SOLUBLE POLYMER W TH MULTI - STABLE ELECTRI C STATES AND PRODUCTS
COWPRI SI NG SUCH POLYMER CROSS- REFERENCE TO RELATED APPLI CATI ON

[ 0001] This application clains the benefit of U S. Provisional
Application No. 61/202,187, filed on February 4, 2009, the entire
contents of which are incorporated herein by reference. FIELD OF THE
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FIELD OF THE INVENTION

[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 “OPESs") 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 memoery 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. ef al., Science, 1999, vol. 286
(5444), pp. 1550-1552).

SUMMARY OF THE INVENT[ON

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

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



menory el ement conprising an active material fornmed froma conpound
that exhibits multiple conductive states. The conpound conprises a
pol ynmeric chain conprising a repeat unit repeated nore than 5 tines,
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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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material. [0007] The nenory el ement nay conpri se one or nore nmenory
cells, at |east one of which conprises the active material.

[ 0008] According to anothero%§ﬁpct of the present invention, there is
provi ded an el ectronic deyicé Conplising a menory el ement descri bed
herein. The el ectroni - M-k a storage device or a
swi tching device. Thele roni c devii ce n y conprise a

dynam c-random accegg ienory, non-yolatile and rewitable flash
menory, or wite-once-read-mny-times menor The el ectroni c device
may conprise a cross point nenory array, two-dinmensional nenory
array, three-dinensional stacked nenory array, two-term nal nmenory
cell, or three-term nal ey cel | NH,0009] According to a further

aspect of the present, i/wgntion, re i§ provi ded a met hod of
formng a menory el emeyt eF bed ,h'err""a?"-—Fr The net hod conpri ses
di ssol ving the conpoung™i'h an or c sol'Vent to forma sol ution;

applying the solutfgh@o a surfdé& to forma |layer of the solution on
the surface; and renoving the solvent fromthe |ayer of the solution
to forma solid |layer conprising the active material on the surface.
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Con] UnCH o 1 e o R B P PR
DRAW NG®'ate08l11] In the figures, which illustrate, by way of exanple
only, enbodi nents of the present invention, [0012]FIG 1 is a

schemat i f1agr a i i i , e
PrE o B D and. ROE o YL EERFRay RRHIRE choth M deTne B Ll
i nvent i emeafaviPEchmpEsemiblewrddide fratertalnmpar i son;

[0008] According to another aspect of the present invention, there is provided an
electronic device comprising a memory element described herein. The electronic
device may comprise a storage device or a switching device. The electronic device
may comprise a dynamic-random-access memory, non-volatile and rewritable flash
memory, or write-once-read-many-times memory. The electronic device may comprise
a cross point memory array, two-dimensional memory array, three-dimensional

stacked memory array, two-terminal memory cell, or three-terminal memory cell.

[0009] According to a further aspect of the present invention, there is provided a
method of forming a memory element 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 [ayer of the solution on the surface; and removing the solvent
from the layer of the solution to form a solid layer comprising the active material 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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[0013]FIG 2 is a schematic diagram of a generalized polyneric chain
structure, exenplary of an enbodi nent of the present invention;
[0O014]FIG 3 is a schematic cross-sectional elevation view of an

el ectronic structure, exenplary of an enbodi nent of the present

i nvent i on00A0P15] Fl G.thé fipares, sdlvdritdstatg dyspmcoi asampile ongf embodibnenys
of nmenory %ﬁ" | s fO{med on a substrate, exenplary of an enbodi nent of
the presedtn® RIASENT ONCYYBb16] FI GS. 5A and 5B are schematic
perspective views of addressable nmenory devices, exenplary of
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[0014] FIG. 3 is a schematic cross-sectional elevation view of an electronic

structure, exemplary of an embodiment of the present invention;

[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
g

resonance) spectra of sample materials;




(TGA) data, obtained fromsanple materials; [0021]FIG 10 is a line
graph showi ng Fourier transforminfrared (FT-IR) spectra of sanple
materials; [0022]FIG 11 is a |line graph showi ng 1H NMR (nucl ear
magneti c resonance) spectra of sanple materials; [0023]FIG 12 is a
| i ne graple028pw ng ElG.ravisal lete-gragh Bhewihg\Biradplespisitie 6)0vis$ sppdten of
mat eri al S'aé_&ﬂozr%l Fl'aj' 13 is a ling graph showing X-ray diffraction
(XRD) pat 1PHE Mtedalipl e naterial's: [0025]FIG 14 is a |ine graph
showi ng Cyclic voltammetry (CyV) data obtained from sanpl e pol yner

mat er i al s[PORAP26] FI B&. 1B5santhgldraph eholaing Xgraapdifrashom XIBDY patterns of
dependence of current density on bias voltage in sanple polyner
mat eri al s?a"TF?JGZ"TE]tﬁrI'%S? 17 is a data graph showi ng current density
dependence on tine

[0025] FIG. 14 is a line graph showing Cyclic voltammetry (CyV) data

obtained from sample polymer materials;

[0026] FIGS. 15 and 16 are data graphs showing the dependence of current

density on bias voltage in sample polymer materials;

[0027] FIG. 17 is a data graph showing current density dependence on time

in sample polymer materials;

[0028] FIG. 18 is a data graph showing current density dependence on the

number of read pulses in sample polymer materials; and

[0029] FIG. 19 is a bar 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
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in sanple polyner materials; [0028]FIG 18 is a data graph show ng
current density dependence on the nunber of read pulses in sanple
polymer materials; and [0029]FIG 19 is a bar graph show ng the

cal cul ated energy levels for a sanple polynmer material. DETAI LED
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St I
subst i tue‘?ﬁré%rﬂ‘éﬁ’?rss%‘law @[O0t ron- acceptor. An el ectron-donor is any
group or noi ety capable of donating an electron to an el ectron

alcE eIot or _.{093%]8 :\Iath r Oine ﬁ%}ﬁbndﬁ?ir !fm(@@id@rﬂ'h:agw ﬂwaNﬂ?éOn? alkyidraxxy %%%FDR)
al kyl am no, (- r- , al ky -R), <OX -OR), easter ,
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;
may be any group or noiety capa accepting an el ectron donated

by an el dgeteoidegehaips ohthed?le sranomedcampeain bragudean aliivt eralkeyaroup,

i socyano, . i I A : ,
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al kyl or al koxy—-group havin to 13 ca t ons and bei ng sol ubl e
" or SO 2T SHB R A beh et Bl el oS

t et r ahy drigxtioan, 2-ethyiHexd/ k) devyl oty chvl duderplohpgeuplwo or nore si de
chai ns of the PE nmononer nay each be such an al kyl or al koxy group,

whi ch may, i ndependent | y. sel pect.ed. nveni ent | such si de chains
may pr ovi 885 hor ovel SoveTS FrBSURenhaR BEoTyRRr e GPUR RS tho
sol vent, sidelcisginy ahith fbeddrtienr slaniereach Be!$816.6alkfl @ BIKBRY ghsipthdving/t
octyl, 2-ethyl hexyl, decyl, dodecyl, hexyl oxy, 2-ethyl hexyl oxy,
decyl oxy,0drP FERREFIOHS gr oup.
[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
copeolymer 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 acceptors, such that

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



[0033] I n a specific enbodi ment, the phenyl eneet hynyl ene group has two
side chains which are identical and is each a soluble, alkyl or

al koxy group having 1 to 13 carbon atons. [0034] One or both of the
phenyl eneet hynyl ene nononmer and the phenyl nononmer nay have an

el ect r on fastnalectgcaigpndiéctiversbaterio arsegone pisatriaah conduetivd etate by Bypiatiomy
i ncl ude t or r | ybl e groups, two or nore el ectron-donor

gr oups, 6$Q¥V%eqﬁcﬁ8®3°g$%8?88ﬂwiiceptor groups. [0035] The copol yner
may be a |inear or branched polynmer, and may be an alternative

copol yner{poasper i odinthencgettsomedanod ahdadoapteogiuysare inefudad m different
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used her é15WI19¥ §ige shaingrowe incepsIxRred Riadi HBErtné’f%%§p@m POE-Cifa; n
structur es%rub‘?@.rpérmgg%n@doﬁwt%e% ah RfeciohHoRd) tﬁ% @przgé up. | "
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attached i'sTan el'ectron-acceptor. [0038]1n a
further exenplary errbodl ment of the present invention, the copol yner
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covalent bond or may be indirectly linked through an intermediate group, and may
form block copolymers. In FIG. 2, “X” or “y" denotes the average ratio of the
number of Portion 1 or Portion 2 {o 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



i nteger greater than 5, and may be greater than 10 in sone

enbodi nents. In sone enbodi nents, n may be from8 to 10.

[0039] Portion 1 contains at |east one side chain "G group and nmay
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f unct i ondl¥r9UR.PNE HAY LPRGIMRMpNPIeatUbsHIUeREsWdisFe thersubgljtugpis may
necessar YndQdé& B8t 19) ard ARBRbupS. Min&PPBrBRboGH JBRY : {

bei ng Iin?te_d to aniapar ?c&;ﬁar theory,I It (i%s exgggp{eaﬁptéﬁ%y%w’

i ncl udi nd’astiet2sbaviddreye aimebsépeePe@otcept or groups as substituents
attached to the backbone in the polyner, nolecular orbital wll
becone | fized t hQad d h he PE
noi ety igﬁtg%ﬂu]s per%ﬁ%ﬁé@?ﬁ%e@ggﬁ@%—s @ﬂﬁr anﬁpg’l[g%%&l@oﬁg gtbtélg%tor
groups argesgrs o Bbfteotd, wadithe nediber ntpmyheartadaggrogan ebet ndbidushe

hi ghest i i t.al ) I t~, unoccupi ed
nol ecul a?ggérﬁl%i@gtr %%&%%alé%g{a%ﬁ%ﬁggt%Fccﬁ%%aégﬁz’i ﬁ%?e%%ﬂw or bi t al
ener gy gafifferent trethe casied okethdad, def eetdifférant dreheshetel ahewhireheradn
trap charge carriers and thus stahilize the ON or OFF state. For
ol o SHEPTEn Orep ST 2 M HeG I SlebHd SCpahtey GAUGB I Shperh valt
nmenory deyiig8.pdhdiasleciiBtnmay POHRCHHAE oPHBRtditC charge transfer is
expected to be nmuch easier than inter-nol ecular charge transfer.

[ 0044] Co ently, when bias electric field is applied to the
copol yrreﬂzaggﬂect rond n@ld %ré! ﬁFeanm@aﬁ é?ﬂ‘dﬁ SerhPei the gfg‘fiﬁbSHed:Bﬁ'é‘r it o
the el ectdrNT AREEBE S saheRM diftRehrack bomer, AadheRBR dEhhrehas ged
carriers are separated al ong the backbone by the applied field. Even
af ter t helesirad funcipgality in @ pattisalar iappleation. t e dimBay nAebe pecassery
separate i : posite charges are separated,

t he el ecg?%gﬁﬁ%ﬁ%u%nﬁ Tﬁﬁﬁy%phe\r/%ﬁgﬁ&pﬁg%gopol ynmer material is different

fromthe el ectric conductivity of the copolymer where the charges are
m xed. THA843k he coiibanidoeiag limiad v anyparticuler Bisloey, doneupedted that by

st at es, It i si bl e t nducti vi
states baﬁfglﬁ%b ieﬁ%&rgﬁsduo$9 g hg eﬁ“‘"ﬂé@%%ﬁ@%@ﬁ%@g%& rs‘(@f&gﬁt@gﬂ% aé#acb%% to

conpound tbababibanerin ¢ polymer,uholetdedoibitabwilitzaohedbeatent tosome extent
swi tchi ngan%et}%!a%ce)hjugation 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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[ 0045] As now can be appreciated, the PPE polyner shown in FIG 1, may
be nodified as described herein and can still retain one or nore of
the beneficial properties thereof, or a simlar property. For
exanpl e, a nodified enbodi rent of the present invention may be a
conpound hdtacehéiwe Bighestyoreupied ciaeculanvdrbitdl (HEBVIQ) arp e lowest urtdeatipied

r epeat ed re than.fi repeat .unit inclu t WO

cyor 1o orDseueb AL B ChinghE PRl Hes SRB T tdaish dErs iR anbtm enp
bond, andcaaa i ooradiddryd @b defales @rtaen%temhvrb@nd@dtrép chageQfaridie agMCl i C
groups. E one roup bonded to the first cyclic nononer is
an el ect r'oHs & @38&28 the af\lser&%FBﬁéafei G8" §ryupleptasyead epetaydand Gamgmight
cyclic mgapes tdrﬁ-oﬂ'\/oﬁ56§?rfé’ﬂ1e?ﬂ%'§@te9?ce %nheafrﬁtrél%lébfulér%?e ﬂ;éi&h%rge

groups is selected to I prove the solubility o he conpoun
t he conpdiigferds sxpeniediq be auchregaisr ﬁwaguntﬁénnolemﬂer dragamitrensfer.vent
may be tquene benzene xyl ene, tetrahydrofuran, chloroform or

di chl or or® éacﬁe ,q%}p h t
cyclic m)ngh] se e@?g to %%ﬁ%ﬁﬁé\@f%@tﬁd thh% b(?%f]ymer
conpound électtdns masgeﬂrtnansf@rmerftom Treeclpasin dmsmmeWeamdea@eptqms on

th | { d t h t
posi t1on 7% PR At ety SREETGHTF 61 st Pedaond 1%
si gni fi camd<§ioraé byzd‘te &metemjlletd IS\tabéfeernH‘i@b@letﬂe&BlsOémbh@d podtyirtekss
[ 0046] A co rein rmed according to a

cri bed
ot SR Pe R R G BR e P e DB ey VNS GRS 088 RS o

t echni quesepkRAwd, the cldt@secsidutiag), th%dgh&hé%bp&?ﬁléﬂnﬁﬁbﬂam% aﬁé@hpﬁ%e
provi ded herel n. [0047} For exanple PPE descri bed herein ma

synt hesi 788 CERUTE NS Iqufden§e@¢lmnebwhﬁmwf6mh§rge§ﬁﬁ mixedie Sy, rﬂw
in Heck %onjl:pouna%ahaé;(hwgﬁ rﬁ?lﬂ%‘?%lé cbﬁ| ﬁtQﬂ@%&te@’%hﬁ%@ﬁoséﬁl@qgwch

Press, 1985." A PPE may be synthesized in a ase transf
cat al yst Qetwesn tf“@at@,\lolQﬂmdoﬁlwﬂs{@tataabmpswimhUImlmbtaeruebiedTlnesePush C.

and Perc r 990, val

b 1101 Hioderieq Re fEnctiy cope culspienty B aRe cumr R RieefnL &G
conj ugat i switchimgadegdcet he phenyl and triple bond noieties. They are
thermally stable with linear sp hybrid orbitals of ethynylene, which

allow th chain tack in a.npre..c ct struture

Var ety SPOFPLsi bt R bR g P aRe i PRE onBdrath i Al b dToher

t o i nprove mbeifiedlashiestiityeddfierettearid e stitedesin ahe ok Mise batiel enatitiag
for form ng a compound with a

solution rOCGSSIQ§ 0048LW exanpl e

pol yrer i repelifs dieTeith O @ S %M’“PF?F‘ &5 Or 2Xafpif RePedified SHPHMR e
si de chaitRe %Pe%b%bhmﬂ%agm@%m&lﬁw {haPRSs & pBRGhetiENLIPSvhich has a
i ndependent |y sel ect ed 49] For exanpl e, the_nonomer or group fo

form ng t'EBea! Wt thakip ﬁeme@’tewreé@ e @OJUI(YT@M(T hgepeaisingrrclydes ’M@nt y

car bon_ atc&%@ﬁgo’gﬂ?%&ﬂ%éte@t@ Qeaqwo I%lf(%y 0¢ %BQE&JU e(tlo?lltg%?@yal% qup.

It I's introducCe rove the so PES I"'n~0r gani
sol vent s.pléslitysddideegreups eaclsbbmdﬂ&togfrmm theted® groupss. gAtdE@stimlelﬁixhee

n 20 oL ool sty AL SO o oup T be Seleqt g0 2 115,

2- et hyl hegylip ﬁbﬁ&tﬂi tokBE WecOH @ bylicAhorMEa GY bhin &l &iidn Rceptof OAf REBOGKH NY
al koxy group. [0050]In sone cases, the lenﬁ@ﬂ of the side chain G may

be |im t el thesidagipwps inselackad lodapravengese ttmaf ﬁhe ooptroraf eatthat the
sol ubl e. d5pr &lﬁar@EG’IubI‘eqn%{n gé}ﬁé%%lveq?pﬁ{@ H‘%A/Lgeetoﬂfentehe

sel ected nononer, a long chal n, suc en t re nore than

13 car borbesnzens, xyferteh@trahxydrpﬂq:eMcldnrdf@ngexr)d;chﬂmymethane 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. [tis expected that a change in the position of the
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interdigitate, which can |ead to reduced solubility. Thus, in sone
enbodi nents, side chain Gmy include a Cl1..13 |inear- or
branched-chai n al kyl group, or al koxy group. This may i nprove
solubility as the resulting conpound is less |likely to aggregate in
an or ganigecoiruddoram or 0S5k Egrohp efill Dot sagrdfichtiyeyjfebethamueti-atabion- donor
group which ¢ ttansf el ectron to another nolecular entity in PPE.
It may be”PP\‘??%Hi °§W8%‘E§r ease the energy level of LUMO and help to
stabilize the separated charges in conjugated systens. Specific
exanpl es [Dﬂédﬁpde hyAlicorypbufid Geleribad eein-M2be faied acarding (o &HR or

-NR2), alk easter (- , .aryl, thion

car bazol %’%5 Qﬁﬁcr{t}’f‘éh{eré'é’r P%/%Pt’ F\?Qﬁv'nw%@ﬁ H'?bﬁ"F%\éWtb?LS'QGF%@P“?Q
denot es QiRwWnCtottMEH 3kilfcd iRARe Bf®ABEd bhIealscREURY HBGaed hefdikY
groups. [0052] Each of Al and A2 nay be an el ectron- accept or group

whi ch can Sgcept el ctron from anot her nol ecul ar entlt in the PPE
It may bdOPAfk oduceoort@‘am?@age tdRSCERRST BSreIevaY bersyRias 286 dyitdeck

st abi | i zg,dir®ngeReidhest nediRnass, éd&h%rﬂéé%ﬁB&SjsrﬁMéé!@ﬁBF PRAGUT T

exanpl es i ncl ude cyano, isocyano, nitro, sulfonyl, sulfinyl

hal ogenatReragarksin OtaenieySynteesdsofgadernigrilions;| 1985/ I&/H’BEW@M @embb

aryl oxyc

[ 0365 3] ¥h:sryﬂomr%lnzgp%? Ta%ﬁa@é? a¥1lsfer %Q{a%fsqﬁy'l'C) rae'agtzfrﬁw t?lgﬁ‘xal}cﬂﬁ%gbssuﬁh as
nononer idesthiged Hﬂp%mh Qnand Pmcbé $d?cépheﬁcu mmwa@pm Ghebheiaﬂoher

be. i vati
Pt or ooy dt- o PBULTO A 1K) BRE lestind. 2 39 Pl P2 SrBap R i
phenyl, [ndaawh thranghERcsiaiy! ahdéhle barzwin\éietle@enmwke tHB#‘rlﬁbﬂi} ytable
bi phenyl enﬁ'y i ndacenyl , acenapht hyl, fl uor enmvphenal

phenant hréRyineasspiwace aptals of ghehgensyhichy) Pp%ﬁmiﬁa&ﬁt@pk ina
pent acenyi,

byri dyl ?fsﬁiﬂ”ﬂ%%@“ flre: Ny e iRy OGNS BE e c) dhorsiifoy 92

t hi eyl , b@@iﬁ@@dﬂﬂéh?lpo wizgstie H‘Olﬂﬂ@i\/@rﬁfw soly hliih/rﬂﬂﬂﬁ%ﬁ!y@ﬂ matarigl, thupﬁacahigtmg
[ sobenzofgﬁhﬁl% roGduanenyl, xanthenyl, phenoxathiinyl, purimdinyl,
pyridaziny, I'n P|zuﬁ§f isoindolyl, indonI, purinyl, quinolizinyl,
qui nol yl, phthal azinyl, pteridinyl, cabazolyl, acridinyl,

phenant hr[Dﬂﬁiyl pyF@l’oMamﬂlE;, forodmingl 4 eghpowrd witll el alyherid ¢Ga] Once
the monorggy s, ot %hé\ﬁb?ﬁ:?ﬁ? 2, B B0 AAGLEASR ki DB HERh o
polymers util1zin he reaction routes a e se ected
nononers. gr&xpemqnll%wryomsaatahti@mapbéersdemddpnmwumted for preparing
PPE-a, PPE-b PPE-c, and PPE-d polyrrers are di scussed in the

Exanpl es w and il lustrat i n ot.her
ores, ¢ ndOpadtt  on FTEERERE rishelne & ofed s R e R SR g
unfjer s]t ognaple bhDSK (Gkgldeﬁdtegmrtehe taf]?hty daPbhibhes) mnﬁé)febr Eﬁéﬁﬂbﬁ@@r

nmol ecul ar  mass, (M) an e ree o ynerization of t ner s
oy be. dGTBR AU S Ay SOk & Besia e T RisedRa AR G BAp TS
be esti mahepydMic Q@U@tﬁt@ Pedise8inRekik h@s&@bleﬂﬁbﬂ@?éfb%o%r@ﬂﬁ%@ﬁﬁbpeom an
(GPC) technique. The degree of polynerization Svﬁé be estinmated from
t he measurganifsolyased? dropitic awpa@@ e peleaicdrasiee Ghoroyp. hilaberfoner s

o, eneakolphihd 36 oy oy e i

determ ne;t!)dleyyirmalsmrdrragccrrmpqu@jng|alisoxafgrmute mat eri al di ssol ved in a
unit volune of the particular solvent to forma saturated solution at

roomte ure Far S i 1 ity
o e pOPORER" rey Pssiifferibs” B bhER STREE SR BBITE sl e et

dependi ngerenrd thet memaeuhtmgsomfpotjh@i$$)]fm¢|entiyt$t¢uESeJ Fentxarhfie, iecmhiang
surface, %@gs (}ehp%rnd{n%jcon 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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[0057] I n a given enbodi nent, the solubility of the polyner nay be
readily nmeasured. If the solubility of the polymer is too |ow, the
solubility may be increased by adding nore G side groups to the

pol ymer until the desired solubility is reached. [0058] A conpound
descri bednieedigitate meichean deaceio redtited sielllityn Ta]ruseuhesmtrre)erhbodimeincae
such as in,a cell, a data,.storage devi or a s

vt oo, TS EORBSL T gjutite Coroliadnor grapret atai’ St BB Pora B
film In geop FARAFAVRREEVe Qagsmﬁv agthenetgngeORpEisd sebecties, and the
envi ronnmental conditions, the polyner conponents nay self-assenble to
forma | a@@reﬁﬁtet‘rhé“ e&mmutf%osg] Sone of the PPE pol yner nol ecul es
inafilmmy in sone cases align with one another in a preferred

orient atijgnsq] 0060] Mhid 6 BNERABY ntR Bd & 8lERYnHRBUET alo%gmmaecmckbone
of each pol ynmer nol ecul e or between different nol ecules, transfter or

movenent tiensfereelegieande apaiharendeculamgtibhisy BREK Honay be intresiuped &xul e i s
expected o dé;a’\jsleﬁﬂé%n%mwei o‘PLEJW% d h[e%ot%létgﬂﬂé’dee@ mbayate& Bﬁarﬁgs in

el ectronic ce wt R ActivVe Tarer f'orne a co
descri beddnargaited s;mhenax kﬁﬁndﬂmampisa; ool veledomduat {-OH yamtrmt(e‘s‘Hz)v\Bikglh

can be sw tch e tricall and, ¢ til,

data stordga° g%ﬁﬁ V\L‘QE ﬁ%ﬂiﬁi T—%R) ?ﬁﬁ%?&gﬁﬁg a¥le ‘?r}i’ﬁ
conpound deisaol Beshipaenel theiragrivaives aﬂhere;rmr@am% erpRtenotes 058 td@Ol nt
nmenory ar t hree di nensi on & D) stacked menory devices, or three

term nal tﬁ’ﬁg%{ @BeragomRineds or Rraneheryalkd\areesdynam ¢ random access

menory (DRAM), non-volatile and rewitable flash nmenory, wite-once

read- manyf ooszﬁs (WORAAh BEADANY AP al/ dm KR ctrén-BBE&tYr §eVib @idFyan
utilize thr old switchin % el ectrical hysteresis, or negative

di ffer entaoaﬁp?@epmrhﬁe@ g Meleoigan @rﬁftwﬁbarﬁ’%%nittnaﬁysbwfreduced to
ol ecul ar r..repeat
" PEESe e ARIRIOHE o0 B e ISR i

uni ts, yneri c conpoun e| n
cont ai ns canugait@ bse&t@ben&peaﬂhegaﬂep!eﬁurncﬁede gvanoemeayartmlrmtsa tshlienyl,

ol ude R EREPhRY Bt BRI b B, LB a9 o

backbone to any par ory,

expect ed atrplakyctdneorwbn‘]-tajmzetyl bactidmmne arainsydiamoytgroapsopen
(conductive) channel for novenent of charge carriers. Thus, the PPE

copol yner ri bed-herein ca xhi.bi t, a, higher ectri

copol yeryofiesf | bedr et el R8RSRk RL eSS etkEiEla e
"ON' st atrec)noraSr |czah@aé;miammtaﬂa@5 s‘eietchecaheépérmendoﬁmé/cﬁl@@@b@ﬂis inAlkea
result, a her 8\1/ current ratio ma ch| eved with PPE
copol yrrerp él“‘ﬁ/e‘?%?ﬁje”a%“" 44 CQﬁ 69@3034e ¢ SRRy 812% 78 h
a PPE copg éan@érbeﬁ?a%maﬁsigmbes&h @é\pm Gghﬁ{ayp aAthrBbaty, aﬁdﬁnaidm

order of 105 may be achieved. A h current ratio can |ead
t o r educaenialyleBepplvt.diphasyiay, |lfﬁ138@€ﬁ’dr gcenaphiys fluorenyl, phenalenyl,

phenanthrenyl, anthracenyl, triphenylenyl, pyrenyl, naphthacenyl, pentacenyl, or
hexacenyl. M may be a heterocyclic group, such as pyridyl, bipyridyl, pyrazinyl,
pyrazolyl, pyrrolyl, imidazolyl, thieyl, benzothienyl, naphthothienyl, thianthrenyl,
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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[0063] 1t is further expected that with a | onger conjugated backbone,
the positive charge carriers and the negative charge carriers can be
separated by a |l onger distance along the backbone. Consequently, when
the applied field is renoved, it will take a longer tinme for the
separ at edPrEar ged &E-d @D@mems aentliscusdeiddh tE’ieeEndam[sleis bebow, @ngeltustrated

retention e a in PPE mer descri bed
ot e oy FIG8, 7500 it Shes R ife o Sy end BroskiEsaiey
based on wmaif@eraisaianct@@déa@tbod By #ioded@ledSAme gAbodi nents the ON
state may be maintained up to nore than ten years. [0064] Therefore,

a polyne compoun desc i bed herein be convenlently used as an
active nsfpﬁﬁﬂm in BNeBHBPGT SYRABR (URCUR RS (1)HRARE SBFRE @ OFF

current r;ﬁil%rﬁe@i%ohfb@tﬂ@b&%w'e%mhy% dekétAirdd OsiAg aﬁﬁ&%ﬁ%@éyed%mss

a filmnm formed from a conpound described herein as follows. The
conpound F exeswis Wi may kenesdimgded er deflevsinediusinathmas! seinadtion. The

| ut
ol ut 1 on. TRRARGHE (S0 MURNARE. e bl palthGraifindlod Bipater
The sol vémimittse mersuredridy bdsed ot theasvdryge vabenddrivezightf ofdine triveohiegui d
I to f li.d whi ch | udes t.h Ta f
e oo i B PSS SB e TS BBl RS
WVh greater than 2000 g/ nol. For exanple, if the nonomers or repeat
units in [0b&6copol yTies sblakititest ameteaige maylber deteinghéd bf nedasuting 6

g/ nol, the degr of polyneri atlonsoudbe reater than 1

Ty t Q0B Tine kIS GrosaR B IR BIHEUTFS B8 MBS AT NS Bt form 5
processi r‘@tLﬁfﬁféMl@tﬂfh 41306 tfaﬁ‘%@?é!@:%u'fl:d} Uk ik eo@h@hlbaaéwcéatmgow ers.
The filmmay be formed on a substrate such as a bottom el ect rode.

[ 0067] Fi |5a8dkility Of thecRpiypaneraiipes do bepirdhe eranef mea/mber bgher, dapending e
by a Coatdrﬂﬂetp?ﬂi@l&rlgélsfﬁﬂé%uﬂé tﬁ@'s%?xféﬂ@tthé'goatﬁ‘% ﬁ%f?%@aér\dqgt’herfactors

di p-coat i ng, coating and ink-jet printi ese coatl ng

t echni ques t%ﬁpl cal I%eﬂheqw re the preparation of a coating solution
with an c sol engiversmpadiraent) he soebility wpBenerdyaes®ay bedeadei n

are sol u%sa%eerqr RSB eSO REE § 1305 Yhe BLBIPRaYSE fidtes

t echni ques e compoun cor 0 exenplary
her ei n ca addisg ﬁmez G side gragsuoition pblgsed uphldbeslsslr@:l sl 0661 Byeached.
conparison, a PPE wi thout suffi cient soluble side chains is insoluble

i n organi vent s veni J

sol ution [‘ggggd coatlll‘r?% dtdggczns gfgéérgfsﬁs@%y g%tg\(}é?erﬁgﬁ%%eidngﬁgul d be

not ed, ho&ies}temlc téndte whneh alshte asmémbtyec@li deia@etbrmeodew'dee oPE smidicbingr s

areforrre s with rmr than 14 carbons r 0 of the

Ape ol odiee i Bamdluint 7Bk Baih it irokiRn S LAk 2yt

i nt er di gidortié embotimdrite SRpeAsieg ordtBlg Mg Rin&rs seRtdaearl ﬁl‘éee"ﬁv&dnméntal

r educed lig/ [imti ?Lfg-: t he nunber of carbons in the soluble side chain
RgHoRE, t

on the P POBENPIRATRANSAS MY SPlRgEMDle 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.

[c060] 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

occur.
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[ 0070] For inproved solubility and to facilitate filmformation, the

degree of polynerization in the copol yner may be selected to be

hi gher than 10, or such that the nunber average nol ecul ar mass (M)

is greater than 2000 g/nol. [0071] The nol ecul ar wei ght (mass) of the
PPE can d0861pf f ect Coterii @myathmectfomdﬂee\ﬁbé with Baractixa@malterial ifdrmesl

expected that a film th a PPE ecul rowei | ess
Chan. 2000197 eriound Eohed bt et BaledobE er ety &ie w t h
a heavi erwiBfcah 88 &littRed of BRI tAGENC and Ba® K 8 Rl A Yfof 85BN ge
described herein, such as PPE-a, may be dissolved in a suitable

organi ¢ s¥livEnitchisgdrvigss t bpuemimplBehieeanemplay sampoved dassrtredtharain
(THF), chhay gk oLy h@heﬂﬁoqglefgn?émé thﬁggs p(f;:ﬂt &%H@n)gaﬁggé"tﬁr%@ dtn:n[ngﬁsson (3D)

concentration o e co und e soluti ele
dependi neptagked mhr@ot}ode\.ncm} petipes &Erovreal dbta ﬁerageldwrﬁesaUPdmehery may

nmol ecul ar ound us F exa o] utj on may
contain fbre\(lj\%%c? T)(fogﬁtag r%ﬁ?mfa’ /o'\lI Ogh\fn% @8@{‘3‘”@?5%@5 PE
cogol ymermerfibey, mﬂt@bn@@ﬁ@ mgPy4t|&tésqwoRM)Wrﬁ@ﬁ?opﬂhea:kéu;ﬁt a8hery
substrat e, usi a suit ution coati technique to forma

sol ut i on 648 rﬁav s Besshpig tisim glretriray hyiersais. BF nedrive diffesentided
above. Thesigizh@Bi(RDRY! vent in the solution coating is then allowed to
evaporate. To faC| litate conpl ete renoval of the solvent, the

sol uti on may_ be heat ed and the gas above the solution nmay be punp
to reducd?®d gas pFW‘SOP@B?'QF@HQ@ﬁP'@ﬁQRES@F“ PHgeBeMbE mmﬁra

compound @esGiongdie! & rrépe§tulﬁhtsa§ 1E& %e% W g th

substantial uniformthickness | all'y
cracks ordescrieed h@m@@talpeowtme\chmm mhrmer ausfﬂoebef lmpepbmretﬂs thatom

the Corrpq gdgxo'%gﬁéé*teart ﬁ'@gﬁt%‘g llestngg ifta e@% ﬁjugé%ﬁi/’eo%%kgor#@om to

t hose skl ed I'n y nDn ayer

Langnui r -\Bitbolgeteing lirBYed td anyf mrrrtmllazoiheb@chm qmtethmabéemm@gamed orm
films of PP However S)ré '&%AMN LBte }q

bhyst cal SRR SO PR dstan PR (FERELRL en el (Y R Ch A e

the reli ad@nrﬂuertsy Tans, tﬁ@rPfFeE pEssigmer dédieibel eetdinRhe esdmwt@etﬁgm At
such filns gre use 00751Accord| ng to a further exenp

S Eod! e PnaNSi i e SBRlICAHiAY GhIMEAG etk ian AU saBET Dol shéelh
may be us@hdLed &3 h @P@mﬁteté&roﬁtc%nédae&egﬁé,arma@#@sufn' b C'ﬁi%hEF%)N/dF'Fﬂ

may be used to forma nenory device according to the te I ques
di scl osedurienUStip, 687 bg pghicyed aith %?Pﬁlcopobﬁﬁﬂﬁe@lb%mﬁm devi ces

based on gl p I t he
entire coRTi et § o LA R il b Pk coldtgthetbiibod neditian | 12
conpound ON/GfT tdiloead hnghmscunghalocdaojfméﬁmayltte atﬁye\tmei cohigaar &hN/OFF

used to form
curren?ratlo 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. Itis 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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[0076]FIG 3 illustrates a nenory cell 100, exenplary of an

enbodi nent of the present invention. Menory cell 100 has a PPE film
102 sandw ched between a top el ectrode 104 and a bottom el ectrode
106. PPE film 102 is forned fromthe polymeric conpound descri bed
her ei n, s[0064]as a cOmgrefond, ahpuiiym@riacoh@bnneﬁewtbwewaem\maybneFI G 1

or FIG . Menory Cel| 100 redb e trical owe
Sour co 1GEMVBRBMYY 18298 A0 BEITGUELS Ta0rd Bl ety cbersRas Fyhanse
suppor t eheONYOFFSIrFe Patibléhd the réte(ﬁhf;ﬁ%%nt embodi ment, substrate
110 may be absent. PPE film 102 nmay be prepared as descrl bed herein.

O her co nents of nenory cell 100 may be fornmed and constructed
accor di n&%@ ny sultHLPEMRIBHRIgERSS. 8filmgpay he fares fiPne 81008 nessdn t o

t hose Sk'dés%ﬁbéd‘hér@% 8¢ %Ilowo%ﬁhl\%w&nﬁ‘% Biswge(ﬁrﬁ‘b’arbgrq%\“ﬂém to

between two different states by the application of an electric field.
When nendP§m eeolutippo Tihe gofutiean is epptiedio a gurfaedpdornpeiiqeidlayerad theas a

| at I 0
Lo or POttt et TR b burlr B SRR SohsuadRaThe shilefl
Under a gswert reppiveedsuctl dsateevaponatponenrsiberigaidl8gsr to fiernt atsoid tafyer
| ectri t PPE.fil m 102 betwe
Store ma e B o P ol e T oiuat 4 bBUeR e ey B al dhe Saymer
current peWe ceHpelng sisditdhage a Mragteater thai®0T00 ©eolofF of eRadbRCHkigsle
104 or bottom el ectrode 106 can be the cat hode, and the other

el ect r oddMRRRMEE A hePaat s inriie GaRg!VBIes HaVE FEAVEERREHEOEN Weight 94 ARO
differ entzdﬂjggﬁ/ﬁfo'l ahe dey&%&%ﬁg{m@r&%m Sh lﬂa b%' eétbpﬁen%:@r% ?

el ectrode may be Tormed froma neta | oy. Exanples o
suitabl e el ectrode naterials include al um num gfl d, copper, barium

cal ci um [OPF%ler | nagirividmess pf afilinformesifeanamsolitioriasampresiessintoy s
cont ai ni ngefh e c% rgﬁ)g?]éafr%w Ao, 051' tb‘é%but @écﬁHl te%’pi?ﬁé 'ﬂnltn hAHLM

ni ckel, tungsten dium and t I'n some e | ment um num
copper, doinked on aawhatyafesﬂu@maela bettoraelaw;mday be used. [0081] Top
el ectrode 104 may be provided in the form of a film whi ch may be

fabri cat 3@ ??]t VaC““EH\ éBP{he%gy@%;dabH%ga% BEULA %8{]mne]'ecf %hbgt?efsThe

t hi cknes op el ectrode roma bou
pm and raya beatygl tecmredueieqm@nals spginawating ghesy- cemiml diptedating, rolier-

conducti vit |ty e _under tood t hose

ki ed iceelng3he FRUEEBuBER tidseralilo SRR Ds BT AlTER Ul ede 206

may be f qgrepataticonf acoating 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 exempiary 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.

14



sheet of conductive material. The conductive material nay be a netal,
al l oy, metal oxide, or polyelectrolyte. Suitable conductive materials
i ncl ude gol d, copper, stainless steel, p-or n-type silicon wafer,

i ndi um oxi de, tin oxide, zinc oxide, polyaniline, polypyrrole,

pol yt hi opjloé7e] or dbpeichpderadvadiubikiy apf ta fadlityie! feetfomhation, tHeodegree of

le, bott l ectrode 106 be f d of a.thin filmof mxed
oxi 0bs o PRITHSAIOT i T qrORBY S HY DB et Pl abe el TBeot sididton
a subst r ahe nusibeh adsragehisdicaliar hiSs (MQQ&@r&&bswaﬂtﬂ)lob@mﬁﬁy be formed

fromany suitable material, such as glass, netal, plastic, or

stainless steel. [0084] A protective or encapsul ation |ayer (not
shown) ma{0pdl provi?leé‘%i Mg eRightiERseY ofder IPPRper ?'@ﬁ\%&ﬁt&%& A

prot ect i ugrh@YH of YRY fibS. Fof Q?éim]%, i@isg&!p\é%d’tpgﬁé ﬁinlw forhida ,wig{a peEakith

fluoride. A cover layer may be formed of a glass plate, a plastic
pl at e, ora @osiaiveightdesscihap|208 9/molog sagsrhamegengous be agepapssl foedl

across elfﬁﬁtf?ﬁﬂg@”ﬁﬁ% %%q,}é%éray set the state of nenory cell 100.

Conver sely, nory cell 100 may be determ ned by
measuring current through film 102 for an applied voltage.
Conveni erf@Py2] power Insoepexific @gmprayarbexamsgdrt eonapping deseobedibersin

change t t.at f . | 100, o o test the state of nory
o 9% 05 Sl e PRV s Eiked s ptapipolehla ey st Btpl TR
"o" 21 st attgenz’éhfemw?fm)g%t;mtifo;a@@ (TFSiFD,hchbTefoﬂﬁFosﬁEahle_rorhétfﬁane, to form a
conduct 1 vl , O IIm an nce thnhe rrent ensit or. an
Conited v e Scatial o Ba compotni i nertol g iy bp Srieate
oAdhe %bnia@tteﬁnpéwie RSN v&itldnd kRO micteduphratdiyied of

vol t age, ddwen
| ow. 17 EOB?] o set nmenory cell 100 to the "ON' (or "1") state, a

vol t age dBBFEMROLAT &5RGI HoyBranRje. the sohfiondaavertaia fiareabpeidbs ta o4
T v reet 3 .
S N o R g R e

PPE fil m 102. nenor I's set to t
swi t chi ngg swifacegy answyjtable suhebaeiusing avtyiaklelsolution arating aehniquiro fdre

ON st at : I 5 i tchi ' | i gd_of
s, - such a8t ERRL TR sbRfin EehiduEgh) & Buehufes MRuEHa & .
is ﬁxpectﬁda tbrtgﬁh'a:sstol\fetmrt irrmleleso_tmmn dogting'@ethen akﬂmg@@_tme@ﬂm@@ibntﬁbas,

a e e nenopry ce us in a \M devi ce, Wi in
Vol tage nAGNE FulBErY tacial phiecianiaptdad saLRes et bated At e,
nMenory ceddovélRe kslution tidy KM\ ighpé@to tdlcs W 48 prdeBsret Y
(conductivity) is relatively high, and at the given voltage, the

current i ative hi gh.
[?)Orfﬁ &gnven%ntly, 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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[ 0089] To read the present state of nenory cell 100, the current
through PPE film 102 (read current) may be neasured when a read
voltage is applied across el ectrodes 104 and 106. The read voltage
shoul d be | ower than the switching threshold voltage to prevent
uni nt endegfograntrofbladirof Thiadimenay lye ssed & foAnreehamonetigvite gbcardiad to

current i,cates that menor h .state. A ,

rel ati velfﬁgt%?% EEF ?ﬁj? eer(?t'n éé?é‘?%ﬂ? ﬁﬁi@fyﬂglﬁép %@qrgdﬁﬁ'c?%e
OFF st at ehaskQ@P0dIdetrTefigldagbhrabiifaliiBYilms, iksedd Unlya, YORY/ themaitide dniéree,
in which case it i s not necessargyto re-set the state of menory cel |

100. [ 00 MAIGHATS HcapTated P PY FRiP@RCBNHSINAERPBENT 1SSOlND SRR | on
descri be%raﬁrﬁl@'sﬁlv@ﬁy Iﬁhépb@%omﬁem@ (et Worht 24l menory devi ce,

such as flash or DRAM menory. In such a case, after the nenmory cell
has been set to the ON state, a reverse svvltchl ng vol t age may be

appl i ed tB078k nmenoflB-Gdilystiaies araqiporycell 40Py @’}EWFHéTYn%frﬁﬂ%mE‘éfﬂ'meﬂbOf
he OFF
the S{héb?ese[n@g‘ﬁl%]ggc%rf" g/l,@mloweéz ‘i@d Ra Qlﬂp@ﬂgﬁo it §é%#h@c{15é’t¥ve%9%

of nenory el enent exenpl ary of “an e e present
i nvent i orfop Ataciipd2d04iandfplp elisn efeCHOE’E’F_FOBaEEE 02 02tis forgleddtano tee

d 20 | h f | TG
ha9S) sy e ROLA AP GER s 3 af A8 Hh iR B mmound
dﬁscr i bﬁd’:}tmtw‘é Ergwuc{dnglrm F‘boreFl@‘. p. 4 ngmomp@glmdeo h&a\mmpm%]regl)blzem c

aln snown I1.n
O ase HSeifal bl ios Safiee ok FRERDN a0RAndeitroies P HiargupRiatE,

the size Wf sigpRric8oRectinsratoni@! 6rh a%%rn@#nt?daﬂne@ Q@tsstﬁe@ém@%ty%@f
array 200 may be formed and constructed according to any suitabl e

t echni quedsght. 1 BY Rifily 188 o3Ybe araparehandes@ibeddieseisk iQtharcampaneatset .
[0093] | ncﬁ%@lﬂw &ﬁﬁ(ﬁiﬁggbg‘%&&?ao&&n@é&'ﬁ&é&% a(%o?d:uﬁé RN g’tﬂ{abﬁo"m)

may be a t'o eac orma three-term nal™ nmenor
addi t i ondkcivlieets oidermng niemonytaetiel loewn tothasplskiliad i ﬁteearnedl ate
voltage to non-selected cells to prevent the formati on of parasitic

pat hs. t age | | )
e can baoonTer ot oo ety PERECTOL flayte MAIRSHDNIEF b B tP RNy
i |1 ustr attes agplicetipnaddn essatd Belt WiV ikmeesioonaté!! %00 &yin 2000HF" we MiSr y
el enent s eRp an e odi nt of the pLe ent j.pvention ray
300 1o T ogar B e TR AT R lerin SoPAGITRY, I The Suetilny
a substr ato® i810an VONd o} I ﬂ%at%DﬂlednhIOQ Hasrees:| ARe1yarieh pendesdigul ar
to one arl?t(p A mam)ey ?

nder 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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is formed at each intersection between a word line 304 and a bit l|ine
306. The nmenory cells are thus independently addressabl e by applying
an electric signal to, or detecting an electric signal from the
respective word and bit |ines. As depicted, Array 300 has 4 word

| i nes andudgdien, ihdines abdttini in anmectrolzddiments; gluarinay, cdpper egaidyortze any
sui tabl e rﬁ%nber of .Iworql |ines and bit lines. PPE film 302 may be
formed si AP S 18 S YT A ?éff.‘ay[%%? potential problemthat may arise
in the use of array 200 or 300 is that parasitic current |eakage may
occur, dyeotet] possi bBheeleatroad 04 nofy pap@sideddn dhefurmiof al filpawhiehimay he
PPE materjial, which may formin parallel to a selected. no t hr ough
15 noi gHtPPHEA RO GYIE R yPROERESIe: sor Eeithca br BUBAS _Each eSS
nenory cedfltcég BlelhBd @R DAYNTEE REMGEHRINE 2D Reh o bRl HOTM, &rd Hhpee. For
exanpl e, FI 5B illustrates a nodified array 400, exenpl ar% of an

enbodi nerftelested dapgidigan thendesitedonectiig cprdusitivity arsbdevies farpbiito as
i ncl udes énﬁuﬁﬁ%xégg,th%&i,Léd}ﬂsthélgéz and bit lines 406, forned
. Array

on a substrate 4 . however, also includes three
addi ti onal %ggers 412, 414 and 416 sandwi ched between PPE | ayer 402
and word [00 404. ATeectrege Isggie ps bottoinelegirasedifenay beifevred Egmr

Mddle | : e _ 5
‘s e p- achgst didbridhefye Bafbrtal PAORbAA BV ERRet N bR el bR Emetd
di odes sam@ﬁ/uf,@hedl_yb;btcmme.Mabl@ymndd@tﬂveandteweisdnd:lhdlegoldéf_ﬁdppemi ch
may b f orBlEes A e i dfsiidée tabmiidennarids e o O
al t er nat ipegy=eiived ol Py Bolc Pl BIBphane ortdp etieriRetivesz df tashyansktimyite.
I!nes 404_may be tornmed of a -{I@ﬁed i rraterlgl. ,[?097;In a

di f f er ent %%mw\%ﬁ)@}toaﬂ cleeide Thmay g fpnaed phg N fikin PT BRGRDXdasyThe
i nserted tﬁmeéﬁ’@iﬂﬂiﬁ?ggg?ﬁl/gbttéﬁ?eléﬁﬂ)m @by blelfBgndtOon ERuBEBNENSuUCh as

parasitic paths. [0 n further alternative enbodi nents, a buffer
| ayer (ndtbstigiendTOray be provi ded between PPE | ayer 402 and word
| i nes 404, which may be fornmed of Au, Cu, or another el ectrode

mat eri al gggsy i bed @@:Eﬁme 118 Rfrmba¥em Eﬁys@ﬁaﬂ!é‘ﬁiaﬁi@r | dRhadl ust

the work function at the contact’ region between the word |ines 404
and PPE |gigss, mida, plestogirstaBiless sleelist rat es a t hree di mensi onal (3D)
stacked data storage device 500, which may be considered to be forned

of two st arra - é]l%{& : L F

5A, 5B, Jggg@d may bé%{ %%??\Eéat e gik%@?%?rﬁfgé'y% gﬁltoggﬁni i u@%y Eﬁﬁ%\ﬁ?%&lﬁs ed
in the sanbieshaeotosy celhde froy dathage.approieciie leyenuay bedoinmssotms ed
on the d'pso%l/rggrlf%eetgeorx%er,‘ '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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[ 00101] The devices shown in FIGS. 3, 4, 5A, 5B, and 6 can be operated
according to any suitable operating procedures for simlar
conventional electronic nenory devices known to those skilled in the
art. [00102]It is expected that, as conpared to OPEs, an enbodi nent
descri beo[0ﬁ87]e| n camhopeovied®ry neif ARt thedDABi(bi 1Y), sthﬁeglaemlta@:elamuecal
strength, OFF _current rat| tention tine

i nproved tl“re K E{Yci CiHAPRISILT TS HPY Eoé% i?g %ﬁif“ﬁé\}’l’sg‘@ Rﬂé{%ﬁﬁs&dﬁ
Subst ant i H14, yhiwodregemediesswiichig flsiyindePE érmrad2f rom a conpound

descri bed herein, such as the PPE—a pol ymer. [00103] Exenpl ary

enbodi ne the resent i nve narefur h illustra ed wth the
For ovi naotsdl o oo, Baes By GEloP iy Sdadt HNEGela & sHENG Vollage

[00104] EWbE%rﬁw@Oé@5MeHor§ tal HO@%deﬁfai rAinSthE®IN !;%E'@Qﬁéﬂeh{b%ﬁof the

exanpl es were purchased from Al drich Co. and used as received, unless
ot her wi seSvéisBEiorfiale)for A Ipneeeve%pétlmer@c@eaﬁmp@ ©anwBR howrsalidsanae

et hods aidhstidlehld, A6k SRA85EA0 kpgiLa 7 HRPRNSIAC BT OIGR sk FADRAS] 1H

NVR (nucl ear magnetic resonancek( Spéctra were maasureg deuterat ed
chl or of orami§@IDOEB)s, enctaaBmibies the\CIENROD celﬂ)esansedrretaeIBRAM demneermt

t enper at ur r h |_si dar d.
FOlrJnr) ier t r“gﬁgpgrvr%]tlaﬁﬁ% P%WEI%F ‘eé]pgré)oedgseijlg% ﬁsﬁi'\éa aﬁ%l ﬂ&

Shi madzu rﬁambl% wmw.rgenthe)ohmtaueetrercumdnh dehetys(amp)di \&tidinp e Fellalyn
KBr pel | El erre t al anak ses, were carried ?ut on a Perkin El mer
Seri bs | I@hESR QEY£BvosaeD therrrerfisreetivashighe (Uv-vis) and

fluorescence spectra were neasured with a Shimadzu UV-3101 PC

spect r oplfov8get er and réacdSitlerdgant Btd30meR{or) vl nesarB&arrent through

spectro respectively. Thernogravinetric anal yses were
carr edpgﬁ%@gﬁn 3%&%6{45@?%@8@%5%%%@r%aﬁ YRitadeds arelisfzer at

a_heat i nGydrgd<felBbtrddbsCG 08 Mdl1 G ITHO RS WbiRigelshaWd HY IBwef thEAGnaL mi nd.
Differential scanning calorinmetry (DSC) neasurenments were carried out

on a Met tSvéichngl thershpSC/dizge te pravent wntdendaR switehing oAtheemeinnyy statee Af
10 C min- reialtl[lgl%g%ﬂ r@éﬁrﬂ&ln%n rndﬁ:ra?é%athg{ I’T\gﬂlog}{ céﬁ%’d fsnle Sywétate. A

[ 00108] S accor esi's
rout es shelmtlvelm [ &ad?current mdlcates that memory ceII 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 cell 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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[ 00109] Exanpl e 1 A. [00110] Sanpl e 1, 4- bi s(octyl oxy) benzene (product 1
in FIG 7) was prepared as follows. [00111] About 44.9 g (0.8 nol) KOCH
and 200 nlL dry dinethyl sulfoxide (DVMSO were added into a 500 nmi dry
flask. The m xture was stirred with nitrogen bubbling for 45 mn.
Cryst al s pbegsshigseabed hérein. gTh@intividlal meenary adiiedret defined byitké size cdnd

. 0. 20 HarSeRR AR Eei sl EE20 4 QP SRl o5 gk 2T EATEE of oo

mn at rdormed anpesddticted dd@rding td baynsuiebis tdchhig@es of foumiradabopnal
6 hours. Tt]e resul ti r(n)g nl(xture was poured into 1000 nL of ice water
#org S

under vi g&H'dHEOWR i} HRE IHfE@hi tate in the sol ution was

collected by filtration and recrystallization in 250 nL of a 1:1

m xture gbogsjet one m@mmbh@mbdmn@tgraadm%a&%egac%d@métféhe@ n;)ﬁ@g#%t
1. Yield: 92% mp.: 57-58 C, 1H NWVR (300 MHz, CDC

(t, 6H, -addgdyo egc@geiﬂﬁfolrg}q threg-ferminal memorg c(elfln Tgﬂ)addl@pgai)elecgrogl@
(t, 4H  ihe ifirdd@cédto %Ma );Fa)ﬁ ierméNale vd %b%g% ?la] %gnpl A éc-?prevent

78.99; H, 11.45. Found: C;5 78.94; H 11.49

[ 00113] Sath@ faymitidn oF padeit, s, s"(‘lmvtyta@eymnehe enetr¢ljmdodhing a ansister G

7) was pr I 0] 3 26.33 mmol) and 12

(18.43 g, ﬁg@éh%% %S\Acle%beb%\z;@ﬁcpee[&gg&}gbs'ﬁ{\) S%tékii?% '(kﬂ? IQcont ai ned 22 g of
product 1 (0.096 nob) dissolved in 500 nL of acetic acid and 77 nL of
1.7 M H2908%4]The rriRIﬁuSAiMasiraest anad/ aidremueedeimmahauwSﬂ@ow

h. Af | 0% spl f
nded +o PaNBETeREn s SR ERRTS koot b et R P Rar o Ao m

?f | wat er ,309nd écsfnddrcﬁ‘(ia IPIGF ;aﬁaémfoa wEI‘tEIH’iH’SGGfIJ@bItaEQS masﬁm 4 Q@tﬁ?tbt@ﬁw.
iltrati recryst Ze rom et hang to obtaln 0
buri 11 ed Beahines Faandh el aarerrq s oG SRoger doiemon call

NVR (300 iMirmedldeledth irfledsBBiidn Eethe%ﬂ A Wordiite 3043H) a bﬁhﬁéﬁ)m T%@H
CCH2-), 1.4-1.8 (m 4H, -CH2-), t, 4H, OCHD 18(s, 2H,

H) . Anal MEAPBE |§t8f€ﬁ'Q-H36@[WdeCﬂy as epsalie bg apy ylrrgo@halecmc swa@s:,

H 6 16 é%%hgﬁﬁ@éﬁnﬁggnbﬂg 6&1@4 eec wor ap%bthges AideBﬁed

bi's(oc nyl ene
( pr oduct Brayn3® Gas FwonhEngs ap@ﬂéxli ltmssfomtl Imewsactuaf 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 PPPE 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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[00117] Product 2 (10.5 g, 18 mmol), bis(triphenyl phosphine)pal | adi um
(1) dichloride (0.176 g, 0.25 mmol) and 100 nL of toluene were
introduced into an oven-dried round bottom flask equi pped with a
rubber septum and a nagnetic stirring bar. The flask was then
evacuat e vhiehcdei preeentwardsite paths trhaesy uDﬂreWorAiidegaeé adthsotatisl on

f di de -met hyl- 3-butyn-2- ol
(()3. 88"8”@@3 Prﬁg? I)’T‘%drP(f?F’d ﬁiog?”‘i’fh%?’ﬁy r%%ﬁ addgd Thto the flask

under an argon at nosphere. The final mxture was heated at 55 C for 5

h. After [0e96j0 22 Rieethtive drfiutdiheniebGtdn Cayek BE6 Mait b emesl and
filtered to il imnate the ammonium salt and the sol vent was renpved
under a r¥jddiags &é‘%@)‘rléefofﬁ’@ds%lal@d?%%q dudaipsi@l-r e- di ssol ved in

t ol uene and puri f| ed by passing through a short Si02 colum, followed

by recryqbabry zati 0|ﬂd@1ffbférw@ﬁ@>oaﬁnémtaurbd% sﬁljcﬁfa ] .la@@r?{cﬁéﬁs\kn)’ﬂ
Yield: 89.2% mup.: 111-112 1H NVR (30

0.84 (t, mBdy bedggytedpepreqi Pgdpyer 482and e@thltlllrg QQﬁ Qogqevermqgrgsmc
160(3&% -CH3), 2.20 (s, 2H, - OH), 3.90 (t, 4H OCH2), 6.83 (s,
2H, Ph Anal . Calcd for C32HSQ04: C, 77.06; H, 10.10. Found: C,
76. 95; H, 9.98. [00118] Exanple ID. [00119] Sanpl e

1, 4- di et HPA9A} 2, 5- binfrdeenaliexyathererairdipnisda dufiar lagerinGt strywwesay be

prepar edrfﬁ'ﬁv il ba Jﬁlgéﬁephﬁg%%ggg&g II;]'IZS QOﬁl\ghéh ) I% al%que&%(PAGL

of tolue Were I n nto a ottom’f
with a cdhdmmotl‘eem@la:trbdammteﬂd& @abmbecbimerem 2The @Jﬁﬁaﬂa;(emnsmhﬁ) in

40 mL of t hanol dde ure was, heated to 80.C
atter beilig renruei BEnel Rnsfin pbRee it gl pRS RIS Bl 155 vas
di stil | eds0di drid PRE |1&@drl402g point reach 110 Cto elimnate the | ow
boi l i ng conponents. The solution was heated at 110 C for anot her 4 h.

The m xt S €00 oom erature a ured into of
satur ar ed00e0Es o SRS o Bt RS BherSodlnn B Hapiad dasS Rideea
Wi th wat efevide 500, iWhi@smapdedohsidemteno RYHE® BstdISR¥kedThea s 30ie
product was obtained after renoval of the sol vent under reduced

5 5o of I0BI9d S pFomivioad shevat I s 7o BRo55. 1 & e b RARE G400

Mz, CDClagd:ording Rﬂ@bhmq@e@éo&nhon%se‘d%ﬁe sém%@nﬁ@&to?iﬁhbsﬂ th) -
1.4-1.8 (m 4H, (s CH) | t, 4H OOM2), 6.83

(s, 2H, mmnrla&ﬁmodl@éltl@@ﬁbwem;t%mclowsiﬁe@n H, 10.01. Found:
0,81.49; H, 9.96. [00121] Exanpl e 1E. [00122] Sanpl e

2, 5-di br qgpagft ani | Tided6REELHEd N hﬂ=ﬁ§3 4 n/a@Bpérf‘oOel’csHb@%pfe%tb@m
[00123]2 5-Di bronoaniline (10 g, 7%; Acr 0S)

acetic araopardingtosany aitahle @ﬁeram@proma@res rﬁ@rrsmﬁ@re@nvmupr@! Ele@wchhe
M XtUre WaSmory 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

illustrated with the following examples, which are not intended to be limiting.
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23 maintained at reflux tenperature for 4 h and then poured into 500
m. of water. The precipitate was collected by filtration, washed with
wat er, and recrystallized fromethanol to obtain 6.86 g of purified
product 5. Yield: 58.5% mp.: 172.5-173.5 C. 1H NMR (300 M-z,

CDCl 3): dooppdh = 2E2AMPLES3H, -000H3), 6.70-8.33 (m 4H, Ph H).
Anal . Cal cd for C8H7Br2NQ C, 32.80; H 2.41; N, 4.78. Found: C,

4 ni 01 ond8B1991 | oo P Baire MeCTHRARR G G GR TR Srep gfiacss ™

[ 00126] Prfaﬂwmdrﬁsh(oo &&dwsea a‘é&ea@méa OMBSss dthEESE §5bdido Al sohehed
m xture of 5. ng 70% g nL 98% H2SO4. The m xture was
stirred f%errezieﬁ fatesd it ﬁEF“ agfl @?twéﬁn@%@ﬁamﬂ@rar’m@ﬁt ajmogrlgre
crushed iggopaageadded. The precipitate was collected by filtration
and purified by recrystalized fromnethanol to obtain 1.789 of
purified Broduct 6.. Yield: 98% mp.: 158-159 C. 1H NWR (300 MHz,
CDCl 3) : = 2'FBAIMR( n@wam@meﬂcsewgc%p@ﬁramre preasyredipal .
Cal cd for 25;
NS dﬁ%&@%@ 01;’{)5  (CBEI14 m‘)b%n &y eé%\lci:'\? n%?ctrdé‘?%{@rdatb&nblgﬁt

ni t r oani Itemilee(aﬁmr@dwdh T'etnamem)d;tla‘ﬂ)a M)@Bép@rréernabstfaoﬁardmﬁouner

broduct ' &0 e (£ RT3 bRl RS ol P SRR i o0 e
m xtu (r]I ﬁeémﬁ?wme?é wrimgméfen?éﬁ dispereet ov KBr bglleﬁboﬁterﬁéhtaltar@ﬂys\eat er
\gﬁ?}ygr ous' NG S8 e .08 E § Ei)gf'ﬁﬁgoa gé@&vgﬁfavf%%val

under redugisie (p (IR/E\ﬁ§)Udr{ﬁ ﬂddres%éﬁc@lébbétk@ﬂleké’m'é@%ﬁéatvﬂiﬁ & 8hingdHAurom
et hyI acetate to giv purified product 7. Yield: 89.2%
cmRtm%e

mp.: 16R1P8POsPasy r wpﬁa Shiopdyu RE-§3IyCuminggcenog? (m  2H,
Ph H) A%'ectr@d%@m@fﬁr @gbgﬁfv%Nzeﬁwe[rlgb)%BO ﬁétgﬁp'ﬁlﬂgpylsggwsr ecaqn'ég out on

Found: C, 24 457N, 9.733 : par ation of
Sanpl e pFaET/ﬁ(b'ns}mm@t 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 A,

[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

(DMSQ) 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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[ 00131] Sanpl es of PPE-a, PPE-b, PPE-c, and PPE-d copol ymers were
prepared according to the synthesis routes shown in FIGS. 8A, 8B, 8C
and 80, respectively. [00132] For preparing PPE-a, nononmer of product
4 (1.16 g, 3.03 mmol ), 1, 4-di brono-2-nitrobenzene (0.84 g, 3 mmol,
99% Al drtienip)?ratbies (The Weﬂm}d whosiined i) pal ddalitionel § hblirsdiThe resiitdeg (21

0.0 99. 99Y% THFE t r.od i nt
oven dri éam%ﬁwsmw (?H"ft‘? gbﬁgmr}gﬁ%wa@ﬁrtwdgwﬁrgg@ég 5@'85{%3 I 3 g o
magnet i c [:ﬁ"[euﬁrtét%gn I soﬂm fha sk M Wﬁ[ﬂaﬁa@gh@?@:ﬁyﬁﬁmza%% '2|5b€?ﬁL

with argon three tines. A degassed solution of copper (l) iodid

(12. 3 ng,of@ bigniivse of acetonsend maﬂha%}o phitain %@_8@ of i I@%pr@whé was
added i nt heoi,l d n1,gh Clog

seal ed an {9 92/aﬂ§é0%g ?é é'172|é}h ter er %@:@op %5'%2 roo

t enper at UeHds;), ﬂﬁé (m, X6bh eCha$, 1.4+ 1.81(md 8Ho-GHi-jridngd &, elrh*r@ﬁ:ll-umﬁs% (;s 4fhe

ol ymor REEr AR i PoreDe s Thopr T SR AL TP A ¢

of THF and precipitation in 200 nL of methanol three tinmes each,
fol | owed [B91t2]yi ng ExmlepleriBduced pressure. [00133] The synthesis
procedures of PPE-b, PPE-c and PPE-d were simlar to that of PPE-a

& br omoartPT I (o7osa el bF TR A BRANISb AR e e B0 P8 ) on)

and 2, 5- whdpreparet as fofloasi | i ne (product 7), respectively. Sanple of
PPE-b was prepared as a conparison sanpl e. [00134] The respective

yields ar[ﬁolljlfjt ed | IQIO-I;a(lglﬁ% g!},'26-!- lm?nc!l an(ﬂ y(ng 43 ISdmnl\*n/gl) were agded 90
solution, which contained 22 g of product 1 (0.096 mol) dissolved in 500 mL of
acetic acid and 77 mL of 1.7 M H2SO4. The mixture was stirred at the reflux
temperature for 9 h. After cooling to room temperature, a 10% solution of NaxS;0;
was added to remove the residual ;. 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): d (ppm) = 0.84 (t, 6H, -
CHa), 1.25 (m, 20H, -CHz-), 1.4~1.8 (m, 4H, -CH3-), 3.90 (1, 4H, OCHy), 7.18 (s, 2H,
Ph H). Anal. Calcd for CaoHz6l202: 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-

ol) (product 3 in FIG. 7) was prepared as follows.

[00117] Product 2 (10.5 g, 18 mmol), bis(triphenylphosphine)palladium (i)
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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(%9 (g/mol) (C (C) PPE-a 82 4200 1.77 84.5 340 PPE-b (conparison)
75

cooled to room temperature, the mixture was filtered to eliminate the ammonium
salt and the solvent was removed under a reduced pressure. The solid residue was
re-dissolved in toluene and purified by passing through a short SiO; column,
followed by recrystallization in toluene to obtain 8 g of purified product 3. Yield:
89.2%. m.p.: 111~112 °C ."H NMR (300 MHz, CDCls): d (ppm) = 0.84 (t, 6H, -CHa),
1.25 {m, 20H, -CH3-), 1.4~1.8 (m, 4H, -CHz-), 1.60 (s, 12H, -CH3), 2.20 (s, 2H, -
OH), 3.90 (t, 4H, OCHy), 6.83 (s, 2H, Ph H). Anal. Calcd for C3,HseQ4: C, 77.06; H,
10.10. Found: C, 76.95; H, 9.98.

[00118] Example 1D.

[00119] Sample 1,4-diethynyl-2,5-bis(octyloxy)benzene (product 4 in FIG. 7)

was prepared as follows.

[00120] Product 3 (8.17 g, 16.4 mmol} and 150 mL of toluene were
intfroduced into a 250 mL round bottom flask equipped with a condenser and a
funnel. A solution of 2.2 g KOH (40 mmol} in 40 mL of methanol was added after
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 NH4Cl. The organic layer was washed with water three times
and dried over anhydrous MgSQO4. The crude product was obtained after removal
of the solvent under reduced pressure. It 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, CDCls): d (ppm) = 0.84 (t, 6H, -CHaz), 1.25 (m, 20H, -CH,-), 1.4~1.8
(m, 4H, -CHs-), 3.36 (s, 2H, -CH), 3.92 (, 4H, OCHy), 6.83 (s, 2H, Ph H). Anal.
Calcd for CogHag02: C, 81.62; H, 10.01. Found: C, 81.49; H, 9.96.

[00121] Example |E.

[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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5300 2.40 81.4 386 PPE-c 79 4700 1.68 73.9 338 PPE-d 76 4300 2.10
80. 8

maintained at reflux temperature for 4 h and then poured into 500 mL of water. The
precipitate was collected by filtration, washed with water, and recrystallized from
ethanol to obtain 6.86 g of purified product 5. Yield: 58.5%. m.p.: 172.5~173.5 °C.
'H NMR (300 MHz, CDCls): d (ppm) = 2.21 (s, 3H, -COCHs), 6.70~8.33 (m, 4H, Ph
H). Anal. Calcd for CgH;BroNO: C, 32.80; H, 2.41; N, 4.78. Found: C, 32.73; H,

2.38; N, 4.76.
[00124] Example IF.
[00125] Sample 2,5-dibromo-4-nitroacetanilide (product 6 in FIG. 7) was

prepared as follows.

[00126] Product 5 (1.68 g, 5.73 mmol) was introduced into a cooled mixture
of 5.6 mL 70% HNO; and 7.5 mL 98% H,S0O,. The mixture was stirred for 2 h at 0
°Cand 2 h at room temperature. Then 50 g of crushed ice was 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): d (ppm) = 2.32 (s, 3H, -CH3), 8.15~9.00 (m, 2H, Ph H). Anal. Calcd
for CsHeBraN2Qa: 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] K2CO3 (2.76 g, 20 mmol) was introduced into a solution of product 6

(1.69 g, 5 mmol) in 30 mlL of CH,Cl; and 30 mL of CH3;OH. 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 MgSQ4. 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): d (ppm) = 7.20~8.22 (m, 2H, Ph H).
Anal. Caled for CeHaBraN2Q2: C, 24.35; H, 1.36; N, 9.47. Found: C, 24.83; H, 1.45;
N, 8.33.

[00130] Example ll. Preparation of Sample PPE polymers
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336 [00135] Sanpl es polyners of PPE-a, PPE-b and PPE-c were in the
form of dark orange powders, while PPE-d was a dark brown powder.

[ 00136] Exanple I'll. Measurenents of Properties of Sanple PPEs

[ 00137] The nunber average nol ecul ar weights (M) and pol ydi spersity
i ndex (Mf00131},) oSatpressHRREapBPEHE PP Ever andlRPErdTeaEdymbtstwere

reference_to | ystyrene standards, using a \\ e

o moat | GHORAROIACOTI I TR erotRe SaEn G FG St G, and 8D,
refracti vespesliesydet ector, and HR 1, HR 2, and HR 4 colums to allow
separation of polymers with nolecular weights in the range of 102
5?7105 g/ mol . _The colLums were_cal i brated wi_th polystyrene standards.
Tet rahydﬁgpﬂﬁ%]n wash YREPaNHRPEra dnenatperLfmresiigt 4t(d-16r9,. B-98 mmah. n

and 30C. {@%ﬁgmn}%ftrorbﬁﬁzm.& EPE Ry 889, SANRER), f ound to range

from 4200 _’t o0 5300 mol , corresponding to a degree of polynerization
of about BsitriphepgphoswinepsliadiuindllFdichlonye (200w39108 mmek@9L¥%ol yrer s
were foun | f - : ' I
acet am deﬂg%mwde%@gsf%(eﬂ% é{\jﬂ\{t't%ﬁ% %Pemﬁ%érg@gr\{%é%(lr)'g Spg%[gdqg?tgdo@gg%/de
chai ns i reduimpesiaith & mgbbarseprim apd aduagnetic. stiffdliddl] Alhle feakplas then

DOl YTt BB S et 280 2kl gL

wer e jodide (12.3 mg, 0.075 mmol, 99.999%, Aldrich) in 4 mL diisopropylamine was
added into the flask under an argon atmosphere. The reactor was sealed and kept
at 80 °Cfor 72 h. After being cooled to room temperature, the mixture was filtered
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 vields are listed in Table 1.
Table I
Yield Mn Ty Ty
FPolymer (%) (g/mol) Muw/Mn (°C) (°C)
PPE-a 82 4200 1.77 | 845 | 340
PPE".b 75 5300 240 | 814 | 386
(comparison)
PPE-c 79 4700 168 | 73.9 | 338
PPE-d 76 4300 210 | 80.8 336
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investigated by Differential scanning calorinmetry (DSC) and

t hernogravinetric analysis (TGA) neasurenents. Thermal stability was
evaluated with a TA 2000 thernogravinetric analyzer at a heating rate
of 20 Cmn in nitrogen. The glass-transition tenperatures (T9) of

t he sanpl e PPE pol yners were neasured by DSC under a nitrogen flow at
a heating rate of 10 G mn, and were found to range from73.9 to 84 5

C. The d T9 S e |st

wi th the HOYSAC, T\ SRRS siyrhelR FEPE £ FEERRY BBER VeIl dfe R G
al | sanpldarPBEame! poveless hadlegerRE-dt iss galarishrabinl pdwderThei r onset
deconposition tenperatures (Td) in nitrogen range from 336 to 386 C.

FIG 9 TGA | Th
pol yror & BRI 5 Sha Pl ghER RN pE bl I e 0 T

i ndi cating deconp05|t|on of the pol yner backbones at such
t enper at Jo@$37Di f f eTiemhu;snbbsa\iretrag@momcnwrsweagiets@ﬂp)e@iclapblmsgémsy rise

to different char ,resi dues at e bove 450 C. The
heat resi' E?%@@%ﬁt&@%?ﬁ@?%@%@?&wﬁﬁa §n§%’n§ M5 ée Si@r e

t her nal | )pows%,ﬁbﬁe @tantd@meﬁ@hgraewaiéré 1808 lgePh&eidABh %hﬁfr@é’c@él%'pHQGPC)
operatlons npl e PPE pol yners exhibited thermal stabrlity that

was suit a1eeS P&W@%EQWHP@H’ é’ﬂh Bairactitegpagredetectoii anchiiRgl dt 2caryd HR 4
[ 00142] Sque, h@OILS R ?ééia\fﬁtlcf’ﬁ?@ﬁd!ﬂﬁﬁ kit ﬁB%cm%elidrﬁé ﬁ'ﬂhbW@@Bﬁ dz

[00143] FT-1R spect ra, elenental ana ysi's,
f | uor escens®! Fgdeol. aTlod ctslamubeavel?é’léahinrb;mbmﬁw addshymmr:ﬂanctzfrd@r oduct 4
wer e obt

spectra of sa PPE,, pol d existence of
' ever s BT NRTRR g o 2R Rt ot ) R R ve
FT-1R spectra, 1H NWMR spectra, and UV-vis spectra are shown in FIGS.
10, 11 ar{dOiSES] resprelotd;m yampie Mpbgmewariwnsltm@i@dmmmab tc]f;?(C
= C - v, eak a out, 3282 .cm 1 ex It r o
or oduct | H0SPSbAPBESRITERS oA §RE 2L POAIS AL SEbatt S S pr! B
showed a8'2-(16m|=q1); peak at about 2210 cm 1, characteristic of
di substituted acetyl ene. The 1H NMR spectra of the nononmer and

pol yners 11) so indicate that the term nal acetyl ene proton
peak of ;iﬁg@clt ia@aefé réﬁyra?ﬁséqferﬁévwb%@%'ﬁ'wiraméroiwamw%* F),
spectra abmené@w@%lnﬂsthqh@@tmldé(mm@ ¥ dienBlith GRbtbsdBlofMi the
expected chem cal structures of the sanple PPEs. [00145]FIG 12 shows

r epr esentBEPYSIARCRAIRS iibBsirion mapester &rreBteihed from the sanpl e
PPEs and product 4 in 1.2 X 10-6M THF sol utions. The UV-vis

absor pti qpof@yi M Ok tARp RN BeRYr¥HEES vv&é%arﬁ)dsoﬁm&wwwtﬂedeeast

100 nmfromthat of product 4, consistent wth the increase In
ef fecti veﬁmi-djmjth)’@a@@témld&angt h. The UV-vis absorption nmaxi ma of the
polymer filns al so occurred at a considerably | onger wavel ength than

those of rhheafor r espROERGaTbEoSAIY dr HiSsaribideast bognidhe,aresence of

strong i ter | ecul ar 1 nteractlons |n e sol
wavel engtihgestitialed-hyi @lﬁaMabmamnmmcalm:m@try (DRC ramptherPp@svinmetiel and

i‘rgbf 2e| Isoz-lniaﬂls%t ﬁl(fA)(r%QéébrIerlnlemsf Olrthrm%r g’cagﬁiﬁlowég 3\t/aqtcjlatieg w-ll_t%ball ?AIZJ{){)O27
thermogravimetric analyzer at a heating rate of 20 °C/min in nitrogen. The glass-
transition temperatures (T,) 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 to 84.5 °C. The measured T, values of the sample PPE polymers were
consistent with the T,'s of typical PPE polymers. The TGA results suggested that
all sample PPE polymers had good thermal stability. Their onset decomposition

temperatures (Tq4) in nitrogen range from 336 to 386 °C. FIG. 9 shows
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Pol ymer

Ered(onset) (V) Eox(onset) (V) HOMO (eV) LUMO (eV) Eg(eie)

(eV) ?max nm) g E (opt) (eV)

representative TGA curves of the sample polymers. The polymers showed a sharp
weight loss at temperatures above 400 °C, indicating decomposition of the polymer
backbones at such temperatures. Different substituent groups are expected to give
rise to different amount of char residues at temperatures above 450 °C. The heat
resistance properties suggested that the sample PPEs were thermally stable at
temperatures for most electronic processing operations. The sample PPE
polymers exhibited thermal stability that was suitable for use in electronic storage or

switching devices.
[00142] Some representative measured data are also listed in Table 1.

[00143] FT-IR spectra, elemental analysis, 'H NMR spectra, UV-vis and
fluorescence spectra of sample PPE polymers and monomer of product 4 were
obtained. The spectra of sample PPE polymers showed existence of irreversible n-

doping and p-doping processes.

[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 2(C = C — H) vibration peak at about 3282 cm™ exhibited by monomer of
product 4 disappeared after polymerization. Instead, the sample PPEs showed a
G = C) peak at about 2210 crm', 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
specira 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 7-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
of UV-vis abscrption maxima of the sample PPEs in THF and in the solid state (thin
film form) are also listed in Table IL

27



i n THFi n Film PPE-a -0.80 1.32 -5.67 -3.55

Table lf
Pmax (M)
Ered(onset) on(onsel) HOMO | LUMO Eg(ele) - - Eg(opt)
| v e | e | ew | " ew
e e e e
THF | Film

PPE-a -0.80 1.32 -5.67 | -3.55 | 212 | 429 | 454 | 2.52

PPE-b ~0.96 112 -5.47 | -3.40 | 208 | 410 | 425 | 2.31

PPE-c -0.87 1.30 -5.65 | -3.47 | 217 | 408 | 448 | 2.60

PPE-d -0.87 117 -553 | -3.52 | 205 | 442 | 456 | 2.30

[00146] The powder X-ray diffraction (XRD) patterns of the sample PPEs
were also measured using aluminum 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 (27 < 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 ?-conjugated
polymers with long side chains. The sample PPE-a, PPE-b and PPE-d polymers
showed a similar diffraction peak at 2?7 = 5°, due to the same 1,4-substituted
structure, while the sample PPE-c polymer showed only a very weak peak at
around 27?7 = 5°, due to unfavorable geometry for regular packing in the 1,3-
substituted structure. All sample polymers showed the amorphous peaks at about
27 =22°. PPE-a and PPE-b with mono-substituted -NO; acceptor (for PPEa) and
—NH; donor (for PPE-b) exhibited an additional sharp diffraction peak at 2?7 = 24°.
The polymers with di-substituted —NHz and —-NQ; moieties (PPE-c and PPE-d)
showed only a broad peak in the region.

[00147] Example IV Sample Films formed from Sample PPEs

[00148] Films of the PPE polymers were prepared from toluene or THF
solutions of the sample PPE polymers (15 mg/mL) by spin-coating at a spin rate of
2000 rpm on a quartz glass plate at room temperature. The sample films were

dried under reduced pressure at room temperature over night.
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2.12 429 454 2.52 PPE-b -0.96 1.12 -5.47 -3.40 2.08 410 425 2.31
PPE-c -0. 87

[00149] Homogeneous films were obtained from toluene solutions of PPE-a
and PPE-b. Films of PPE-c and PPE-d, cast from either toluene or DMAc

solutions, were also prepared, but were found to tend to contain aggregates.

[00150] Cyclic voltammetry (CyV) measurements of the sample polymers
were made on an Autolab potentiostat/galvanostat electrochemical workstation at a
scan rate of 50 mV s, with a platinum wire counter electrode and an Ag/AgCl
reference electrode in an anhydrous and nitrogen-saturated 0.1 mol L™ acetonitrile
solution of tetrabutylammoniumhexafluorophosphate (n-BusNPFg). The polymers
were coated on the platinum plate working electrodes from dilute toluene solutions.
Representative results are shown in FIG. 14. The CyV results showed that the
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 ll, Ereqonsety is 0nset reduction
potential measured by cyclic voltammetry; Eqonset) 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; Eqee) is band gap calculated from the
electrochemically determined LUMO and HOMO energy levels; 7max is UV-vis
absorption maxima; and Egiop 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
oxidative potential can be considered to be associated mainly with the donor units,
and its magnitude was expected to reflect the electron-donating ability of the
structure. PPE-b with the —~NH; group (a strong electron donor) and alkoxy group
(a weak electron doncr) in the repeat units had an onset oxidative potential of 1.12

V. PPE-c and PPE-d also contained the -NO; acceptor group, which weakened the
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1.30 -5.65 -3.47 2.17 408 448 2.60 PPE-d -0.87 1.17 -5.53 -3.52 2.05
442 456

electron donating abilities of the polymers and gave rise to high oxidative potentials
in these two polymers. PPE-a with the weak electron donor (alkoxy group) and the
strong electron acceptor (—-NO; group) had the highest oxidative potential of 1.32 V

among the four types of sample polymers.

[00153] The onset reduction potentials (n-doping) for PPE-a, PPE-b, PPE-c
and PPE-d were -0.80, -0.96, -0.87 and -0.87 V, respectively. The susceptibility to
n-doping of a polymer reflected the affinity of the polymers for electrons. PPE-a
showed the highest onset potential for n-doping at -0.80 V among the four PPEs
due to the presence of the easily reducible —-NO; group and a weak electron donor
group (alkoxy group). PPE-b with the hard to reduce —NH; group and a weak
electron donor (alkoxy group) showed the lowest onset 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 (-
NO., -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 {Eoxonseyy} @nd onset reduction potential
{Ered(onset)), b@sed on the reference energy level of ferrocene (4.8 eV below the
vacuum level): HOMO=Eyonsetyt4.8-Eroc; LUMO=E eg(onsent4.8-Erac,wherein Egq is
the potential of Foc(ferrocene)/Foc+ vs. Ag/AgCI. The value of Egq 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, Egee), Were somewhat smaller than the corresponding band
gaps determined optically from UV-vis absorption band edges (Egoparound 2.3-2.6
eV, see Table Hl). 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
introduction of electron donor and accepter groups had distinctively reduced the
band gap. Thus, it is expected the sample PPEs could be activated more easily, or
can be expected to give rise to more efficient charge transfer and transport of

charge carriers.
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a, PPE-b, PPE-c and PPE-d were at 1.32, 1.12, 1.30 and 1.17 V,
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studyi ng bistable electrical switching effects is schematically
illustrated in FIG 4. PPE-c and PPE-d sanples were not used for the
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(sem )conductors. The absence of sp3 hybridized carbon atons in PPEs
can lead to a situation in which overlapping p- orbitals of
successi ve carbon atons enable the del ocalization of ? electrons

al ong the pol yner backbones. However, the electrons in PPEs are
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el ectri cai[tr@gml_qgtm W Nre@fahlGFPPEfBe&]b@ddcﬂ bh @ife 6bsétles omdsildravdidta), the

pol ymers (reduction, n-dopin % nol ecul ar orbital of the basic

unit of ﬁp@JaOH@J%IV&%Ftateewaﬁg sRyven o ba gusteligdder pewyiham30thelHoMD i s
| ocated i ] and a
m nor parc%bn:iﬂr;h‘?g[s‘#goggggg%lﬁgﬁ’é ﬁhro"ﬁeng%ggggttfePﬁe E@rfét%et%rﬂg? 95’0‘%?@% whi ch
bl ocks the effective transition of electrons. Thus, it is expected

that PPE-IR0WBU d beAs Rowtaan hapripadated; te sorepaings sndidexiose giiseinsed of
scan fro LUMO2
i s del oc e?;ﬁg atn#}eg(ﬁ%gwgﬁ{éﬂ% t?%l\%n@%é&?m&ﬁef d'&svéh(%j C n@?vsa%rc\?ﬁggﬁs a
pat hway fioproves grogértiesedwotripared/icsOBREasat deliges.ur n- on vol t age of
-1.65 eV, PPE-a is expected to become n-doped, and the electrons are

expect ed exci i ot
conductiJPP§g§tate.%ﬁ?ﬁ6€%%f#%gE%F% g%@gb gFgﬁﬁ bpkﬁﬁégﬁ%%zﬂﬁnem
accept or zirzy atbhetsted itbtomshe angsnidalsie hoenbiirgation e tmmi;stedananmsenayf bé he
hi gh con tivity state. Wth nore than 10 nitro groups in the
present ﬁﬁ%ﬂﬁ ?6%%888 n the observed nol ecul ar weight), the high
conductivity state was observed to be sustained for nore than 30 h.

| n conparfoeve9] OPE @f tdureactheidbboe deserbedasnisodimentscars siitandedfo 150 s
at 300K.. 00167 ow .can be reciated, the co und and devi

G sl os e RIS CBM YN B R T BRG: MBS SFHPE! SRPPOHIE It SLBeoR
can provi tden ol ifchfaHsf E6 R IPRAGENRR aSpHryTRalAd aha o@é ch@@@ﬁbnon
devi ces. 168] Wien a list of items is given herein with an

before th q'ay@ntl%ﬁ@thgrnys iptended tp eeeaPATeAESYN MAdifisatianamin fts
conbinatl f may be sel ected and used. [00169] O
course, gb%%géidﬁiﬁﬁﬁﬁ Jhgﬁ%odlnents are intended to be
iIIustratlve only and in no way limting. The described enbodi nents
are susceptible to many nodifications of form arrangenent of parts,
details and order of operation. The invention, rather, is intended to
enconpass all such nodification within its scope, as defined by the
claims. WHAT IS CLAIMED IS: 1. A nenory el enment conprising an active
material formed froma conpound that exhibits nultiple conductive
states, said conpound conprising: a polyneric chain conprising a
repeat unit repeated nore than 5 tines in said polyneric chain, said
repeat unit conprising a first cyclic group and a second cyclic group
conjugated to one another and a plurality of side groups each bonded
to one of said first and second cyclic groups, wherein a side group
bonded to said first cyclic group is an electron donor and a side
group bonded to said second cyclic group is an el ectron acceptor,
such that said conpound is switchable between a first electrical
conductive state and a second el ectrical conductive state by
application of an electric field to said conpound, and
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wherein at | east one of said plurality of side groups is selected so
that said conpound is soluble in an organic solvent. 2. The nmenory
el ement of claim1l1, wherein at | east one of said electron donor and
sai d el ggtponispecaphen 1§ sol uble in said organic solvent. 3. The
menory el ement of claim1 or claim2, wherein said electron-donor

conpri ses amn{gﬁ ,.E;g—@t) yori

-NR2), al kyl (- e(ei QOFW , He‘?la(g[!ter ?t?wkmga;@ﬁét%gé%&h&t
car bazol gr&)ﬂhmltsmuiapl@mndach“ﬁestaﬂ%rmjﬂpommeuertl goRprisingn al kyl group
conprising 1 to 20 carbon atons. 4. The nenory el enent of any one of

clains 1 tQp%JyW@a’h é@r‘nﬁn@h %tréi@é‘aﬁﬁﬁﬁgb@éteé‘?lﬁm’é'tﬁéﬁB%nﬁstl Qaid
cyano, isocyano, sulf , iny hal ogenat ed al kyl, forny

car boxyl , @calvm@ﬁy |cha@|, ﬁ@lﬂdﬁp%ﬁr%mmw@m@ DAL aycﬂ@rwqaup and atseaood yvc;llc

con 2oy iR AR e 0P ERPBIY oPLEFERL R p 00 e

copol ynmer cfosgid fisst agd sacpheoydlicpoupeer conpri sing a substl tuent that
is an el ectron-acceptor; and a phenyl eneet hynyl ene nononer

conpri si ngwhesdirde stiwgoup hahded tasaidlfksticyolic glokpiyageRkitBoh @vhbgadd &0
20 carbon atons el ement of claim wherein said al kyl

or al koxy afi%@ﬁOLrPaEO'ﬁ]%fols@'i%%%ﬁ QElmEroup is R &lerbivnrarcapiamsich dhat

claimb orsghabMpBunWhesRichabitl Botiedd acﬁlﬁi é1ebt'§|cé‘irb09|%¥tll\%xéf tel A -
octyl, 2-ethyl hexyl, decyl, dodecyl, hexyloxy, 2-eth ?oxy,

decyl oxy, eRCaREdRSHIealFoprattiye %atemeanwmqn @‘laewactnoﬁ’le rfp stk of

clains 5t r.eiyn sai d phenyl nononer is a p-phenyl or an
m phenyl . gorzq'lql%%eﬁgﬁgry el enent of any one of clainms 5 to 8, wherein

sai d pheny\;vhgl% Qﬁ%a%tucgr#eh&; sa?c? Fél?)?g (?ngfg.] Idg égﬂe&%‘gres?gfthgg%ngnor

10. The nenory erren
copol yner d:mepmnmnstsetuma'erazgergmimo[wtght (M1) of nore than 2000
g/nmol. ii .The nmenory el enent of any one of clainms 1 to 10, wherein

sai d or gante Hdn &gteiérﬁeﬁt%f‘é?eﬂﬁm Qﬁ%ﬁﬂf‘at 298k EHéof k&l e"f’&%ﬁ%ﬁq{dﬁ'b?gnd

chl orof orm or dichl oronethane e nenory el enent any one
clains 1 teridBlediinarascapioaisdsadoip dupaidcogpric selvest. chai n structure
represented by

3. The memory element of claim 1 or claim 2, wherein said electron-donor comprises
an amino (-NHz), hydroxyl (-OH), alkyl amino (-NHR or -NR;), alkyl (-R), alkoxy (-
OR), easter (-COOR), aryl, thionyl, or carbazo! group, or a derivative thereof,
wherein R is an alkyl group comprising 1 to 20 carbon atoms.

4. The memory element 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, aryloxycarbonyl, 1-tetrazolyl, carbzmoyl, or
sulfamoyl! group.

5. The memory element of any one of claims 1 to 4, wherein said compound

comprises a copolymer, said copolymer comprising:

a phenyl monomer comprising a substituent that is an electron-acceptor; and
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09H 170 , or N 02 , or OCBH 17N H2 _ -/7 -1n C6H/ON 02

a phenyleneethynylene monomer comprising a side chain that is an alkyl or alkoxy

group having 1 to 20 carbon atoms.

6. The memory element of claim 5, wherein said alkyl or alkoxy group has 110 13

carbon atoms.

7. The memory element of claim 5 or claim 6, wherein said side chain is an octyloxy,
hexyl, octyl, 2-ethylhexyl, decyl, dodecyl, hexyloxy, 2-ethylhexyloxy, decyloxy, or
dodecyloxy group.

8. The memory element of any one of claims 5 to 7, wherein said phenyl monomer is

a p-phenyt or an m-phenyl.

9. The memory element of any one of claims 5 to 8, wherein said phenyl monomer

further comprises an additional electron-donor.

10. The memory element of any one of claims 5 to 9, wherein said copolymer has a

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

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

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

12. The memory element of any one of claims 1 to 11, wherein said compound

comprises a chain structure represented by

QCgH 47 NOg

, QF

NGy or
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wherein n is an integer greater than 5. 13. The nmenory el enent of
claim12, wherein nis from8 to 10. 14. The nenory el enent of any one
of clains 1 to 13, c i sing %Hfilmformed fromsaid active

materi al . 15. The nendfy*el enent 2of any one of clains 1 to 14,

conpri sing one dr/noke ﬁermx/y:! ells] at |east one of said one or nore

pe——

nenory cells conpRisfng sai tivelymaterial. 16. An el ectronic device
conpri si ng th@_!” ry el eng of any one of clains 1 to 15. 17.A

net hod of forM ng the nenoryZel ement of any one of clains 1 to 15,
conprising: dissolving said conpound in an organic solvent to forma
sol uti on; apphygigigndaid irdegendreateréhan Surface to forma layer of said
solution on said surface; and renoving said solvent fromsaid | ayer

of sai d130tHE hm@mdrP elePidhtar eRirhd 2l anerei® ANPFrbE S @i d active
material on said surface. 18. The el ectronic device of claim1l6,

conpri si ng_ma storage device or a switching device. 19. The el ectronic
devi ce &ft H1eamgimpey slemandohpng ong irpiainas ﬂgoany@mw%n@ aritro fersressizom

menory, nadgyob@dld hsieddd rewitable flash menory, or
write-once-readmany-tines nenory. 20. The el ectronic device of claim

16, claim18, or claim 19, conprising a cross point nenory array,
t wo- di mdAsienaemesyrsleyneit cdgny PRe & ceimen e ddaForsPagiRe @NEeRBIofe AreTRgTY

two-term nalis NBMREY ofe! dfsaf odd'b ok MBI, BRTDSMpEShS said active material.

16. An electronic device comprising the memory element of any one of claims 1 to 15.

17.A method of forming the memory element of any one of claims 1 to 15, 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 active material on said surface.

18.The electronic device of claim 16, comprising a storage device or a switching

device.

19. The electronic device of claim 16 or claim 18, comprising a dynamic-random-
access memory, non-volatile and rewritable flash memory, or write-once-read-
many-times memory.

20. The electronic device of claim 186, claim 18, or claim 19, comprising a cross point
memory array, two-dimensional memory array, three-dimensional stacked memory

array, two-terminal memory cell, or three-terminal memory cell.
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