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WD 2004/ 085346 PCT/ US2004/ 008401 CONJUGATED MOLECULAR
ASSEMBLY, METHOD OF FABRI CATI NG THE ASSEMBLY, AND
WOBM4@BS34HICLUDI NG THE ASSEMBLY CROSS REFERENCECTDS2004/008401
RELATED APPLI CATIONS 5 This Application is related to
U S. Patent Application No. 10/ filed on , entitled
"ELECTRONI C DEVI CE | NCLUDI NG A SELF- ASSEMBLED
MONOLAYER, AND A METHOD OF FABRI CATI NG THE SANME",
assigned to International Business Mchines
Cor poration, having Attorney Docket No.
YOR920020318US1, and incorporated herein ref erence.
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The present invention relates to a conjugated
FABRICATINGSFMEIASSEMBIEY AND DEVICE INCLLUDINGTTHE ASSEMBLY

assenbl vy, and a device |ﬁclud|ng the assenbly and, in
parti cul ar, conj ugat ed nol ecul ar assenbly haV|ng an

ded
2121 GRS REFRENCE o SELATRO MepEATONS

Rel at ed ades, renewed

HinareyFRiert R %?@Lﬁs"kﬁi’%{ﬁ Sw“%‘é .%& o6 fied
underst andi ng of conjugated nolec
on _macr ool ecul eentitiedk” QTROMQ I%EVtQEg BN?LHDIN&A@ELF-

applications of conjugated nol ecul ar assenblies in
ASSEMBIED MONGIAYER; ANDA METEIOD QFcFABRICAGINGI THE SAME”,
applications. WO 2004/085346 PCT/ US2004/008401 Most

ass@i-’é@j tedpteration A BishiesaINasmihee Eorpériatien, 8avhdg Attorney Docket No.
ol ecul es or short-chain

YOR920020318US1, and incorporated herein by reference.

BACKGROUND OF THE INVENTION
Field of the Invention
The present invention relates to a conjugated molecular assembly, a method of
fabricating the assembly, and a device including the assembly and, in particular, a

conjugated molecular assembly having an extended conjugated segment.

Description of the Related Art
During the past three decades, renewed interest and considerable progress has
been made in the synthesis and chemical and physical understanding of conjugated -
molecules and macromolecules. The attention is largely driven by applications of
conjugated molecular assemblies in optical, optoelectronic, electronic, and sensor

applications.
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ol igonmers, less than 8 nononeric units |ong. These
smal |l nol ecules may be found in nature, readily
wonrepassde by common or gani ¢ synt heti c techni queeT/Uanmb4/008401

mani pul ated in organic solvents. 5 The nature of the

it-bonding that gives rise to conjugation and the

interesting physical properties is also the source of

nol ecul ar rigidity and insolubility. As the size of

conj ugat ed nol ecul es i ncreases, they becone

increasingly |less soluble. For exanple, in the

honol ogoys ol i got hi ophene series quaterthi ophene g4 )

t rMopheaiLsRiRg TaslepulaE assambliss nchide Al mlegHlen er short-chain

t hi ophene nononers) is not soluble. The insolubility
oligarfiers) lasbdban 8smendrhets uniis lang. sbesecaimall nalecwies mayebe found in

by chem cally functionalizing the end or sides of

natuf®, TR} SéparddE By lcBmmo brgdhic spltheticrtachiidusse ahlienanipulated in
desi rabl e physical properties of the nol ecul es and .

e{nﬂ:e enblies. Very long nolecules (e.g., greater
org a%élggrﬁénbnoners long) are typically «classified as

polymers. Pal yrmers are polydi sperse and characteri zed .
Dy TR dafirg, 8 8 & boring, Pt Hve Tae: GreonusAtphencL g gresting
consist of a distribution of shorter, rigid nolecular

physiea) propartiesis alsgithe sourasqf raeleeulas rigiditytand insolubility. As the size of
functionalized, to solubility not found in shorter

conjUEht@duhebcal@:é intreases, they batomedncreasingty leks isbluble Forrexample,
physi cal properties and a |ack of order in polyneric

in th@“d?’nélbb@mgﬁ oftfRdphEne $_ALS QubthfopHdHY d4°thfdiil’feﬁ§lrﬁ8nomers) is

prepare | -defi ned nol ecul'es and 20 macr onol ecul es

S : I @t \ ' : "
soluB: PHESBTEHES ® bghenk i) R RO 4HR, T psolubity of
s RGBS b5 o0 55 sty fnstopeliig he o

L. Malenfant, J. M J. Frechet, "The first . )
or siglep iof cppiigatesymplassies, but his alsprnay pbarge thegiesifable physical
Comm, 23, 2657 (1998). ) 2
properties of the molecules and their assembilies.

Very long molecules (e.g., greater than 20 monomers long) are typically
classified as polymers. Polymers are polydisperse and characterized by their average
molecular weight. Polymer chains consist of a distribution of shorter, rigid molecular
segments. This gives rise, especially when functionalized, to solubility not found in
shorter molecules and oligomers, but also to a distribution in physical properties and a
lack of order in polymeric thin films.

Recently, sequential synthetic routes to prebare well-defined molecules and
macromolecules has been demonstrated [J. M. Tour, “Conjugated Macromolecules of
Precise Length and Constitution. Organic Synthesis for the Construction of

Nanoarchitectures,” Chem. Rev. 96, 537 (1996), P. R. L. Malenfant, J. M. J. Frechet,

“The first solid-phase synthesis of oligothiophenes,” Chem. Comm., 23, 2657 (1998). )
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WO 2004/ 085346 PCT/ US2004/ 008401 by sol uti on-phase
chem cal techniques and on resins (solid supports).
wihdsmssaaee assenblies have been synt hesi zed, PCIAS2004/008401
techni ques do not enabl e assenbly onto surfaces.
Chem cal functionalization of short nolecules with
head groups that enable the 5 binding to and the
sel f-assenbly of nol ecul es onto surfaces has received
enornous attention. Once assenbled onto a surface
these nol ecul ar |ayers are known as self- assenbled
nmonol ayers (SAMs). These nol ecul es are typicall
by sofutivhhsisaseechemidal teehniqaies @ndcon tesing (solid §§HBP'33)f While some
conmon sol vents onto surfaces. Self-assenbled

asseﬁﬁﬂ@é Aueé EeEﬁ‘é?nmé%me\de theésectaehniques aotrotenablesassemisly onto
rriers, surface layers to alter 10 surface

rfal §n1stry, and resist layers. Conjugated SAMs have
SUnagee; ved particular interest as active layers in

nol ecu] a ectro n [ [
eemsaLtneyoTaatan of 8ol AFAB0Y RS V| R GRUpE A enable the
nol ecul ar sensors. The SA nvestl ?é@ ﬁbo dat e q&

binding o @adithe srlirassembiygtmne cigsRNl0 As §e‘é%"‘? ghormous
| onger nol ecul es, which may be interesting for

atterdiovi Opee %sen‘bled omigaa seifacethesarolenulae jayess ﬁ@/@\m as self-
been investigated. Ml ecular electronic and nenory

asseﬁ’ﬁné&b /1 sSAMY). Théseumolamidsiarectypicglly syrthesized and then
ul

dlng the desired functionality, such as

allo@q\lﬂsg) {)Blf‘%sa el dﬁlg'ffbnf\] Esniméﬁ%mntsw'csc‘swéees ssmﬁag@mnma

anges 1 n I ntranol ecul ar ch arge

sport ar ng fr
mong a(y@[sgg@\@r rqq'qﬁt'ted erggﬁgcplﬁ?giftgﬁ%o%céé ?fbhﬁarﬁ@s&a%{fé%ﬁéyérs to alter
20 scale transistaor is a necessary conponent for |ogic
SUl'f%QﬁmefHISWn@“CbFﬁﬁ'ﬂd@YQth en been referred to as the

holy grail of nolecular electronics. To build

noCenjugatedsSAMs haventsiceived pastieasintgrest @%@c’uvpn yers in molecular
channel length of a

electronic and photonic devices and have more recently been discussed as the active
layers in molecular sensors. The SAMs investigated to date are typically short
conjugated molecular segments as the longer molecules, which may be interesting for
devices, are no longer soluble and therefore have not been investigated. Molecular
electronic and memory devices are based on intramolecular charge transport and
building the desired functionality, such as switching, within the molecule. Molecular
sensors may also be based on changes in intramolecular charge transport arising from
the detection of an analyte by a receptor that is a part of the molecule. A molecular
scale transistor is a necessary component for logic applications and has often been
referred to as the holy grail of molecular electronics.

To build a molecular scale transistor is no small feat. The channel length of a
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3 WD 2004/ 085346 PCT/ US2004/ 008401 nol ecul ar
transistor is defined by the | ength of the nol ecule.
weizoa4l0asd4y, the nol ecul ar sw tchi ng nedi um i NPETSDMAY0S401

cell or the functionalized nolecule in a nolecul ar

sensor defines the interelectrode distance. In order

to attain a suitable "off-state" of a nol ecul ar

device in both transistors and nenory cells and a

measur abl e change in resistance in a 5 sensor, the

tunneling current between el ectrodes (source and drain

el ectrodes in a transistor) nust be suppressed. This
moleglikac émnsistanie defined by dine tamtrwﬁﬂmmolewge. hSimilarly, the molecular

hei ght in transistors and nmenory cells, respectively,

switc?ﬂf%ﬁéﬂitﬁﬁ o 8 rhé®oheedlt dr 1k fuhetioratized wheleale dbh auhol@ctlar sensor
nm3.0 nm[C. R Kagan, A Afzali, R Mrtel, L. M

o3 e o BLAFER, s Ayt e of g moecuer

oS B bRl A il BRF 516 Bneal AR istance n
and the length of the nolecule. is,6 al so constrai %3 [ .

sensgr,ibe duanelingrgusrent befwaan elecipdes (sQuUreg apdcrainlestrodes in a

and the requirenment to introduce a sufficient gate
trangistet)dnusthersppressed. hEhis planest alaseerdimit bo the cbanineldength or cell
channel. This may also be true in a chem ca

height ifiltaridtestarid mesicty eelld, aesseutively) anditherefore the length of the
sel f -assenbl ed conjugated nol ecul es 15 that have been

o LA IE I Y AR AR 5a00L ., Olrac ..
oG Sebrbleh ECEA GRS ang ARt TR A pdembiec
Monglayet Efel-riet TeAneRIorauang Feire: foh! (24} dhepwer mit on the
mol ecul ar species with different chem cal and physi cal '
charingh iangtin and éhel length efihg meleguleds dlspeensirainedh iy a molecular fieid-

conj ugat ed sel f-assenbl ed nol ecul es have been
effedtrirapsistoraiyeeleatrdstatibsand theerdupirementt to introducea suffisientgate field

of the desired nolecular functionality.
to modulate the conductance of the molecular channel. This may also be true in a
chemical field-effect transistor for sensing. The self-assembled conjugated molecules
that have been investigated are typically shorter than 2.5 nm-3.0 nm.

The desired functionality of a molecular device may necessitate the incorporation
of different molecular segments. The long-term vision of building the entire functionality
of a molecular device within the molecule may require the introduction of different
molecular species with different chemical and physical function. To date, only very
simple and short conjugated self-assembled molecules have been investigated and
therefore have not incorporated some of the desired molecular functionality.

Layer-by-layer assembly techniques have been used to prepare longer length

scale molecular assemblies on surfaces. One of the most developed assemblies grown
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Layer-by-| ayer assenbly techni ques have been used to
prepare |l onger |ength scale nol ecul ar assenblies on
woeuodsasexe One of the nost devel oped assenbl i eBCHUSLIN4/008401

4 WD 2004/ 085346 PCT/ US2004/ 008401 | ayer-by-Iayer is

the | ayered netal phosphates and phosphonates. The

films include nultivalent netal ions, e.g. Zr4', and

organic nolecules termnated with an acidic

functionality, such as a phosphonic acid [e.g., see

Cao, Hong; Mallouk, "Layered Metal Phosphates and

Phosphonates: From Crystals to Mnol ayers” Acc. Chem
layerdRydayers thée layered nstal phosphatessand pbosphdnatas.hihe filrse include

this method to align hyperpol arizable nolecules into

multivsest metdl idris2ieed. A, amdidiganiemetesaleanameingisd with an acidic
nonl i near opti cal effects (e.g., see U S. Patent Nos.

By A58 o pAE i 5, S o R A, 2L 5r e

S such a

Phosp B I BRSSO L AR <405, R s, 25

Layered Polymer Muilticonposites,” Science 277, 1232
420 ((1953)1-)]. This same techni que has al so been applied to
t he production of other nultilayers including
Cd¢adz and cpamdikers havenuséd this nietliod to aligh pyperpotarizaiMe molecules
Ru [e.g., see Page, Langnuir, "Coordi nate Coval ent

into getambiltiidyer fitay dititdnolsdddnayerder Ronlinedropticasfeci® te.g., see
Mol ecul aérj? Layer at a Time" 16, 1172, 15 ?3?000)]. Arrgeng

U.S. PaferNoy 5 £¥6498 ﬁ?,sgfﬂgze 1 Xisfigild i Y difoh& hhs Gido béBn

progressi oh 1 !’THI n e_ctrost at''c rnteractions
et BN TR R3CR IS RN, PR AP E BIGRp g moroanc
clusteialeig: oras Benbr (Ut Neneasses s {PUALR LRVAIpaRdymer
Muitilc.glfngfbgi‘t:ésl,&)ggiénce 277, 1232 (1997)]. This same technique has also been
applied'to the production of other multilayers including Co-diisocyanide, dithiols with Cu,
and pyrazines with Ru [e.g., see Page, Langmuir, “Coordinate Covalent Cobait-
Diisocyanide Multilayer Thin Films Grown One Molecular Layer at a Time” 16, 1172,
(2000)].

Among the existing examples, the driving force for the film progression is mainly
the electrostatic interactions between polycations and polyanions. Few examples
involve other types of interactions, such as hydrogen bond, covalent, or mixed covalent-
ionic. Recently the inventors demonstrated the use of strong covalent interactions,
rather than ionic interactions, between metals and ligands in a novel strategy to
assemble nearly perfectly packed mutilayers of metal-metal bonded supramolecules

and utilizated this approach in molecular devices (YOR920010784US1,

YOR920020094US1, C. Lin, C. R. Kagan, “Layer-by-Layer Growth of Metal-Metal
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20 rather than ionic interactions, between netals and
ligands in a novel strategy to assenble nearly
woeodsmstdsy packed nutil ayers of netal -nmetal bordeas2004/008401

supranol ecules and utilizated this approach in

nol ecul ar devi ces (YOR920010784US1, YOR920020094US1,

C. Lin, C R Kagan, "Layer-by-Layer G owth of

Metal - Metal 5 WD 2004/ 085346 PCT/ US2004/ 008401 Bonded

Supranol ecul ar Thin Filns and Its Use in the

Fabrication of Lateral Nanoscale Devices," J. Am

Chem Soc., 125, 336 (2003) ). Wiile there are a few
Bondeask Suprarsoletular Ihin Fitms langdis Wsa éimilie/Fabwicatjon of dlateral Nanoscale

i nteractions, none of the exanples allow for

Devices,” WoAnt. aTHsm. 80610125 368 (2003) J. Whilsahéresaretdfew examples of
optical, optoelectronic, electronic, and sensor

B J i f
layer-By PR s Brbly ARG e e e it ndte TR sXamidfes glow for

new Jjret hods .for .incorporating nolecules with | onger
Cafb°Hb‘iaé@§h‘ Epnaé‘?fﬂ?ﬂ?nand wth a wde range of

functionality are needed. Layer-by-|ayer assenbly

k@ RgaRess e aptical, ppiaelecieonic eleditonic ang sasos properties of

ext ended nol ecul ar structures, have not been 10
conjugatedmoleculad assemblies incsolidtstate applicatibns and devicebpdevelopment

necessary to formthe extended conjugated nol ecul ar

of nevapaetiibls fsr ih€drpbRAIngTHoleellcanmtt hgeP AfolecoliBVBRYtHsfand with a
THE | NVENTI (]\Ian Vi gw of the foreggi ng and ot her

wide %ﬁ@'cﬁqﬁnctgnéglgfvé}gtrﬁ%éd. ig.qﬁgpg%@%?%m%e&ﬁ@ds

venton senblies an I'S "a purpos

f th I t invention to ovi.de . a canj ugat.ed
atiracflye kol 8 TSR on AN Bl e iEn Fed dbveEoteen
demoﬁ%ﬁsrgtggl:fég theg%hﬁggér? 5# é’gr, Sog%ﬁ%ﬂbgﬁg%“ﬁfewh | ongto form the extended
nol ecul es) and allows for a w de range of
conjugaiedtimelegtiar gssemblies interesting for applications.

while
e

SUMMARY OF THE INVENTION
Jln view of the foregoing and other problems, disadvantages, and drawbacks of
the conventional assemblies and methods, it is a purpose of the present invention to
provide a conjugated molecular assembly (and method of fabricating the assembly)
which includes molecules with long molecular lengths (e.g., extended conjugated
molecules) and allows for a wide range of functionality.

In a first aspect, the present invention includes a conjugated molecular assembly
which includes a substrate, and an extended conjugated molecule attached to the
substrate. The extended conjugated molecule includes a first conjugated molecule
having a first functional group for attaching to the substrate, and a second conjugated

molecule which is covalently linked to the first conjugated molecule.
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In a first aspect, the present invention includes a

conj ugat ed nol ecul ar assenbly 20 which includes a
weubsimssdse, and an ext ended conjugat ed nol ecul BCT/US2004/008401

attached to the substrate. The extended conjugated

nol ecul e includes a first conjugated nol ecul e having

a first functional group for attaching to the

substrate, and a second conjugated nolecule which is

covalently linked to the first conjugated nolecule. 6

WD 2004/ 085346 PCT/ US2004/ 008401 The present invention

al so i ncludes an inventive nethod of %@%Liéa%hgﬁ'a'
c Thpyyesest invendian also inaledan 3n inveative maippd oF FRKTcglng a
i ncludes applying a first conjugated nol ecul e havin

conjugatdd mbldoutart asseaiblyr Thepinventivesmethodhinludesdapplying a first
covalently Ilinking a second conjugated nolecule to

tLfrsPRInRGiBhal droup @na sobsthatexawd devalent!
°°"’L@a§e{"é‘??é§mhg§9 ééﬁrSSpeC| fi caq I y? the invent |?(ve y

t hod t
inkingh, Srare gl blSEuf BHe Afst cBARIdHEA hdleile g form an
assenblies. Mre rticularly, the present i nventi on
extengdesl ganiugat eﬁé‘éﬂ'@"g@r car bon- car bon bond fornmation of

extended conjugated nol ecul ar  as lies anpnd for, th
i Bpasifically thednventivegnethodrpakiny eew'%qr@trucﬂon of
impart functionality into nol ecul ar. assenbli es.

covaRshilytinked asbemblies efitonjugatetinolepulaviagsemblies. nMﬂﬁe paglcularly, the
nol ecul ar el ectronic device. The device may include

presé ﬁﬁ@nt r@'&/ﬁlé% é Rtiaf8 Jo €arBon-caeburs Boad forehiation of extended
ectro a nol ecul ar nedi um ext endi ng

conj@%{ié@ gﬁ&%‘ﬁggr a@é@nﬁfbseéﬁd:fdr'tﬁé‘h{é%dtﬁ%h o H%reﬁt%@!écular species

source regl on raln region and

nol ecul ar dj th| is f transi stors and
to impardypconafi ﬂg%{){ V?Sﬁg‘{m%g two el ectrodes
I nterposed with a m)I ecul ar di um, ext endi n .
t hlerasdsitiane &he prasent invengon PEANRSS AR N EEYe,eleqylar electronic

device. The device may include source and drain regions (e.g., source and drain
electrodes), a molecular medium extending therebetween, and an electrically insulating
layer between the source region, the drain region and the molecular medium (this is for
transistors and sensors). The device may include two electrodes interposed with a
molecular medium extending therebetween (this is for memory and sensors).The
inventive molecular device may be used for memory or logic or sensor devices. The
molecular medium in the molecular device according to the present invention includes
an extended conjugated molecular assembly which may be prepared by stepwise
construction.

More specifically, the present invention provides a method for constructing
assemblies of conjugated molecular assemblies of controlled length and molecular

constitution on surfaces.
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i nventive nol ecul ar device may be used for nenory or

| ogi ¢ or sensor devices. The nolecular nediumin the
wounbemsszas devi ce according to the present i nveariusmo4/008401

i ncludes an extended conjugated nol ecul ar assenbly

whi ch may be prepared by stepw se 20 construction

More specifically, the present invention provides a

nmet hod for constructing assenblies of conjugated

nol ecul ar assenblies of controlled | ength and

nmol ecul ar constitution on surfaces. 7 WO 2004/ 085346

oo R BB ReeeoRERT By o v'réi?rﬁ?@awfage of
subssslip Rk aleStlar COTPOUREEBESENIAY ML ipulanf Moiecule-G2, o

first nol ecul ar conpound on the substrate, where Gl

produee aydimerdayenef thedinst moleoplar compouadanrt thegsubistrate, nthere G1
surface of the substrate; & includes 5 a functional

incluges uﬁuﬁeﬁorraegmummrwmtbra@ngwmﬁacea&%é stBbieate! 62 includes

and Mol ecul es includes a conjugated organi c group

a fur?ggﬁﬁggrbﬁ‘)@r et w@ﬁé"%ﬁl?ébglg Rgn %HHQE ggélgff@%t ?éﬁ Mbieulen

ecular c

o8 RS b BT Bt i e

f or mul | ecul e2-4, and is capable of reacting

with aﬁﬁqo mﬁ@eﬁf&ﬁwp@uw to pepduse seovalently linkedrmaleculas layer on
sequentially grown assenbly having covalently |inked

the prionerdayer; thessecdrid mslecutarcompouadsming asypreséhted by the formula G3-
nonol ayer. The nmethod nmay al so include sequentially

Molecale2aG4nand fedpatle of rRIAG WithnaridiRe SRALENERizER Molecule, to
woul d be a third nol ecul ar conpound) nol ecul ar

prOd(ﬁ}géngﬁag?m'é@ ﬁ’ovﬁlt aés%ﬁ?dly RAGiRg 'dVARNHD Gihkéd hidlgetilifassemblies
bound to a self-assembled monolayer. The method may also include sequentially
repeating reacting a second (in the sequence this would be a third molecular
compound) molecular compound with G4 at least once to further extend the molecular
assembly.

In another example, the inventive method includes applying onto a surface of a

substrate a first molecular compound represented by the fdrmula G1-Molecule1to

- produce a primer layer of the-first molecular compound.on the substrate, where. G1...

includes a functional group capable of interacting with the surface of the substrate and
Molecule1 includes a functional organic group bonded to G1, treating the end of the
molecular layer G1-Molecule1 to form a compound G1-Molecule1-G2, where G2
includes a functional group for reacting with a subsequently added molecule, reacting
the primer with a molecular assembly to produce a covalently linked molecular layer on

the primer layer; the molecular layer being selected from the group consisting of
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15 I n another exanple, the inventive nethod includes
applying onto a surface of a substrate a first
woub@msszas conpound represented by the fornmul aPCT/US2004/008401

Gl- Mol ecul el to produce a priner |ayer of the. first

nol ecul ar conpound. -on. the substrate, where. G1....

i ncludes a functional group capable of interacting

with the surface of the substrate and Mol ecul el

i ncludes a functional organic group bonded to GI,

treating the end of the 20 nol ecul ar | ayer

G -Mleculel to forma conmpound GL- Ml ecul el -&, where
compgdinds fépregented b‘gtmetfbmhggommias @3-Meiextiile?) add preparing an end

subsequent |y added nol ecule, reacting the primer with

of the?rsoé‘@n‘aclﬂb%%u%?%ﬁdm%ﬂ{ Q%‘@@tlin@ AR igroup 88'G4 where G4

ecul ar Tayer the prinmer |ayer; the nolecul ar

. bei { sti .
inctudd 3608 B SRRt LREAPAE €2, A Shoale ool wit
he foll ow f I - Mol I . [ .
anothardungionaiesC el aIRP STt  SFEURRIATY Qe HRs0igth faving
functional group as G4, where &4 includes the_sanme or
covaleintly éinked nfoleatiesboundytoaseifassemblgdimogolayesdiwihar, the method

reacting with another functionalized nolecule, to

may Rfcnmc@éc‘memanwmgealﬁhg tiye trenting $ebhy ohthe molesular layer G1-
covalently linked nol ecul es bound to a sel f-assenbl ed

Mole@%@'éﬁ%&ﬁg\ﬁd;éééeﬂgéﬁaan ehe dfthé edcor@inoldtliarsbmpound at least once to

seque ting the treating the end of the

nol ecul, ar | ayer - ul el and the preparing an end
furthgy e’fetﬁ@d %H%%%%ﬁ%bqgonpound at | east once to

further extend the no]ecuyl ar S Ly. Alternatiyel .

ovhiam AR Ao metscal e g T plierivs SRSSRhlf by combine

may conbine 10 or nodify portions of the

or madifwportions of thedabamendescribeddpethods ip ceupledgolesHiese These other
ot her nmethods may include, for exanple,

mettRidethap ciides forfepdinggenelotrastatic, yainogsn bondihgnipﬂimﬁavalent, and

m xed 1onic-coval ent interactions, which are known in
mixedN8nildovaltint iiterdicBshs, ashieRTagéknown in the art, or by electrochemical
coupling.

More particularly, the present invention provides a method for preparing an
assembly having an extended conjugated assembly. For example, one example (e.g.,
Route A in Figure 3) of the method includes applying onto a surface of a substrate a first
molecular compound represented by the formula G1-Molecule1-G2 to produce a primer
layer of the first linker compound; where G1 is selected from the group consisting of
silane, phosphonic acid, hydroxamic acid, isocyanide, and thiol, G2 is selected from the
group consisting of halogens, diazo, ethynyl, trialkyl tin, boronic acid, zinc halide, and

hydrogen, Moleculet is selected from the following groups represented by chemical

formulas 1-11:



coupling. Mire particularly, the present invention
provi des a nmethod for preparing an 15 assenbly havi ng
wanoessaded conj ugated assenbly. For exanpl e, PONAIS2004/008401

exanple (e.g., Route Ain Figure 3) of the nethod

i ncludes applying onto a surface of a substrate a
first nol ecular conpound represented by the fornul a
Gl- Mol ecul el -& to produce a priner |ayer of the
first linker conpound; where G is selected fromthe
grouRNconqﬁsting of silane, phosphonic aeid, y,
hydr @Xam ¢ "aci dy i socyanide, and thiol, G2\li
0 group consi st *pg of*2hal ogens,

et hy tin, bor cid, zind , and
hydrp el is s romthe ¥g i"ng
groupg represented by chery mf or mul as %-11: YO WO
2004/ PCT/ U32004/ 008401 W W2 Y, y2 XI X2 W8 W

SM! Y3 Y41 .23V, V2U,WRT, T2 Nh V§ V40 T3
11 458'& 3\ \\ IDS %6

Vi V2 U, U, T T2
{Q_—_%} ) B
i N h
Vi V4 I R : E s l
5

» wherein M is a metal, R
8
5 7
1 Ra Py
O
Ry Rs , 2 Po
9 10 11
10
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wherein Mis a netal., g, ! ! 78 5RF R R3
g2, 9 10 11 10 10 WD 2004/ 085346 PCT/ US2004/ 008401 or
wany4psfdas nati on thereof. I n addition, the nmetRowUS2004/008401

includes reacting the prinmer wwth a nol ecul ar
assenbly to produce a covalently Iinked nol ecul ar
| ayer on the priner layer; the nolecular |ayer being
sel ected fromthe group consisting of compounds
represented by the follow ng fornula G3- Ml ecul e2- 4,
where Ml ecul e2 may be the sanme or a 5 different
nol ecul ar species as Ml eculel and selected fromthe

or anyr crpbination thereof. cineaddition, ftbe mathod includessreactiegithe primer with a
above, or any conbination thereof, and where G4 may

moleetldr e sembly @sprotudé hfc&fv@téntlwmkéd Wécméplalyér bhale EAmer layer;
but is capable of reacting wth another

the rhyiREhlaf lh;)eir B‘éﬁg’@%@&% Sron] fife Hﬁh@o&atd%?s)fm@' o?%oh‘[lfddﬁﬁ@ represented

se uent ating steps reac

by thé il RS rrpufé"‘%@ﬁ\@sg@%@ Zi@bﬁ%‘ﬂ%%ﬁﬁ%ﬁd“%? ﬂweaame ora

... ol ecul ar assenblies bound to the self-assenbled
differant malgeiiar speaies asiMalesylet and selrcted from thetgreupshpving a
i nclude the steps of Route B in Figure 4
chemical formula 1-11 described above, or any combination thereof, and where G4 may

be the same as or different functional groups than G2, but is capable of reacting with
another functionalized molecule. The method may also include sequentiaily repeating
steps the step of reacting with another molecule at least once to produce the
sequentially grown assembly having covalently linked molecular assemblies bound to
the self-assembled monolayers.

Alternatively, the inventive method may include the steps of Route B in Figure 4
which includes applying onto a surface of a substrate a first molecular compound
represent by the formula G1-Molecule1, to produce a primer layer of the first linker
compound; where G1 is selected from the group consisting of: silane, phosphonic acid,
hydroxamic acid, isocyanide, and thiol; Molecule1 is selected from the groups having
chemical formulas 1-11, as described above, or any combination thereof. In addition,
the method includes treating the end of the molecular layer G1-Molecule1 to prepare
G1-Molecule1-G2, where G2 is selected from the group consisting of: halogens, trialkyl
tin, diazo, ethynyl, boronic acid, zinc halide, hydrogen, and vinyl, and reacting the
primer with a molecular assembly to produce a covalently linked molecular layer on the
primer layer; the molecular layer being selected from the group consisting of

compounds represented by the following formula G3-Molecule2 , where Molecule2 may
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whi ch includes applying onto a surface of a substrate
a first nol ecular conpound represent by the formula
wGRedsesl el , to produce a priner |ayer of tReTfiS2®YE/008401

| i nker 15 conpound; where G is selected fromthe
group consisting of. silane, phosphonic acid,
hydroxam ¢ acid, isocyanide, and thiol; Mleculel is
selected fromthe groups having chem cal fornulas
1- 11, as described above, or any conbi nation thereof.
In addition, the nethod includes treating the end of
t he nnlecular | ayer G -Moleculel to prepare

be thelsavé oc aldifferent melesularapeciessas Moleqylet apd saleciadiipm the
consi sting of. halogens, trialkyl 20 tin, diazo,

group$ Ruving.théehemical farimllas 11 , las| deseribey aboge,nor amdcomblnatlon
vinyl, and reacting the prinmer with a nol ecul ar

therafb? S %ﬁH (?feg% iy (REWTRI &f the\ride@tmiglecURir fayerlitical r@dcting functional

prinmer |ayer; the nolecular |ayer being

aroup3 e@ée@aéfgﬂﬁwﬁa%%ﬁ%&@ﬁ% 34 Py AR o than G2

Vol | e2 WD, 2004/ 08534
but imGap ki g6 1P ARBA0NTLaNothEr LinslonRIzEa Mplagtis, Theymethadmay also

speci es as Mol ecul el and selected fromthe r oups
include\seqyentiallyompeating stepsalireactingithe ragleee@@nﬁe@payaaéhe end
or any conbi nation thereof., and preparing the end of
groupht leald @ncetd produre the;sequenhéﬂyagmwmsseg\blw havingredvalently
group as 4, wherein &4 may be the sane as or

nnke@ hbRICARy a§§éﬁbh@§‘%ur§ﬂ R ddiRasdembled éndlaysrepabl e

reacting with another functionalized Ml ecule. The
*B%ﬁ&%% 3Bioh R Prafges o & atediiR Heviy AinkRanaity
introéyg%&%?&oﬁgﬁﬁq&%c%{ﬁ%nﬂﬂ%ﬁ&“s%qsﬁ&ée”t' Folgtyidf 888cies. Such
assenblies bound to the sel f-assenbl ed ponol ayer The
assqinlissnean e pranased Py ithe s1ethed araridingio BR P wen‘t'f-’ﬁ

havi ng functionality 10 introduced by constructing
as¥heiprésent inientjod ialsoeinetudeswl molﬂcalarsjwmeewhlcsuwudes an

extended conjugated molecular assembly according to the present invention. For |
example, the device may include a substrate (e.;g., Au, Pd, indium tin oxide, ZrO2,
SiO,), a source region and drain region which are adjacent to the substrate, and a
molecular medium including an extended conjugated molecule formed between the
source region and drain region.

For example, thé inventive molecular device may include a source region and a
drain region, a molecular medium extending between the source region and the drain
region, and an electrically insulating layer between the source region, the drain region
and the molecular medium. The device may be modified, for instance, to include a
floating electrode formed on the insulating layer between two portions of the molecular

medium.

12
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assenblies can be prepared by the nethod according to
the present invention. The present invention also
wonaei4odexca nol ecul ar devi ce which includes anPCT/US2004/008401
ext ended conj ugat ed nol ecul ar assenbly according to
the present invention. For exanple, the device nmay
i nclude a substrate (e.g., Au, Pd, indiumtin oxide,
Zr02, 15 Si02), a source region and drain region which
are adjacent to the substrate, and a nolecul ar nmedi um
i ncl udi ng an extended conjugated nol ecul e forned
b the sourgce region gnd drain re ion.
oD ABhet BRamii dhe @8R Base e sayiceregiansand a drain
source region and a drain region, a nolecular medi um
regiop, @ leedabaediun extrnding bebveasythersaunce regioniandthe Aeain region,
region, and an electrically insulating | ayer between
the mdiecuatumediune ficluding lae assembly haiing Méh@ed@bﬁjagbl@d molecular
medi um The device may be nodified, for instance,

asseimbh) (@% preﬁdr@@by@e;ﬁhi@étdoﬁgﬁuéﬁﬁﬁg fe!goﬁ Hégbéédl iiPspaced

| ayer between two portl ons of the rmlgecu

i ORISR 0 s o

|on a nol.ecul ar, nedi ext en .
gate Pl ?t%sg P 78510k 5 ST retien @t MaleaHar edium. The
nol ecul ar nedi um i ncl udi ng an assenbly haV|
deV'Céﬂ‘%Y] E@d"%ﬂ?%gfgf wtamee@m@lude@sfmwle@r@ge formed on the
prepared by stepw se construction), a gate region
lnsulanngday@lbbetwegpawecpcﬁtlan@ atﬁmylotanuldn enedilmcul ar
medi um and an electrically insulating | ayer between

t ireangihee example) the thvdhtive muoleculaEdéide ind\Ried #58urce region and
regi on and the rml ecul ar medium The device may %

a dralm‘ébfdne% mf)%(:ul | ns Gﬁ\ é)&e g%‘%‘fw?ev\e %M}ge?%fl‘&h:@%ethe drain

formed on t atlng WO po
regloﬁf t he nol ecul ar nedi um

In another example, the molecular device includes a source region and a drain
region, a molecular medium extending between the source region and the drain region
(e.g., either vertically or laterally), the molecular medium including an assembly having
an extended conjugated molecular assembly (e.g., prepared by stepwise construction),
and a gate region disposed in spaced adjacency to the molecular medium, and an
electrically insulating layer between the gate region and the source region, the drain
region and the molecular medium

With its unique and novel features, the present invention includes a conjugated
molecular assembly (and method of fabricating the assembly) which includes
molecules with long molecular lengths (e.g., extended conjugated molecules) and
allows for a wide range of functionality. The present invention also provides an

improved molecular device having improved electrical or sensor properties.

13
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I n anot her exanple, the inventive nol ecul ar device

i ncludes a source region and 10 a drain region, a
wounbemsszas nedi um ext endi ng bet ween t he sour cePCEQISL004/008401

and the drain region In another exanple, the

nol ecul ar device includes a source region and a drain

regi on, a nolecul ar nmedi um ext endi ng between the

source region and the drain region (e.g., either

vertically or laterally), the nolecul ar nmedi um

i ncludi ng an assenbly having 15 an extended conj ugated

nol ecul ar assenbly (e.g., prepared by stepw se

construction), and a gate region disposed in spaced

adj acency to the molecul ar nedi u nd an

el ectri cal | BRIGFUPESGRIPTION OBt %QRA“@N% e region

and the source region, the drain region and the

Mhecfordgoingatiduwthsy oihjectssaspaats and advaniagesiveill ther wtter

the present invention includes a conjugated 20

under§®b8 ‘#Hn@fhé‘ﬁ)‘ﬂémg’ dét%ﬂéd Héédftﬁﬂloﬂfoff ﬁ@fén‘eﬁ‘i émBotiifents of the

asse Y) includes nolecules wth |ong

mvent@ \&ﬁl‘i’ }éﬂa érﬁfﬁbq a\grn]gs exhinided conj ugat ed

ot a w de range of

T#Eﬁ%'vﬁﬂﬁ‘ﬁtrp The REdplegi Ry enamBbEfog AR R the

or sensor propertl es 13 WO 2004/ 085346
presepidmye/siom4/ 008401 BRI EF DESCRI PTI ON OF THE DRAW NGS
The foregoi ng and ot her objects, aspects and
aEigare 2dlestratdd a reetbed 260 of taln‘ie:atin@ accdnjugated enolecular assembly
foll owi ng detail ed description of preferred

accor@m@qgm@p;e%em ifveAtio® i nvention with reference to the
drawings, in which: Figure 1 illustrates a conjugated
bﬁ I?B |m§§tﬁd@|e§4eﬂ$@ar9‘fﬁémgd§gob 0468'S00P 6BBSH Fabricating a
conjugated molecular assembly according to the present invention,
| Figures 7A-7B illustrate examples of a donor-acceptor assembly 700, and a
molecular assembly with redox-active species 750, respectively, which may be
fabricated according to the present invention;

Figure 8 illustrates a molecular device 800 (e.g., a 2-terminal lateral device
structure) including an extended conjugated molecular layer as the active switching
medium between two electrodes, according to the present invention;

Figure 9 illustrates a molecular device 900 (e.g., a 2-terminal lateral device
structure) includiné an extended conjugated molecular layer as the active switching
medium with a floating electrode between two electrodes, according to the present
invention; |

Figure 10 illustrates a molecular device 1000 (e.g., a 3-terminal lateral device

structure) including an extended conjugated molecular layer as the active switching

14
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Figure 2 illustrates a nethod 200 of fabricating a

conj ugat ed nol ecul ar assenbly according to the
wonres@ssd4s nvention; 10 Figures 3-6 illustrate egemsk@iywos401

nmet hods 300, 400, 500, 600 of fabricating a

conj ugat ed nol ecul ar assenbly according to the present

invention; Figures 7A-7B illustrate exanples of a

donor -accept or assenbly 700, and a nol ecul ar assenbly

wi th redox-active species 750, respectively, which may

be fabricated according to the present invention; 15

medifindaetwesn isourss aid gfaid é?é&tﬁfdésadndj@égd%éteﬁoﬁ)%ﬁﬁgg gate'electrade by

2-terminal |ateral device structur I ncl udi

an inﬂéﬁ,ﬁ@é&&&ﬁgglsSﬁfég@ﬁweﬁiohayer as the active

swi t chi ng ween two el ectrodes, according to

t ' ntion; Figure 9 j strates a, :
bR TS Agleoulay evbe 00 (R 61n T iareinal ateral device
t devi.ce structure) including an extended conjugated
structire)dpeikding afy extended konjugated makeculan layer avtheeattive switching
with a floating el ectrode between two el ectrodes,

mediymandcn figating eleotrpde between suersl i diimeleetrd@es and separated
illustrates a nol ecul ar device 1000 (e.g., a

from thetgateielettrddatisy ah IMRNABE acEbFdiRd 1 e ﬂ:r‘é%be%tUIQQ/licfh;

ext ended conjugated nol ecul ar [ ayer as the ac

SP HOGI ; 004/ 008401 medi u .

P TRk SRR 3ok 0038 d e 2dB Pl yertical devioe

‘ lLectr an |[nsul ator, according to the
structf®d 360G AFE18Rde E¥gulBelet fofecdlar e s therastive switching
d.de&ig& 1100 %@*ﬁ:, a 3-termnal l|ateral device

mediury og %ﬁ'bf‘)'v? gdgs, aspossingriadie prasent nvedtion ecul ar

| ayer as _the active switching 5 nmedium and a fl oating

efigere dadlustraiesca majeewsr devicer1a00 (elgecd Badrminandertical device

separ at ed ' '
structure) including an extended conjugated molecular layer as the active switching
medium between source and drain electrodes and separated from the gate electrode by
an insulator, according to the present invention: and

Figures 14A-14B illustrate a molecular sensor 1400, 1450 including an extended

conjugated system functionalized with receptors as the active sensing medium between

two electrodes (e.g., source and drain electrodes), according to the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF THE INVENTION
Referring now to the drawings, Figure 1 illustrates a conjugated molecular
assembly 100 according to the present invention. As shown in Figure 1, the inventive
molecular assembly 100 includes a substrate 110, and an extended conjugated

molecule 120 which includes a first conjugated molecule 130 which is formed on the

15
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fromthe gate el ectrode by an, insulator, according to
the present invention; Figure 12 illustrates a

wounbemsszas devi ce 1200 (e.g., a 2-term nal ver PCTAIS2004/008401
device structure) including an extended conjugated
nol ecul ar | ayer as the active switching nedium
bet ween two el ectrodes, according to the present
invention; 10 Figure 13 illustrates a nol ecul ar device
1300 (e.g., a 3-termnal vertical device structure)
i ncl udi ng an extended conjugated nol ecul ar | ayer as

t ti it ch A i c i
substiztg 10, 308 et i HDIFREAA0 30 EEodMeritiinked to the
selr-cEneuhio ol 180 ELRbE o oo aRbud T4B TS a20a 5E8d urctona

. 1450 including an extended 15 conjugated system
groug)unay berusedAedttach fe.ge handaradsorplibe dirst cariugated mplecule to the
medi um between two el ectrodes (e.g., source and drain

substfatecttdes), according to the present invention.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS OF

I"#ﬁel' ;Méé'éﬁ(‘t iVErRfbrRakS iHdinde @irventie nittaud bEfabricatng &

ustrates a conjugated nol ecul ar assenbly 100
.accordin S [ teh: i '
coniuBie) el arBniE B8 sroRf 3 idie 2 1nG Vet mictiba 200
. substrate an, ext ended conjugated. . l e
includss Ry G0 ades BhjaREd ERTpGiR (S A" Mg ¥ 1R fyfotional group)
which is forned on the 15 WO 2004/ 085346
on a patstseoend cosalently indng £220) a1 seconscaniugatad molecule to the first
conj ugat ed nol ecul e 140 which is covalently linked to
conjlidited sediéculs $e fdrivean sxiended conjg@ated-malenstle. a
~functional group 150 (e.g., a head functional group)

A R 7 s spte ctembon tciogus
molecules on a self-assembled monolayer to form a covalently linked assembly (e.g., a
conjugated molecular assembly). More particularly, the assembly may be connected
through carbon-carbon covalent bonds. Such a structure may have many applications
in solid-state molecular electronic, optoelectronic, optical, and sensor applications.

More specifically, the inventive assembly 100 may be prepared by repeated
sequential construction of small molecules to produce molecules of controlled length
and chemic;al constitution. 'I:he inventive method 200 of fabricating the assembly may
be considered self-assembling, stepwise, and tunable.

Upon application onto a substrate, the conjugated molecule of the self
assembled monolayer 130 is adsorbed (or chemically bonded) on the substrate.
Thereafter, at least one additional conjugated molecule (e.g., a plurality of conjugated

molecules) may be added (e.g., sequentially added) end-to-end so as to form an

extended segment. Thus, a layer-by-layer growth of the assemblies can be achieved by
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5 The present invention also includes an inventive
nmet hod of fabricating a conjugated nol ecul ar

weazsewissite As shown in Figure 2, the inventivePOEUSO@4/008401
200 includes applying (210) a first conjugated
nol ecule (e.g., having a first functional group) on a
substrate, and covalently |linking (220) a second
conjugated nolecule to the first conjugated nol ecul e
to form an extended conjugated nol ecul e. 10 The
i nventive nmethod may include the stepw se construction

of conj ugat ed |l .ecul.es . - I -
this “sfepwios AbIoAG ERtngh the rol2oBind pHS3HBios o BRYBUM layer-by
conj ugat ed nol ecul ar assenbly). Mre particularly, the
layer tastherda@sireddgngtb. connect ed t hrough car bon- car bon
coval ent bonds. Such a structure may have many
appdrieexémplary embodiments the inveotive riethod may inglyide:
opt oel ectronic, optical, and sensor applications. 15
Nflge Saeﬁlgfdg%ﬂtbh surhfeel ofeesubistate asirsbnpletitarrompsand
pt epared Dy repeated sequential construction of snal

’emﬁgﬁhggﬁ%ﬁﬁ%gﬁ"ﬁgﬁg?ffu??gﬁ?“'es of controlled I ength

The inventive nmethod 200 of
fabricating the ass I consi dered
sel f-assenbl i ng, stégawéggaéﬂdg?unable. Upon
application onto_a substrate, the conjpgated nol.ecul
to prasfucetaperser layer of theiysta rﬁ%\’%‘éﬁ&ﬁ%%‘?ﬁ ag(‘&Pere G1
chem cal |y bonded) on the substrate. Thereafter, a%
includesa furstienabigiioupasapiableoof] intpsacting with dhe sugfaceyof thg su strate, G2
plurality of conjugated nolecules) my be added
includés & functRAaPgioup éanmwemeaenm witharladdedimdlecui@randaolecule
ext ended segnent. Thus, a | ayer-by-layer growth of the

S STBT ERA B5 R oM o5030n nd o2

approach. Further,

fg%g‘&l{@'g? % %ﬁgwg%égiggée%téﬁﬂohﬂlﬂ&ﬂﬂplc.%\‘\gfstiﬁg of compounds

‘represented by the following formulas 1-11:

Wy Wz Y'_ Yo

3 Y.
Ws W, , m s

[\ [\

2
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In one exenplary enbodi nent, the inventive nethod may
include: (1) applying onto a surface of a substrate a
woiomiossab ecul ar compound 5 represented by theCT/US2004/008401

formul a; Gl- Mol eculel-G&G to produce a priner |ayer of
the first nol ecul ar conpound on the substrate, where

GL includes a functional group capable of interacting
with the surface of the substrate, &G includes a
functional group capable of reacting with an added

d

nol ecul b{ ecul el 10 includes an organic group
(e.g nol ecul e) bonded to GL and &; the
conj u§ e being selected fromthe group

consi St iy ( jounds represented by the foll ow ng
f or mullasp<4¢ T WL vw Yt Yz x xZ .- k VB W m3 Y4 2 3

V, VZIOUYWAIA A ~~h 15" v4 T3 (4.6 \17 WO
2004/ 0853 ! ;SZO 4/ 008401 \ s~ mhéf%%n}\ﬂis a
net al , * 7+ whereinMis a metal 9,
7 8
Ry Rz Py
E : “}: \ / e ( )u
Ry R , 2 Py
9 10 11

and a combination thereof; where each of R, S, T, U, V, W, X, Y, and Z is a substituent

(e.g., a hydrogen, an organic group or non-organic group), and where d, e, f, g, h, i, j, k,
m, n, include integers from 1 to 10;

(2) applying onto Molecule1 a second molecular compound represented by the
formula:

G3-Molecule2-G4

to produce an extended conjugated molecular assembly, where G3 and G4 are fhe
same or different functional groups capable of reacting with Molecule1-G2; and
Molecule2 is an organic group (e.g., a conjugated molecule) bonded to G3 and G4.
Further, Molecule2 may include an organic group selected from the above described
groups having chemical formulas 1-11, and may be the same as Molecule 1 or different

than Molecule1.
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I gRt RZPIl f\/ eRARB2P39101f 5 and a

conbi nation thereof; where each of R S, T, U, V, W
w2004/08583d Z i s a substituent (e.g., a hydrogeaT/uamo4/008401

organi ¢ group or non-organi c group), and where d, e,

f, g, h, i, j, k, m n, include integers from1l to

10; (2) applying onto Ml eculel a second nol ecul ar

conmpound represented by the fornula: 10

&3- Mol ecul e2-&A to produce an extended conjugated

nol ecul ar assenbly, where G3 and (4 are the sane or

different functional grou apabl e of reacti wth ..
vEheter, 42)-aeve-may bastesbignbially Snaated tnproduge E*?ﬁ)sequent'a"v
(e.g., a conjugated nol ecule) bonded to G3 and

growr(e.ghéayer byllayar) assemblyi havingieovalentiytinies @P@&Hlaf assemblies
sel ected fromthe above descri bed 15 groups havi ng

bound ketHecsdli-Assambbled Mordlayersd nay be the sane as
Mol ecul e | or different than Mdleculel. 18 WD

29%/ I nﬁfft}r‘néﬁ% Qﬁfﬂc@@ﬁ%@hdfééﬁl@ %ctoﬁ'Zéncﬁbﬂié? S’lcal and

be se n'tl a eated to produce the sequentl al

e s o il AE R BB Rt gice. i
featufs may BeoHPeGHOrUN 40 BHVBERTOPSHEs AT i2e MG BaResgmply (for
example absorption, fluorescene, polarizability, electronegativity, ability to hydrogen
bond, coordination to metals), and also to prepare donor-acceptor compounds, redox-
active assemblies, and assemblies functionalized with receptors §ensitive to chemical or
biological agents.

Further, these steps can be combined with other coupling reactions known in the
art. Preferably, the conjugated molecular assembly 100 (e.g., the assembiy) has from 1
to 60 conjugated molecular monomers.

Further, the inventive assembly 100 (e.g., assembly) may be deposited from a
liquid solution and therefore, the assembly 100 may be deposited on substrates having
a diverse topography and configuration.

Referring again to the Figures, Figure 3 illustrates an example (e.g., Route A) of
the inventive method. Specifically, Figure 3 illustrates a stepwise construction method

which may be used according to the present invention to fabricate extended conjugated

molecular compounds on a substrate. (In Figure 3, the symbol *len represents a
molecule which may be reacted with another molecule to form carbon-carbon bonds

therebetween).
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5 chem cal properties of each |ayer can be tuned by

varyi ng the nol ecul es added. This feature may be used
woOaod4msss4s he physical properties of the nol ecubar/us2004/008401

assenbly (for exanple absorption, fluorescene,

pol ari zability, electronegativity, ability to hydrogen

bond, coordination to netals), and also to prepare

donor - accept or conpounds, redox- active assenbli es,

and assenblies functionalized with receptors sensitive

to chem cal or 10 biological agents. Further, these

afooa A i g3, #En ?%@“%%W%?%‘ZM@QWQ%W”Q (310) 2
et dnEEhAl ORREEY et el il B 2258 il Ty Eboone

i nventive assenbly as errbl y) be
comméwg éHOKePHWaG‘*i@,the @itgomoyﬂﬂcta f%mwﬁl@ sebsteate, an

the assenbly 100 nay be deposited on substrates having
extendet] cenjugatedpogleepley and configuration. Referring

again to the Figures, Figure 3 illustrates an exanple
(e.g., Route A) of Gt-MolecuienMolecie!cyl.
Specifically, Figure 3 illustrates a stepw se
I. .
NoteRABehtHE R, fRATe2 G il 06 sHRelr RaRiadic d gymbine) so

o e Bl i SO BTl %beéhod 300 may

reacted with er e to formcarbon-c
alsog@gieagﬂ@,a@g (2};30) altb z[\go lecule3- 6(|e repeating
PCT/ US2004/ 008401 As shown in F| gure 3, the inventive

step #80hdu opds tadyrthershderd thepconjugatedrodleaulef i r st

conmpound Gl- Mol eculel -& to a substrate surface,
apfigyiey i3 alescarmticamakanplerie ) dR6BeN®) ofahé dArchtive @nethod

the first conmpound to formon the substrate, an
Specifically, Figure 4 illustrates another stepwise construction method used according
to the present invention to fabricate extended conjugated molecular compounds on a
substrate.

As shown in Figure 4, the inventive method 400 may include applying (410) a
first compound G1-Molecule1 to a substrate surface, applying (420) a functional group
G2 (e.g,. a tail end functional group) onto Molecule1, and applying (430) a compouﬁd
Molecule 2 so that Molecule 2 bonds (e.g., forms a carbon-carbon covalent bond) with
Molecule1, and replaces functional group G2.

- The method 400 may also include repeating (440) earlier steps (e.g,. steps (420)
and (430)) to further extend the extended conjugated molecule.

In addition, it should be noted that aspects of these inventive methods 300, 400

may be combined and modified to fabricate the inventive assembly. For example, steps

(410) and (420) of method 400 may be performed to generate the compound G1-
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ext ended conjugated nolecule 5 G 1- Mol ecul e

-Mol ecul e2-G4 Note that in this case, groups & and G3
wory4mssael ected to interact (e.g., conbine) SBCTAS2(08/008401

be replaced with a bond between Ml ecul el and

Mol ecul e2. The nethod 300 may also include again

applying (330) a third conpound G5- Ml ecul e3-G6 (i.e

repeating step 320), in order to further extend the

conj ugated nol ecule. 10 Figure 4 illustrates another

exanple (e.g., Route B) of the inventive method.

MoleAR9-G2 5 4 ¥ub§¥%€‘ &%réc I Fvdn 3&% ?{l@t ?ﬁ@ ef{dPIOF Fay be

construction ne USG accor present

perfoirii f atetse e comBpin & RS AMAEATETE G e hubstrate

i nventive nethod 400 may include applying (410) a 15
surfage,rand 8®APound G - Mol ecul el to a substrate surface,

appl ying (420) a functional group & (e.g,. a tail

eRefémingtagaimio Higuop)l, withsespecidathe substhate dd0yany suitable

(430) a conpound Molecule 2 so that Ml ecul e 2 bonds

mateflﬁl ¢an bé Qéé@ Suitablecsubseratsyinelidel fortexdaiple, avivighal, a metal oxide,
Mol ecul el , and repl aces functi onal gr oup G2. The

a serﬂﬁbﬁaﬁztép % %ﬁl?llﬁ? (él%wguéﬁﬁ%?lgg%? ?6{}/&\%?5?{\ lov§4nic solid, and
S N e s A 1 P

met hods 300, 400 may be, conbi ned and nodified to
S°“d15§§h|a§ét$epﬁ§d|°ﬁ\¢ﬁﬂﬁd\/%"§?§§enbly For exanple, steps
(410) and (420) of method 400 may be performed to
g dner fatlewingepreterpasLisubstbieDhave boen dessdwiated: Au, Pd, ITO, ZrOg,
PCT/ US2004/ 008401 Mbl eclulel -G on a substrate
and Si@,f ace, Then, step (320) of nethod 300 may be

The G1-Molecule1-G2 compound is a molecular species that can form a self-
assembled monolayer. Suitable compounds include organic molecular species having
a functional group G1 capable of interaction with the surface of the substrate forming a
coated surface.

The functional groups G1 that can be included in these compounds for
interacting with or binding to a particular substate surface with chemical specificity. For
example, the G1 functional group may include one or more of the same or different
functional groups, such as phosphine oxide, phosphonic acid, hydroxamic acid,
phosphite, phosphate, phosphazine, azide, hydrazine, sulfonic acid, sulfide, disulfide,
aldehyde, ketone, silane, germane, arsine, nitrile, isocyanide, isocyanate, thiocyanate,
isothiocyanate, amide, alcohol, selenol, nitro, boronic acid, ether, thioether, carbamate,
thiocarbamate, dithiocarbamate, dithiocarboxylate, xanthate, thioxanthate,

alkylthiophosphate, dialkyldithiophosphate or any combination thereof.
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performed to generate the conpound

GlL- Mol ecul el - Mol ecul e2-G4 on the substrate surface,
wanw49s8s3n. Referring again to Figure 1, with Pesusedo4/008401

to the substrate 110, any suitable 5 material can be

used. Suitable substrates include, for exanple, a

nmetal, a netal oxide, a sem conductor, a netal all oy,

a sem conductor alloy, a polyner, an organic solid,

and a conbination thereof. The form of the substrates

can be a planar solid or a non-planar solid such as a

P AN g
I T - . . .
a f”"‘ﬁtlﬂr@EST%P apihs E%g'ﬂﬁﬁr egﬁ‘*&%ﬁvﬁ@gﬁ%&gg@@&g included in a

monol ayer. Suitabl e conpounds include

moleeule &yuinteraciingcorreacting with %palﬁﬁéhr&ﬁwugg?%mﬁcule with chemical
capabl e of interaction with the surface of the

specificibs andtreay inchideyore oc cwredf the same. ordiffanest funetionalgpups.
groups G that can be included in these conpounds for

Thus! GQQﬁ #ed firsd limkdrcompdindicawiridependently ingluale = hblkgeneor a
surface with chem cal specificity. For exanple, the

comp%hnﬁ HEY H&OI:P@' cHinfical 18RYula) CISHEE (RRBrPR |§‘é‘healﬂfl drb6p),

unctléna groups, suc

—B\i%%&ﬂl e ke, cCPRRR R ihets i aagﬁx !

sul fonic acid, sulfide, disulfide, 20 aldehyde
ket AR, silane, germane, arsine, nitrite, isocyanide,
—lgOcyanat e, thiocyanate, isothiocyanate, am de,
Ikphol selenol, nitro, boronic acid, ether,

t hi OR W%er@erH@pendéntmﬁ éawdmgerﬂoltdm alkqf Haup).e,

di t hi ocar boxyl ate, xant hate, thi oxanthate,

ﬁ%{htﬁg ttlﬂg Eﬁrﬁﬁer o grdﬂg? Wedddbifatifiie R Rikige bétiiéen molecules
(e.g., G2, G3, and G4) may be selected from the same set of groups. However, they
must be selected to facilitate the formation of the carbon-carbon bond. Thus, for
example, in the method 300 discussed above, although the second and third functional
groups, G2 and G3, may be selected from the same set of groups, they must be
different (e.g., G2 may be a halogen, and G3 may be a -SnR; group, or vice versa) in
order for Molecule1 and Molecule2 to be linked.

For example, compounds having the following chemical formulas 12-13 have

been demonstrated to be suitable G1-Molecule1 compounds:
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WD 2004/ 085346 PCT/ US2004/ 008401 Functional group &
is capable of reacting with the next |ayer of
wounbemssxas (e.g., a functional group on the negr/US2004/008401
| ayer). Specifically, this group that can be incl uded
in a nolecule for interacting or reacting with a
particul ar conjugated nolecule with chem ca
specificity, and may include one or nore of the sane
or different functional groups. 5 Thus, & in the
first linker conpound can independently include a
hal ogen or a cgpmpound having the chem cal formila,
-SnR3 (where R [s an al kyl—gr oy, NN, C CH, -CH=CHZ,
K rs ) 3 HY BEQR 4 OR (where R
can i ndependent F¥ be a hydebgen'y «al kyl group).
Further, the functional g&oups used to facilitate the
| i nkage between nol ecul e 10 (e.g., &, G3, and 4)
may be selected fromthe sanme .set of groups. However,
they nust be selected to facilitate the formation of
the carbon-carbon bond. Thus, for exanple, in the
met hod 300 dirsoxidesduehces,am t hough t he second and
third functional groups, & and G3, may be sel ected
fromthe sane set of groups, they nust be different
(e.g., & may be a hal ogen, and G3 may be a - SnR3
group, or vice versa) in 15 order for Ml eculel and

Mol ecul e2 to be Iinked. For exanpl conpounds havi ng
the follow ng che A FFRrmAl ap 12 ‘-. have been
denonstrated to be sul ' heeul el conpounds: 22
WD 2004/ 085346 PCT/ US2004/ 008401 12

13

on Au and Pd surfaces.

The compounds having the above described chemical formulas 1-11 having a
functional group G2 (e.g., X = G2) have been demonstrated to be suitable for reacting
with other molecules, where R, S, T,U V,W XY, and Z are substituents (e.g., a
hydrogen, or an organic or inorganic substituent), and where d, e, f, g, h, i, j, k, m, n,
include integers from 1 to 10. Further, any combination of the groups having chemical
formulas 1-11 would be suitable for reacting with other molecules.

Figure 5 illustrates a more specific exemplary embodiment of the inventive
method of fabricating a conjugated molecular assembly. Specifically, Figure 5
illustrates an example of a method of fabricating a multilayer assembly on substrates,

such as quartz, indium-tin-oxide (ITO), and silicon wafers that have a native or thermally
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on oxides surfaces, and CFl 13 5 on Au and Pd

surfaces. The conpounds having the above descri bed
wohemossd46 f or nul as 1- 11 having a 10 functi onaPCgmsm4/008401

& (e.g., X = &) have been denonstrated to be

suitable for reacting wth other nolecules, where R

S T, U V, W X Y, and Z are substituents (e.g., a

hydrogen, or an organic or inorganic substituent), and

where d, e, f, g, h, i, j, k, m n, include integers

from1l to 10. Further any conbi nati on of the groups

arowEEH 08 83k OABBRin gl b B 590 nctudes

speC|f|c exenplary enbodi nent of the inventive
thef‘ﬂ@% of fabri cati ng a conjugated nol ecul ar assenbly.

ﬁgfciflcallg gure 5 illustrates an exanple of a

happling:(aRP) elatpu shgurdacr et an gyide substals 9 ficst molecular
substrates, such as quartz, indiumtin-oxide (1TO,

commds‘eprmmteqhbystm famuland2e a native or thernally 23

WO 2004/ 085346 PCT/ US2004/ 008401 grown silicon dioxide

5 surface. As shown in Figure 5, the inventive nethod
500 includes the followi ng: (1) applying (510) onto a
surface of an=:§;de substrate a first nol ecul ar

conpound repres nted by t formul a . 5 H
]

12
where the head end group (e.g., G1) is the phosphonic acid functional group;
(2) brominating (520) the molecule with n-bromosuccinimide (NBS) to form on

the substrate, the compound having the following chemical formula 14:

10
[t ‘!ﬁ " o
14
(3) reacting (530) the tail end group (e.g., -Br) with the compound having the
following chemical formula 15:
15 18

in the presence of a Pd catalyst to produce on the substrate, the compound having the

following chemical formula 16:

24



10

15

12 where the head end group (e.g., Gl) is the
phosphoni ¢ acid functional group; (2) brom nating

wO32@)ossdae nol ecul e with n-bronosucci ni m de ( NBSY/US2004/008401
formon the substrate, the conmpound having the
follow ng chemcal fornmula 14: 10 al Ek 14 (3)
reacting (530) the tail end group (e.g., -Br) with the
compound having the follow ng chemi cal fornula 15:
QQSn(CH3)3 15 15 in the presence of a Pd catal yst
to produce on the substrate, the conpound having the
follow ng chem cal fornmula 16: 24 WO 2004/ 085346
PCT/ US2004/ 008401 16 In addition, steps (520) and
(530) above mayqbe repeated at | east once to further
extend the copjligat ed nolequl ag-gssephly. Fi gure 6
il lustrates norpEsefesi X e F mant §
i nventive met hod 5 : 3
mol ecul ar assenbly. Specificallgg Figure 6 illustrates
an exanple of a nmethod of fabricating a nultilayer
assenply on substrates, such as gold and palladium
AdnAdgition; stepisy®20) andt(5H30) ahavet may beatpedteddt least once to further
i ncl udes the foll ow ng:

extend the conjugated molecular assembly.

Figure 6 illustrates more specific exemplary embodiment of the inventive method
of fabricating a conjugated molecular assembly. Specifically, Figure 6 illustrates an
example of a method of fabricating a multilayer assembly on substrates, such as gold
and palladium. As shown in Figure 6, the inventive method 600 includes the following:

(1) applying (610) onto a surface of a substrate a first molecular compound

represented by the chemical formula 13;

-

13

where G1 includes the head group isocyanide;

(2) electrochemically coupling (620) to the compound (i.e., chemical formula 1 3)

to the compound having the chemical formula 17:

Q-0

17
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(1) applying (610) onto a surface of a substrate a
first nol ecul ar conpound 10 represented by the

wohewossd4ef ormul a 13: 13 where G includes thechnaagnos /008401
group isocyanide; (2) electrochemcally coupling (620)
to the conmpound (i.e., chemcal formula 13) 15 to the
conpound having the chemcal fornmula 17: 17 25 WD
2004/ 085346 PCT/ US2004/ 008401 to construct on the
substrate a conpound having the followi ng chen ca
formula 18: «cr, 18 5 (3) reacting (630) this
conpound (chem cal fornmula 18) with another nol ecul e
having the follow ng chem cal formula 19,

o o SRR B e B Aot it 1

chem cal formula 20: 15 20 (4) electrochemcally
coupling (640) to this conpound (chemi cal fornula 20)
to the nolecule having the follow ng chemcal fornula

13: 26 oM
18
5
(3) reacting (630) this compound (chemical formula 18) with another molecule having
the following chemical formula 19,
10 19
in the presence of a Pd catalyst to construct the compound having the following
chemical formula 20:
“~D0-0-0-0-0-0-0
15 20

(4) electrochemically coupling (640) to this compound (chemical formula 20) to the

molecule having the following chemical formula 13:
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WD 2004/ 085346 PCT/ US2004/008401 CN 13 to construct
on the substrate, the extended conjugated nol ecul e
woaavi4rngssbe following chemcal forrmula 21: 5 PAT/USH®4/008401
above reaction sequences show the two general routes
used to form extended conjugated assenblies using
car bon-carbon bond formation. These two 'nethods
depend on the synthetic reactions used to |ink
di fferent nol ecul ar species. The deposition begins
wth the chem cal nodification of the substrates. The
reagents used 10 to carry out this nndlflcatlon are
chosen so that they kear Awp Rungfihnalf d oups at both
~ends, nanely head groups and The head
groups (e.g., Gl) are chosen to chen1ca||y bind to the
particular substrate surfaces13For exanple, the head
group can be a silane, phosphonic acid, hydroxamc

. i : . ¢ . . e .
to cofighits SR InG3BEIH, B BidafiEd SRR bicfou & e the foowing
sul fide . selenide to functionalize nmetal or
Che"@Eﬂﬁwaﬂﬁ gﬂor surfaces. The tail groups will tenplate
the grom h of the conjugated nol ecul ar assenblies. In
the first step, the substrates used for filmgrowh
can be various kinds of netals, insulators, and
sen1conductors such as glass quartz al um num gol d,
pal | adiA , FITYIY i upyalhoy; '
t her mal | y=7gQ T 0% Ter 02 7 WD R4 '
PCT/USZOO4/008401 S|I|con ggg |nd|un}t|n oxi de coat ed
glass. Since the filns are osited fromliquid

The above reaction sequences show the two general routes used to form
extended conjugated assemblies using carbron-carbon bond formation. These two
'methods depend on the synthetic reactions used to link different molecular species. The
deposition begins with the chemical modification of the substrates. The reagents used
to carry out this modification are chosen so that they bear two functional groups at both
ends, namely head groups and tail groups.

The head groups (e.g., G1) are chosen to chemically bind to the particular
substrate surfaces. For example, the head group can be a silane, phosphonic acid,
hydroxathic acid, or carboxylic acid to functionalize oxide surfaces, or a thiol/thiolate,
nitrile, phosphine, sulfide, or selenide to functionalize metal or semiconductor surfaces.
The tail groups will template the growth of the conjugated molecular assemblies.

Inthe ﬁrs't. step, the substrates used for film growth can be various kinds of

metals, insufators, and semiconductors such as glass, quartz, aluminum, gold,

palladium, platinum, gold/palladium alloy, silicon, thermally grown silicon dioxide on
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sol utions, they may be deposited on substrates having
di verse topography and configuration. The form of the
weubsHossi4es can be a planar solid or a non-pl arar/usedoudos401

such as a stepped or curved surface. 5 The second step
of thin filmdeposition is to treat the nodified
substrate with an appropriate conpound and reagents
contai ning at | east one conjugated nol ecul e from
sol ution. The conjugated nolecules will react with the
primer |ayer. The next step is to repeat the above

silicopt apd indiatetirzoxideicoated glagsr Sindathetflims are epgsited from liquid
nol ecul es are not required to be the same. This

solutiohey thiéssmay verdeiosited ﬁﬁ%ﬂﬁastréfésﬁa\m@én'él'siél@pographcy and

mul til ayer heterostructures fromvarious conjugate

conﬂgglla%H! o hebl’éirﬂ'\%frig? Q|.|8§t¥a°tes W?h hets é%?fak bl gf dhon-planar solid

sired sequence ayers. e present | nven

oVi .orma versatile range of

such%gst%§%§?)§a§§?%?|&ecfo§1 %q?pl ing different nolecules to

pr.Qvi de functionality. This in¢ludes donor-acceptor ]

b o rand See of fun filta deposiin {9 lieatthe adised sbbsirate with an

which are 15 illustrated, for exanple, in Figure 7A
appropiate cempasindandicagentscanitaining atdeastrone ecorjegdtiedenolecule from

may i nclude nol ecul el which includes four thiophene
solutiomn oTtes sojugated mylasilkkds vall eeact atitheihastiniér 1aYér.

substrate, and a nol ecul e2 which includes 4

t THRPAGRStSp isAsi EpealRaENove stﬂ% fAl8ldd EQEiﬁoﬁQﬁag% s, but the

nol ecul ar assenblies nmay incl redox-active %tles

. [ i.n. .Fi 7B..
coni e iediled e 8358k £70thd s TR ArbuBgld kB means
of asEo 5 A iaPE Ao oS Doty e Bcutar buaing

substrate, .and a nol ecul e2 which includes a porphyrin
blockgIr M}b_esggntlally any desired sequence of layers.

The present invention provides a means to form a versatile range of
heterostructures by coupling different molecules to provide functionality. This includes
donor-acceptor assemblies such as the assembling multilayers 700 which are
illustrated, for example, in Figure 7A. For example, as shown in Figure 7A, the
assemblies may include molecule1 which includes four thiophene monomers and a
cyanide group attached to the substrate, and a molecule2 which includes 4 thiophene-s-
oxide monomers.

In addition, the molecular assemblies may include redox-active species such as
the assembly 750 illustrated in Figure 7B. For example, as shown in Figure 7B, the
assemblies may include molecule 1 which includes 4 thiophene monomers and a
cyanide group attached to the substrate, and a molecule2 which includes a porphyrin

group.
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WD 2004/ 085346 PCT/ US2004/ 008401 In sum the present

i nvention makes use of a nol ecul ar nmedi um which
wonel4odexe an ext ended conjugated nol ecul e. ThPET/US2004/008401

nol ecul e may be prepared, for exanple, by stepw se

construction as the active switching nmediumin two-

and three-termnal electronic and sensor devices. 5

Further, the inventive conjugated nol ecul ar assenbly

has a wel | -defined | ength and nol ecul ar constitution.

The properties of the inventive nol ecul ar assenbly may

beln sumgtheyresbat inventtohutiakes usk ofidl meleditlarMe@GH, Hhich includes
species. As a result, these materials offer rich

an extetiedasdrpiBted YndlBeuIg! THid ATdICcURs ARES hé gféoﬁra‘?ég,tfgg example, by

el ectroni C device applications and rece

I Lcat whi bei ng si npl.e, and )
stepRREE BendiTIHT B £ SPRENIBamEAPR [ Fhd thise-teminal
inexpensi ve nmet hods, such as | ow cost deposition from
e'“t’@ﬁl?ﬁﬂﬂi&'ﬁ@(é*ﬁ?’ﬁﬁa- again to the drawi ngs, Figure 8
il lustrates, a nol ecul ar device 800 according to the
pr E4Bher, the inventive cepjugatedonplegulariagsembly has astelhdefined length
a cross-sectional viewof a twd-termnal |ateral
and aalesylantcensditutione Teroféities of the mvenlve rdleelaar aésembly may be
active 15 switching nediumlayer 4 (between el ectrodes

tuned myrnitiedtréduntiopasfelifferansmtddiddraspties. Wé Eriggl?f,gﬁg%%‘ﬁ'naterials

the active swtching nedi um between el ectro
offerBrichlél8cREEHSARI r i \dhi | 8] LiRathe . ..

substrate 18 ISEW??]@ egéctéﬁqlﬁpg?d%}ﬂéé’ﬁeég fgogﬁ%Wnggﬁ@pphcatlons

. enbly i.s assenbl ed on the

and Foocpfobites YoF Sonsol SRR E R alins Wik daina Shageand gasy to

.10 ccording to, the present invention. 20 Figure 9
fab"&ﬁ@\é " 80%&8@%@(? Binexpesivermethors, seshies aw-castdeposition

device 900 according to the present invention. The
fromgolytian. 900 i ncl udes a floating el ectrode 30. The

devi ce 900 al so includes an active sw tching medi um

| alpeflerimgagaiarto ¢he drawirgs, Fidure 8 illustrates a molecular device 800

according to the present invention. Specifically, Figure 8 illustrates a cross-sectional
view of a two-terminal lateral electronic device 800. This device 800 'includés an active
switching medium layer 4 (between electrodes 6 and 8) fabricated on substrate 18,
which serves as the active switching medium between electrodes 6 and 8. The active
layer 4 (e.g., in combination with the substrate 18 or one or both of the electrodes 6 and
8, (e.g., where the’asse-rnl.anl‘y‘ié;séhe':-rﬁble'd‘ ;n fhé SIdewalI)) lncludes a cérﬁugafegj— o
molecular assembly 100 according to the present invention.

Figure 9 shows a cross-sectional view of a two-terminal lateral device 900
according to the present invention. The device 900 includes a floating electrode 30.
The device 900 also includes an active switching medium layer (between electrodes 24

and 26) fabricated on substrate 28, which has 2 portions 22A, 22B wihich are separated
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and 26) fabricated on substrate 28, which has 2
portions 22A, 22B which are separated 29 WO
waQ/esEa846 PCT/ US2004/ 008401 by the fl oati ngPCT/US2004/008401
el ectrode 30, and serves as the active swtching
medi um between el ectrodes 24 and 26. Further, the
| ayer portions 22A, 22B (e.g., in conbination with any
of the electrodes 24, 26, and 30 (in this case it may
be harder to selectively deposit material on the
sides if its grown off the substrate, but it may be

by th@rfmwnn?feﬂedtdwe%@ladﬁv@ér{/éa hs the béﬁkféssﬁnttﬂﬂﬁ@e mm between

mol ecul'ar assenbl'y 100 according to the préesent

cect QU8 S8 281G o O B 22958 B YA Py witn any
o R oS 5423, o s Sl S B A0Sty st

wh]ch (e.g., .J.nh conbination with insulator 48 or one
mategal gpthe alge'éf'f ifsn@rowineef thessupsitate,ut Aoyay el graws affithe
igat ed nol ecul ar assenbly 100 according to the
SIdeV]!ﬂll@gs)elﬁcludﬁe @tanjugated yaoleadas assermblys! Gthacoondingdb the present
bet ween source and drain el ectrodes 46 and 44. The
inventionduct ance of the conjugated nol ecul ar assenbly may
be nodul ated across - an electrically insulating | ayer

45F|g@|‘é0’(0 o blress358aidnial View{)é!f é‘tl’ﬁég Qeﬁ+iﬁ5f IER%EI glrgctronic

whi ch 15 may be a degenerative dope I'con
S e ure .
o g LB B A SO 35 A ot
tera v ce 1100 in the configuration
molegfiaf 85eral db4st 44 WhiCh eral SRMGINEHSR wild Inskioaéror one or both
ortions 62A, 62B are portions of a conjugated
of the.glegtradas 44 anddfi)yineluges thencenjugated melegrlar egseryblyntD0 according
floating electrode 74 and include (e.g. in conbination
to thenprasenhipventiome 20 el ectrodes 64, 66, and 74) the
conj ugat ed nol ecul ar assenbly 100 according to the
Layer 42 serves as the channel between source and drain electrodes 46 and 44.
The conductance of the conjugated molecular assembly may be modulated across an
electrically insulating layer 48, such as a thin SiO; film, by a gate electrode 50, which
may be a degeneratively doped silicon layer, all of which are fabricated on substrate 52.
Figure 11 shows a cross-sectional view of a three-terminal lateral electronic
device 1100 in the configuration of a transistor with a floating electrode 74. Layer
portions 62A, 62B are portions of a conjugated molecular assembly layer which are
separated by the floating electrode 74 and include (e.g. in combination with any of the
electrodes 64, 66, and 74) the conjugated molecular assembly 100 according to the

present invention.

Layer 62 serves as the channel between source and drain electrodes 64 and 66.

30



10

15

20

present invention. Layer 62 serves as the channe
bet ween source and drain el ectrodes 64 and 66. 30 WO
waQ/esEa846 PCT/ US2004/ 008401 The conduct ancePof/ushm4/008401

conj ugat ed nol ecul ar assenbly | ayer nmay be nodul at ed
across and electrically insulating | ayer 68, such as
athin Sio2 film by a gate electrode 70, which nmay

be a degeneratively doped silicon layer, all of which

are fabricated on substrate 72. 5 Figure 12 shows a

-sect | View term verti
The ofiditaddr ! B TanlidalelindlehlRati Pl bt ey Bageoduiated across
C at ed npl ecul ar_assenbly | ayer 82 which serves
and elggtrbﬁﬂv nsUiatBgAy IR (RYIChas 4B SIGe Bin e getsielectnde 70,
. and 86 fabricated on substrate 88. The |ayer 82
whichreaybe a deganesatively daped siticen daytar calboBshich rare dalsricatée on
conj ugat ed nol ecul ar assenbly 100 according to the
substmate¥2nt i nvention. In this case, 10 el ectrode 84 may
be deposited on top of the conjugated nol ecul ar

FSGERPA Y shols SbrBsd-2eSHoNA view bf’éfiwégeﬁhﬂaiﬂiﬁrxg%l&}thénnc
three-termnal vertical electronic evi ce
devicé ‘i’f‘?é g‘fﬁé"d'eWbeofzcﬁ) 4'n MRS & %Jﬁggggﬁ%ﬁ@afgggemgy layer 82

ides”a conj ate nDIecu

wmch#é@ves 4518 e SO Bt
pres i nvention. 15 Layer 92 serves as the
on sulafﬂeatﬁ@ﬁ S'éﬁ/\l@é!ﬂf 83(r 8o laﬁewraatww@lwle@tr@de@ﬁ) inaludes the

The conductance of |ayer 92 (e.g., the conjugated
Conjugﬁie@mmetuulasemmy 109 anmwdilagédtheapre:seat mwvention. In this case,
electrically insulating |ayer 98, such as a thin Si02

electréde 84 nimy lve depesitdcbon taplef theQbnjwgdtted rriﬁiéfcmér dssembly.
degeneratively doped silicon layer, all of which are

fﬁ@ﬁﬂeﬁ% SHoWs a GB8S.5Ea8fiGhal Yidw bﬂa ttl‘i}bé—téﬁ‘ﬁﬁal @érﬁﬁéf&g&mmc
94" may be deposited on top of the conj

device 1300 in the configuration of a transistor. The device 1300 includes a conjugated

molecular assembly layer 92 which (e.g., in combination with source 96) includes the

conjugated molecular assembly 100 according to the present invention.

Layer 92 serves as the channel between source and drain electrodes 94 and 96.

The conductance of layer 92 (e.g., the conjugated molecular assembly) is modulated

+ across an electrically insulating layer 98, such as a thin SiO; film, by a gate electrode

100, which may be a degeneratively doped silicon layer, all of which are fabricated on
substrate 102. In this case, electrode 94 may be deposited on top of the conjugated
molecular assembly.

Figure 14A illustrates a cross-sectional view of a two-terminal lateral sensor
device 1400 according to the present invention. This device 1400 includes an active

sensing medium layer 114 (between electrodes 116 and 118) fabricated on substrate
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20 nol ecul ar assenbly. Figure 14A illustrates a

cross-sectional view of a two-termnal |ateral sensor
wdevi4msssd00 according to the present inventi oRCT/TIS2@®4/008401

devi ce 1400 includes an active sensing nmediuml ayer

114 (between el ectrodes 116 and 118) fabricated on

substrate 31 WD 2004/ 085346 PCT/ US2004/ 008401 128,

whi ch serves as the active sensing nedi um bet ween

el ectrodes 116 and 118. The active |layer 114 (e.g.,

in conmbination wwth the substrate 128 or one or both

128, ehidhserves astthedefivd 88nsing mMddiimi butvegr elactrridtis ol &5H 118. The

nol ecul ar assenbly 100 according to the present

o : i ’ . ¢ .
active RIER 112e & ASsISHROT witnihe Sufore 125 S8 BP0 of the
d ] ted mol ecul.e represent ed .

etectiqis T A 1181 ok e F e gkt aBB)Ia BRseRbl00 according to

functionalized (e.g., with receptors 122 sensitive to
the pEesent iMANEion24) "t o provide a desired sensitivity.

Fi gure 14B shows a cross-sectional view of a

t iixscshawn in higure 444 the eonjugated imolegwadassanably400 iai n

the configuration of a transistor) in accordance with

the dehiee pr489amtly inclvdanthenextentied donjugatei4hblecald repessented by
conj ugat ed nol ecul ar assenbly layer 132 which (e.g.,

chenﬁtiéﬁ‘aI‘f@l‘i“ﬁ’t‘lIaﬁf'ﬁI @@sétibéd hgég@gwqhhé Ffuglbtiéwéﬁliz% 8Y. QN@E receptors

e el ectrodes 134 an i ncludes the conjuga
122 ERGHRM PSR 1 98 008 SRR ARNECT" .,
i, P08 A GBS SR R P ke 4Ry R ctoni
devicgolafli B RONIESERIon oin FOBREIS) ByacRETE Wi iHRupEesent
21 (described above), which is functionalized (e.qg.,
inventinoh The depicer B15Minckides ia ¢anjugated molecular assembly layer 132 which
(e.g., in combination with insulator 138 or one of both of the electrodes 134 and 136)
includes the conjugated molecular assembly 100 according to the present invention.
Layer 132 serves as the channel between source and drain electrodes 136 and
134. As shown in Figure 14B, the conjugated molecular assembly 100 in the device
1450 may include the extended conjugated molecule represented by chemical formula
21 (described above), which is functionalized (e.g., with receptors 144 sensitive to an
analyte 146) to provide a desired sensitivity The conductance of the conjugated
molecular assembly may be modulated across an electrically insulating layer 138, such
as a thin SiO; film, by a gate electrode 140, which may be a degeneratively doped
silicon layer, all of which are fabricated on substrate 152. According to the present

invention, a conjugated molecular assembly may be formed by depositing compounds

from solution by stepwise construction. The low-cost, solution-based deposition is

32



anal yte 146) to provide a desired sensitivity The
conduct ance of the conjugated nolecular assenbly may
woeommdsd4at ed across an el ectrically insul ati ngCragern4/008401

138, such 20 as a thin Si02 film by a gate el ectrode

140, which nmay be a degeneratively doped silicon

| ayer, all of which are fabricated on substrate 152.

According to the present invention, a conjugated

nol ecul ar assenbly may be fornmed by depositing

conpounds from sol ution by stepw se construction. The
compa i inexpensivearge aeace)pelsonic applisatkms\in addition, the low-

2004/ 085346 PCT/ US2004/ 008401 conpatible with
temperaturpadepositionl conditionsesre eopsdatible &itARPYAriedy bP8gbstiale materials,

addition, the |low tenperature deposition conditions

incm@ﬁg&ma%irﬁ'ﬁ%tfb ﬂ@ximetéle?t(r)qlﬂ? :aggl}{ﬁ}fongubst rate materials,

i nC pl astics, e electronic

a i j E . . nt, invention provides .
A PRISPEE the Present ivaffion RSy BES 3TnbieUish BestBp fRkice Raving an
conj ugat e | ecul ar ass ly layer (e.g., .an

extendiRd onigated MGG asSeral tayer J8.p s aduiatiog fauer) prepared by
The insulating |ayer may be di sposed on the substrate

stepwise ﬁﬁ@stﬂ@tlonn%be paudating layeomaydendispasadeon Wie sulbsteate or may be
uni que and novel features, the present invention

incorporatediiato theanolecgi.ed nol ecul ar assenbly (and net hod
of fabricating the assenbly) which includes [0

MYViffid ﬁﬁig%@hd' oVl FRAtaresl ﬁfe b%‘%@bpﬁlvéﬁti& incRie8 ¥ &6hjugated
all ows for

conj ugat ed nol ecul es) and a W de range o
' it e ' nLovi de n
molecyfagsati e HeBETT 38ncdiadhe 33sSbh Brih Frefues
roperties or sensor operties. ile the invention
molegiies AO%QPJ%’E%FO'PHB{*@(R&-&X*EP&&%PP@&QQWSdBPI?&H{Q?) and
those skilled in the art will recognize that the
allows farenwidgrrange of Sunptienalitye dTha presest imventiorcalsogovidesian
the spirit and scope of the appended cl ai ns.
improSpdondlecusbt gevioabawing improved electrical properties or sensor properties.
While the invention has been described in terms of preferred embodiments,
those skilled in the art will recognize that the invention can be practiced with
modification within the spirit and scope of the appended claims. Specifically, one of
ordinary skill in the art will understand that the drawings herein are meant to be .
illustrative, and the design of the inventive assembly is not limited to that disclosed
herein but may be modified within the spirit and scope of the present invention.
Further, Applicant’s intent is to encompass the equivalents of all claim elements,
and no amendment to any claim the present application should be construed as a

disclaimer of any interest in or right to an equivalent of any element or feature of the

amended claim.
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ordinary skill in the art wll understand that the
drawi ngs herein are neant to be illustrative, and the
waelewigss3ad t he i nventive assenbly is not |im tRCI/US2004/008401

that disclosed herein but may be nodified within the

spirit and scope of the present invention. Further,

Applicant's intent is to enconpass the equival ents of

all claimelenments, 0 and no anendnent to any claim

t he present application should be construed as a

di scl ai mer of any interest in or right to an

equi val ent of any el enent QuUAIMSture of the anended

claim 33 WD 2004/085346 PCT/ US2004/ 008401 CLAI M5

What is clainmed is: 1. A nmethod for preparing an

ext ended conj ugated nol ecul ar assenbly, said 5 nethod

conpr.i sipg: applying onto a surface of a substrate a
Whati‘?rc '"Tﬁfr ul ar conpound Q- Ml eculel- &, where Gl

conprises a first functional group, & conprises a )
1. sAdueeidod facpiepasing &} exighded aoniygated raplesyias assembly, said

conj ugat ed organi c group bonded to Gl and &; and
methaceamprisingai d first nol ecul ar conmpound with a second

nol ecul ar conpound G3- 10 Mol ecul e2- G4, where &3

Caﬁm?ingetﬁ'nta a durfate ofe sulssirite arfpsitmoletub @M pttmdaG 1-Molecule1-
fourth function group, and Mol ecule 2 conprises a

G2, WREEUSRBMHRses ﬁrssfmeo&g@gs&,t@z %mé)g‘@@s%ec{oﬂdffﬁh&ional

on sald substrate an exten conj ugat nol ecul e

Gl- lel - | ecul e2- 15 2. The ORgi N .
groury Bl TREY B ot fandoathd ranriP SPi 15Rg8d 961 it o2; and
i nteracts En th said substratg, .and
reacting said first molecular compound with a second molecular compound G3-
Molecule2-G4, where G3 comprises a third functional group, G4 comprises a fourth
function group , and Molecule 2 comprises a conjugated organic group bonded to G3

and G4, to form on said substrate an extended conjugated molecule G1-Molecule1-

Molecule2-G4.

2. The method according to claim 1, wherein first functional group G1 interacts with
said substrate, and

wherein said second functional group G2 and said third functional group G3 are
replaced by a covalent bond between carbon atoms in said first and seond molecular

compounds.

3. The method according to claim 1, further comprising:
sequentially reacting said extended conjugated molecule with an additional

molecular compound at least once to further extend said molecular assembly,
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wherei n said second functional group & and said third

functional group G3 are replaced by a coval ent bond
woetmwss4car bon atons in said first and seond ROTASA0a008401

conpounds. 20 3. The nethod according to claim 1,

further conprising: sequentially reacting said

ext ended conjugated nolecule with an additiona

nol ecul ar conpound at | east once to further extend

sai d nol ecul ar assenbly, 34 WD 2004/ 085346

PCT/ US2004/ 008401 wherein said fourth functional group

Ghhergis said fourthtfonstiong! grbdipt G4 rirstierants withl said additipoalmdolecular

4. A method for preparing an exténded conjugated

compHE‘ﬁ(?*,C_U' ar assenbly, said 5 nmethod conprising:
applying onto a surface of a substrate a first

nmol ecul ar conpound Gl1- Ml eculel, where G conprises a
first functional group, and Ml ecul el conprises a
functjonal organic grqup,bonded tpo Gl; treatin .

4. chdngthoddpepranisno,an weerded Eombgaled Belagulal dseembly, said
formon said 10 substrate a second nol ecul ar conpound

methasl compesinge! - G2, where G2 conprises a second
functional group; and reacting said second nol ecul ar
cappiyinglombtehsmfade ofch subbstraté arfirsompiacutar@@mpdinec@n ddoleculet,
to formon said substrate an extended conj ugated

wherd®1e&8th§risds ¥ FimaionalglotpyhRd MdiBecule1 comprises a functional
organic group bonded to G1,

treating an end of said first molecular compound G1-Molecule1 to form on said
substrate a second molecular compound G1-Molecule1-G2, where G2 comprises a
second functional group; and

reacting said second molecular compound with a third molecular compound G3-
Molecule2 to form on said substrate an extended conjugated molecule G1-Molecule1-

Molecule2.

5. The method according to claim 4, further comprising:
preparing an end of one of said second molecular compound and said extended

conjugated molecule with a functional group G4.

6. The method according to claim 1, wherein at least one of said conjugated organic
group Molecule 1 and said conjugated organic group Molecule 2 is selected from the
group consisting of thiophene, thiophene-s-oxide, phenylene, phenylene vinylene,

phenyl acetylene, acetylene, pyrrole, aniline, porphyrin, and a combination thereof.
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5. The nethod according to claim4, further
conprising: preparing an end of one of said second
woub@msszas conpound and sai d extended conj ugaPew/US2004/008401
nol ecule with a functional group 4. 20 6. The net hod
according to claim1, wherein at |east one of said
conjugated organic group Ml ecule | and said
conj ugat ed organic group Mol ecule 2 is selected from
the group consisting of thiophene, thiophene-s-oxide,
phenyl ene, phenyl ene vinyl ene, phenyl acetyl ene,
acetyl ene, pyrrole, aniline, porphyrin, and a
conbi nation thereof. 35 WD 2004/ 085346
7. U HeRRNACKRARY td clalhey, e ReaRsihBRcldr cofigBuhd
wherern the 11rst nolecul’ar conpound  ‘conpri ses
nol ecul e represent ed h ol.l ow ng.chem cal fornmula
compriggs ol eprReeied Rydha Slsing Shedi Gl s wher ei «
the first nvlg&ular conmpound conprises a nol ecul e
represented by the fol  owing chemycal formula S S 9.
The net hod Qr dirRg_A"S AR gin\said first
functional grgu g g group
consi sting of: phosphi ne oxi de, phosphoni ¢ acid,
hydroxam ¢ acid, phosphite, phosphate, phosphazi ne,
azi de, hydrazine, sulfonic acid, sulfide, disulfide,
al dehyde, ketone, silane, gernmane, arsine, nitrile,
8. iEwyethatbacardingdasiaim 1,twhereinathetfsst melschias epmpaund
am de,- al cohol, selenol, nitro, boronic acid, ether,
comprisaisaeiotgcule cepresamied bytthe doliovingehemictil fomudar bamat e,
di t hi ocar boxyl ate, xant hate, thioxanthate,
al kyl t hi ophosphat e, di al kyl di t hi ophosphat e and any
conbi nation thereof.

o I N/ N/

S

9. The method according to claim 1, wherein said first functiqnal group G1is
selected from the group consisting of: phosphine oxide, phosphonic acid, hydroxamic
acid, phosphite, phosphate, phosphazine, azide, hydrazine, sulfonic acid, sulfide,
disulfide, aldehyde, ketone, silane, germane, arsine, nitrile, isocyanide, isocyanate,
thidcyanate, isothiocyanate, amide, alcohol, selenol, nitro, boronic acid, ether, thioether,
carbamate, thiocarbamate, dithiocarbamate, dithiocarboxylate, xanthate, thioxanthate,

alkylthiophosphate, dialkyldithiophosphate and any combination thereof.

10.  The method according to claim 1, wherein said second functional group G2 is
selected from the group consisting of a halogen, trialkylitin, diazo, ethynyl, boronic acid,

zinc halide, hydrogen, and vinyl.
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10. The nmethod according to claim1, wherein said
second functional group & is selected fromthe group
woansissisng of a hal ogen, trialkyltin, diazo, eCchgsyiod/008401
boronic acid, zinc halide, hydrogen, and vinyl. 36 WO
2004/ 085346 PCT/ US2004/ 008401 11. The net hod accordi ng
to claiml, wherein said substrate conprises at | east
one of a netal, a nmetal oxide, a sem conductor, a
netal alloy, a sem conductor alloy, a polyner, an
organic solid and any conbi nation thereof. 5 12. The
nmet hod according to claim3, wherein said sequentially
reacting said extended conjugated nol ecul e with said

adgghiat of 1
1. Pl el dEeofditl fo LB HsFEin S48 ol PPERe Fomrised atleast one
ource reqio and dr regi on which are
ofa @gﬁé etal $Xide. @ §%5B'§98Q&l&0r Zhmeta) algy<a semicansictenalloy, a
conprising an extended conjugated nol ecul e forned
Polymgsy aB&fganic §olid and@nycgombinationdherofir ai n regi on. 15
14. The nol ecul ar device according to claim 13,

wherein said source region and said drain region
conpri se el ectrodes. 15. The nvol ecul ar device

12, atrherrﬂem@dtabc@kcﬁnmdalaumﬁseWerﬂeu a“.eﬁ’d 884 ge%xé’étmg%and

20 regions and sard nol ecul ar I um a

exten‘é!éd‘i:oﬁ}lt?%‘t#dame&ﬁe lejﬂesd"ﬂ’ Eﬁ&*ﬁbﬁél r%i’ecﬁ?e %"r%.fa’éé’teﬁqn a range of 1

[ ai m conpri
to 60 times.

13. A molecular device, comprising:
a substrate;
a source region and drain region which are adjacent to said substrate; and

a molecular medium comprising an extended conjugated molecule formed

between said source region and said drain region.

14.  The molecular device according to claim 13, wherein said source region and said

drain region comprise electrodes.

15.  The molecular device according to claim 13, wherein said source and drain

regions and said molecular medium are formed on said substrate.

16.  The molecular device according to claim 13, further comprising:
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37 WO 2004/ 085346 PCT/ US2004/ 008401 a gate region

adj acent to said substrate; and an electrically
wonsuloasisng | ayer forned between said gate regPOWUAR@4/008401

said source and drain regions. 5 17. The nol ecul ar

devi ce according to claim 16, wherein said gate region

is disposed on a substrate and bel ow said insulating

| ayer. 18. The nol ecul ar devi ce according to claiml1l6,

wherei n said source region, said drain region and

said nol ecul ar medi um are disposed on said insulating

ke r adfic "t:gsaldsﬁlﬂstﬁa@lﬁ fing layer is
on said su

pose strate. 19. The nol ecul ar devi ce

a%ﬁ Bl TSR e R SheaRE0 sBRYGER RBlirCBha said source

vertically disposed on an electrically insulating
and dgqjpdediong. 15 20. The nol ecul ar device according to
clai m 16, wherein said extended conjugated nolecule
is attached to one, of said electrically insulating
| ayer, said source region, and said drain region to

17. f Thenasleexiarddede acoprdia) tclaim 46 Wherais saikiyate ré§iod is d:sposed
A conj ugat ed nol ecul ar assenbly conprising: a

on a §ubdtatahRd bl SAdId Aamfslayen) ugat ed mol ecul e

attached to sald substrate, "said extended conjugated
nol ecul e conprising: 38 WO 2004/ 085346
PCT/ US2004/ 008401 ,

18.  The molecular device according to claim 16, wherein said source region, said
drain region and said molecular medium are disposed on said insulating layer, and

wherein said insulating layer is disposed on said substrate.

19.  The molecular device according to claim 16, wherein said source region, said
drain region and said molecular medium are vertically disposed on an electrically

insulating substrate. \

20. The molecular device according to claim 16, wherein said extended conjugated
molecule is attached to one of said electrically insulating layer, said source region, and

said drain region to form an extended conjugated molecular assembly.

21. A conjugated molecular assembly comprising:
a substrate; and
an extended conjugated molecule attached to said substrate, said extended

conjugated molecule comprising:
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a first conjugated nol ecul e having a first functiona

group attached to said substrate; and a second
woamj4gsdsed nol ecul e which is coval ently |i nkedCrassmudos401

first conjugated nolecule. 5 22. The assenbly

according to claim 21, wherein said second conjugat ed

nmol ecule is covalently linked to said first

conj ugated nol ecule after said first conjugated

nol ecule is attached to said substrate. 10 23. The

assenbly according to claim21l, wherein said extended

conj ugatiest dORjIRfEHE® mdlégule Ha@ﬁfgté‘fi%ft f@ctmaﬁ no‘ﬂ:pfuﬁaghed to said

24. The assenbl’y according to aim 21, erei n sal

substftbeqsigd conj ugated nol ecul e conprises a donor group-
and’ an” acceptor group. 15 25. The assenbly according

to claim21, wherei ai d extended conj ted ecul e
conpr | 28e0ahd EaalkGald Giotecin Shian is zovalenly Jokghn seid st
.according to claim 21, wherein said extended
conjugatgdugalestilerol ecule 20 is functionalized with
receptors sensitive to analytes. 27. A nethod of

fabricating a conjugated nol ecul ar assenbly,
conprising: Xx vtc~~vv,vvi~ 39 WD 2004/ 085346

22. PThed2EMHIPAGHdingRB!YAiRE2 R Whérdin §éiﬂjs%%6ﬁ6@loﬁ}ﬁb§rf]é§ folecule

having a first functional group on a substrate,

is co@gél(@lyﬁi?\kb%‘ th s8id st goﬂﬁ@%gurﬁgﬂcﬂﬁaéﬁq S50 fifekEnfugated molecule

Irst conjuga
is attached to said substrate.

23. The assembly according to claim 21, wherein said extended conjugated molecule

has a length of at least 4 nm.

24. The assembly according to claim 21, wherein said extended conjugated molecule

comprises a donor group and an acceptor group.

25. The assembly according to claim 21, wherein said extended conjugated molecule

comprises a redox-active compound.

26.  The assembly according to claim 21, wherein said extended conjugated molecule

is functionalized with receptors sensitive to analytes.

27. A method of fabricating a conjugated molecular assembly, comprising:
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to forman extended conjugated nolecule. 5 28. The

nmet hod according to claim27, wherein said applying
weoeabw/8sauet conjugated nol ecul e conprises dep®eTISH®4/008401

said first conjugated nolecule fromsolution. 29. The

met hod according to claim 27, wherein said applying

said first conjugated 10 nol ecul e conprises bondi ng

said first functional group to said substrate. 30. The

met hod according to claim 27, wherein said covalently

I'i nking said second conjugated nol ecul e conpri ses:

I SRR et g st gapon

substf S;Cérlné)nal group with said second conjugated nol ecul e.

covalently linking a second conjugated molecule to said first conjugated molecule

to form an extended conjugated molecule.

28. The method according to claim 27, wherein said applying said first conjugated

molecule comprises depositing said first conjugated molecule from solution.

29. The method according to claim 27, wherein said applying said first conjugated

molecule comprises bonding said first functional group to said substrate.

30. The method according to claim 27, wherein said covalently linking said second
conjugated molecule comprises:
attaching a second functional group to said first conjugated molecule; and

replacing said second functional group with said second conjugated molecule.
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