SOLUBLE POLYMER W TH MULTI - STABLE ELECTRI C STATES AND PRODUCTS COVPRI SI NG
SUCH POLYMER CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001] This application
cl ai ms t hgoheriwgosof U. S. Provisional Application No. ®trR¢2e1tbdédeosdi| ed on
February 4, 2009, the entire.contents of which are incorporated herein by
reference. FIELD OF THE | NVENTI ON [ 0002] The present invention relates
general | y soOLuBhYFEOLY MERSAIBHIMWLTHSTABLE ELEQTRIE 8TATES AN&X es and

products conpri sing ri partjc o polyneric materials
suitable for use i npﬁégﬁﬁﬁmgﬁ?@ﬁﬁégﬁ@@W%and swi t chi ng

devi ces. BACKGROUND OF THE | NVENTI ON [ 0003] 4 i go(phenyl ene ethynyl ene)s
and their derivatives (collectively referred to as "OPEsS") with bistable

el ectric conductivity states have been formed and found useful in many
types of nol ecul ar el ectronics applications including nenory devices. It
has been r@BQS&REFEEREE%Y%BEEAEED)AEE&‘@AT@'ES exhibited a typical

ON OFF current ratio in the range of 50-80, and the nenory effect |asted

for a 5 mn . : . i ; : 5444) ,
bp. 19080152, "R ARRGo bRk et SR et ABlER BN o] e
al t er re/R202,187, filepropvEsbnualy 422009 ,1the @ntied sontbats efrwhicharemaerpofated use in
menory or,  sw tching el ectronic devices.[0005] According to an aspect of the
pr eseMerERNEST8I$Cehere is provided a conpound. The conpound conprises a
pol yneric chain conprising a repeat unit repeated nore than 5 tinmes, such
as 8 to 10 tinmes, in the polynmeric chain. The repeat unit conprises a first
cyclic group and a second cyclic group conjugated to one another and a
plurality of side gégups each bonded to one of the first and second cyclic
u

groups. A STlE&DYOEUBHBINYENTI®ON he first cyclic group is an el ectron

[0002] The present invention relates generally to polymeric materials with
multi-stable electric states and products comprising such materials, and particularly
to polymeric materials suitable for use in electronic devices such as memory and

switching devices.

BACKGROUND OF THE INVENTION

[0003] Oligo(phenylene ethynylene)s and their derivatives (collectively
referred to as “OPEs") with bistable electric conductivity states have been formed
and found useful in many types of molecular electronics applications including
memory devices. It has been reported that memory devices based on OPEs
exhibited a typical ON/OFF current ratio in the range of 50-80, and the memory
effect lasted for about 15 minutes (see Chen J. et al., Science, 1999, vol. 286
(5444), pp. 1550-1552).

SUMMARY OF THE INVENTION

[0004] It is desirable to provide alternative or improved polymeric materials

that are convenient for use in memory or switching electronic devices.



donor and a side group bonded to the second cyclic group is an el ectron
acceptor, such that the conpound is switchable between a first electrica
conduct i weoav®@o@dd a second el ectrical conductive statersg2appbesati on of
an electric field to the conpound. At |east one of the plurality of side

gr oup$00B5]sel ect Adcemiridriat art hspecimgidbe presers dhvdnition] theaa iop@aided sol vent .
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to a therepbwheypbcR isantatieyl gregeaemprigingt 1 tn20 cadian atoms. The

electron-acceptor may comprise a nitro, cyano, isocyano, sulfonyl, sulfinyl,

halogenated alkyl, formyl, carboxyl, carbonyl, alkyloxycarbonyl, aryloxycarbonyi, 1-

tetrazolyl, carbzmoyl, or sulfamoyl group. The compound may comprise a

copolymer, which comprises a phenyl monomer comprising a substituent that is an

electron-acceptor; and a phenylenesthynylene monomer comprising a side chain

that is an alkyl or alkoxy group having 1 to 20 carbon atoms. The alkyl or alkoxy

group may have 1 to 13 carbon atoms. The side chain may be an octyloxy, hexyl,

octyl, 2-ethylhexyl, decyl, dodecyl, hexyloxy, 2-ethylhexyloxy, decyloxy, or

dodecyloxy group. The phenyl monomer may be a p-phenyl or an m-phenyl. The

phenyl monomer may further comprise an additional electron-donor. The

copolymer may have a number average molar weight (Mn) of more than 2000

g/mol. The organic solvent may be toluene, benzene, xylene, tetrahydrofuran,

chloroform, or dichloromethane. The compound may comprise a chain structure

represented by
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provi ded a menory el ement conprising a conpound or film described herein.
[ 0008] According to another aspect of the present invention, there is
provi ded wo 20i0a®béoeni ¢ devi ce conpri sing a conpound, fi lpaw/senonBORGY

el enent described herein. [0009] According to a further aspect of the
present invention, there icg,pp0vigdegd a method of forming a filmconprising
t he conpound described A&e{ein. The¢ frethod conprises dissol ving the conpound
in an organic sol ve ' FrEa For— applying the solution to a
surface to forma | ayenp—c ‘®n the surface; and renpving the
solvent fromthe |&¥erO of the sollition to forma solid | ayer conprising the
conpound on the surface. [0010] QVRer aspecgrs and features of the present
invention will becone apparent to those of ordinary skill in the art upon
review of the follow ng description of specific enbodi nents of the

i nvention in conjunction Mdir t he dtdonpanying figures. BRI EF DESCRI PTI ON
OF THE DRAW NGS[ 001 {1}~FR the fi/fgtnes, which illustrate, by way of exanple
only, enbodi nents ofl hhespresenty i gverttjon, [0012] FIG 1 is a schematic
di agram of four differént poly C chai R structures, where PPE-a, PPE-c
and PPE-d are exéptidty of enbd¥®ments of the present invention and PPE-b
is included for conparison; [0013] FIG 2 is a schematic diagramof a
general i zed polyneric chain structure, exenplary of an enbodi ment of the
pr eseVNeigieRi$ 3R infege! greateicthan 5§, sushasHeomis t© 19 a5 graater thenal0.el evat i on
view of an electronic structure, exenplary of an enbodi nent of the present
i nventfgffal [ 0015] ; i i I I; ALY array of
rrern)ry['oggfs S forn‘bédéb(%ngt%%B?%ﬁ%%@é&@&g?ﬁ%%& 'gﬁeﬁeﬂrcr)ﬁbtl r'r%ﬁ? of the

pr esemrovidedra filomconpeistly Fc@Bpotd aledchiBedherachemat i ¢ per spective vi ews
of addressabl e nenory devices, exenplary of enbodinents of the present

' “Ve”t['oﬁaﬂ According to a further aspect of the present invention, there is

provided a memory element comprising a compound or film, described herein.

[0008] According to another aspect of the present invention, there is
provided an electronic device comprising a compound, film, or memory element

described herein.

[0009] According to a further aspect of the present invention, there is
provided a method of forming a film comprising the compound described herein.
The method comprises dissolving the compound in an organic solvent to form a
solution; applying the solution to a surface to form a layer of the solution on the
surface; and removing the solvent from the layer of the solution to form a solid layer
comprising the compound on the surface. |

[0010] Other aspects and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following description
of specific embodiments of the invention in conjunction with the accompanying
figures.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0017] FIG 6 is a schematic perspective view of a stacked addressabl e
menory device, exenplary of an enbodi nent of the present invention; [0018]
FIG 7 iswewnmmeoati c diagramillustrating synthesis rowteschon/opseparati on
of sanpl e nononers; [0019] FI.GS. 8A, 8B, 8C, and 8D are schematic di agrans
i | lustf0adithg exehplize figenest wbichsillustrate sby araymfepangie onlyo fenpmdiments wi t h
chain(%tﬁucture .shown in FIG 1 ; [0020] FIG 9 is a |line graph show ng
measur@dNe REFSRIL QYSMORet ri ¢ anal ysis (TGA) data, obtained from sanple
materials; [0021] FIG 10 is a |line graph show ng Fourier transform

i nfrared12fT- 1 R) FIGeqtis a stheh®iR! fagiBhesf RIUp diffdl8rEdolferickhald @ |ine
graph show ng 1H NMR (nucl ear magneti c resonance) specCtra of sanple

mat er i gtustyres28her BPELa, PBEsc binch & Rir-d pite sixempigrywftanahodiments oBing e

(UV-vi ectra. materials. [0024]. FIG 13 is a ling graph
show n@‘éé&a{ﬁvﬁqﬁ aﬁﬁﬁr{ﬁ?*ﬁk}dlﬁ%@ﬁgr kgn'@lal"?gﬂpl e materials; [0025] FIG
14 is a line graph showing Cyclic voltammetry (CyV) data obtained from
sanpl gopeBymer miEIGL 2db & sdhedlc drigiam dba gedeidlizat potaherigthains show ng
t he dependence of current density on bias voltage in sanple polyner

mat er | YIUCtunepg¥eMPIaEof #n grabedinignk of esBBhINY§NERMr ent density
dependence on tine in sanple polyner materials; [0028] FIG 18 is a data

gr aph f Ng cu Nk ; ' : iSes in
Sl d20e] e et o P B B R Ol A B o AR e
cal cul situsiuren exgiyplasy eff anfembediswmp betheopresent imwestioml . DETAI LED

DESCRI PTI ON
[0015] FIG. 4 is a schematic perspective view of an array of memory cells

formed on a substrate, exemplary of an embodiment of the present invention;

[0016] FIGS. 5A and 5B are schematic perspective views of addressable

memory devices, exemplary of embodiments of the present invention;

[0017] FIG. 6 is a schematic perspective view of a stacked addressable

memory device, exemplary of an embodiment of the present invention;

[0018] FIG. 7 is a schematic diagram illustrating synthesis routes for

preparation of sample monomers;

[0019] FIGS. 8A, 8B, 8C, and 8D are schematic diagrams illustrating
exemplary synthesis routes for preparation of polymers with chain structures shown
in FIG. 1;

[0020] FIG. 9 is a line graph showing measured thermal gravimetric analysis

(TGA) data, obtained from sample materials;

[0021] FIG. 10 is a line graph showing Fourier transform infrared (FT-IR)

spectra of sample materials;

[0022] FIG. 11 is a line graph showing *H NMR (nuclear magnetic

resonance) spectra of sample materials;



[ 0030] An exenplary enbodi ment of the present invention relates to a
conpound that includes a copol yner of a phenyl nononer and a

phenyl enegbhyryloesse (PE) nononer in the main pol yner chacmsGihw/odegy ee of
pol ynmeri zati on of the copolyner is greater than 5, such as greater than 10.
The dg§028] of poFY@Ee12 imailioe graph Bhowirg Ultiaaidlélyvikibih (8\d-vid)espretrbef aver age
nol ar vveiaht Nh?a of the copolyner is greater than 2000 g/ nol. The

copol yifeY ﬁé?étﬁ ISeferred to as pol y(phenyl eneet hynyl ene) (PPE). [0031] The
phenyl nonomer has a side group substituent that is an el ectron-acceptor.

For ex@OR4E, theFpBenyis amhg@épﬁaﬁomgaxnap@ﬁﬁébﬁé\@(fkml) dBtterns of
el ectron-accepti ng substituent. The phenyl nononer may al so have an

el ect ragagaamatagalsubst i tuent. For exanple, the phenyl nononer may be an
m phenyl having a first substituent that is an el ectron-donor and a second

bst | t hat g : al _ :
e JOUBAL | FIGeR T AT PaBRSHA e oS BB RO B, o
el ect rabtaided drormeymipée polyamérmateridiga) 1 hydroxyl (-OH), alky! amino (-NHR or
-NR2) , alkyl (-R), alkoxy (-OR), easter (- COOR), aryl, thionyl, or

car ba oup, rivatjve thereof erein Ris an al kyl group having
1 o 28028 bon’ oFl8. TRan L8 Hie R Bcraphs FaU I C AP GHisse & cHOPEL y
capablcpergfty%ﬁo&gg V%@%yggﬁkr%,%g@me@g]san el ectron donor. An

el ect ron- accept or tro,  cyano, isocyano, sulfonyl, sulfinyl,

hal ogenated al kyl, fornyl, carboxyl, carbonyl, alkyl oxycarbonyl,
aryl 0{§0&Fbony| , FiGt #7 isia slaja grapdr $having cusient densiigependanse ¢groti®e] The PE

nono i in that is an al kyl or al koxy group having 1 to 13
car bgﬁ@?ﬁ‘f‘?éggmﬁﬁ%ﬁﬁ%@g@hm e in an organic solvent, such as toluene,
benzene, xylene, tetrahydrofuran, chloroform or dichloromethane. Two or
nmor e 40A28Fhai nsFiG. 18 és Rdatm oy showingatirene density depahdatceasn EHdé<OXK
group, i ch may be independently sel ected. Conveniently, such side chains
may priody qfﬁﬁ%%@élf%n@&rmne‘ﬁm&*ﬂﬁrﬁeat%@bﬂ:ﬁ?& in the organic solvent,

and serve as el ectrondonors. The side chain may be a hexyl, octyl,
2-et hybbgay! . deryb. 191988 %¥r graph showing the calculated energy levels for a

sample polymer material.

DETAILED DESCRIPTION

[0030] An exemplary embodiment of the present invention relates to a
compound that includes a copolymer of a phenyl monomer and a
phenyleneethynylene (PE) monomer in the main polymer chain. The degree of
polymerization of the copolymer is greater than 5, such as greater than 10. The
degree of polymerization may be sufficiently high so the number average molar
weight (Mn) of the copolymer is greater than 2000 g/mol. The copolymer may be
referred to as poly(phenyleneethynylene) (PPE).

[0031] The phenyl monomer has a side group substituent that is an
electron-acceptor. For example, the phenyl monomer may be a p-phenyl having an
electron-accepting substituent. The phenyl monomer may also have an electron-
donating substituent. For example, the phenyl monomer may be an m-phenyl

having a first substituent that is an electron-donor and a second substituent that is
5



hexyl oxy, 2-ethyl hexyl oxy, decyl oxy, or dodecyl oxy group. [0033] In a
speci fi c enbodi nent, the phenyl eneet hynyl ene group has two side chains
whi ch ar ewpdemwissas and i s each a soluble, alkyl or al kexy/sgrowpohayi ng 1
to 13 carbon atons. [0034] One or both of the phenyl eneet hynyl ene nononer

and t e ¢lBethyn- a&@aﬂaﬁrAﬁaareétmdanonells@iyr@aug@mo|9fw¢uipab¢e aPHeRBEN®r a
repeat unit in the copoly may I nclude two or nore soluble 8rou ps, two or

nore @NeRleeisen Hbﬂmel@ir@unp%ccemortv&m@iecﬁf@nem%@ﬂasohemm Holips. [ 0035]

;-Ihtee(r:?\%g? v&ggj’%y ﬁ@l lelrwgrl o hgblélgnf (ﬂ%e?% g)r%g jﬂ|5%"\c£§jl y or a block

copol Y®OR)) aryarimoc;gls er ctartmzobg:dup:r@r aScmwadve tisdredf whereff Rds ent nunmber of
si de crkyl ns formed of an alé or al koxy group havi nrgml to 20 (such as 1 to
13) c&NbAruRRaVING1do2 & eAHPPRiAiAMSn b BIECHPNACSEPIBINRH RErVAAURI ect r on

accentiyieRHelbdbabr bASHRAROLY SRk RALKR] 6y LR MRIPADhS, S} vent and is

reverS|ny first e ectr conductive state to a second
el ect raleﬁtomamhmmn' way dbeaa aittoy cyxppbd)j |sa(:yarm elifanylesa@nyli balogehdteido t he

| ect t I ded i
i 17 0PN, B Eeraay Syt Ay oRiaer Aone, SRRl - Pereb sul 1 i ng

pol yn@brmo)heop%m}q@by control |l ed by adJ usting the rat i o of one
mononer to anot her nonormer 1n the polyner. [0037] A specific exanple of the

copol yner include a copolynmer that has a chain structure represented by the
cheni {8932lor nul agheBiE monpperdiaso? sivieEciipis ieatrs ian aikxhorlalkqmy@r@um is

01 eat gl PHAN 1513 AL S ML bl MAGoitBie 1125 GRANL SINUE Uiy BEE b is shoun

I n Fl conpari son structu Or convenience o erence PPE- a

EPE_- b,toIBEEe ChermethePRAet e atetrahlyd rofursed chivireionmt OL diii‘lﬁjroh'@thdmhd. C'Owglqrrrer sI
avin e .respective chajn structures can, be reci ated, the octyloxy
si de ierﬁ'@ﬁ'S ainsef é‘?)%g’l%lyrr‘?@ﬂgnﬁf@%y eﬁﬁéﬁﬁ S'-‘Pb@rbaﬁgl WIo4Ps ol ubi e i n

an or gk mRl e HdeBBAAbStPBeIBLREE " COnHAISktY, Shen %FHé‘{ﬂwémQ"ﬁ?éy SoVde
improved solubility of the copolymer in the organic solvent, and serve as electron-
donors. The side chain may be a hexyl, octyl, 2-ethylhexyl, decyl, dodecyl,
hexyloxy, 2-ethylhexyloxy, decyloxy, or dodecyloxy group.

[0033] In a specific embodiment, the phenyleneethynylene group has two
side chains which are identical and is each a soluble, alkyl or alkoxy group having 1
to 13 carbon atoms.

[0034] One or both of the phenyleneethynylene monomer and the phenyl
monomer may have an electron donor group. A monomer or a repeat unit in the
copolymer may include two or more soluble groups, two or more electron-donor

groups, or two or more electron-acceptor groups.

[0035] The copolymer may be a linear or branched polymer, and may be an
alternative copolymer, a periodic copolymer, a random copolymer, or a block
copolymer. In any case, the copolymer should include a sufficient number of side
chains formed of an alkyl or alkoxy group having 1 to 20 (such as 1 to 13) carbon
atoms, and a sufficient number of electron-donors and electron abceptors, such that

the copolymer is soluble in an organic solvent and is reversibly switchable from a



attached to the phenyl group is an electron donor; and the nitro (-NO2)
group attached to the phenyl group is an electron-acceptor. [0038] In a
further ewenploamwysosnbodi nent of the present invention, thescopoloyeey nmay be
represented by the forrmula shown in FIG 2. In this copolyner, the backbone

of t hefirsbglebitivat condidiivestatefto ssedoripedibctirbl cotrnetied stfte Byrdgpitatlognd a
second repeat unit denoted as Portion 2. Each of Portion 1 or Portion 2 may

be a p¥Iaf| Peekin iiald tethaeymepd)d.or a derivative of pol y(phenyl ene

et hynyl ene) (collectively referred to as PPE). For exanple, Portion 1 may

be a FIBGQBLE”E eOAHEN 'eférﬁrgg;ﬁ}&r a%ﬂdarﬁdggiﬁd&@?épgg}’e P‘ﬁ:ll?déij]e'l'hid{ﬁ‘ériéa\‘\ﬁagf

phenylene et hynyl ene. ent enbo ortions 1 and
i ndependeotniey uaitd, thamdtioloy dappetaradaeptdrentibe késuling palymedrimay ber mi ng a

random copol r, m terpnativ appear thus formn alternative
Copol et Rl o8y iy i R0 RE bne Gichargente s Bl HoB6RBIyrer . A
Portiqﬁtﬁeﬁag,rﬁerl?ortion 2 may be directly linked by a coval ent bond or may
be indirectly |inked through an internediate group, and nmay form bl ock

copolymers. In FIG 2, "x" or "y" denotes the average ratio of the nunber
of Porl0P8A] 1 or Forpeaific examplenef thete@pohimerdncluterreopmymer thaties a

copol ynrer y. A t 0 1 ty = 1. In
F Srein sty Ffgsdirel /Al BotmlBRIEEE L s of PREY 10 i1 some
enmbodigemirsin FIG.shharetiatisngaater tivamdy stieh s grediet thakD10.[ PA3%halfprtion 1
contai ns at Ilg'%%t one side ﬁhai n"G' %ou and may optionally contains one
or norrugtiye RREris shoprpin Pigy 153% arompartsen frusiye: oo Wﬁé'edw&tf’fcan
i mpro L i ( 2 .C oy Lo e G group
. cadh oS AR e P G Bor bR i LT Refein ) FaBt o MG .
gr oup dopodymetselna viog thiorespegtivaiphaindtaucitirds:' Agrearpbe spprectateds then- accept or
group. e sid hain in Portion 1 be rou a D group.
The RiocB Siey SN e uh BT aPts BRErS i E o Rk mo BN S P0040] The
"M griibliin Berdryanicsoirent BRdas @ardl¥éidr BoRbr; B ARMAGINHAGrEGS er ocycl i c
group. A "D2" group is an el ectron-donor group and an "A2" ‘group is an
attached to the phenyl group is an electron donor; and the nitro (-NO;) group

attached to the phenyl group is an electron-acceptor.

[0038] In a further exemplary embodiment of the present invention, the
copolymer may be represented by the formula shown in FIG. 2. In this copolymer,
the backbone of the copolymer includes a first repeat unit denoted as Portion 1 and
a second repeat unit denoted as Portion 2. Each of Portion 1 or Portion 2 may be a
poly(phenylene ethynylene) or a derivative of poly(phenylene ethynylene)
(collectively referred to as PPE). For example, Portion 1 may be a phenylene
ethynylene group, and Portion 2 may be a derivative of phenylene ethynylene. In
different embodiments, Portions 1 and 2 may independently and randomly appear
in the backbone chain thus forming a random copolymer, may alternatively appear
thus forming an alternative copolymer, or may periodically appear thus forming a
periodic copolymer. A Portion 1 and a Portion 2 may be directly linked by a
covalent bond or may be indirectly linked through an intermediate group, and may
form block copolyfners. In FIG. 2, “X” or “y” denotes the average ratio of the
number of Portion 1 or Portion 2 to the total number of PPE units in the copolymer.
Thus, each of x and y may vary between 0 and 1 and x+y = 1. In FIG. 2, “n” is an



el ectron-acceptor group. Portion 2 contains at |east one substituent that
iIs a Dor A2 group, and nay contain two or nore substituents, where the
subst i t uenwb01mY0d08Cl ude both D2 and A2 groups. Wien Portirss2dioso@ss not
contain any Al group, Portion 2 should have at |east one A2 group. [0041]

The Gintegergrbater GizpUm and R8¢ be Jraalprha®n 03n sBhcP8MbOdingsRyPn BoRRENT 1N
Portion 2, and the nunber of any particular group in each individual repeat

uni t, eRod@eNtRidpeaide rgmseloet@ed. For exanple, D and D2 may be
different or the sane. Al and A2 may be different or the sanme. The nunber

of el qapsan donOP.IFQPSOARIhS BACBUIGEE oo &lAFLEORIGEFER] a8 CuPS 0 @

repeat  uni I n a polyner no ulre nmay e Sa ent. [0042]
"T-i" optidnaliRtoriamg @meronmord e'miré)clwhglms’ cﬂ‘f“N{BgrdD@lektﬁOT(g” givaipris aT;ii and T2
may be the sane aor different. T-i a T2 )e selected to provide a

desi r&ﬁO‘f'QlH“taﬁiC@Hdmp{?Vﬁ’ eascﬂapl{'ﬁy&ﬂtﬁe 0959[5? tiN G oragsRaventt ThayGnot be
neces ; i I; ' 3]a M bhout bei ng
T ¢ o o e S hdRiadal P durital B BReh g sele o i ng

el ect rgsouRIEnan eladlrosk-danargroge aagtaor “Agt gupp msarselestronseceptoagrauhed to t he

backbgne i.n the.pol r | equl ar, orhjtal wl cone lqcaljzed to sone
ext enﬁ%aﬁﬁﬁ“a&'@m %gﬁﬂhoﬂowﬁﬁ@%&ﬁ &%@W%?gﬁﬁmgpt ﬂ'l?}? 'e90%Pbed. Both
el ect s omiged i PRFidPNime6RBIhb&diftbHisar e al so effective in reducing
t he energy gapbetween the hi ghest occupi ed nol ecular orbital (HOMO and the

| owest unoccupi ed nol ecul ar orbital (LUMD in the PPE. The changes in
mol echPd0lor bi t allhenM @rodm i Rartione? Bayshelardaiivative ef aasomatie e nat eri al

whi ch g Bri.ersS: S ] 0k state. For
a1 EH R GOBRE IO grhe iPa olcetondibr drin =B AT gl Bt arrory
devi celedtumt-aergptongoapmiPaton 2rcosltaint it teash @ngesubstinghethatds expest ed to be

h ' h ' - ol I h \ fer. [0044] Co ly, wh
2 bi adaBUpr 20 M| PTG RABRIGRo RS R ea! Yheie e BERHBRD e
tr ansfigadslbbiPm, &he A& @BEEQ.“VW%WPMM i @%e@'n%%&ﬁféir@gﬁg% ?grél.tj[ﬁ,l ong the

backbone, and opP05| tel arged carriers are separate e
Portion 2 should have at least one A, group.

[0041] The G, D1 and Aq groups present in Portion 1, D, and Az groups
present in Portion 2, and the humber of any particular group in each individual
repeat unit, may be independently selected. For example, D4 and D> may be
different or the same. A¢ and Az may be different or the same. The number of
electron donor groups and the number of electron acceptor groups in a repeat unit

or in a polymer molecule may be the same or different.

[0042] “T¢“ and “T," are terminal (end) groups of the backbone chain. T
and T2 may be the same or different. T and T, may be selected to provide a
desired functionality in a particular application. However, it may not be necessary
to control T4 and T2 in some embodiments.

[0043] Without being limited to any particular theory, it is expected that by
including electron-donor and electron-acceptor groups as substituents attached to
the backbone in the polymer, molecular orbital will become localized to some extent
and the conjugation throughout the PE moiety is thus perturbed. Both electron-
donor and electron-acceptor groups are also effective in reducing the energy gap
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backbone by the applied field. Even after the bias field is renoved, it
still takes sone tine for the separated charges to rem x. Wen the opposite
charges awe smpmeo@Bed, the electric conductivity throughkcrise2comodogser
material is different fromthe electric conductivity of the copol yner where

the chistgeenahe highesd oc&bpied mdilecmaﬁbmiﬂw(lﬂ@'l\/l@xan@ltﬁe st uabatlsted
conductivit at es ossible to switch between the two

conductPlacy ré’[ﬁ‘l@sﬂ-@"@bﬁl thert dg dOpthmngesiinggleeylar orhﬁt@l;en@rga!;&e}n i eﬁ of
h . t
dovi oo HBRASRoRE SSRERRLE e rthtolial {fickedh.ERF R EAMRRls, oo 0V & 1

may bethoedidbileze the AblsmrQBEdtdier dian eetachpie,r‘res{Ubedi enetgy bamihgapmight e of the
benefi ci al opert| s thereof, or a.si ert For exanpl e,

modi 11 EAUERBHErFRN® %ﬂe%”ﬁr@%wrﬂe\"%gﬁv%wp 535@){%0‘8%%‘89%'8 WSO has a
poly feal e rERESH | ER5d than five
(5) '[T?rrrréergs Q%eékpgg{eaat ugrﬁatﬁn"l@rqc udesthgﬁlﬁtgtltéﬁl%élg?éups %gﬁgjr{?géat ed to one
anot her, such as by a p-conjugation bond, and a plurality of side groups
each Hi9AdéH t o or@rtﬁequ&eﬂ}t,y@h@ta@lampbctrmf igld s applied to ihe appolyméronded to

bonded B THEed A eRTered FlnTERCEoatREREs 14 e SREkaRERosHOR Tt "one

of t healshgeh@badklsories aﬁalcﬁfﬁoedemhlar@wuerﬁemeaﬁ@be;baﬂatéd/amhgtthe conpound so
that the conpound is -sol ub in an _organic solvent. The organl c solvent may

be toIQ%‘r'f@O”BéWztBﬁ@ppJJ?‘lj@ﬁ E¥en afigiinerhinafieldisirerevenit sbi takes
di chl Oéd?ﬁ@'hh%“l%r tH&'€eFh ‘Eécf Bﬂa %Q% r pY\ﬁ'{)e ﬁ?%@#@ t%%ﬂa%sérecyd ic

nonomer select ove t ound in the
or gani se;mmdatednthe é’lbetrmamrtdunhwt;omrdnhgh ’fhed@);gﬂymes netetidids diffdréct fgsraups may

t.hat h th t f theel ectron donor or
o cuptioP e CRPHCHR e PPPadRer iners 488 ChRIOHRATEI TUBHb! DUt Biser ¢ | es of
t he pqidmmuhd &Méﬁﬂ.m&rﬁmwme c@ﬁaaéﬂ.\h@dstafasebndnﬁg R sl faegmﬁgord' ng to

a procedure described herein, or by fying and conbi ni ng synthesis
t echni kpiweer Abavive sonduetivityigtatesbyi apnlweg & sultakde biasfialthe Thiese | osur e

provi dpergpgﬁleg'd?‘the compound can be conveniently utilized in a memory element or

switching device.

[0045] As now can be appreciated, the PPE polymer shown in FIG. 1, may
be modified as described herein and can still retain one or more of the beneficial
properties thereof, or a similar property. For example, a modified embodiment of
the present invention may be a compound that has a polymeric chain, which has a
repeat unit that is repeated more than five (5) times. The repeat unit includes two
cyclic groups conjugated to one another, such as by a n—conjugation bond, and a
plurality of side groups each bonded to one of the cyclic groups. At least one side
group bonded to the first cyclic monomer is an electron donor. At least one side
group bonded to the second cyclic monomer is an electron acceptor. At least one
of the side groups is selected to improve the solubility of the compound so that the
compound is soluble in an organic solvent. The organic solvent may be toluene,
benzene, xylene, tetrahydrofuran, chloroform, or dichloromethane. The electron
donor group attached to the first cyclic monomer may be selected to improve the
solubility of the compound in the organic solvent. The positions of the side groups

on the cyclic groups may vary. It is expected that a change in the position of the
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[0047] For exanple, a PPE described herein may be synthesized by Heck
pol ycondensati on of nononers, such as described in Heck R F., Palladium
Reagent s wo 20xog@néo8 Synt heses, Acadeni ¢ Press, 1985. A PPEsGayloab@as be
synt hesi zed in a phase transfer catalyst (PTC) reaction of the nononers,

such aglectemt dbh@tor daudaptdr dloug il et sigeifidantly affeel henmSelstaitart A: Pol ym
Chem, 1990, val. 1101-1 126. The resulting PPEs so prepared are

. 28, pp.
seni cagianettigso e ﬁok’ﬁ?ﬂrﬁgat i on through the phenyl and triple bond
noi eties. They are thermally stable with linear sp hybrid orbitals of

th whi ' ' ; t
tr o cioaas] N G EmBsnd o Etbd i bty HEMFmoR SLaRARGTOREC! el uded i n
t he pgrgoedurealdscribed detdin, sobyhddifingodnd bembiniad symthesisdbchiibuss

facilitatin ol utjqgn prqcessing. .[0048] . Fqor exanple, for formng a
compodfieWil *%H%QS%W%W ecﬂ&ibr?%?filqﬁbtﬂ“@rcgséﬂ% F?r'T'EV'ﬁPéhefe',”- nononers for
formng the side chain or substituent groups in Portions 1 and 2 nay be

i ndepqodant |y SeF@ﬁbﬁémp[é?%ﬁPEF&ésdﬁbéﬂme‘?einﬁﬁéy B@Weéﬂieaﬂlﬁ?%c&or
formng the side chain "G" may be a Cl1-20 (G -20 denotes one to twenty

car borpalyenvsiensaiinmet mnomea?zm:ﬁbmdﬁsqiqu indreskpR. br, Ralladityn gr oup. 1t ijs
i . i , iLi . PPES Al | . As
ner ei a0 i PROGTE SRS s A Bliosaph & PRERBRINTS sl vent . A

| i pophgynittediraalip aphadeiransies cathlas (PTC) eddtiomof theinatibhers, sueivasMay be a
hexyl group, octyl garoup, 2-ethyl hexyl group, decyl group, or dodecyl
group, Q?P“ge@éﬂ PH§'bg}\(ﬁnﬁ’d:’%ﬂCﬁ6>?‘z, dr M. (S50 5 Fpri A Refii. éﬁ@é@; 198@ 1 engt h of
t he si ' A e i m : ' und is
sur 11 CE T PR Folv 8¢ PhdEir P PRES dofbrepaled A SeRitohlDBOROMRA NG ure
of t heos@igativadhrougbribe phenlybagd sigle bohdimeietios.h Thsywine thérvellg staldenor e

than 13 carbon atons in.the chain (Cl4 or |qn , yinterdigitate, which

can | AP ﬁ%eq,resdﬂ&. 'dsQfBUBE‘I ‘?ft%ﬁy':lﬂ e, chgﬁﬂﬁa’g%cﬁ%ﬁh?g‘s tgisg%c%'ﬁaﬁ n G nay

i ncl udfod delmpact!dtmeaire. K W@Oﬁﬁ&?‘&*ﬂ@ki‘b_l@bléb{djar&r(@g)rp%s Al group.

This may inprove solubility as the resulti nﬂ1 conpound is lesS likely to
included in the polymer to improve the solubility of the final material, thus facilitating

solution processing.

[0048] For example, for forming a compound with a polymeric chain
structure shown in FIG. 2, monomers for forming the side chain or substituent

groups in Portions 1 and 2 may be independently selected.

[0049] For example, the monomer or group for forming the side chain “G”
may be a C1.20 (C120 denotes one to twenty carbon atoms) linear- or branched-
chain alkyl group, or alkoxy group. ltis introduced to improve the solubility of PPEs
in organic solvents. As used herein, a soluble group refers to a group soluble in an
organic solvent. A lipophilic group may be selected as the G group. Suitable G
group may be a hexyl group, octyl group, 2-ethylhexyl group, decyl group, or
dodecyl group, or a corresponding alkoxy group.

[0050] In some cases, the length of the side chain G may be limited to
ensure that the resulting compound is sufficiently soluble.. For example, in some
cases, depending on the nature of the selected monomer, a long side chain, such

as when there are more than 13 carbon atoms in the chain (C14 or longer), may
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aggregate in an organic solution. [0051] Each of DI and D2 may be an

el ectron-donor group which can transfer electron to another nol ecul ar
entity i nwBBBio/dodeosry be introduced to decrease the enewrgy/siceyelooaits LUMO
and help to stabilize the separated charges in conjugated systens. Specific

exanplisterdigithied evhivhde s Wad(toPeliucedrisoribliithHTRlis . in @bkd emBobméntdHR or - NR
2) , alkyl (-R), alkoxy (-OR), easter (- aryl, thionyl, carbazol

Kyl (. . ) COOR), ary
gr oupSiGH aheingG majeinclkise & £4-13 [ipRaT OR branched-ghain atikyt group2 or gkedYes one to
t went bath.: ' : . al Each of A
and A?rﬁr% g{@lsgﬁ%glﬁ @gkéﬁ%%@{t%’ agbf%g'“{@i égﬁh%cg;]rﬂi’a%?g%% ﬁlg%é]é?ron from
anot herggregatelih @n @gbnicysalutiarhe PPE. It may be introduced to increase the
energy level of HOMO and to stabilize the separated charges in conjugated
syste eci fic exanpl| es jnclude cyanq, ,socyano, nitro, sulfonyl,
sul fi K@P,S']Sﬁal oge‘#ﬁoéd)@ﬂ&nd, B? gy pe a@ﬁ%@f&ﬂ'ﬁgﬁ%%‘”@r‘ﬂ?lv}’h‘ﬁhWf‘oxycar bonyl ,
aryl opygafdiofstirod td ShéRePmdlieciaF Qﬁﬁfgw\ PPENC $hdyf Wkoﬂ&uﬁé- [0053] The
nmononer for formng the Mgroup, or the ring in a cyclic nononer in the
r epeatdagnease heyensrgy tvet oebUMd epentrip to sfahillze tbetsepagated mharges ine

pol yner,, . be aderivative ,of .a r tic eteroc &/ up. M
D e S R PR lBh AR RSO h B ERUES, h
ant hr aeeingl (-NHRH -wNF'\"gé,UéIK#(-RF@I&iW (-Org péadtit (-d@@hﬁrﬁw@wbnw ndacenyl,
acenapht hyl, fluorenyl, phenal enyl, phenanthrenyl, anthracenyl,
t ri ph&RyPaza)Igrowss anf theimdeivativesnwheraia it s Rybq (Girzo Heratesmne tov may be a
het er ' g S W0 AYA R o Ldyl., pyrazinyl, pyrazolyl,
pyrr oﬁ;\’}/}éﬁh}l %a@ggoﬁ??mgy@%égyPPﬁgéeﬁgphfglek%é'to gbht hot hi enyl , thiant hrenyl,
furyl, pyranyl, isobenzofuranyl, chronmenyl, xanthenyl, phenoxathiinyl,
puri nm[@0562] , pyr Edebiofiyy, dandddl nEiylye anicteitruehgigptomglouipl whiphicany |
qui nol i zi nyl., gui nol vl ht hal azi nyi , .pteri di ,.cabazolyl, acridinyl,
phenarﬁcﬁ?Pﬁ?IWﬁ?n&Qﬁ gihe H‘?‘ﬁ%ﬂéi&f‘?“ﬁ){w ,th%Hyi%d%ln?% e'%md@ce t he
MONON®ficreake t9e bR devéHHOMO BRdM6 2¢iiN-d Mol Ripariiea &%Zgésf;% pol ymer s
utilizing the reaction routes appropriate for the selecte

conjugated systems. Specific examples include cyano, isocyano, nitro, sulfonyi,

sulfinyl, halogenated alkyl, formyl, carboxyl, carbonyl, alkyloxycarbonyl,

aryloxycarbony!, 1-tetrazolyl, carbzmoyl, and sulfamoyl groups.

[0053] The monomer for forming the M group, or the ring in a cyclic
monomer in the repeat unit, may be selected independent of the other groups in the
polymer, and may be a derivative of an aromatic or heterocyclic group. M may be
an all-carbon aromatic group, such as phenyl, naphthayl, anthracenyl, indyl, azulyl,
pentalyl, heptalyl, biphenylenyl, indacenyl, acenaphthyl, fluorenyl, phenalenyl,
phenanthrenyl, anthracenyl, triphenylenyi, pyrenyl, naphthacenyl, pentacenyl, or
hexacenyl. M may be a heterocyclic group, such as pyridyl, bipyridyl, pyrazinyl,
pyrazolyl, pyrrolyl, imidazolyl, thieyl, benzothienyl, naphthothienyl, thianthrenyi,
furyl, pyranyl, isobenzofuranyl, chromenyl, xanthenyl, phenoxathiinyl, purimidinyl,
pyridaziny, indolizinyl, isoindolyl, indolyl, purinyl, quinolizinyl, quinolyl, phthalazinyl,

pteridinyl, cabazolyl, acridinyl, phenanthridinyl, pyrrolinyl, imidazolinyl, or indolinyl.

[0054] Once the monomers are selected, they may be reacted to form the
desired polymers utilizing the reaction routes appropriate for the selected

monomers. Exemplary reaction routes and procedures for preparing PPE-a, PPE-b,
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nononers. Exenplary reaction routes and procedures for preparing PPE-a,
PPE- b, PPE-c, and PPE-d pol yners are discussed in the Exanpl es bel ow, and

i || ustratwd 200/09068S, 7 and 8. For formning other PPEs, tIpreT/S&actnjoomsy out es
and procedures may be nodified as can be understood by those skilled in the

art. [Fioe] ad@PPEULSIy AR ASiSBIRE iAthEEXan{piEs bard, bha ifedraed of

pol ynmeri zation of the POl ymers may be deternined using any suitable
t echniit) FEGSFérangh@nppeloringeipep £REss, ithareaction ravtasranchpwagdures May gel

per meat i hr,onat o p Q) teghnig The,deqree of polynerization may
be es ?n[ﬁgg@epr%ﬁ#qrﬁégrqggégf%%jw e 'ré)%d {%tgga%férage nmol ecul ar wei ght of
the nononers (or repeat units) in the polyner, as can be understood by

t hose [8054] ed | nThBeuaiBer dvetadd mbscuiat mbiss (iv) ahd ahaalegrésdbf may be
determ ned by npeasuring the quantifgy of the material dissolved in a unit
vol unﬁ’OBﬂ“‘?rﬂ?@tqufitbﬁpoWr%Qfﬁ\fw be sletemmingd sising ameavisahle tedmigHe.r oom

h : e _ . C £ th
pol i SeEmpIS M 3fay. Bo BRUNAAET gPASEHRAH [ tho GefBeMRatohY, D0 on the
pr operchranaioigrapie (SBO) techridue. sOhe elegrea bEpolyaierizgtisunizces ealiatddher

factors. [0057] In i.ven enbodi nent, the sol ubilit f the polyner nay be
Feadi iR qrEgured MRASSs) Qi FyETaRe (HaeRgRy HElo e o megamae.
sol ubibi fap Mnﬁ% ihngé giawbr%s %Qﬁ'ﬂ@uﬁ@ér?to%d%)ﬁﬁuo%éoékﬂl%dtiﬁ éﬁ@%npol ymer

until 'the desired solubility s reached. [0058]" A conpound descri bed herein

may be conveniently used in an electronic device, such as in a nenory cell,
a dat 40@%@r age déheselubdity af sunateniahmaydis determinedclynpeasaringjhee

) . . : £i . di
o't naEBliYebe Snfefal Asided ALAMMN BHHE T 41 pRARE SR FRS et ror "' "
conporefiratetbsolatdi atepentdrmpématie! 'Fer lsyiersonitidrisagmnesuting, t1059] Sone

of the PPE, pol¥mr nol ecules in a filmmy in sone cases align with one

anot h&PIUbiity obing BelyBer maveneed fvhe onobssdenei r@gewaqrg*@ghe%ud%p@ngi%y move
al ong ghtReRAGKEALE ot 8D Y TBvefiP!tRE LoBting sORLYE Uhdbinkf Fttbrso! ecul es,

transfer o venent o

[0057] In a given embodiment, the solubility of the polymer may be readily
measured. If the solubility of the polymer is too low, the solubility may be increased
by adding more G side groups to the polymer until the desired solubility is reached.

[0058] A compound described herein may be conveniently used in an
electronic device, such as in a memory cell, a data storage device, or a switching
device. The compound may be conveniently provided in the form of a film. In
some embodiments, depending on the monomers selected and the environmental
conditions, the polymer components may self-assemble to form a layer of the

compound.

[0059] Some of the PPE polymer molecules in a film may in some cases

align with one another in a preferred orientation.

[0060] While charger carriers may move along the backbone of each
polymer molecule or between different molecules, transfer or movement of the
charge carriers along the backbone of the molecule is expected to be more likely to

OCcuUr.
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charge carriers along the backbone of the nolecule is expected to be nore
likely to occur.[0061] Conveniently, the electronic device wth an active
mat eri al Wworomwhobsoem a conpound descri bed herei n can exlpclisG2omlobaosst abl e
conductivity states, which can be switched or detected electrically, and

can beogst] i zed U’Unv@ﬁte&ulg,t PlcasleciPbnit Mehel\With BE 4aVe eRsfteriidorpzanpl e, the
exenpl ary conpound descri bed herein naé_be used in nenory el enents, cross

poi nt frsfrer sorapewyd deserikasl kiprehear axitibihmutistatdle aeerueividesiaiess, or three
( Dioany Phicfl 20} e S0 R eck 670 G Prert ol FEMRFN, Y, o, 64 D L CF Rl fsge s memory

r ead- n@niy stitoBing(dMIRMs. NEdsamle, theeetdiislarPcompoind desceisedbyrdirii | i ze

threshold switching, electrical hysteresis, or negative differential

resi stAY BeUgsr)in Memepy elemaiispPrs 8RINt ENAY aravs. dbigegimapston (3P)an
oligo eraem e I IS, A ln‘?o':@' n 5), the
pol yrrergﬁ%%‘% con%mgagggcgrg?ggﬁ?%%F%mﬁ%lodrﬁt%isgds}?alér?lé '?’ Cté%bzﬁ: eone, @Qﬁi gher
nunberbedynapieatndomt scdesatmémohu@RAN)| ngatvethtiREand rewviieble fladul ting in a

| onger conj ugat.ed backbone. W.t hou ing limted to any particular theory,
0 's B Beb, S Ernea TeaduBAn vt AR, 3 biGE, sy

( cONdUgdhidtea§ AN DS thrisQho kIR BRI ,%ﬁecﬁhéélq%s?&@évseaﬁneg&% diﬁe@edﬁaﬁ ,

copol yner descri bed herein can exhibit a hi'gher el ectrical conductivity

af t er rapistancet(NBHRpf the same forward bias field (in the "ON' state), as
conpared to an OPE with el ectron-donor/acceptor. As a result, a higher

o5 cornSBP2L T ot BBmPRsh 8 SRt A SRES T E AR Bl RS i BER v ci
an ON dPnforighéouaiss, brgepest witst Reless dein 5, tAdpolyyerhecanpo@ved. A hi gher
QN OFF curren%}Fratlo can lead to reduced rates of read error_in nenory

devi ceieSClibe@ 3preip qoaiqing.tRéhe brpRans amahennymbgr pbiapsat ebit thpdt ed
boseitugd SRR e ORASE, AR D AR EonpgatiE benes o ors oo
t he apfithed Beied dmited to any particular theory, it is expected that the conjugated

backbone can provide an open (conductive) channel for movement of charge

carriers. Thus, the PPE copolymer described herein can exhibit a higher electrical

conductivity after application of the same forward bias field (in the “ON” state), as

compared to an OPE with electron-donor/acceptor. As a resuit, a higher ON/OFF

current ratio may be achieved with a PPE copolymer described herein, as

compared to an OPE. For example, with a PPE copolymer described herein, an

ON/OFF ratio as high as on the order of 10° may be achieved. A higher ON/OFF

current ratio can lead to reduced rates of read error in memory devices.

[0063] It is further expected that with a longer conjugated backbone, the
positive charge carriers and the negative charge carriers can be separated by a
longer distance along the backbone. Consequently, when the applied field is
removed, it will take a longer time for the separated charge carriers to remix, which
results in a longer retention time. For example, the ON state in a PPE polymer
described herein may be maintained over a period of 30 hours. [t is expected
based on experimental data that in at least some embodiments the ON state may

be maintained up to more than ten years.
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renoved, it will take a longer tine for the separated charge carriers to
rem x, which results in a longer retention tine. For exanple, the ON state
i n a PPE wolymemwoaescri bed herein may be nmintai ned overca/spesiomdoodd 30
hours. It is expected based on experinental data that in at |east sone

embodijgesdp the PNepdfots; dBYlyRferiFRiIMFIUIRIdedtribedTrgint @Y been years. [ 0064]
Therefore, a polyneric conpound descri bed herein may be conveniently used

as an GVEREeNiHsel £s amagliveeratsrialie penemory gemaiy or slexitiedacanhaneeON OFF
curre b nd_ the retention tine. 065] In an exenplary process, a
film %? @g} @%@ﬁﬁH%Pf@%gaﬁ%%orﬁi@q%&thﬁ?bed herein as follows. The
conpound is dissolved in an organic solvent to forma solution. The

sol uti[0065F app! iedntexemparnf oeecss) d finmmaylbaiorethedaysn aoformpeusd! ution.
The surface nmay he the top surface of a suitable substrate. The solvent is

next rdafsliBad NerRiR assollgwey dherearmretng isshissahed ingn argayepolventiorm a sol i d
I | Linel ud f ' terial, th
ol yre T e s e e e TP Gl G R R R TR s L R o
exanplselutidn. t Tire soriace naydve theptopt swifdaceofiensuitable spbstyater Thevsoleentaver age

| ar .wei ght of t, 200 g/mol, the d .of, .pol | zation, should b
G eat dF DERbIETTRYEch SURN 2510 eVRsaReT AR i L SQYSTOLOR ARGIHARE | r om
sol ut i\chAs@GI & ﬂf@&%hﬁ@urg@eit precfoﬁﬁua HAREGerdU® mﬁpmfatéhév,lmbq;méﬁ 200

m croneters. The filmna orned on a Substrate such as a om

el ect rindiee cpmpewnd Bhonis bave ad/ie grgaianthames300sed/oty ditirexamplé,df thed on a

i p- conpreigerof el pie i Bisckhalifc: Fays BbidERae Bt SBEBIT SRR ques
typi caddoygmes Uineedddige pf ppamérigitionfshaukpbé ighgatepthdd om(avii b ), organi c
sol vent. Conveniently, the conpounds described herein are soluble in

vari o rgani c | vents and_sujtabl e r use |n such techni qgues. The
conpoﬁﬁeggﬂcordi _ﬁg\ett ! 9@%95?3"@3%% HP’S%@Q’&'PPH@?%‘&@P%%‘&% t hus
facilihafhed Onﬁﬁh@@ Jﬁg\z%@oﬁi BIPSH dlsbut PBBGRIcrdMe P EP IS may BRE wi t hout

sufficient s chains is
formed on a substrate such as a bottom electrode.

[0067] Films of the compound may be conveniently formed on a substrate
by a coating technique such as spin-coating, spray-coating, dip-coating, roller-
coating and ink-jet printing. These coating techniques typically require the
preparation of a coating solution with an organic solvent. Conveniently, the
compounds described herein are soluble in various organic solvents and suitable
for use in such techniques. The compound according to exemplary embodiments

described herein can thus facilitate solution based processing.

[0068] By comparison, a PPE without sufficient soluble side chains is
insoluble in organic solvents, and is thus not convenient to use in the solution

based coating techniques discussed above.

[0069] It should be noted, however, that when the soluble side chains of the
PE monomers are formed of groups with more than 14 carbons, aggregation of the
PPE molecules in the solution may occur in some cases due to interdigitation. In
these cases, aggregation may be prevented or reduced by limiting the number of

carbons in the soluble side chain on the PE monomer to be less than 14 carbons.
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i nsol uble in organic solvents, and is thus not convenient to use in the
sol ution based coating techniques di scussed above. [0069] It shoul d be
not ed, howeweroooddsat when t he sol ubl e side chains of thecPEcronemmss are
formed of groups with nore than 14 carbons, aggregation of the PPE

nol ecy0e$0] n t he FepirHpiovedrsyulsiitynd 1o faeiliits e forsheion) thetiegdicdbft at i on.

In these cases, a_gg[r egation may be prevented or reduced by limting the
nunberPBYMeEz#inisiN the CreolyAIardNay edeledied to ba higherphandfonesuchthed | ess

t han ' ib 1t ilitate film
formatt]t ﬁ%ﬁﬂn?%g%dlggé)%ng"Sf&%ﬁ@%%g;@P ?%n&%ﬁk%rﬁéaﬁgggpw ﬁ;'maty be selected to
be hi gher than 10, or such that the nunber average nol ecular nass (MW1) is
gr eat §007Hhn 2000 hg/moleculad Weighillineass) bé thd BPEvweirghlso (affieesheof t he PPE can
also gffect the formation of the film For exanple, it is_ ex ed that a
{1 I m AP eI PR of RrPIRolt it SXRRCtG @ NESOTRREVEDBE O RO | o | oss
homogengpisc As WEaBRESS thah éobo'gimBPrswgé%gg@reggggsﬁsébgrcoHPp%reﬂ(P&éZl In a

speci fi1c exanpl e, "an exenpl ary conmpoun rein, such as PPE-a,
may bdilifosoed adthi mheaver PRH.e organi ¢ sol vent, such as toluene, benzene,
xyl ene, tetrahydrofuran (THF), chloroform or dichloronethane, to forma

| ut.i o be sel ected

sol uti The co rati on the compound in the s nay.
depenéla%zljpon tﬂﬁg%&ﬂeﬂ 'ﬁgexfﬂg'i%g’r%? %?‘%8?”%8”?&%% S eaﬁ]@r t ecul ar
wei ghtsueh dRPEIMEN Be Whiskblvddin £/ 16 orddec $8lveht, udheys i, n from
about 0.5 to about 10 wt%gwe ht percent) of the PPE copol yner. The

|

sol ut !Q?rﬁ‘zﬁélea}%?'ﬂ%deﬁﬁbbd@ @@IF'%E{ o¢hlar0§mm,am0lécl§gmet§r@@eu§a 9§MeA sui t abl e
sol ut !s%'ﬂjﬂb‘?f?‘t'i'lﬁwc6l%ém¢a‘?ﬁt6ﬁo&sfgh%%mp%uﬁglthtI‘\é)QoI%i?ﬁxtle 'rﬁa@ bd3Rifad | N

techni que nay be one o I scussed above. organi ¢ solvent in the
sol ut idependatyg uypri thet halingidropedtire aithpsobieat aid thaaidletubeweiynploét e

r enov of the solvent, the sqlution may be heated_and the s above the
sol ut %ﬂ Cm%@aéﬁefqrﬁm%eﬂﬁ@@%‘ ?J‘!aé!scé’ﬂ‘&%r‘ fmﬁgpu& niently, a
film féﬁoﬁ?dofv{rt%f(\ﬁeigﬁffﬁé’t‘é_@ﬂt)@%ﬁé'W@CB&BI dr. W@f‘so@tﬂiffﬁ'@pliéé%r@@
honbgeneous wi th substantial uniformthickness, and

a surface of a suitable substrate using a suitable solution coating technique to form

a solution coating. The coating technique may be one of those discussed above.

The organic solvent in the solution coating is then allowed to evaporate. To

facilitate complete removal of the solvent, the solution may be heated and the gas

above the solution may be pumped to reduce the gas pressure.

[0073] Conveniently, a film formed from a compound described herein, such
as PPE-a, can be homogeneous with substantial uniform thickness, and

substantially free of holes, cracks or other defects.

[0074] A PPE film may also be prepared from the compound by adapting
and modifying a suitable procedure known to those skilled in the art. Self-assembly
monolayer (SAM) and Langmuir-Blodgett (LB) film formation techniques may be
used to form films of PPE. However, in films formed by an SAM or LB technique,
physical and molecular packing defects may occur, which can affect the reliability

and performance of the electronic devices in which such films are used.

[0075] According to a further exemplary embodiment of the present

invention, the compound described herein may be used to form an electric field
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substantially free of holes, cracks or other defects. [0074] A PPE film may
al so be prepared fromthe conpound by adapting and nodi fying a suitable

pr ocedur ewbnowmnobtest hose skilled in the art. Self-assenpcy/smmolayss ( SAM
and Langnuir-Bl odgett (LB) filmformation techniques may be used to form

fil s prbgRimabRVEIver Thé filrh inhabé esaBdo fyrm B nkéibey dbRckerbiditgto Physi cal

and nol ecul ar packi ng defects may occur, which can affect the reliability

and pédPedechiradesfisclasediindty 65536 ic¥ang gt ahi emitiedcMamensderieesised.

0075 ' f '
| nventieed YRl ponraBim B TR e RO 0, e E T anta. 1
fi el dpfagrielzedireolporetedTherdn byrefeyerie. UAsthd corhpoind isTESIIbIE iAead ce
accor di ng to the techni qgues discl ?sed in US 7,557,372 to Yang et al .,
entit|%g ’“WQB?PEY%)""d‘éWQYe%e parwrNigntheHeed 9 formiafilin.pr ogr anmabl e fil ms",

I ssued July 7, 2009, the entire contents of which are incorporated herein

by refrgoegre. As e3GREAANEd 5 ' ' Eimet y be
conven[i entery use(?'t@o?’?lorm a f?lnz]elﬁ?%%fw:@é@ﬁlﬁﬁﬁiges aﬁrpr%%?@mcel I
100, dRempesent inverdione Meatonenell d00thas PPREHiIN 10 sandwicheMbeatwgenel | 100

ol oct HBReiol:Be BRI HBGER ehti b sk Flo¥ AbeJsdeet BfuBad descr i bed
her ei rpolﬁﬁéhc@érr?)o@mmﬂbéé\‘hiei‘élnﬁs@&rﬁéélasdornwadﬁdeh&hﬁ% dmir! G 1 or FIG
2 . Menory Cell 100 ma b owered by an el ectrical power source 108. PPE

fil m BypcEg shoxdt indt 11Qef [IG @& MepraspGalntla maydaspewerackdy 8n a substrat e
110. | AdLif ' . [ 102
ray b R Ko FEEABBTRE 02 it CoRBY 108 08 iy ofPnally) i 6o

][ray bdoe‘smpsmn‘tahdlw ialwnmtstraté wo.aﬁtaromrfmkgﬂ e%nbwimet]ritt sbﬂagréftgg%ui mﬁgsoeof .
orm ng _nmeno nown to those skilled in the art. mory ce
100 S&@f-s&%ﬁﬁ%?@m&? plRPaIed Peasscribed neteiny (ther sprpeBabistd of an
el ect ry ' St A0 - ¥ POy ate, PPE film
102" hanemorg R 190 ey BE R ahd EstTorbd RPordig fo Shy siaBEs ™ 100 i < 1 1
an " Ofeclniques o farming PRyl callsdhomastodho et akilleefrythe git. conductivity.

[0077] Memory cell 100 may be switched between two different states by
the application of an electric field. When memory cell 100 is in an “OFF” or “0”
state, PPE film 102 has a relatively low electric conductivity. When memory cell
100 is in an “ON” or “1” state, PPE film 102 has a relatively high conductivity.
Under a given applied voltage from power source 108, the ratio of electric current
densities in PPE film 102 between “ON” and "OFF” state may be 5 or higher.

[0078] Power source 108 may be a direct current power supply, such as a
battery.
[0079] One of top electrode 104 or bottom electrode 106 can be the cathode,

and the other electrode can be the anode. The two electrodes can be of the same
or different materials.

[0080] For example, an electrode such as top electrode 104 may be formed
from a metal or alloy. Examples of suitable electrode materials include aluminum,
gold, copper, barium, calcium, silver, magnesium, lithium, rubidium, strontium, or

alloys containing two or more of gold, silver, platinum, copper, titanium, nickel,
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Under a given applied voltage from power source 108, the ratio of electric
current densities in PPE film 102 between "ON' and "OFF" state may be 5 or
hi gher. [W0?%8]o/d9oswsr source 108 may be a direct current ppoweRomwp@3y, such
as a battery. [0079] One of top el ectrode 104 or bottom el ectrode 106 can

be t heuggdtbadiadiandandinolhesmelgabddifemanibairilme, coppds %J Tl
el ectrodes can be of the same or different materials. [00 0] For exanple,

an el &eagnaRUBRivesglieymay hecesestie 104 may be forned froma metal or alloy.
Exanpl es of suitable electrode materials include alum num gold, copper,

bar i ugpogf ci um T%)Pods&rc%d%gwmay‘qeéw nﬂw%q‘bﬂh‘b%fﬁﬁ{%ﬁéﬂj or alloys

contai'ning two or ati num copper, 'titaniu
ni ckelbetfabg'sam by vaituum vapmk diepsosmcm spuﬁeen@@lammasorﬁl Tine: thicknesgpper ,

ol d, esi SI| be  us 0081] Top el ectrode 104 may
ge pr & it%ﬁ Cﬂ‘ofjﬁe fgprp,q%u%,%t% OBE @ &gk 188y B¢ vacuum vapor

deposigkicied aeaéﬁ@hgr&h th%rdés«grau 'b?éétﬁ& coﬁa Cégﬁﬁ&é\ﬂ&é dhfam; dlﬁgeéé rode 104

may be from about nmto m an ecte endi ng on the
desi r eandieegind érstaashiy ttdsei skillegnd ttle‘artce dur ab| lity, as can be understood
by those skilled in the art. [0082] An el ectrode such as bottom el ectrode

106 formed f h ductjy eria The nduct ive

mat epﬁg?gfr:ay be g\n Iggﬂrgdegﬁ?@i/agkgﬁgﬁl% {58 © [5‘8?3{/@?5 ff)g' dsuitabl e
condughegtofedriduciive ratelidd eTigp bendwstiveahatesibhhia a%&al allBy Ofefait ype
silicon wafer, indiumoxide, tin oxide, zinc oxi ol yani | i ne,

pol yp@Xids:, er pﬂbfe}@(ﬁf%ﬁﬁeﬁé'ta@? C@Bﬁé@“‘d%ma@%ﬂa'ﬁé@“dﬂe goldlocoRPRGt r ol yt e. For

I f I d d
AP BRI 086 O TGRS BATEAGR! i ol A el m xed, oxt des
such @slyesmdster Mp]/]tl@le [Mﬂﬁbp&abetwraqlcmébll@emmtwbe off arptﬂ;zblécmlywny suitabl e

mat er IF%Ir ’ex%um%rlle Sotﬂ) ?éctrrcr)%teqldﬁ r%le@sbtel formed o%t % fitrr o mlxed oxides of

tin and indium (ITO). Bottom electrode 106 may be formed on a substrate, such as
substrate 110.

[0083] Substrate 110 may be formed from any suitable material, such as

glass, metal, plastic, or stainless steel.

[0084] A protective or encapsulation layer (not shown) may be provided to
protect memory cell 100 from damage. A protective layer may be formed of a
polymer, metal oxide, or metal fluoride. A cover layer may be formed of a glass

plate, a plastic plate, or a stainless steel plate.

[0085] In use, a voltage applied across electrodes 104 and 106 may set the
state of memory cell 100. Conversely, the state of memory cell 100 may be
determined by measuring current through film 102 for an applied voltage.
Conveniently, power source 108, may be used to apply a voltage to change the
state of memory cell 100, or to test the state of memory cell 102.

[0086] Initially, memory cell 100 may be in the “OFF” (or “0”) state. When
memory cell 100 is in the OFF state, the conductivity of film 102, and hence the
current density for an applied voltage is relatively low. As such, at a given applied
voltage, the measured current through memory cell 100 is relatively low.
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[0084] A protective or encapsul ation |ayer (not shown) nmay be provided to
protect nmenory cell 100 from danage. A protective |layer may be fornmed of a
pol yrmer, wetalo/mudode, or netal fluoride. A cover |ayer wayssioeofomosmg of a
glass plate, a plastic plate, or a stainless steel plate. [0085] In use, a

vol ta?mo gmpl i ed 'B@'S@’e‘ﬁ)e%cﬁ‘?tdéndﬁﬁ)téQHea@N”J(Qﬁ“’I”?}étawta VbleadRd ahvedh MEnOIYy

cel | Conversely, the state of mem)r%/ may be determ ned by

neasuthraghaldvoliageis pppligd acloss @dm:tno@leSarﬂcia@”pﬂ 1@@ yeing Rgwer spHiasni ent | y,

renor JOBHEE shoAtng e SEucting nLRURERE o 48R, 7° el 1627 [ 00a6] i tial 1y,

menory cell 100 may be in the "OFF" (or "0") state. Wen nenory cell 100 is

idn thﬁoaﬂfﬂf st at eOnlt:ber&@mclqucéll 100 i¢ eaft td it!herord)ﬁtat@,rtdermmhhmdmltagler ent
ensity for an ied voltage is relativel W. Assuc at i ven

appl | BBV E%[B‘éVg‘f h¥areery redd QmaY iemeH? bLigs %&rlremaf@’gﬁ"@ atively
| ow. [ I t t @t vol t age
abovegglﬁ%}lm-grshgﬁyr ngpé}ﬁg %%@IQ? ngcg(tér%o@&% |‘(eaici:’it’ rSgﬁﬁur OIZ" S’fe%ljr??jéle usi ng
power esthodireeni38the O siate &t exppctdetoshast fohinmyrefthah demn ye&RE IfidomeL 02. [ 0088]

Once rrerm cell 100 is set to the ON state,, K the 'tc I n ol tage nay be
r erov €GP0 F}éﬁ’ﬁ'?g? SUER ag e emihe BREORY Pﬁﬁt%‘ésﬁ\l”s‘"{‘ C[%/C%r-\énnvalg of %/he

SWi t cawnanhg%ﬁa@ermgy b@WGaﬁﬁféooﬁeerdléélI?ﬁe réﬂ'é£h e om Statdlayngh hours. In

some enbodi nent S, ON state I's expec [ast for nore than ten years.
I'n somenesrycsillfdf i @ |n§he |Ol\é§tamethetqwamédeﬂyitsc@qndugtmaéds redativahRAM devi ce,

o hel AR 8 BT oGer FEPRMERP BRI B ont tencity (conductivi ty)

is relatively high, and at the given voltage, the current is relatively
hi gh. [008%]9] To Teadad ke prezsanstatd of me@iory&mﬂr‘wmmé cli®ént thheugtur r ent

t hrou - 10 read current) be nmeasured when a read voltage is
appl i g)g) é}; %@LZ] ?‘é’ﬁ%"st W%@eﬁweﬁ%ﬂﬁ@e{&a@o\m&g@ '%ﬁBB'I' be | ower

t h?rgr %B@tsg"ééé&md& 164 630906, VRId R2A VohaBESHIU BRISWS G thwi tching of the
switching threshold voltage to prevent unintended switching of the memory state. A
relatively high read current indicates that memory cell 100 is in the ON state. A

relatively low read current indicates that memory cell 100 is in the OFF state.

[0090] Memory cell 100 may be used in a WORM memory device, in which

case it is not necessary to re-set the state of memory celi 100.

[0091] A memory cell formed from an embodiment of the composition
described herein may also be used in a re-writable memory device, such as flash or
DRAM memory. In such a case, after the memory cell has been set to the ON state,
a reverse switching voltage may be applied to the memory cell to re-set (re-write)

the memory cell to the OFF state.

[0092] FIG. 4 illustrates a two-dimensional array 200 of memory elements
(cells), exemplary of an embodiment of the present invention. Array 200 is formed
of a PPE layer 202, top electrode (pads) 204, a bottom electrode layer 206 which
may be formed of ITO, and a substrate 210. PPE film 202 is formed from a
polymeric compound described herein, such as one of the compounds having a
polymeric chain shown in FIG. 1 or FIG. 2, and may be prepared according to a
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relatively high read current indicates that nenory cell 100 is in the ON
state. Arelatively lowread current indicates that nmenory cell 100 is in
t he OFF swet2e10/(o0690] Menory cell 100 may be used in a YERNGrenmoy3gevi ce,
in which case it is not necessary to re-set the state of nenory cell 100.

[ 0091 JordudBRisLribelInethiTerhd BB RIS EMs 26 ddihcaRBidzogr descri bed

herein may al so be used in a re-witable menory device, such as flash or

DRAM firgrtespectivie taf plegirode @ada?Q4er Othes cepmpengnierf atiay 200gnagbe to the ON

state reverse. sw t.ching velt may. B he.nmenory cell to
oo sotoidl i 2EnShesliEpthe A7 S inaledpR Gfks Ok Sull iRt

I || ustcepd REoWN tyBhsidsasePadheadrt.ay 200 of nenory el enents (cells),

exenpl ary of an enbodi nent of the present invention. Array 200 is forned of

a PPE | ayer 202, top el ectrode (pads) 204, a hottom el ectrode | ayer 206
whi ch [#@83lbe f or led Tigthgrembegiment sathadditipealalectroge=(aot shopmm may ber med
from ' ' | ounds
navi ngoHeUHT bl BN R R AR RSy GHIE T3S afffofal SBEradTmoNe
accor tnangb¢ inteqrhuzedds appdcan htdrrhediatenvoltEye tombinssdlestedestisriy prevdrt are

defined t he size of the respective to | ectrode pad 204. Q her
co.rrpoﬁlé‘?]%'n@ft'oarc’rfzﬂar%tbc ﬁ’ﬁ‘wsoe he VoHagesn yg’@rﬁqr}t(?glﬁgdlsé‘ﬁg:ért'fﬂ%@t?ro any
Sui ta?,l,& grﬁﬁm Iéya %urts ufnaﬁﬁ&gd 55 TRGL6 S8hdSidmewtto those skilled in the

art. [0093] er enbodi nent, an additional electrode (not shown)
may be added to each cell to forma three-term nal nenory cell. The

addi t 160241 el ectr@esmﬂws@'@t%an adumessa@gﬁw-@mamimﬂaw@Q@ tagfa to
- ' i.1i ¢ pat t
oy b AR Eelts BT A S BB s T SRR e ot by

t hose 39Riis ferehddott & @RE fayel B3024Wofd KheH304 | Bitiiass306, @t A -sybsitstecstnbl e
t wo- di tensi onal arra#t300 of nmenory el enents, exenplary of an enbgodi nent of

the pMeQEhingsHheneRit ines30036 RESPeRFIGWAr Kt 0B APEtRLy d MBMOYIESHd | i nes
304, l?éfonlngﬂea?t S inftedi gfre%h% woiY Iiﬁ@ééﬁll :a'nﬂe§ bit Afte 08. Birle | I nes 306

are perpendicul ar to one anot . menory ce
memory cells are thus independently addressable by applying an electric signal to,

or detecting an electric signal from, the respective word and bit lines. As depicted,
Array 300 has 4 word lines and 4 bit lines but in an actual memory array, there may
be any suitable number of word lines and bit lines. PPE film 302 may be formed
similar to film 202.

[0095] A potential problem that may arise in the use of array 200 or 300 is
that parasitic current leakage may occur, due to possible formation of parasitic
electrical paths in the PPE material, which may form in parallel to a selected node
through its neighboring nodes. To prevent this potential problem, each PPE
memory cell in the array may be connected in series to a diode. For example, FIG.
5B illustrates a modified array 400, exemplary of an embodiment of the present
invention. As in array 300, array 400 includes a PPE layer 402, word lines 404, and
bit lines 406, formed on a substrate 410. Array 400, however, also includes three
additional layers 412, 414 and 416 sandwiched between PPE layer 402 and word
lines 404. The top layer 412 is an n-doped silicon layer. Middle layer 414 is a thin
intrinsic silicon layer. Bottom layer 416 is a p-doped silicon layer. Layers 412, 414
and 416 thus form PiN diodes sandwiched between PPE layer 402 and word lines
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is formed at each intersection between a word Iine 304 and a bit |ine 306.
The nmenory cells are thus independently addressable by applying an electric

si gnal towoaoiod®bvesti ng an electric signal from the regpesciyeemsd and
bit lines. As depicted, Array 300 has 4 word lines and 4 bit lines but in

an act4g, WFﬁéWEé{nPFé@ht phPsit Hﬁﬂﬁsbﬁaﬁr@(f@ﬂ twar@nnégma |ﬁfth|%é§e| i nes and
bit lines. PPE film 302 may be formed simlar to film 202. [0095] A

pot entmay bprfethedro HatTln@Wamtheéeia@trode nuageriel. array 200 or 300 is that
parasitic current | eakage may occur, due to possible formation of parasitic

el ect ryj pat hs i L. : to a
sel ect[gg%l)de t hr"%%'é%‘l?ﬁ‘g} ls?g)ﬁel g (ﬁ'lé?ﬁng bﬁ@éﬁﬂa %4?}@(3\/%&{8%@&%%&1%“ al
probl emrddaels 40EmaRpiver fisiraed lof ianp-dbpedISi ayataeyl. be connected in series to a
di ode. For example, FIG 5B illustrates a nodified array 400, exenplary of

an embodi nent of the present invention, As in a array 400 incl udes
" pPE IDRREF 409, AR PRESROd AR aiieds ﬁHe@aa@agsﬁ%mn@wwubsuate

410. %%&)6 ﬁ@%ergé‘t%‘@t‘é\%reg F‘?ayélci &id %Q %@'466’%re'v§ﬁ?ﬁ§ra g 414 and

416 san et ween ayer 402 an Ilnes e top layer 412

i s an patdeped silicon | ayer. M ddl e | ayer 414 is athinintrinsic silicon

| ayer. Botton1|ayer 416 is a p-doped silicon | ayer. Layers 412, 414 and 416
r, 40 es404,

th f i N di db PPE
v o THRGBE, &, o i Bl At S b AT RS, B B Y (TR SLORBI Ay B8 o ease
may  beyrbeieEbephicd PP‘E Lay@F 462 a0l RS 4018 Wit M) be FORRE] of Au,

al ternative enbodi nents, bottom | ayer 416 ma%/r be omtted and word 1ines 404
may bRt %{e@trmﬁ)wtqmlrﬁw@ﬂbad he[@oe jheibufterdayerenanbeenbodi nent, a

402 ari1* Bdef i BaeFing Gy fubBlon SERI o, B TR SETINEST, | L

al t er it ared PFOyoE402, a buffer |ayer (not shown) nay be provided between
PPE | ayer 402 and word |ines 404, which may be formed of Au, Cu, or another

el ectr 8889fat eri i—"llGdg Sﬁ:us%ra%eeds Q ?hreelendlmgﬂglo%léi E3€[5) étg I?éd gg%’a sl?tgrage

device 500, which may be considered to be formed of two stacked arrays 300.

[00100] The devices shown in FIGS. 3, 4, 5A, 5B, and 6 may be fabricated
according to techniques commonly used in the semiconductor industry, with

appropriate modifications based on the disclosure herein.

[00101] The devices shown in FIGS. 3, 4, 5A, 5B, and 6 can be operated
according to any suitable operating procedures for similar conventional electronic

memory devices known to those skilled in the art.

[00102] It is expected that, as compared to OPEs, an embodiment described
herein can provide improved scalability, higher mechanical strength, higher
ON/OFF current ratio, or longer retention time, or improved flexibility and ease for
processing and device fabrication. Substantially homogeneous films may be

formed from a compound described herein, such as the PPE-a polymer.

[00103] Exemplary embodiments of the present invention are further

ilustrated with the following examples, which are not intended to be limiting.
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i ncluded to adjust the work function at the contact regi on between the word
| ines 404 and PPE | ayer 402. [0099] FIG 6 illustrates a three dinensional
(3D) st ackedothamesost or age devi ce 500, which nay be consipdesedotomodss f or med
of two stacked arrays 300. [00100] The devices shown in FIGS. 3, 4, 5A, 5B,
and 6 [peyohp fabmatedeaccording to techniques commonly used in the

sem conduct or industry, with appropriate nodifications based on the

di scl ogsure_herein. [00101] The devices shown in FIGS. 3, 4, 5A 5B, and 6
can bd0B8{@pht ed ﬁbﬂamn@gﬂa@ﬂ@#ﬁ/m@aﬁpmm Hieseaxanplps wesapusenased simi| ar

conve tr i the art.
[00103§d'ﬁ{m€j2%%ecﬁaé‘% EE%DF ag%ﬁhgg%gg%ﬂ% gggaﬁe%%héﬁg%@@descn bed
her ei werendeinyeiratiel withpsenddrd matiaddd ang distillgtenderahamére atmsspesrgt h, hi gher
OV OFF current ratio, or longer retention tine, or inproved flexibi K ty and

ease fUrOI5td%essing and device fabrication. Substantially honogeneous fil s
may be formed from a conpound descri bed herein, such as the PPE-a pol yner.

[ 00103 hm% ary qrm%néa‘% reégﬁé’cﬁc @ssﬁsﬁée)'éwe%ﬂfalw&e%@aé eghto e

illustrate th the foll ow ng exa whi are not inten
limt |dﬁjit@me_®¢h|0E>¢ANPK§QQI€))(Ilma]Br er ACEr&Bngpmitcene’t&r st apbiéntned i n t hese

d f d Co. ,.and d |
o nen PR ATy TR RAmel AR Rl S ER s R eethhsBRe AR Efitkry et hods and
di sti Ittaméfmd fifratad I(F"FII R) aheBER er€ neiuired ushg 4 8RRAdzd HTIMRB4ovic] ear

magneti c resonance) specira were neasured in deuterated chl orof orm ( CDCh)

on a BPgrEPPhetomesr wibdhe sastde dimpessast snKBE pelfrisablemental enalyses
ot SRR T Elf SLAEEN oSt b, iADAL ™
spect r\wbket(mt/m) avwdtﬂmorém:es\ampecﬂaswesrﬁdmmeﬂlﬁmtrpaIsmmadzEILﬁﬂent al
%P? lr é\sﬁ@v\? ea\,}q%%&rrgb gto%JetteP gn a §hlmadzuI I£1Fa 53%erl$8?ummecsjc_:|§ﬁ{:g anal yzer 2400.
spectrophotometer, respectively. Thermogravimetric analyses were carried out on
a TA Instrument TGA 2050 thermogravimetric analyzer at a heating rate of 20 °C
min” and under a N flow rate of 100 mL min™". Differential scanning calorimetry
(DSC) measurements were carried out on a Mettler Toledo DSC 822e system
under N and at a heating rate of 10 °C min™.

[00107] Example |. Preparation of Sample Monomers

[00108] Sample monomers were prepared according to the synthesis routes
shown in FIG. 7.

[00109] Example IA.

[00110] Sample 1,4-bis(octyloxy)benzene (product 1 in FIG. 7) was prepared
as follows.

[00111] About 44.9 g (0.8 mol) KOH and 200 mL dry dimethyl sulfoxide

(DMSO) were added into a 500 mL dry flask. The mixture was stirred with nitrogen
bubbling for 45 min. Crystals of p-biphenol (11 g, 0.1 mol) were added to the
mixture and the mixture solution was stirred for 20 min. Next, n-bromooctane (50

mL, 0.29 mol) was added dropwise into the mixture over a period of 60 min at room
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(UV-vis) and fluorescence spectra were neasured with a Shimadzu UV- 3101 PC
spectrophot oneter and a Shi madzu RF-5301 PC | um nescence spectrophot oneter,

respect i webyotolddagosogr avi netri c anal yses were carri ed orCTGG26100800039
I nstrunent TGA 2050 thernogravinmetric analyzer at a heating rate of 20 0C

mn 1 tamperstdes. ThdBofutiow w stiredd RAMAddifibnal’e hélik! amnidsakingcanni ng

calorinmetry (DSC) neasurenments were carried out on a Mettler Tol edo DSC
822e Jyitumwaieeune ialed1GR0 mlipfiee Walerirdesrviagooe stiringl Thg 00107] Exanpl e

. v af . . . d
L ocor i eab bt 1R SRRSO AR b it oIl SRARRRIh W PR ° o
PR e Gty Spirp e At o Dl i i i
(0] . . .
Lol T ol Db mit 2 ha e AR xSel e, SDTa: éfnzpm)rﬁ@-%% s @H@;Wés
| - PN d _ _ .
oL 1" et $2geh TAARLOHIDR Y09 6 0, 811, TP @ AOCRLE PRETO 4, L 9 o

20 m Ph NexAnaln Catahioo ©ehegOg:50, 18990 H2 9 1ndB. )Fovmsl: &) ded4thpvi.4® i nto the
m xture over a period of 60 mn at roontenperature. The sol ution was

stirr an addition 6 hours. The resulting m xture was poured into
1000 ﬁﬁofl'g#] I ce %@g}p% er vigorous stirring. The precipitate in the

solution was collected by filtration and recrystallization in 250 nL of a
1: 1 foe11gke of aaemmee,admodnaiztab@(oétylo&pylz@n@ea%%ro@u@f2muF'|G.i Bd product
1. Yield: 92% mp.: 57-58 0C, 1H NMR (300 MHz, 13) : d (ppm) = 0.85 (t,
6H, - WanprepafedgsfofowisHI- CH2-), 1.4-1 .8 (m 8HL-CH 2-), 3.90 (t, 4H,
OCH2) , 6.82 (s, 4HL Ph H). Anal. Calcd for C22H38Q2: C, 78.99; H, 11.45.

TounCIOBIIZE: 4, db, 85, pbaBinil) 48, BT IS5, .
f ol | owslution, which contained 22 g of product 1 (0.096 mol) dissolved in 500 mL of

acetic acid and 77 mL of 1.7 M H,SO4. The mixture was stirred at the reflux

temperature for 9 h. After cooling to room temperature, a 10% solution of Na;S,03

was added to remove the residual l2. The solution was poured into 1500 mL of

water, and stirred for 20 min. The precipitate was collected by filtration and

recrystallized from ethanol to obtain 42.1 g of purified product 2 as white crystals.

Yield: 75%. m.p.: 52~53 °C."H NMR (300 MHz, CDCls): & (ppm) = 0.84 (t, 6H, -

CHzs), 1.25 (m, 20H, -CHy-), 1.4~1.8 (m, 4H, -CH>-), 3.90 (t, 4H, OCH>), 7.18 (s, 2H,

Ph H). Anal. Calcd for C22H351202: C, 45.07; H, 6.19. Found: C, 45.03; H, 6.16.

[00115] Example IC.

[00116] Sample 4,4'-(2,5-bis(octyloxy)-1,4-phenylene)bis(2-methylbut-3-yn-2-
of) (product 3 in FIG. 7) was prepared as follows.

[00117] Product 2 (10.5 g, 18 mmoil), bis(triphenylphosphine)palladium (il)
dichloride (0.176 g, 0.25 mmol) and 100 mL of toluene were introduced into an
oven-dried round bottom flask equipped with a rubber septum and a magnetic
stirring bar. The flask was then evacuated and backfilled with argon three times. A
degassed solution of copper(l) iodide (0.088 g, 0.54 mmol) and 2-methyl-3-butyn-2-
ol (3.03 g, 36 mmol) in 70 mL of triethylamine was added into the flask under an
argon atmosphere. The final mixture was heated at 55 °C for 5 h. After being
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[001 14] KIO3 (5.63 g, 26.33 mmol) and 12 ( 18.43 g, 75 mmol) were added
to a solution, which contained 22 g of product 1 (0.096 nol) dissolved in
500 nL ofwecetdmwo@si d and 77 nL of 1.7 M H2SO . The m xtrarscess/ 086039 r ed at
the reflux tenperature for 9.h. After cooling to roomtenperature, a 10%

sol ut i RBIS tYRidmpyaatadda’ ﬁa@dﬂr@@é{@ﬁ&&%dﬁ@%lmﬁétel tRe aMfoBRIkt i on was

poured into 1500 nL of water, and stirred mn. The precipitate was
col | ecaadicansthei solventiveas eamabvescundar wadz@adfpf@ﬁstdehﬁh@soijd)reﬂw@@ wag2. 1 g of

(300 N SeBEn B el BufteEhy pRssibuhioughy Sndh B0, piibier) ~ )

1. 4- 1 folfovied b%rbcryﬁéll&ahon% &Quérﬁe to%‘bta%@o J)Jnfba L{{rédué’cl‘l’» Yi8idH) . Anal .
Cal cd for C22 19. Foun H 6. 16. [)00115]

Exanpl&-F: 0011161 124Rpi B MR (309 MH@. SIS 15RPy) £ 0.84 (t, 6H, -CH

s Fol Tond PO 1985, DAL G -l b QIO -Crf 26s, By es prepares

bi s(t rOHhenNg0 phdshIOOKE))palda@ am, Phihi). el Oslicddol Cs:H:¢04:4C, 70085HMOIl ) and
100 nmL o | uene vvere introduced into an oven-dried round bottom fl ask
equi pp@d QvlFEO g Cuf9e9d é@p?ggh and a magnetic stirring bar. The flask was
then evacuated and backfilled with argon three tines. A degassed sol ution

of cop[gg“g]) i odizgten{ffe @88 9. 0.54 mml) and 2-met hyl - 3-butyn-2- ol (3.03
g, 36 Mol ) in 70 nL of triethylamne was added into the flask under an

argon at nosphere. The final m xture was heated at 55 OC for 5 h. After

bei ngd8BIEH to r Semnledptriatoyy/-2ihbistostyloxw)benzene|(pudsst ¢dn ElGnThat e the

anmoni I ol vent was renoved under a reduced pressure. The
solid W%esﬁ%ptgr%gstrf&%ﬁssol ved in toluene and purified by passing through a

short Si2 colum, followed by recrystallization in toluene to obtain 8 g
of pur[DOiE(&] prodi?mdljbt 381 g, 88.42%nom gnd 150 Iall ofl bl @Ehe wike NVR (300 VHz,

= 0.84 , 1- 1.25 L20H, - 2-), -1 .8
o igtiducdfiBle & 250ian burdbSicmatask qciintd With@ fordersst apd OCH%” |
6- 83 _(f§r|1_|n@g,A9§5|uﬁ%n of\2al g KeaH ¢80 hhol§F32 HRARY of metifasliwds ad@ed Bftefound: C,

76. 95
the mixture was heated to 80 °C. After being heated at reflux temperature for 30

min, the solution was distilled till the boiling point reach 110 °C to eliminate the low
boiling components. The solution was heated at 110 °C for another 4 h. The
mixture was cooled to room temperature and poured into 200 mL of saturated
aqueous solution of NH4CIl. The organic layer was washed with water three times
and dried over anhydrous MgSO4. The crude product was obtained after removal
of the solvent under reduced pressure. [t was purified by recrystallization in n-
hexane to produce 3.5 g of purified product 4. Yield: 55.7%. m.p.: 66~67 °C. 'H
NMR (300 MHz, CDCl3): & (ppm) = 0.84 (t, 6H, -CHs), 1.25 (m, 20H, -CH>-), 1.4~1.8
(m, 4H, -CH.-), 3.36 (s, 2H, -CH), 3.92 (t, 4H, OCH.), 6.83 (s, 2H, Ph H). Anal.
Calcd for CsH3s02: C, 81.62; H, 10.01. Found: C, 81.49; H, 9.96.

[00121] Example IE.

[00122] Sample 2,5-dibromoacetanilide (product 5 in FIG. 7) was prepared
as follows.

[00123] 2,5-Dibromoaniline (10 g, 40 mmol, 97%, Acros), 40 mL of acetic

anhydride and 40 mL of water were introduced into a flask. The mixture was
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[001 18] Exanple ID. [00119] Sanple 1,4-diethyny!-2, 5-bis(octyl oxy)benzene
(product 4 in FIG 7) was prepared as follows. [00120] Product 3 (8.17 g,
16. 4 nmolwywoandy/dbdsnl of toluene were introduced into apre2d@Griioreoenss bottom
flask equi pped with a condenser and a funnel. A solution of 2.2 g KOH (40

nmol ) mdinédingd-adfefliR tdvapetatupsiardde dnatthes pbheedind 806 miast Wagdrethéo 80 0C.
After bei nict; theated at reflux tenperature for 30 mn, the solution was
@

di sti IPreeipiiate|waseolissied Ry filtation, weabed with \waler card regryvstalized&omdw boi | i ng

conpo ' 10,0, r at 4 The m xture
vas oot (S BBsBT b Sor Ml ahasSh, e 5% B arta aqueous
sol ut i"BMNEIR (YEOMHZTEOCIs Y aNppn)ay2R 1B s3MasbOCH) [t 7088 83 (46 Ph mes and
dried qver anhydrous go. The crude %\r’éduct was_obt ai ned after renoval of
the sélvengl fqr&:ﬁ:!\ig NPess 8280 Hh 20bk Nhut-¥6i Boumg: G.e34-y3tHl i zation in
nhexa%ﬁ:é p%gguce 3.5 g of purified product 4. Yield: 55.7% mp.: 66-67
C. 1H q?’3 MHz, CDCI3) : d (ppm) = 0.84 (t, 6H, -CH3) , 1.25 (m 204,
-CH2-), 1.4-1 .8 (m 4H, -CH2-), 3.36 (s, 2H, -CH), 3.92 (t, 4H, OCH2),
6.83 (80124), Ph ExamplalF. Calcd for C26H382: C, 8 1.62; H, 10.01 . Found:
C, 8 1.49; H 9.96. [00121] Exanple IE. [00122] Sanple

Co012 400 287 57 oy Sl 2B nliGelgtanilde 4SRN M Tl acer o
anhydipréiearad hsABlidks of water were introduced into a flask. The m xture

wasmai ntai ned at reflux tenperature for 4 h and then poured into 500 m _ of
wat er. The precipitate was collected hy filtration, washed with water, and

recryd09146lzed 1 Perdust A8 900-dBtaime!lovas injrasiucsd into eopled Mixiure. Vi el d:
ST L T LR i e T S S e i R HP
H, 2.4C gnd\? hatT8omRemperaiQre.3PharB850 g, ofZr@ghedNicedvas added. The

precipitate was collected by filtration and purified by recrystalized from methanol to

obtain 1.78 g of purified product 6. Yield: 98%. m.p.: 158~159 °C."H NMR (300

MHz, CDCls): & (ppm) = 2.32 (s, 3H, -CHj3), 8.15~9.00 (m, 2H, Ph H). Anal. Calcd

for CgHeBr2N;O3: C, 28.43; H, 1.79; N, 8.29. Found: C, 28.25; H, 1.67; N, 8.48.

[00127] Example IG.

- [00128]) Sample 2,5-dibromo-4-nitroaniline (product 7 in FIG. 7) was prepared
as follows.
[00129] KoCO3 (2.76 g, 20 mmol) was introduced into a solution of product 6

(1.69 g, 5 mmol) in 30 mL of CH.Cl; and 30 mL of CH30OH. The mixture was stirred
at room temperature for 3 h. About 50 mL of water was added. The mixture was
extracted with CH,Cl, and dried over anhydrous MgSO,. The crude product was
obtained after solvent removal under reduced pressure. It was purified by
recrystalization from ethylacetate to give 1.32 g of purified product 7. Yield: 89.2%.
m.p.: 160~161 °C. 'H NMR (300 MHz, CDCls): 6 (ppm) = 7.20~8.22 (m, 2H, Ph H).
Anal. Calcd for CsH4BroN-O»: C, 24.35; H, 1.36; N, 9.47. Found: C, 24.83; H, 1.45;
N, 9.33.

[00130] Example ll. Preparation of Sample PPE polymers
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[00124] Exanple IF. [00125] Sanple 2,5-dibrono-4-nitroacetani!ide (product
6 in FIG 7) was prepared as follows. [00126] Product 5 ( 1.68 g, 5.73
mrol ) waswonbronduemed i nto a cooled mixture of 5.6 m _ 70¢wiNeBoanesy. 5 m _
98% H2SO4. The m xture was stirred for 2 h at 0 OC and 2 h at room

tenpefao13f TheBahids @fprEL@heldElb:@wm aHd FPE-HpRIBReR Wale was

collected by filtration and gurl ¥‘@recr ystalized from nethanol to

obt ai Prepagdcsprding ig thegsyt @@@tm@tes wer indg@S. 84 8B, BB-agb8BC. 1H NWR

(300 ecggg)d(pprr)—ZBZ(s 3H, -CH3) , 8.15-9.00 (m 2H, Ph H).
Anal . C8H6Br 2N203: C, 28.43; H, 1.79: N, 8.29. Found: C, 28.25:

H 1.67; N, 8.48. [00127] Exanple |G [00128] Sanple

2, 5- di[mnbm]-4 ni Foopmepkaring RRE-ed wednomémoffprodud) 4 (s 61y, Sped ainaly, f ol | ows.
[00129] K was introduced_ into a solution of product 6

@0¢] :
( 1.69%d OW‘P’J‘TQ?%@@QHPm@ﬂ)g}:@@n@'aﬂac’/@é\wm hof CH3OH. The nixture was

stirr [odas added. The
m Xt u?gk(ﬁF sr{eggphgggmﬁéwdﬂﬁagﬂgglﬁdlgwgﬁg%d%?j%reﬂr Q%m”Q I??sg jS04. The crude
pr odudddnety avick &imheBHERfWene istrbdeotd imcnramajveumﬁmd reenhadentiqmn askire. 1t was

fied. i zat f thylacetate t 1,32 g, of purified
ot oaueauiepert GhE TuSPateoRiT and Btaaete S din Sb6 Tosk Wseds) ”d ( ppm

= 7. 2@v§c@8te6r§ndzd‘éckﬁh'ed‘%th%?bn tl%ﬁqmé@rA [ s%&'%%uoﬁ of%p%ér §|*yt 1. 36;

N, 9.47. Found Preparation

of Saifslide PHE3FAYhET S Nunek 999996 éi;in@h) PPEaL dmmpylanm:@ waand PPE- d

s sHoose MEfe BRSRPRBS. A s Mpodnef. HEE SRRl i Bl e ver o
Pnrnglduatg S& C ;{f”é ﬁﬁ Chﬂ)Aft@r Kngnabbled tb, réoh tehgyeraflirs] theahbazengad flidrédg, 3
to eliminate ammonium salt. The solvent was removed by pumping under reduced
pressure to obtain solid polymer PPE-a. The crude PPE-a was purified by
dissolution in 10 mL of THF and precipitation in 200 mL of methanol three times

each, followed by drying under reduced pressure.

[00133] The synthesis procedures of PPE-b, PPE-c and PPE-d were similar
to that of PPE-a, except 1,4-dibromo-2-nitrobenzene was substituted by 2,5-
dibromoaniline (97%, Acros), 2,6-diiodo-4-nitroaniline (98%, Aldrich) and 2,5-
dibromo-4-nitroaniline (product 7), respectively. Sample of PPE-b was prepared as

a comparison sample.

[00134] The respective yields are listed in Table I.
Table I.
Polymer (%) (g/mol) Mu/Mp Q) (°C)
PPE-a 82 4200 1.77 | 845 340
PPE-b
(comparison) 75 5300 2.40 81.4 386
PPE-c 79 4700 1.68 | 73.9 338
PPE-d 76 4300 2.10 80.8 336
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bi s(tri phenyl phosphi ne) pal | adium (I11) dichloride (21 ng, 0.03 mml, 99.99%
Aldrich) and 8 nL THF were introduced into an oven-dried round bottom fl ask
equi pped wibt201029060Bber septum and a magnetic stirring bacrsGheofob@sk was

t hen evacuated and backfilled with argon three tinmes. A degassed solution
of copper (1) iodide (12.3 ng, 0.075 mml, 99.999% Aldrich) in 4 nL

di i sopropyl am ne was added into the flask under an argon atnosphere. The
reactor was seal ed and kept at 80 OCfor 72 h. After being cooled to room

t enpel@1A, t heSaMplas réolwa@rff pof PEEca PBED aRd iEcavererndie &emm of The
| to obt lid
SO v Bbrk ke A HIDRAC Yadles ERCARH BegRgHT e (o otain solld

and precipitation in 200 nL of methanol three tinmes each, followed by
dryi nfpQi86dr r edbxaupler s dvdeasuricdti38bf Phapariias b’éS’amniEé’P&hjr es of PPE-b,
PPE-c and PPE-d were simlar to that of PPE-a, except

1, 4-d 2- b b b I 070,
R L T b e
di br oﬂﬂeéc(w/wwﬂhb%nﬁmwwﬁer%)wefeeéa@ﬁwn\é@lwnh REFERArEeGh PPE—b was

prepared as a conparison sa [00134] The respective yields are |isted
in Ta@pb/styrenerétﬂr@ardq OGIEL tﬂﬁqsé&weyn@meaiforpﬁﬁomatmpb (&TCPPE- ¢

powdie! e B0¢ 125 kpHRA 5‘“’%@%%@@% GOl BRE R EEP 2 Bre 002

37] Tbelumﬁmmralwesamaﬂoh o€ pbhmersivgti mo(é\dm)aramighw indhe pange by 10hdex (MIM
) of the s anpl e pol yners were determned with reference to pol ystyrene

st andarkdl0 lsgmﬁb Ehesplinnsiwers galibratadhwiih ngSM?Bﬁﬁtwaé% ‘g e e
‘(’:"gfurerﬂﬁ{ ARy R§GrofiR viad 8&%@8& aYneethrqteé‘t éjﬁé\ﬁ?%%%f 8% "}ﬁ, r]r’an'c"r‘:’h(f’c and HR 4

al'low separati on of yner s ar wel'ghts’in the range
of 102 ~ 5x1 05 g/ m)l The col unns were cal i brat ed vmth pol ystyrene
st and[aOthﬁS]Tet r alpdof diie sampha £ RES pdlyaeramwvesé deurid tt ramgel foomd200 tof 1. 0

M./ m g388 /moP corresponding to a degree of polymerization of about 8 to about 10 (n=
8~10in FIG. 1).

[00139] All sample polymers were found soluble in tetrahydrofuran (THF),
toluene and dimethyl acetamide (DMACc), consistent with the presence of long

alkoxy side chains in the starting monomer (product 4).

[00140] All sample polymers prepared were found soluble in THF, toluene
and dimethyl acetamide.

[00141] The thermal properties of the sample PPE polymers were
investigated by Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) measurements. Thermal stability was evaluated with a TA 2000
thermogravimetric analyzer at a heating rate of 20 °C/min in nitrogen. The glass-
transition temperatures (Tg) of the sample PPE polymers were measured by DSC
under a nitrogen flow at a heating rate of 10 °C/min, and were found to range from
73.9 10 84.5 °C. The measured T, values of the sample PPE polymers were
consistent with the Ty's of typical PPE polymers. The TGA results suggested that
all sample PPE polymers had good thermal stability. Their onset decomposition

temperatures (Tg) in nitrogen range from 336 to 386 °C. FIG. 9 shows
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[00138] M1 of the sanple PPE polyners were found to range from 4200 to 5300
g/ mol, corresponding to a degree of polynerization of about 8 to about 10
(n= 8-10 wo 2610@906b3. [00139] Al sanple polyners were feamscaelowbdss i n
tetrahydrofuran (THF), toluene and dinethyl acetam de (DMAc), consistent

Wi th troprayes®hecT GA durngs of thexsansdldpobinaenrs The poI§nfraishbwad r
(product, 4). [00140] Al sanpl erﬂpoloymgrs_ prepared were found soluble in
THF, tweigbhless @l lempeiaiylesahovaA09eC.[indicating dreompesitian obthmeelymsar of the

sanpl ' ti . f £ er l.al ' rimetry
(50 ASKDPRS: BES ihFerallras, FREH: Ribte R GlhE oy SRR B T
was evideutatdiffiersnt Bnouhfof 004 reieiuies it asrnpetatutesadisd wz450 &C. Thedaddtng rate
of 20 U mn in nitrogen. The glasstransition tenperatures (T ) of the

sanpl dePp 'E’@IB}'H@?@'W%{%@Q&P@H" anaplenbdEr weraithewmaally stpbiw alt a heat i ng
rate qbmb@rdd, é"forg‘!?@stt"éﬁ’écﬁrc;rf?(?’gﬂ)lgggsié\gl rEfi 8. Phd shifpRs PREOC.  The

measured T val ues he sanp ners were consrstent with the T
1Sof tpphyroats &evitbiped theemsl siBbiitythat mesusditbbaipyesedd ddatordd stosagebe PPE
pol ynmer s Flad oad thermal stability. Their onset deconposition tenperatures
(Td) i NGYRACPSnge from 336 to 386 OC. FIG 9 showsrepresentative TGA
curves of the sanple polyners. The polynmers showed a sharp wei ght | oss at

t enpered 442y aboGemdfeftesentaiie RidaRarsteaatra 415@Nsey ih Tabiel.y ner
backbones at such tenperatures. Different substituent groups are expected

to give rise to different anmpunt of char residues at tegﬁgratures above 450

oc. THEO#3k esidrimereqianpamerial soglysis: ed N¥R:snastras bhbyie aPPEs wer e
The. s qustestspEeSrR TRl PPE Akmiehg pd BBt Of RRRE I el BEl C' oy
use i mbéhiaetdr dhecspeotaarfesaonple MRE polyeale\shoesed ¢06ttA2é obirreversipleasent ati ve
measurgd. data are also listed in Table I . [00143] FT-1R spectra, elenental
anal y ngnglﬁpilﬁﬁ?%@&pf%?es@%vi s and

[00144] Representative FT-IR spectra, '"H NMR spectra, and UV-vis spectra

are shown in FIGS. 10, 11 and 12, respectively. As can be seen, the strong

terminal v(C =C — H) vibration peak at about 3282 cm™ exhibited by monomer of

product 4 disappeared after polymerization. Instead, the sample PPEs showed a

v(C =C) peak at about 2210 cm™, characteristic of disubstituted acetylene. The "H

NMR spectra of the monomer and polymers (FIG. 11) also indicate that the terminal

acetylene proton peak of product 4 disappeared after polymerization. The '"H NMR

spectra also revealed chemical shifts which were consistent with the expected

chemical structures of the sample PPEs.

[00145] FIG. 12 shows representative UV-vis absorption spectra obtained
from the sample PPEs and product 4 in 1.2x10° M THF solutions. The UV-vis

absorption maxima of the sample polymers were red-shifted by at least 100 nm
from that of product 4, consistent with the increase in effective n-conjugation length.
The UV-vis absorption maxima of the polymer films also occurred at a considerably
longer wavelength than those of the corresponding THF solutions, suggesting the

presence of strong intermolecular interactions in the solid state. The wavelengths
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fl uorescence spectra of sanple PPE pol yners and nononer of product 4 were
obt ai ned. The spectra of sanple PPE pol yners showed exi stence of
i rrever siwbeondopéoag and p-dopi ng processes.
spectra, 1H NMR spectra, and .UV-vis spectra are shown in FIGS. 10, 11 and
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Representative results
are shown in FIG 13. The results suggested that the four sanple PPEs

der) X—rQY E'ffr%ctpo% WDPSat@éﬁ\'s%?ﬁ]e 1;sgm

The diffraction peak appeari ng in the

b%tser nol ecul ar

were also measured using alumlnum sample holder, with a scanning rate of 2

degree/min at room temperature. Representative results are shown in FIG. 13.

The results suggested that the four sample PPEs contained polycrystalline

domains. The diffraction peak appearing in the small-angle region (206 < 7°) in FIG.

13 may be assigned to the intermolecular distance between two main chains

separated by the long side chains, similar to the cases of rigid n-conjugated

polymers with long side chains. The sample PPE-a, PPE-b and PPE-d polymers

showed a similar diffraction peak at 26 = 5°, due to the same 1,4-substituted

structure, while the sample PPE-c polymer showed only a very weak peak at

around 28 = 5°, due to unfavorable geometry for regular packing in the 1,3-

substituted structure. All sample polymers showed the amorphous peaks at about
28 = 22°. PPE-a and PPE-b with mono-substituted -NO, acceptor (for PPEa) and
-NHzdonor (for PPE-b) exhibited an additional sharp diffraction peak at 26 = 24°.
The polymers with di-substituted -NH, and —-NO, moieties (PPE-c and PPE-d)
showed only a broad peak in the region.

[00147]

Example IV Sample Films formed from Sample PPEs
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separated by the long side chains, simlar to the cases of rigid

p- conj ugated polynmers with | ong side chains. The sanple PPE-a, PPE-b and
PPE- d polwoeos/®bemaed a sinmilar diffraction peak at 2Q=pbir/sdueiotoooisie same
1,4-substituted structure, while the sanple PPE-c pol ymer showed only a

very \egkagleak aanéwmbE’QE§olyﬁ1¢¢smr@@f@pm@ab&o¢n gsigeré oY THF regul ar

packing in the 1,3- substituted structure. Al sanple polyners showed the
amorpﬁ@uglogaé@ﬁ&%@ara@thPE@olzmerWéralgémb b’PEPlB‘ wqtmgn@irﬁ)sglmfgtq elut ed - NO

2 acc E ddi ti onal
shar p%glbﬁf Pacy 8n L%Z()Zlggg B%%ﬁﬂﬂ#ﬁk&é&a&%@s Wi Eé#,:pP '@fﬁ‘?’?hﬁaed -NH 2
and - Nfed undice rediscedfhtiessur@nat 8Bk fémsdrated ovel wightbr oad peak in the
region. [00147] Exanple IV Sanple Filns formed from Sanpl e PPEs[ 00148]

Fil ns e PP olymers e prepa dfr m t ol uene or THF i ons of
The S4081481Rpe DHBOIGRDCDYS s Mo Byt 5@%?reaatq'weaﬁolahea$ o PR o 2000
rpm 0Bng MPAN ZFifh& 8 PRIERE Sndt PERANCEEREMALiHR toITBﬁe%ﬁ* Rcf' | s were

dri ed under reduced pressure at roomtenperature over [ 00149]
Homgsnbﬂoasfwémalmemep@teaju, betiwkrefoundl taderd kmbumhaonaggrfeglar& a and PPE-b.
Films of PPE-c and PPE-d, cast fromeither toluene or DVAC sol utions, were

al so ed, bt found t nd to contai regat es 1 50]
Cycli Eégﬁq]armet ¢¥CI (5}53%@5& r@mtr%eagyr?rﬁgn% %ﬁg%ﬁﬁ@ [ﬁ%rrse made on
an Aub@relngag @ﬁtahqsmt@tdtgpéfeaﬂ@gtaﬁgaleéﬁ@étépélfé@frbcﬁémw W%taﬁwh ataa scan
rate of 50 nV s th a platinumwre counter electrode and an Ag/ AgCl

r ef er S8R r@ﬁeézftﬁodaé/ $ n VI amtgiiien wirgrepunter @getodaend anefoMaClml L 1
aceto?éﬁeFér}cf‘e SeLHAOh 9k a@ﬂgaon t%rloaﬁ\“ TRALHIES % 8%%@9&‘@%% rﬁtﬂreB“ 4NPF

The YMers were coa | num e wor rodes from
d| | ut eohdnbuerﬁdaets@bmylamomaemmﬁabmtphmeplnalm(htBum}%F@hch polyikets 14. The

Vv ts sh that th dat t_potent d f
PPE. o WHPEDRIEURHEIS AUNBBRP I PYAA e agHot 15 AHipXoNBNSRUNe. 17 v vs.

Ag/ Ag Rblgré@eﬁﬂgwcé Mutts A8 ShbIR lhﬁecwvermw r@ﬁﬁl@%ﬁ@béd {Hutdepi ng) for
PPE- a PE-b, PPE-c and PPE-d polyners were -0.80

oxidative onset potentials (p-doping) for PPE-a, PPE-b, 'PPE-c and PPE-d polymers

were 1.32, 1.12, 1.30 and 1.17 V vs. Ag/Ag”, respectively, and the reductive onset
potentials (n-doping) for PPE-a, PPE-b, PPE-c and PPE-d polymers were -0.80, -
0.96, -0.87 and -0.87 V vs. Ag/Ag", respectively. The HOMO and LUMO of these
PPEs were in the range of 5.47~5.67 and 3.40~3.56 eV, respectively. The band
gap between HOMO and LUMO was found to be around 2.1 eV.

[00151] Some representative measured data and calculated data based on
the measured data are shown in Table Il. In Table Il, E;cg(onser is onset reduction
potential measured by cyclic voltammetry; Eoxonset) is Onset oxidation potential
measured by cyclic voltammetry; highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) were calculated from the
electrochemical reduction potentials; Egeie) is band gap calculated from the
electrochemically determined LUMO and HOMO energy levels; Amax is UV-vis
absorption maxima; and Egpr) is optical band gap estimated from the UV-vis
absorption band edges of the PPEs in the solid state.

[00152] On anodic sweeps, the onset oxidative potentials (p-doping) for PPE-
a, PPE-b, PPE-c and PPE-d were at 1.32, 1.12, 1.30 and 1.17 V, respectively. The
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0.96, -0.87 and -0.87 V vs. Ag/Ag +, respectively. The HOMO and LUMO of
these PPEs were in the range of 5.47-5.67 and 3.40~3.56 eV, respectively.
The band wepotatwesn HOMO and LUMO was found to be ar oumrdTRGRo®Mooo39®0151]
Some representative neasured.data and cal cul ated data based on the neasured

dat a xidsthevwotbhtidladhed tondiderbaltberd AssoElR8d ARl witFtHRGS o ffidct i on

potential neasured by cyclic voltametry; EOX(Onset) is onset oxidation

pot entaNdl itsBwgnitede wasxsiected/iel tellprbthelelestremdonating apilibdofibeecul ar

cal curtelfTRr PP BB FRERERPOh P SHBNE G e Tard ARGV B8, ¢ bana
gap cdhamsak edcfronohbs irlties tsmehemite dadyardehsstoxiestivie\pdeeatigl IOV ener gy
| evel s; is UW-vis absor%rlﬁon maxi ma; and i's optical band gap

E t

esti mf-e E%?e@m@wwﬁg CRp e t%—H%@cg@aég%g:%on,%v@widpwakﬁne%@w%o| id
tate. . ) : ind - dobi
or P paops GRS, SRR DR A7 GhvaYsaR ih BRFRS Borilir! ")
r e_sple('nm ith@r?ltvpoTpglgm'edat PFE-aMiﬁgﬁeaNea}aelémtmgmm(ﬁdokp?hﬁ.lp?wdQPlat e;j .
mainly with the donor un and its ni.t ude was expect e refl ec e
el ect?lsgﬁn@o‘?{ﬁ?tir%a‘é?ﬁm?ﬁ{/}'\i% gwpéﬁwaegﬁgmhﬁexwa%%otwalp 32 Yroup (a
Stron%n%r?g‘{iﬂ%ﬁ%s)of%&b gfoup (a weak el ectron donor) in the
repeat units had an onset oxidatlve potential of 1.12 V. PPE-c and PPE-d

al so contai ned the -NO 2 acceptor group, which weakened the el ectron

donat i[ﬂ@?@%] | i ti doesmseheedustipnmotentials ﬁadepiﬁgs)éoftBPEﬁjerRE-ideﬁEré
; ; PE. 2w _
(ol kodV e BEN WeFe S0 R P Pe B and Tak? AL vk BpetR R A he SRR IPHEAR, he

hi ghestdopingaifiavisolpote réfiattedthclafidity oftiegolyiersd foireléstrass. OPPEap! e

pol yrre%s. [O%lﬁ% The onset reduction potentials (n-dopi n(%) f or PPE- a,

PPE- b shppedthg{uohest opsgipetengakior n-dpmieg at ).86 \agrong the 1qur PPESpect i vel y.
The s tdRidd i o] f i Ri of the
pol ymer e B8 g oeh e g SRSy BNl arth ok MeBron Bphd

n- dopigngup{ alkGxy89rovipambiiE-bhett the hétidls rddece eNtHiegrpup sedcewebkt he easily

' edUCieli)écetrdnl\g)gngrr@H%xe %dm&p)"‘ﬁ%ﬁ,g& ﬁwcet IE)\?V%SF gﬁgét potential for n-doping at -
0.96 V among the four polymers. PPE-c and PPE-d had about the same onset
potential for n-doping at -0.87 V, as they had the same donor-acceptor groups (-
NOg, -NH; and alkoxy groups). The position of substitution did not seem to have a
strong effect on the reduction potential.

[00154] The HOMO and LUMO energy levels of the polymers were
calculated from the onset oxidation potential (Eoxonsety) and onset reduction potential
(Ered(onsety), based on the reference energy level of ferrocene (4.8 eV below the
vacuum level): HOMO=Eyonsetyt4.8-Eroc; LUMO=E eq(onset)t4-8-Eroc, Wherein Erq. is
the potential of Foc(ferrocene)/Foc+ vs. Ag/AgCl. The value of Er,, was 0.447 V
(measured for calibration). The HOMO energy levels ranged from 5.47 to 5.67 eV
and the LUMO from 3.40 to 3.55 eV. The band gaps between the HOMO and
LUMO for the four polymers were about 2.1-2.2 eV. The electrochemically
determined band gaps, Eyle), were somewhat smaller than the corresponding band
gaps determined optically from UV-vis absorption band edges (Eg(opt around 2.3-2.6
eV, see Table II). it has been reported that the band gap of the alkyl substituted -
conjugated poly(phenylene ethynylene)s with 13 repeat units is about 3.0 eV. The
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group (al koxy group). PPE-b with the hard to reduce -NH 2 group and a weak
el ectron donor (al koxy group) showed the | owest onset potential for

n- dopi ng WD 20109863V anong the four pol yners. PPE-c andpePEcdothadosapout t he
sanme onset potential for n-doping at -0.87 V , as they had the sane

donor {aES@Ritioh & QLEForl doNPanc Mbtebtengrorlpsmay AEMRRblY rHaacRashS i on of
substitution did not seemto have a strong effect on the reduction

pot enthiaid. 9gmB01BuUs, iriscexpenadihe saonrbedTdry goulghs scu)fatcedmmqsmeméy,sorwer e

cal cul et_ o d.onset
reduct(ﬁ%hﬁ%pé% g%tgg% @E’%'&?@ﬁsﬂﬁg 8@0@9913%@5@ "{%5% gﬁﬁ?g%p@ﬁ@f gy | evel of
f err ovbaegd daBicey. bel ow t he vacuum | evel ): HOMO=E Oc(onset)+ 4. 8-E Foc;
LUMO=E red(onset)+ 4.8-E Fqc,wherein EFoc is the potential of
Foc(ferrocene)/ Foc+ vs. Ag/AgCl. The val ue of EFoc was 0.447 V (neasured

for calibration). The HOMO energy |levels ranged from5.47 to 5.67 eV and
the LUMO from 3.40 to 3.55 eV. The band gaps between the HOMO and LUMO f or

the fqoo155] YIer ExuRife 80085ma wL PﬂE%a%\éd @%@tr@hi%%é\%@em cal |y determined

band gaps, 'Eg(eie), were sonewhat snaller than the corresponding band gaps
determ ned optically from UV-vis absorption band edges (Eg(Opt) around
2. 3-2[80%S6] see FaipieImgmontderieehbased @ﬁ@metﬂﬁé polygasanrgap of the

al kyl conj ugat ed pol y(phenyl ene et hynyl ene)s with 13 repeat
uni tsfigt'&sw %%@J%tsggg&g Thei ntroduction of electron donor and accepter

groups had dlstlnctlvely reduced the band gap. Thus, it is expected the

sanpl §0@F5Z] coul thdiemathi-bxided il Opceatedldss substetes herepnecleatictiavifh ve ri se
to nore effl ci ent charge transfeﬁagnd transport of ch carriers. [00155]

Exanpl&&s, asg eeambp_s QRANGE 1pd q;,rd@r DB\AcWirpgenisdat aﬁ'S%?Fp ry devices
based t&ﬂeﬁé%ilﬁlopnp (5_?%?.)%@ lwgrﬁ Qﬂto‘?\% FhE PPEVGas!d g nél\ted
1 de ( ane

| ndi umti n-ox coat e | ass “su strates were pre-cl W th water
acetoraézaﬂd rpsppniopanlQ substrditetofer siee of aboah2 6I dmaszlﬁlcmﬁatldmédrbylS mn. A

t ol uene, solution (50 nmL.) contain ne _of e PPEs was

spi ﬂ égévfe\@al#erlnoval(m a vacuum ove||1 a't qg Sgorlvgng%o or 12 h. tl'ple thPlC ness of
the PPE layer was about 50 nm. Aluminum top electrodes (for needle contacts) of
0.4x0.4, 0.2x0.2, 0.15%0.15 mm? in areas and 0.3 ym in thickness were thermally

evaporated onto the polymer surface at about 107 Torr through a shadow mask.

[00158] The sample devices were characterized, under ambient conditions,
using a Hewlett-Packard 4156A semiconductor parameter analyzer equipped with
an Agilent 16440A SMU/pulise generator.

[00159] The sample single-layer ITO/PPE/Al sandwich structure used for
studying bistable electrical switching effects is schematically illustrated in FIG. 4.
PPE-c and PPE-d samples were not used for the electrical switching studies.
Devices based on homogenous films of PPE-a and PPE-b showed reproducible

results.

[00160] The sample devices were characterized by applying a voltage with
ITO as the ground electrode. FIGS. 15 and 16 show typical current density-voltage
(J-V) characteristics of the sample devices based on PPE-a and PPE-b

respectively, with both negative and positive sweeps.
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at 2000 rpmonto an I TO substrate of a size of about 2.5 cm2.5 cm

foll owed by sol vent renoval in a vacuum oven at 10~5 Torr and 60 C for 12
h. The thwvokoss®o®B t he PPE | ayer was about 50 nm Al unipowsckep/oedsst r odes
(for needle contacts) of 0.4x0.4, 0.2x0.2, 0.15x0.15 nmm® in areas and 0.3

/' vm i rjoohetkness ALPPELH BaERINIY clevRe® HaheE gRitip® _Igf-lhﬂgléﬂﬂ}’eﬂ%xysg’rbﬁ%)? at
about 10 7 Torr through a shadow mask. [00158] The sanpl e devices were

char adt Wap 7l expaeled tamphiit cledriaakhisiabllityisThe reeassspdtV Packar d 4156A

sem cQ . I el L by L J.en 0A SMJ pul se
gener a%?&étﬁéaﬁ%%ﬁgas n%ldéégenbgﬂ%eg Iogﬁglrjgl #@%B%?A%M@%%H&/%ﬁ'o ructure
used ftoansitiardgrinivyg thespadities ah@ﬂ'gg%ﬁg? \é@llfdge?il%\iv@gp§bém§é€’1 08 \(,";Qéf%lﬂﬁ.cm ly
il 1ustyrat In FIG 4. PPE-c and PPE-d sanpl es were not use or e

el ect r{éaﬁ‘ﬂ:ﬁbﬂ@ﬁy V@V@ﬂgéé!seﬁém“@%e%‘%@a dipdhonogenous fil ns of PPE-a
and PPE-b showed reproducible results. [00160] The sanpl e devices were

char aqogZpd bY iR@Bhith8giRPPeld 8ol BothEkaRy ﬁ@@ﬁé@ﬂﬂ(ﬁ'&%?fbﬁie- FI GS.

15 and 16 show typical current d Ity-voltage Characteristics of the
sanpl endieties @se bessantod heREnapla e vierb asadesp POE-a axpibitsdttivotistinatiegat | ve

i tive . . -b_had anl dopo. - NH2
and o RBRpEBIEERY (el 15T ndniecs Loy B0 dbtaectuty Pl BataHE ot abi 11 ty.
The nesasttried sWilHiMRBaAEesmbly Sfecds. ABSHRAINGFIEEVISC uRAg Bkt @8t PPE-b did

not exhibit any obvious transition during the positive and negative voltage
sweepsSWaEPwes corentof thesamue ITEPPPREALIevge isreased Howly withithe

l'i ght - MLt LI ' L - r. ot h al koxy
dl)go'; a%bé:@g %ﬁﬁ?%%?%%#?\}eég(%ﬂhaﬂgg@ fﬁg ?ﬁ%%@é()itﬁ% based on
PPE- a veithgbirtege b0 tdi-$165N¢.t AMbe GMidhiHY tiréshaid abRagd 6£8b&ItG1.68Y), .arand Was

used for a detailed study of bjstable electrical swtching and nmenory
ef f ect _ru%ngw;p,.}ftﬁpr@m%tp mﬁr %t%%qu:é%@!”&%@wfﬁ%ﬁt of the

27! AR o a9 85 ROSF e 0 g b ARl nec
state). This electrical transition from the OFF-state to the ON-state may be utilized
in a “writing” process for a memory device. The 2nd sweep from 0 to -2 V indicated
that the device remained in the high conductivity (ON) state even when the voltage
was reduced to the range of 0 to -1.65 V. The device remained in the high
conductivity (ON) state in subsequent sweeps, within the experimentally applied
bias, in the positive and negative voltage directions (sweep 3 and sweep 4,
respectively), and even after the power had been switched off for 30 h. Thus, the
device based on PPE-a exhibited good retention of the ON state and is expected to

be suitable for use in a WORM memory device.

[00163] The performance of the sample device based on PPE-a was
evaluated under ambient conditions. Initially, the sample device was characterized
by applying a stress of -1 V in the ON or OFF state and was subsequently read
every 30 s. The results obtained from the sample device are shown in FIGS. 17 and
18. The sample device showed relatively stable J values for both the ON and the
OFF state, although a slight degradation in J value was observed for the ON state
in the first 0.5 h and in the OFF state after 1 h. An ON/OFF current ratio above
about 10° was exhibited by the sample device. The sample device was

subsequently characterized by reading the current using a -1 V voltage pulse. The
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voltage range of 0 to - 1.65 V. At the switching threshold voltage of about
-1.65V, an abrupt increase in J from10 6 to 10 1 A/cn2 occurred,

i ndi cat i ngotbm/@essce’ s transition froma | ow conducti viPCy/ssbato®00039
(OFF-state) to a high conductivity state (ONstate). This electrical

transi tharacferietits bereprésaritative hizablRdDbIRIgRL SuISEY aREshEWh iF 81 lhgeﬁof
V\A’Itl?&j{) essfor a menpry device. The 2nd sweep fromO to -2

i ndi ca 'Qm@dm? é'éatrf@ﬁﬁaﬁmﬁe dRvicRavas g%lt%émﬁ:tﬁ lwthyhe @BF st ate even

when t d d vi ce
Fomi nog e.“ﬁ““? RRPOIERALE a0ES et RGN B8 el e HEpBP i T
t he exqﬂmngmpp&bbwbamﬂeredﬁdm 13&3 cantintibes pesd t;ycbf@s aAd Jaedsd hpgreciitéage

nd svvee respectively and even after the power

ﬁé&egte\'el 'Qm@@?’?cww% ﬁofﬂbege apREt a@wad@\f\bra?é%e ERdRIoEMayY hi bi t ed
3\%%& r64 8Bkie98d ofrhbbes&i't\g éﬁs@ Tf\om tpatméoﬁmé(;rﬁ ({eﬁnsng ?H}ééé(]%@l dor use in a

menory devi ce. € pertornmnce ce based on
PPE- a deMces/ial hodb doe mMenddhfﬁF states wadi uriaffested by t:hahgl;slln thessizawoptre devi ce
was cq%r t r%ze by applying a stress of - 1 Vin the ON or OFF state and
was su Qgﬁ F18P% ead every 30 s. The results obtained fromthe sanple
device are shown in FIGS. 17 and 18. The sanpl e device showed rel atively

st abl e{09164] ues TNttt &t moan@bmecemﬂaﬁér@é 8f PPEtéi‘Wé@é' @rréhhgat

degradation in J value was observed for the ON state in first 0.5 h and

in t helpgthe Geussipnd3 mq@ramrpaglqagﬂat&m PEt B3laY Pis- élb@@ 'ab@utThﬂ)S was
exhi bi H@W@%&EE@/ gpéfePﬁ?Vé 8s dEREnTIALSH lrf]rg)ngﬁ\Yé f‘i) ﬁ@%ﬁ:@%@@? gﬂﬁﬂ?ﬂ)é’sm

characterize he current usSi
Thechaepetatunisof BREd to bpraemntauﬁw TGS Wiaksk eQddnagerapld ®ehatr € shown in

th t f, Fl 1 at th le d t
st anl Srnag o e B el BRETAD. Hiniar dnHIV gaeTaedeVal both the N
stat e aelistel I tise @JF‘# H@thc’i&‘ﬁﬂgﬁe %BQI‘&%Q%E é(m?l'é%’h&@%‘@/?&nﬁ%f)&l cont i nuous

read cycles. As can be appreciated, wt current ratio of
above sihstantiailg from tfm/dce&ermoed rbe!aCéV\é(-Bc% aHy IﬁbeaﬂM@\mdargsr level esul ts al so

orr st el RSB hlhiR el iSheBhRLF yEPBEERahe HOMb ang ™ 2"
LUMO energy levels of PPE-a along with the work functions (¢) of the ITO and Al
electrodes are summarized in FIG. 19. The energy barrier between ITO and
HOMO was 0.85 eV and that between Al and LUMO was 0.71 eV. The relatively
lower energy barrier between Al and LUMO suggested that it would be easier for
electron injection from Al to LUMO than hole injection from ITO to HOMO.

[00165] The n-conjugated PPEs are usually expected to be n-type
(semi)conductors. The absence of sp® hybridized carbon atoms in PPEs can lead
to a situation in which overlapping p- orbitals of successive carbon atoms enable
the delocalization of = electrons along the polymer backbones. However, the
electrons in PPEs are filled in the valénce band formed by the HOMOs. The empty
conduction band formed by the LUMOs of PPEs is typical of semiconductors in
their neutral, undoped state. Thus, PPEs are expected to exhibit high electrical
conductivity after the addition of electrons to the polymers (reduction, n-doping).
The molecular orbital of the basic unit of PPE-a is simulated using the Gaussian 03
program. The HOMO is located in the whole moiecule, with a major part in the

donor and a minor part in the acceptor, while separated by the nitro group which
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top Al electrode. [001 64] Density function theory (DFT) cal cul ati ons of
PPE-a were perfornmed using the Gaussian 03 program package at the DFT
B3LYP/ 6- 346(2djo/doesosl . The HOMO energy | evel of PPE-a wagcasicesnioneds f r om
the DFT cal cul ation of the basic repeat unit of PPE-a to be about -5.46 eV.

Thi s Jslboles the effeutiae akinsition dfraéctedrisaimned, i (LexgdutedNatrrRBeOwbuld. Ky eV) .
However, the LUMO enersgpét | evel calculated fromthe DFT nethod for the basic

r epeat!NitsilpWcondystivty stgle atdhedadimynaef paan jom 849 t heb VadheldMedsby coyv

(-3.5 : I ; 1 i S er of
FepeatCitopdNtie BREAER I UEIC? IS IRabEaed o arle e ihBRAROIARNC W ¢
t he V\ﬁﬂikichmmat senve 4 a pathwaefor Tiae amdékino&jcﬁaitysm At mesumﬁ:wd rr]1i zeg in FlI GI
19, The enerqy rr.i etween 1 TO a HOMO was 0. 85 eV and that between Al
and LURBa98 0.1'%% %\(/.e'g':f'ﬁ'é‘ IsePdscied P %ﬁmee%%ﬁﬁgﬂrth@relwmw and
LUMO it ' _elect [WeTalh N, Al to
ND T b O o P it B e e
are usuallg expected to be n-type (senmi)conductors. The absence of sp3
hybri d02386Lar bod hetesence pPEStroag N@adetwon asceplar ioexpectethia he

I j . i tal f [ . at t he, d lizati
of 'p apseRRle A BieMeluShaior artER SRRa0t i aRe T Fih FeredorB D i n pres
are fidiredroups inethedresset PREG (iriserGntietdieriddmol dditarcRBight)ctrduct i on
band f qr med the LUM>s of PPEs is typical of sem conductors’in their

by tt
neut r d1igh &ﬁﬂ@%@ﬂ"tgtsﬁté.wa%%?’erpﬁ%o besusigieed & merestiginb3@ hhilgh el ectri cal

o nidorifbdnchl CAtE WiR atthiofiolh HelsEEhb8IDkaof RO APIGHA STuel L on.

n- dopi ng ar orbi the basic unit of a 1s simulated
usi ng the Gaussi an 03 program The HOMO is |ocated in the whole nol ecul e,
with J0G468) par Asinow ben derappranidted, the compaunds mndheviceedisdosedhi | e

separated. by the nitro group whi chbl ocks the effective transition of

el ect ﬁ%gl_n #ﬁhl%e FP?Y?@eMégﬁee'ﬂ %&P%@%‘%&"& T PRVIASCE BN conduct i vity
st at e igipré Vel pRPeftitsds 8bmparsY fd OPEdbdsed ddviesy. The LUMO is located in
the acceptor. The LUMXR2 is del ocalized throughout the whol e nol ecul ar

[00168] When a list of items is given herein with an “or” before the last item,
any of the listed items or any suitable combination of the listed items may be
selected and used.

[00169] Of course, the above described embodiments are intended to be
illustrative only and in no way limiting. The described embodiments are susceptible
to many modifications of form, arrangement of parts, details and order of operation.
The invention, rather, is intended to encompass all such modification within its

scope, as defined by the claims.
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whi ch may serve as a pathway for the high conductivity state. At the
turn-on voltage of - 1.65 eV, PPE-a is expected to becone n-doped, and the
el ect ronswenreiwp@st ed to be excited into LUMXR, bringi rgTRE28®/0DGY t he
hi gh conductivity state. [001 66] The presence of a strong NO2 el ectron
acceptor is expected to be responsible for the maintenance of the high
condudViHAT IS Lt IMEDNS:h nore than 10 nitro groups in the present PPE-a
(based on the observed nol ecul ar weight), the high conductivity state was
obser ved At ¢orpoSit$ tainpaginger nore than 30 h. In conparison, OPE with one
nitro group has a tine constant of 910 s at 300K [00167] As now can be

d d d d h b i
Co e | A Ehubefs FREREINELENG AdBlaAt pb eSS motp e 5 eR s der 1| o5 as
conpar edpblynidtic BRRIsHE VSRR udﬂ%ﬁ&isnk{y%r@t Yk 9‘?&3u¢ bRA® sscdpigven herein

with an "or" before the last item an Iisted 1tens or any suitable
conbi nat P¥#licogroupeonjugased ta ene anaﬂwe@@mba plurality ofi gidesgroupp GACBI] Of

cour se, Bgﬁdé\g%lgng%?géfdbfﬁgt grﬁgg%ﬁ(gw%gﬁghgt ended to be illustrative

only and ' rn no way I'imting Bdi ments are susceptible to

d ff det ai | d order of
Oper at' oktneib s Rde Hrolih bBha s i SRR} o iRous 1AL slbiskoo ot e °
modi f i cabid@rgmupmdmdea&o %ﬁ@pé?ecdh‘éi Slefit @%‘u;b}é A 8leetBhBochRl, $HARALMED | S:

1. A conpound conprisin EBO ynmeric chain conprising a fepeat unit
r epeat edsa@r@mmmcslasvw@@ab keieasion ﬁf@ﬁI@tBMM&?ndsaﬁl\d& stapeand ani t

another. SeeEns Blebie o8B, A BERAN kBt Be Bkl BOUYT 77,0 and

second cyombougdpum$, mhereln a side group bonded to said first cyclic
group is an electron donor and a side group bonded to said second cyclic

group i swheréthes s oaeeFRhRY plusamia of Bidfe ?@uas sPsgesid dosthatishighabl e
between a first electrical conductive state and
compound is soluble in an organic solvent.

2. The compound of claim 1, wherein at least one of said electron donor and said

electron acceptor is soluble in said organic solvent.

3. The compound of claim 1 or claim 2, wherein said electron-donor comprises an
amino (-NHz), hydroxyl (-OH), alkyl amino (-NHR or -NRy), alkyl (-R), alkoxy (-
OR), easter (-COOR), aryl, thionyl, or carbazol group, or a derivative thereof,

wherein R is an alkyl group comprising 1 to 20 carbon atoms.

4. The compound of any one of claims 1 to 3, wherein said electron-acceptor
comprises a nitro, cyano, isocyano, sulfonyl, sulfinyl, halogenated alkyl, formyl,
carboxyl, carbonyl, alkyloxycarbonyl, aryloxycarbonyi, 1-tetrazolyl, carbzmoyl, or
sulfamoyl group.

5. The compound of any one of claims 1 to 4, comprising a copolymer, said

copolymer comprises:

a phenyl monomer comprising a substituent that is an electron-acceptor; and

a phenyleneethynylene monomer comprising a side chain that is an alkyl or
alkoxy group having 1 to 20 carbon atoms.
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second el ectrical conductive state by application of an electric field to
sai d conpound, and wherein at |east one of said plurality of side groups is
sel ect ed wo 20tvatvo@ai d conpound i s sol uble in an organi c pewlscamio/n0i@39 The
conmpound of claim 1, wherein.at | east one of said electron donor and said
el ect r&ynThe weptpwuridsofsahinbb ewherettisdidalgdbraliesdwgolp has The13eamynd of
claim1l or claim?2, wherein said el ectron-donor conprises an am no (-NH2)
hydr oxyl 8@%$) . al kyl amino (-NHR or -NR2) , alkyl (-R), alkoxy (- OR),
easter (-COOR), aryl, thionyl, or carbazol group, or a derivative thereof,

wher eif Ry %Om},cﬂjr}%f f%‘ﬁﬁ?r?g%ﬁg?ﬂ)éi réiﬁeaia%i&é‘éﬂ?éeiﬁ é%%ﬂ”é%tyléx The

conpound of a one of ¢ , Wwherern sal ron-accyéptor
conpr i sebexylnoctyb 2-ethgtinexyl, secyladodesti| Hexyydxy, gedthilhgkylokg! degsgtmadtyedr al kyl ,
formyl, aar bo%)lé}{ car bonyl, al kyl oxycar bonyl, aryl oxycarbonyl,
1-tetraz8PYPCY' O 9By | " or sul fampyl group. 5. The conpound of any one of
clains 1 to 4, conprising a copolyner, said copolyner conprises: a phenyl
mononey, TRERbhiidUhdeoraiisénd 8EAbInid 8 o 75 wirEhaid PRedf GRthGher AN pa
phenyl eneet hynyl ene nononer conprising a side chain that 1s an al kyl or

al koxy gPbemy!ieang-aharyl.20 carbon atons. 6. The compound of claim5,
wherein said al kyl or al koxy group has 1 to 13 carbon atons. 7. The

conmpoynd i i i i d_.si LnJd ctyl oxy,
hexyl tg?o-(l:-ﬁ %l"?’@‘g{r@y hae@yﬁ%gg?/wgeég%gé% ,eq%@xs%%%é@?hg-dﬁ%@}ﬁﬁgxyI oxy,
decyl oxyfurther doderises)an additignal &lectivd-domground of any one of clains 5 to 7,
wherein said phenyl nonomer is a pphenyl or an mphenyl. 9. The conpound of
any. o9 Lhe Eofiund. diaiy one 6f Sai 84S o WhLein S B polytiier gk o OPT ! ses an

number average molar weight (Mn) of more than 2000 g/mol.

11.The compound of any one of claims 1 to 10, wherein said organic solvent is

toluene, benzene, xylene, tetrahydrofuran, chloroform, or dichloromethane.

12.The compound of any one of claims 1 to 11, comprising a chain structure
represented by

',GEEHW N Oa
I S N
\ /A
CgHq70 or
OCBH?? NH

CeH470 NQOs

wherein n is an integer greater than 5.

13.The compound of claim 12, wherein n is from 8 to 10.
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10. The conmpound of any one of clains 5 to 9, wherein said copolynmer has a
nunber average nol ar wei ght (M) of nore than 2000 g/ nol. 11. The conpound
of any ongoabioplvadoss 1 to 10, wherein said organic sol vegt/sicaotombesne,
benzene, xylene, tetrahydrofuran, chloroform or dichloronethane. 12. The
conpoquHAd%?ﬁmqfnbﬁ%ln@ﬂhelcammumdtaf: any onepflaigint t@18hai n structure
represented by wherein n is an integer greater than 5. 13. The conpound of

any onts Ay eferh @ik GdifBhdnh e Bolo i o A RS TR RcHbound of
any one tHe fihpof@laimtid. 13, or the filmof claim14. 16. An electronic

devi ce conprising the conpound of any one of clains 1 to 13, the film of
claim14, or the menory elenent of claim15. 17. A nethod of formng a film
conpr i §-A§ qIRET Y FsEYIE %m%rwn@ﬂhe eeMeprngef any onepf daymsr ta ie.the

di ssol Vi i BALIA NP SY A% hbidhyAdABhLorgaEas, o form a solution, applying
said solution to a surface to 1yorma ayer of said solution on said
surface; and renoving said solvent fromsaid | ayer of said solution to form
a sol i V. Aapethosloefformsingga §n doopnipingribie monsiwhdsofr drmcene of claims 1 to

13, comprising:

dissolving said compound in an organic solvent to form a solution;

applying said solution to a surface to form a layer of said solution on said

surface; and

removing said solvent from said layer of said solution to form a solid layer

comprising said compound on said surface.
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