatshen exposed
to near UV-immeadedt ianwenitt.ed shieem aebkWmBiceUrord)anhdaded t0 render
the filmele tr call¥ condyctive. The filmwas 20 |nnersed in water and its

sheet resi sTaf¥eY(REP™WaE 1nigAeds vadueo ofndr-dadd sV ew y tor emvadueni ti al
val ue of 3,6x2092268¢ ALy & MalMes q{oJrslxloﬂﬁglcsrgaﬁiée{n%hourgh The change

in R with time of treatnent in water 1s shown 7. h conpari son,
t he shee? rethetafickreftmens smnwbaerpabysmdmmuimnﬂﬁguﬁu1jJIrmwuthout FEP

coat N9 . NELEERERs LR, TPAS LHAL.OLOIQUBRRT F LRl 2 M nutes O
polyaniline-viclogen film without FEP coating would
increase to more than 6.6x1099/sq after only 5 min
immersion in water.

10

G EXAMPLE 6

A polyaniline-benzyl viologen chloride film assembly was
synthesized as described in Example 5. Before exposure
15 to UV irradiation, the film was sputtered with
filuorinated 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/sq to a value of 1.1x107 Q/sq after 3 hours.

£
5, —

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



30 24 Vinylbenzyl viologen dichloride grafted on a LDPE film was
synthesizeé accoyding toga previously published method. (Liu Xih, Neoh K
G, Zhao Luping, and Kang E. T., Langnuir, 18, 2914 (2002), the disclosure
of which is 5 hereby incorporated by reference). This viol ogen-grafted
filmwas sputtered with fluorinated ethylene propylene copolyner (FEP) for
100s, using argon, to obtain a fluoropolymer coating of about |lonm The
FEP coated viologen filmwas then expoged to near U-irradiation for 10 10
mn in order to formviol ogen radical cations. The C formation of the

i ol ogen r agti gl bedtA AN I ABYdEHidh 1 r U £9F L, gt'gn -visible
;hsorgtion spe?froscggy Jéhgﬁid ad'absé?g%%é% %gn% a% a%oﬁ@g%k%;%%1 Upon
t ermi nati on¥aéf sHathesddiast iasmonditty dxy gerppeesens 1y teb11Shadol ogen

i j i dl. i th 0O return to the dication state
and the col BF CBPEGCHEdh PR RN o tan Bl Ebar 19, K46 Bi e
coloration s, I[Lesigmuithingl, mgﬂﬁexzdﬁgﬁltﬂﬁéF@ggéﬁﬁgﬁgg,0§V@ﬁi@@| ity of

en is restricted and the bleaching process is thus ,r 20 retarded as
gﬁgan ingFiBEFEkg.1PE°¥@OFHG§@-§MIH nenade. arthi® whibdgdigrafivedt i on

i i w.d different enpodi nents and
relates, mapy1ghgRgesHiR GRS %@CEII'L' %u%r]:ngn\égs eec% Keet},@léivg% REQ

applications of the invention W T s u . n"E‘ieparting
fromthe sptepeolymnd dEGFe diort RO Oisnv entiinen.a rdwen di 56| st s And
descriptiOnfiQ%%SkBlg&%rp%%%E%nbl%%§Eﬁﬁ§i€”36g¥{iﬂé%éK%EP 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 wviologen radical cations rapidly react with oxygen to
return to the dication state and the color bleaches. In
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 thué

20 retarded as shown in Figure 3.

(j} 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.



intended to be in any sense Iimting. .30 The docunents cited and referred
to above are hereby incorporated by reference. 25 dains 1. A nethod of
enhancing the stability of an electroactive polynmer, a redox active
material, or a 5 conposite conprising an el ectroactive polynmer and a redox
active material, which conprises depositing on the electroactive polyner,
the redox active material, or the conposite, a fluoropolyner coating by
radi o frequency sputtering. ( 10 2. A pethod according to claim1, wherein
the electroactive polymer is selected fromthe group consisting of
unsubsti t uteds ehsgsubstituted pol yaniline, polypyrrole, polythiophene,
pol yacet yl ene, pol y(para 15 phenyl ene), pol y(p-phenyl ene vinyl ene), and
their derivatives. 3. A nmethod according to claim1 or 2, wherein the

A et hod according to claim 3,

redox active nateriaIAis 2 vi,ol agen. 20 4.
wherein the ~' . viol ogefi®i EogechFBHaPF&ﬁgt &Sy d@Piddfst |5 R of benzyl
vi ol ogen arlinybabenzsl oyl gkegenla 28c5x AKIMIOHAKAL NG, 0, any one of

the preceding clainms, wherein t he fl uoropolyner is a perf’l uorinated
polyner.5 composite comprising an electroactive polymer and a redox

active material, which comprises depositing on the
electroactive polymer, the redox active material, or the -
composite, a fluoropolymer coating by radio frequency
sputtering.

10

‘i\#j

2. A method according to claim 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
(;f 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 nmethod according to
claimb5, 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 render it electrically conductive before
deposition of the fluoropolymer. 10 9. Aénethod 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
electrically conductive after 15 deposition of the fluoropolyner. 10. A

met hod accofdi ng t o aRymehbodf atke rgiiege diongladmaisys whatteriei rtHdhe

fl uor opoly S deposjted in a thickness of fram about |Qnmto about
100nm 20 Tﬁérgiﬁgfﬁga£3§CBngﬂﬁrt&Saﬁy98ﬁ§t€F§Pﬁ§uPQQ§QQY¥Qnevmerein t he
fluoropol ynmer is deposited in a thickness of fromabout |0nmto about

50nm 25_12, A nethod_according to any one of the preceding clains,
wher ei n ®heBr adi of r eqliefeyhegubeepirag nids teaenivedneowtt wihieh reretiestiance of

?EgUt 13 Cnﬁfgimg?nwﬁerékHog088&¥g§&t%a%%%%r%QQn%h%neg_%%%%%géeg%émnynEr’
polymer and a redox active material, is subjected to UV
irradiation to render it electrically conductive before
deposition of the fluoropolymer.

Cji 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,
i;) 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.



redox active material, or the conposite, with a radio 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 electroactive polynmer, a redox active
material, or a conposite conprising an electroactive polynmer and a redox
active material, that bears a coating, the coating consisting of a radio
frequency spluttered fluoropolyner. 14. A redox active material according
to claim 13 that displays oxidation resistance when contacted with an

oxi dative atnosphere. 15. A conposite aggording to claim 13 or 14 that

di splays electrical stability when imersed in an aqueous nedium 16. An
el ectroactive polynmer, a redox active material, or a conposite, according
to claim13, 14 or 15, that bears a fluoropol ynmer coating having a

thi ckness of3from abdiit ¢l Aboit Proomear,12. rAdo&l activacti ve pol yner,

a redox actiyero ARILY il o Qlonh SAMOSILE 1 3G60r dind LA elaiuy 43, 14 or 15,
that bears a fluoropol yner coating having a thi ckness of “From about | Onm
to about 50npelymer and a redox active material, that bears a

coating, the coating consisting of a radic frequency

spluttered fluoropolymer.

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

oxidative atmosphere.

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

medium.

l6. 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.

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 SOnm.



