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BONDED COVPLEXES 5 BACKGROUND OF THE | NVENTION 1. FIELD OF THE | NVENTI ON
The presewDosjoss3mzion relates to a nol ecul ar device incl ueicmgisas/o9s66 sour ce
region and a drain region, a nolecular nmediumextending there between, and
an electrically insulating |ayer between the source region, the drain
region and the nol ecul ar medium More particularly, the present invention
relates to a nol ecul ar deV| ce in WhICh t he mediumis a thin film
havi ng al t er nat i ngVlthk ECJ = t2d conpl ex 15 nonol ayer

and an organi ¢ nonol AnE- EPNCEOM OR ART During the past
three decades, consig%aggF@E%HE§@ﬁbﬁBl PLE de in the ugderstgnding
of dinuclear conpounds containing nultiple netal-metal bonds. Both the
experinmental and the theoretical aspects of these conpounds have been
expl ored extensively. These studies have provided a |arge body of

i nformati gn FB‘A&!%@UN’D'GF riye fWEnwmg areas: the reactivities of the
di nucl ear tal 25 interactions, the
elecfronlf_tra35|tions bet ween metal - based orbitals and those i nvol vi ng
metal tolig C r [ dox activities of the dinuclear
core, and thépcorngkgi’b ' ﬁ[‘I\msht:q—}ﬁg{r‘fropert|es (See e.g., Cotton
Walton, Muiltiple Bonds Between Metal Atons, 2nd Ed., Oxford, 1993). 30 1
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The present invention relates to a molecular device including a

10  source region and a drain region, a molecular medium extending there
between, and an electrically insulating layer between the source region,
the drain region and the molecular medium. More particularly, the present
invention relates to a molecular device in which the molecular medium is a
thin film having alternating monolayers of a metal-metal bonded complex

15  monolayer and an organic monolayer.

2. DESCRIPTION OF THE PRIOR ART

During the past three decades, considerable progress has been

20 made in the understanding of dinuclear compounds containing multiple
metal-metal bonds. Both the experimental and the theoretical aspects of
these compounds have been explored extensively. These studies have
provided a large body of information particularly in the following areas: the
reactivities of the dinuclear cores, the strengths of metal-metal

25  interactions, the electronic transitions between metal-based orbitals and
those involving metal to ligand charge transfer, the redox activities of the
dinuclear core, and the correlation among these properties (See, €.9.,
Cotton, Walton, Multiple Bonds Between Metal Atoms, 2nd Ed., Oxford,
1993).
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Efforts focusing on technologically inportant applications of dinuclear
conpounds have led to nmany prom sing research areas, such as inorganic
i quid cryetoaloss3(See, e.g., Chisholm Acc. Chem Res., 200071/1383/0956Q),
antitunor agents (See, e.g., Hall, et al, J. din. Hematol. Oncol., 1980,
5 10, 25), and honpbgeneous and photolytic catalysis (See, e.g., Doyle,

Al drichimca Acta, 1996, 29, 3; Nocera, Acc. Chem Res., 1995, 28, 209).

Layer-by-| ayer assenbly techniques to fabhi cate nul ti (i_ongonen films has
been expl ored in tHEOMS fospaingra techBolegiceHy IMBRHaRARAIGBRANS6" syst ems grown

| ayer - by-1| ayey, i ; phenat e filns
i ncl ude mul t%%‘H%%%%%ﬁ@%ﬁ@%%tegﬁiwgﬂogﬁ'sg@ggﬁ?gﬁm ec§1 @?ht %}rlm nat ed
with an aci diisorfganit licquickchtsyals éSee, ag.,BhishdlioniAccaChen( Sees., 20Q0,,33Cao,

Hong, Mal |l ouk, Acc. Chem Res 1992, 5,,420) .. .Katz a 0-workers have
used this metrDdARGURINISTE (RA%eSdI lé‘taﬁfz tlj;‘e‘?'n%ll"?si'ﬁﬁrﬂg{aﬁj'n(ﬁﬁc%gﬂ SO’

mul tilayer fi an@t ' @R eal., Bbjrcts (See,
e.g., U S.% Pa1f[(g‘r?t52hﬁ)dsﬁB@]‘Ug%@é@Lg%agﬁgﬂ%&ol@%&%ﬁgg% A si’%ﬁ ar gp roach has
al so been extAddrehintica dicteer1 996t 29j 3 NoceracAcasChainy Ress 1998t 88a209r ot ei ns,
colloids, and inorganic clusters (See, e.g., Decher, Science, 1997, 277,
1232). This sanme techni que has al so 20 been applied to the production of

other multilayers ia\%@r%lage@sséﬂﬁ&?w&& tdfabRtMeSmuititbmpeneand
pyrazines with RuIZ ee, ‘e. ., Page,’ Langmuir, 2000, 16, 1172). Anong the
exi sting exarfinsshas beendexploray indhe ditdrature hOria ofthezgogirdnyietepgdon is mainly

examl o5 WnuouSEBE LW oee Brayet Eraeiared Ml et siEn bona,

coval ent, or foRaterl eMie filpR MclufiBemOriaRAt nictaadhs, ang. BEY |drees strong
covalent interactions, rather than ionic interactions, between the netals
and the |i gamiganic mokoutds tetminaéey with ansacidic fancimalily, ped-faect | y
phosphonic acid (See, e.g., Cao, Hong, Mallouk, Acc. Chem. Res., 1992,
25, 420). Katz and co-workers have used this method to align
15 hyperpolarizable molecules into polar multilayer films that show second-
order nonlinear optical effects (See, e.g., U.S. Patents Nos. 5,217,792 and
5,326,626). A similar approach has also been extended to other materials
such as polymers, natural proteins, colloids, and inorganic clusters (See,
e.g., Decher, Science, 1997, 277, 1232). This same technique has also
20 been applied to the production of other multilayers including Co-
diisocyanide, dithiols with Cu, and pyrazines with Ru (See, e.g., Page,
Langmuir, 2000, 16, 1172).

Among the existing examples, the driving force for the film
25  progression is mainly the electrostatical interaction between polycations
and polyanions; few examples involve other types of interactions, such as
hydrogen bond, covalent, or mixed covalent-ionic. The present invention
utilizes strong covalent interactions, rather than ionic interactions, between
the metals and the ligands in a novel strategy to assemble nearly perfectly

30 packed mutilayers.
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medi um extengl ng between the source region and the
device having a drain region, a molecular medium extending there

between, and an electrically insulating layer between the source region,
the drain region and the molecular medium. The molecular medium in the
molecular device according to the present invention is a thin film having
alternating monolayers of a metal-metal bonded complex monolayer and

an organic monolayer prepared by layer-by-layer growth.

SUMMARY OF THE INVENTION

The present invention provides a molecular device including:

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 present invention further provides a molecular device including:

a source region and a drain region;

a molecular medium extending between the source region and the
drain region, the molecular medium including a thin film having alternating
monolayers of a metal-metal bonded complex monolayer and an organic
monolayer prepared by layer-by-layer growth;

a gate region disposed in spaced adjacency to the molecular

RE thdpleddhiBiventions BEided & BhalBc@afeRctibaicn T egi on;



drain region, the nolecular mediumincluding a thin filmhaving alternating
nonol ayers of a netal -netal bonded conpl ex nonol ayer and an organic 30
nonol ayerwprogjpssserd by | ayer-by-1ayer growth; a gate regi oRCEIESPHEESE6 | N
spaced adj acency to the nolecular 3 WO 03/088372 PCT/US03/ 09566 medi um
and an electrically insulating | ayer between the gate region and the
source region, the drain region and the nol ecul ar nedium 5 The present
invention still further provides a nol ecul ar device including: a source
region and amadim, ABEi on; a nol ecul ar medi um ext endi ng between the source
region and the drai LA i en,(ég ' hin film
havi ng alternati ng %86@%?1@{1%1?%%?nggé}gé?trgee?\g?igﬁnﬁ%pwbon e‘%{@gdrrg?%x nonol ayer
and an or ganiseuroemgliay,¢he draipaegidnand thgenoleypulbayedignowt h; and an
electrically insulating |ayer between the gate region and the source
region, the drain region and the nol ecul ar nmedium 15 BRI EF DESCRI PTI ON OF
THE DRAW NGS Fi gurihelpelghbindortid Pal ifthet picicds dmdiesuist deabare
incorporating a netal-netal bonded | ayer as the active sw tching nmedium
bet ween two imdledingpdes. 20 Figure 2 shows a 3-terminal |ateral device
structure incorporati ng tal bonded | ayer as the active switching

a .netal- [
medi um bet ween sof IHTEAGOIGR AT %‘5'@6? FSH8Y and separated fromthe gate

el ectrode by an ingd&d@ir-medium extending between the source region and the
drain region, the molecular medium including a thin film having alternating
10  monolayers of a metal-metal bonded complex monolayer and an organic
monolayer prepared by layer-by-layer growth; and
an electrically insulating layer between the gate region and the

source region, the drain region and the molecular medium.

15 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a 2-terminal lateral device structure incorporating a
metal-metal bonded layer as the active switching medium between two
electrodes.

20

Figure 2 shows a 3-terminal lateral device structure incorporating a
metal-metal bonded layer as the active switching medium between source
and drain electrodes and separated from the gate electrode by an
insulator.

25

Figure 3 shows a 2-terminal vertical device structure incorporating a

metal-metal bonded layer as the active switching medium between two

electrodes.

30 Figure 4 shows a 3-terminal vertical device structure incorporating a

metal-metal bonded layer as the active switching medium between source



25 Figure 3 shows a 2-term nal vertical device structure incorporating a
net al - netal bonded | ayer as the active sw tching nmedi um between two

el ectrodewo 0308Bryure 4 shows a 3-termnal vertical devi cecCsUsSoyssE
incorporating a netal-netal bonded | ayer as the active sw tching nmedium
bet ween source 4 WD 03/088372 PCT/ US03/09566 and drain el ectrodes and
separated fromthe gate electrode by an insulator. Figure 5 shows an

atom c force mcroscope i nages show n he | ayer-by-|ayer_growth of the
met al - met al  BOASEAINRIApIresenARy BSPR frgm ﬁeg%%teé?a{?‘?éjta%t?y 3rgnd and
1, 2-bis(4- pyriﬁé@(ét))ﬁt hylene is the ligand. Figure 6 shows an atom c force

m cr oscope cross-sections show ng the |ayer-by-layer growh of the
net al - met al bonded conpl ex where Rh- 10 Rh is the netal -nmetal bond and

1, 2-bis(4-pyridyl)ethylene is the ligand. (co ' i i

1). The distance lfé@%%ﬁs?w@s ﬁ‘ﬁtei?m'%ﬁ’é%? (éfgrg{:g@é)gﬁ%@%é %ﬁé@gqﬁg:‘ grgl JHre
| ayer - by- Ly gy RGP dTRhenetal Mbtal boRded copfmérunciaiRiARAS - et al
bonded conpl ex grows- o the metal electrodes, narrow ng the nmeasured gap,
and spans t héhs paatahmetatbondrarkb 2reist4-pyridy)ethylere KuiRedigast. net al - et al

bonded and |igand layers are increased as shown for (b) 7 bilayers (where
1 bilayer is a netal-netal bonded |ayer and a ligand | ayer), (c) 17

bi I ayers, and (d) [BQufé aK6ws anQFi6mic fdree HilaisBapderowssedtivas ehevingdes i s
spanned by the netal-netal bonded conplex, the |-V characteristics in

E;g;; iev<7a ain]gftﬁda Qﬂm-bls'-lavel_' aioveh 06 the nefalonpiay boReed CeBIPE WSt RMect i on and

char act erlgst il{@?sg 'e?{nﬁﬁq?%r:le_?tta%lgr?d and1BbR(E-oTaVSthPRAL S TREfigdny € |-V
(corresponds to images in Figure 1). The distance between the metal
electrodes is shown in (a) before layer-by-layer growth of the metal-metal
.bonded complex. The metal-metal bonded complex grows off the metal
electrodes, narrowing the measured gap, and spans the spacing between

15 electrodes as the number of metal-metal bonded and ligand layers are

increased as shown for (b) 7 bilayers (where 1 bilayer is a metal-metal
bonded layer and a ligand layer), (c) 17 bilayers, and (d) 30 bilayers. Once
the spacing between the electrodes is spanned by the metal-metal bonded
complex, the |-V characteristics in Figure 7 and Figure 8 are attained

20  showing the electrical connection and negative differential resistance.

Figure 7 shows room temperature |-V characteristics of a metal-
metal bonded complex where Rh-Rh is the metal-metal bond and zinc
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine is the ligand. The complex

25  was grown layer-by-layer from Au electrodes using mercaptan
ethylpyridine as the linker. The device is fabricated in the lateral geometry
with an 80 nm spacing between metal electrodes. The electrodes were
deposited onto 40 nm thick SiO2 on a degenerately doped silicon
substrate.
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nmet al bonded conpl ex where Rh-Rh is the netal -netal bond and zinc

5,10, 15, 20-tetra(4-pyridyl)-21 H 23H porphine is the ligand. The conpl ex 25
was gr owwbaygessby-| ayer from Au el ectrodes using nercapt 2eT/usohigdspyri di ne
as the linker. The device is fabricated in the lateral geometry wth an 80
nm spaci ng between nmetal electrodes. The el ectrodes were deposited onto 40
nmthick Si02 on a degenerately doped silicon substrate. 30 5 WD 03/088372

e I T
bi s(4-pyri dylh&fahybrAEd Egm%cgh@@ﬂh-ﬁm% thiel e s@enc3ashd abien;py- | ayer
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m croscope i TRPgRSatel irtifPlaterbPgeombad vaml &€ BPSimisbasiagtdstneén hmetal t he
net al - netal bonded conmpl ex where Rh-Rh is the netal -netal_ bond and zi nc

5, 10615’ 20- t g":tled(mdqwr iheyalgctradas, were gepqstitedeonte 40Hum thigh RiO2 RS conpl ex
was deposited, onto Au | ecir.odes t re deposited on top of an Si02 on
degenerately q.ﬁgﬁé‘(?re%lyl (?%er?[%'ﬁ%%q gél?%}at% Figure 10 shows room tenperature
|-V characteristics of a metal- metal bonded conpl ex where Rh-Rh is the

nmetal -metal bond and zinc 5,10, 15, 20-tetra(4-pyridyl)-21 H 23H porphine is
the ligand. The cdniglesx9 shows an atomic force migzros%)c/)pe ir¥1a?qes of a spin- porp

10  coated polycrystaliine thin film of the metal-metal bonded complex where
Rh-Rh is the metal-metal bond and zinc 5,10,15,20-tetra(4-pyridy!)-
21H,23H-porphine is the ligand. The complex was deposited onto Au
electrodes that were deposited on top of an SiO, on degenerately doped
silicon substrate.

15

Figure 10 shows room temperature |-V characteristics of a metal-
metal bonded complex where Rh-Rh is the metal-metal bond and zinc
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine is the ligand. The complex
was deposited on top of the device structures having Au electrodes. The

20 devices are fabricated in the lateral geometry with (A) a 80 nm spacing
and (B) a 295 nm spacing between metal electrodes. The electrodes were
deposited onto 40 nm thick SiO, on a degenerately doped silicon

substrate.

25 Figure 11 shows an atomic force microscope images of a spin-
coated polycrystalline thin film of the metal-metal bonded complex where
Rh-Rh is the metal-metal bond and 1,2-bis(4-pyridyl)ethylene is the ligand.
The complex was deposited onto Au electrodes that were deposited on
top of an SiO, on degenerately doped silicon substrate.
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was deposited on top of the device structures having Au el ectrodes. The 20
devices are fabricated in the lateral geonetry with (A) a 80 nm spaci ng
and (B) awp93/ss3rspaci ng between netal el ectrodes. The el ecrrusdgeoseer e
deposited onto 40 nmthick Si02 on a degenerately doped silicon substrate.
25 Figure 11 shows an atom c force mcroscope i mages of a spin- coated
polycrystalline thin filmof the netal -nmetal bonded conplex where Rh-Rh is

the metal -netal band an 2-bis(4-pyridyl)ethylene,i el . The
conpl ex was depos?*):irf1 eofﬁ %h%’us & tt‘?r)éagga\{yrl)galt-\r)\ﬁglagacé%@%téqgtoef&l rg'%&ﬂ_t op of an
Si 02 on degenesaf SbYdEH BEApRiX WikSre REUIRH fsah€ mS@I-metdd BEHIOSRBT 2-

PCT/ US03/ 09566 Figure 12 shows roomtenperature IN characteristics of a

metal netal Ibistdeyridyhethylenshetee Rgamsh The eorapiextwas aepesitasptomef 1, 2-

bi s(4- pyri dyl,) ethyl i ' . , '
the dev ce. <hnUEtIPBSTE g FRY AT pIeTHDIEs PP YRR PER 4B He4E | 08,
are fabrisat efe fabridaed &1 Sicahteggiogaimetrvinith (ANaNB0 BO spacip¢Bhg 296B) a 295

nm spaci ng, (C) a 385 nm spaci ng between netal el ectrodes. _The el ectrodes
vve[) e deposi t &M paeNgo(Gnd gﬁﬁam §P@Qn8rbeéwﬂ%'@@1?é?|a@@?t§°(§?§pg-dl;e silicon
substrate. 1 l%Ed?ﬁP ; I T 'Mntion
makes use of %é%ﬁeelgﬁ{?%r |Sg§1h%§léﬁ-ﬂﬂﬁ@%/§i§2a tae(g%gaétﬁeﬁé@ Crlﬁ))l ayers of
a mnet al - net alsjlizondedseatg! ex nonol ayer and an organi ¢ nonol ayer prepared
by layer-by-layer growth 15 as the active sw tching nmediumin two- and
three-termnal electronic devices. Such alternating nonol ayers of

metal -metgl Goedg 69 B SERIPTION OF THE INVENTION

The present invention makes use of a molecular medium, which
includes alternating monolayers of a metal-metal bonded complex
monolayer and an organic monolayer prepared by layer-by-layer growth

15 as the active switching medium in two- and three-terminal electronic
devices. Such alternating monolayers of metal-metal bonded complexes
and organic compounds are molecular scale composites of metal-metal
bonded and organic layers. As a result, these materials offer rich
electrochemistry and electronic properties for electronic device

20 applications, while being simple and easy to process at room temperature

by methods, such as, low-cost deposition from solution.

These complexs may be deposited from solution by techniques
such as spin-coating or by systematic layer-by-layer assembly. The low-
25  cost, solution based deposition is compatible with inexpensive, large area
electronic applications. In addition, the low-temperature deposition
conditions are compatible with a variety of substrate materials, including

plastics, for flexible electronic applications.

30 The present invention provides a molecular electronic device

having a thin-film of alternating monolayers of a metal-metal bonded



and organi ¢ conpounds are nol ecul ar scale conposites of netal-netal bonded
and organic layers. As a result, these materials offer rich

el ectr ochwoios8837and el ectronic properties for el ectroni c PAENISOR0B66
applications, while being sinple and easy to process at roomtenperature

by net hods, such as, |ow cost deposition fromsolution. These conpl exs may
be deposited fromsolution by techniques such as spin-coating or by

Gepost 11 on | CORBIPLTORE B Ro RLgand pan Pl Rle BEI)erRy BgeFd

appl i cati ons grdptresithbitei.fike | ow-tenperature deposition conditions are
conpatible with a variety of substrate materials, including plastics, for
flexible electronic applications. 30 The present invention provides a

of & metal metal  OQRdDRecH RS K 0e bt B ke e E b e LA B IBED Ve
and an or gani g nigleellay eiediurg pxterdiy beayesn thg-doayes regiomant tiod drdie
thin-film The nol ecul ar device includes a source region and a d{bai n

region; 5 are@pecandanfiesiisalbxinswaling [aerhsbreemhssenee 'Be8MNo%nd t he
drain regiong., . i i ing |ayer between the source
region, the Qicrl?@ir}%g?Jggﬁooﬁﬁfé@ﬁﬁgg%%rﬁ%@hﬁar medi um | n one enbodi nent, the
source region, the drain region and the 10 nol ecul ar nedi um di sposed there

i Ch 1's " subst  dbEneIerBTIRG, BRSOURIROOT 12 Aoh Behan FWUBe Tur  her
[ ncludes g 9AbiEHRP MAIARROSREAREICEBIdLh SRR intddertipanl ator, the

source regi on, rain region and the nolecular nmedi um
arrangement on an insulating material, which is a substrate.

In another embodiment, the molecular device further includes a
gate region disposed between the substrate, the insulator, the source

15 region, the drain region and the molecular medium.

In still another embodiment, the molecular medium in the molecular

is a molecular switching medium.

20 In yet another embodiment, the thin film is prepared by a process
including the steps of:
(a)  applying onto a surface of a substrate solution including:
(i) a metal-metal bonded complex selected from the
group consisting of compounds represented by the following formulas:

25




In still another enbodi ment, the nolecular nmediumin the nolecular is a
nol ecul ar switching nmedium 20 In yet another enbodinment, the thin filmis
prepar ed W oa/oga3oress including the steps of: (a) applyi mgTarsvsomesur f ace
of a substrate solution including: (i) a metal-netal bonded conpl ex

sel ected fromthe group consisting of conmpounds represented by the
followng formulas: 25 Leq Leq Leq : Leq Lax ,MMLax Leq Leq Leq Leq
8 WD 03/088372 PCT/US03/09566 c3. 4 QMMQVW, X-<W; O00- .11 ,Q QM
(i>xzC7rV) 00 X QCo0 1.0 11 ~ WW

o M / W
(s >
W ‘M—\\o

y,

and a combination thereof; wherein:

L.y is an axial ligand;
Leq is an equatorial ligand; wherein two equatorial ligands together

form a bidentate ligand Q W, wherein each Q" W is independently
10  selected from the group consisting of: NN, N"O, 0N, NS, SN,
NP, PN, 0S,S0,0 0, PP and S” S ligands;

M is a transition metal;

M

wherein O O is a bridging group each selected independently
from the group consisting of: SO4%, MoO4*, WO,%, ZnCls* and a

15 dicarboxylate; and
wherein m is an integer from 1 to 25, and nis 0 to 6;
(i) a linker compound represented by the formula:

G3-Linker,-G4



"J 5 and a conbination thereof; wherein: Lax is an axial ligand; Leq is
an equatorial ligand; wherein two equatorial Iigands together forma

bi dent at ewbiogass$70) -' W wherein each Q -'Wis independent PgTAGIYeISect ed
fromthe group consisting of: NNN, NO ON, NS, S'N, NP, P-N OS S'O
OO P'Pand S-"Sligands; Mis a transition netal; --x- <( wherein 0 O is
a bridging group each selected i ndependently fromthe group consisting of:
S042 Mb042 W42 ZnCl42" and a 15 di carboxyl ate; and wherein mis an integer
froml to 25 and nis O0to 6; (ii) a linker conmpound represented by the

formul a:  G3-Li nk.%%'r&ﬁ G3 faﬁ@é’@é%ﬁ%?%rﬁé?ﬂr WFRIEAOBABLoM efreips G3 and G4

are the sanme or d erent functional ?roups capable of interacting with a
met al - net al bapateld of imprantingamth ainmatal-metal kondedmgneplBs N kinkewil$ @ct i onal

organi ¢ group. bonded to an ; 5 (i : d
evapor at i ng EWQP%@P%H{ aﬁf”ﬁpﬁ‘_&%@@g&ﬁigﬁéw Pé{]@?&ﬁ%ﬁg’% da?;'l, ﬁégl) um on the
substrate; The pr ocessegig) degoddheatt; &gdei n i ncl ude | ayer-by-1layer growth of

10 thin filns having alternating nonol ayers of netal -petal bonded conpl exes
and organi ¢ nol ec(es. esa@nraftmg??he salventita prodiice @ o) film @Tlt'é‘P CHEHI i chi ons.

medium on the substrate.

The processes described herein include layer-by-layer growth of
10  thin films having alternating monolayers of metal-metal bonded complexes

and organic molecules. Such films have utility in solid-state applications.

The films are prepared by repeated sequential depositions of metal-
metal bonded units, e.g., dirhodium tetraformamidinate complexes, on a
15 prefunctionalized substrate, followed by a proper organic linker, e.g.,

dipyridyl organic molecules, for the next deposition sequence.

The deposition method is a self-assembling, tunable and stepwise
process. Upon application onto a substrate, the complexes are adsorbed

20 on the substrate. Thereafter, an organic monolayer is applied. Thus,
repeating the steps, a stepwise layer by layer growth of the thin films can

be achieved.

The multi-layered thin fims can be grown layer-by-layer to the

25 desired thickness. The process includes the following steps:

(1)  applying onto a surface of a substrate a first linker compound

represented by the formula:

30 G1-Linker,-G2
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The filnms are prepared by repeated sequential depositions of netal netal
bonded units, e.g., dirhodiumtetraformm di nate conpl exes, on a 15

pr ef unct iwpaBigsst substrate, followed by a proper organi cPCirnises/09ses g. ,

di pyridyl organic nol ecules, for the next deposition sequence. The
deposition nmethod is a self-assenbling, tunable and stepw se process. Upon
application onto a substrate, the conpl exes are adsorbed 20 on the

substrate. Thereafter, an organic,nog i | i T, peating the
steps, a stePfWPOUCEAPIIHET %@P%H}eoﬁgmﬁgrt%@% (ﬁ?fhﬁs%ﬁra&%e achi eved.
The nul ti - | aypeesintdi s 4 flinGiiopanglRrRipWapanld eyiaterhytingyith thosutfece 6 desired
t hi ckness. The process includes the follow ng steps: (1) applying onto a
surface of athripdhsteate; G2fis |a§ctJnWQﬂ?é9r@tmﬁﬁﬁ%d€ Ofé'ﬁ?r%Bﬂgé‘Bthbgjl"’c &-for mul a:
30 GI1-Linkera- 8 RIS Qccig,% iper | ayer
of the fi rstﬁf?%k‘%&dce\cgr?%%ﬁé%ﬁbawﬁ@%gﬂgg%rsg't e, '%‘ﬁﬁ‘?@?ﬁ iﬁg%ﬁdgggti onal
group capsbl & &1 amd ®2acting with the surface of the substrate; & is a
functional group capable of interacting with a netal - netal bonded conpl ex;
and Linkera is a difunctional organic group bonded 5 to Gl and &; (2)
appl ying onto the i gy 1 conplex to
produce a netal mg al n%gﬁi@?ég%p#gﬁm%ﬁg?g%i%ﬁr%%gh%tra?ﬁnﬁt}gg‘?ayer; t he
met al - met al bonded conmieto peiduge seinetdledetat bomddtbcdpaxaupnelassr eni ng of

he fol | ow f las: Leg Leg :Leg L
conpounds re%ee Bﬁ%%??ay%;t eeme%l-n%{napgonc?er cor%%lex be?n seldctedfrom the

10  group consisting of compounds represented by the following formulas:

Leq Leq
O Leq \\'Leq
Lax M /IVI Lax
Leq Leq ‘
Leq Leq

15

11



Lax ,Max Leq | Leq Leq Leq ~Q M X <(om w; 015g QO VY, (WMO
O CM OOX Q) WWI11 WO 03/088372 PCT/ US03/ 09566 and a conbi nati on
t her eof ; wbaBE88372 Lax is an axial ligand; Leq is an equat @ciraiSos/ogend,;
wherein two equatorial ligands together 5 forma bidentate ligand QW
wherein each Q-'Wis independently selected fromthe group consisting of:
N'N, N-"O O-'"N NS, S-'N N-'P, Pr-N, O'S, SO O-'QO P-Pand S-'S
ligands; Mis a transition netal; ) -x-{( O
and a combination thereof; wherein:
Laxis an axial ligand;
Leq is an equatorial ligand; wherein two equatorial ligands together

5 form a bidentate ligand Q™ "W; wherein each QW is independently
selected from the group consisting of: N" N, N"0, O" N, NS, SN,
N"P,P"N,O0"S, 80,00, P Pand S S ligands;

M is a transition metal;

0! 0
o |
wherein O O is a bridging group each independently selected

10  from the group consisting of: SO,*, Mo0,*, WO4*, ZnCl,> and a
dicarboxylate; and

wherein m is an integer from 1 to 25, and nis 0 to 6;

(3)  applying onto the metal-metal bonded complex monolayer a

15  second linker compound represented by the formula:
G3-Linker,-G4

to produce on the metal-metal bonded complex monolayer an organic

20  monolayer; wherein G3 and G4 are the same or different functional groups
capable of interacting with a metal-metal bonded complex; and Linkery is a
single bond or a difunctional organic group bonded to G3 and G4; and

optionally
25 (4)  sequentially repeating steps (2) and (3) at least once to

produce the layer-by-layer grown thin film having alternating monolayers

of a metal-metal bonded complex monolayer and an organic monolayer.

12



wherein O O is a bridging group each independently selected 10 fromthe
group consisting of: S042 M)042 W42 Znd 42- and a dicarboxyl ate; and
wher ei n nwo3ass3rnt eger from1l to 25, and nis 0 to 6; (3pCashyarge ont o
the netal -netal bonded conpl ex nonol ayer a 15 second |inker conpound
represented by the formula: G3-Linkerb-G4 to produce on the netal-netal
bonded conpl ex nonol ayer an organi ¢ 20 nonol ayer; wherein G3 and (4 are the

di ff t ti I . bl f. hnt ' iyt
metal metal bonded NEdRppt LnglBRENAFERRY & Reklib Rt M i nct f ona
organi ¢ grouphbgiegeshd ehéﬁai@ll?r&%m@@df e &6t la98AtA bdFuhdd b?ewawangi ally
repeating stepS (2) and (3) at least once to produce_ the [ayer-by-Ilayer

grown thin fthemmeigimegtallboadadinig angribe gyearic lipkers. fuefgrahiys e Bvhded

| l. d i S03/ 09566
The ] engt n FitH s Hitn T MBS bidtlavsts ol B fleh e afb St 02,
physi cal &nd cehfyR:AlorpiareEhdem ofgagicimohalsger.chord eréferattly thevhinyi ng  t he

nmetal -nmetal bonded units and the organic |inkers. Pre era%gr@/, Jegjg thin
film has frofiim hes fiao 30 toddhalierngling Analaess f adneis-A1eRetAI9%onded 5

conpl ex nonol [ Oy e preferably, the thin film
has from 30 t%ﬁf{%e)gﬁf&erﬁmaa}gr%gﬂn%nol a@i"?‘i‘%@P'a’X%et al -nmetal bonded conplex

nonol ayer and an organi ¢ nonol ayer. The filnms are deposited fromliquid
solutions and therefore they 10 may be deposited on sHbstrat %s havi ng
di verse topogr aphyl henimscayietdepasijed siom liquid solutions and therefore they

10  may be deposited on substrates having diverse topography and

configuration.

The following illustration describes the layer-by-layer growth
methods used according to the present invention to fabricate metal-metal

15 bonded compounds on a substrate.

P
£ P10
nker; (G2

H - T /".'M“M. . -
GLinker, -G

L Linker, .-' 4 .'.‘L.fﬂ o

= s =R 7| Bt - e
&

[y f

Linker, —

repeat step
2 and 3

20
As a substrate, any suitable material can be used. Suitable
substrates include, for example, a metal, a metal oxide, a semiconductor,
a metal élloy, a semiconductor alloy, a polymer, an organic solid, and a
combination thereof. The form of the substrates can be a planar solid or a

25 non-planar solid such as a stepped or curved surface.

13



The following illustration describes the |ayer-by-layer growh nethods
used according to the present invention to fabricate netal-netal 15 bonded
conpoundswon3asssabstrate. GL LuikerQ- r L MM .~ Gl LnlPemtuse3nges ~ ~ Y
G1l ~ nkera~~ MM step 1 step 2 G- - Linker, 1 Linker,--~~ ste 3 I
G(Lnker ;-G M MGc repeat step p 2 and 3 20 As a substrate, any
suitable material can be used. Suitable substrates include, for exanple, a

netal, a netal oxide sem conduct or al lao | ¢.opnduct or
alloy, a pol yner, ﬂ#@@&'mgcp?g rir%‘g S%ﬂrageg@é%ibﬁgbi%éﬁn%%g&@@he f orm of
t he substrat gs0camy B/ pl anar solid or a 25 non-planar solid such as a

st epped or curved surface. 13 WD 03/088372 PCT/ US03/ 09566 The foll ow ng
preferred substrates have been denonstrated: Au, |1TO and Si02.

Gl Li nker s G2 or ougp, it allyBs WL SEhAL HOBELEP shBks 4 LOfBm® 2

sel f-assenbl ed nonol ayer f organi c nol ecular speci es havi ng
functi onak grapsgf-@dserapiell monbdlayet mchckel amganictolscalss spkaies halvirigha
substrate formng a coated surface

. Exanpl es, of thi t hat b
desi gned i nt dupgiAloBaUR 6 capsbispbipiRies Vitbhe PUBARPhia SRR ¢ 1 cul ar
substate sur ff@ﬁﬁin‘@'é Bo5REH e,

Examples of this group that can be designed into molecules for

10  interacting with or binding to a particular substate surface with chemical
specificity include one or more of the same or different functional groups,
such as phosphine oxide, phosphite, phosphate, phosphazine, azide,
hydrazine, sulfonic acid, sulfide, disulfide, aldehyde, ketone, silane,
germane, arsine, nitrile, isocyanide, isocyanate, thiocyanate,

15 isothiocyanate, amide, alcohol, selenol, nitro, boronic acid, ether,
thioether, carbamate, thiocarbamate, dithiocarbamate, dithiocarboxylate,
xanthate, thioxanthate, alkylthiophosphate, dialkyldithiophosphate or a

combination thereof.

20 Functional group G2 on the tran direction of G1 is capable of
interaction with the next layer metal-metal boned molecules. Examples of
this group that can be designed into molecules for interacting with or
binding to a particular metal-metal bonded molecule with chemical
specificity include one or more of the same or different functional groups.

25  Thus, G2 in the first linker compound can independently be: 4-pyridyl, 3-
pyridyl, cyano, 4-cyanophenyl, 3-cyanophenyl, perfluoro-3-cyanophenyl

and perfluoro-4-cyanopheny.

There are two types of these molecules, G2a and G2b. G2a is

30 used for the axial direction linkage, such as nitrile, pyridyl, trimethylsilane

14



specificity include one or nore of the sane or different functional groups,
such as phosphi ne oxi de, phosphite, phosphate, phosphazi ne, azide,

hydr azi newogalsssmi ¢ aci d, sul fide, disulfide, aldehyde, keconsos/eisbane,
germane, arsine, nitrile, isocyanide, isocyanate, thiocyanate, 15

i sot hi ocyanate, am de, al cohol, selenol, nitro, boronic acid, ether,

t hi oet her, carbamate, thiocarbamate, dithiocarbamate, dithiocarboxylate,
xant hat e, thi exapbbadse, | & % PhQsPRR ' vl gi t i ate . or a
conbi nation thergof. Zoa@uﬂr?%t(ig%?lglo gr oupttﬁée?eglr{%&t%‘ ?ﬁr%ﬁlo@ﬂ%%@?b%ﬁ%} A is
capabl e of i@ EpRethrislging bidentaie igands ajtbr(Nol), aN; 0Et(@,Ohqes), (P RC Ul es.

Exanpl es of t be. designed into nolecules for interacting
with or bi nﬂ'@"‘it%@&???ha@%éwe %ﬁq SXERRiee AbPidentate ligandsheni cal
speci ficity iavel ardilinates tiatrpe e @f N @8n628&, 8Ec@hii § ' gr oups.
25 Thus, %2 i he first |inker (corr%oupld can i%%ﬁ)laeﬁ%g{rﬁtla{/él%g“g?%ﬁ’i dyl,

3-dpyri S?/l c‘fr/]adh@,(ylﬂte@jaﬁbﬁmw;O@@y&mbwlate?é?iﬂarera)(('i’x,&))slanoph&nyl |
and perfl uor gy . es.of these, nol e s, Ra an
Db, "Coa 1o SHPSUAAET R ard ATEP ROt IR e BBl e SR S ST .
pyridyl, tri resthghd dithioearbbdylROH088343SRETdgS03/ 09566 conpounds; and

the &b is used for the equatorial direction |inkage, such as sone
bridging bidentate ligands with (NN, (N O, (0,0, (0,9, (PP, (NY9,
and (S,S) donor Seﬁ?efc?i% [ f bidentate |igands are

am dinates that are a N%d %‘?ﬁ%@%ﬁﬁ%@é%@ﬁ?ﬂg’gsﬁﬁg&are a (NO set, 5
carboxyl d0es that are a (0,0) set, thiocarboxylates that are a (O S) set,
di phosphi nes t(gg;iare a (P,P) set, nercaptopyrimdines that are a (N, S)

set, and dithi oxyl a/es\t hat are a (S, S) set.
W

on oxides surfaces, and

HS —
N
s \ 7
on Au surface.
20 1. - are suitable molecules containing at least one metal-

metal bonded unit.

1. If the first monolayer ends with G2a group, examples of
these metal-metal bonded complexs can be containing one or more than
25  one metal-metal bonded units of which axial direction can interact with or
bind to G2a group, such as the molecules containing one or more than
one of the following metal-metal bonded cores: Cr,**, Mo,**, Re,®*, Re,™

b

Rex*, Ruy®, Ru®, Rhy**. Preferred molecules suitable for use as the

15



The foll ow ng nol ecul es have been denonstrated: 10 CI3Si CQ XN on oxides
surfaces, and HS 15\ ~N on Au surface. 20 IIl. MMare suitable
nol ecul eswoonnsssmi ng at | east one netal - nmetal bonded uni PCTAIS03/6956he fir st
nonol ayer ends with Q2a group, exanples of these netal-netal bonded

conpl exs can be containing one or nore than 25 one netal-netal bonded
units of which axial direction can interact with or bind to G2a group,

AofRettsPales 3 B TR i 3Rt 5% WAL R0, o6

as the nol ecul

net al - net al

Rh24+. Pref ererakismaesotyastofditiabliem estrakis(camoxpritdBin6lyBasnRaz72

PCT/ US03/ 09566 nol ecul ar species that can interact with or bind to Qa

group i ncl udéetrakléfafﬁlﬂifﬁt@)ﬂﬂ%’tﬁr@ﬂﬁhéﬁ"Hm:ﬁ?%'&ﬁﬁm'dmato)‘?h'or@
d
A A TP e

tetraki s(am Cb|s1(abcbcdaytdio)clh|s(amuﬁnbioe)dlcmdmybau @bm;ﬂémn Cbrl’[ammgjmln@dl um

and conpl exes containing nore than one dinmetal units. If the first
monol ayer endBaWWﬁ@@er%ﬂﬁ exanpl es of these netal-netal bonded

t et r aki s(car
tetrakis(am

conpl exes can be containing one or nore than one 10 netal -netal bonded

such

units of which equatorial direction can interact with or bind to &Qb group,
such as the nol ecuf #% fishtrainoiaygr ends efitht @2bfgnblpveéxagnples of these

10

15

20

25

30

metal-metal bonded complexes can be containing one or more than one
metal-metal bonded units of which equatorial direction can interact with or
bind to G2b group, such as the molecules containing one of the following
metal-metal bonded cores: Cr**, Mo,**, Wo**, Rep®, Rex®, Rex*, Rup™,
Ru,®*, Ru®*, 0s,%*, Rh,*'. Preferred molecules suitable for use as the
molecular species that can interact with or bind to G2b group include:
tetrakis(carboxylato)dimetal (where the metal is the one of the above),

decakis(acetonitrile)dimetal (where the metal is Mo, Re, and Rh).

The molecule that has been demonstrated is: [Rhy(cis- N,N’-di-p-
anisylformamidinate);]2(O,CCH2CO»),.

tinkes {64 gre suitable molecules bearing two functional groups
at both ends. These functional groups will interact with or bind to the
previous metal-metal bonded unit terminated surface. Both G3 and G4

functional groups are every similar to G2.

Thus, G3 and G4 in the second linker compound can independently
be 4-pyridyl, 3-pyridyl, cyano, 4-cyanophenyl, 3-cyanophenyl, perfluoro-3-
cyanophenyl and perfluoro-4-cyanopheny. Linker, can be a single bond,
an alkylene, an alkenediyl, an alkynediyl, a 1,4-arylene, an arene-1,3,5-
triyl, a 1,2,3-triazine-2,4,6-triyl, 4,4',4", 4”~(21H,23H-porphine-5,10,15,20-
tetrayl) and zinc complex of 4,4',4”, 4”~(21H,23H-porphine-5,10,15,20-

16



met al -nmetal bonded cores: Cr24+ Mp24+ W24+ Re26+ Re25+ Re24+ Ru24+ Ru25+,
Ru26+, 0s26+, Rh24+. Preferred nol ecules suitable for use as the nvolecul ar
speci es twato3os837i nteract with or bind to &b group i ncl ueeT/UL83/09566
tetraki s(carboxyl ato)dinetal (where the netal is the one of the above),
decaki s(acetonitrile)dinetal (where the netal is Mo, Re, and Rh). The

nol ecul e that has been dem)nstrat ed is: [Rh2(cis- N,N -di-p- anisylformm

|d|nate)2]2 2 2. 20 erb : e i earing two
f unct i onal %@ag&@b rﬂb'gﬁ Lﬁ’ﬁ{gg %Wﬂi?r%%‘gﬁﬁg g’&@?’ %ﬂk%rels%{i’er act with
or bind to t RIS p ORh Bl B3 Y pyaRIyRe dittfidth fisifatiesphad osgarfiace. Bot h

G3 and 4 fll?ﬁ%?ﬁnal gr%ﬂgs a?&g%ev%ew glcbr?‘l | ar to}tGZ Zg hl?ggHG?, and &4 in

the second | imleculesmestainingzat I¢aﬁiléw@r$&@|W|qfth%83ll4>Mww ﬂawr seiS ppeddy| |
4- Ip:h
ot cya%%pg}gd%'lj% b%q?%ﬁ%qggﬁ% ( N 529@5*630%%90( hpg)(b %%nd

per fl uoro-4-cyan can

al kenedi yk, ? %MBR@'S}’N’\IQ Nfﬁoaannn gnsanene= b, ?P"SI\B@TSI B 04
123tr|a2|ne 4,6-triyl, 4, 4' 4", (21H23H—porph|ne510 15, 20-

tetrayl) and @@ ROWhSE OTSdigahdd.” SOme moPdddl@Siith detpdtiedrab, 10, 15, 20 16
WO 03/088372 PCT/ US03/ 09566 tetrayl) and a conbi nation thezr eof . Further
exanpl es of @Bolmetk;emaycalso geaisesl dsnequaterigidinkars, suckes ok yifeOdyi s,

di trimet hyl SW §|ﬁ organi ¢ nol ecul es containing at | east two of any
of the follo dbh sets used as bridging bidentate ligands: (N, N),

(N O, (0,0), (0 S), (P, P), (N S) and5(S S), such as, NN, NO ON NS,
S-N, N-'"P, P-N, OS, S-0O 'O P '"P and S'S qands Sorre nol ecul es
with tetr&hedral Examples of the second linker compounds include compounds

represented by the following formulas:

@—\\_@N Y ve Hon

20

17



geonetry may al so be used as equatorial |inkers, such as SO42 M042 W42
ZnCl 42 10 Exanpl es of the second |inker conmpounds include conmpounds
representwo obpssne foll ow ng forrmulas: /N No~ \ ~N NC-a- PETRSE3/#566 NC CN
FFF201~1~ i s N, NN i I NI ~N 17 WD 03/088372 PCT/US03/ 09566 N \
NFi Z-n- NHN-~1 NNN 5 NNNN and acetylene or diacetylene |inkers
represented by the formulas: 10 -C=C- or C=-C C=C-which can be derived
from derived from conpounds represented by the

5
and acetylene or diacetylene linkers represented by the formulas:
10
-C=C- or -C=C-C=C-
which can be derived from derived from compounds represented by the
15 formula:
Me3Si-C=C —SiMes
or
20 Me3Si — SiMe3

by desilylation of the trimethylsilyl group.

18



15 formula: Me3Si-C-CSiMe3 or 20 Me3Si = - SiMe3 by desilylation of the
trimethylsilyl group. 18 WO 03/088372 PCT/ US03/ 09566 Preferred nol ecul es
carryi ng WD oBesssr2 t wo required functional groups includePCHusoMIsbe/ \ N N
Zn-N O\/ N N\-C N NN In a preferred enbodi nent, the process of the
present invention 10 includes the steps of: (1) applying onto a surface of
a substrate a first |inker conpound represented by the formula: 15

Gl- Li nk (€7
wherein Gl is  selustdtrd Pofroer gralift bl bt dlied B OITAN  1 o
sel ected fronppcltiéhe group consisting of: 4-pyridyl and 4-cyanophenyl; ‘and

Linkera is 20 sel ected fromthe group consisting of:Cl-C8 al kyl ene, C1-C8
al kenediyl, G- C8 al kynediyl and 1, 4-aryl ene;

In a preferred embodiment, the process of the present invention

10 includes the steps of:

(1)  applying onto a surface of a substrate a first linker compound

represented by the formula:

15 G1-Linkers-G2

to produce a primer layer of the first linker compound; wherein G1 is
selected from the group consisting of: Cl3Si and SH; G2 is selected from
the group consisting of: 4-pyridyl and 4-cyanophenyl; and Linker, is

20 selected from the group consisting of:C4-Cs alkylene, C4-Cg alkenediyl, C+-
Csalkynediyl and 1,4-arylene;

(2)  applying onto the primer layer a metal-metal bonded
complex to produce on the primer layer a metal-metal bonded complex
25  monolayer; wherein the metal-metal bonded complex is selected from the

group consisting of compounds represented by the following formulas:

19



(2) applying onto the prinmer layer a netal-metal bonded

on the primner

| ayer a netal - net al

bonded conpl ex

conpl ex to produce
25 nonol ayer; wherein the

met al - ret\wb oBosrierl conpl ex is selected fromthe group con®PCItUSNYI5H6
conpounds represented by the follow ng fornul as:

19 WD 03/ 088372

PCT/ US03/ 09566 Leq Leq Leq Leq Lax ,Max Leq Leq 5 Leq Leq | Q |1 M O
IVI. Q~vy.. XCvy, X w; om 10/ Q QI MOIV Qx 0 ~":.1 o>-<0Q
= CWM)-OO",MW O0 X~ @,, ,.0
\‘Leq \“Leq
LM M—L gy
Leg/,’ Le;/‘
5 Leq Leq
10
9 8
Q< "I\/Ii—— : \
W M——0
\
o}
>\<(()’/,, R
i
5|
SN
W
15 and a combination thereof; wherein:

Laxis an axial ligand;

20




WWn 15 and a conbination thereof; wherein: Lax is an axial ligand; 20 WO
03/ 088372 PCT/US03/ 09566 Leq is an equatorial l|igand; wherein two

equat ori awolo3gss3ds t oget her forma bidentate |igand QW waeeresososech Q' W
is independently selected fromthe group consisting of: NN, NO, O 'N,
NS, SN NP, PIN OS SO O-'O P''"Pand S'Sligands; 5 Mis a
transition netal; 0-x-CO wherein the group O O is a dicarboxylate bridging

group selected from.the gr ISt | : ; by the
Pormil as: o 10 b @lbe Rty IRRI bhBrig bd SRRBKRET G AR RERNES "0 e
- 02C 2 02C &} 8 bidedtalRfigdR2QF W; wheréideach/QOW is independently
selected from the group consisting of: NN, N0, O"N, NS, §™ N,
NTP,PTN,O0S,S 0,0 0O,P Pand S S ligands;

5 M is a transition metal,
o) 0
| = o
wherein the group O O is a dicarboxylate bridging group

selected from the group consisting of compounds represented by the

formulas:
o
Lo 0,C~ ~ Co, 0,C co, 0,—CO,
0,C
0,C—==—C0, —\—002
15
V== g
S 0 COCO
.n\\ Y, 2
020/\& 2
R F
0,C CO,
F F
20
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20 21 WD 03/088372 PCT/ US03/09566 CO2 CO2 PZ-) X9 CO2 02C ORC -<OC- C2
02C-C (~ ~CCx2 _ (CH2)3C2(C™2)2 = BloH10C2(C02)2 5 and m xtures thereof;
and wher ewp 0308878Nn i nteger from1l to 12, and n is 0 to 3PCT3)S0rmMsbG I ng
onto the netal -nmetal bonded conpl ex nonol ayer a 10 second |inker conpound
represented by the formula: G3-Linkerb-G4 to produce on the netal-netal
bonded conpl ex nonol ayer an organi ¢ 15 nonol ayer; wherein G3 and (4 are the
sanme or different functional groups capable of d@teracti ng with a

nmet al - met al bonded conplex; and Linkerb is a hgte bond or a difunctional
organi ¢ group bonded to z3%2and &4; and opyi |1y 20 (4) sequentially
repeating steps (2 (3) at |east once |t pr oduce the | ayer-by-I|ayer

grown thin filmhaVvingTalternating nonol ayérs of a netal -netal bonded
conpl ex nonol ayer @G@d an organic nonol@yer. In the first step, the
substrates used for filmgrowh can be various 25 kinds of netals,

i nsul ators, and sem conductors such as glass, quartz, alum num gold,
pl ati num gol d/palladiumalloy, silicon, thermally grown 22

020002 ozo—c@o—oo2

= (CHy)3C2(COy), = B4gH19C2(CO2)2

and mixtures thereof; and

wherein m is an integer from 1 to 12, and n is 0 to 3;

(3)  applying onto the metal-metal bonded complex monolayer a

10 second linker compound represented by the formula:
G3-Linker,-G4

to produce on the metal-metal bonded complex monolayer an organic

15 monolayer; wherein G3 and G4 are the same or different functional groups
capable of interacting with a metal-metal bonded complex; and Linkery, is a
single bond or a difunctional organic group bonded to G3 and G4; and

optionally

20 (4)  sequentially repeating steps (2) and (3) at least once to
produce the layer-by-layer grown thin film having alternating monolayers

of a metal-metal bonded complex monolayer and an organic monolayer.
In the first step, the substrates used for film growth can be various

25  kinds of metals, insulators, and semiconductors such as glass, quartz,

aluminum, gold, platinum, gold/palladium alloy, silicon, thermally grown

22



WO 03/ 088372 PCT/ US03/ 09566 silicon dioxide on silicon, and

i ndi um tin-oxide coated glass. Since the films are deposited fromliquid
sol uti onswotoheyssmay be deposited on substrates having di perasos/esegr aphy
and configuration. The formof the substrates can be a planar solid or a
non- pl anar solid such as a stepped 5 or curved surface. The second step of
thin filmdeposition is to treat the nodified substrate with an

appropriate ¢ ound ontalnlng at . | .. O tal- I unit from

2ol ut o NeSPoREER B ehny et EPSaE Shdlsp BSR SPREHE, Lo

their axi al fimeatd aBgostedNrém liguitesdlationd, ithey Ayt e degdnsltetdhm r equatori al

directions. The opposite direction that has not been us fé{ 0 |{1%eract wth
rm

Ithe mo|b eclul asub%wea;@lvwg dlvg@edgéagre?@hw@dswﬁlgumﬂ% F of the
ayer - by- | ay l t | -
bonded uni tsghgél};%%s he'baf &Eﬂgﬁvﬁg@é@%ﬁ%‘; sé&fg%l?a%\?%l’[%ﬁ%@ Rge t EL

Ru, Gs, . Ce, Bh_cuhre,d §t|.lrfadéd, Pt, Cu, Ag. In the third step, the netal -netal

bond unit termnated surface is treated with a solution containing

][ml ecul esI bearing at |east two functional groups. For axial Iinking these
unctional groups Ry, ainin

N- donor atons. Thus, %@nﬁ%ﬁb@ﬁ‘nﬁ@fl@?ﬁ% bélﬁoﬁ(?sgftré’%tgthgﬁb?cﬁﬁﬁ@@ °

polynitriles substrmel \Mtlo:antempmommtb copyrciyd canrdialnlngratlleastfomcmetﬂial ities.
For equatorial |[i nkers ni ¢

two of any ofmetakb @Wq’d)bl}ﬂ'ﬁ OHggaPﬁg%o %'e@eﬁ bBPHdtﬁ‘i'tﬁdV' ﬁ?ttglﬁr‘]f{t Q&Qalt i lggfrj\lzts:
(NN, (O N éRJn?Q thr()h‘gﬁ))chen( gﬁlgPdlréé}oﬁls ordiith l§|§e§9ate ﬁéamrawrecul es with

tetrahedral geone e use equatorial ITnkers, such as SO42
I\/gg42 V\D4|2 Zmlﬁbméq'urhmnaédlre&toms |Tshet«zppa§deadlrethenéltnai\,I’@Stmi tﬁe@p@sqcb add
addi ti ona | ayers

are not to¥nteract Wl’[th t%em Iecﬁ‘lar ?Emglat eéj uggél ta% tﬁ‘e SItgrfgratﬂ'eCnelitnkers

step of the layer-by-layer thin film growth. The metal atoms used in the
metal-metal bonded units may be any of the following: V, Nb, Cr, Mo, W,
15 Tc, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag.

In the third step, the metal-metal bond unit terminated surface is
treated with a solution containing molecules bearing at least two functional
groups. For axial linking these functional groups may be any kind of nitrile

20  or pyridyl containing N-donor atoms. Thus, the organic molecules will be
polypyridyls, polynitriles, or will contain both pyridyl and nitrile
functionalities. For equatorial linkers, they can be organic molecules
containing at least two of any of the following donor sets used as bridging
bidentate ligands: (N,N), (N,0), (0,0), (N,P), (P,P), (N,S), and (S,S).

25  Some molecules with tetrahedral geometry may also be used as
equatorial linkers, such as SO, MoO4*, WO,*, ZnCl*.

The next step is to repeat the above two steps to add additional
layers, but the metal-metal bonded units and organic linkers are not
30 required to be the same, as long as they have a similar structural moiety.

This provides a versatile means of assembling multilayer heterostructures
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30 required to be the same, as long as they have a simlar structural

noi ety. This provides a versatile nmeans of assenbling nmultil ayer

het er ost rwotoasngss72 23 WO 03/ 088372 PCT/ US03/ 09566 from vaPCousoietses - met al
bonded buil ding blocks, with essentially any desired sequence of |ayers.

The schene below illustrates an exanple of nultilayer thin film 5 growh
including of alternating |ayers of the redox active netal-netal bonded

supr anol ecul es [ Rh2( DAni F) 2] 2 CCH2 ) WE = N N_-di-

ani syl f or rram%(?_f’L&?ré_Lfs T,etéﬁhe%ﬂgge%hcﬁpégﬁ%ﬁr }Ngb\lle)lgg? ﬁ{ﬁll e 2, on
pyridyl  fungpkpadkbgaehaxbraysmbstrates, such as quartz, indiumtin-oxide
(ITO, and silicon wafers that have a native or thermally grown silicon

di oxi de 10 surface. The oxi de substrates were cl eaned as foll ows: each

substrate was first treated in, : f ] : d d
t horoughly with aJZ‘Fo é‘?%%ﬁ%rﬁp'o'b@#g%tgg%&%r@ \%raptfzwlmtgggpvﬁ%ﬂﬁ@ri ed in an
8\\//;92 at 1f§0 @rd‘)@!{hhiﬂblug?d @?@Itera_atﬁnhg Ege¥§ubm]§rl”?ﬂexmﬁve meddledetadai n i n
zone for "anot her mn, right before fj osj tiqp. rat
fi [st(si | at edpopgied sapramelecHiesd @ﬁQ@HE)z%P&PQag%@&MmPﬁgﬁW’WPa' oo nere
4-[2-(trichl orosi ~ ri.dj Qly_ T Ori HehbNsi W th
copi ous amu%ﬂi@éfp%%}ﬂ&(ﬁhg% % ée g%% 92}( ﬁg(ﬁgg?)ﬁg@%‘eb\g’r% (\ﬂ/g%lﬁ%rldri ed.
Met al - et al  honetrmalizé® oxidersubstratesysueh gsquartay indiuratin-akigei(H@)t he
substrates into a 0.1 nmMtol uene sol ution of rm, ecule 1 for 2 h at -15 C
a_ndht hen in &ng.siliGan waless tr@j|h§>{vp(ﬁ1n@’qlvezorffg1§rr§@ I OrowR sHigaRHIPfer at ur e,
W th rinspkng en steps. 25 After the first bil d ited
proceduribmsslelr?%é}gated, ayer vas deposited, the

The oxide substrates were cleaned as follows: each substrate was
first treated in UV/ozone for 30 min., then rinsed thoroughly with acetone,
dichloromethane, and water, and then dried in an oven at 120 °C for at

15 least 2 h. The substrate was treated again in UV/ozone for another 30

min. right before film deposition.

Substrates were first silated by immersion in a toluene solution
containing 1 mM 4-[2-(trichlorosilyl)}-ethylpyridine for 30 min. After rinsing
20  with copious amounts of toluene and ethanol, the substrates were
vacuum-dried. Metal-metal bonded molecular films were grown by first
dipping the substrates into a 0.1 mM toluene solution of molecule 1 for2 h
at —15 °C and then in a 0.1 mM ether solution of 2 for 30 min at room

temperature, with rinsing between steps.

25
After the first bilayer was deposited, the procedure was repeated,
but with the soaking time reduced to 1 min for each solution, until the
desired number of bilayers had been obtained.
30 These steps can be schematically represented as follows:
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but with the soaking tinme reduced to 1 mn for each solution, until the
desired nunber of bilayers had been obtained. 30 These steps can be

schemat i cablog/oss3pz esented as fol lows: 24 WO 03/ 088372 PCPLCUSB83/03666 we
Foi Ocz, C13Si "N Rh~dGRh"~N' C) Ch Co. Optrace O NO.1 mMin
Toluene Step 1 Ova Step 2 oo(c) ,z 2 cn " 0.1 mMMin Ether OpC7 Step 3

“z~za . .. 0.0 repeat steps 2 and 3 CnO1l -06 ob..oco NKkK' 7z " n
".‘.”1‘. OUJ
= ¢ RN, i eo'
- TR —~* Tor >OR|”N\ 1
ClgSi 7 N "N-gpO, O '
nil = of oY
O _— MO P >
~ 1 trace H,0 \ 0.1 mM in Toluene
Step 1

i O
Tros N7

0.1 mM in Ether
Step 3

Ze)lS}

repeat steps 2 and 3
’

oIS

cols

N, N'-di(p-anisyl)fformamidinate
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MO Ovw NC, NN-=NN-di(p-anisyl)formam dinate 25 WD 03/088372

PCT/ US03/ 09566 Figure 1 shows a cross-sectional view of a typical

t wo- t er miwelo3josg3er al el ectronic device having a substrat e PC@/USII®SceVi ce
includes a netal-netal bonded conplex material |ayer 4. Layer 4 is a
metal -nmetal 5 bonded conplex and serves as the active sw tching nedium
between the electrodes 6 and 8 fabricated on substrate 10. Figure 2 shows
a cross-sectional view of a typical three-termnal |ateral electronic
device 20 in the configuration of a transistor. The 10 transistor 20

i ncl udes a net al - nEigate bbrhedsmat eroselsektiymal vidw bhyetypiéali tvo-termihall - met al

bonded conpl ex and serves as the channel petween source and, drajn

el ect rodes 24latgidl stectrpnic deMigachaviee aeubsiEatreldy - Hae Levigy Cofplex is
nodul at ed acr é | | | i r SilC. ) pn Si 02
film by a ga@%ﬁaéﬁﬂ%ﬁ ggbagg,aéd\;\%?%ﬁwné%}lgggﬂge??dgégﬁreﬁdtge%y 8Se é‘sli l'icon
| ayer, all5 of bovderhcamglehabnd catved as treubstiveaswitclBdg nedjumebSwsleovihea
cross-sectional view qf a ical fwo-termon vertical electronic device
40. Device 40glfeﬁtfp ga&‘%%%( r'—%‘}apnﬁlﬂﬁﬁté@e%-corrpl ex material |ayer 42.
Layer 42 is a netal -nmetal bonded conpl ex and serves as the active

swi t chi ng nmedi um bet ween el ectrodes 44 and 46 fabricated on substrate 48.
In this case, el ecFigode24hovs alepmssigastional tiew affa typical theeedtenmeinal bonded

layer. 25 Fi gl%{eerald'elsegf)r\é\ﬁicade(i/ricoesfﬁ X tei gowljgu\r/ailt%vﬁ/ onfa ﬁaﬁ%’ig’tio?.a'l'het hree-term nal
10 transistor 20 includes a metal-metal bonded material layer 22. Layer 22 is
a metal-metal bonded complex and serves as the channel between source
and drain electrodes 24 and 26. The conductance of the metal-metal
bonded complex is modulated across an electrically insulating layer 28,
such as a thin SiO; film, by a gate electrode 30, which may be a
15 degenerately doped silicon layer, all of which are fabricated on substrate
32,

Figure 3 shows a cross-sectional view of a typical two-terminal
vertical electronic device 40. Device 40 includes a metal-metal bonded
20 complex material layer 42. Layer 42 is a metal-metal bonded complex and
serves as the active switching medium between electrodes 44 and 46
fabricated on substrate 48. In this case, electrode 44 is deposited on top of

the metal-metal bonded layer.

25 Figure 4 shows a cross-sectional view of a typical three-terminal
veritcal electronic device 60 in the configuration of a transistor. The
transistor 60 includes a metal-metal bonded material layer 62. Layer 62 is
a metal-metal bonded complex and serves as the channel between source
and drain electrodes 64 and 66. The conductance of the metal-metal

30  bonded complex is modulated across an electrically insulating layer 68,

such as a thin SiO; film, by a gate electrode 70, which may be a
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veritcal electronic device 60 in the configuration of a transistor. The
transi stor 60 includes a netal -nmetal bonded naterial |ayer 62. Layer 62 is
a net al - rwpaB/ogs3mied conpl ex and serves as the channel betegdsoyaisce and
drain el ectrodes 64 and 66. The conductance of the netal -netal 30 bonded
conplex is nodul ated across an electrically insulating |ayer 68, such as a
thin Si02 film by a gate electrode 70, which may be a 26 WO 03/ 088372

PCT/ US03/ 0956 %?é}g r j | ] : [

fabricated on&% strgéﬁyéab%éfsﬂféBﬁﬂ?y?rbgggf‘whﬁ:ég{rreggigll%a%g‘ngﬁdsg%oszrira?eed on top
of the et al - i2tlal thisorebed eleyrede 6 Bidppoeitéd shdop offid matalesetzl net al - net al
bonded conpl eé @;{g%&bl ed | ayer-by-layer from solution show ng the conpl ex
spanni ng t he P97 €"bet ween Au el ectrodes as the nunber of bilayers is
increased from(a) O bilayers, (b) 7 bilayers, (c) 17 bilayers, and (d) 30
bil ayers. The Au electrodes were deposited onto 40 nmthick Si02 on a
degenerat el y 10 dopigdire 5l shoovs Abhsimagss. of fheglal-oneBalhmwied ¢oreplent s of t he
AFM i mages shown inI FiI ure;EySI Thﬁ' metlah- meﬁal . bonded cq&gl ex S.Baqﬁ t he

di stance bet waetr BPEEFEEY-1aver BOrhePHiY SBRWINS: e PoprIGK SRABNRE PEdes as
the nunber of gistdrRess&weenlfu ERefrBaSEs i@ uber Of BilhRH8i$ inciddsed bi | ayers,
(c) 17 bilayers, and (d) 30 bilayers. Once the netal-netal bonded conpl ex
spans the di sframc@) Brilayers, () édilayrtes(c) dithilayetsy aandsdiBDihigyetse Thenpl ex

I - by- | in_ 20 ' I Stal L hin filmin which
oL e sk bR SRR P Bk SI0AER A e
el ectroder) argogdesilicobs albytrateonnect ed.

Figure 6 shows line-cuts of the AFM images shown in Figure 5. The
metal-metal bonded complex spans the distance between electrodes,
closing the separation between electrodes as the number of bilayers is

15 increased from (a) O bilayers, (b) 7 bilayers, (c) 17 bilayers, and (d) 30

bilayers.

Once the metal-metal bonded complex spans the distance between
electrodes, either by assembling the complex layer-by-layer or by spin-
20  coating a polycrystalline thin film in which the metal-metal bonded units
and the organic ligands self-assemble, the electrodes are electrically

connected.

Preliminary data demonstrating the desired negative differential
25 resistance in 2-terminal, lateral device structures is shown for two metal-
metal bonded complexes in Figures 7 and 8, where the compound is
assembled layer-by-layer, and in Figures 9 and 10, where the compound
is deposited by spin-coating from a solution in chloroform (1.6 mg/mL) for
1 minute at spin speeds between 1500-2000 rpm.
30
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Prelimnary data denonstrating the desired negative differential 25
resistance in 2-termnal, lateral device structures is shown for two netal -
met al borwed3ossspt exes in Figures 7 and 8, where the conpeardsns09sessenbl ed
| ayer-by-layer, and in Figures 9 and 10, where the conpound is deposited
by spin-coating froma solution in chloroform (1.6 ng/nmL.) for 1 mnute at
spi n speeds between 1500-2000 rpm 30 27 WD 03/088372 PCT/ US03/ 09566

Figure 7 shows neggid g 7iHdvR %ét%&ﬁégﬁaﬁp%ﬁlét%%%ﬁ thd [gparacteristics

for a netal -nmetal bonded conplex in net al - nretal bonded
unit and zi ncCBamoter&tuzs)erea netal-pgtal dphile@ torpkatn whichiRm&hiis théae |1 gand.

ety pyr i nel BARER PRbra it RiEne BV S plute i SR e e
geonetry wi t hp@iphife I%Whépi@éhagﬂb@bkﬁﬁ“@lbmb@ roWh ?é}éngﬁlﬁgeFerHfRUB shows

negative di fferentlal resi stance in 0 char-ac tics for a
met al - net al b@l@@@@d@%h'ﬁlﬂg)dﬂerpamamﬁth&mmﬁlﬂ%%ﬂ“@lln‘rﬁraTh@dewcebsnded uni t

ayer . by- | ayolPtl PaieCel TR ER dsrirdf AN g Do BelieciRets e

| i nker. The delectredés. fabricated in the lateral geonetry wth an 80 nm
spaci ng between netal electrodes. 15 Figure 9 shows an AFM i nmage of the
nmet al -metal bonded conplex in which Rh-Rh is the nmetal -nmetal bonded unit

ool on v vepos L BNy YR AR AR e,y 2,
form a pollycrgsdrattaristics forra frigtahmetal bonded complex in which Rh-Rh is the
metal-metal bonded unit and 1,2-bis(4-pyridyl)ethylene is the ligand. The
compound was grown layer-by-layer from Au electrodes using mercaptan
ethylpyridine as the linker. The device is fabricated in the lateral geometry
with an 80 nm spacing between metal electrodes.
15
Figure 9 shows an AFM image of the metal-metal bonded complex
in which Rh-Rh is the metal-metal bonded unit and zinc 5,10,15,20-tetra(4-
pyridyl)-21H,23H-porphine is the ligand. The complex was deposited by
spin-coating from a solution in chloroform to form a polycrystalline thin film
20 with grain structure consistent with the underlying structural motif of the

metal-metal bonded complex.

Figure 10 shows negative differential resistance in the |-V
characteristics for a metal-metal bonded complex in which Rh-Rh is the
25  metal-metal bonded unit and zinc 5,10,15,20-tetra(4-pyridyl)-21H,23H-
porphine is the ligand. The complex was deposited by spin-coating from a

solution in chloroform.
Figure 11 shows an AFM image of the metal-metal bonded complex

30 in which Rh-Rh is the metal-metal bonded unit and 1,2-bis(4-
pyridyl)ethylene is the ligand. The complex was deposited by spin-coating
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20 with grain structure consistent with the underlying structural notif of
the netal-netal bonded conplex. Figure 10 shows negative differenti al

resi stancwoion/osdse2 | N characteristics for a netal -nmetal becxaboyespé ex in
which Rh-Rh is the 25 netal-netal bonded unit and zinc

5,10, 15, 20-tetra(4-pyridyl)-21 H 23H porphine is the ligand. The conpl ex
was deposited by spin-coating froma solution in chloroform Figure 11
shows an AFM j i tig! ; 30k ' Rh-Rh is
Che et al - et o b saeohn BRI 8 o R AR G PIRIIRE i Wbl T Sana)
The conpl ex wealsuctepmednsstebywithitine codeilying 28udDral3h o8B the PEFAIBRIAI09566
froma sol utiﬁn (ijn chl oioformto forma polycrystalline thin filmwth
grain struct Pl %%Figrin?eé(nt with the underlying structural notif of the
nmetal -nmetal bonded conplex. 5 Figure 12 shows negative differential
resistance in the N characteristics for a netal-netal bonded conplex in
whi ch Rh-RFh is t heFigwee dR-shewsl negniedifferentialresistanadsi is (e bt i dyl ) et hyl ene

is the |igand ' spi n-.coat.ing,,f rom a sol ution

i n chl orofor rr? h%‘%&ﬁqgﬂg?to?t%r @%?%ﬂﬁg%iébﬁg%ixﬁ‘%&%n 'Bllq %Péﬁﬁl's ded

conpl exes  megele-rhaial Borded DRRWGA LR (FtdyidyDERRRreSisahavigaend ange of

metal -metal and organic |igands usable as thée netal -netal bonded conpl ex.
Met al - netal SIRBEX Waspeeeetedy spia-apading fun Bysalutinssinrehleeforoheni st ry and
structural notif of the conplex. The flexibility in the chem stry may be
used 15 to tailor the electronic properties of the nolecul ar devices. The

present iTvention Ths cetionitep@pehtst ofl thb nstal-hathidondebiedsiexed 0 t he
preferred enbodi nents. It should be understood that variations and
may be tailored through chemistry. There is a wide-range of metal-metal
and organic ligands usable as the metal-metal bonded complex. Metal-
metal bonded complexes may be designed by choosing the chemistry and
structural motif of the complex. The flexibility in the chemistry may be used

15 to tailor the electronic properties of the molecular devices.

The present invention has been described with particular reference
to the preferred embodiments. It should be understood that variations and
modifications thereof can be devised by those skilled in the art without

20  departing from the spirit and scope of the present invention. Accordingly,
the present invention embraces all such alternatives, modifications and

variations that fall within the scope of the appended claims.
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nodi fications thereof can be devised by those skilled in the art w thout 20
departing fromthe spirit and scope of the present invention. Accordingly,
t he presewD o3nssmt i on enbraces all such alternatives, nodiPCirasbs/aasss and
variations that fall within the scope of the appended clains. 29 WO

03/ 088372 PCT/ US03/ 09566 WHAT IS CLAIMED IS: 1. A nol ecul ar device
conprising: a source region and a drain region; 5 a nolecul ar nedi um

ext endi ng be aj ? ce. region and said drain region;, and an
electrically er—bet ween sai d source region, said drain
region and said nol ecular medium 10 2. The nol ecul ar device of claim1,
wherein said source region and said drain region are electrodes. 3. The
nmol ecul ar devi ce df cl & moleculiriedeyies sam@risngct r odes and sai d nol ecul ar

medi um are di sposed_on trat 4. The nol ecul ar device of claim1,
further conprisi n@ %Olﬂﬁéégéﬁgﬁgqngnaegf%@é%%aa n spaced adj acency to said
mol ecul ar smedi um BHmoldrRildrrhegiuhaexteadingebeativeeh aaid doursbeegion asal d gat e

region is 20 disposed on a substrate and bel ow said insulating | ayer. 6.
The nol ecul asaifbdiaikredios) @Mdn 1, wherei n said source region, said drain
region and said e j L Sha ipad [ aghiqg | ayer,
and wherein sai dnitgrg]s%}égﬁcﬁgyﬂigyemrﬁpgagél spo@g n%%m:%lb nggéﬁb’strlate. 7. The
nol ecul ar de\drgig refiotl andrsdid mblecelan nsedidmsour ce regi on,

10 2. The molecular device of claim 1, wherein said source region

and said drain region are electrodes.

3. The molecular device of claim 1, wherein said electrodes
and said molecular medium are disposed on a substrate.
15
4. The molecular device of claim 1, further comprising a gate

region disposed in spaced adjacency to said molecular medium.

5. The molecular device of claim 4, wherein said gate region is

20 disposed on a substrate and below said insulating layer.

6. The molecular device of claim 1, 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

25  substrate.

7. The molecular device of claim 1, wherein said source region,
said drain region and said molecular medium disposed there between are
disposed in a vertical arrangement on an insulating material, which is a

30 substrate.
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said drain region and said nol ecul ar nmedi um di sposed there between are

di sposed in a vertical arrangenent on an insulating nmaterial, which is a 30
subst r at ew0306/08¥37D3/ 088372 PCT/ US03/ 09566 8. The nol ecul &cTdses/eseof cl aim
7, further conprising a gate region disposed between said substrate and
said source region, said drain region and said nolecular nedium 5 9. The
nol ecul ar device of claim1l, wherein said nolecular nediumis a nolecul ar

swi t chi ng nedi um ecul ar deV| i f i ] i id

nol ecul ar  nedi un?corrp:rFFgé%nqﬁ‘:‘t”ﬁf ae\”f’? r?lf %é%gr nammﬁgrgmﬁﬁgyer s of a
metal - 10 mFé&}}lO@@BﬁégeG%@ﬁh@én @lﬂ@@%ﬁé’t@ﬁlﬁm @Qldcgcﬁﬂt@da cegionodady erainll. The
nol ecul ar devi'ce of claim 10, wherein said thin filmis prepared by a

process conpreg;@mgndhs@lcttr@ﬂmttdﬂr mediimappl yi ng onto a surface of a substrate
a first linker conmpound 15 represented by the formula: Gl-Linkera-& to
produce a priner layer of said first |inker conpound on said substrate, 20
wherein GL is a fgncti Thalmglesular dapieblot ctfimi hiveferetn sajdwnolecslard sur f ace
of said substrate; & is a functional grou capabl e of interacting with a
net al - et al H@%@ﬁl%édﬁp@ﬁUI%ﬁW'@hWQépﬁ {US-a di functional organic group
bonded to Gl and &; (2) applying onto said priner |ayer a |layer of a

netal -netal 25 bonded conplex to produce a netal -netal bonded conpl ex

monol ayer on sai d0opri Mae malﬁeutarsiewmertﬂmimmwherbbnd@'d roolgpllex bei ng

selected from the group consis ounds re esent dDb he
fol | owi ng f ofAAIdS: c%mprl?ses a thin %I %avmg aﬂ{g?natlng Mond ayers of§ metal-

10 metal bonded complex monolayer and an organic monolayer.

11.  The molecular device of claim 10, wherein said thin film is
prepared by a process comprising the steps of.
(1) applying onto a surface of a substrate a first linker compound

15 represented by the formula:
G1-Linkery-G2

to produce a primer layer of said first linker compound on said substrate,
20  wherein G1 is a functional group capable of interacting with said surface of
said substrate; G2 is a functional group capable of interacting with a
metal-metal bonded complex; and Linker, is a difunctional organic group
bonded to G1 and G2;
(2) applying onto said primer layer a layer of a metal-metal
25  bonded complex to produce a metal-metal bonded complex monolayer on
said primer layer; said metal-metal bonded complex being selected from

the group consisting of compounds represented by the following formulas:
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31 WO 03/088372 PCT/ US03/09566 Leq Leq Leq | :Leq Lax ,MiM Lax Leq |
Leg Leqg Leq c¢c:Cx: M/ \wm /4 QQI MOM Q>-X<(0". (WMOOCMO O
X Q a--.WOWMEBTH and a conbination thereof; wherein: LEKTIGSoHMSaKI al

i gand; Leq is an equatorial |igand; wherein two equatorial |igands
together 10 forma bidentate ligand QW wherein each QVNis independently
selected fromthe group consisting of: N''N, NO ON, N'S, SN, NP, P-N,
0OS SO OO0 P-Pand S-S IigandE Miia transition netal; 32 WO

03/ 088372 PCT/ US03/ 09566 eq eq

~eq ~LeqL
Lax M M ax
L
Leq Leq

QM
(o
w———‘MQO—

and a combination thereof; wherein:
Lax is an axial ligand;
Leq is an equatorial ligand; wherein two equatorial ligands together

10 form a bidentate ligand Q" W; wherein each Q™ W is independently
selected from the group consisting of: NN, N0, O™ N, NS, SN,
N™P,P TN, 0S, S0, 00, PP and S S ligands;

M is a transition metal;
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O wherein 0 0 is a bridging group each sel ected independently fromthe
group consisting of: S042 M)042 W42 ZnCl42" and a dicarboxylate; and
wher ei n Mwo93ass3rnt eger from1l to 25, and nis 0 to 6; 5 @Y/ EPPIYBEOIY ont o
said netal -nmetal bonded conpl ex nonol ayer a second |inker conpound
represented by the formula: G3-Linkerb-&4 10 to produce on said

net al - net al bonded conpl ex nonol ayer an organi ¢ nonol ayer; wherein G3 and
G4 are the same or diffegent fyunctional groups capable of interacting with
a netal -nmetal bonded conppexx(and Linkerb is a single bond or a

di func%i olnftl or gapiherghotip boraies atlridginggrbupeaceeleciptliintependendly ( 4)

sequentially repeating steps (2) . £ tol b. 1o roduce said

| ayer - by- | ayérpngﬂ@/@fovﬁiqpnﬁﬁhﬁgﬁlé%&g ’%Pgﬁ%aﬁm ’%g‘?ﬁgﬂza% of a

nmet al - net al B%?g&ﬁé’t?géﬁa nonol ayer and an organi ¢ nonol ayer. 12. The
of C

nol ecul ar devi ce al mlll, .V\/ner ein said transition 20 netal in said
met al - met al bondewheoeipl raxs as istegecfren 1 toabt ard grivdpo &onsi sting of :

Cr 24+, Md24+, Re26#, Re25+, Re24+, .Ru25+ +, [ [
thereof. A3. The 2®I eC@ng%gq@eéadtﬁ %?ﬁaf'mgfaﬁqmgaéﬁﬁ‘@%@ snt?(lg I‘:’;I 2t: gn
25 sel ected LLognd Mdl QMpSRSIprediEhted byahg®értulaa netal oxide, a

sem conductor material, a netal alloy, a Sem conductor alloy, a polyner,

an organic solid and a conbination thereof. 14. The nvol ecul ar devi ce of

claim 13, wherein said substrate is .selected fromthe group consistin
of: Au, ITO, Si02 and an el ectrode. %gg"agerb'%lf group 9

10 to produce on said metal-metal bonded complex monolayer an organic
monolayer; wherein G3 and G4 are the same or different functional groups
capable of interacting with a metal-metal bonded complex; and Linkery is a
single bond or a difunctional organic group bonded to G3 and G4; and
optionally

15 (4)  sequentially repeating steps (2) and (3) at least once to
produce said layer-by-layer grown thin film having alternating monolayers

of a metal-metal bonded complex monolayer and an organic monolayer.

12.  The molecular device of claim 11, wherein said transition
20 metal in said metal-metal bonded complex is selected from the group
consisting of: Cr,**, Mo;**, Re;®", Re;**, Rex*, Ruz™, Ru®*, Rhy™ and a

combination thereof.

13.  The molecular device of claim 11, wherein said substrate is
25  selected from the group consisting of: a metal, a metal oxide, a
semiconductor material, a metal alloy, a semiconductor alloy, a polymer,

an organic solid and a combination thereof.

14.  The molecular device of claim 13, wherein said substrate is

30 selected from the group consisting of: Au, ITO, SiO; and an electrode.
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WO 03/088372 PCT/ US03/ 09566 15. The nol ecul ar device of claim1l1l, wherein
said thin filmhas from1 to 100 alternating nonol ayers of a netal -netal
bonded cowploaxss3mpnol ayer and an organi ¢ nonol ayer. 5 16. PChaSnpdwseul ar
device of claim 10, wherein said thin filmis prepared by a process
conprising the steps of: (a) applying onto a surface of a substrate a
solution conprising: (i) a netal-netal bonded conplex selected fromthe 10
group consi sting of compounds represented by the followi ng fornmulas: Leq
Leq | : Leq :Leq Lax ,M~- Lax .Leq | Leq LeqLeg!l g/g QMOMQ X--<(
VI_~ Q.,q~ WO O M 157 nQidGar ¥&vicé\of Malm_101, Whereifl said thin film has

from 1 to 100 alternating monolayers of a metal-metal bonded complex

monolayer and an organic monolayer.

16.  The molecular device of claim 10, wherein said thin film is
prepared by a process comprising the steps of:
(a)  applying onto a surface of a substrate a solution comprising:
(i) a metal-metal bonded complex selected from the

10  group consisting of compounds represented by the following formulas:

\\‘Leq \\,Leq
Lax M /M Lax
Leq Leg

15
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Q~0.1 1 OQM (W=**" Wn 34 W 03/088372 PCT/US03/ 09566 and a

combi nation thereof; wherein: Lax is an axial ligand; Leq is an equatorial
|'i gand; wweroajossstxwo equatorial |igands together 5 form aPoirdsns/etses | i gand
QW wherein each Q-"Wis independently selected fromthe group
consisting of: N-"N, N-"O O\, N-'S S''N, NP P-N OS SO OO P-P
and S"S ligands; Mis a transition netal; wherein O O is a bridging group
each sel ected independently 10 fromthe group consisting of: S042 Mb042
W42 7Znd 42" and a dicarboxylate; and wherein mis an integer from1l to
25, and n i szRqtPcdnbinkatidn érebkathereimpound represented by the fornmula: 15
G3- Li nkerb-G4 wherein G and (4 are the sanme or different functional
groups capabl e of Lixis @naxialdgainfdt h a nmetal - metal bonded conpl ex; and

Li nkerb is a jsi ngl egﬁ?!”%qfatgﬁﬂq@%ﬂa%*‘g% tﬂé%ﬁﬂbﬁ)r&rﬁ O %@h o &3 and

A; and 20 (iii) o evaporati ng 'sald sofvent to produce a
thin filmof (i §YiieHtatd RAANIQITWS dindréiHkEicha ©Wid inddpentieaty ar  devi ce

conpri si ng:
selected from the group consisting of: NN, N0, 0" N,N™S, SN,
NTP,PTN,0S, S0, 00, PP and S S ligands;

M is a transition metal;

0! 0
e GO |
wherein O 0 is a bridging group each selected independently

10  from the group consisting of: SO4%, MoO4*, WO,*, ZnCl,* and a
dicarboxylate; and
wherein m is an integer from 1 to 25, and n is 0 to 6;
(i) a linker compound represented by the formula:

15 G3-Linkery,-G4

wherein G3 and G4 are the same or different functional groups
capable of interacting with a metal-metal bonded complex; and Linker, is a
single bond or a difunctional organic group bonded to G3 and G4; and
20 (iii)  asolvent; and
(b)  evaporating said solvent to produce a thin film of molecular

medium on said substrate.

17. A molecular device comprising:
25 a source region and a drain region;
a molecular medium extending between said source region and
said drain region, said molecular medium comprising a thin film having
alternating monolayers of a metal-metal bonded complex monolayer and

an organic monolayer prepared by layer-by-layer growth;
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25 a source region and a drain region; a nolecular medi um extendi ng between
said source region and said drain region, said nolecular medium conprising
a thin fiwmobasdsmy alternating nonol ayers of a netal - net aCThsnsiedec onpl ex
nonol ayer and an organi ¢ nonol ayer prepared by |ayer-by-layer growth; 35
WO 03/088372 PCT/ US03/ 09566 a gate region disposed in spaced adjacency to
said nolecular nedium and an electrically insulating |ayer between said

gate region and said.  source.regdion i ral N regi Qn: 4 nol ecul ar
medium 5 18. Thearﬂﬂt_&rﬁg'gp %%RF%@Q 'stf’%f?g?%d%’%”ﬁigé glﬁwar@gle%msagur ce
regi on, nol egdArmMBAGUM and drain region are disposed upon a surface of a

substrate, said electrically insulating |layer is disposed over said
nol ecul ar nmedi um andelesiriealy tﬁ'@ﬂ&%&'@&éﬁ@%‘d@?@éafde%@tgrfegwns%ﬁ‘{jsﬂaai n 10

ayer. 10 ThBulst el LR S BAPRERAR Mol ROBE 2 &Y egion 1o

di sposed gs a gate layer upon a surface of a substrate, said electrically
15 insul ating | ayer is _disposed upon, said ._angd said source

regi on, mol ecul ar Pedi U BREEHA] Vi“@g?fo‘?\%%; iﬂv%%@%a%&%@% d
electrically i@ﬁu%ﬁ%&ﬂa%ﬁ}:égwpm 28d dFaf rlggioﬁ%eﬁisﬁ%‘édc@p&f a GLfboe b8,

wherein said substrat ( rises a flexible material. 21. The nol ecul ar
de;/l ce Ff cl ai soBratehsdidictectdcallyfihsxatinglayrnisedispdsasbayerisaid a pl astic
mat eri al .
molecular medium and extending from said source region to said drain
10  region, and said gate region is disposed over said electrically insulating

layer.

19.  The molecular device of claim 17, wherein said gate region

is disposed as a gate layer upon a surface of a substrate, said electrically

15 insulating layer is disposed upon said gate layer, and said source region,
molecular medium, and drain region are disposed upon said electrically

insulating layer.

20. The molecular device of claim 18, wherein said substrate

20 comprises a flexible material.

21.  The molecular device of claim 20, wherein said flexible

material comprises a plastic material.

25 22.  The molecular device of claim 17, wherein said molecular

medium is a molecular switching medium.
23, The molecular device of claim 17, wherein said molecular

medium comprises a thin film having alternating monolayers of a metal-

30 metal bonded complex monolayer and an organic monolayer.
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25 22. The nol ecul ar device of claim 17, wherein said nolecular nediumis

a nol ecul ar switching nmedium 23. The nol ecul ar device of claim 17, wherein
sai d nol ewoloawss3nedi um conprises a thin filmhaving altermrariusg3/oseol ayer s

of a netal- 30 netal bonded conpl ex nonol ayer and an organi ¢ nonol ayer. 36

WO 03/088372 PCT/ US03/ 09566 24. The nol ecul ar device of claim23, wherein

said thin filmis prepared by a process conprising the steps of: (1)

applying onto a s ac f a . i | i . L epr esent ed
by the formula: 5 GI- Lﬁ@%m‘%ﬁgﬁ%ﬁf‘aﬁﬁéé@b&{.“’Hnéfé‘i‘%%[eaﬁﬁg?ﬁ'éna{sd first

l'i nker CO”DO%T%Ean@Ebyebrpr&eé§corﬁ§ﬂi§ﬁgﬂﬁbéfe@mdfhe group consi sting of:

C13Si and SH; is selected from 10 the group consi sti of : 4- eri dyl and
4- cyanophenyl ; andli nkaRriying onde pesiriagerd gradbstrat Bﬁ'ﬁs@%ﬁ@f §‘Prinﬁg Bf: C1- c8

al kyl ene, C1- ' i al kynediyl and 1, 4-aryl ene; (2) applying
Ghreldparel e S g2

onto said pri netal bonded conplex to produce on said
primer |ager a netal -netal bonded conpl ex 15 nonol ayer; wherein said

net al -metal bonded conplex is sel ect(ﬁg fromft}g)se group consisting of
conmpounds represented by the foll ow L iFgs: Leq Leq Leq Leq Lax ~M M
Lax Leq | Leq Leq Leq

to produce a primer layer of said first linker compound; wherein G1 is

selected from the group consisting of: Cl3Si and SH; G2 is selected from
10  the group consisting of: 4-pyridyl and 4-cyanophenyl; and Linker, is

selected from the group consisting of:C4-Cg alkylene, C4-Cg alkenediyl, C4-

Csalkynediyl and 1,4-arylene;

(2)  applying onto said primer layer a metal-metal bonded

complex to produce on said primer layer a metal-metal bonded complex

15 monolayer; wherein said metal-metal bonded complex is selected from the

group consisting of compounds represented by the following formulas:

\\‘Leq \\‘Leq
Lax M M Lax
L) |
Leq Leq
20
Q Q
Q N ‘M 0 < ’m \ o
CE——C)
W ‘M—\ +0 0 M—
0 o)
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20// QM1 Q:Cx: | g W37 WO 03/088372 PCT/US03/09566 4 Q Q (>xIZFV O X
MQ~ WWn and a conbination thereof; wherein: 5 Lax is an axial |igand,
Leq is arwegamsssri al |igand; wherein two equatorial |igan@#€Tiusga04ses form
a bidentate ligand Q 'W wherein each Q'Wis independently selected from
the group consisting of: NN, N-"O O-'N, N'S SN NP, P-N OS SO
0"O P-Pand S Sligands; 10 Mis a transition netal; ))>-x- ( 0 wherein
the group 0 0 is a dicarboxyl aj brldgl ng group sel ectQ fromthe group
consi sting of conpounds repres nted by the for rruloas “)142 &5 o2Cc "C,, Q02

02C 02 C2C-C02  02C 02C 002< qﬁ”\ >X< |\,\/

W—M—)—O /Z(/
O (o)

and a combination thereof; wherein:
5 Lax is an axial ligand;
Leq is an equatorial ligand; wherein two equatorial ligands together

form a bidentate ligand Q™ W, wherein each Q" W is independently
selected from the group consisting of: NN, N0, 0" "N, NS, §" N,
NTP,P™N, 0§, S 0,0 0,P Pand S S ligands;

10 M is a transition metal;
o) o]
| P .
wherein the group O O is a dicarboxylate bridging group

selected from the group consisting of compounds represented by the

formulas:

Ho 5 (
020/0\

15 COZ OQC C02 OzC—COZ

0,C
OzC——'—_.—-__‘C()2 _\\—COQ
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38 WO 03/088372 PCT/ US03/09566 C02 Fe OTC €02 OIC F F 02C O-CO»2 02C C

CO2 5 F Q2 02 P::)

C02 020 10 02C ,0O> C02 RC-CC. C €02
(CH2) 3C2(w0dp/a8837B1oH10C2( C02) 2 and m xtures thereof;

and PamArses/wsee i s an

integer from1l1l to 12, and nis O to 3; 15 (3) applying onto said

net al - net al

bonded conpl ex nonol ayer a

nonol ayer ;

second |inker conpound represented
by the fornula: G3-Linkerb-& 20 to produce on said netal -netal
conpl ex nonol ayer an organic
di fferent functional

bonded

wherein G3 and 4 are the sane or
groups 39 WO 03/088372 PCT/ US03/ 09566

capabl e of

interacting with a rretal-rreu@n@zcorrpl ex; and Linkerb is a

10

15

Fe

020/'\“2&

0,C

O

= (CH2)3C2(COy),

and mixtures thereof; and

CO,

0,C CcO,

co,
0,C
ozc——c@o—co2
= B4gH10C2(CO,)2

wherein m is an integer from 1 to 12, and n is 0 o 3;

(3) applying onto said metal-metal bonded complex monolayer a

second linker compound represented by the formula:

G3-Linker,-G4

20 to produce on said metal-metal bonded complex monolayer an organic

monolayer; wherein G3 and G4 are the same or different functional groups
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single bond or a difunctional organic group bonded to G3 and 4; and
optionally (4) sequentially repeating steps (2) and (3) at |least once to 5
produce swiDd3i0888er - by-| ayer grown thin film having altern&Crngosreases ayer s
of a netal -netal bonded conpl ex nonol ayer and an organi c nonol ayer. 25.
The nol ecul ar device of claim 24, wherein said transition netal in said
net al - netal bonded conplex is selected fromthe group 10 consisting of:

Cr 24+, M24+, chiodld of ﬁﬁg E%ﬂf’a ni42PhetdttdPited RortblefhALINRETRE Bat i on

t hereof. 26. A nol ecul ar ce conprising: a source région and *a” drain
region; 15 a sibpkechb onaoﬂlfuncmﬂedrmdgargcgemwpebonwdtzb@GmebGAEgn@n and
said drain re |on Isal d nol ecul ar nmedi um conprising a thin film having
alternating r(lg} rs of a metal -nmetal bonded conpl ex nonol ayer and an

organi ¢ nonol ayer; (gnd g@q@rﬂ@]wﬂr@@ééﬂhg g@Hg @)l n&%ﬁﬁee@%b\“@é%sa' d source

region, said 20 drain region and said nol ecu ium 27. The nol ecul ar
devi ce of x| aPradRige said tayer-bydaysr gowg thlrgfdﬂ‘eha\ﬂwaﬁarlmtlggdeemlam®paced

adj acency to sai o, o} 8kl Honded! dMpI&R mtholayer and an organic monolayer.

25.  The molecular device of claim 24, wherein said transition
metal in said metal-metal bonded complex is selected from the group
10  consisting of: Cr2*", Mo,**, Rex®, Re®, Rex*, Ru,™, Ru,®, Rh,* and a

combination thereof.

26. A molecular device comprising:
a source region and a drain region;

15 a molecular medium extending between said source region and
said drain region, said molecular medium comprising a thin film having
alternating monolayers of a metal-metal bonded complex monolayer and
an organic monolayer; and

an electrically insulating layer between said source region, said

20  drain region and said molecular medium.

27.  The molecular device of claim 26, further comprising a gate

region disposed in spaced adjacency to said molecular medium.

25
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