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LI NKED SANDW CH COORDI NATI ON COMPOUNDS AND METHODS OF USE THEREOF.Thi s

i nvention.was nmade with Governnent support under Grant No. N00014-99-1-
0357 fromthe Ofice of Naval Research. The Governnent has certain rights
to this invention. Related Applications This application
continuation-in-part of comonly owned, copending appli cimm @”'M‘WW

09/ 483, 500 of Jonathan S. Lindsey, fil ed January 14, 2000 sure
of which is incorporated by reference herein in its entirety. *Fsed*d of the
I nvention This invention relates to thé articles of manufacture conpri 5| ng

a substrate having electric storage nol ecul es bound ther Hmmmmmmmmw
.met hods of use thereof. Background of the Invention 25 Bas of a
conput er include information processing and storage. In typi caleeonput er
systens, these arithnetic, logic, and menory operations are perfornmed by
.devi ces that are capable of reversi bly switching between two states often
referred to as "0" and "1". In nbst cases, such switching devices are
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transistors and transistor variants performthe basic swtching and
storage functions in conputers. Because of the huge data storage
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This invention was made with Government support under Grant No. N00014-99-1-
0357 from the Office of Naval Research. The Government has certain rights to this

invention.

15 Related Applications
This application is 2 continuation-in-part of commonly owned, copending
application Serial No. 09/483,500 of Jonathan S. -Lindsey, filed January 14, 2000, the
disclosure of which is incorporated by reference herein in its entirety.

20 Field of the Invention
This invention rela_tes to the articles of manufacture comprising a substrate

having electric storage molecules bound thereto, along with methods of use thereof,

Background of the Invention

25 Basic functions of a computer include information processing and storage. In
typical computer systems, these arithmetic, logic, and memory operations are
performed by devices that are capable of reversibly switching between two states
often referrec} to a3 “0” and “1”. Tn most cases, such switching devices are fabricated
from semiconducting devices that perform these various functions aﬁd aré capable of -

30  switching between two states at a very high speed using minimum amounts of
electrical energy. Thus, for example, transistors and transistor variants perform the
basic switching and storage functions in computers.

Because of the huge data storage requirements of modem computers, a new,



conpact, |l owcost, very high capacity, high speed nenory conf iqg%gtp_{w} S
needed. To reach this objective, nolecular electronic sw tch&s> wires, .

m crosensors for chem cal anal ysis,  and opto-el ectronic conponents for use
in optical conputing have been pursued. The principal advantages of using
nol ecul es in these applications are 5 high conponent density (upwards of

| 01 bits per square centineter), incréased response speeds, and hi gh

ener gy effi cecammagt, Iéwwmsi, etry high eqpatioy Higisspesd ety coONBABARM i€ Afeded.

nol ecul ar - ba_@ed mary. . devi %i. uﬁgi | e th,ese_agg: oaches_general |y enpl oy
mol ecul ar ar thF%AER thys ebieptive, moleruias elegtppic rwitchas; Wites, misosansorssfornt st at es,

all of the agRhf Sl 1,00 ' | NS¢ Jimtations
maki ng their usegaﬁitaﬁélggirgrbﬁltﬁa ?%ﬁrg u%e%?%@@%nﬁlfloiéﬂ%\{h&iﬁ%@ﬁ%gﬁ%%\{e For
exanpl e, sucteeapurmadHEise principgad apvantiges bDusing motdcalky irbtheseapplicaAfonk ane
i nvol ved pholﬁjgﬁhromc dyes, el ectrochrogic dyes, redox dyes, and nol ecul ar
machi nes . al 18R 50MRENeNY dansity(pyands Af 1Q  bihBen WiereIsapiEmetien Ingreesed: hei r

application | These nol ecul ar architectures are
Sipckae IS nlT BN shef OB ey

typically Ii readi traints. Furthernore, even in

cases where the eAfvacistywsf apptoachssdrave beei mrbposed for Bolbilai-b@ed michry

requi rement for chem cal reading restricts the device architecture to
a 2-di nensi d °°gh OlFiq“??FaRIFFBa 8 igeteaaibeemploy myoleratiar architsetuses dhat gan be | m i s
unlikely to &% Wb S fdtkn IRl ' r | gl.oish the
appeal 20 Osﬁ%fcﬁgggé evfl?%’éa{as vﬁgg*ggﬁiékg%ﬁdg?&%éhﬁ%fégﬁ%gg&nﬁgh% enmary of
t he | nvddt i omtrifisic Jomitstions makiegitheruses indorhpatationall dewizes diffiguti i ng or
consisting of _a | urality of covalently joined nononeric units, the
nononeri ¢ uﬁﬁ@acé%ﬁgr i sing: 25 sandwi ch coordination conpounds. The

covalently joine | | ' "Hn éﬁ&%& i ch
co\(;rdi natiyojn_ lzorrg%unds eé.’g]#,hr% e dggf{/ﬁ&e%@ﬂgﬁg&fo%mp@%%ﬁﬁ? or ?J??g\rMent
sandwi ch coonuelved pbetockrmicdies, ¢lecttpchraniie dyed, yedex dyss,and emgesulager ) . The

olyners na .CO nt.l v .bound (dj.rect. or,through | i,nker r.

I?\0 n)éovalsent' ?’”ﬁg‘ﬁ%ﬁ%\égﬁ?‘&“gm : efl%‘ghﬁ'éta pns fhet. agggﬁec%hg?eﬁﬁjzpl’ﬁ‘&t’ep)ast 0 a
substratig ( avighle aidnidr§Teldnens. PR ;ﬁdkoﬁlﬁﬁ%ﬂe&ﬁre??é ‘?’h’?f‘% Pﬁ%&%’%ﬁ“ ure.

The substrate may be any of a variety of nmateria ohduct or s,
sem conduct diegding/ivgiting ¢onstraintsdFarthepmere; even inlcases svherd e teffectivamotetdar al s

I nch: : metal:s, .4 I | d qr gani ¢ . pol r etc. The ol rs jmy be
bonded si ngﬁ%g%lrn!ﬁﬁ)-%oog 8%%‘?‘@"& XY en?)??é? rﬁ‘lﬁﬁ“ﬁgé%{%@ﬁ%&m@?@!g? VIGRIL
200" - architecture to a 2-dimensional thin film. The achievable memory density of such a

film is unlikely to exceed 10'° bits/cm?. Such limitations greatly diminish the appeal

20  of these devices as viable molecular memory elements.

Summary of the Invention
The present invention provides a polymer comprising or consisting of a

plurality of covalently joined monomeric units, the monomeric units comprising

25  sandwich coordination compounds. The covalenﬂ& joined monomeric units in the
polymer may be the same sandwich coordination compounds (e.g., the poiymer isa -
homopol_}"mer) or different sandwich coordination compounds (e.g., the polymer is a
copolymer). _The polymers may be covalently bound (direct or through a linker) or
noncovalently bound (via ionic linkage or non-ionic “bonding”, etc.) to a substrate (a

30  carrier substrate) to produce an article of manufacture. The substrate may be anyofa
variety of materials, including conductors, semiconductors, insulators, and composites
thereof. Particular materiais inch." ; metals, metal oxides, organic polymers, etc. The

polymers may be bonded singly cr co-deposited with one or more other polymers

T
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3 and/or other information storage nol ecules. Such articles of rram]fgc‘{"grem@lf‘
are useful for a variety of purposes. For exanple, these polymers and
‘articles of manufacture afford prom sing el ectrochromc display mterials,
potentially offering high contrast and a wi de variety of colors by tuning
the 5 applied electric potential. These materials also find potenti al
appl i cations as i ntrinsic nolecular sgm conductors. The rich

el ect rochem S..0 hese rials also make them useful as

potenti al bat ery {r?}gﬁ@&ﬁ'rg}a?c’ﬁﬁt? g%ﬁ‘ﬁ?%at ions in nol ecul ar- based

i nformation st oramcmame@s)fn?m af udeft S LREREy SEMERSdR Tl BYaifle
ere| n: ?

represented by Fornmula I: XXX"+1) (1)
(e.g., 1, 2, thsse polymerpanderticie oﬁmmuifactmenszcu)i prmwglelew@uﬂimé( disblay €

i 1 er ent) ?Orfgd@‘g%%f?’ﬁéég@ﬁﬁﬁd S Bfeh sogrnt ad BWWE%YW%BPC?C&;%%;(S%%M of
‘Formul a M5 Xappliedelectdc BalX4Théde fhatertals absy ?{ﬁd égtl Hal 48l 8ﬁ§9asn,9 .o (1)

wherein: X1 t rough X10 are each independent ect ed” san

coor di nat i onmalerwdasguiennductors. t Fheueh E’chcmemmﬂammptebml of thedeeriatedials

l'i nki ng grou [ d X3 .t h_X10 Y3 through,Y) nmay each
i ndependent | gﬁogﬁ%ﬂgr’@%@&gﬁgﬁpm@%ﬁ%p %ﬁna&@grff‘? T 3ppligations in elsgilae o
pol yrmer of abysdddnforhbiish stota Eeagvlaémdvvl ch coordination conpounds) 25
Articles of manufacture of the present invention nmay be represented by .

Formula 111: A X1{ERlymers ofithe present ipventionngarberepissentédby Formula I:
m
10
wherein:

m is at least I (e.g,, 1, 2, or 3 to 10, 20, 50 or 100 or more); and
X! through X™"! are sandwich coordination compounds (each of which may
be the same or different).

15 Specific examples of polymers of Formula I are polymers of Formula IT:.
X =YXy Y- XA X Y XY Xy v X1

wherein:
X' through X'° are each independently selected sandwich coordination
20 compounds;
Y! through Y° are independently selected linking groups or linkers; and
X? through X'° (and Y® through Y®) may each independently or consecutively

be present or absent (e.g., to provide a polymer of anywhere from 2 to 10 sandwich
coordination compounds)

25 Articles of manufacture of the present invention may be represented by
 Formula ITI:

A—x’{x"’”) @
m



Ais a substrate (e.g., a conductor, a sem conductor, an insul at o; off) ’a?“ﬂ#
conposite thereof); 5 mis at least | (e.g., 1, 2, or 3 to 10, 20! B0

100 or nore); and X1 through X +1 are sandw ch coordi nati on conpounds (each
of which may be the sane or different). Specific exanples of articles of
manuf acture of Fornula 1111 are articles of Formula IV:. 10

A- XI - Y1- X2-Y2- X3- Y3- X4- Y4- XS YS X6- Yb- X~ Y~ X8-Y$-X9 Y9 X10 (IV) wherein:
Ais a substrate (e.g., a conductor, a*semi conductor, an insulator, or a
conposi te thgreaf); 15 X1 through X10 are each |ndependently sel ect ed
sandwi ch coor |nat| on conpounds; Y' through Y9 are independently sel ected
l'inking groups orA is asubsiate $0g, Xdoriduct i setniEorldbebr,ah fnfilgtg bry ) My each
i ndependently or consecutively be present or absent (e.g., to provide a
pol ynmer of SARAtiethereats 2 to 10 sandwich 20 coor di nati on conpounds)

Particul gr exanpl f t unds hat, may be used to
carr;/ lcJ)ut§ th)é grgg%@ll%@gﬁ%bﬂﬁﬁéq? 2@4905 Pﬁ MPrSy ubl>/e decker

sandwi ch CO”DOUDdsthrmrghwf'hule%aﬁﬁvhcﬁfz@drdinﬁhéﬁ @orﬁﬁ&l&ﬂrs( éﬁaapounds)
@i3 2 M L2 M b 25 wherein: .1 3 J UL 20045 Man M2” (when

present) ar @equr@ ?I@H‘aently sel ect ed fromthe gr oup consi sting of

Dy, “Ho, Er, Tm - yBeany ccanfich BPartilly ot bfnutefture e Pt I FRbecelts L i o’

series Th FormulaIV
10

A-X =YXV V- X XY XV XY XV X gy

wherein;:

A is a substrate (e.g., a conductor, a semiconductor, an insulator, or a
- composite thereof); _
15 X' through X' are each independently selected sandwich coordinaﬁbn
compounds; |
Y! through Y° are independently selected linking groups or linkers; and
)'q through X'° (and Y through Y®) may each independently or consecutively

be present or absent (e.g., to provide a polymer of anywhere from 2 to 10 sandwich
20  coordination compounds)

| Particular examples of sandwich coordination compounds that may be used to
carry out the present invention have the Formula XI (for double-decker sandwich
compounds) or Formula XTI (for triple-decker sandwich compounds):

Q-1
QE—12 l\l'12

| 2 J2
Q—i‘

25  wherein:




and U (radioactive el enents such as Pmare generally |ess preferref)] JULL 2004
L2 and L3 (when present) are independently selected |igands (e.qg.,

‘por phyrinic macrocycles); and Q, @ and @B may be present or absent and
when present are independently selected Iinkers (the linker preferably

i ncluding a protected or unprotected reactive group such as thio, seleno

or telluro group). Preferably, at |eas® one of Q, @, and @B 10 is

present. In one payt| r Loent . _this.ijavention Qraovides an apparat us
for storing dat‘aq?e%fwéwsg‘?gtgg%@ %Eﬂel{lﬁlsméﬁgageﬁﬁﬁééé %‘ig“ ¢ ERB a
fixed el ectr addasistirdfithetalslof thed@mthifide sepied ('S =2 R PEN&,JPE,@P:U?&% ng a

0 |

pol ymer as descri bed above, the polyner having a pfurqllty et ent
and di st i ngui Shélh Hopkr die. ¥ Lay, as well as ¥ &r,d3f and Bisandrin theldstinide térdes Th

f bl rals ' ' { by t ddi t i t hd | of
ohe or oy ¢ RIS (kb Eve Bidls 1 ) Bt Btpdialy B el 1 cal 1y
ccoupl ed ebect r ode L!| b? aicLbwird pésentae i684 ﬁdeﬂﬂ}eseféc%qg%n&‘%gi m stores

a

data at a density of at |east one bit, and preférably at nSity of at
| east 2 bit s.Porpliygincmagraeycles);andr age nmedi a have at | east 2, and

preferably at | eag! Lfferent,.and 20 di stjngui shabl e
oxi dati on states. h%%@@&%ﬁﬁ?’%ﬁ?ﬁ@ﬁﬁg@gﬁﬁ CRPRGeENt 4re; in %ﬁaﬁl}é al |
stored in norelsetad linkero Xihd dinkerprefemibbsinchbing dpotecRidrenpRiecdasiygnt . the

different and di sthggﬁ’ifishabl e oxidation states of the s orage nedi um can
be set by a PR P-cselope ar telurp gravp) Breferabdy atileast onelof §', Qfyraed Q°
preferabliy nqsgﬂregé}&_er than about 2 volts, and nost preferably no greater
than about 1 volt. 25 The storage nediumis electrically coupled to the

el ectrode(s) by ariyonépaﬁcMhﬁbodiﬁenmﬂﬁmWeﬁﬁod@bhﬁﬁﬁaﬁﬂgﬂmr stdpingnot
limted to, %vaz ent . j nkage [,ﬂ ect oreﬁlhr ugh a_linker), ionic Iin%age,
non-ioni ¢ " b&WAth (g 2 "Siorsgedelly), The sigrage c Mg‘&iat%ﬁelﬁctfﬂﬂ%elgﬂmdbe nedi um
to the el ectrgg ' : aWac) t ' : ch.,t hat

el ectron tunne??ﬁ%iobae?g\f\%%%gtmﬁgmﬁgcﬁaﬁi rg?i gfr% % éﬁ%ﬁr%{e@ﬁ%ﬁa@%@ gtgerpo&z@arr_

The storage rhedingmplamlitynofidififerentrant distinguisimbde dxidation sthtey wherd data ik Btogste or

nore di ekgctr. terial (s). Preferred dielectric terials are i nbedded

with courlls er |‘%§?@§%ﬁaﬁﬁ§&5’ﬁt‘?§s f’%%&ﬁ@ §h.° oz 5 W thdrawal £ omg ox hi s
i nvent i on ar gnork élebiomy s Rhi 34 § d ‘ﬂ{’“ﬁ L 5ng) and can
be provided inora r?un%er 13 ?Gf_&a 04@%%3?5%?%&?%0 u P%lgfa%%g?&!\%t limted

to, an integratedlepreferrad sieragecellscthaptorapemedivmrstores data at a density of at
least one bit, and preferably at a density of at least 2 bits. Thus, preferred storage

media have at least 2, and preferably at least 4, 8 or 10 or more different and

20  distinguishable oxidation states. In particularly preferred embodiments, the bits are all
stored in non-neutral oxidation states. In 2 most preferred embodiment, the different
and distinguishable oxidation states of the storage medium can be set by a voltage
difference no greater than about 5 volts, more preferably no .greater than about 2 volts,
and most preferably no greater than about 1 volt.

25 ‘The storage'medium is electrically coupled to the electrode(s) by any of a
number of convenient methods including, but not limited to, covalent linkage (direct
or through a linker), ionic linkage, non-ionic “bonding™, simple
juxtaposition/apposition of the storage medium to the electode(s), or simple
proximity to 'the electrode(s) such that electron tunneling between the medium and the

30 electrode(s) can occur. The storage medium can contain or be juxtaposed to or layered
with one or more dielectric material(s). Preferred dielectric materials are imbedded
with counterions (e.g. Nafion® fluoropolymer). The storage cells of this invention are

fully amenable to encapsulation (or other packaging) and can be provided in a number




Integrated circuit, a non-encapsulated "chip", etc. In sone ehbodi,g\snta .
the storage nediumis electronically coupled to a second el ectrod tH [—, 2@’*
a reference electrode. In certain preferred enbodi nents, the storage
mediumis present in a single plane in the 5 device. The apparatus of this
I nvention can include the storage nediumpresent at a nultiplicity of
storage locations, and in certain conf?gurat I ons, each storage |ocation
and associ atofdormiscinclnding byt ras limited te epantegmtet circnifeor @s klcomphmens bHamge

di b . i ngl e pl ,n_the devi '
i monsi onal BPEBHEREi nGRoneDyaRd Bk 15 ospiempotitents e Yokt (i n

a three-di "Rp&II R3S eldSiyé ; ,
128, 512, 1024, 43%%1, gﬁdt"g@%uyoééugégﬁggleée@ggﬁé ?ggégﬁglsgfrg?eara%églﬁﬁéd%gﬁ be

provi ded i n ceftsingweferred efBhodinunty, thestéragamediuncispresentindr ssgleplahy irethsi ngl e
el ectrode or, by t or re ectrodes. In ot enbodi nents, a single

el ectrod caﬂ?‘%ﬁ’d’@&e@a‘%ﬂ? @Yﬂ%ﬁﬁé@%&#%@;%ﬁ#lﬂ@%ﬂeﬁ?@fa& or age
cells. In prafgphias @qm&qgmaﬁm?md &rce%%oaﬁggﬁﬁoﬁé, %fgéﬂ Q65EStochton

connected to a " 15 vol tagé source (e.g. output an I'ntegrated circuit,
power suppl yandpsrosiatadosiectrode(s)ifommsa sepamtestoragiPesll. Thestoragemedivamgy /i de a
vol tage/signal for witin readi . 0. refreshin he .storage cell (s).
One or nore pa?se{]%cé? %Flggierfg%e(@)afg? gg'a?eeé’%ﬁgﬁ? ginens QtheF%ﬁ]% ALY (e. g.,
a vol t anmet rdnimaleiyiesslancdin WPV 4 threl¥inteDsiofaPRvRi). PRl Sy S

etc.) to read the oxidation state of said storage nedium. Inm particularly
20 pref d0r edegnd§adbid 328,152, HR4; 4696, etc)) ofistnregs loastions|and storage eclls asar i ous

signal progessin t .C b rovided. to facilitate readoyt in the
time domai n_cboerpﬂl)ﬂg?%% &‘?%g&ﬁg%gfg&go 0 B§,ani%ﬁ addresse rl?éf&ﬁ"??g%ts, the
readout deviel&:tipdevi By twél ol fidké lectrddes Ta otieefdodRAdHE, alsiidiGBdodeRa YSi S)
of the output signal fromsaid electrode. In certain preferred

enbodi ment s;address maltinle siosggedaontions ad/enanuliiploniorgacellsof sai d storage 25
o f SEVRCE SRS _ ; R -
and/ or - devi ces. ot eRyiered Pl Bnebihte dEfhe LEM Bl iPhARENTRA™! 1 one

enbodi mdst , veitafestfuren @ g outhR bf Ssintegrabd eifcdif) powet afply) potettiostite noveabl e
(e.g. one or pnore el ectrodes ii a "recording head", the tip of a scanning
t unnel i ng mrewwéwésqréfﬁwﬁ ¥ir that parbproxide 4 volage/signaldonweiting qeasng or ( AFM)

or other for | ' C ' I ' . [
ctorage e nsying BeShrf el GOReHmbfs EHEDIEIAR) £ BRREGY bondclRa
and/ or devi des devitd/(ay., atvoitapenaricidevice, an wipelonichtc dévicea g potentieaetries ar e
responsive to |ight and/qr. in_ which the oxidation state of ,a storage
mol ecul & is &c%ﬁﬂ-'-é%pfpgaﬂée %dmg#ﬁtatapgsaid sforAge mesiurm. In particularly

20  preferred embodiments, the device is a sinusoidal voltammeter. Various signal

processing niethods can be provided to facilitate readout in the time domain or in the
frequency domain. Thus, in some embodiments, the readout device provides a Fourier
transform (or other frequency analysis) of the output signal from said electrode. In
certain preferred embodiments, the device refreshes the oxidation state of said storage
25  medium after reading said oxidation state.
~ Particularly preferred methods and/or devices of this invention utilize a
“fixed” electrode. Thus, in one embodiment, methods and/or devices in which the
electrode(s) are moveable (e.g. one or more electrodes is a “recording head”, the tip of
- ascanning h;nneﬁng microscope (STM), the tip of an atomic force microscope
30 (AFM), or other forms in which the electrode is movable with respect to the storage
medium) are excluded. Similarly in certain embodiments, methods and/or devices
and/or storage media, in which the storage molecules are responsive to light and/or in

which the oxidation state of a storage molecule is set by exposure to light are



7 excluded. In another enbodinent, this invention provides an information
storage medium The information storage medium can be used to as$ehbllé. 2004
storage cells and/or the various nenory devices described herein. In a
preferred enbodi nent the 5 storage nedi um conprises one or nore different
storage nol ecul es. Wien different species of storage nol ecule are present,
the oxidation state(s) of each speciesyis preferably different from and
distinguishag&ﬁu&&9n1the oxi dation state(s) of the other species of
storage nol ecule conprising the storage medium This invention al so

provi des nethods dh afbthel @beiEhent, Eﬁhﬁnv&iﬂacﬁohﬂwéﬁ/ﬁf&bagéﬁsﬁfa%\éi ding an

apparatus, e.g., conprising one or nore storage cells as descrilfed herein;
I

g. . ;
and ii) appl yassium. Thn information siecagsinessivro ¢an he usad thiasseenble stomagendllst 0 set an

RY. t e . t . g lst ¢
or fror e st o 2heor B v2ftofl HehlghP ol ddilincA Sk 184 et aiRianighe £
| ess t hansabatorage mediit, comirRed s G madte i féresSstdragdmBRetts .Wéﬂl_c?]iffereﬁpd st

preferably | ess than about | or |less than about 075 15 volts e voltage

can be the odPgigs ofistozage meleoulsiaenpresent.ithgyexidationsiate) of cachspaciesd  an

I nt ted ci ' "3 | t tentj gstat, '

(G ot o, Préitiabty dftefh: SURRE ssRBliEndtd; Brof e Siidsien fassed pibaiomer or
refreshi ng t ispecidsaufatpragembletsle cohpisii iheofloragmediiner i nvol ve detecting
the oxidation state of the storage 20 nedium and thereby readi ng out the

data stored ther eilftis myentinmalsa pranides mathpde efistoring datal The methads\invaleé Heshi ng

vol ve. aoa PIERE of apbtfed, & 6 Eniia e o iork S¥ped ot dps i e
can thus i nvehd&) peplyingra voltage foothe electrodecat stfiicien® Bulréift t6 SR ER bkidaiG athte ThE

detection can_.be.,by any of. a yariety of methods, including, but not [imted
to a 25 vol t b F%F&‘Fé?ﬁé&@ (éﬂ?is?rﬁ%m%}l@rﬁomm&ﬁmmrwm gorage seli)eln

I aadi 1 o St SOIMARR B 3pledE gt T TRE bbbl Rglegiony =

In addition conmputer systens uti ng menory devi ces
i nventi on ar despthaniabeut 2 Polts, end mostpreferably lesythte aboitrdr ks tan abeHEq. s

pr ocessi uni di spl ay, .a sel ector. device, ,and a nenory device
conpri si 28 §8ft§ @eé’f’@g%f'gé“d’ & euipptofany copyenicnt veltage)sowrce (4:g.oumuoft i on.
13J UL 2@R4ntégrated circuit, power supply, logic gate, potentiostat, microprocessor (CPU),
etc.) that can provide a voltage/signal for writing, reading, or refreshing the storage
cell(s). |
The method can further involve detecting the oxidation state of the storage

20 medium and thereby reading out the data stored therein. The detection (read) can
optionally involve refreshing the oxidation state of the storage medium. The read
(detecting) can involve analyzing a readout signal in the time or frequency domain
and can thus involve performing a Fourier transform on the readout signal. The
detection can be by any of a variety of methods including, but not limited to a

25  voltammetric method. ' |

This invention additionally provides the memory devices of this invention
(e.g. memory cells) in a computer system. In addition computer systems utilizing the
memory devipes of this invention are provided. Preferred computer systems inciude a
central proceé.sing unit, a display, a selector device, and a memory device comprising -

30  the storage devices (e.g. storage cells) of this invention.



Brief Descri ption of the Drawings Figure 1 illustrates a basic nol ecul ar
menory unit "storage cell" of the present invention. Figure 2 |Il1u ﬂ@l‘i%ﬂ’t'
t he disposition of the storage cell(s) of the invention on a 5 chlg

Figure 3 illustrates a preferred chip-based enbodi nent of this invention. A
two-level chip is illustrated show ng gwrking el ectrodes 101, orthogonal
reference electrodes 103, and storage elenents 102. Figure 4 illustrates

t he t hree-di nensi onal archi teBﬁefBeﬁfnﬂcﬁi ofthe Drawiigs 10 storage cell
(menory el enent) chip. Figure 5 ows exanpl es of doubl e-decker
sandwi ch coor di na g&‘ﬁeidu‘&% a bagicrmel e@t{l@m@moww stogagerslls ofthenpl es of
triple- decke{, §£.E ﬁ:OOI’dI nati on conpound architectures. 15 Figure 7A
shows triple- 3 er sandvm ch conpounds for attachnent to an el ectroactive
surface with a thFigurk2rillestratesithd\digpositicnodf the starageesll(spdf thbﬁwéﬁﬁéz%ﬂ gles
with respect to the surface. Figure 7B shows triple-decker sandw ch
corrpounds5 fo?hlﬁ'ttachment to an el ectroactive surface with a thiol Iinker,

wi th hori zontal t ect 1o th
surface. Figure 8 |@?ugﬁrat%£esta% %a’eﬂ?ﬁlﬁ%‘ﬁer C00 ?i t‘?r’inlv %ds
whose oxi datwostevglathémisi 1Hhmm®shﬁhﬁumwomﬂ'§$léaroﬂes RgMoQoﬁdﬂﬁéﬁrehE@ triple
decker corrpo nds of 355 gure 8 derivatized for attachnment to an

el ectroact i v sandigtorageslements 0%, . 25 Fi gure 10 shows coval ently

l'inked triple-dec i ng
mul ti pl e oxidati oﬁ%{a?ggﬂ%&gﬁéﬁ%ﬁg&g@ﬁe ac #@%&#&{ﬁé#%%ﬁ?%?t I cal

ori ent atlion sioragecell (nemoryosiement) emtheahip.wi t h only one of the two triple
deckers directly t ached theret 2 sho a.sandw ch nolecule in
whi ch one por phyrmgg@go‘f%ﬁ* é@sﬂﬁ‘?quéfee# ‘§{?B§PPM§°°FJPQH¢% 13
di spl ays a rgtpit@ersgndw ch conpound architecture that enploys a

(Por) Eu(Pc) Eu(Por) triple decker rather than a (Por)Eu(Pc)Eu(Pc)

ar chi t ect ur e usedFigure Bisjowe exatuples of triple-decker sandwich coordination compound

architectures.

15 ' Figure 7A shows triple-decker sandwich compounds for attachment to an
electroactive surface with a thiol linker, with vertical arrangment of the macrocycles
with respect to the surface.

Figure 7B shows triple-decker sandwich compounds for attachment to an
electroactive surface with a thiol linker, with horizontal arrangment of the

20  macrocycles with respect to the surface.

Figure 8 illustrates two triple decker coordination compounds, whose
oxidation potentials are shown in Table 1. "

Fignre 9 shows the friple decker compounds of Figure 8 derivatized for
attachment to an electroactive surface with a thiol linker. '

25 Figure 10 shows covalently linked triple-decker sandwich molecules that are
useful for accessing multiple oxidation states.

Figure 11 shows the achievement of a vertical orientation on an electroactive
surface w1th only one of the two triple deckers directly attached thereto.
~ Figure 12 shows a sandwich molecule in which one porphyrin bears-four
30  different meso-substituents.
| Figure 13 displays a related sandwich compound architecture that employs a
(Por)Eu(Pc)Eu(Por) triple decker rather than a (Por)Eu(Pc)Eu(Pc) architecture used in
Figure 12.



9 Figure 14 shows a sandw ch conpound that incorporates two triple-decker.,
sandw ch nol ecul es and two ferrocenes. Figure 15 illustrates wit i’h@ tlHLat’-‘»‘U'l*
nol ecul ar nmenory nol ecule of this invention. In preferred enbodi nents,

this is acconplished through the application of 5 very short (e.g.,

m crosecond) pul ses applied at a voltage sufficient to oxidize a storage
medi um (e.g., a sandw ch coordi nati on g@onpound) to the appropriate redox
state as summari z in this figure. Thus, each redox state of the conposite
mul tiunit nanost 1614 shaws,a sandwich-eampoynd daat dncesporatss bwomlmdecker ay) can
be accessed. sm“ﬁchﬁﬁfbcﬁﬁs%gc?%@feh%@ via the el ectrocheni cal oxidation of
the nol ecule in stepw se I ncrenents. Figure 16 illustrates a sinusoi dal
vol tanmet ry syst eFiguretiatillestfates writhgdo & noflecul dranemon mioldenle o€ tidf t hi s

invention. F.qure 17 illustrates. a conputer system enbodying the nenory

devi ces des &‘%WBEBP' hiEyRIP Ffeéryﬁge@meptsm& igarsomplished tbéow% the ppplicatien efit ed
as a seal €d 'yeRhidBe 5 ' | | ' [.of. 1N the
conput er ger %&?Isdag;ti(% hg Di ?icb?&%ﬁeggbﬂnﬁﬁgggﬁ%r%@‘ﬁg@ﬁﬁaﬁd#g%i tten
i nformati on abrageshedian (Eggasandidch tdovdinatidreconftamdprcthy agisrepiae redoxt hi s

systemintegrated into a .stapdard c uter architecture or conputer system
200. Figure féiel %Wg{zgglqﬁg ‘g%‘l"?)h’&?mne%’ iredax-gate job thecompesita mulbiuaar e

20 correspongi ' [ Sydﬁﬁ ' | t he
product m xt g%&g‘éﬁ% ﬁigg'g t &evggﬂtcél p 'eugﬂégﬁéﬁg@s&g\gfﬁig‘{cg%%&és t wo
doubl e deckersy bpacsdmplishedvis the electrachearical okidaBon pFtheanaslegule\int dtepwise? Pc.
Figure 2 0i | Lustrates building block triple-decker conpl exes of general 25
structur (PE:Y)‘QE‘T'P(l "Eu(Por). Figure 22 illustrates the coupling of the

I odo- substi t ut ed WigHed 6dB6d R es alsiRak e SNEbi k- (S
acetyl t hi o) benzene gunde( P(ﬁj%ﬁ%?m at e_dﬁaﬁlﬁﬁ%l i ng%gér?g{e%li ons l(élgﬁt(%%%tg 12,
Cul) in the Beananew devicesef thissigventing. di i sopr opyl et hyl ani ne. 30 Figure 23

P . SRR el R R e o
Pd- coupl i ng desfifled heren. (IRPRANY MeTmerhbry device iR FebHival asSesled hip®i Ni Ng

porphyrin_building . . ) .
15 Ancillary circuitry on the chip and/or in the computer permits writing bits into the

memory and retrieving the written information as desired.

Figure 18 illustrates the memory devices of this system integrated into a
standard computer architecture or computer system 200.

Figure 19 illustrates the porphyrin building blocks used to prepare

20  comresponding triple decker building blocks.

Figure 20 illustrates the product mixture conteﬁning these tﬁple deckers as
well as traces of two double deckers, produced by the treatment of (Por)Eu(acac) with
LizPc. o

_ Figure 21 illustrates building block triple-decker complexes of general

25  structure (Pc)Eu(Pc)Eu(Por). '

Figure 22 illustrates the coupling of the iodo-substituted triple decker
@c)Eu(Pc)Eu(IPT—Por) and 4-ethynyl-1-(S-acetylthio)benzene under Pd-mediated
coupling conditions (Pd(PPhs);Cly, Cul in the presence of the base N,-
diisopropylethylamine.

30 Figure 23 illustrates the coupling of the ethynyl-substituted triple decker
(Pc)Eu(Pc)Eu(EB-Por) and 4-iodo-1-(S-acetylthio)benzene under the Pd-coupling
conditions (Pd;(dba)s, tri-o-tolylphosphine) used for joining porphyrin building
blocks.



bl ocks. 10 Figure 24A illustrates the production of the desired 13 UL 2004
ethyne-linked dyad (Dyad 1) along with a butadiyne-linked dyad by treatient
of triple-decker (Pc)Eu(Pc)Eu(lET-Por) with (Pc)Eu(Pc)Eu(E T-Por) under

Pd- nmedi at ed coupling conditions (Pd(PPh3)2Cl12, Cul). 5 Figure 24B

Il lustrates the sel ective production 0{0 the desired ethyne-linked dyad

(Dyad 1) by treatpent of triple-decker (Pc)Eu(Pc)Eu(lET-Por) with
( Pc) Eu( Pc) Eu( E' T- Pighre dhadHugteatesshie productionuef the desitedcithynesdinke@dgqdimypd and

P(o- tolyl)34y . f.. ts). Fi 25 il lustrat th
el ective. pr Dilete BieR 8ReP iR AR bR Aa R o e sty (Dyad 2) by
treat nent of (HE - - madiated d
LT ORI ORGSR ©
synt hesi s of canditjxine (Pd(@Phs),Cla,PaBxes using the various porphyrin and

ht hal [ veqq FI 27 il ) ustrat th t. t heti

Bnalysi s i two SHEREEOPBiirspies Hue srlrctya prodistion ppihe deseabatbymsriingeder o
structure (Pgdaybysd 'I_F?‘HJD Retmeht 1 8edkkt HRHE ﬁa&(@r-?ﬁgt\{iﬁ?' s of a

tripentyl nono-ethynyl porphyrin ruse rn’preparing rnple decKer
bui | di ng bl ofc3Eu(Pe)fm(E T2Bor) hhdextRdatnediatedcoupling caiditions (Pégaln)aindP (b i ar y!
nono- et hynyl phyr i for use in preparing the triple decker building
bl ocks. 20 F¥°E3a53én§%9 %SF%qf&PEEefdﬁﬁﬂeﬁgéct ion routes for obtaining the

por phyrin bearing o ks | d Il I t
synthesis of a rr[)lri;ig‘l gt@ﬁé';]]%mtﬁfre?%tﬁseg%g&eepfdbd%?ﬁ@ %%&Egkﬁ%?.%epﬁ(ﬁ?e
decker el0 st dyadDyad2) by treatafent W@Qﬁ&éﬁ@hﬁ?@)ﬂd@B’FP&bhh@&?dOf
substitution of the t-butyl groups, on the ght hal ocyani ne macrocycl es. 25
Fi gure 32 i|mgdiatedi@aser gaiupling qoaditions (PHPP s);me,faéi)xer bui | di ng” bl ock

Che' {16 et hyne.  Feure 2EYARHRS by Aeds oTUIME MU, cHRRlehT o Fuord
S- (acet yl t hi porphiyin ammt pltkalocyanine! contfonkets. (13) by Pd- medi ated coupling as

wel |l as the for j on % by- pr.oduct 30) derived froman acetyl transfer
reaction and the X8t l"@“s F%W&FW& analygis of fwel St(pestylfied- coupl i ng.

13 JUL 2094 derivatized triple deckers of general structure (Pc)Bu(Pc)Eu(Por).
Figure 28 illustrates the synthesis of a tripentyl mono-ethynyl porphyrin for
use in preparing the triple decker building blocks.

Figure 29 illustrates the rational synthesis of a triaryl mono-ethynyl porphyrin
for use in preparing the triple decker building blocks.

20 Figure 30 illustrates deprotection routes for obtaining the porphyrin bearing
the free ethyne unit. _

Figure 31 illustrates the synthesis of a mono-ethynyl triple decker building
block. Each triple decker exists as a mixture of regioisomers due to the positions of
substitution of the #-butyl groups on the phthalocyanine macrocycles.

25 Figure 32 illustrates the synthesis of a triple decker building block bearing a
protected ethyne unit and the subsequent deprotection giving the free ethyne.

;

Figure 33 illustrates the production of the desired S-(acetylthio)-derivatized
triple decker (13) by Pd-mediated coupling as well as the formation of a by-product
(30) derived from an acety! transfer reaction and the butadiyne-linked dyad (29)
30 derived from homo-coupling. -' |



11 Figure 34 illustrates the synthesis of an S-(acetylthi o)-deri]\@tJ\_ﬂ_ecgggl,
triple decker via an approach that avoids formng the triple decker

by- product derived from an acetyl transfer' reaction. Figure 35
illustrates the synthesis of an S-(acetylthio)-derivatized triple 5 decker
(15) and the production of a by-product (31) derived from an acetyl
transfer reaction. Detail ed Descripti of the Preferred Enbodi nents As

not ed above, thisd.nvenij.an provj des novel, hi depsity nmenory devices 10
that are .electri glé&ﬁ?r}}é'dg”‘gﬁ’éeé &Sygthesisof Pﬂg}g@ﬁ%@hp)@eﬂ‘@é’# tipderd
writing, thatdeskedvidim Mﬁlﬂxm&é’foﬁﬁﬁ%" ' Prdd hat
provi de a hi gh degree % rfzgqlt tol eranc ,ﬂlgﬁ“c}ﬂf%g%ke%rg%%gﬁe%cgé@epoéom
ef ficient chagiteety! tsansfareedictiomnd chip fabrication. The terns "sandw ch

coordi nation co nd" qar.."sandw ch goordi.natjon conplex" refer to a
conpound’ of the??ﬁgﬂﬁe & }b%‘:afte,s\%ﬂﬁp&eé‘é(?lﬁaﬂ#@“&y ggﬂ%%ﬂﬁ‘bmpiﬁ | i gand
(as_descr 5bedetier 1%).ang a8 prilnictiof of B blorodho 8313 aBfiydikéin AIRLLPEEISLAD! Y 2

or 3, and each netal is positioned be en a pair o Iga ded to
one or nore T¢AsHOR.0 atom (and typically a plurality of hetero atoms, e.g.,
2, 3, 4, 5 in each ligand (depending upon the oxidation state of the
netal ). Thus sandw ch coordi nation conpounds are not organonetallic

conpounds such as ferronemedmsg%'tm mﬁ'eﬁlf-ﬁlrre%%in%oH@&ﬁQ to carbon
atons. The ligands in the sandw ch coor di general ly

arranged in a st ad¥awtest above.ahis dnveptioreprovides ngesldigh densitp fremioay Hyviogd ent ed
and axighly Lan | not her, .alt h th Qr, may not he
rotated a out"t?att h%t'agc% %ﬂ'vm&@gesfaagg Tpitige § 8&&‘?6??@5 g‘%ﬂ@@&%@",ﬂ@@m and

J. Jiang, Saadighiheinypedensy fig) RO bis/@hd) NAkOSs Ml R gh ( rinato
metal conpl exes, Chem cal %%ggéty 25 dl%ﬂ(?\)/l e\/\gﬁ%, 433@14 ?ﬁ%@@ The term

" doubl e- deck &e8asRARe hat arsiamenatile kneffoiepbehetnical fspntbesivand chip fabrication.

coordi nati on conp @erﬂ:?s‘ L | v re m,is.2,,thus having the
formula L'-M -L2, q?/\iﬁer el ng@%éﬂé‘%%ﬁﬁggﬂﬁg %%%&b%r ts%dvgaﬁ@o Rerent.
See, e.g., Sompleafiefed toal componbbfthe fsiemila VANIFT, urHekd dach TORR HRYRSCyMiE D

Pht hal ocyani nat o ('ing 30, FP‘ﬁ’phyri nato Ligands, J. Porphyrins Phthal"ocyani nes
3, 322-3 % (%6%5 as dascaibed pelpw), each M ig a enatal, B 4872 of wiore; Dwstiprefarabiy 2cwdpound”

refers to a 3P8AWRdaG L Aty escni bed, above where n is

3, thus having the n(if or %P%h%ﬁgﬁéé?%@%%?%ﬁ%%e%?beogg?ldg’foqf'o,rqprﬁnd L3

maybe the sahetewratoinf(hnd typically a plurality of hetero atoms, e.g., 2, 3, 4, 5) in each ligand
(depending upon the oxidation state of the metal). Thus sandwich coordination

compounds are not organometallic compounds such as ferrocene, in which the metal

20  isbonded to carbon atoms. The ligands in the sandwich coordination compound are
generally arranged in a stacked orientation (Z.e., are generally cofacially oriented and
axially aligned with one another, although they may or may not be rotated about that
axis with respect to one another). See, e.g., D. Ng and I. Jiang, Sandwich-type.
heteroleptic phthalocyaninato and porphyrinato metal complexes, Chemical Society

25  Reviews 26, 433-442 (1997).

The term “double-decker sandwich coordination compound” refers to a
sandwich coordination compound as described above where n is 2, thus having the
formula LI-M]-LZ, wherein each of L' and 1.? may be the same or different. See, e.g.,
J. Jiang et al., Double-decker Yttrium(II) Complexes with Phthalocyaninato and

30  Porphyrinato Ligands, J. Porphyrins Phthalocyanines 3, 322-328 (1999).

The term “triple-decker sandwich coordination compound” fefers toa
sandwich coordination compound as described above where n is 3, thus having the

formula L'-M'-L2-M?-L3, wherein each of L', L? and L3 may be the same or different,



1 3 JUL 2004 12 and M and MZ may be the sane or different. See 3«3% , 56
Arnold et al., M xed Phthal ocyani nato-Porphyrinato Europiun(l| I} JuL 2 4
Tripl e-decker Sandwi ch Conpl exes Containing a Conjugated D meric Porphyrin
Ligand, Chem stry Letters 483-484 (1999). 5 The term "honvol eptic sandw ch
coordi nati on conmpound” refers to a sandwi ch coordination conpound as
descri bed above wherein all of the Iig%ds L are the sane. The term
"het er ol ept i mdMhand M? maobetibeatine or diffepentn See, lef EDS AR IdesANNAKED
coordinatio l{_:’]{(I)I‘;E))oungl as_descr. bed. abgve wherein at least” one ligand L is
f

?I ffe (r:I ent seangaie-PorphysRate Rusenivmglll) {yipterdecker Sand’v?pb Comiplﬂxﬁf:
" erei Y [ . t i
conatsti ng oroafl CollRBRRa ke Poihytf 130, CREALR R AT 6 ) o

plurality of(1998tero atons (e.g., N, 0, S, Se, Te), which hetero atons nmay
be the same or different, and which nol ecule i s capable of formng a

sandwi ch 2 coor di nERe SrmC bamelaptic sandwiek seordination eoropqund’” sefefsja adandwick h may
be th 5. dj . . . ljec i d
Cypi cal Ly redeinai Soufidiilvls RiBed Bhce il MR OIKART. ad B Yoo o

pht hal ocyani nes, TPl febrtheteroleptit sapdwiehycoeriintion copousd’ Ureferdto-dtandwith- Thi
Assenbl i es of pht hal ocyani nes gl th §&)orphyri ns, and por phyrazines: ground
and excit ed “PKBaton cempound a5 degcribed abaysayvhareinat lastonsdigend I irdiffersnt 160,

53-91 (1997)ﬁ03%%%&ﬁ§ﬂd§%r tion" refers to the loss of one or nore
el ectrons in an el enent; conpound, or chenical substituent/subunit. In an

oxi dat i k0 r eact i dfhe tenachewreoyelicligandl” as byedticvein geheralgrefbrei@aiy( s) i nvol ved
in the reacti?n. The cki%r e on_.these atons nmust then becone nore positive.
The el ect r onketerpeyqliganolecule consisting of carbop alammeeantainiag iatileast e, a8d <o

el ectrons a lﬁghlﬁ' A 1 | 1 QNAr QA | | ' 25
t aki ng pl acglﬁie %Ea}[b%ga eactlooﬁ’ %%%@QE%@B e8a§g%%,’1%ﬁggﬁ%%§3§%r§gftd&%2rgk ons
are | ost frobathe hame pediffeserscindgwitish tolemie iSedpablaof formirpepi daadwith appar ent
production of el.ectrons as "f°f1€e" enilities '.n.oxidg@v I, QN rele)ac i ons.
Conver sel y tP8T4ART copppqund, i 4"8?"%51' St"’fq?éfcié%hﬁa“ By S4B GEL r ons
by an el ﬁreruiffe&af)%u%e@r._sﬁwﬁeféécy%}ialﬁfghﬂdsea% f;?setags}ﬁ]agrs cle§x1 dation

state" refers to the electrically nedtral “state ateé 30
produced by pasecwarintetrapymele defivatives suadras the phihalecyansmss, parphyrinspahd or

cherm cal > WSbRHARR, SHRUDE! T4 TR SESTh IR aihS ™
porphyrins and porphyrazines: ground and excited state optical properties,
Coordination Chemistry Reviews 160, 53-91 (1997).

20 The term *“oxidation” refers to the loss of one or more electrons in an element,

compound, or chemical substituent/sﬁbunit. In an oxidation reaction, electrons are lost
by atoms of the element(s) involved in the reaction, The charge on these atoms must
then become mofe positive. The electrons are lost from the species undergoing
oxidation and so electrons appear as products in an oxidatioﬁ reaction. An oxidation is

25  taking place in the reaction Fe** (aq) —> Fe3+(aq) + e” because electrons are lost from
the species being oxidized, Fe** (aq), despite the apparent production of electrons as
“free” entities in oxidation reactions. Conversely the term reduction refers to the gain
of one or more electrons by an element, compound, or chemical substituent/subunit.

An “oxidation state” refers to the electrically neutral state or to the state

30 produced by the gain or loss of electrons to an element, compound, or chemical
substituent/subunit. In a preferred embodiment, the ferm “oxidation state” refers to
states including the neutral state and any state other than a neutral state caused by the

gain or loss of electrons (reduction or oxidation).



states including the neutral state and any state other than a neut.]rgll J@\tuamg@
caused by the gain or loss of electrons (reduction or oxidation).' 13"JUL
2004 13 The term"mnultiple oxidation states"” means nore than one oxi dation
state. In preferred enbodi nents, the oxidation states nay reflect the gain
of electrons (reduction) or the loss of electrons (oxidation). The term
"different and distinguishable” when rgferring to two or nore 5 oxidation

st ates neans t hat charge .qn.the entit ato nol ecul e, aggregat e,

subunit, etc.) caﬁé&?@f%ﬁwmﬂ%}f@rsgﬁ?sms‘?ﬁ%égmﬁ %ﬁ?&@aﬁi?féﬂgtgi hgt o be

"di sti ngui shpbéfetredb@Bodifientl] fHexRiMiEn BALLGEL &ﬁ&g%&fgﬁgae%o%@t er than
abou : €

thermal energy at roomtenperature (e.g. 0Cto term
"el ect rode" ((EBetion) or thelosscof elentronp fdxiidation).t r ansporti ng charge 10 (e.g.

Tetal 5 or conductite ol mifbeiehhRE Sebiaihh” b riibuas te hyo Bemamuf act ur ed
to virtuably oRftdatidn stte¥Bidan® Bk mérnegéﬁﬂrg@&? ﬂﬂ@?hty%(ﬁ%ﬂ? n{oqe&lilef, gg%%é? t&e

| ines, pads, planes, spheres, cylinders, etc erm ct rode"
i s intended SBbYNiE etsgtcanenist icwordifferentstates. Ahierstatss arssaid o wssent i al |y

stabl e and um . b b0y espect..t o the, stor medium That is, the
el ectrode anda}gﬁgggg%ﬂneecﬁlf%ﬁ? g‘%ﬁﬁgﬁﬁvqeﬁtﬁg@%’éﬂqaﬁﬂ%thmgeorret ric
rel ati onshi p eérish aPrkh RiriRfautel(e ;500 tooipR-CFO00N zed that the '

d

relationship alters sonewhat due to expansion and contraction of the
medi um wi t h t her melfhederan {rlecttode” thfers toamhmediam dapalsie of Ranspbiting chfrgehe

Nover t hetQse (2 FAtdlbapl{f BUBE s & sk ittt Forfa el dinios eamils or
| nvari ant. | oomiuerieé ergaaid ableadbT TR elcdiradsqlb ﬁ%agﬁﬁ?@?a;d%m@]ﬂ a#g@zar

systems in which the electrode is a novable "pro
recordi ng " héiaensiongl ox3-dimensiopabshape (@ slisspate linds\pads] planas, spheres] ng

tunneling m TM ‘tip, etc.). 25 The term "working el ectrode" is
used to ref e?&@o ggl’)\gt"‘(cfrs nore electrodes that are used to set or read the

state of a stor ag@hewen Miadbicotrods Ok d6endBal 16 ¢ofledt the ot Bk me"éié%%ggfkce
el ectrodig Is used. to refer to one or nore el ectrodes that provide a

ref erence’ (e lystshle andipnrnayablewith TeApRetdg e stasagemediume Fhattis, thecor ded
fromthe wor Eleg@o&l & 439 Ge mblliuh &b 35O LB ffddGebbmice " C°

electrodes ina
relationship with each other. It is of course recognized that the relationship alters
somewhat due to expansion and contraction of the medium with thermal changes or

due to changes in conformation of the molecules comprising the electrode and/or the

20  storage medium, Nevertheless, the overall spatial arrangement remains essentially
invariant. In a preferred embodiment this term is intended to exclude .systems in
which the éle_ch'ode is a movable “probe” (e.g. a writing or recording “head”, an
atomic force microscope (AFM) tip, a scanning tunneling microscope (STM) tip,
etc.).

25 The term “working electrode” is.used to refer to one or more electrodes that
are used to set or read the state of a storage medium and/or storage molecule. -

The term “reference elebtrode” is used to refer to one or more electrodes that
provide a reference (e.g. a particular reference voltage) for measurements recorded
from the working electrode. In preferred embodiments, the reference electrodes in a

30  memory device of this invention are at the same potential although in some
embodiments this need not be the case.

The term “electrically coupled” when used with reference to a storage -

molecule and/or storage medium and electrode refers to an association between that



30 nenory device of this invention are at the sane potential alt Légg in, y
sone enbodi nents this need not be the case. The term "el ectrical I‘E E}LI S
when used with reference to a storage 'nol ecul e and/ or storage nedi um and
el ectrode refers to an association between that 1 3 JUL ,2004 14 storage
medi um or nol ecul e and the el ectrode such that el ectrons nove fromthe
storage nedi um nol ecule to the electro#® or fromthe electrode to the
storage nedstorageiedium or motbcnleeanélﬂ;e glédtrnde Stch thai eledttons nsdwvetfeorafthd he

storage nedi un1 nol ecul El ec C coupl an_incl ude_direct coval ent
i nkage bet wEESe W?&&%%ﬁ? g‘ﬁ‘ﬁ& lecirade fosthe stosrge i ndi r ect
coval ent coupliiigh/Bldiulethd tbredy HEF e %@ﬁ% o of telbloffle | 0N C Dondi ng

bet ween the storage nedi um ectrode ot her bondi ng
(e.g. hydr opweﬁnmgmlestuhg}ﬁlecmwmbuphmg)can inciude divedt covalelitrlipnkagelyetiveert gui r ed

dth di,u t t ed th th | ectrod
SOt hoe. Sl BRalih RSl Bk aRiiieoding covaemacuBbRRAR WihE 10 |
el ectr ode Nkl dit R GREHRCIOHIE ERIAG Uofyob 6 bl RN gnd e

sufficiently close to the st or age |un1rm ecule-to

tunnel i ng beelogirade; mmmdmgrfagemdr@mbm hdndmg) dataddition, Ad acthdlbdnding
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f | |
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15 appl i cat i €lsctfdedustiéd. TRk@ ﬂs%'ﬂe@&ﬁetﬁ@@@sshﬂg"ﬂe aayb.ulgﬂ gd herein,
refers to a redox-active corrponent of cule t er ms OI‘ age

mol ecul &0 orele¢hodsapd thy Benagemediumémolecule wheretheletectrode 1sruy1fﬁmmtiy closerie

oxi dation st can t he storage of information 20 (e.qg.
a nol ecul e c%%rprlgé%e‘a" /%gle?}@?g’?eé’ﬁ’btxel &op 8%““% ﬁf’ 0the of erred st orage

nol ecul es hameditnimolectileragd thef diestede. and di sti ngui shabl e non neutral
oxi dati on states In addition to the pol%mers. of Formula | and Fornula I
herein, a wide vhReterp “sedoxastive wnitl] oriioedesactive stbunii2 refexsdo amalealage

ol ccul g § REPURRER A HOREIC AT BBl BEOShSDRRTAIRE aRERELLVC) o,

met al | odéne,amhbaﬂmmfmﬁﬁ&lﬁ@olwgecycl ic polyene, a heteroatom substituted

| i near pol yene, het er gat om substi t ut ed c¥cl i c polyene, a
t et rat hi af ul val enst® TR pybIRET a8 ased hesein we erﬁt%teép?i@é'@YQiGQmpon@ntQﬂnTpl ex, a

molecule.
| The terms “storage molecule” or “memory molecule” refer to a molecule
havin_g one or more oxidation states that can be used for the storage of information
20  (e.g. amolecule comprising one or more redox-active subunits). Preferred storage
molecules have two or more different and distinguishable non-neutral oxidation
states. In addition to the polymers of Formula I and Formula IT herein, a wide
variety of additional molecules can be used as storage molecules and hence further
comprise the storage medium. Preferred molecules include, but are not limited to a
25  porphyrinic macrocycle, a metallocene, a linear polyene, a cyclic polyene, a
heteroatom-substituted linear polyene, a heteroatom-substituted cyclic polyene, a
tetrathiafulvalene, a tetraselenafulvalene, a metal coordination complex, a
buckminsterfullerene (.e., a “buckyball”), a triarylamine, a 1,4-phenylenediamine, a
xanthene, a flavin, a phenazine, a phénothiazine, an acridine, a quinoline, a 2,2'--
30  bipyridyl, a 4,4'-bipyridyl, a tetrathiotetracene, and a peri-bridged naphthalene
dichalcogenide. Even more preferred molecules include a porphyrin, an expanded

porphyrin, a contracted porphyrin, a ferrocene, a linear porphyrin polymer, and



buckm n.sterfullerene (.e., a "buckyball"), a triarylamne, a 13 Jul 2004
1, 4- phenyl enedi ami ne, a xanthene, a flavin, a phenazine, a phenothi azi ne,

an acridine, a quinoline, a 2,2" 30 bipyridyl, a 4,4 -bipyridyl, a

tetrathi otetracene, and a peri-bridged napht hal ene dichal cogeni de. Even

nore preferred nol ecul es include a porphyrin, an expanded porphyrin, a
contracted porphyrin, a ferrocene, a |jfear porphyrin polyner, and 1 3 JUL

2004 15 por Pt , | | referred storage nol ecul es
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of a reference el eﬁeﬁg‘a%, &gfa@%ep@ﬁ% TSerE 10, 4, AP OSTHON RORIDTISING &:Sterage um ( e. g.
a st or age Smednolepyle afithe ihventies giiefafably bsraeR (0B aisnbke. 0-» @ dielectric) for
provi ding electrical conductivity between the electrodes and/ or between
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the el ect ro]ges and-hererpreelpeirachemicsbeall” sonsists mninws] lyltdfar&&reﬂceleﬁeﬁbdé; al isl a
conponent o (f}FmEt nthe Lerms "nenory el ement”, “nemory cell”,
or "storage c‘g " r%é@a?’%%%uyéﬁé o ﬁ?‘g‘aar %@%F n%eﬁg.}m% #pd.jjEnegsesary, or
the storage comemheamsvd. .08 dieRicaic) foestoviding elﬂﬁicé!%bﬁ&ibﬁg{tgbgﬂg@g]ﬁ fce regions
y two .

of storage maiii %JIm addressed by at |east one and prefera
el ectrodes (&igod Qrrbgtvaen dig ¢Jeetrogasiand tbémcgunelnesbmtenﬂdﬂ)meﬁm&he

storage 19 ceiidlscthiels LS Ef}imé ssed (e.g. a unique electrode is
associated with each ner‘gsri;?me ene%ﬁ%a%grg{eag%f’t icularly where the oxidation

states of diff er erfhertemms ‘mensiry mtemient’y M Retiony DY bS*sMthge céﬁ"rE{eP{oem{m”Dry
el ements can Ee agéjreaqﬁed 2@/ a single  electrode. The nenory el enment can
optional Iy i fGcHgehemigalell #Penie%.ifdfarfapéqoéaaerqf@fom@gmfmdmmge
count eri ons) .ceB¢> abo QiskRtd ep i anl 3 di scret mai n
or area in which a g%%r?&?kggﬁgnmkg |S%%%%%%é§ag@a$@§géﬁéme§?@ ¥e or
nor e el ect r od¥dworelastrodes (agea woddng eleotrodeyant @y réfeperie @IRBBdELThe stbigever i f
two storage | | Qns_coni aj.n e s storage nedia so that they have
essent i a??y tc%@?édg e%@lvb@?aﬁ%ﬁ&&ﬁ‘gg‘fg@r’r@’%%ﬂé@éﬁéﬁg@SOCFl_bt@éMihmclar e
conmonl y addmeenserst eldnieay) d¥pparticl FwRER the G a4tk atsd SF ABErehElnbinor

Addr essi ng ag arti ecul %{?ﬁgl Q&egkﬁgis to as;gm ating (e.g., BFROEY i cal | y
coupl i ng) t h&CMABEHATY griishablel ¢ giepwry elémentsaan bbatldiched By aGingse can
be used electrode. The memory element can optionally include a dielectric (e.g. a dielectric

impregnated with counterions).

20 The term “storage location” refers to a discrete domain or area in which a
storage medium is disposed. When addressed with one or more electrodes, the storage
location may form a storage cell. However if two storage locations contain the same
storage media so that they have essentially the same oxidation states, and both storage
locations are commonly addressed, they may form one functional storage cell.

25 ' Addressing a particular element refers to associating (e.g., electrically
coupling) that memory element with an electrode such that the electrode can be used
to specifically determine the oxidation state(s) of that memory element.

The term v“storage density” refers to the number of bits per volume and/or bits
per molecule that can be stored. When the storage medium is said to have a storage

30  density greater than one bit per molecule, this refers to the fact that a storage medium
preferably comprises molecules wherein a singlé molecule is capable of storing at

least one bit of information.

The terms “read”, “detect” or “interrogate” interchangeably refer to the



to specifically determ ne the oxidation state(s) of that nenory el epent.

The term "storage density" refers to the nunber of bits per vol und ntflor2004 ,
bits per nolecule that can be stored. Wen the storage nediumis said to
have a storage 30 density greater than one bit, per nolecule, this refers

to the fact that a storage medi um pref grrabl y conprises nol ecul es wherein a
single nolecule is capable of storing ® 1east one bit of information. The
terms ."readdetermivationtof the oxidatien stetgés) of onendrancieanoleatley (o ¢ ftdledudest he 1 3
JUL 2004 16 _determ nation of,.the oxidation state(s) of one or nore

nol ecul es (e g.tt %%%P?@e"&?ﬁ‘ﬂ?'si ng a storage nedium). The term "refresh”
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DX i s the diffusi DI (€BBf Eieitefers Wrthe practical defipition of ths fosmalpotentiab(B% of

diffusion c hel Ayoltage source. is an
Source (6. o rapSpEfbety el BYMIH, CRAGARD o) pASG S HiEByn copsial
vol tage o aT istemperafie in KAKedVin); nrigde)number dheledtfi®n IO thdProdest] FII! ©
pl ane”, when seg‘ga{a}{n reference to a mam)rie device of this invention
refers to thlélé? Y fonstart @8,486 fomlqmbymole) Dot HhedjBfusionicaefficient of the

he oot o> oxitizéd dockils GHE L. AMMERTRRERTEMHCR b BCSATR EIGR] PLone |1

the device (e.g are present on a SiIng m na €C1¥hat are on

the sane pl ane cah voltsge spatdeyis hey Sadree @3t embleduld, deviza dircuitBc,) Sapfble dfn 2
singl e operati le, 20 all of the electrodes on a single

1. Thus, f
pl ane can tﬁpg'gﬂlﬂ ?V@Qﬁghi&gﬁ g 28 elegrede)e .,  sputtering) step

(assum ng they ar - Ll b "Qut put _of an |
i ntegrated ci eri%eat%{’er?‘elérseE% °§a‘\r}gﬁ‘$§g§{‘%rk’%‘%e§§§$d'ﬂ‘%§§ﬁ°§3°ﬁ B or nore
i ntegrated clevisgiof thi} inventian refers totherfaot ¢that trepcomepsrentis) @12, storizs eeathes!

cireult. electrode(s), etc.) in question are present on the same physical plane in the device

(e.g. are present on a single lamina). Components that are on the same plane can
typically be fabricated at the same time, e.g., in a single operatioﬁ. Thus, for example,

20  all of the electrodes on a single plane 6é.n typically be applied in a single (e.g.,
sputtering) step (assuming they are all of the same material).

The phrase “output of an integrated circuit” refers to a voltage or signal
produced by one or more integrated circuit(s) and/or one or more components of an
integrated circuit.

25 A “voltammetric device” is a device capable of measuring the current
produced in an electrochemical cell as a result of the application of a voltage or
change in voltage. _ .

An “amperometric device” is a device capable of measuring the current
produced in an electrochemical cell as a result of the application of a specific field

30  potential (“voltage™). _

A potentiometric device is a device capable of measuring pbtential across an

interface that results from a difference in the equilibrium concentrations of redox
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voltage or change in voltage. An "anperonetric device" is a device capable
of measuring the current _ produced in an electrochem cal cell as a result
of the application of a specific field 30 potential ("voltage"). A

potentionetric device is a devi ce capa?ée of neasuring potential across an
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than hydrogen | ocated at the periphe
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por phyrin atons (rreta opor phyri rrvatives at ons,
including pyFRrgp V@natmﬂoﬁwntgwﬁdmmmmalseplamt Gﬂhltragénjetleﬁ%ﬂ%x“ n ring
(expanded pob hyrlns derlvatlves 20 havi ng one or nore groups renoved

fromthe por BtNRE Frbstitngnis other than hydrogenJonatedras the Eeripheral (nidsoh) B-Y6r dopé €) and
conbi nat i ons of té’gﬁ%f oregm n% deri vat ives (e.g. phthal ocyani n€s,
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| sorer )15 Pr BBy (R HRRS R, SRCHAGNS! 85 tE0RIE, Bl bachaniongs, >
gecahydroporphynns corphins, pyrrocorphins, etc.), derivatives obtained by
coordination of one or more metals to one or more porphyrin atoms

(metalloporphyrins), derivatives having one or more atoms, including pyrrolic and
pyrrometheny] units, inserted in the porphyrin ring (expanded porphyrins), derivatives

20  having one or more groups removed from the porphyrin ring (contracted porphyrins,

- e.g., corrin, corrole) and combinations of the foregoing derivatives (e.g.
phthalocyanines, porphyrazines, naphthalocyanines, subphthalocyanines, and
porphyrin isomers). Preferred porphynmc macrocycles compnse at least one 5-
membered ring,

25 ~ The termy porphyrin refers to a cyclic structure typically comaposed of four
pyrrole rings together with four nitrogen atoms and two replaceable hydrogens for
whi_ch various metal atoms can readily Be substituted. A typical porphyrin is hemin. -

The term “multiporphyrin array” refers to a discrete number of two or more
covalently-hnked porphyrinic macrocycles. The multiporphyrin arrays can be linear, |

30_ cyclic, or branched. '

A linker is a molecule used to couple two different molecules, two subunits of
a molecule or a molecule to a substrate. When all are covalenﬂy linked, they form
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four pyrrole rings together with four nitrogen atons' and two repl hdedbi.e 2004
hydrogens for which various netal atonms can readily be substituted. A '
typi cal porphyrin is heroin. The term nultiporphyrin array” refers to a
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nyclrocar bon A e O oliEle e dh acy g5 Hrhs Shedl (G Bimekel Giafion
hydr ogeOf r demetdgnifed thiat the m&&avmleeﬁﬁﬁ%es sulbBtitht dafifRalr hawi! ddhtidn&R o~ ) -
propyl (CHSCI%SCHZ- , isgpropyl ((CH3)2CH). 15 The term "hal ogen” refers to
one of the EWSENeBHLES: hpsu proyided fas §) ivthevapibus feemplasihersin. t abl e

(fluorine, chlori ' QAL el At | . The term."nitro" refers
to an - NO2 groupm?'ﬁ%@.er gent;ér%gd Qﬁ%‘?@ég#%&g%ﬂpWBPMthFﬁﬁg?erm

" per f | uor oalderpved frerhenaikane dy dedppitg dHediyirop8s HOnetHR T rmial @tpg 20 is
replaced with a _fluorine atom The term "perfluoroaryl” refers to an aryl

group wher e%ﬂ& “Hyor SBE A Catlpmprepl €GH ), Bsopropyl ((CHCH-Hm  The term
"Pyridyls refersThg dh Haldgelt s WG or eI tilehtile e SRBIE SFgrotn | "

VIIA of the periodic table (fluorine, chlorine, bromine, iodine, astatine).

The term “nitro” refers to an -NO; group.

The term “amino” refers to an -NH, group.

The term “perfluoroalkyl” refers to an alkyl group where every hydrogen atom
20 isreplaced with a fluorine atom. ' -

The term “perfluoroaryl” refers to an aryl group where every hydrogen atom is
replaced with a fluorine atom. {

The term “pyridyl” refers to an aryl group where one CR unit is replaced with
a nitrogen atom.
25 The term “cyano” refers to an -CN group.
- The term “thiocyanato” refers to an -SCN group.
The term “suifoxyl” refers to a group of composition RS(O)- where R is some
| alkyl, aryl, cycloalkyl, perfluoroalkyl, or perfluoroaryl group. Examples include, but
are not limited to methylsulfoxyl, phenylsulfoxyl, etc. _

30 The term “sulfonyl” refers to a group of cbmposition RSO,- where R is some
alkyl, aryl, eycloalkyl, perfluoroalkyl, or perﬂuoroaryl group. Examples include, but
are not limited to methylsulfonyl, phenylsulfonyl, p-toluenesulfonyl, etc.

The term “carbamoyl” refers to the group of composition R! (R*)NC(O)-where
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a nitrogen atom 25 The term"cyan" refers to an -CN group. The ter'lmd JUL 2004
"t hiocyanato" refers to an -SCN group. The term "sul foxyl" refers to a
group of composition RS(O)- where Ris sone alkyl, aryl, cycloalkyl,
perfluoroal kyl, or perfluoroaryl group. Exanples include, but are not
limted to nethylsul foxyl, phenylsulfoxyl, etc. 30 The term "sul fonyl"
refers to a group of conposition RSQ2-,ywhere Ris sonme alkyl, aryl,

cycl oal kyl , rf l,ugroal kyl, or rfluoroaryl group. Exanples include, but
are not 1ini ﬁﬁdmpg? ﬁ&aﬁﬁéwd@fmﬂ alltylrsrtmoroplkyls prperdlaotontyhy | | et c.
The term "car D¥ikq 0 fin G, I, 1l ) NC( O) - wher e
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per f | uor oal kydimethylcpdbatoyhreeear yl  group. Exanpl es include, but are not

limted to N-ethylcarbanpyl.. N, di net hyl car banoyl, et.c. The term "am do"
refers to the groﬁeémo%‘égifqy_%tﬁhe mm&@nﬁlc@q@zhmrﬂle H or

sone al kyk, aniR?afe8 I f roup.
Exanpl es i ncl_ude, but bg%&%(h)]%‘y F?ﬂl’t%ﬁ?gy g?%?%‘%&%%&né@{]’@%éh?gﬁw ﬁ etc.
The term " acyixamplesdncluds, butare ngtlimitediol adetgnidey) N-sthylbeatariide, ezéH of t he
carboxyl group isteplacged hy sone ot her substituent (RCO ). Exanples

i ncl ude, but are%?erm rﬁcygcfefél’)s@@@toﬂﬁm% &giaup 1 whichthe rQHfdheer r ed
enbodi ment s, cwibeR lret ' t M ~M . | S, an
Cnteger . it Caeeyeim @ roplRdd s3ud e sosiert (RCU, Exlifleljnclhdy i
count eri on. arhrottismiedte abetyl, benzoyl, etes used in the fornul as herein,

ticul apgly desigpated b . S i s, an .int L a pref d
Erbodi mea? Tef or SRBreCeTES mhdiments, i elabis deriapateh ay Ve Tpr oM cEre
adj ust the redeoun pRégRALt i%lré@&gn&fedftﬁh@th%tiﬁétﬁpﬂaayﬂéa%s@igﬁgwfh Ecyd%ﬁgyl

substituents include, but are not limted to,” aryl,
al kyl, hal ogen, aiTbgigrm “gukstituentoas yred it the foraules herging particulardy §ésignatedi dy!

i do, and  SRSponss ekt Qe Hler, B {HsBRAGm B ateens Bl A ks or oup
i s attached fgooups (qubtmpits)ithal car beugedtd Bjustthe rede potnihis) orith dubfeet .
substituepts on the aryl group.are 20 selected fromthe “group consisting of
aryl, phenyl FOWe%%Wedaq%mm%mb,@m but lakeonat limitddip) aril, phenyl,
perfl uor oal kiyelofRf b9, B3lokbn, b6kl Mkyietty, Paraddb AEHPHE %brog}'y ,rp%lﬁdy ,. no.
cyano, thiocyanato, nitro, amino, alkylamino, acyl, sulfoxyl, sulfonyl, amido, and
carbamoyl. In preferred embodiments, a substituted aryl group is attached to a
porphyrin or a porphyrinic macrocycle, and the substituents on the aryl group are
20  selected from the group consisting of aryl, phenyl, cycloalkyl, alkyl, halogen, alkoxy,
alkylthio, perfluoroalkyl, perfluoroaryl, pyridyl, cyano, thiocyanato, nitro, amino,
alkylamino, acyl, sulfoxyl, sulfonyl, amido, and carbamoyl. Additional substituents
include, but are not limited to, 4-chlorophenyl, 4-trifluoromethylphenyl, and 4-
methoxyphenyl. Preferred substituents provide a redox potential range of less than

25  about 5 volts, preferably less than about 2 voits, more preferably less than about 1
volt.

The phrase “provide a redox potential range of less than aBéut X volts” refers
to the fact that when a substituent providing such a redox potential range is
incorporated into 2 compound, the compound into which it is incorporated has an

30  oxidation potential less than or equal to X volts, where X is a numeric value.

One embodiment of this invention is illustrated in Figure 1. The basic

memory device, a “storage cell” 100 comprises a working electrode 101 electrically

coupled to a storage medium 102 comprising a multiplicity of storage molecules 105.
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has ei ght didferent d..di st i,nqui shabl e, oxi dati on, states and |1 kew se store
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bits or one byte in that manner as well. As explained herein, a large number of

20  different molecules having different numbers of oxidation states can be used for the

]

storage medium.
Because molecular dimensions are so small (on the order of angstroms) aﬁd :
individual molecules in the devices of this invention can store multiple bits, the
storage devices of this invention therefore offer remarkably high storage densities
25 (eg> 10" bits/em®).

* Moreover, unlike prior art, the devices of this invention are cépable ofa .
degree of self-assembly and hence easily fabricated. Because the devices are
_electrically (;'ather than optically) addressed, and because the devices utilize relatively -
simple and highly stable storage elements, they are readily fabricated utilizing

30  existing technologies and easily incbrporatéd into electronic devices. Thus, the
molecular memory devices of this invention have a number of highly desirable

features.

Because the storage medium of the devices described herein is electrically-
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Por phyrins and porphyrinic macrocycles a 0
radi cal cat i &om stahlezastical cationsxindaed, the axidationdmdreduetiof opporphytirispeordeVvi de

15 the f dad J ‘biol:oqi cal f ph [ d
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conpri ses of Doorlohyr inic |igands
ouble and triple decker sandwich molecules comprises of porphyrinic ligands

exhibit essentially the same phenomena.

Preferred storage molecules of this invention molecule can hold multiple
20 holes, corresponding to multiple bits. In contrast, the dyes (photochromic,
electrochromic, redox) and molecular machines are invariably bistable elements.
Bistable elements exist either in a high/low state and hence can only store a single bit.
Reading can be accomplished non-destructively or destructively as required in
different chip app]icatioﬁs. The speed of reading is conservatively estimated to lie in
| 25  the MHz to GHz range. Oxidation of the porphyrins or other porphyrinic macrocycles
can be achieved at relatively low potential (and at predesignated potentials through
syntheﬁ§ design), enabling memory storage to be achieved at very low poWer.. '
Porphyrins agd porphyrin radical cation_s are stable across a broad range of
temperatures, enabling chip applications at low temperature, room temperature, or at
30 ' elevated temperatures. Double and triple decker sandwich molecules comprised of
porphyrinic ligands exhibit essentiaily the same phenomena.
Fabrication of the devices of this inv_ention reliés on known technology. The
synthesis of the storage media takes advaﬁtage of established building block
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assenbl ed on el ectrodctive surtaces. e arrays
addressable bits of nenory can be achi eved through conventi onal

m crof abricatipon techni q_ues. The storage nol ecul es are self-assenbl ed onto

these el eciiﬂ-ggﬁﬂéﬁmm%ched to the gold surface using conventional

di ppi ng1set hods. Che dfoRdin Pinthe bR A1 dFM Har LT in
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the artwil| appreciate thaf the nenory I'on have wi de

appl i cabi | i igventiorshaxs wide applicability émspesialipesd sndgenemahpurpese computer
systems. Of course commercial realization of the device(s) will be facilitated by the

adoption of computer architecture standards compatible with this technology. In
addition, commercial adoption of this technblogy will be facilitated by the use of

20  other molecular electronic components that-will serve as on-chip buffers and decoders
(that is, molecular logic gates), and the like. In addition, commercialization will be
facilitated by the development of a full manufacturing infrastructure. |

Regardless, prior to the development of a fully integrated design and
mannfacturing platform for molecular electronic information storage and transfer,

25  even early generation prototype molecular memory devices described herein have
utility in a variety of personal or industrial applications. For example, a prototype
1024/512-bit molecular memory device has sufficient capacity to hold a substantial
base of personal and/or other proprietary information. This information could be
transported anywhere in the world virtually undetected owing to the extremely small

30  size of the device. If detected, the memory device is easily erased simply by applying |
a low potential reverse bias current across all memory cells. This protection
mechanism can be readily incorporated into any type of transport architecture
designed for the memory device.
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Ar chi tecggre of t.ﬂ{‘a stor.a devi ce. The basic storage cell

and storadde rfedid edyipHigure ibe stotage aagdivya 102 éndipnnsed ch nurnloeraf

functional dey | ' ' ' [ 0ns. e chip- d

embodi ment o TPl O B2k bfehieeToeatB R d I 18 wortiss Siode i
and a reference electrode 103 so that the storage medium 102 combined with the

electrodes forms a storage cell 100 at each storage location.

| f

One particularly preferred chip-based embodiment is illustrated in

20  Figure 3. In the illustrated embodiment, 2 plurality of working electrodes 101 and .
reference electrodes 103 are illustrated each addressing storage media 102 localized at
discrete storage locations thereby forming a plurality of storage cells 100. Multiple
storage cells can be associated with a single addressing electrode as long as oxidation
states of the storage cells are distingnishable from each other. It should be noted that

25 this forms a functional definition of a storage cell. Where two discrete areas of storage
medium are addressed by the same electrode(s) if the storage media comprise the
same species of storage molecule the two discrete areas will functionally perform as a
single storag? cell, i.e. the oxidation states of both locations will be ;:ommonly set,
and/or read, and/or reset. The added storage location, however, wili increase the fault

30  tolerance of the storage cell as the fimctional storage cell will contain more storage
molecules. In another embodiment, each individual storage cell is associated with a

single addressing electrode.

In preferred embodiments, the storage medium comprising the storage



15 2. As illustrated in Figure 2 the storage nedium 102 is disposed in a
nunber of storage |ocations 104. Each storage location is addreqsgd\)@ly.mm
wor ki ng el ectrode 101 and a reference el ectrode 103 so that the storage
medi um 102 conbined with the electrodes forns a storage cell 100 at each
storage location. One particularly preferred chi p-based enbodi nent is
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In particularly preferred enbodi nents, a |ayer of dielectric naterl

optional |y i (4@ dessgoryielémentsiappeoximately 6l 0ant@ix 4 0 gint)candi efemitrode thielkmiess+200

bet ween the _wopk] and reference, e and stability. of the,

cationic spe uﬁng FIze, c%geewggce at ; %8 %? ?e(a%}re sizes are compara)éle to those in

conventional silicon-based devices (e.g., 50 nm - 100 nm on each axis).

1]

In a preferred embodiment, the storage device includes: (1) A gold
20  working electrode (e.g., 200 nm thick), deposited on a nonconducting base, and line-
etched to achieve electrode widths of 10’s to 100°s of nm. (2) A monolayer of self-
assembled nanostructures (storage molecules 105)' attached to the gold surface via the
sulfur atom of the p-thiophenyl group. (3) A 100-nm thick layer of dielectric material.
107 embedded with counterions to énsure electrical connectivity to the reference
25  electrode and stability of the cationic species in the absence of applied potential
(latching). (4) A 200-nm thick nonpolarizable reference electrode 103 line-etched in
the same fz{shion as those of the Working electrode 101, but assembled with lines
orthogonal to the latter electrode. (5) A mirror image construct that utilizes the same:
reference electrode. Thus, in one embodiment, the three-dimensional architecture of a
30 single memory storage location (memory element) on the chip will look as indicated
in Figure 4. | '
While the discussion herein of electrodes is with respect to gold

electrodes, it will be recognized that numerous other materials will be suitable. Thus,



of applied potential (latching) is disposed in the storage cell.{lh SR04
enbodi nents, the dielectric material can be incorporated into the storage
mediumitself. 15 Wiile, in some preferred enbodi nents, feature sizes are
rather large (e.g. nenory elenents approximtely (10 x 10 x 10 m) and

el ectrode thickness -200 nm feature size can be reduced at will so that
feature sizes are conparable to those in conventional silicon-based
devices (e.g., 50 run - 100 nm on each®2xis). In.a preferred enbodinent,
the storage §Hgireds maleriglgdnlude; putrargoptiimized tocgold,sitver, eoppendsthérandals, 200

run thick), depgsi nduct i as nd |ipe- etched to achieve
el ectrode wi dt 1s§g{)§‘€8§@nﬁ Oc%%@@&grsg’?.gh e???ﬁiﬂc‘?aﬁfﬁw’ eplythipphengssenbl ed
nanost r uct ur e ) SANVEEERUIEE) cEPstAlSSerd 05) attached to the gold surface via the
sul fur atom of thep-thigphenyl group. (3) A 100-nmthick |ayer of
dielectric material 1méadikdhe subsirates vsadindhe fabsicationeofievicecbfiis | cal
connectivkty: .he. ref.er el.ectrode and.stability of the cationic
speci es i % t hﬁe"%g%&s}glr?gg‘dg’qugé% 1?03&1 ﬂﬁéﬂlg asges, yilicqu, minermls (¢.8) QUATEZBO- nm t hi ck
nonpol ar i zabplastie ﬁrﬁﬂﬁ@,ﬁb@ﬁfah@ﬂ%e&oé%rbéélﬁhﬁn%ﬁiﬁﬁ(é.” the same fashion as
t hose of the working el ectrode 10T, but assenbled wth Iines orthogonal to
the latter electrode. (5 A mrror imge construct that utilizes the sane
reference el it FRf\ScatiiUiid dhrRAEHEREQM] RNt t he .t hr ee- di nensi onal
architecture -ora-s9 gH e TEABTY S L oot e SEARE LeVICer npry. el ement) on
the chip will | oolA.Zabriediiowted in Figure 4
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. VMife t he di scussion herein
of el ecme(ﬁ)des is wth respect to gold electrodes, it will be recognized
that nunefous ot her natldsimgmoryideyicgeotibisinynsionTanbe fagicatdd ugb@4tanBard

el ectrode maiREHoAL el L.t ed to gol i | ver, copper,

ot her netals, net g"leua %"’gg‘? tﬂc?rg%gﬁ%l&;n@g{r?gu %%g?geﬁ%%@mm Ebﬁcet yl ene,

doped pol yt helegihwiedayerés) are)appliedost suitablersabstraty (. @lliva, @hds, plRbtiE, bathdyo, t he
' | ' f devices of this i nvention | nél ude,

bstrat he fabr| cat
but are not P to el velllnpw methodideen o8 Choudhuy (1997 et oo,

ceram cs, NepRhIBRE ; | & he | j .M _.Fabr i.cat.i and
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devi ces b t BngineeringRressnBen Faulkaby (100T)eindainedtals of MaksfabaBitAs 3o el |
t he

known to thogcﬁﬁf%n,skl I lleégfﬁlhe art..ln a_preferred enbodinent,

examp e use of micromachining techniques on silicon or borosilicate

glass chips can be found in U.S. Patents 5,194,133, 5,132,012, 4,908,112, and
4,891,120, |
In one preferred embodiment a metat layer is beam sputtered onto the
20  substrate (e.g,, a 10 nm thick chromium adhesion layer is sputtered down followed by
a 200 nm thick layer of gold). Then maskless laser ablation lithograpiay (éee below,
performed e.g., with a Nd: YAG laser, is used to create features with micron
dimensions, or with an excimer laser to create features of nanometer dimensions) will
create an array of parallel lines of conductor (e.g., gold), used as the working
25  electrodes with dimensions ranging between a few microns to tens of nanometers.
Once the electrode array is formed, the entire array, or portions of the
array, or indi_vidual electrodes are wetted (e.g. immersed or spotted) with one or more
solutions of the appropriate derivatized storage media (e.g. thiol-substituted porphyrin
nanostructures), and the constituents of the memory medium (e.g., monomeric
30  porphyrin subunits) self-assemble on the micro-sized gold arrays to form the memory
elements. It will be appreciated that different solutions can be applied to different
regions of the electrode array to produce storage cells comprising different storage

media. Methods of spotting different reagents on surfaces (e.g. on glass surfaces) at



el ectrode layer(s) are applied to a suitable substrate (e.g. silica, glass,
plastic, ceramic, etc.) according to standard well known met hods! {sé8l . 2004 .
e.g., Rai-Choudhury (1997) The Handbook of M crolithography, ' '
M cromachi ni ng, and M crofabrication, SPIE Optical 15 Engi neering Press;
Bard & Faul kner (1997) Fundanmentals of M crofabrication). 1n addition,
exanpl es of the use of m cromachini ng 2éechni ques on silicon or borosilicate
gl ass chi ps demsitidseupf toudis dfhdhsBudsfldfTrentspdids/dpdds pér chd arOibowr (58, 112,
and 4,891, 120. _1n_one preferred enbodiment a netal | ayer is beam sputtered
onto the 268 JHSt PatentNer 807,520 nm t hi ck chroni um adhesion layer is
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el ectrodes W ' Relal ' t f ew,i CLONS.tO tens of
nanonet ers. %%E{Iﬁﬂeﬁm $%%t gferrg@e %?8‘3‘@8 of ech&ti:hﬁ%p YPEhSeryss
portions of td held the elastrolpte forelestrottiaical Raéticid BiaflyethwehtiRhlfs oatkgmer sed
or spotted) with one or nore solutions of the appropriate derivatized

st orage nmedPathalayer (e, Ji0-nm b abau 1 000 wwa, mate preferabdy 669 nmdo sbe 300 and t he
tit t ' ' . Is 0 hyJ.i buni t
ol T+ assenbal moslie Y UbdRI0N Bt St S FORRELS, 2, RVRLNGGT actepiienc o

It willlbe agference eleetebdel1®. di fferent sol utions can be applied to different
regions of the el ectraode &&éay to produce storage cells conprising

different storage nedtie chipisihen ugned30dasrees, fmeskiass lasenapdation on ;
S 18065 (il AN RGBS el il W5 ot URRSLES lhh” 013

of thousands o ferent specles7’spots per c
Pat ent No: Perpendiedia) to theerigmakset.t Fiié forms atthree dihensionbarrdyeofdndigidubl n | ayer

of Nafion(r ol r approximately 1, uyrn tq 1000 mm, preferably about 100
rimto abou%n%ﬁ%ygfﬁ&% g;%grepqagﬁg}eeﬁﬁn lséEB‘B‘Eﬁd R Faterseeom Al theso ¥ and nost
preferapiy ﬁaﬂﬁﬁeﬂﬁrwgﬁﬂ%ﬁ'@é‘ﬁﬁwﬁf thick) will be cast over the

entire surface of the S polyner serves to hold the electrolyte
for el ectrochenical rcBechiindividiaheletgnt cahbe addressed bipisplettingthebgstopridte h a

| ayer (e.g. 1 t.0 about 1000 nm. npre prqié’er hly 100 nmto about 300 nm
and nost pr&@%a%?@%ﬁ%men%wlﬁ?@%%ﬁ%wmg Wi plgrtrode apd o8¢ | ver) which
acts as a reference electrode separated by the Nafion® polymer/electrolyte layer. Since this

_ structure is inherently three dimensional, it should be possible to extend the array into
20  the Z-direction, creating a 3-D array of memory elements as large as it is feasible to
connect to.
These structures are initially created on the micron scale. It is possible
1o decrease the size of these strisctures to sub-micron dimensions. It is possibie to
create these structures on a scale similar to silicon microstructures created with
25  conventional nanolithdgraphic techniques (i.e. 100-200 nm). This woﬁld allow the
 interfacing _6f the memory elements with conventional silicon-based semiconductor
electronics. |
* In the laser-ablation lithography discussed above, coherent light is sent
, through a beam splitter (50% transmittance) and reflected by a mirror to make two
30 neaﬂy_ parallel identical beams (Rosenwald et al. (1998) Anal. Cher;z., 70: 1133;1 140).
These beams are sent through e.g., 2 50 cm focal length lens for ease in focusing to a
common point. The placement of the beams is fine-tuned to allow complete overlap of
the mode structure of the laser spot. Higher order interference patterns are minimized



10 reference el ectrode 103. The chip is then turned 90 degrees, and 3 .MJL 2004
maskl ess | aser ablation Ilithography will be perfornmed again to create a
second array of parallel lines that are perpendicular to the original set.
This forns athree dinensional array of individual nenory elenents, where
each elenent is formed by the intersection of these two 15 perpendi cul ar

| inear arrays (see Figure 4). Each iiéayidual el ement can be addressed by
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scale simlar to silicon mcroStructures cre

nanol i t hogr afanaticne ok i 2sin(0(2), whert A0= R@delemgth, THias twweed| thoWéatd€and
i nterfacing of. tr&gkgermr%@al ements Wi th conventional silicon based
seni conduct ol 18 $0EL°PH le, WheneNI:YAG isusediat 4064nm, Hherespibindtioroithe d

- above, coher At this nSRR : ‘ | 2 % transmnittance
and refl ect eﬁgéa m rﬂr]%r' tog%%gfat?%/\éo%?f Chear 3§/B+otgené%%'1(~ R P08 eans )
(Rosenwal d ewhan thelk@gR)betwedn thedenms #0151 TRSinlekPonce phRRpReREnAr € sent

t hr ough g., 0 ecmfaqcal length lens for ease in focusing to a common
poi nt . Tﬁ% pF%sleﬁ’éﬁ?‘a‘Eﬁedt dnodinpng the angledetweradhe beamns. dtevuationef theover | ap

of the node ; : i r..interference
patterns ar eb%n?\%%%n%hghé}ﬁﬁ%%&ngg% %ﬁgﬁ%ﬁeru{ra%gﬁégygﬁteﬁba rﬁﬁ‘il ity
optics (1/ 10bedew splitterfIadkisway; thesxposuldivfthe goldriayer th e NIYAV ditbridrimne

bet ween intensit nﬁgi nma.and  m ni ig the first order will be several
orders of na§ tet”éﬁ@ %P“g’&qm&eﬂahd#ﬁ%é $R Adenuations toqsediee pawenhdeagsities or der s.
Thi's  producgwaentlahd 160 MWkt tern of Iines across the el ectrode
surface, where the 5 spacing between points of positive interference (D)
can be apbroxi mated by the Bragg Equation: n) = 2Dsin(9/2), where X =
wavel ength, 0 = agg A eten ttf,e beans, d nis order. For. exanple,
when a Nd: YAG i s erseacsiticaocoupling storage n :to glectoden e '

In the storage devices of this invention, the storage medium is electrically
coupled to one or more electrodes. The term “electrical coupling” is used to ~refer to
coupling schemes that permit the storage medium to gain or lose electrons to the

20  electrode. The coupling can be a direct attachment of the storage medium to the
electrode, or an indirect attachment (e.g viaa hnker) The attachment can be a
covalent linkage, an ionic linkage, a linkage dri\;en by hydrogen bonding or can

involve no actual chemical attachment, but simply a juxtaposition of the electrode to

the storage medium. In some embodiments, the electrode can be some distance (e.g.
25  about 5 A to about 50 A) from the storage medium and electrical coupling can be via
electron tunneling. " :

In some preferred embodiments, a “linker” is used to attach the molecule(s) of
the storage medium to the elecirode. The linker can be electrically conductive or it
can be short enough that electrons can pass directly or indirectly between the

30 electrode and a molecule of the storage medium.

The manner of linking a wide variety of compounds to various surfaces is well

known and is amply illustrated in the literature. Means of coupling the molecules



two beans in this manner generates an interference pattern with -2 mcron
spaci ng when the angle between the 2 beans is 15. The interferenck t%@bp '
spaci ng can 10 easily be changed by nodifying the angle between the ‘be: t
Attenuation of the beam was acconplished by inserting one or nore neutral
density filters before the beamsplitter. In this way, the exposure of the
gold layer to the Nd- YAG interference 2mattern can be perforned at
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of the storage mediumto the electro or-a (e.qg.
via a lirker). Th@hahnbnrmmhcpmdddeasa compand:ntmf te stéragemediom moleculk{shkage,
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about 5 Ato about 50 A) fromthe storage nmedium and electrical coupling
can be via w®ageachformaneypienthondrwisiothe respeétiserbindingpantiienyid. syrfave'ori nker

Is used to ajt st orage nedi.umto the el ectrode.
The 1i nker céfﬂ%% ﬁﬁﬂﬂ?ﬂoi uk‘ﬂ‘j HBEQVFC?FE%PCP °E§H°£ésmetm FOUITt hat
el ect r ony) cagdehedtoch subGtrhty sfade e kbl ordfte %ﬁ&ers%‘iwglg%ﬁé Bf’x%ré‘”d a
mol ecul e of the_ storage nmedium The manner of Ilni vari ety of

conpounds  t oregelyesitss sujtablecfor bordingtd the kespontivarsurfacs ermtblyculd: lustrated in

compri 51 ng. the- st or age AT PR o BIFRE BEeREs by P ne R kot ( ne

art. The |iinthgertahd iitude; BitagendiEithited toanf of BVRAGS of 8- t&%fﬁ&;@a or by .
ionic or other non- coval ent interactions. The surface an

mol ecul e(s) PR gazban linkers, hstergeychie inkess,iaminp acid oF pentide lmlsmmdém liké.nki ng
b ded
o conponan; Bttty B0 hal AR Qeochiv by efarlforal BEIBH, 70 ") Picer s vinon

not joined to the nolecules to be linked are often either

C. Addressing the memory cells.

Addressing of the storage cell(s) in the devices of this invention is
relatively straightforward. In a simple approach a discrete pair of electrodes (one
20  working and one reference electrode) can be connected to every storage cell.
Individual reference electrodes, however are not required and can be replaced with
one or more common reference electrodes connected to all or to a subset of all of the
storage elements in a particular device. Alternatively, the common reference
electrodes can be replaqed with one or more conductive “backplanes” each
25 communicating to all;'or to a subset, of the storage cells in a particular device.
Where the storage cells contain identical storage media, each storage
cell is preferably addressed with a separate working electrode so that the storage
(oxidation) states of the storage cells can be distingnished from each other. Where the
storage cells contain different storage media such that the oxidation states of one -
30  storage cell are different and distinguishable from the oxidation states of another
storage cell, the storage cells are preferably addressed bjr a common working
electrode thereby reducing the number of electrodes in a device.

In one preferred embodiment, the storage devices of this invention



hetero- or hono-bifunctional nolecules that contain two or nore reqcyiNg 2004
sites.that may each forma coval ent bond with the respective binding
partner (i.e. surface or storage nedium nol ecul e). Wien provided as a
conponent of a storage nolecule, or 10 attached to a substrate surface, the

| i nkers are preferably spacers having one or nore reactive sites suitable
for bonding to the respective surface or nolecule. Linkers suitable for
joining nolecules are well known to thé&%e of skill in the art and incl ude,

but are not |SORieH:t138:206, §12,4 034 pr moye siérags lacatiapistpentaybr ¢de 128) 256 hai n

bon Ii nk hicol] i d. tjde ljnkers, and
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cell(s) in the devices of this invention is “relatively s Ward. In
a si npl e appridadit chipiwill centain Sawiringfinterconnectsinseach o€ theZhreseideirode guidk iane

ref erencegel % Q@ﬁ % onneclﬁ]@g I Q.exer torage cell. 1ndividual
ref erence el g'g ?o e%’?? gﬁecg.}rgl a?@&ffgé‘ﬁegnd can be replaced with
one or nore conmon reference el ectrodes connected to all or to a subset of

all of the storage elenents in a particular device. Alternatively, the
common reference elbbnaracterizationiof thememoryi deyicés one or nore conducti ve
e.

"backpl anes" each 25 ¢ ' or 1o a subs of the storage
cells in a particular W%b@%r@%t%ﬁ%@@@cmﬁ??egh?ﬁwqqent i cal
storage medi aevieectf thisinegtion fedHardcterReE b aPba Wilibvasis§bhdthods, SBAT at €

wor ki ng ectrogde sqg that the storage oxi dation) stateées of the storage
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contain diff . baas hdat LhQMn.St.ates, gf . one 30
storage cel | %ggggd'i %@ggﬁﬂgﬁg@l%gﬁ%&%#ggﬁé%?gﬁ'?ﬁgswaéﬁﬁ tates of
anot her st on(3%f)clahl. Cheing 65t D6G2IEOGSY) dpﬁcﬁrspe@foeé@’yqsbmc@dﬁ&@?gg§ Pum
conmon wor Ki R@‘ el ectrggjf%ﬁ% re,stLci ng.the nunber of electrodes in a
device. In oféept 8¢&tly HRmic dprse BHETPELOPY dRlGqtongmisToseonysandnyent i on
1 3 JUL 2004 i 8ei @gé@,&o _ D aﬁ% e | ocations
per | ayer (64, 15118:lg 56, % 121}13%%54 oracrfésoc}g1 oca’f%ﬁgga%dﬁuagﬁ%grror I mage

ar chi t ecl8r e)spevtiocapycive hlse aseddn examina hestarbgdimediungomthiswhecirodesor d.
Accordingly, a preferred 1024-bit or tael_sﬁreferred, 512-bit chip will contain

8 wiring interconnects OMOBEEMMeEPar Fhazacierization g ﬂ’ﬁ@@é‘“’l}’p@eﬁc%e
3-di mensi onalfe.g, eftxid?§ tells involws deRbfitingthEhabé: oF storage medium molecules
(e.g., double and triple decker porphyrin ari'ays) required for defect-tolerant operation.
Defect tolerance includes factors such as reliably depositing the required number of
20  boles to write the desired digit and accurately detecting the numbers/transfer rates of
the holes.

The long-term resistance of electron/holes to charge-recombinatidn in
 the solid-phase medium of the device package is also determined. Using these
parameters, the device architecture can be optimized for commercial fabrication.
25, '

IV. Architecture of the storage medinm, |

The storage medium used in the devices of this invention comprises
one or,more species of storage molecule. A preferred storage medium is characterized
by having a multiplicity of oxidation states. Those oxidation states are provided by

30 oneormore redox-active units. A redox-active unit refers to a molecule or to a
subunit of a molecule that has one or more discrete oxidation states that can be set by
application of an appropriate voltage. Thus, for example, in one embodiment, the

storage medium can comprise one species of redox-active molecule where that



D) Characterization of the menory device. The performance (e.g. operating
characteristics) of the menory devices of this invention is chargcfesilzetfils
by any of a wide variety of nethods, nost 10 preferably by el ectrochem cal
nmet hods (anperonetry and sinusoi dal voltametry, see, e.g, Howell et al.
(1986) El ectroanal. Chem, 209: 77-90; Singhal and Kuhr. (1997) Anal.
Chem, 69: 1662-1668), optical spectra¥copy (Schick et al. (1989) J. Am

Chem Soc. Ilthblecilddds dSo)mont g 4) differsmit Bhd REEAENhabl GGtV shitsy, OSCOPY
and i maging ect roscopi ¢ .,met hods., Surface-enhanced resonance and Raman 15

spect r oscopy VHeE ¢ich speries of siorage melacile has a singlegBonraentrak axidatien state; dhe odes.
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digit and ac X hg.. f t of. t.he. hol es.
The Iong-tergr#?e %%aﬁ(ﬁg@%gg@éﬂﬁ %?é@@@ﬁ&f%%@@@@ﬁﬁ”ﬁﬁ?‘ ¥n the
sol i d- phase omdatiomstdtes. he devi ce package is also determ ned. Using these
paraneters, the device architecture can be optinm zed for conmercial

fabrication. 25 IV. Aré¥iiadicated abaye, thestarags mediuprean he braken dovar iste nedi um

used in the I s St | ' [ re Speci of
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one or nore redox:active Q@ﬁt A redqa—active upjt refers to a nolecule or
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exanpl e, in ‘one enbodi ment, age” nmedi um can conpri se one species of
redox- act i veclemenicah de distinguishied: fram Snfdtthatifitis anofi@r elomlentc Wierd ti storager
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oxi dati on st #ercaebeindividially addressed. |
In certain preferred embodiments the storage medium is juxtaposed to
a dielectric medium to insure electrical connectivity to a reference voltage (e.g. 2
reference electrode, a reference backplane, etc.). In particularly preferred.

20  embodiments, a layer of dielectric material is imbedded with counterions to ensure
electrical connectivity to the reference electrode and stability of the cationic species in
the absence of applied potential (latching) disposed between the reference working
electrode(s).

Dielectric materials suitable for the devices of this invention are well

25  known to those of skill in the art. Such materials include, but are not limited to
Nafion® polymer, cellulose acetate, polystyrene sulfonate, poly(vinylpyridine),
electronically conducting polymers such as polypyrrole and polyaniline, etc.

' ~ The sandwich coordination compounds identified herein are ideally
suited for molecular based memory storage. These compounds have ﬁm‘que

30 electroactive properties, available modular synt-heﬁc chemistfy, and in conjunction
with thiols, and other linkers described herein, undergo directed self-assembly on

electroactive surfaces.



5 species of nolecule oxidizes at a different and distinguishabl e { P JUL 2004
potential). O course, each species of nolecule preferably has a plurality
of different and distinguishable oxidation states. As indicated above, the
storage nedi um can be broken down into individual, e.g., spatially
segregated, storage |ocations. Each storage el enent can have 10 a storage
mediumthat is the sane or different fgpmthe other storage elenents in the
chip and/or gy hEdh ‘ Sl enents are of identical

conposi ti on, F-A=pres MPRBROS:t hey are separately addressed so
that information iQvep 1L Pkl 1 LI tion in
anot her el enent. _V\hergﬁtpﬁgtI st org%dggag{agengﬁf?bg?g (%?E%iﬂﬁ?%h{afe%&ngosi tion
they can be &¥ivaeh molegules semyprigedindr porphyrinié nakiod gtlemdmetatihas bedrhe
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absence of afplethepalyighhahide ik Gl it bost HRORBARLINER Borbifrid SlakagFe
working electrode(s). Dielectric nmaterials suitable fo devi ces of
this inventi 6PMBles isfaeradiomtiva slement, P Fixamplesoifivationsdduble-decker Such

mat eri al gpi n g:mlg | i tedat o .Nafion(r ol ynme el | ul ose
acet at e, f([))ol %Pgr eneyé'rl?fs?l §W§3@F%§‘F§( &hﬁﬁ%&%ﬁmﬁé&&“&)@ %‘ETPMQ?XFIFW _
conduct i ng pmmmmsmmeqecpmwgy,rmk@o@aglﬁﬂ ARAER i SocuRl(EPo m&»&ﬁpdw ch
coordi nati Ona&fﬂBOUDdS jdentified herein"are ideally suited for nof'ecul ar
based menor y 224 »h¥Ryd phthaleeyainernamplainssndwichinelecide (e d(Ronyc ftiiv e '
properties, | F: nihetic chem str and in conjunctiqon wth
thiols, and g%“?éértg‘lt’)ﬂi %ﬁﬁ?@ﬂ@%&%&n%épgcﬂe Co g 8{5’3@'1‘“!3@6 abte perphezadls | y
on el ectroact my-caibdateas (dot3hevwh). 28QHe Bid-pofphysSaisheRi LG D
conpounds, Over the past tvvqg ,dec_ade)s a varji (gfﬁ)_of doubf&gl-cggl(s:)cﬂgdrlﬂ%hgﬁ
tripl e- détkefWo BAFRGHes oA heddenticakGiamolepsie) erf differepthetenoleptivdcr ocycl es and
metal s has been  pyamples of various triple-decker architectures are shown in Figure 6. The
architectures include an all-phthalocyanine sandwich molecule (P)M(Pc)M(Pc)), an
. all-porphyrin sandwich molecule ((Por)M(Por)M(Por)), two configurations of two
porphyrins and one phthalocyanine ((Por)M(Pc)M(Por), (Pc)M(Por)M(Por)) and two
20  configurations of one porphyrin and two phthalocyanines ((Pc)M(Por)M(Pc), |
(Pc)M(Pc)M(Por)). It is understood that each porphyrinic.macrocycle can bear
substituents at the peripheral carbon atoms (not shown). It is also understood that the
two metals in the triple decker can be identical or different (not shown).

Heteronuclear heteroleptic or homoleptic complexes can algo be prepared
25  (heteronuclear refers to the use of different metals in the triple decker coordination
compound) » _

The triple deckers are atiractive for molecular-based information storage due
to the multiple accessible oxidation states (which in turn are a consequence of the
tight coupling of the porphyrinic macrocycles in the sandwich architectures). The

30  triple deckers generally exhibit four oxidation potentials in the range -0.2 to 1.4 V (vs.
Ag/Agh. (Note that all potentials denoted here a:e. referenced to, or have been scaled
to, the Ag/Ag” electrode for internal consistency. Reported values measured against
the saturated calomel electrode have had 170 mV subtracted in order to give a value



created ((J. Jiang et at Inorg. Chim Acta 1997, 255, 59-64; D. Ng et at,
Chem Soc. 5 Rev. 1997, 26;433-442; D. Chabach et at, Angew. Chgrj JIUr[]_t 2@[ﬁd
Engl . 1996, 35, 898-899)). The netals are generally conprised. of the
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al | - por phyr i aamaaﬁhlmebrémhﬁﬁvénhoﬁﬁﬁ‘%ﬂnmﬁﬁﬂ RO (for doﬁM@-dE&fb}biﬁidﬁ% ons of
two porphyrins and one_pht hal ocyani ne ((Por)MPc)M Por), (Pc)M Por) M Por))

and two 20 cEPmPgds) poRermulackl (futrplprdenkensandwich perapends) ani nes

((Pc)MPor)MPc), . (Pc)MPc)MPor)). It is understood that each
por phyrini c. macrocycle can bear substitu gt the peripheral carbon
atons (not shown). It is also understoodt"'t"]-t two netals in the triple

decker can be identical or zilffzerent (not sho ). Het er onucl ear
het erol epti c or honol eptic corﬁpl exes can alzso! e prepared 25 (heteronucl eat

refers to the use of differengflmet in i pl ecker coordination
compound) The triple deckersg SI active fgn nol ecul ar-based i nformation
storage due to the nulti pé

cessi bl e oxi datjl on states (which in turn are
a consequence of the tight coupling of tK@Lpd}phyrinic macrocycles in the
sandwi ch architectures). The 30 triple deckers generally exhibit four

oxi dation potentials in the range -0.2 to 1.4 V (vs. Ag/AgT). (Note that

al | poteh@iah&wﬂmnoted her e are referenced to, or have been scaled to, the
Ag/ Ag4 el ectrode f conS|stenc¥ Reported val ues measured agai nst

the saturated cal |d2ntdgr‘9 WW@%% als7imdependensty sgtacted from thedwoun o-
R T L T T iy
tripl e deckeTbyDyjHéy Er; Tin,t¥H) l].hlyhspdvelmyé YOoZr,H>and Bi, and in the actinide series Th
and U (radioactive elements such as Pm are generally less preferred);
15 L', L? and L? (when present) are independently selected ligands (e.g.,
porphyrinic macrocycles); and

Q', Q* and Q* may be present or absent and when present are independently
selected linkers as described in section ITI B above (the linker preferably includ.iﬁg a
protectied or unprotected reactive group such as thio, seleno or telluro group).

20  Preferably, at least one of Q', Qz, and Q is present.

It will also be appreciated that each ligand L ma'y be substituted with a single
linker Q, or may be multiply substituted with linkers Q, as explained in greater detail
below. Thus the molecule of Formula XI or Formula XII may be covalently ﬁliked
to an electrode or substrate by at least one of Q', Q% or Q3 | |

25 Each ligand L may be further substltuted without departing from the scope of
the compounds of Formula XI or Formula XII above. For example, and as

explained in greater detail below, ligands may be covalently j oined to a metallocene



four meso positions of the porphyrin gave anodic waves at 0.23, O. q23 9”P5”wm
and 1,23 V, corresponding to formati on of the nonocation, dication

trication, and tetracation, 5 respectively (J. Jiang et al | I norg. " Chi m
Acta 1998, 268, 49-53). Particular exanpl es of sandw ch coordination
conpounds that may be used to carry out the present invention have the
Formula XI (for doubl e-decker sandmﬁch conpounds) or Forrmula Xl I (for

triple- decker san wi ch co unds) (IM.Q2 h @B L3 MM @L2 M
Q@ ]1 cuD ﬂ“ %&Wﬁn é%.‘ ’éﬁﬁnﬂoiﬁ@th@‘tsén@mchdependently

sel ected frorgb{nlaﬁm%gg Sﬁi}gle i ng of rret als of the lanthanide series (Ln
= La, Ce, Pr, Nd, g’r?? %d Th, Dy, Ho, Er, Tm Yb, Lu, as well as

Y, zr, Hf, and Bi ,'Paztrwlammbbdlrmnts of the campounds EFf\FoﬂﬁﬂalX[(a"an%Méée

el ements such.a nerally | ess eferred); 15 L', L2 and L3 (when
present) are™ hﬁ%@ﬁ@&ﬁfl&@%@% %‘ESFQIE;&%@-‘{“ESSQCHDS%B@EWQ brlew, are

macr ocycl §s) ithaxB e sen@& absent and when present
are i ndependently se ectbgﬁ B%1<ers as gfeSC“%XSVI n section Il B above
(the linker preferably including a protected or unprotected reactive group
such as thio, seleno or telluro group). efeyably, at |east one of Q,
@, and B is present. It will also be a re’.‘kly ed that each | i gand L may

be substituted with a sna%l;_ ?nker Q or be multiply substituted with
linkers Q as explained ih g0 eat er det ai | 2 g Thus the nol ecul e of
e

Formula XI or Formula XlI maMbe gmj W an el ectrode or
substrate by at |east on 1of or (XB. 5 Each Ifgand L may be further
substituted w thout departrn TPom t he scqpe][

wherein:

M! and M? are as given above;

- L' L% and L? are as given above;
10 Q', Q* and Q® are as given above; and

P!, P?, and P may be present or absent and, when present, represent an
independently selected oxidizable group such as a porphyrinic macrocycle, a
metallocene such as ferrocene, etc. (which may be joined to the corresponding L™
through a linker as described below).

15 Thus, particular embodiments of Formulas I and II above, and which also
provide additional storage capability as discussed in section IV C below, include the |
case where two sandwich coordjnaﬁon compounds are linked together, as represented
by Formula XV and Formula XVI below:

SRR I M
Mg Qg g
(XV) XV
Ql 1 JI 4 Q4 Ml M3

20

wherein;



t he conpounds of Formula Xl or Fornmul a. XH above. For exanple, andla$ JUL 2004
explained in greater detail below, |igands nmay be covalently joined to a

net al | ocene 33 group, to another porphyrinic nmacrocycle, to a |ligand of
anot her sandwi ch coordi nati on conmpound, etc. Particul ar enbodi nents of the
conmpounds of Formula XI and XI'l above, which provide additional nenory
storage as discussed in section N C belbow, are 5 those represented by

Formula XI 11 and MbandiM aé aé gitih ddveand MRnd(M* k2-inRpehdently)seletteBZrord Q
b-P1 QL Ll—tﬁ wherein: M, and /M are as given above; L', L2 and L3 are as
gi ven above;the gamg gropp ag¥l a8 Miie as given above; and P, P2, and P3 may be

present or absentyapz and"ﬂaﬂ'e%{s gﬁv&iﬁ }abmfe? Bhf B el L;ﬁg %@fﬁ@ﬁﬁ%&l@% sSlEhEgt €d

oxi di zabl e group stich as"a p ni.c nacrdcytle, e such as
ferrocene, dtom tedanmhgromyhel), 87 amd Ifp the corresponding V through a
| i nker as descri bed bel .15 Thus, particul ar enbodi nents of Fprrulas |
and 11 aBove, andQwR @8£3§Bayliﬁﬁ9$eﬂé°’é%ﬁti%‘ﬁaﬂmQ&W%éb%pmQi»tQ/,as

0 oussec | AT et ! 000 UOES Bl BESAROIES .
and For nul a 26\Q', Q| amd QRul§ectltd thEprohiséXhat hleds? one QEQVerdligh\@® {s pifseh; J2 L5
03] LLJLLQlal\éId M3 (XVI) = _ ' -
I, 12, and I* may be present or absent and when present represent
10  independently selected linkers (subject to the proviso that at least one of J*, %, or I is
present). Each linker J® can be a linker of the same category or structure as described
with respect to linker Q' herein, but is preferably a linear linker.
| Compounds of Formnla XV and XVT above may be further substituted in the
manner described in connection with the compounds of Formulas XTI and XIV
15  above, to provide compounds of Formula XVII and Formula XVIII below (such
compounds, paxﬁcularly-those of Formula XVIII, provide an architecture that
enables the storage of information for counting of from 0 to 10, as discussed in
section IV D below):

Q@ Qf
¢ o Pl 18 ps
2 g s g 2

2 M 5
1\'111 I\I/I3' Q\][z 7 sQ

vy o oL—I-L s |
plfl g {s pe T w0
1 4

M
plfl i s ps
1 4

20  wherein:
M!, M2, M3 and M* are as given above;
L', 1% 13 14 15 and 1 are as given above;
Q ll, Q% @, Q%, @, and QF are as given above;




LL J'. L4 20 wherein: 1 3 JUL 2004 34 M and M2 are as given abo@éjaHH-@@UA
and M4 are independently selected from the sanme group as ML and M2; L', L2
and L3 are as given above, and L4, L5, and L6 are independently sel ected
fromthe sanme group as L', L2, and L3; 5 Ql, @ and B may be present or
absent and are as given above, and 4, B, and B may be present or absent
and are independently selected fromthgssane group as Q, @, and B

(subject to the prgvjpso at at |east one of through Q6 is present);
and J1, J2, and antymﬁamiém%&m%bmtaa Whep prespmtaspmesent epr esent 10

i ndependent | yndesbRieh@d sdibAEER ] viso that .af 4 easf, one
of I', J2, or J3 is g?égggf?ﬁkeégﬁHQeFﬁkgggﬁoggEﬁ gltgeafti%?é’ﬁog@ﬁf@ane
category or Presemdure as described with respect to linker QL herein, but

is preferably a Iiynear |joker. Conpounds of Formul a XV and XVI above may be
further substitutéd inmﬂﬂmmga@&%,i’n 284 " ata independertlyt sekected

conpoundss of ﬁlag{mgls@geél-d%ag@d Pdaya B above, to provide conpounds of
Forrmul aXvll and Formul a I'Ti below (such conpounds, particularly those of

Formula XVI 11, pr&vthésompoundsififennula&Vaad XValabbes If keuldififag®eof
i nformation counting aof .fr 040, ag discyssed in section IV D
bel ow): @ Qé‘%pfﬁ’&ii‘f orﬂ‘*’@%ewt%%ué '%M 3L QP as tzere 2 dpwble decker (B Q6
p3 b3 J3 L6 pémpoidd iMinfeddo adripte Reker compound.

Particular examples of porphyrinic macrocycles that may be used as ligands to

10 carry out the present invention include compounds of the Formula XX and Formula
XXI below:

~

15
wherein:
K, K4 KK K5, K8 K, and K2 are independently selected from the group
consisting of N, O, S, Se, Te, and CH; N
s', 8% 8% 8% 8%, 8¢, 87, 8%, 8%, §%°, 5", and S'2 are independently selected
20  substituents that preferably provide a redox potentiai of less than aBout 5,2 oreven 1
| volt. Example substituents S', 82, §°, §* include, ’t;ut are not limited to, H, aryl,
phenyl, cycloalkyl, alkyl, halogen, alkoxy, alkylthio, perfluoroalkyl, perfluoroaryl,
pyridyl, cyano, thiocyanato, nitro, amino, alkylamino, acyl, sulfoxyl, sulfonyl, imido,
amido, and carbamoyl.



Pl 1 ~p5 ML M8 PL ~L jL 14 p4 ~1 ~4 20 wherein: M, M, M anq wn [ep
gi ven above; L', L2, L3, L4, Ls, and L6 are as given above %g &gﬂ
A, b, and B are as given above (Xvi1l) 13 JUL 2004 35 Jl J2 and J3
may be present or absent and when present represent independently sel ected
|l i nkers (subject to the proviso that at |east one of J1, J2, or J3 is
present); Pl, P2, and P3 are as given 3bove, and p4, P5, and P6 are

I ndependent | y sel RGidaitiondedchGair ¢TS5 28682 B aua sésssFam s@2an=arsi a4 §2lay he

conpounds of Formul a XV and || above, L5 could further be substituted or

ext ended wi tif emdtlﬁl}'@rmsn anmlatedaqg%zmch@smlgn@na, w&h}ilabndforker conpound
i nked t P.

et ocycl es PREREGHE wieh i Bim SRR utseiyeh Ghe Bl A e W pibrs Rl " ©

i nvention I@éﬁ%@ﬁt@ﬂjﬂd@:ﬁ% ided ATk piertfaliof R Mhabotks, D&l Qeh 15

wher ei n: K7, and e are independently sel ected from

the group domlt,éuch]gs Hj amal, pbenyd, cyedoalknd, alhyidhaiogens 0%, allgdthicga Ss, S6,

S7, S8, 9, re i.nde end ed 20 s t|tuents

t hat prefer é’oﬁ%@u?f?é%% %:’59 t Y§P° é%rga a.gcyf ? even 1
vol t. Exanplgyk yhiiéiyl meoaylsﬁmm&am% atftedrbahorle Exbmbleawsmtanhmaieaed to,

H aryl, phenyl, cycloal kyl, Iﬁ hal ogen, al koxy, "al kyl t

per f | uor oal ka,rpnespmlnqlq,@pbgppoth:qgtpﬁt@w cyano, thiocyanat o, n| t ro, am no,
al kyl am no, acyl, sulfoxyl, sulfoxyl, imido, amno, and carbanoyl.

s S s s s s s
YUY L XY 7 9® )
Y s, X sLS N s, and X S

S S Ly . S S ' S g g

(It being understood that the rings are appropriately conjugated to retain aromaticity

10

of the fused rings); and wherein each substituent S’ is independently selected and

15 preferably provides a redox potential of less than about 5, 2 or even 1 volt. Examples
of such substituents include, but are not limited to, H, aryl, phenyl, cycloalkyl, alkyl,
halogen, alkoxy, alkylthio, perfluoroalkyl, perfluoroaryl, pyridyl, cyano, thiocyanato, !
nitro, arhino, alkylamino, acyl, sulfoxyl, sulfonyl, imido, amido, and carbamoyl.
Particular examples of compounds of Formulas XX and XXI 6onta:ining annulated

20  arenes are exemplified by Fo_r_mul'as' XXII-XXV below.

To link the sandwich coordination compound to a substrate, or to another

compound such as another sandwich coordination compound in the manners
described abpvé, at least one ligand in the sandwich coordination compound will have -
to contain at least one substituent S! through S" or S’ which is a linker, particularly a

25  linker containing a reactive group (where multiple linkers are substituted on the
ligand, the linkers may be the same or independently selected). Such linkers are

designated as X-Q- herein, where: Q is a linker, and X is a substrate, a reactive site or



1 3 JUL 2004 36 In addition, each pair of S and S2, S3 and S4, S% AnlJISH004
and S7 and S8, may independently form an annul ated arene, such as a

benzene, napht hal ene, or anthracene, which in turn may be unsubstituted or
substituted one or nore tines with a substituent that preferably provides

a redox potential of less than about 5, 2 or even 5 1 volt, such as H,

aryl, phenyl, cycloal kyl, alkyl, hal oggsn, al koxy, alkylthio,

per f 1 uor oal kyl rfl uoroar i dyl, cyano, thiocyanato, nitro, am no,
al kyl ani no, %?‘W%%Wf%%%ﬁﬁ%‘lﬂp‘% | Subsiratg, Or &5¢ag5Ve sifROr el dan

Exanpl es of SeriCalRioupRIt6d subdtRes | nclude, but are not limted to: 10 (It
bei ng understood that the rings are appropriately conjugated to retain

argmati gi tyI of Ti@ﬁagbe@dliﬂfugla)k' e;'anat;)o%iﬂluel i iﬁnkgawﬁthdimbgtlirﬂ&fsr&mghﬂis .
i ndependent ected a referably provi des a redox potential of |ess
t han about 5?5’%%%?&%@%%&@%45%@0{)@.@u@rpwwmedae,rﬁ,x-i ncl ude, but
are not |lkgm il 3 .cvcl oal kyl I hal ogen,  al koxy,
al kyl t hi o per ehglﬁ?gf'%%’? dﬁ%’%@&%&@é&% J,"g5%%8%%1’?1’%%’5??3{13%@&%%,
nitro, an “04.34ak(vﬁe&ﬂ%ﬂ3,)4,3a-§¥ﬂzyli&éﬂefaﬂﬁié,1analﬂ,i'?ﬁgdheﬁ%lmﬂgw?égjogﬁ%a@”d

or

carbamoyl . Particul ar exanples of conpounds o [ as and

cont ai ni ng adinkersiradudz)buiraeenst limitedbopdnd!-tiphertylétityrep s AtinbenPibitadise, bel ow.
To link the %ﬁg\l\n ch cior i nation c'%gfound to a substrate, or to another
conmpound sucA-4DRNeEY ﬁ"&fiﬁm%ﬁ»‘b heners4-bicyelonsienes ¢.4 -azatenzeme, M dt-s
descri bed ab ggza, ast dgand in the sandw ch coordinati on conpound
w ll have tg C r%i’?%?ér?ﬁhn%%{g‘t’hdﬁe@ Wstituent S through S" or S which is

a |inkerl0parti cubmay be adeotettod 6F mspRiiedted kéadtive §if3eékﬁ'tgir&% o B¢ BrikeMIGE
the ™1 nkers

nul tiple linkers ,are substituted on the |I|igand, may be 't he
same or i ndef®Alufsseleneer tallugaigrouguch |inkers are designated as X-Q
herein, where: Qi ' i trate feactive site or "1 3
JUL 2004 37 grou’pmt éi“‘h‘g‘éﬁegé’g%%éﬁl“%s%&?& > 4% 425 pst r at e, or a reactive
site or groumer¢aptophemyl)etioymyt)phdnyl,chnigicaplomethylpheayy, alh%ro@sleﬁdlph 123] i near
| i nker or anégﬂ'%e l.inker, with linear |inkers currently preferred.
Exanpl es of &b ‘h °F‘?I?HP@P§Y1) Biehenyly4-bydsotglurophenyl.etid de(2-4; 3' 5
di-pheny! e§ Y Bgaroteifiroplh St Ay Weandbted ot BbRBR Whicers'ro PGS £05

(4-mercaptophenyl)ethynyl)phenyl, 3-mercaptomethylphenyl, 3-hydroselenophenyl

3-(2-(4-hydroselenopenyl)ethynyl)phenyl, 3-hydrotellurophenyl, and 3-(2-(4-

hydrotellurophenyl)ethynyl)phenyl.

Other suitable linkers include, but are not limited to, 2-(4-
20  mercaptophenyl)ethynyl, 2-(4-hydroselenophenyl)ethynyl, and 2-(4-

hydrotellurophenyl)ethynyl.

td




4,3' -azobenzene, 4,3 -benzylideneaniline, and 4, 3"-terphenyl. Exanples of
linear Ilinkers include, but are not limted to, 4,4'-dipheny|etﬂ¥p%“! 2004
4, 4" - di phenyl but adi yne, 4, 4'-bi phenyl, 1, 4-phenylene, 4,4 -stilbene,

1, 4- bi cycl ooct ane, 4, 4'-azobenzene, 4,4'- benzylideneaniline, and
4,4"-terphenyl. 10 X may be a protected or unprotected reactive site or
group on the linker such as a thio, s# eno or telluro group. Thus,

exanmpl es of |i neaExmel%@ of lig@ids thdcoaRy anfinlated(dtenes as described above includ

mer capt opheni/)léet hynyl ) phenyl, 4-nercaptonet hyl heg\éldy4- hydr osel enop?’ienyl ,
3- (2-(4-hydpd @ﬁ@ﬁ@p@tﬁﬂ@&@@@W,Whi@ﬁ& oph XN belawd 4- (2- (4
15 hydrotel | urophenyl)ethynyl)phenyl. Exanples of oblique linkers for X-Q -
are: 3-(2- (4-ner&qpt op'henyl§) et hyhyl ) phenyl , 3 mercapt onet hylphenyl ,

3- hydr osel eophenyl (2-fo#Nydrosel enopenyl ) at hyrgrl ) phgqyl ,

3- hydrot el | ur ophe
suitable linkers
mer capt ophenyl ) @

LA
hy @l enophen ' - _ “\4-
JUL 2004 38 SExa )

contai n annul at eg%a i bove | jimted
to, ligands of Fornu and R ‘qPDeach
substituent S Bg i £ sel@cted ang, 5 proyi deg a redox
potential of |ess ' or even 1 < uch
substituents igp Jmted to/ cycl oal kyl,
al kyl, hal ogen, E o %erflu@ - T yB8', pyridyl,
cyan, thiocyanato,g'nitro, am no, gl kyl am no, acyl,S xyl \ sul fonyl,

i m do, amido, and carbampyl. Agagin, to link th¥ sandwich 10 cdordination
conpound to a substrate, Anot her conpagund such as anot her gsandw ch
coordi nati on conp
in the sandw a8y c
substituent S
reactive gPotg
the ligand, t

Ry

5  wherein each substituent S’ is independently selected and preferably provides a redox
‘potential of less than about 5, 2 or even 1 volt. Examples of such substituents include,
but are not limited to, H, aryl, phenyl, cycloalkyl, alkyl, halogen, alkoxy, alkylthio,
perfluoroalkyl, perfluoroaryl, pyridy}, cyano, thiocyanato, nitro, amino, alkylamino,
acyl, sulfoxyl, sulfonyl, imido, amido, and carbamoyl. Again, to link the sandwich
10  coordination compound to a substrate, or to another compound such as another

sandwich coordination compound in the manners described above, at least one ligand -
in the sandwich coordination compound will have to contain at least one substituent S’

which is a linker, particularly a linker containing‘a reactive group (where multiple



selected). Such linkers are as descri bed above. B. Doubl e-decker anpg JUL 2004
triple-decker nolecules for nenory storage. 5 The double- or triple-decker
por phyrini c sandwi ch nol ecul es can be attached to an el ectroactive surface
in one of several ways. A preferred attachnent strategy involves the use
of a thiol linker, which can be appended either to the phthal ocyanine or
porphyrin unit. These exanples are shoyp in Figure 7A, which afford a
vertical arra %_nent of the macrocycles with respect to the surface of the

el ectroactiv S R Sbptiptedop the Bgpndpibe dinkstrs snayf Hedthel seme or indepndéntly
orientation QQG&Q@V‘”Su'cHhEk&EE& a;’%&sc"mﬁgﬁt} hat the requisite synthetic

conponents, ethynyl porphyrins an phthalocyanlnes are avail abl e
(R Wagner et at, J Am Chem Soc. 1996,118, 11166-11180; M Ravi kanth et
at, Tetrahedron 1.9. 54 7721 7734 Nhya et al. (1999) Chem Eur. J. 5,
2004-2013)). It has Lzl ARG | e ' ) les!f gerivati zed

porphyring and th v nes. canbe ttac ed tQ

el ectroactive Sur@%ggﬁélg&l&lﬁﬁ%kcﬁé P‘%YE%F angwich de?‘HE%%ane}ﬁa@ed J
Org. Chem 1980cletiachE3miod i ord of SaFdsl Wiys2 /A preferfd 997,
119, 10563- 1056 er et at, J. Am Chert So Aoyt Nbieay

1059- 1064) . l‘feﬁﬁéﬂusa@fﬁ o} Linker, Vﬂwlpmbmpmd@ld&sr@rthdphmalom@nt al
ol cotr oaoti ve nﬁ‘?hﬁ’“ fflt AR EESARES ocb RnOnlE i BlbP " et aghonf ypeion

enabl es f our arhegegedt afkthe atacreycles witk Sesbectb@ {HRCHeRSESE th¥bidrbpaveeut r al
state de; ned g hhe fo char oxi dation states provide a neans
of count ‘?ﬁaée}t&gla@ aPPFOB‘iE'hTé Pﬁ%hmn%gnmtam as showmin Figure 7B. a

si ngl e nmenor d. , The.

OXi gatlon poygﬁﬁglltﬂslggequ%sﬁgs \Ao&%cﬁop gﬁg’ker ﬁ%ﬁ%@qf 1g are gi ven
in Ta]E)I e 1. hP thal@bmes,tarahvaliab{eQRgW@mtaAprgfﬁ%na%?ﬁ 12{% ﬁ,{% I I n each
case four c n., S es cgess e, an e two triple
deckers havgig@td %ﬂ?bgﬁshﬂ e f’loﬁzteﬁ"ﬁz ‘%ﬁﬁtlﬁg& 34, 1120173 Mayaet aliabl e 1.
Oxi dat i on_po{9n), dhemoEuk. Ui 512004045t E%ﬁgﬁ%@ Bl Berfl e i B

decker U on&l ) 0..230. 40 Eox( 2) 0. 620
ertvatized porphyrins and thiol-derivatized ferrocenes can be attached to

electroactive surfaces (Gryko, D. T.; Clausen, P. C.; Lindsey, J. S., J. Org. Cﬁem.
1999, 64, 8635-8647; S. Sachs ez al., J. Am. Chem. Soc. 1997, 119, 10563-10564; S.
Creager et al., J. Am. Chem. Soc. 1999, 121 » 1059-1064). The thiol-derivatized

porphyrins were designed for horizontal or vertical orientation with respect to the
20  surface of the electroactive material.

Each of the triple deckers shown in Figure 7 enables four charged oxidation
states to be accessed. With the neutral state defined as zero, the four charged
oxidation states provide a means of counting from 0 to 4.

In order to store additional information in a single memc_)i'y location, two tﬁple

25  deckers can l_:e employed. The oxidation potenﬁa_l_s of the two triple deckers shown in
Figare 8 are given in Table 1. (J. Jiang et al. » Inorg. Chim. Acta 1998, 268, 49-53).
In each case four charged oxidation states are accessible, and the two triple deckers
have potentials offset from one another.



Eox(4)1.231.35 '"In Volts vs. Ag/Ag+ (values fromthe literature 1a§ @ e@q
appropriately for this electrode). 5 These triple deckers can be rrﬁ

in a mxed assenbly, where equal anounts of triple decker | and 11 are
utilized in a given nenory location. In this manner, eight distinct and

di fferent charged oxi dation states can be accessed due to the interleaving
of oxidation potentials of the respect4ove tripl e-decker nolecules. In

order to atﬂéublhelh&ﬂiamhqmtdnaalstoﬁh@iedbfkew oactive surface, a thiol I|inker
i s enpl oyed—30—ag—showa—n—kigure am-ly of such nol ecul es can be
creat ed. TUIFM&;(\S} tﬂﬂélﬂ‘lﬁ&kﬁgn }5‘6@@@@?@@ can be achi eved by variation
in the natu f tinepurp03|nr SU-S tTtoehts, the porphyrin
(3-substitu¢=nf"g t hej pht ha?ocyani ne substituepts (R = al kyl,

perfl uoroal k¥,42) al kny, @byl thi o, epey7), replacenent of the skel etal
atons of the¢parphyrin or 15 phthal ocyani ne nhcrocycles, and the nature of
the two sanﬁﬁm&?ﬁed net al 5095/I1 ). 1109 s unflerstood that such variations
i n nol ecul a tet-t-e—{ Figures) can be utilized in
order to tUIgS:t( e el =ctro[faémc I poté lals hs desired. C. More el aborate
architectures Tor rrermry storage. Z0 The sane interleaving of oxidation

I th deck I I I d
Bocess mi t1 RGP ERUAT et i bl sb e R UST8) cos oppi ng

the formati on of m xed rmnol ayers, the tr| pl e- decker sandwi ch nol ecul es
n Formul a XV _and_ Fornula XV

b | | |1
(C:)?g egac IIZ ?gtlﬁhﬁfiﬁ?ﬂ%ee I u%Fr o yeﬁé?é%?ﬁaw e WhereaaBaljecker s
are direct | umofisiriap %éckéntaperp&rs% 08 Givaliide gy@f&c}m%&@w'
I gur r

l'i nkers, affording a orlzont orientation. a vertlcal
ori ent at i on manne; kight distinect dndatiffsrentehardedtoxédation states qahbe desekeedludits ect | y

ttached t h 1 t f a h 7 d
e one cndbe Dl ving e SiridatioR puteRfts b the Fec i Binl e HolerH B g 13
JUL 2004 41 or@ér tb Bﬂa&ﬁhéﬁmglécﬂ@ﬁ% Qbcroabtived Qurfade, attbio‘i’hﬁkéit?é:gxﬁglo?’n ‘he

mol ecul es. The tuning of the potentials Is achieved by vari at ,
nature df t e showmin Bigpaedne substituents (R), per| pheral groups attached

bht hat ocyani e, | h By bEemRifiTeaiR BRHTNAled, "miiSs oF % Prifedih futals ca,
be enpl oyed cairbe a&néVﬁﬂi}aV:ﬁib)uonﬁ Rmadire bfﬂeqioWoQﬁanw etk Wﬂer e

one triple decker is substituted
porphyrin B-substituents, the phthalocyanine substituents (R = alkyl, perfluoroalkyl,
alkoxy, alkylthio, etc.), replacement of the skeletal atoms of the porphyrin or
15  phthalocyanine macrocycles, and the nature of the two sandwiched metals (M', M?).
It is understood that such variations in molecular structure (not displayed in the.

Figures) can be utilized in order to tune the electrochemical potentials as desired. i

C. More elaborate architectures for memory storage. '
20 The same interleaving of oxidation potentials can be achieved with other

triple-decker molecules. In order to access multiple states in a molecular architecture,

_ 'thereby sidestepping the formation of mixed monolayers, the triple-decker sandwich
molecules can be covalently linked, as illustrated in Formula XV and Formula XV1.
One examplé is illustrated in Figure 10. Here both of the triple deckers are directly

" 25 attached to the electroactive surface via the thiol linkers, affording a hoﬁzontal

orientation. In Figure 11, a vertical orientation is achieved with only one of the two
triple deckers directly attached to the electroactive surface. In each case shown in
Figures 7 and 8, eight charged oxidation states can be accessed through interleaving



W th redox-active groups such as porphyrins or ferrocenes, as illu q;qM%dzmM
in Formula Xl Il and Fornula XIV above. Exanples are displayed in Figures

12 and 13. In Figure 12, one porphyrin bears four different

meso- substituents, of which one 10 includes a protected thiol unit for
ultimate attachnment to an el ectroactive surface. The remaining three

nmeso- substituents are redox-active units, including two substituted

ferrocene nol | es.,and one r rin | ecule. These redox-active units
are chosen sﬁ%&’f‘dmmt@ﬁa&a&%ﬁ%M'ﬂ@k@f wotecnles.e Thebming ofithédr t hat of
forrocene unth st A sunacefa b tdiaridR il B Bahurd S80S pffiodferi Gpicingn ™ |
4, 4' - di pheny| @)genipheral groins sttiched & the porphyrif}skefotd] Atk Rpla@bmbiS i ipker s i S
based on synt f},%l c. f easi bii"t and the_electronic conmmunication properties
of the |inker® bﬁm%ﬁ&ﬁee %%Pmmememws asidesceibed abavat
expected 50 aah®e eﬁp%?eﬁ!@ﬁ%&i%égﬁ&@i ntrinsic electrochemcal properties of

the ferrocene or porphyrin uni e anticipated oxidation states are

listed in Tabl e 2 Other gshitécangs edn vd empldyedohdbvhé BplERdRE REYRRRASE 1999
3, 117-147). ‘gﬁc%@ssive OXi datéﬁg of the respective units occurs at

i ncreasing el X 2AIVe BTOBR] chias porphyrnsorfenpeanas.ias Hlustated iri Boxmula t he

tripl e- deckerXBI 6hd FerhulEXIV | b QU : | dox- ive unit
- 0. O5Pent anet hyl f errocene Ar%‘%%%‘%ﬂ{?%%&%ﬁ%ﬁéf&gﬁeﬁisg%

+0. 39Chl or of dfigukeckie one pephyrin bears fui differartonssd-sabstitadnts) 61 whick $fe POr phyri n,
first oxiigdati; : i pl.e .decker. third oxidation +1.08Za- Porphyrin,
second ox igd at@%ﬁa@f %gg{ﬁ; f‘)"Sﬁ%mg 2o (Eé’rr uﬁ%ﬁ; ptachment fo 8 elestroagtivewutface. vEhe

Ag/ Ag (val uegempiaing theeel méselsabstitGerd 190 BREP b or pLAl S
el ectrode). Fjgure gt13 di splays a rel ?PZﬁ'ﬂé‘?%ﬁ??ect déﬂgﬂ{@g eonSEfP ‘y‘%'eg

( Por ) Eu( Pc) Edfmeepe maleqyles and oke porphytie mol¢eate. ATHeBoreibuadtiveniPale
the (Por) Eu( REFEE ehde it Sridion hotBlila 2 letonf L i et S eiaplo derless  on
5)88 ?gg 6 al  (bstndwith hit. Vatiogs BikekdenbRlused & dtA¥R FheFoir§dtht Ghitd% P out
: 15  porphyrin. A p-phenylene unit (n=0)and a 4,4'-diphenylethyne unit (n = 1) are
shown. The selection of the linkers is based on synthetic feasibility and the electronic
communication properties of the linkers. The choice of p-phenylene or diarylethyne
linker is not expected to alter significantly the intrinsic electrochemical properties of
the ferrocene or porphyrin units. The anticipated oxidation states are listed in Table 2
20 (S.Yang et al., J. Porphyrins Phthalocyanines 1999, 3, 117-147). Suécessive

oxidation of the respective units ocours at increasing electrochemical potential.

=T

Table 2. Oxidation potentials of the triple-decker architecture displaved in Fi

Eyz (V)" | Redox-active unit i ' mHgre 12
-0.05 Pentamethylferrocene (Ar')
+0.23 Triple decker, first oxidation
+0.39 Chloroferrocene (Ar?)

+0.62 Triple decker, second oxidation
+0.78 Zn-~porphyrin, first oxidation
+0.95 Triple decker, third oxidation
+1.08 | Zn-porphyrin, second oxidation
+1.23 Triple decker, fourth oxidation

25 'InVolts vs. Ag/Ag® (values from the literature are scaled appropriately for this electrode).

Figure 13 displays a related architecture that employs a (Por)Eu(Pc)Eu(Por)
triple decker rather than a (Por)Eu(Pc)Eu(Pc) architecture used in Figure 12. A major



nV. This distinction can be exploited in synthetic design where the
substituents are selected to have oxidation potentials that intqr"?]e‘jat‘,',e.zﬂo4
appropriately with those of the. 5 triple-decker unit. D. Sandw c -
Conmpounds as Bui |l di ng Bl ocks for Constructing Functional WMaterials:

Synt hetic approaches. 10 Dyads. The synthesis of dyads of triple deckers
can proceed via several different typeg®s of reactions. A general issue is

t hat the reagtiom | (P} b Al Qg{ng@ | chitecture
al so gener a?%&ﬁ@ggﬁ igxa% ﬁ‘gl @?ﬁ%@%@t’apa?%% es &2'?%%?%% ég}\dgsg%%&r@ni cation
bet ween t he oxidationi pritentihd (Hut net thé\thixdr ati foyily), to dowerrpetentiahby abowt ¢00-200

reactions is ral.] v envisaged than that in the entire corpus of organic
15 cheni st ry’f“%ﬁﬁ“? distinfigRoape cploel n athetio deieny Frethe subghuents are

couPl | ng, of $Bted WAL 6Rldakin PhenAROKRY S LAACEBH gy fiAhA\R d T )

Cadi ot - Chodki ewi cz coupl 1 ng Kers (generating a
but adi yné | i tipte-deck@ommityashi ra coupling of two different triple deckers
(generating an ethyne linker), Heck or Wttig reactions of two different
triple deckers (generating an al kene |inker), Suzuki coupling of two 20 ,
different triple deckers (generating a phenyl ene or biphenyl  linker), etc.
We have enployed the d aser coupling and the Sonogashira coupling with
suitably functi cRalSandwieh Coinpourdkay BuildingBloekssfot Canstraating Fanctienal

enpl oyed. 1 U 2004 43 J1--L-TD-L-J2+J3-{-TD-L- J4 JaJ3Reaction Type
-B(OH) 2-d, S@i——ﬁ%&ﬂﬂﬁ-—%ﬂ——B erlal tic ACHeSBr, - 1Sonogashira H -- HA aser Hw
XCadl ot - fghodki ew pgadéHthdyntiedi¥iof Hteﬂis offtrifttidedlers canfRbleeBfysRER) The
synthesis of polyners of triple deckers is of great i'nterest, affording
mat eri al s t héiffersat types of reactionss iAcgeneral issumisdhgdthepreactionsused tojom thertiiplet ri pl e
deckers into a dyad architecture also generally creates the linker that provides
electronic communication between the two triple deckers. Accordingly, a more
- limited set of reactions is generally envisaged than that in the entire corpus of organic
15  chemistry. The reactions of interest include Glaser (or Eglinton) coupling of two
identical triple deckers (generating a butadiyne linker), Cadiot-Chodkiewicz coupling
of two different triple deckers (generating a butadiyne linker), Sonogashira coupling
of two different triple deckers (generating an ethyne linker), Heck or Wittig reactions
_ of two different triple deckers (generating an alkene linker), Suzuki coupling of two
20  different triple deckers (generating a phenylene or biphenyl linker), etc. We have
employed the Glaser coupling and the Sonogashira coupling with suitably
functionalized triple deckers. Other reactions can also be employed.



5 deckers yet in a nolecular framework where (1) el ectronic conmuni cation
anong. triple deckers (and an el ectrode) can be achieved effectlvqlg 3@9 2004
(2) the polyneric triple decker materials can be processed using &
techni ques of the polynmer industry. The nethods for synthesis of polyneric
arrays of triple deckers include but are not restricted to use of the
follow ng types of reactions: 10 d aser (or Eglinton) coupling of a
monomeric triple decker (generating a 4Butadiyne |inker)

Cadi ot - Chodki ewi cz coypliogppof-2w diffegent triphg dgekers (generating a
but adi yne Iinker joining a block copolymer) Sonogashita coupling of two.
different triple deckers (generating an ethyne |linker 15 joining a block
copolymer) Heck or Wtting reactions of two different triple deckers
(generating an al kene |inker joining a block copolynmer) Suzuki coupling
of two different tripleg2deckers (generatingsa phenyl ene OReadtioRftgpy! |1 nker
joining a block copolyner) 1 3 JUL .004 44 We al so can polynerize triple
deckers bearing substituents such as two or nore thiophene groups
(generating an ol i gotB(@Prene |inker) or-Qwbr,dr nore, pyrrol egyAKOUPS
(generating a polypyrrole linker). The synthesis of the polymers can be
performed using stepwsg-ethods or 5 ua g} Jol ymeri zati og rﬁgés}ﬂf?éjs Bot-h
met hods generally require two reactive groups attached to ? triple
decker in order to @ba pol yrner mhere.ihﬁ triple deckers are integral
conponents of the polynmer backbone. (An alTernative design y@éﬁﬁs pendant
polynmers where the triple deckers are attached via one |inkage to the

pol ymer backbone.) The—St&pwi se synt het ic=metKod gener al ¢adiatEhedkiesiczt he use
of protecting 10 groups to mask one reactive site, and one cycl e of
reactions then invol vesHooupling foll oweggrhy deprotection. g he

pol ymeri zation method no protecting groups are enployed and the polymer is
prepared is a one-flagiegN,0cess. The polygpngzations can takgggl ace in
solution or can be perforned w th the Ryrer growi ng froma surface. The
pol ynmeri zati on can be perforned beglnnlng 15" with a solid support as in
sol i d- phase peptide or DNA synthesis, then renoved, purified, and

el aborat ed furt hePofymersp@he symthesndf polfthed of trifledRREM B Faltiimbres@n al so
affording materials that have the intrinsic electronic properties of monomeric triple
5  deckers yet in a molecular framework where (1) electronic communication among
triple deckers (and an electrode) can be achieved effectively and (2) the polymeric
triple decker materials can be processed using techniques of the polymer industry.
The methods for synthesis of polymeric arrays of triple deckers include but are
not restricted to use of the following types of reactions:

10 o Glaser (or Eglinton) coupling of a monomeric triple decker (generatmg a
butadiyne linker)
¢ Cadiot-Chodkiewicz couplmg of two different triple deckers (generating a
butadiyne linker joining a block copolymer)
_ * Sonogashira coupling of two.different triple deckers (generating an ethyne linker
15 joining a block copolymer)
e Heck or Witting reactmns of two different triple deckers (generating an a]kene
linker joining a block copolymer) -
¢ Suzuki coupling of two different tnple deckers (generaung a phenylene or
bipheny] linker joining a block copolymer)



be performed with the nascent polyner attached to an el ectroactiye sg.f%%ﬁ4
generating the desired electronic material in situ. G adient poljn% i
Pol ynmers can be created that are conposed of identical 20 units, or
dissimlar units as in block copolymers or random copol ymers.

Al ternatively, the polynerization can be perfornmed to create a |inear array
where the conposition of different truple deckers is organized in a

gradi ent. Thés Wahlselcar polyRRibe triplé @écﬁérs%ﬁ’d?éiﬁ)hﬁhbht’sléuéﬁ adtwRAdr ke

nol ecul ar capacj t or where the potential of stored charge increases (or
decreases) in ﬁ@?b@&@rﬁww (seneratinganoligothinpherm inkerhor twocoramomepyn@te Such

nol ecul ar capa in the follow ng: (a) novel
i nformation st %%‘%S(ﬁgﬁ% ﬁ&owg?%éﬂhf ormation is stored in the
di stinct and di ff%@&‘}ntﬁééim&h@pbl?ﬁbﬁ%h%?e edustiBNtspwile hielRAE ol T Y

can be conposed where the | owest rl%JOtentla triple deckers are situated far
from t he 3 el BHipg pelymevizatinnmetbedsa fipthmethads genesally equire bwo ceagtivk groupsr e

oxt a1 on owasRed R B8 oiE SRR AniGE YRy pdl Uiy Bndledlie RENEReiRrn e o ¢ oy
(proxi mal  anihtepraitcdtponknts opdna@slya@rb@c@oh@wmﬂwihwa debipAidlespéiant he

proximal triple deckers |eavin the distal |ow potential triple

gecters i n apolysoers where dhedriple q%ﬁk@%a@@ﬂﬂ@edh@a omﬁbmlmsntmgzemlum@ tri ]P: e
1 3
Chor eby i nor SkbBIEY THE scbBl e GORBH LA AreRRits B ok o RrolioHER o "

(distal)1ari gdoepdmﬁesmone(rbacu% 8itd, 2B bhooydl€ofMRhetions ltﬁen%%lees?éodpmsgd
potential the colaor of the array changes with distance. 5 (c) nolecul ar

batteries. Wefié’é(t@?%ecﬁfmt Mﬁ@pmehqqmsth@d@em@tﬁmgmm Aeries are
as foll ows: Egkh;r Lymeric backbone,

medi at ed by %‘?}% ?Q@E&? Wﬁ%%@%ﬁ%%@ er C%Bgrrponents Accordingly,

di f fusi ve noti onThé polyaregieatioms cmetakephcanisomﬂmu aredn be perfomigibwith the

(hol e-hoppi n el ectrqn transfey) ach the el ectrode. (2) The
potential caROWEef EWEHI‘%?‘ M°§u Wgﬁﬁ%a“m EPETI‘%?@G(S}IHEDM
triple dppke gelna
suctessi oh O?V“&%Q%?E?@P}&%&?ﬁf@%%gﬁéeﬁdﬁ%% SRS et lepenRh]

potenti al s opurificd, andndlaboxdtmdlfmdhdrdmtdpemﬂslapplkahoﬁs t Thee polymerzatioaloan also
conponents. JThis.latter, feature ac ues I%rpot he f ct fhat the oxidation

potential s oP®PFEoredyith the opseeut R gpglec ﬁﬂ@ﬁérﬁ&l@ﬁ‘fe’of t he
oxidation st gératingRé géyﬁgﬂb%&ﬁbma%rﬁgﬁkﬁﬁﬁ It is underst ood t hat

Gradient polymers. Polymers can be created that are composed of identical

20  units, or dissimilar units as in block copolymers or random copolymers.

J Alternatively, the polymerization can be performed to create a linear array where the
composition of different triple deckers is organized in a gradient. This latter approach
affords the possibility of creating a molecular capacitor where the potential of stbred
charge increases (or decreases) in a systematic manner along the length of the array.

25  Such molecular capacitors may find application in the following:

() novel information storage materials where the information is stored in the
distinct and different oxidation potentials. For example, a linear array can be
comj:osed where the lowest potential triple deckers are situated far from the
electroactive surface and higher potential triple deckers are locé_ted close to an

30 electroactive surface, Then a high potential oxidation sweep is required to oxidize all
the triple deckers in the array (proximal and distal), but changingto a low'potenﬁal
then reduces the proximal triple deckers leaving only the distal low potential triple

deckers in an oxidized state. In so doing the intervening neutral triple deckers



15 the fabrication of a battery derived frompolyneric triple deckers
Includes the use of an electrolyte. Such electrolytes can i ncl udd dnalll 2004
nol ecul es or polynmers. The gradient polyners are created in the follow ng
manner. A polynerizable wunit (triple decker or linker) is attached to a
surface (solid resin as for solid-phase syntheses, or an el ectroactive
surface). The first triple decker (TD )_is added and the 20 coupling
reagents are ded in order to performthe polynerization (e.g., a d aser

ad
coupl i ng). TRERXIMRY copstitytenhesten tg elastime flows thesehyincrehsing themefentior fmgent s
(copper rea [ . ¢ r .coupling) and any unreacted
TD . Then thggggl?gﬁgafg?ﬁgﬁgigg%%e@ﬁfaﬁﬁ% gecgax%ed fol l owed by coupling
reagents and the | eJevabtEroini ©matesialsalhepyRIOhE ] : sh
o 3 the @ PR oIS | <

procedure is perforped again and then the third 25 triple
added foll oméﬁanﬁﬁsm&ﬁt@éje-r eagents and the polynerization is allowed to

2 i near Brray. of (D mdieet Ui Biar 1550 TiuteR e Ik ol ey Biledeekames ‘The
(T )6 paPkBfof Gl baat g dor el ol b Gl ARG gk "
X-1,(TD - L' - yoweadithe electrode {2) The potertiléar be hirel by hsd BEsubstidieRt Méthlse
ool onl Chabe Shtnl kB camonenta s R dalorast () Thammlymmischsebergoisaki
o b S SR A ko U R ST oS,
Addi ti onal 1 hdbrdual pxidation stgtes of the triple decken conipsents  Eig Iattel Ratudd accrues
symetri cal B‘%ﬂgo’s i 'Ehlal {f:iéeo(nju&a&}n? })gt-egt?ﬁg g}: tié triple deckers in a polymer are
independent of the oxidation state of neighboring triple deckers. It is understood that
15  the fabrication of a battery derived from polymeric triple deckers includes the use of
an electrolyte. Such electrolytes can include small molecules or polymers. .
The gradient polymers are created in the following manner, A polymerizable
u;lit (triple decker or linker) is attached to a surface (solid resin as for solid-phase
syntheses, or an electroactive surface). The first triple decker (TD') is added and the
20  coupling reagents are added in order to perform the polymerization (e.g., a Glaser
coupling). Then the solid-phase is washed to remove the coupling reagents (copper
reagents in the case of the Glaser coupling) and any unreacted TD'. Then the second
triple decker (TD?) is added followed by coupling reagents and the polymerization is
allowed to continue. The same wash procedure is performed again and then the third
25  triple decker (TD) is added followed by coupling reagents and the polymerization is
allowed to continue. Repetition of this process enables the systematic construction of
a linear array of triple deckers with graded oxidation potentials. The ﬁnal-polymer. is . |
then cleaved from the solid phase (if the resin is emploﬁd for synthesis) or used |
_ direcﬂy (if the synthesis is performed on an electroactive surface).
30 ‘ '



25 d aser Coupling. This coupling reaction, discovered by d aser oyer
century ago (d aser, C. Ber.1869, 2, 422), is still very con’m)nlﬁ dsé‘d' t. 04
prepare symmetrical butadiynes by the coupling of term nal ethynes.. A
variety of conditions can be enployed. (1) Copper reagent. Oigi naIIy t he
organi ¢ cuprous derivative was isolated 30 first and then oxidized. Later,
it was found that the cuprous derivative ¢can be fornmed in situ. The
portion of cuprous salt which could bed@enpl oyed successfully may vary from
0.2 to 600% of the theoretical anmpbunt. Catalytic quantities (0.2%0.5% of
cuprous salts are enployed nostly with hydrophilic ethynes. Generally, the
ratio of J-L-(TD2)-L-J L-(TD -L )m(TD2 -L'-)n -L"-J ---0. Coupling

Reagent s Washj St ep Jleq.Lao ethyne to Cup' shoul d be kept higher
than 1. Amonfum o nctqﬁnpgljd —al-so-Pbe present (Caneron, M
D.; Bennett, EouplingRegagefihdm 1957, 22, WaSH Btep( 2) Oxi di zi ng agents. Air

and oxyg cﬂ.}%&a ﬁr equently enpl oyed as oxidizing agents. O her
oxi di zi ng agen as potassiumferricyani de, hydrogen 5 peroxide, and

cupric salts have al so been enpl oyed (Viehe, H G Ed: Chem stry of
Acetyl ene, M ceI Dekker, NewY rk, 1969, p. 597). It has been proved,

however, in hat M n t he trq,e OXi di ZI ng agent
(Egl i nton, éra@gm %E%gﬁ%ﬁ% (}-'@%3 4' - ('ih' Trh ahg >
terrperature n general, ]l’ P8fe is suffici ent and al sga8

conveni ent. The reaction t| rre vari es between m nutes and hours. (4)
Sol ventslOPyridine is a good sqgJ vent for ethynes and their cuprous
derivatives. Tertiary am des arf al so excel I ept sol vents and i ncrease the

coupling spe€d W (Th @ STorehi Le(TD' eluiaa TDY-L4)n CIDFb sk (ERI-L -y+biedver,

many ki nds of solvents have béen successful |y enpl oyed for the individual
ethynes. 15 (5) .Ethynes. The nethod is Ilcag nost mmet ri cal
couplings, no nmatter what the: functi cqage ge mélé&'lf mOHs@QP@n bod and
appear to be limted nostly by the i nst abi lity of the butadiyne-I|inked
materials fornmed in the reaction. However, this coupling nethod cannot be

applied {9 ethynes with strongly xem(mmgmfmﬁm QPED L YDA BURIL &g

phosphine), or certain netal derivatives, which

The polymerizable groups can be any of the type described ébove using the various
name reactions (Glaser, Sonogashira, Cadiot-Chodkiewicz, Heck, Wittig; Suzuki,

20  etc.). The final polymeric product is comprised of domains of the various triple
deckers [(TD')n] Jomed via linkers in a linear array.

E. Additional information on specific reaction types. .
Preparation of symmetrical butadiyne-linked triple-deckers.

25 Glaser Coupling. This coupling reaction, discovered by Glaser over a
century ago (Glaser, C. Ber. 1869, 2, 422), is still very-commonly used to prepare
symmetrical butadiynes by the coupling of terminal ethynes. A variety of conditions
can be employed. . | |

(1) Copper reagent. Originally the organic cuprous derivative was isolated

30 first and then oxidized. Later, it was found that the cuprous derivative can be formed
in situ. The portion of cuprous salt which could be employed successfully may vary
from 0.2 to 600% of the theoretical amount. Catalytic quantities (0.2%-0.5%) of
cuprous salts are employed mostly with hydrophilid ethynes. Generally, the ratio of |



20 are unstabl e under these reaction conditions (Bohl mann, F. Ber. 1951,

84, 545). This conventional self-coupling of term nal et hynes has bekniji {. 2004
modi fied by (1) Pd(0)-Cul catalyzed self-coupling in the presence of

chl oroacet one and benzene (Rossi, R ; Carpita, A ; Bigelli, C Tetrahedron
Lett. 1985, 523), (2) Pd(II)- Cu(l) catal yzed self-coupl ing in the presence
of stoichionetric iodine (Liu, .; Burfon, D. 25 J.; Tetrahedron Lett.

1997, 38, 437 3. R on of |i th| um di al kyl _ di aryI borates w th iodine
(Pel ter, éﬁ#‘ if’é Ei“’?ido}é‘?lée,? mghsr aith e MIBGRIUT PRARINCeompoundogimuld 857) .

gc:df 8:‘ l '?\rN: B%ség)g%ﬁ%rﬁsns ﬁern examf) e y%ﬁj ‘é%?%ﬁ "’ﬁ’gﬁ?‘f Q?rstsg} gl Segkgrs.
In each 30 case (b)d)mdimg/wgentsgAnmx}%eﬂhﬁxﬁést&‘rdquéﬂ&éﬁ;ﬁoybalak 1 3 JuL

2004 48 2 (STD)zL = H Cu = L-4D) H.L L- =
Recent |y, \(Ne &&%@%mgqu @%@rﬁ%@gwm fegxm@e,lh)ydmgen)

S?éﬁé?ée???SP’Ef dect%dr‘&fyﬁésm&m 15 GopR 8 FRIBER G e Bhembie? o
product was disesrleneMarceliDeldkes, NevelY@r](ﬂSW pJISGEI Nﬁé%dﬁ?%&@%ﬁeb&”m (room
tenperature) .. .Under, simlar, conditions, S expected hat the

cor r espondi ngL AT F%mﬂ%/lﬁaﬂ%*hamep&dlm AgravER glingen, 165.1 McGrae, Wecker

units coul d §1|d$ e MemP 96N 4 ggg&l nton Coupling. This nmethod was based on
the fact that n aser coupli the true oxidizing agents are cupric

salts. In 1956, E) Tlmﬂrandﬂdn&hﬁuralmrgenérﬁl psca tsBskritie isehfficiniial Gilso
involvesl¢ c%rlc sgl oxi dati.on |H3&|d|ne(Eglln on, G; Glbraith, A
R Chem “Tnd. > [eactiqy tme i ehyeeRaainpsaand ety Breslow in  t he

m ddl e 1980s (O K 'EHWentPl?rr%H"iE% d Les!ow, R J.
Am Chem Soc. g? 107, 5544) V\/m%?ﬁ iy tf(ed ng{lﬂl c%buproas couples in
oxygen free WYWPﬁeTGMthaméﬁm'd alse euenllynt:smﬂwnntd gndlmadaseolﬁkat;Oup]B}gl di ne

Ger ani nes Sesb¢ W RoRkRmdRe BualRRlofRotat saf AreRe, ey Eots o %™
t et r anet hy| esdlyértnRaietiven eucdessfidtitérip 1@9&1 1@& hﬁ"mdﬁﬁ&l&?&ﬁﬁe@an al so be added.
The r eacﬁ on speed )I é\tg}rnee%s ('31?1@3Vr\lﬁae;[ﬂilodt 12 ip]?lﬁ:lagllettg al?:nost all symmetrical couplin.
plings, no
matter what the functional groups are. Yields are good and appear to be limited
mostly by the instability of the butadiyne-linked materials formed in the reaction.
However, this coupling method cannot be applied to ethynes with strongly
complexing functional groups (such as phosﬁhine); or certain metal derivatives, which -
20  are unstable under these reaction conditions (Bohlmann, F. Ber. 1951, 84, 545) |
This conventional self-coupling of terminal ethynes has been modified by (1)
Pd(0)-Cul catalyzed self-coupling in the presence of chloroacetone and benzene
(Rossi, R.; Carpita, A.; Bigelli, C. Tetrahedron Letr. 1985, 523), (2) Pa(T)-Cu(l)
catalyzed self-coupling in the pree.ence of stoichiometric iodine (Liu, Q.; Burton, D.
25 J.; Tetrahedron Lett. 1997, 38, 4371), (3) Reaction of lithium dialky] diarylborates
with iodine (Pelter, A.; Smith, K.; Tabata, M. J.. Chem. Soc. Chem. Commun. 19775,
857). -
The following diagram shows an example of the Glaser coupling to yield a

dyad of triple deckers and an example yielding a polymer of tnple deckers In each
30  case the intervening linker contains a butadiyne unit.



acetylenic proton; alkyl ethynes react slower than aryl ethynes and R
but adi ynes as in d aser coupling. The cuprous derivative does nbtd ELmOGH
significant quantities but 20 appears to be the reaction internedi ate.
Straus Coupling. Under conditions of daser coupling in acidic nmedia, an
enyne can be fornmed, as first denonstrated.by Straus in 1905 (Straus, F.

Li ebigs Ann. 1905, 342, 190). The origg nal experinental process consists

of refluxing fora few hours, then an acgti cid solution of a dry cuprous
derivative is added undep UJugg_ﬁ5-553>.&&%4@ﬂ4g;ﬂggg;@ﬂi dis
head-to-tail- coupl ed, wheneéas the head-to-h&ad coupled eny coul d never
be detected. 1 3 JUL 2004 49 Preparation of Unsynmmetrical Butadiyne-I|inked
materials: Cadiot Chodkiew cz Coupling For the preparation of

unsymet ri cal butadi ynes, d aser coupling of two different term nal
ethynes inevitably gives a m xture of butadiynes. The Cadi ot 5 Chodki ew cz

coupling nethod, proposed jp 1957 (Chodkiew pz, W n. Chi 1957, 2,
819), provides a ¢ [%u—e;al-po:.@!_e»t ' LLE€ e units. The
Cadi ot - Chodki ewi cz coupl i\ng net hod consi stsiLof the\ ¢ondensgfion of ethynes
wi th hal ogenated ethynes in the presence of cuprous salt and a suitable

ne. Tt ; | . > ,

Ei[nhr':lfa_ogenoletshyzgsgcan u%gxg:hgge g&ﬁg@ﬁ&%ngﬁ%fdl %&%@h&%@%ﬁ%ﬂ%. ng

séjymTet ri g a: b%t%@s@%cqm?ﬁi m@dﬁcvtf{stmﬁnh_imétrﬁc iodiﬁé)?tp@g@hgﬁ)huiplel) y
rous Salt. e .CUupr ous ne derivative is.assu o be the, reactive

i nlto er medi at efle%@d@%%ﬂ%a E‘H@%‘Vﬁ% gf’-@d‘éﬁﬁ“r ‘gﬁs §dPredqugtwas, phiginediin gaedand

can be esml %eﬁg%@%)qau&w ' mmu%dg@%&eég&%q%)ghﬁd&% ncentration

of cuprous ion 15 reduces alnost entirely the self upl'itng ot the
hal ogenoet hy erditigns) itBnexpeciad drat thepormesponding fonctitmabpolymerscandvori n aci d

nmedi a. A bases.] GRSSa to neutrallz he acid, resulting fromthe
condensat i OnSh%cfﬁl?{ggngrtgpg%@aﬁer%ﬁ@gwpg a&ﬂ;bglﬁr?ﬂaﬁg’_er the self-coupling
reaction as wel | Eglittow@bagling) THiSRiethdd Sas BasedBhE Bct TR i Giab&! ency of
am nes decreases as follows: primary > secondary > 20 tertiary. (3)
Sol vent . Goofourlingsithe trye oFidizing agentsiareupsicisgite Inrl 956Eglinton insrGatbraithm i s
reaut redso A Blodofelthe Meihld iith SvolvdS a SHRACMT: 3R bFribRe ot ' @1
Galbraith, A. R. Chem. Ind. 1956, 737.). This condition was modified by Breslow in
the middle 1980s (O’Krongly, D.; Denmeade, S. R.; Chiang, M. Y.; Breslow, R. J.

Am. Chem. Soc. 1985, 107, 5544), which employed cupric/cuprous couples in oxygen

free pyridine. This method is very commonly used today. Pyridine has been mostly
15  employed as a good solubi]izing and buffering agent. Other amines caﬁ also be |
employed, such as morpholine and teu'amethylethylenediamine. In addition, other
solvents cari also be added. The reaction speed increases with the acidity of the
acetylenic proton; alkyl ethynes react slower than aryl ethynes and butadiynes as in
Glaser coup_ling. The cuprous derivative does not form in significant quantities but
20  appears to be the reaction intermediate. _ .
Straus Coupling. Under conditions of Glaser coupling in acidic media,' an
enyne can be formed, as first demonstrated by Straus in 1905 (Straus, F. Liebigs Ann.
1905, 342, 190). The original experimental process consists of refluxing for a few
hours, then an acetic acid solution of a dry cuprous derivative is added und& an inert
25  gas. The only enyne formed is head-to-tail coupled, whereas the head-to-head
coupled enyne could never be detected.



are frequently enpl oyed for aryl ethynes. Ethers can be used w t1h359@t_c%g);'
sol uble conpounds. Tertiary am des are very good solvents for term nal

et hynes and for 25 cuprous derivatives, and are often enpl oyed with
scarcely sol ubl e conpounds. (4) Nature of the 1-hal ogenoacetyl ene. Anobng
chl oro-, brono- and iodo- derivatives the 1 bronoethynes are the nost
suitable. Generally the 1-bronoethynes are sufficiently reactive toward

derivatives. At the other extrenes, 1- #ddoet hynes are strongly oxidizing
toward the cupr ou®TERAFatian of Unsymmetrical Butadiypeslinkedanaterials; Calidte 30

1- chl or oet hy Bﬁ%@ib@%ieactivity. 13J UL 2004 (TOL- =H50 X Cu+

b (TD-L HL- -L (TDf-L = X polynerization L- (TDJ-L~ bl ock

copol yner n L+) SFonitie phepapitiondf ubeyrnbtrieAltitadipiss) GMeﬁougﬁﬂ% oﬂ?}& des with
aryl boronic aﬁl ds has energed as an extrenmely powerful tool To form biaryl
conpounds ( FEesentdermangl ethymes inewifably gives amirfure efibutadiynes. ThhEardioRey .

et hodol oy IoRbw R dblind medd, ILRRRRAP 057 RBRIGRNICY W i Gir 4997,
sources, |iga@ndk), prddides v divectediontdto Solle twé Wiffdrket ethyne vhits, The CSliof

Angew. Chem , Int. Ed. 1998, 37, 3387), To date, the conpounds containing a
bi aryl 1inka omzﬁuﬂ%ﬁﬁhﬁd%ﬁsQféh%/mmdedsatf@ndiftﬁlo’msv'mhvery good 10

yield with apw : | es tive cqupling
condi ti ons. hgogg%)artrrer s 3an§)%ﬁ§%%8%ﬁn%&g%3%ﬂ§%#%§%w a&@&%eﬁ 1‘vgni ts with
bi aryl |i nkagetsworthy ¢hat Snderithe reactjoni cogditions]iltha6genoBthyRé dah @RArBH o sdirese
ki nds of ,pol ¥mers z%rgl expected to displ ag interesting optical and/or .

el ectrontt pFETRimgta thego eﬁmgmgismme&wﬂ vladiyaas(Ghe ¢2, Wradnnrélhémi al s.
W have pr epqu;!zyg[g)pus triple decker building 15 bl ocks bearing aryl

hal i de groups, whilethe stable nature of boronic acids (thermally, air
and noi sture st ab(B)CupatussSaltt Theaspivhe cthgnepdearpatice i wsnunéd RHAREda8tivd | pl €

decker . intermediate. The cuprous species is regenerated in the condensation and can be
employed in catalytic amounts (about 1-5%). This low concentration of cuprous ion
15 reduces almost entirely the self-coupling of the halogenoethynes.

(2) Basic Agent. This reaction does not occur in acid media. A baseis
necessary to neutralize the acid resulting from the condensation. Amines are good
solvents which hinder the self-couplingireaction as well as oxidation of the reaction
medium. The efficiency of amines decreases as follows: primary > secondary >

20 tertiary.

(3) Solvent. Good solubility of the terminal ethyne in the reaction medium is
required. A minimum solubility of the cuprous derivative is also essential. Alcohols
are frequently employed for aryl ethynes. Ethers can be used with scarcely soluble
compounds. Tertiary amides are very good solvents for terminal ethynes and for

25 éuprous derivatives, and are often employed with scarcely soluble compbunds.

(4) Nature of the 1-halogenoacetylene. Among chloro-, bromo- and iodo-
derivatives the 1-bromoethynes are the most suitable. Generally the 1-bromoethynes -
are sufficiently reactive toward derivatives. At the other extremes, 1-iodoethynes are
strongly oxidizing toward the cuprous ion and favor the self-coupling reaétion, while

30  1-chloroethynes exhibit low reactivity.



1 3 J"J.. ppgq, 51 building blocks bearing boronic acid groups. THe3tJlilpl2804
decker nononers containing halides and boronic acid groups are thus .
treated under Suzuki coupling conditions to afford the desired nol ecul ar
architecture. D. Sonogashira coupling. The Sonogashira coupling of an
ethyne and an aryl 5 halide affords the correspondi ng ethyne-1inked
conpound. The Sonogashira reaction aj be perfornmed using Pd(PPh3)2C12 and

Cul in dilute outlonrntoluene andtrl 0% ne under_mi| rrperatures
(35C), or usingD 'Wrt P?’F'p'l?t)% 26\

triethylam ne under mld tenperatures (35 O her am ne-contai ni ng

sol vents can be enployed as well. 10 E. Wttig reaction. The Wttig
reaction involves the coupling of an alkyl halide and an al dehyde or

ket one, generating an al kene. This is one of the nost powerful nethods of
car bon-carbon bond tormation and 1 nvolves Treatnent o1 the alkylr naride
with a phosphine (e.g., triphenyl phosphine) followed by treatnment with a
strong base(e.g., n-butyl lithiun) and reaction with the carbonyl conpound.
15 F. Mol ecular Architectures for Counting to 8. One of our objectives
is.to construct nol ecul ar devices capable of storing nmnultiple bits of

i nformati on. Qur general approach invol storing information in the

di stinct oxidation states of HedsE=—abttt 1nn&1EE&i£ | ocated in a _
sel f -assenbl ed 20 nonol ayer on an el ectroactive surface. The ability to
store multiple bits requires nolecules or nolecular arrays having a | arge
nunber of accessible oxidation states. +*foward that goal, we have
investigated a wide variety of redox-active nol ecul es such as ferrocenes
and porphyrins as well as arr s_gongrr f nul% pl e redox-active units.
Tri pl e- decker phthal ocyani nat 6 and por Aﬁ;? fat o sandwi ch conpl exes of 25

| ant hani des and rel ated netal s, conprised of hlghly del ocal i sed macrocycl es
held in closé proximty, are attractivg for nol ecul ar-based informati on
storage given their nultiple, accessibléhﬁxiqﬁmhgﬂz bt es. Such
triple-decker conpl exes generally exhi bixt four "oxidation potentials in the
range 0.1-1.4 V (vs Ag/ AQ) corresponding to formation of the nonocati on,

di-cation, trication andl _t_etra on as well rri'ﬂ%:so cortespondi ng set of

anionic states (J. Jian ""-Irro'rg?}h , 268,. 49- 53)..
The cationic states are rmre attractrve than the anionic!8tates given the

reat er
9 block copolymer

Suzuki Coupling. Suzuki cross coupling of aryl halides with arylbordnic
acids has emerged as an extremely powerful tool to form biaryl compounds (For
5 reviews, see: (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457. (b) Suzujd, A
J. Organomet. Chem. 1999, 576, 147). This methodology has been extensively
studied with respect to palladium sources, ligands, additives, solvents etc. (Littke, A.
F.; Fu, G. C. Angew; Chem., Int. Ed. 1998, 37, 3387). To date, the compounds
containing a biaryl linkage could be prepared under very mild conditions in very good
10  yield with a wide range of substituents under the respective coupling conditions.
Oliggmers and/or polymers containing triple decker units with biaryl linkages
under Suzuki coupling conditions may be prepared. These kinds of polymers are
expected to display interesting optical and/or electronic properties and thus find
applications as finctional materials. We have prepared various tiiple decker building
15  blocks bearing ary! halide groups, while the stable nature of boronic acids (thermally,
air and moisture stable) makes it feasible to prepare the corresponding triple decker



stability of the former under real-world conditions. 1 3 JUL .2004 52 Wth
a triple decker sandw ch conplex attached to an el ectroactive sur1édeLtmmu‘
ability to access four cationic oxidation states provides for counting from
one to four (where the neutral state is zero). Wth two triple deckers

each having four non- overlapping oxidation potentials, it becones possible
to count to eight. Such a 5 conbinatiog, of triple deckers enables the

storage of thr. its of information and can be used as an octal counter.
In one desi gwﬁ‘??@f’lpw hoarige BomBiaasid smies, DheEipls decker TBeRamasm eontaining

architectur h'ﬂtg? s Qi | i ol J.] f10.: .0, anot her
design, t heeltlélvxga% rp @B@g%é%BQQQeﬁglgngﬁgtﬁ%ﬁw %n%n%ﬁ%%d{q?nﬁ t? I nker
and both deaffordthedetired nplecuttr akohitecture. deposi ted in a single nenory

| ocation. The proBeé 10 fgnctiorﬁl?g f guch an octal counter hi nges in
Ia_rget part on thiﬁg g’i“bg_?sg}‘rmtcﬂlép s'g@fch‘;l%aih’iaﬁ’@]&&ﬂféﬂ§ﬂ§@éﬁn paaryl he
oxi dat i ors pop gk 1 Jﬁ?flbhlﬁ a st .
attractive approachfdisgmggr ﬁgﬁ(g%g% |%n p%&t%n lal's’ g'bg%%gkgf%r%ﬁuﬁpe
deckers to beanibetperforned using Pd(RRbsjCliakd Gul éndibnte sdlatisteimcibldesslaidy Exanpl e 1

herein, we hav evel oped t synt het i met hodql o for preparing
triple-dec ke‘fmﬁ’é’ o I‘EQEF CFRtugs ’Qé't“PWBtP@ﬂéﬁa)e pathettitec ) Eu( Por )

wi th @ thi ol mfAskosphing Gdthdié Ghd ARRENMEhd bl I UnkbRHbfbs 94 ) r(?_tg%e

thiol -derivatized nker provides a site for attac
decker to amm@ewontaiing solverscdndueemployiedas well.d. The general synthetic

approachy4 s conpat,i with, substituents att.ached to the porphyrin and/or

pht hal 0215}1 ni ne un t@ig%ﬁa@ﬁ%‘cﬁﬁ?w TERTHAT WEJves the coupling of gk cal

properties oﬁametaaammeawééﬂk%tonhkgedefdéﬂgahmneﬁmﬁé Seofdiekgsts 1S far
an

| ess extensive and systematic (D Jiang, Chem Soc. ev. 1997

26, 433- 442)POV odsof gaen-carbed bood formation knd involyes treatmentsofithe t he
eful meghods of gatben-carbon bond:
trol of oxjdaLh: tentials jn the fri | exes, we el ected
S or apar e oA A SdsBhife (L., Miptichyphperbited Fnkied byl Filor i o
( Pc) Eu( Pc) Eudtféng)base(e.gd n-thitg itutf ahEvédodon withéhd @drboﬁtyll‘ edmpéifd, :

characterjzation of the electrochem cal properties of this |library woul d

facilitak® the rational desi gn of an octal counter as well as related

nol ecul ar devi ces ' Al oA I bl e el ndw ch nol ecules for multi-
bit information '.“ : bl 1o Lol "—"; £ results at devel oping an

octal counter. \WOhe ofbur @fectivelis to chisstrublemeleniliveddvices tapable dTlsfiingOf
triple- deCkeruﬁxDlig)ll)' xefsm}zvi th.,el ectron donati n%_ o
multiple bits of information. Our general approach involves storing information in

~ the distinct oxidation states of redox-active molecules located in a self-assembled

20  monolayer on an electroactive surface. The ability to store multiple bits requires
molecules or molecular arrays having a large number of accessible oxidation states.
Toward that goal, we have investigated a wide variety of redox-active molecules such
as ferrocenes and porphyrins as well as arrays comprised of multiple redox-active
units. Tﬁplé-decker phthalocyaninato and porphyrinato sandwich conﬁplexes of

25  lanthanides and related metals, comprised of highly delocalised macrocycles held in
close proximity, are attractive for molecular-based information storage giveh their
multiple, accessible oxidation states. Such triple-decker complexes generally exhibit
four oxidation potentials in the range 0.1 ~ 1.4 V (vs Ag/Ag") corresponding to
formation of the monocation, dication, trication and tetracation, as well as a

30  corresponding set of anionic states (J. Jiang, et al., norg. Chim. Acta 1998, 268, 49~

' 53). The cationic states are more attractive than the anionic states given the greater
stability of the former under real-world conditions.



groups attached to the porphyrin and/ or phthal ocyani ne noieties. Next we
report the solution electrochemcal studies of this famly of 13 JUL.2004
triple-decker conplexes. From these results has energed suitable

conbi nati ons of substituents that provide effective 1 3 JUL 2004 53

interl eaving of oxidation potentials of the triple decker conpl exes. These
insights pronpted the synthesis of se%ral .thiol-derivatized triple
deckers that appewi héxe | I SER t] or use
i n co-deposition .exgieje;i&?r)elent S |%§§Fﬁ§ﬂ c?(r)rﬁhw %tlfaegl t ia%%?ogg?% ggffé?‘lage. Ve
anti ci pat e t thewabili{lsteacoses fonr grtionidandidation atatds provddedforcoriting feins bhd &

h d i dati t at ) to .t i nter| ' f
oxi dat1 o polBh Pt Beenys) diteFEAE5). (Hithve bl deckerkanoh dawing dowrnonvet
anot her ar Chbﬁé_iﬁbﬁh@_oﬁ(?{eaﬁegggﬁﬁﬁﬁg, it Egcagigggnbétgﬁligﬁ)% tetobéi t(_j%ugg?t he 10

concepts of using triple-d er nol ecu ri"eaved oxi I on
potenti als i ermbjpatiameftriple deckdrs etmblasshe stbragt béthreesitvoinformati GAREHNES -

2bove. The. eua s o 3P Rouler, 638 AGHEE, Mg e deckore arepomed ena tvio
{11 pl e- deckegoyaraf ioBltedledepliRfonc Bl B LAIPREF M HRIE HShotl S

architecture (or other suitable architectures wt
For mul a XVI | figsigpa thedwai triplsi dsckaps aroseparatelyyfunttiongizkdowitl alinker ardtbaties. Not e

that with th . state defined.as.zero, the charged states of .
monocat | on SRR el SedBier AL ¥ SRy e o chdope o preERY 1 o 10
Thus a ¥l efimtiodity bfghchhaih el M&Wﬁﬂ%ﬁ%ﬁ?gﬁﬁ?ﬁ&& nurrber

fromO to 10 by setti ng the el ectrochemcal p e nol ecul es
attached to HEpPeshEe tripde deqkers smoh that theoxidation potentialy ateatifferentindat t he

appropriate ?ﬁ@gﬁ " .the different and. di stinguishaghble
oxi dati on st‘g e O%h@?ﬁé%ﬁrgisg%?ﬁm\%@pﬁoa Eﬁ'é{;b‘e PO F@ngwc he
nol ecul e, catwdeipteadeckyrsao beirt@ravel il dod Bk 'fashigheat er than about 2
volts. As indicated aboye, the storage nediumis juxtaposed in the

proxinity of the A®desoribed injizample] hesgipavehare developed thewynthietia such t hat

electro C ' . ' to said electrqde. The storage

redt um ey e Baloel 0F o ttne Wil 380 g RrolRulen e nsiel pprare

count er i ons. (PE}Ri(Ba)EugPor) tvithaithiohderivatided linle dppénded & @6 poRrianst Ul | Y

encapsul at Ed'gléetnﬁ I nte raaigg circuit. In one enbodi nent, thé storage

medi umis el -ldgqun%ze prtoYidesa sitefon attachment ofithe triple deckenta af er ence
electroactive surface such as gold. The general synthetic approach is compatible with

substituents attached to the porphyrin and/or phthalocyanine units. While much is
20  known about the electrochemical properties of metalloporphyrins, the literature on
triple deckers is far less extensive and systematic (D Ng and J. Jiang, Chem. Soc.
Rev. 1997 26, 433-442). In order to understand how to employ substituents for the
control of oxidation potentials in the triple decker complexes, we elected to prepare a
small systematic library of triple deckers of general formula (Pc)Eu(Pc)Eu(Por) and
25  (Por)Bu(Pc)Eu(Por). We felt that the characterization of the electrochemical
properties of this library would facilitate the rational design of an octal counter as well
as related molecular devices built around triple decker sandwich molecules for multi-
bit information storage. |
In Example 2 we describe results at developing an octal counter. We first
30  describe the synthesis of a library of triple-decker complexes with electron donating
groups attached to the porphyrin and/or phthalocyanine moieties. Next we report the
solution electrochemical studies of this family of triple-decker complexes. From

these results has emerged suitable combinations of substituents that provide effective



30 el ectrode. The storage nedi um may be present on a single planeiod 4l 2004
device, and may be present at a nultiplicity of storage locations in the
device. In another erbodi nent, the storage |ocations are present on
mul ti pl e planes of the, apparatus Each storage |ocation nmay be addressed
by a single electrode, two electrodes, or nore. Ilnan 1 3 J UL, 2004 54
assenbl ed device the el ectrodes may be gonnected to a voltage source such
as the outputeﬁf an |fte rated ci.rcui and/ or the el ectrode may be

connect ed t o “ACHeANRE0% gxidation potentials of thertriple deckar somplexas. dTbQSGmterdl um
(e.g., a vol ﬂhﬁeﬂ’ﬁﬁieﬁ'@ofé&eraﬂ"ﬁﬂgfcgé]ﬁfaéi tﬂ?i’e'd:e% egg@{’{gtrl C

device). Such a device 'nmay be a sinusol e may

provi de a Fobavesuitsblesléatronherhicalpropartienfor aseinao-d eﬁ@ﬂhoﬁéytpérﬁi&ﬁstléﬁﬂﬁ The
rogr d to refresh the oxidation state of

t Ledorp
gglogr St 3fagg¥%’d’i1€§ﬁ§$ patiag, TRZF- WP anicipats thal these H’Y@mple d@*ﬁlsmliﬂl s and
char act er 52 alehaile évehldiRBECHIRIL 4R ecu}aﬁ%ﬂ#e@@ék% achdsde o€ 7 A0 0244 OF

states Into the storage nedi um no age
and hol e- hoppﬂd@ﬁpnpp’@nhalss of the redox-active units of the stor age-
nol ecul es used in the nenory devices of this invention allows fine control
over the architecture of the nmenory device. Such control is exercised

Lhrough synt het | ¢ clodlofioula¥ i <Bft Fufds36REGuniltiy B fRCT L €5 depend on the
oxi dation potential o bunits that are
t hensel ves or thaﬁfﬁimtbﬁwcmvcmm&emmm&)mmsmdgabwmﬁ@nltﬂethe

can be t deacbERts Y Tanedole Wik et SRl RaT et red"x.ré?teg”“a'

netal s and peohjphetical withBiusé U%thﬁr reﬁ%@ﬂ&&tmﬁ&m&l%%%ﬁ cc]m i-ns
Pht hal ocyani ggg‘??ﬂflél 117-147). 20 For exanple, in the case 8 porp yrins, My

por phyrins a lh!azatpq/m Formanla SVHzad Fogmuls KNI aboye.afite e:tmpleon

wi t hdr awi ng S,_LC dul a e oxi dation
properties i %{ predr ct aﬁY’{‘% ﬁ@w%%&é@&% @%e%@aﬂgg %Y"F"&'sm@“‘ge? i br ary
01;] rmn?rrerl caﬂ@t\}m fefrocemes! ﬂ?tfggther thﬁ%%ligﬂgﬁté/ §ﬁ1e?§ﬂ|:i){hatb%raﬁ-€lﬁl

characterjze a or i ns al ocyani nes,

117- 147) : 15 Thg' é'PPB%Xg’IBPrE@mﬂs ag|ay Q)ilﬁlvosm\@brchargeﬂ”mqmm | al s
are well knoyg.

4174-4181). Toget Pﬂ%&m hese provi élas}tdte aéﬁbﬁﬁsFSWh@ﬁtc’P H]SW gl gnl ng

devi ces wi t hmoneditinnab ldecdoation conespad mabesldy fo thénumbers from 0'to 10. Thus a
molecule having this architecture can be used to store a number from 0 to 10 by
setting the electrochemical potential (of the molecules attached to an electroactive

20  surface in a memory location) at the appropriate potential.
| 'Preferably, the different and distinguishable oxidation states of the molecule,
and a storage medium comprising the molecule, can be set by a voltage difference no
greater than about 2 volts.

As indicated above, the storage medium is juxtaposed in the proximity of the

25  electrode of an apparatus of the invention such that electrons can pass from said
storage medium to said electrode. The storage medinm inay be juxtaposed to a
dielectric material embedded with counterions. Typically, the storage medium and
the electrode are fully encapsulated in an mtegrated circuit. In one embodJment, the
storage medlum is electronically coupled to a second electrode that is a reference

30  electrode. The storage medium may be present on a single plane of a device, and may
be present at a multiplicity of storage locations in the device. In another embodiment,
the storage locations are present on multiple planes of the apparatus. | Each storage
location may be addressed by a single electrode, two electrodes, or more. In an



Ferrocene oxidation potentials can be tuned over a range of nearly,1 V 30
t hrough use of substituents attached to the cycl opentadi enyl ri ng;ilsd JUL 2004 .
(Encycl opedi a of Electrochem stry of the Elenents, Bard, A J., Lund, H,
Eds., Marcel Dekker: New York, 1979, Vol. 13, pp 3-27). The design of
conpounds with predicted redox potentials is well 55 known to those of

ordinary skill in the art. In general,> he oxidation potentials of
redox- act i veasserhbled devisetherlécerodéscmup bt chriiRefredito atvoliage Surddsubh ad thet he art
and can be | ooked up (see, e.9.,, [Encyclopedia of Electrochem stry of the

El enents, supHRyt of ansntegrated ciropit, aadéor 4he ele¢irodemmasbecasmedted o device to

substi t uent : ' . ecul e are geperall |
addi tive. Tﬁrg@ﬁ&‘g@%@g@ﬁ@?p@#ﬁé&q %é%ﬁgbeg%ﬁﬁéafl %Sg?pﬁlgm%e%a}cleym}/pr edi ct ed
for any pot eafiperbmelgicalevice] Rgstentivmstit devidé)e Siehadevies mikAat b siedoRiM | al |

particularly the oxidation potential of the information stqrage nol ecul e(s)

or the inf oYelammesters iiheslguicaaraynrovide afiounenisansformeflthe ontpyt signaltfeomaiar d

met hods. Typtcal h | ' ' ' L ct by .c ari son of

t he experinmen %@F‘%/% ) g'gg)é?ﬂﬁﬁ%tlggﬂg&ﬁ%i#%é&@lg%?gﬁ{o%%&g&&lgo %gg@%l ecul e and
that of a bamddativhetate of addstorage nedéurs aftet rehdiap saidoxidation stage. det erm ne t he
shift in potential due to that particular substituent. The sum of such

substituent-dependent potential shifts for the respective substituents

then gives tye o HLEGLRA BikaRblifRidCIERIade mediuin moledhldfs) S ©f storage

-‘medi um nol ecTTe s y s s rseu—to° construct

nul ti porighyrin. AaDesitmingtoxidutioncitates ihtb thé Siopagemedivm moléclei§scri bed in
Prat hapan et al. (1993), J. Am erp Soc., 115: 7519-7520, Wagner et al.
(1995) J Org. Chem, 6 .HEQQBY% ole-gjosage fpd bolejhoppinmproperties ef the Chem , -
61: 7534- 7544404800 unfk %6&, thefiS uodd i 1+ 14:166- 11180,
Strachan et -aLo(1997) J. oiint%esé%g goc. , E%ﬁﬁ%@ﬁ%‘%&é&gc}iﬂ% et al.

(1997) J Matiaventioneablows fine tantFelivep the Brehitecinagef the deensariyldevicw.ar i ous
strategies for the synthesis , of.a nunber, of | t.{ por phyri or phyrinic
macr ocycl e) corrpounds._gw&‘é". ‘ fsiee‘ﬁ’r'cé"?q%ﬂl,’qlﬁgg}émb ?Y%&E%B?lsﬁfgagpn i ght
capt ur e, 1 5eneirgifertity Wplehd Bn 17 \Gki@RdnGRNerial of\le éﬁtﬁyzgacpﬁé mﬁbﬁﬁii’s‘}ﬂ&tat 'on

of 25 nanostructures containing up to 21 cova I nked" por phyries
(Fenyo et alare {hepgglves or thebargiwsed tosasmimbla hecsterage sedialise® in 88 detdoepi et

T207 1307 NAS ‘Byentiot Hosfisle-sjogs Propeitin A fedoxacteial cap bp Rsed Fiaicano et
al . (1998) Apgeivion BhMibick BE badednolddiile(3f) 4dsociated metals and peripheral substituents
' (Yang et al. (1999) J. Porphyrins Phthalocyanines, 3: 117-147).
20 For example, in the case of porphyrins, Mg porphyrins are more easily
oxidized than Zn porphyrins, and electron withdrawing or eléctron releasing aryl
groups can modulate the oxidation properties in predictable ways. |
The electrochemical properties of a library of monomeric Mg or Zn
porphyrins bearing diverse aryl groups have been characterized (Yang et al. (1999) J. | _
25  Porphyrins Phthalocyanines, 3: 117-147). The effects of metals on metalloporphyn'ﬁ
oxidation potentials are well known (Fuhrhop and Mauzerall (1969) J. Am. Chem.
Soc., 91: 4174-4181). Together, these provide a strong foundation for designing
devices with predictable hole-storage properties. |
] Ferrocene oxidation potentials can be tuned over a range of nearly 1 V
30 thfough use of substituents attached to the cyclopentadienyl rings (Encyclopedia of
Electrochemistry of the Elements, Bard, A.]., Lund, H., Ed’s., Marcel Dekker: New
York, 1979, Vol. 13, pp 3-27). |
The design of compounds with predicted redox potentials is well



3027, Mak et al. (1999) Chem Conmon., 1085-1086). Two-di nmensionall 30JUL 2004
architectures, such as nol ecul ar squares (Wagner et al. (1998) J. Og.

Chem, 63: 5042-5049), T-shapes (Johnson, T. E. (1995), Ph.D. Thesis,
Carnegie Mellon University), and starbursts (Li et al. (1997) J Mater.
Chem, 7: 1245-1262) all 1 3 JUL 2004 56 conprised of different covalently
| i nked porphyrin constituents, have als® been prepared. In addition, the
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Li et al. J. Mater 1245-1262, trachan et al
| norg. Chem %%93}%0"?&@133?2@%%?%"5"%? f yarious sulistiiuents onrthe cdompotestials pf 421
4008- 4018 I r_form
pht hal ocygnl gglé% LI n heﬁhygﬁ&gggsrﬁ%he&%@r ﬁ{}o&h&aﬁgﬂ Q%ﬁh?wlk M
Smi Z 2 1% ,f Gpredicted fdaanyﬁdtennal d%taastei‘Nge rx]rﬂéa‘,(ilie Tﬁlaactahp@gdh augﬁpq,gggﬂ v]9| 1,
ent oxi de t hg i nvol ving the reaction of a

Bﬁt hal oni tri Ipéﬂf H‘laﬁfyg'b éﬁé‘ﬂ%lﬁ%ﬁ%@ﬂmﬁ@qmﬁmmn yarage madesyld(s) oothe of t he
ol dest net ho t Frye, D.
A ; Li nsteadﬁﬁg@&hﬁﬁ&%ﬁ%%&d@%&@ﬂg&%@ ﬁg; ﬁ@?{%% S’i’ﬁ‘F@”ﬁBft’ﬁ% * sonewhat
fell into di Sypisalipthe artidatiompetential isprediGed bacempariswintithe spetieftalty been
used for 4hhe anat i of al.ocyanin earing | arge substituents
( Snow, . AlbW de?pgm&eg oxkﬁgen po%:‘&&rﬂf a%ééwogeelb & and #hat of g baseqmolecwlqheaaringk ur |
A 1. et al. onSyibiskitueRe ermivat %ﬁg,}; 1412;
Ri hter, B. Donet al ., P%(Fﬁrggﬂhtg(ge Phot oﬂtl)? %Pﬁhgr.}tg O&gzgtb@ggﬂéégg
Kobay ashi ., Nsubstitygnt. Thersum of such sulxgmnt-dmmdem Pdtentialshifissfor therespective €t

, Angew. E 94,33 2 175 Linssen, T. Get al., J
Chem %oc %ﬂm&&%ﬁm B%EP e‘ﬁﬁtﬁdfﬁi&l"‘ “A et al. , Tet r ahedr on

Lett. 1995, 36, 8079-8082, van Nostrum C. F. et aI J. Am Chem Soc.
1995, 117 9957- 9965; Vi hnaz ; Bekar ogl u, 0. Chem Ber.
1996, 1291967-971: &ﬁm&-&&f ole mun. 1997 1215-1216; -

'I?ete\rlma?\edyone}_efﬂt : nggg& '35%%% @iaabgl%ﬁﬁ%?i 8%1%1% @m yn%f/let re;hgélr on
Lett. 1999, 4@nosR6Rrad26kied thithieiventighid deaiibed il Pratieas | Lol Q9. dm.
' Chem. Soc., 115: 7519-7520, Wagner et al. (1995) J. Org. Chem., 60: 5266-5273,
~ Nishino et al. (1996) J. Org. Chem., 61: 7534-7544, Wagner et al, (1996) J. Am.
20  Chem. Soc., 118: 11166-11180, Strachan et al. (1997) J. Am. Chem. Soc., 119: 11191-
11201, and Li et al. (1997) J. Mater. Chem., 7: 1245-1262. These papers describe
various strategies for the synthesis of a number of multiporphyrin (porphyrinic
macrocycle) compounds. More particularly, these papers which focus on light
capture, energy funneling, and optical gating, have led to the preparation of
25  nanostructures containing up to 21 covalently linked porphyrins (Fenyo ef al. (1997)
J. Porphyrins Phthalocyanines, 1: 93-99, Mongin et al. ( 1998) J. Org. Chem., 63: |
5568-5580, Burrell and Officer (1998) Synlett 1297-1307, Mak et al. (1998).Angew.

Chem. Int. Ed. 37: 3020-3023, Nakano et al. .(1998) Angew. Chem. Int. Ed. 37: 3023-

3027, Mak et al. (1999) Chem. Commun., 1085-1086). Two-dimensional

30  architectures, such as molecular squares (Wagner et al. (1998) J. Org. Chem., 63:
5042-5049), T-shapes (Johnson, T. E. (1995), Ph.D. Thesis, Carnegie Mellon
University), and starbursts (Li et al. (1997) J. Mater. Chem., 7: 1245-1262) all




al kyl ethynyl or tetrathiaful val ene-1inked substituents were recently
converted to the corresponding phthal ocyani nes using the Iithiu® pgpt gggide
nmet hod (Terekhov, D. S. 30 et al., J. Og. Chem 1996, 61, 3034-3040; ng,
C et al., J. Chem Soc., Perkin Trans. 2, 1997, 1671-1678). The Shirai shi
met hod and the |ithium pentoxide nethod have both been used to prepared
(por phyrin) 4pht hal ocyani ne and ( por pmifin) spht haI ocyani ne st ar shaped

arrays (Li, ocbmprigéd 8f differentX@valéat§ Tinkdd® SristinRARD 5\1&[3
Org. Chem 1995 64, 9101-9108). For thggmg porphyrln- E ocyam ne

arrays, the Hfﬁnﬂli?-djm pent oxi de nmet hod gave hi gher yiel ds than the Shiraislu
nmet hod. Pd-coupl i 1 hogls ,and , ot her upl i, ds ave heen ysed to

~ prepare porphyri nﬂ%ﬂaﬁé’%@ﬁgﬂﬁﬁé ?Rdc‘f nﬂ@en}o Oléty gpractegs éhe Chem

2000, 5 10, m#iEpdHh naﬂ&&ﬁ@ﬁﬁs%v@been nlvesggﬁ’@ll ms@étag%d@ﬂl%r%l @%@f 1986,

1239; T.-H Tr an T , Phys. Chem ;[ 1989
Tr an- Thi et ir other St@ﬂl%ﬁ@hg/matenalss(sgth e88l (1999 J. &m. Chem. e.'i‘ocalll6 10578hem

A hea®™, JERIT G o (998D ka0 1181 o1 B SR Gr o TR O

al., Chin. J Axh&ke 611041 2 10
16. 97 T.-H Tran- ’-'r’h?‘g""c%?f dlﬂ%hlﬁélhjé‘iveﬂ (4997).)617!«1‘&2” éhe&l‘rﬁgugl]g?%

synt heti c stS‘ﬁcb@/eﬁq{-v@W@s(”P’r& Ghetn, %4 hl;?lamloXehgst al( GlP%)s&rzﬂnh@zem of
por phyrin arh% p%gal{r@?%h?e nononers; (2) conversion of the porphyrin. and

pht hal ocyanine’ nd 'h appropriate netals into triple deckers; (3)

attachnmgot of a sAlhtwdfubof hetk6ds 4re absllabkefdr fiining piithalgcyitnek | gﬁﬁ&eﬁ'eﬁ ker to

an 15 el ectroactlve surface; and (4) the directed self-assenb of "t he

resul ting nrakedie Retnlyss Handbpek; KoM i Smith, K5 Sailarde Ry, Edsgol d

Synthesi s of poﬁ’%.n@%ﬂ. US4 oo VB e AP B T ARl i o o o

one-fl ask symethed (iavellingaboreaoiiod of 1tebbladirile ﬁmmpem@ﬁol(donﬂﬂﬁ%ghﬁﬁuﬁl
(1987) J. 7-836, Li ndsey et al. (1994) J g. Chem 59:

579- 587, H%Pt%ide"gllsl‘géﬂffs oldsst ansthnds forpreparingpiihalogypnines Barrette Br Adr at i on
o 1l 5 4k 8 (LA b 0. SO
(3) A one- f |fal} knte disubespon thé adveny of thoShiraiskisnetkod, Vbhibll Haglgeeh ok for it t he
preparation of phthalocyanines bearing large substituents (Snow, A. W.; Jarvis, N. L.
J. Am. Chem. Soc. 1984, 106, 4706-4711; Okur, A. L. et al., Synth. React. Inorg. Met.-
Org. Chem. 1990, 20, 1399-1412; Rihter, B. D. et al., Photochem. Photobiol. 1992,
20 55, 677-680; Kobayashi, N. ez al., Chem. Letz. 1992, 2031-2034; van Nostrum, C. F.
et al., Angew. C_hem. Int. Ed. Eng. 1994, 33, 2173-2175; Linssen, T. G.et al., J. Chem.
Soc., Chem. Commun. 1995, 103-104; Duro, J. A. et al., Tetrahedron Lett. 1995, 36,
8079-8082; van Nostrum, C. F. et al., J. Am. Chem, Soc. 1995, 117, 9957-9965;
Yilmaz, I; Bekaroglu, O. Chem. Ber. 1996, 129, 967-971; Kimura, M. et al., Chem.
25  Commun. 1997, 1215-1216; Brewis, M. et al., Chem. Eur. J. 1998, 4, 1633-1640;
Kimura, M. et al., Tetrahedron Leti. 1998; 39, 8471-8474; Gonzilez, A. et al.,
Tetrahedron Lett. 1999, 40, 3263-3266). However, phthalonitriles bearing short
alkylethynyl or tetrathiaﬁllvaleneflinked substituents were recently converted to the
corresponding phthalocyanines using the lithium pentoxide method (Terekhov, D. S.
30  etal,J Org. Chem. 1996, 61, 3034-3040; Wang, C. et al., J. Chem. Soc., Perkin
Trans. 2, 1997, 1671-1678). The Shiraishi method and the lithium pentoxide method
have both been used to prepared (porphyrin)sphthalocyanine and _
(porphyrin)gphthalocyanine star-shaped arrays (Li, J.; et al., J. Org. Chem. 1999, 64,




synthesis of porphyrins bearing 2-4 different neso-substituents (Le]e3 p 2004
Lindsey (1994) Tetrahedron 50: 11427-11440, Littler et al. (1999) U vt
Chem 64:1391-1396). 30 (4) A synthesis of trans-substituted porphyr| es
wi t hout acidolytic scranbling (Littler et al. (1999) J. Og.. Chem, 64:
2864-2872). (5) A rational synthesis of porphyrins bearing up to 4
different neso 3 JUL 2004 58 substlg-pents (Lee et al. (1995) Tetrahedron

(&) Efficient é&ﬁ@ﬁﬂa»ivdf Dnerihany 199844 BH-PHDBo: Ysamssphoing 2 h al 35
Clagner ot ol (1oqess Ras, Sl bARIGs Bl Javd HRRARAN Bl g (o)
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g\gmsygggey zted elil,%l:ﬁ- ho thggescrl Pﬁleg{lsb V\g,gg%; etl ;}I A&}QQG) 20 |
119: 1119%-1 1
3996- 39975 Lum)g%%alw&? e aaﬂl\?'gfg?@ S"énbl}g)egzlg’}'?’é 1586, 1%%93& Iét al .

(587 o e o, e
and Li ndsey 1?959%’ q?‘iﬁy%z]g’d%%gl}eghé"hﬁ’?) C%'fmé%mmgnéﬁ%tﬂa; H. TQMS) J.
gq g; \%ﬁegl e?ﬂa.ll ﬁ%&h‘éﬁe@hoz‘_eﬁ:%leé @IJem (13.9995?2 ;g%’oﬁ%g‘igp‘fl 51]5"”3’%’?@??%33672
enbodi ment , é't5ﬁyHy'lrla§tfbgh€ af Cﬂi@hd@&@yﬂm#h&sXaLeetprleﬁ&hed Claesn deepg i bed
:_lnngggg § 5}6 8+I'{/B¥l{m%rﬁ: Q IJJ.%:L' g%%l’ig@’l%ya et aI HOl(ELSSQ) Db;flem
Eur. J. 5@ 2004- ﬁ%ﬁm&m mmﬁb@&a@gyﬁivow@a&%@fb dwmgag T hl(gll: i nkers

3034-3040. 20 Met for sel ectron and mani pul
has been ded¥® B‘%ﬂOfPP angd p aloqyammqnom(zmmsﬁnofﬂmﬁrﬁfmx

rTrgle'eiﬁPteQeis'ss“"&%hﬁﬂaﬁng@'ﬁéﬁﬁésﬁgﬁo% SRR A ISP LA SRR Thi <
appr oach errpladiydmenmfemﬂtﬂﬂ!eEﬂ&k@&&e&@ﬁt]ﬂﬁnﬂh@%ﬂ@'&éﬁt@ﬁi'0“) and

urifjed, and well 25 characterized products. One approach

DT pes 18 s dRiRacve iase: 404 (4)dho ditrored sal assemably of the resuling
nanostructures on the electroactive surface (e.g., gold electrode).
The following synthetic methods form the foundation for the synthesis of
porphyrin building block structures:

(1)  Aroom temperature one-flask synthesis of meso-substituted
20 ' porphyrins (Lindsey et al. (1987) J. Org. Chem. 52: 827-836, Lindsey
et al. (1994) J. Org. Chem. 59: 579-587, Li et al. (1997) Tetrahedron,
53: 12339-12360).
(2)  Incorporation of bulky groups around the porphyrin to achieve
enhanced solubility i;1 organic solvents (Lindsey and Wagner (1989) J.
25 " Org. Chem. 54: 828-836).
(3) A one-flask synthesis of dipyrromethanes, key building blocks in the
synthesis of porphyrins bearing 2-4 different meso-éubsﬁtuents (Lee
and Lmdsey (1994) Tetrahedron 50: 11427-11440, L1ttler et al. (1999)
J. Org Chem. 64: 1391- 1396)
30 4 A synthems of trans-substituted porphyrins without acidolytic
| '  scrambling (Littler ef al. (1999) J. Org. Chem., 64: 2864-2872).
(5)  Arational synthesis of porphyrins bearing up to 4 different meso-



bl ocks"” (e.g., a series of nononeric porphyrinic macrocycles oy §Sg£oq%a§
constituents) that can be linked to the gold substrate that MA|

one of the electrodes in the chip. Preferred nononeric redox-active units
that are prepared have different oxidation potentials that fall in the
range from-0.2 to 1.3 volts. 30 Fbterg%eptic doubl e deckers conprised of
di fferent phthal ocyanine |igands cart e synthesized in several different

ways. One met hod i nvolgyp&ithdifs (1R8&k 40 Py 9of i4l
pht hal ocyani nes (Li2Pc) and L(erZéPCZ) \% th 2 Mahéaﬁr&gggteg{%ﬂsl&g’&fas ’Lu( QAc) 3

at reflux in chl orona t-Bagt leQirg thm 199% 6d; T890a7901xt i stical mi xture of

1 3 JUL 2004 59 d |chthen S
separated chroma gr)a% ]I)(ilm% &Hﬁ%%@?golfs(l(gg%()%ﬁfé) t
515-516). A ste e WathfE |sed of
di ffere)ﬂé p?\t hg\llmoiya@ze ??r;‘?aggiggihfﬂgghgiggﬁer c%? eé@%r oduct
distrib In th agn 0Org.t Cleens ,em:tms-i.’zﬂs Wligﬂdrlé[@ of

L: gPE:I anljonl\/( acgc)Slfl %@aghamlﬂ 2, 4- t @g enzene at re{‘il ux for Iseveral
hours affords the half B‘hj‘@&ﬁp L)@ﬁﬁg )atter is then treated with a
ht halonitrile a ﬁil?b entyl
gl cohol :Jndlar reﬁ%&wﬁéﬁl ‘rsldfﬁkueterlg cﬁﬂx#‘?fé@ oubI l@ﬁu@ %R%Dczgl
gw te stel elcd¢sﬁab9db}a Méaggezeataél(l%(@ggw Chan-gS’ocCWJIIXEINJ&@HB]?g?Sua%%in aﬁfre 10
iang et a nes S
apprgach b8g ]f]‘?%gl?fz ‘gﬂ“tﬁﬁeﬁ% ﬂfﬁ'ﬁtlﬁﬁﬂiﬁ‘;%me&eﬁﬂ%@éﬁ%r@m he

het er ol 8Pt i Soc.,( P 3946289971 0k b 47, 999’%)@ MateRAThehi e7g:1324(§5 2‘9%)1*’&@(‘%'3?9[ on 17:

3903-3908). A ‘di st i nct approach towdrd the synth doubl e
deckers acfli Qﬁbgetéqﬁﬁfdr@eﬁ@c&%\h&%%\ﬁwabyl {994 ot Himo Chemr. §de IVbacac)

th 3 oo i 970 Y WV FRA S B o S a3 it )

enpl oyed mm9awemea+onpsolmzvalmlw er bBal-(1963)J. Bhe. Gk, Ya0; ( Chabach
et al. (1995 J. Am Chem Soc. 117: 853%1 aE&( H%%)erol ptic t@rlple

deckers conp#G6se3pLep e ainGl PP Tetmadesnonnsl: ddﬁ&inldéﬁcﬁm WeS.eyat hksi zed in.
the fol{ow r@m@p [ f free base porphyrinis treated 20 with
M acac) S)nH%'l n 'ég%ft‘s?ﬁ%qétr)réﬁenzene at reflux for several hour s. Then
the dilithium salt aq»fefﬁ’mé&&hb@diﬁl&hﬂ%&ﬁd@?ﬁﬂ%hhﬁe@ﬁﬂ&ﬂlo@ 43 érPi‘ecf?Hfgﬁ

refluxed for alsﬁ!??djltlonal peri.od. Subsequent chromatograp s the

desired (Po® Bo Y f0g, shd-; (Ide Y $/Ghe) H. IMIDQJBOMKBrE HaltengDegt  al
(1998) I nor gindCdy, 11 SAE Wiater Thiem £2000) 10, 283-296, Maya et al. (1999) Chem. Eur. J.

5: 2004-2013, or Terekhov et al. (1996) J. Org. Chem. 61: 3034-3040.
20 Methodology for selection and manipulation of thiol linkers has been
described in Gryko ef al. (1999) J. Org. Chem. 64: 8635-8647.
The synthesis of the molecules that form the basis for the storage molecules is
performed using a modular building block approach. This approach employs a
stepwise synthesis (rather than polymerization) and yields highly purified and well-
25 characterized products. One approach utilizes a series of rqdox-activé “building

blocks” (e.g., a series of monomeric porphyrinic macrocycles or ferrocene

'~ constituents) that can be linked to the gold substrate that will serve as one of the
electrodes in the chip. Preferred monomeric redox-active units that are prepared have
different oxidation potentials that fall in the range from —0.2 o 1.3 volts.

30 Heteroleptic double deckers comprised of different phthalocyanine ligands can .
be synthesized in several different ways. One method involves the reaction of two
different dilithium phthalocyanines (Li;Pc') and (Li;Pc?) with a metal acetate such as
Lu(OAc); at reflux in chloronaphthalene for 1 h, affording a statistical mixture of



53). This is a very general nethod with regards to the nature of the netal
and the 25 substituents on the phthal ocyanine, in spite of the di sird B @004
of products formed, and has been used to prepare a wi de variety of such
triple deckers. Triple decker conplexes with different netals al so can be
prepared in the follow ng manner. Reaction of a (Por)M(Pc) with a
(Por)M2(acac) conplex in 1,2,4- trichl ggobenzene at reflex for eight hours
resulted in ERF;? (Porlg’M (,Pc) I\/Qz(Por) triple 30 decker, with netal

conbi nat i ons@s)LePei PN u@e’)samd (Pch)LE@Pcwhith thends tepamrsll Y (Chabach et

. (1996) A .. Ch t d. Engl . L ,898-899. A te to tripl
Gecker  pht hal SO aIREELLcalty SRR venctl o (L0 Ve ihmcho: Shi 3B o wi th &
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Al t er nat i vel latter is ghendsated withoal Rhtbalovitrileend 1 S diasatrdyoba] 5 0 yndee -l

i f - i-tuted d fording th ymmet ri cal |
Substi { ut ed 9%?@%4%—%&%%}&%%%&?&%sima%%@#q?a@%u%@e%&L on
Lett. 28: A5@c ) AHP0’ i i 1 58¢q. 41518,
I\/gntierth et&jizl-. (199 ta:?glﬁtgiﬁ}ayé?t)aghgﬁl' @1%%27‘)41}1%& %’gﬁr%gtg’tﬁ)?siég%i%’ Og.
Chem 6210 74%is0getad)(1999) % BornipmsunBhthalogyasings 3: 302-3R8). CPhedamegppruache

Schi utor (100 RSP e 350 IR SRR ron M betgtalRlES o 111 pi e

deckers wit h(mp»mpaoﬁmmakferﬁa}ang_@pavpg9bgypoxyﬁefarb@m oskpgyl. The
0

appended groups incl.ude the OW Nng: qui hone attached to a “ zirconium
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Heteroleptic triple deckers comprised of porphyrins and phthalocyanines can
| be synthesized in the foﬂowing' manner. A mixture of free base porphyrin is treated
20  with M(acac)s.nH,0 in 1,2 4-trichlorobenzene at reflux for several hours. Then the
dilithium salt of phthalocyanine (Li,Pc) is added and the mixture is refluxed fof an’
additional period. Subsequent chromatography affords the desired (Por)M(Pc)M(Por)
and (Pc)M(Pc)M(Por) triple deckers (Tiang et al. (1998) Inorg. Chim. Acta, 268; 49-
53). This is a very general method with regards to the nature of the metal and the
25  substituents on the phthalpéyanine, in spite of the distribution of products formed, and
' has been used to prepare a wide variety of such triple deckers.

Triple decker compiexes with different metals also can be prepared in the
following manner. Reaction of a (Por)M'(Pc) with a (Por)M?(acac) complex in 1,2,4-
trichlorobenzene at reflux for eight hours resulted in the (Por)M' (Pc)M?(Por) triple
30 decker, with metal combinations of Ce and Gd, Ce and Lu, Ce and Y, and La and Y
(Chabach et al. (1996) Angew. Chem. Int. Ed. Engl. 35: 898-899, |
A new route to triple decker phthalocyanines involves reaction of a metal or
an alloy with a phthalonitrile. A notable example is provided by the reaction of



C. Characterization of the storage nedia. 25 The storage nedi a rrgl gculiie(=h4
once prepared, can be characterized according to standard nethods well -
known to those of skill in the art. The characterization of multiporphyrin
nanostructures has been described (see, e.g., Strachan et al. (1997) J.
Am Chem Soc., 119: 11191-11201; Wagner et al. (1996) J. Am Chem Soc.,
118: 3996-3997; Li et al. (1997) J. Mf%r. Chem, 7: 1245-1262; 30 Seth et

al . (1996) JBleemwﬂl hthalSaitrile, aﬂ&dﬂnvg]taémaaackes@d)m@cm@oo Uiﬁé&‘)aklet aAm
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reversibility, fgﬂ%fmg@%:ﬂassewﬂoh( 9'7%2%19‘35&5‘%%&?8“ 48554596 Fibhife of

ascert ai ned. e storage ne m nol ecul’es on target
substratds. al (ﬂQﬁA)aTara}zdrmﬂmdﬁﬁidSt& Mhme:ﬂnetaré,e(lmﬂ)dfebiaésdmmﬁml sing the
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engender s selinkssiphny can 56k Rﬁ%&aﬁtﬂ%g@ @Yﬁe%r%hg%e%?ﬁéﬁéﬁﬁk&” Solld

substrates are well "known and have 15 beenh exténsively d (see,

Schick et al (H%IIEQ@)lS@th(%Ci@mEur]fliAZﬂAﬂ%iSSO Mohwal d et al .

1986) Th Solid 4 261- t th tt

O sel 1 assenbl y. A AErbiE ks of finid deckis e nfebfed RineBoml siathe axa.eLQ
sites argsi npanipépir&r THE a&dsgreﬁlmclﬁ@é&fé%néwﬂgnqms&éat&wé@@a The

reactive sites bind to the ol d el ectrodé) surface 20 giving

an or gani zedmmniumbwmmnat(guolam@t al £19963 Avgew GhenpdntoBgr Engd. 3d:t h
thiol- deriv 0 _ or yrlns
arrange in hg? é%séﬂ cng‘g’? ;%g%% a%qfaghﬁésh. &%E{L@Hﬁgwgﬁﬁ%%&%ﬁ) (Es:@(a%v ‘
st orage nol eKalza{1998) Cheml Lad.| WB3veEsAl, porphyrin attached to the porphyrin component of
a (Pc)Eu(Por)Eu(Pc) triple decker (Amold and Jiang (1999) Chem. Lett. 483-484).
20 Using the synthesis strategies exemplified here and in the examples, one of

ordinary skill in the art can routinely produce relatively complex data storage

molecu}es for use in the devices of this invention.

C. Characterization of the storage media.
25 The storage media molecule(s), once prepared, can be characterized
| according to standard methods well known to those of skill in the art. The
characterization of multiporphyrin nanostructures has been described (see, e.g.,
Strachan et ql. (1997) J. Am. Chem. Soc.,-119: 11191-11201; Wagner et al. (1996) J.
~ Am. Chem. Soc., 118: 3996-3997; Li et al. (1997) J. Mater. Chem., 7: 1245-1262;
30 Setheral (1996) J. Am. Chem. Soc., 118:11194-11207; Seth et al. (1994) J. Am.
Chem. Soc., 116: 10578-10592). In a preferred_émbodiment, the electrochemical
studies include cyclic and square-wave voltammetry to establish the redox potentials
of the monomeric and multi-unit constituents of the storage media. Bulk



particularly when bul ky aryl groups are attached to each of the pQ{ ﬁhy_,rlaez
25 VI: Witing to the storage device. In preferred enbodi nents of eJkﬁ] t 004
storage devices of this invention, information is witten to a particular
menory | ocation via application of a potential of the requisite value and
tenporal duration at the appropriate working and reference electrode(s) to
achieve the desired digital value. The_information can be erased via 30
application of a potential of the opposite sign.. There is a great

advant age t oIS @ﬁﬁl‘?aﬁg?@éﬁ% & periorasan each o fhe storags materislsésawessi al |y a
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Since the capacitance of the electrode is directly proportional to its
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tage medium-unc pendarget substratess ol d
el ectrode with 0.1 pm ¢ PRES A SmbotRESts NEY | f . roxi mately
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reason, el ecétorgemedinng aradesigned ta selfSamsermbleton asmbstrate (g, fa raetal such as
determ ni ng [ £ perfor ce of. these devi.ces. The voltage used to
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supply. However, in preferred enbodi nents, the voltage w

from sonmd el E@@r?!@@ﬁlval’y shudied Genieg.chahick et al h889)ol dag EheranSars 14148¢4al ,
opti cal |t et SIS e & LRALF R by £l B-BR 275" The’iiker i n
short, virtually any vQlolexet: conlibicsvet thidtpatia of self-assembly, reactive sites (e. g
thiols) or linkers bearing active sites are incorporated into the storage molecules
(nanostructures). The reactive sites bind to the target (e.g. gold electrode) surface
20  giving an organized self-assembled structure. In the case of porphyrins with thiol- |
derivatized linkers attached to the meso positions, the porphyrins arrange in horizontal
orientations. Non-covalent interactions between storage molecules are typically weak,

particularly when bulky aryl groups are attached to each of the porphyrins.

25 VL Writing to the storage device.
In preferred embodiments of the data storage devices of this invention,

 information is written to a particular memory location via application of a potential of
.the requisite Yalue and temporal duration at the appropriate working and reference
electrode(s) to achieve the desired digital value. The information can be erased via
30  application of a potential of the opposite sign.
There is a great advantage to the small size of each memory element,
which is essentially a modified electrode surface. When each memory element is

reduced to sub-micron dimensions, the area of the surface allows the presence of only



be electrically coupled to the devices of this invention can be used to
wite data to the storage nmedia therein. 25 VI1. Reading fromthé Stblagels
devi ce. The storage device(s) of this invention can be read according to
any of a wide variety of nethods well known to those of ordinary skill in
the art. Essentially any nmethod of detecting the oxidation state of a
conpound can be utilized in the nethoés of this invention. However, where

cor tai n memop 2L fhdd i Ssied 0% Sl widtoohleh, URIRRARGE 3 I, Gy "
reset the ox{wiadre Qeqial the etal dharge ﬁl’e?% 8 InbimbkoMNslédtions per ylebilef Big ed
enbodi nent s ggéghown in Figure 1 and 3 JUL 2004 63 Figure 2, the storage
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by setting the 5 reference el ectrodé negative to the desir ol tage). The
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current at t BRctt6iheirical ekpshaeliddh (s fRlquiredtd Harge b %1%&&'{5 {oliRe ]

reference electrode 103, the neasurenent is not nade at the place the
potential i s2eRsppiaigpotential (e charaing ¢urrent whichhdsartime defiendeniceiofiaxp(-t he

oxi dat i ofn St gh¢ : t | .al r ' t t he el ectr.ode through'

whi ch t hgo cu?;{gm’ bv%‘éée%n%g%&glg%{cgﬁﬁﬁgzeggg& ﬁ%&%{?PW@ﬁPdWﬁ%ced into

the system miniammaméfmhmmeﬁtomeeystezﬂjt@subiﬁcﬂoadhh@am%n;grém |
storage nedia as described herein, the reading of information froma

particul ar nisieERage ity spaedoFor exampls, 8 vgurregeld slestrode with @ lypuydimensiens ng a

i al | used t | i dynani f th
G or age ol ondiid e boppbfile. SPEpriinaBh iy 1B, 1Bateb IS Bl S8 Soiamiel
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Traditionally, 20 el ectrochem cal nethods could only inprove the signal to

noi se raldo Bignificant indsierminips theultimatenerformanpeof thesedevites. backgr ound
conponents in the time ' Iy . 4 cation .0f e _wavef.or (i.e.,
differential pulse pol a’l;ﬁc%é,fsgfs %&éd%‘%t@&@ dafa®ah edenPeLgﬁ“om anyo}amnﬁe

variety of sources. In a simple embodiment, the voltage can simply be the output from

a power supply. However, in preferred embodiments, the voltage will be the output
from some element of an electronic circuit. The voltage can be a signal, the

20  representation of a logic state, the output from a gate, from an optical transducer, from
a central processing unit, and the like. In short, virtually any voltage source that can
be electrically coupled to the devices of this invention can be used to write data to the
storage media therein, |

25 VIL Reading' from the storage device.
The storage device(s) of this invention can be read ‘according to any of

a wide variety of methods well known to those of ordinary skill in the art. Essentially
any method of detecting the oxidation state of a compound can be utilized in the
methods of this invention. However, where the readqut is destructive of the state of

30  the memory cell(s) (e.g. in certain memories), the read will preferably be followed by
arefresh to reset the oxidation state of the storage cell.

In particularly preferred embodiments as shown in Figure 1 and |



square wave voltametry). These nethods discrimnate the faradaic i?&”em
fromthe charging current in the tinme donmain, since charging curren UL 2094
decay much nore rapidly 25 than the faradaic current (exp(-t/RC) vs t'14,
respectively). However, the analytical faradaic current is not totally
discrimnated fromthe charging current, and nost of the signal is

di scarded because sanpling is done |atgsin-the pulse cycle. Mre recently,
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has severely limted, the utility of electrochem

anal ysi s of Rl %ﬁﬂteihmﬁem@es. In contrast, sinusoidal voltametry can
exploit the vast diversity in electron transfer rates observable at solid
el ectrodes (0, the rate of electron-transfer) can vary over ten 15 orders

of magnitude at the Readinghoai thedtorays iriddfs, t o obtain additional :
sel ecti vi tsy in the elegtrochem cal neasurement. The conposition of the
f_requenc} spectrumis el thessepffigrioragqmedia as dessribed berein, theaeddingof
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orage element. The fidelity of the measurement is dependent on how well the

oxidation state of the individual storage element can be determined. Traditionally,

20  electrochemical methods could only improve the signal to noise ratio by
discriminating the faradaic signal from the background components in the time
domain through application of pulse waveforms (i.e,, differential pulse polarography,
square wave voltammetry). These methods discriminate the faradaic current from the
charging cmmt in the time domain, since charging currents decay much more rapidly

25 than the faradaic current (exp(-t/RC) vs t'2, respectively). However, the analytical

| " faradaic current is not totally discriminated from the charging current, and most of the
signal is discarded because sampling is done late in the pulse cycle. |
‘ More recently, sinusoidal voltammetry (SV) has been shown to have
significant advantages over traditional waveforms in an electrochemical experiment

30 (Singhal and Kuhr (1997) Anal. Chem., 69: 1662-1668. For example, the backgroﬁnd

current resulting from cyclic voltammetry-(consisting primarily of charging current) |
- resembles a square wave, which containg significant intensity at both fundamental and

odd harmonic frequencies. In contrast, the charging current resulting from sine wave



very simlar electrochem cal properties. For exanple, this technique has
been used for the detection of the direct oxidation of doubl e-st%gng%.w .
at copper electrodes (Singhal and Kuhr (1997) Anal. Chem, 69: 1662-1668)"
Where this is usually undetectable at conventional electrodes with
standard vol tammetric techniques, the 25 use of sinusoidal voltametry

al l oned the neasurenent of 1.0 nM doubée-stranded DNA. The concentration
detection | idxeita ' j dNRréd att m’e Is 3.2
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nol ecul ar neghatdign:. As indi cated above, the nol ecular menory devices can be

read by any 5 of a wide variety of electrochenical technologies including
anperonetric nethods Simcgmashelectrachpmicahniethoyls rely oh dififdrences between she €. g
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can be performed in the time and/or frequency domain, “In one preferred
enbodi nent , and4beraby tosgeneraimibe iselaetivitysion theeméasurement, tthis han sevately himitadmet r y
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in Figure 16, a gotentiosta_t_ with an time constant” | ess than one
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exci tati on stheskttroéchencad maahaemesnthi ft bet ween voltage and current. This

rephasi ng of the excitation signal .
The composition of the frequency spectrum is extremely dependent on

D

the rate of electron transfer. By adjusting the frequency of the sinusoidal (or other
time-varying) excitation waveform, it becomes possible to use this kinetic information

20  as well as the phase information to discriminate between two molecules which have
very similar electrochemical properties. For example, this technique has been tised for
the detection of the direct oxidation of double-stranded DNA at copper electrodes
(Singhal and Kubr (1997) dnal. Chem., 69: 1662-1668). Where this is usually
undetectable at conventional electrodes with standard voltammetric t_echniqﬁes, the

25  use of sinusoidal voltammetry allowed the measurement of 1.0 nM double-stranded
DNA. The concentration detection limit (S/N=3) for this size of dsDNA at the 6th
harmonic is 3.2 pM. When coupled with a low-volume system, such as a monolayer
of the adsorbed material, this allows detection of sub-zeptomole (107! mole)
quantities of the storage medium molecule(s) on the surface. _

30 This procedure may ultimately degrade the memory in the absence of
arefresh mechanism. The level of degradation will depend on the total number of

~ molecules ultimately used to ensure acceptable fault tolerance. To avoid degradation

problems, hoWever, a refresh cycle (a write cycle resetting the memory to the read



20 immedi ately before the working el ectrode cancels out any phase ShiMaL
whi ch~m ght be introduced by capacitance in the cabl e |eading frclm'jt 2004
Arbitrary Waveform Synthesizer (AWS) function generator. An inportant part
of the current nonitor is a w de band op-anp. By using an op-anp with a
very w de gai n-bandw dth product, the anplifier gain can be set to 10, 000
and still retain a bandw dth usable frgnDC to 25 above 1 MHz. This all ows
the collectio oJ | npedance .datg, fromelectrodes as small as a 1 mdisk
over a frequgﬁ%\? ?@[%e“q pmedigiely after ageh read) qycle isicemplete. he st or age
device in conputer systens. The use of the storage devices of this
I nvention in conputer systens is 30 contenplated. One such conputer system
is illustrated in Bilnstramehtatincfoe @ olé&atarimegpil. Sour ce
(e.g.110 device or CPU), a  storage device of this rnventron, and
appropriate circuitry (1%9.&ﬁ%ﬁﬂ@g%@mlep@mmwwdeﬂmwhermm@ of
the storage &fg g{g@yl LCE .at 4 . VOl t ages representing
the bits to be g%grd‘éd ar%pgg%tfhl%leiglﬁ%l {eﬁ"eﬁ%’?%ﬁiﬂ%‘d&wﬁ%@lﬁm{mﬁ or age
devi ce t her efyg.sbranoapetometmyimonlonWisometiods .gﬂchrd')rﬁ)cﬂﬁl%ﬁﬁﬁgz,y (e.g. for

e dévice is read

out put, or fgrli%ker rocgﬁsc'#g{g) he state(s) of the storag

by the 110 cf PeUTLFYe PH CBn FIBCARTYESA VeSameydeyslit voBammietry, milsnent s

(e.g. 5 CPU) vbltanhid | d, .kl 18 i}l ustrate the nenory
ol SRR B0 L bl il

devices of this invention integrate Pchitecture
or conput er HEpasusemans and thelike Suslareadoits sysheperffhed e tHedRSe ndi6OCESSOr

(CPU) ZOﬁ{ a rgy 06. (which can conprise nol ecul ar nmenory devices), a
persi sten s%zoﬁlai% Q i ch does 10 conprise nol ecul ar nenory devi ces of

Lhis Lovention. and, natsuas frotafednilaRhkg Headdit Hf adohBHLAGSLEY ” 20

coupl ed by alocal bus or interface 210. e persiste can

i ncl ude the PRIFRRASIEYOKHBMSY SysterguSurha: sySipat mreaihle ofweadiap e briting She de

addi ti onal not shown stem 200 can be, for exanple,
a personal %%ﬂ?#?ﬁﬁg%%%fésmnﬁ%e%Sﬁ%ﬁswgn@mbggodfﬁgdmgm e,
a ni cropr oceptotypicalalstam deberibaIBE1.S AR 5%50,08¢Nt | UNTM ni cr opr ocessor,
made by Hﬂel Corp. (Santa Clara, Calif.). Menbry 206 can include, for

exanpl e, *r andom access A«Péﬂﬂﬁt;ﬂtf(d:inl\@igu a pnteptiosatowith (iRBX) time Coristang|

nccessi bl'e bmen BREREdyRlooRT SRbufEd BV oty 8 st SR e (3 uceces i

di sk, a f I oppyplifier). A preferred video buffer amplifier retains a usable bandwidth beyond 20
MHz and is used to rephase the voltage and current in the excitation signal to zero
phase shift between voltage and current. This rephasing of the excitation signal

20  immediately before the working electrode cancels out any phase shift which might be
introduced by capacitance in the cable leading from the Arbitrary Waveform
Synthesizer (AWS) function generator. An important pan of the current monitor is a
w_ide band op-amp. By using an op-amp with a very wide gain-bandwidth product, thé
amplifier gain can be set to 10,000 and still retain a bandwidth usable from DC to

25  above 1 MHz. This allows the collection of impedance data from electrodes as small
asal um disk over a frequency rangé. from 15 kHz to 5 MHz.

YIII. Use of the Storage device in computer systems.

The use of the storage devices of this invention in computer systems is
30 | contemplated. One such computer system is illustrated in Figure 17. The computer
comprises a signal source (e.g. 110 device or CPU), a storage device of this invention,

and appropriate circuitry (e.g. voltammetry circuitry) to read the state(s) of the storage



20 di sk, an optical or magneto-optical disk, a nolecular nmenory or any
other persistent storage medium GU 220 facilitates conmunicat] @ngijl 2004
bet ween a user and system 200. |Its hardware includes a visual display 221
and a sel ector device (nouse, keyboard, etc) 222. Through visual display
221, system 200 can deliver graphical and textual output to the user. From
sel ector device 222, system 200 can reffei ve inputs indicating 25 the user's
sel ection of dpdéd. € tioh. Re i : : papl ay 221
can include, for ex?rr%lﬁe(\,j-ﬂ'g gﬁéﬁ%??%ﬁ%? Etg{&falr%f%@sggﬁhﬁi spl ay

screen, or Workdngelsemedesof thestorage devide therehy setting thie nmeadryt Wheih sqttieval |

Sel devj b f | . - di ' | I nji ) [
such as a moldEoRsay & fot Pt or BN proeeing) 5B of 8 puciedevisi s e
like. Al terndalb9lthe PIO aigtsbitry SiPibe¥nfofRAtRS 8 basied b é&e?gxggﬁe@ (s.gcl ude a

keyboard, such as an al phanuneric keyboard with function

cur sor - cont r P éythe cpmputess t war e of system 200 i ncl udes an operating
system 250 and an , appld.cati rQqr a .. The softwarge of system 200 can
further include additidigereds ﬁ&s&ﬁ%@f’wﬁ%ﬁﬁ}eemw VISS? SIS not
shown) . Qper piveftorbivitdgeited o & Mandd chRpulRK Aehitesturk BE coltbeter§Riem $00.

W ndowsTM 95 operating systemfor | BM PC and conpati bl eIMcorrp%{tgtIaers qhavi ng

OL enul at i ngmhh@ﬂwsmau’@ys@mm,indudmm?w@ 6§§mmﬁmiﬁht mﬁ'(awhiTlBI yl,
ronory 5. ol i RS AR SBES o8, A BreldB Abtadf 2 tich Bl 0y Thl e

Wi th t hel®pecatprie molesiianmandrsdsicio? s ﬁweﬂiﬁdn?ﬁﬁdlﬁ&dwa%ffﬁﬂﬁgrwﬂﬁicﬁlki I in
W

the art will appreciate that a wde range of hardware and soffware
confi gur at i oleer afprface (S84 220, coupled binadeeal busemisterface 21k The persistent nvent i on

oreater dot aieiiory FPECRORLERE R mdRGuRL SRS MR Rl B0 RREe |
Synt hesi s. ofnchidealdiiohaiinidvwaze compomints (nBpshox).i ni ¢ Tri pl e- Decker

Sandwi ch Conpl exes 15 for Multi-Bit Ml ecular Information Storage |In these
exanpl es, the synt hesi SYsem309canybe; for sxyuple, aprsengl epspter orworkstation.

pht hal ocygani | ! | f Il e- decker
Pui 'di ngt> bl SRELRELS HAPHE for RaBpl, RopibpliBRehl, Ath aff Bhot, so4gely

prepar ed. TwBemtfum™emicroprbesssor, made by Intel Corp. (Santa Clara, Calif.). Memory 206

can include, for example, random-access memory (RAM), read-only memory (ROM),

virtual memory, molecular memory or any other working storage medium or media
accessible by processor 205. Pérsistent storage 208 can include a hard disk, a floppy
20  disk, an optical or magneto-optical disk, a molecnlar memory or any other persistent
storage medium. GUI 220 facilitates communications between a user and system 200.
Its hardware includes a visual display 221 and a selector device (mouse, keyboard,
etc.) 222. Through visual display 221, system 200 can deliver graphical and textual
output to the user. From selector device 222, system 200 can receive inputs indicating
25  the user’s selection of particular windows, menus, and menu items. Visual display
221 can include, for example, a cathode-ray tube (CRT) or flat-panel display screen,
or a head-mounted display such as a virtual reality displéy. Selector device 222 can
be, for example, a two-dimensional pointing device such as a mouse, a trackball, a
track pad, a stylus, a joystick, or the like. Alternatively or additionally, selector device
30 222 can include a keyboard, such as an alphanumeric keyboard with function and
cursor-control keys. | | _ ‘
The software of system 200 includes an operating system 250 and an
application program 260. The software of system 200 can further include additional



decker buil ding blocks were joined to afford an S-acetylthio derivatized
dyad eof 20 triple-deckers. Al of the sandw ch conpl exes prepared ?erUng 2004
europiumas the coordination netals. Results and Di scussion

Por phyri n- pht hal ocyani ne tri pl e-decker buil ding blocks. In order to 25 '
prepare triple-decker conpl exes for attachnent to an el ectroactive surface,
provi sions nust be nmade for incorporagjon of a thiol-derivatized |inker.

In order to prelEFgge nol ecul ar architectures wherein nultiple triple
deckers are PBPHAHOR pIRArHas (nohshown) (Aperating-eysicen?®l canhepfor skamplenthet be

made for inces AR Wi e by I ple deckers. In
principle thghsﬁ{sgl | | nEer sangsgﬁgg‘%ﬁﬁteeﬁﬁ?rmégﬂawaa © QIR YEBened
to the por phhevingor embiating el 30386,80486, 67 Meniidin ™ SrockdsBlse AURTS RS _{Because
the synthetic chem sss?r% of ﬁorﬁigﬁée{ﬁ) i's much better devel oped t%an t hat
of pht hal ocJRFEHRE SYsiqm gan.bessne T epeseion wilizing meleculaemenosit r uct ed
around sugta \i i | en vel. d. To.,avoid
iy rot at onslacain ASpIGRRN o il 360 3ty pp e Pr BEbafE T Bt prcitcie

functi onal i zeystgoapéyystern 200 arwhitedture fPezsobe of ekill iNtHeRet WilPappreilts tiaed of one

por phyrin and.two pht hal gcyani nes_have been prepared. Two i soners of such
atriple dec%ﬁ&"@fl Bg@ﬁﬁ@ aegﬁ%ﬂwegommnsm@mmomc Bystans and ocat ed in

the mddle o g#w*&ﬁt: s 3 . ater yield of the
triple decke?ﬁ%ﬁ%ﬁﬁ%g% yri n&gﬁ’%g&eﬁ”@%ﬁ?@ ‘ﬁg?/\n ch (i.e.,

(Pc) M Pc) M Por) ) , Theipeeseytrinventios isssxplainedlin gebatds detatlth btk BHowinagles- of this
gener al jype iﬁ}x bgen ursued. The harsh nature of the reaction conditions
for formng %aﬁ?% & s precl udes incorporation of a protected thiol
unit or other sensitive groups in the porphyrin nononer prior to formng
the triple decker. Thus, the preparation of triple 10 deckers bearing an

i odo group or an ethynyl group, or bEXAMPLElo and an ethynyl group, has

been a focus. These sygtheti.c dl es _prgvi t he opportunity for
el aboration of the tr?lgrlg@%wm{?gﬁﬁf’gﬂg?dﬁ?@l’ ‘HP%"RBY@EEYM arrays or
for attachnment of thiol Iinmlﬂe_p'gb@ermawm@oﬁ#géﬂgng bl ocks to be used

I n prepaying the correspondi ngﬂtri pl e- decker burFFding bl ocks are shown in
Figure 1% 15 The gener al fgrMultiBitdMpleculpr InformmagoniStexhge

por phyri n- pht hal o | ] apl.exes. i.avol ves .refl uxj ng the
porphyrin with exgglgé%ggﬁ#gwﬁ%ﬁ%?oﬁfem{ﬂﬂ ?ﬂV&Pﬁ%{aPPZB]E‘ﬂGm, ~af f or di ng,
the (pozphyr phihiloeymide triptedazker theletid¥sisl dBIribEE A set of triple-decker building
blocks bearing trimethylsilyl and/or iodo groups was also prepared. Two of the triple-
decker building blocks were joined to afford an S-acetylthio derivatized dyad of |

20 qiple-deckers. All of the sandwich complexes prepared employ europium as the
coordination metals.

Reshlts and Discussion
Porphyrin-phthalocyanine triple-decker building blocks. In order to
25  prepare triple-decker complexes for attachment to an electroactive surface, provisions
must be made for incorporation of a thiol-derivatized linker, In order to prepare
molecular architectures wherein multiple triple deckers are joined together in a
controlled manner, provisions must be made for incorporating synthetic handles on
" the triple deckers. In principle the thiol linker and the synthetic handles could be
30 fastened to the porphyrin or the phthalocyanine unit in the triple deckers. Because the
synthetic chemistry of porphyrins is much better developed than that of
phthalocyanines, friple decker building blocks that are constructed around suitébly
functionalized porphyrins have been developed. To avoid any rotational isomers that




addition of dilithium phthal ocyanine (Li2Pc) with continued refl ux.
However, quite different product distributions have been obtai Heé Morzﬂﬂlf
reaction under rather simlar 20 conditions. These include (Por)MPc) as
the sol e product (Chabach, D. et al., J Am Chem Soc. 1995, 117,

8548- 8556), (Por)MPc)M Pc) as the sole product (Mussavi, M et al.,

| norg. Chem 1986, 25, 2107-2108), Li[$®Pc)MPor)J as the main product
(Jiang, J. eqmigdtaccred i B3 ek o i ng
(Por) M Pc) I\/(Po% and %WP%W%%ﬁg%%bach?ﬁgﬁegﬁlgﬁ , rd\}vélgé."ﬂ'é(}fhem
1992, 16, 25 aanpries)f oneporphyriuandstwaplitbalocyanines hpwg been préfaved. WAz ) M Por )

GRS ET A CAETEAT e  C
et al., .1nOfgdatei e nGHR o 80Be end BBthet@ndiwikh. haiﬁeﬁjﬂhé tgféa'é&f;yi?ﬂof)fhet he

products appears to depend rather strongly on the nature o e netal as

wel | asdtﬁﬁ triple I d¢0kaevr\]mh therporphorimeny tbcym:l elﬁthe%n«i:lwieht(imr@cM(Pc)M(Por))F]

5-(4-i -15- yl-10. 2Q- di,( p- [ | PT-. P i :
oo ot et sk BRr ble deciedctlatk Ges ok B Reerabe g et B1sbidh o ng
(Por) Eu(acac) .  Tr hb haah nithrd di¥hd flabtiin diriditios 26 deckeze cont ai ni ng

(I PT- Por) Eu( Pcz Eu(l PT-Por), (Pc)Bu(l PT-Por) E( Pcl';:tjo (PcC thlBI(EPc) Eu(I PT-Por) as
wel | as 1 3 precludegincaporation ots prstectbthinl unitor pther sensitiverrpEps(iPthe ( Fi gur e

a1 or di g bahtreRagiehante o h sl BRJRDR Eher! aisafe sropBefibeet Bl

t ami npg eddud i i band
L o g

(Pc) Eu( | PT- Pevoppy idsdeen  facys.3These pyythefichandigsimeavide the qppartunityifor and

one’ SEC col urbaths Bt ERe phleBSimBltits bl inBleof rda ¥ aB005° 07 PO

-

colum of battathéheaf 6fthide tinkers.eTH il FBLoCRs fo behlyed i kel ds
were as follows: (].PT-Por)Eu(Pc)Eu(JPT-Por) (17%, (PC) Eu(lPT-Por)Eu(Pc)
(1%, and 10°QUERsp Srmie-feckeriilding blorks ap shewn enBlgmre d%e sonewhat

pRing

(1T Por [ Eu( Po) eut Ppyalaprfihafe for Sidhichd MU borSraMAlGlatlsg 7 0o ¢ oo
by Jiang et sdndwliclr cdnislexeaiimvolvesdefiixing thelperpleinkeith exoess M(acab)ntherinor e,
o Lion (o F Bl e ke Rorpek, (eSO G Lo P e 5o
though in rebaditidebyditifittn phtidlocyanine (LizPc) with continued reflux. However, quite

different product distributions have been obtained upon reaction under rather similar

- 20  conditions. These iﬁclude (Por)M(Pc) as the sole product (Chabach, D. et al., J. Am.
Chem. Soc. 1995, 117, 8548-8556), (Por)M(Pc)M(Pc) as the sole product (Moussavi,
-~ M. et al., Inorg. Chem. 1986, 25, 2107-2108), Li[(Pc)M(Por)] as the main product
(Jiang, J. et al., Chem. Ber. 1996, 129, 933-936), products including
(Por)M(Pc)M(Por) and (P)M(Por)M(Pc) (Chabach, D. et al., New J. Chem. 1992, 16,
25  431-433), and products including (Por)M(Pc), (Por)M(Pc)M(Por) and '

(Por)M(Pc)M(Pc) with the latier two kinds of compounds as the main products (Jiang,

J. et al., Inorg. Chim. Acta 1997, 255, 59-64; Jiang, J. et al., Inorg. Chim. Acta 1998,

268, 49-53). The distribution of thé products appears to depend rather strongly on the

nature of the metal as well as the substituents on the macrocycles.
30 ' Treatment of 5-(4-iodophenyl)-15-phenyl-10,20-di(p-tolyD)porphyrin (IPT-
~ Por) with excess Eu(acac);nH,0 in 1,2,4-trichlorobenzene afforded the corresponding
(Por)Eu(acac). Treatment of the latter with Li;Pc gave' a mixture containing (IPT-
Por)Eu(Pc)Eu(IPT-Por), (Pe)Eu(IPT-Por)Eu(Pc), (Pc)Eu(Pc)Eu(IPT-Por) as well as



The sane reaction conditions were enployed with three other porphﬁaées and
anal ogous product distributions. were obtained. The results conce nﬂﬂtﬁ@94
i solated vyields of triple deckers fromeach reaction are summarized in
Table 3. In each case no deconposition of the synthetic handles (iodo,
TV5- et hyne) was noticed. The 20 stability of the trinethylsilylethynyl

group to these reaction conditions. wagqsurprising, given the lability of

%9 !
ot a5 e BRI i % Re) e 207 The pRmeonld be f or ded 8

nurmber of bui Batkd by | i ;ﬁﬂ&gm e tructure
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70 i P B r (ISR '

BT Por 170496 406 £ Ber o Rob Lo SAPPRY el 30 (POl P TR Thand oo 5
;abl te 3. Yi eH&@éKf@)Eu@;é{tapgfmlumm].! BRither muﬁﬁkalimdﬂt}augmuwﬁs@gég?wi ns1
eactions wer  med_using ar . es c conponent per

mol of por phyrﬁ? EEEYCIB, %%a&%F‘gP‘&Ta@]L'gfégué’gg@mPpﬁe Aaﬂ%hggi@ﬁa miﬂgnyri n.
Synt hesi s of of bami 4 Mrdv@puré@c)ﬂﬁtlBH)E?QIPT%WM%&Q&@?%%%AQ\QE%@?O S’;s:t he

- conpl exes. F&&’T plications in nolecular infformation s

triple- deck WReFEuRIrPasp (k%) PRBufBT Por)BuPd)i(0%)  dnde naterial such

I 0 ' | ol tecti t hat cl d
" ot o ARERETRAR A5 TR ol i ke i Bosesdismna | y
for attachmestalgiuprarthéughi th isokesipyislads (IFICP OB (PBEu[IPEPodlwas J- O 0

Chem 1999, 64, 8 gﬁ 647). Two di fferent approaches for I'ntroducing the
S-acetyl t hi 05@5&5‘% hiosver Henithe §0°6 repasted bydiangen ol. ontbe sema kindofitripled.

decker complex. Furthermore, in addition to triple-decker complex
(Pc)Eu(Pc)Eu(IPT-Por), we also isolated the isomeric triple-decker complex
15 (Pc)Eu(IPT-Por)Eu(Pc), though in relatively low yield.

The same reaction conditions were employed with three other porphyrins and
analogous product distributions were obtained. The resulis concerning the isolated
yields of triple deckers from each reaction are summarized in Table 3. In each case
no decomposition of the synthetic handles (iodo, TMS-ethyne) was noticed. The

20  stability of the tximethylsilylethynyl group to these reaction conditions was surprising,
given the lability of the TMS group toward base even under very mild conditions
(Wagner, R. W. et ql., J. Am. Chem. Soc. 1996, 118, 11166-11 180). This approach
afforded a number of building block triple-decker complexes of general structure
(Pc)Eu(Pc)Eu(Por) as shown in Figure 21. Deprotection’ of the TMS-ethynyl group

25 of'the triple deckers (Pc)Bu(Pc)Bu(ET-Por) and (Pc)Eu(Pc)Eu(EB-Por) aﬂ'ordéd the
corresponding ethynyl triple deckers (Pc)Eu(Pc)Eu(E'T-Por) and (Pc)Eu(Pc)Bu(E'B-
Por), respectively. _ '

-

D,




In one case, the iodo-substituted triple decker (Pc)Eu(Pc)Eu(lPT- Por? d
4- 15 ethynyl -1- (S acetyl t hi o) benzene were coupl ed under Pd- nedi dt ddl. 2004
coupling conditions (Pd(PPh3)2Cl2, Cul) in the presence of the base

N, N-di i sopropyl et hyl am ne (Figure 22). Because the S-acetylthio group
under goes cl eavage in the presence of sone of the bases (diethylan ne,
triethylanne) commonly used in Pd-coupting reactions,

N, N-di i sopro {4 ’ - : "> . N J. Og.
Chem 1997, %ﬁ%ﬁ%@iﬁfﬁﬁﬁﬁgﬁﬁ%%@SRMn t he
reaction m . .uri?a;iu.d‘vgiuﬂﬁn it ifed
s-(acetynhﬁ_da.ua; ufPor) E i E  mild
condi ti ons {HT-POI ni ng W7o and et hynyl%substituted pot4yrin _ buil dj ng

bl ocks unde[ EPeParoupl i{®f%eact i ons (PHD(&a) 3, AsPh3 109.1% i -0 25
t ol yl phosphj BB}Pdrave hoet, devel oped t hajgspvol d use of| gogper co-cat ) ysts.
Copper accPIRT-PHES Pq-1owgli at ed couplf fGefeacti ons bufggast pe omttled in
t he synt hesiIS of — murtTrporphyrimarrays conprised—of—freebase—porplyri ns

in order to Jis |14 ' R . W.,et al.. J. . .Og.
chom 1o05” TR Y45 0 5.5 g f o o
1999, 10, 2p74-2983). Due to the stron coordi nati on of the |anthanide
triple-decker conpl exes, the usual side-products 13 JUL 2004 71 resulting
from copper net al 8ynthresisnf thiehdemdvstizetiporphydn-phithslseeabndripledeadr cl ean

copper-free products re obtained ip the presence of copper salts during
t he Pd- coup&?ﬂ@ﬁ‘%‘aﬁ@ﬁ?&%ﬁsgb@ﬂ u @gqmaﬁenémsmemeﬁaéhq tiipleed triple

deck P . ' - S '
Coupl ed untiesen bt et b2 aithtid AR EreradHOE Ml BLASHESUNRES | )
et e T At oy A Lol ol rodurion s0d1 gEH, e enat * hat
pr (F;S uct , fd;ndgn;g&g 145 #gmfﬁtgg’edﬁiﬁ’rﬁsﬂ%@egr ﬂﬂ@i‘@@ﬂ%@@@ﬁﬁﬁ‘f PRROUD:

Exani nati on (Gfykb/®. Tagel, AGR @%kﬂmsms%msxsrsm qfxvotdiﬁ‘eféﬁf‘%ggéagﬁgst ion

m xture reveal ed two 10 dom nant peaks {nlz 2179, 2287) ‘corre nding to an

unknown specfasdntsodncingthe §acttylhiogrounintq the dpleaicckerinpcle@ohaveibeen

chr omat ograpgy 1&Iforded the two separate species. 1H NMR anal ysis of the

fornmer speci P 39'ea| ed a sharp singlet (2.86 ppm 3H) consistent with an

acetyl noiety. Thifosd&ae ke itRAS-saBStitERA %if1e d Pﬂep yye of

the et hynbyl -substituted triple decker st aét i %%@P?QF%L hi s (ﬁsryﬁiéd%eact I on
1 ethynyl-1-(S-acetylthio)benzene were coupled under Pd-mediated coupling conditions

(Pd(PPh3)2Clz, Cul) in the presence of the base N,N-diisopropylethylamine (Figure
22). Because the S-acetylthio group undergoes cleavage in the presence of some of

the bases (diethylamine, triethylamine) commonly used in Pd—coupliﬁg reactions,
N,N-diisopropylethylamine was used (Pearson, D. L.; Tour, J. M. J. Org. Chem. 1997, {
20  62,103076-1387), and no cleavage product was found in the reaction mixture.
Purification via two silica columns gave the desired S-(acetylthio)-derivatized triple-
decker 1 in 50% yield.
Previously, mild conditions for joining iodo and ethynyl-substituted porphyrin
building blocks under Pd-coupling reactions (Pdx(dba)s, AsPh; or tri-o- '
25  tolylphosphine) have been developed that avoid use of copper co-catalysts. Copper
accelerates Pd-mediated coupling reactions but must be omitted in the synthesis of
multiporphyrin arrays comprised of free base porphyrins in order to avoid
adventitious metalation (Wagner, R. W. et al., J. Org. Chem. 1995, 60, 5266-5273;
Wagner, R. W. et al. Chem. Mater. 1999, 10, 2974-2983). Due to the strong
30  coordination of the lanthanide triple-decker complexes, the usual side-products



15 is ascribed to the acetylation by 4-iodo-I|-(S-acetylthio)benzene (or W9
product derived therefron) of the ethynyl group attached to the 173 Jul 2004
triple-decker conplex. The desired S- acetylthio derivatized triple-decker

2 was obtained in 19%yield, which is quite |low conpared with the typical
yield (50 - 60% in the reaction between two porphyrin nononmers under the
sane conditions. The sinplest way to a Pid formng the 20 acetylated triple
decker by-product is to enploy an iodo-"rather than ethynyl- substituted
triple-dec kerr"?}’gqﬁﬂ om copprsgacialation oopisinetylationyareshat eapédtedo| Indked] sk zed

dyad of triplegesdecker S f thiol-derivagized triple deckers for
i nf or mati on s‘?gggge FF? 8‘\1/%}2‘2 hOZ)t %ﬁmﬁey"? BI.%ﬂPé’é’é%altF gurngthe Pdni c
states, ther edoyplidgorehdtibnt W0 bits of information. In 25 order to store
additional information in one nmenory storage |ocation, two different

triple deckers caﬁnﬁée@ﬁélwﬁ@lmmlﬁmﬁm&@hM{éWc)Bn(Ba)Eﬁ@BPg}) each
Cher eby. stor (g Hble-(SHIP SRR ire SSPIod vt She Bobeapplingepnciianse
deckers can HRdj(dtemy, pidoatbBlplospline) m@f&?ﬁ%\? éﬁ%ﬁ’g}?ﬁ?bﬂ;ﬂ?gﬁsﬁﬁe at

| east two advygntages of incorporating nmu active in a
nol ecul ar ar ﬁ&tﬁgﬂtm@nfb&‘)cm@ o faelitatecheme-caupling deadingdo tise hutadiyed-i on of
iR

i nformation L I ' Ly starage cell .S hot subject to
fractionati oﬁnl e'F‘?g@g g&aéﬂr#“gﬁ? H(?@?Hiﬁ%%m%a&@ %’éﬁ?ﬁe(‘}ﬁn Fops. Fxamipagion of
mol ecul es of ofittieflesee desoptivesmads2peckien PO b rdH6H nﬁﬁ%&é@é&iéd“ﬁ/]pum ts in

a verticagl 13, JUL 2004 72 stack enables a higher concentration o
r edox- ac?bve%%ﬁ? /22139y 238N gereesperding tooml ihkibowp spexidsiand theon

co-deposi ti org, ' odid| er | l.zed ool ecyl each bearing one
redox-active Sﬂ{etd%iréla a ’#oéﬁc?f}g‘&ef. el?%“g“ﬁlxéé‘ﬁg@éé?ﬁ%‘éyea@%@a@ﬁéﬂg S¢nagate
synt hesi s of SnemﬁsadeﬁWéqﬂwiMﬁefmbﬁspeﬁeﬁwwé&ﬂﬁﬁrp SingWP(X gy hsa, Lo the
desired dyadsz_]ée re%\dil ..envi saged., In_one route, an S ’ _
(acetyl t hi o) “SHEUEgteRt RSB mgiety .« Rhisispecies AsAgsigned-o an acetylated

I odo/ TV5- et hdenvative bP R i e . .
S-(acetyl thig)-derivati Jed &t ﬁi;/bns?td?t i EF%%%%%@EX%E@C@{Y siderrection; odo
triple dé€keds asuibed todbe avetylationchycd sodokie(Seacetydibic)berizehe (o Braduyt Bkived Ne
earliest sta heti c_pl an. conpl ementary route begins with
coupl i ng 10%%#)2&@%%3’?%%@8’ %&E&érm%"f’ frsommea yTherdesinedSdecker
to make a dyacketfitid aueehtiyd fifFe-abgay 2 ﬁ'g“ﬂ'é HAi M i Ss
(acetylthio)- Sliitl)st I tut edl | 0odo .benzeng&s'?' e gtﬁtﬂeér%%ég@’e%lglﬁllrsﬁa_fsé%wt he
thi ol " 1i nker PHPIRA® withdhe typigal wield (36 ~s80%)in thereaction between two porphyrin
- monomers under the same conditions. The simplest way to avoid forming fhe | |
20  acetylated triple decker by-product is to employ an iodo- rather than ethynyl-

substituted triple-decker complex.

Sonogashira codpﬂng to yield a thiol-derivatized dyad of triple-deckers.
The use of thiol-deﬁvatized triple deckers for information storage provides the |

opportunity to access four cationic states, thereby storing two bits of information. In

25  order to store additional info_n:_naﬁon in one memory storage location, two different
triple deckers can b‘e employed where the four oxidation potentials of each are
intgrleaved in a comb-like manner, accessing eight cationic states and thereby storing
three bits of information. Alternatively, two triple deckers can be incorporated in one
molecular architecture. There are at least two advantages’ of incorporating multiple

30 ~ redox-active groups in a molecular architecture. (1) The deposition of a

~ homogeneous population of information storage molecules in 2 memory storage ceil

is not subject to fractionation effects as might occur with co-deposition of a mixture
of molecules of different types. (2) The positioning of redox-active units in a vertical'



plan, and is attractive in mnimzing handling of the S -(acetyl -Erﬁsﬁa(‘éggg
t hi ophenol noiety. This latter route was used in the follow ng syhthesis.
15 Treatnment of triple-decker (Pc)Eu(Pc)Eu(lET-Por) with (Pc)Eu(Pc)EUu(E T
Por) under Pd-nedi ated coupling conditions (Pd(PPh3)2Cl12, Cul) afforded the
desired ethyne-linked dyad along with a butadi yne-Ilinked dyad (Fi gure
24A). The two dyads were easily separgted fromthe other conponents of the

reaction m x : . al t
et hyne- | | nke%twé‘)efggwﬁ gg’%bﬁg‘g%?g%?“fﬁe‘{f rétohCiRy "5&3%%&%2‘ SvdlliRetian,  The
m xture of dweuld bagesdiblempon eaidepbsytidnof2GaRtire of kidaMéerivatiged mbleehley! si | vl

group. The SUbﬁS uent coupling with,4-iodo-I-(S- acetylthio)benzene
af f or ded t he®3C8 PFEUENNS IRICXTRCAVEUBL 4 2 mpmolaysk e T EXPIPES these; aduantages thelyads.

At this staggmiiebis ' o d fﬁﬂ,lﬂte'ngfromthefirst coupling
reaction mgﬁgucceggyt??%xﬁr%%%g&?%@g?eﬁ ne- |h'nked dyad was obtained in
3.8% 25 i el d. | tTwe routestoehe desired dipand are eediilyeneidugéd dndys dome,angt ai ned in
t he reaction, wt

A- i.odo- - (S-acetyl thio)pbenzene; this nmaybe due to the
faster (r]I eaptan‘?’fy 01_'1‘}3’3_5'?%%}#_11?}*‘ yég%% isFoupleg th an igdaddd Y 5plrene -
SO the seekaS i KR 101 losyie B Sy RGSrveRR Byl ol diBher i€
coplper - L r tee reecied with aﬁood;b chag Zghﬁ)m).lg: mg()gudeg k%éprot?teﬂ@ﬁbgﬁ%iew V\g
rovi susy B 8 gtage o R minetinlan: A oomJemaebiary sue basda with apling
copper - fiee &t &ihld debker LAd&oWRﬁ%ﬂ%le&acFM'%%%@gd no

sel f-coupling produCts "were observe er- et ter.
1999, 10, 2974ioHowed bRTMS gleevagstand reactidn with afifefacetghihio)-bainitddiodo

11166-11180 Thus, .of (P Pc). EU(I ET- P | .
( Pc) Eu( Pc) EL'?‘EZﬁ‘ig ) g@%ﬁ&%#@d&gﬁ;ﬁ? E@%‘%@G Saré% s tegﬂpeisw@ﬁ%c
af for ded t heplgsind ¢at@hétivasn oh jﬁigﬁg,'ng wmdmgﬂaégﬁgﬂéﬁ%%ﬁ?ﬁpﬁ%d no

but adi yne- | i nked &)n/.‘ad was detected. “Treat ment -
af forded E' -mgigty Thisdatgeoytearas usethia the fodlogigisynthiesis. i ng  ( Pd( PPh3) 2C12,

e e T e
Che 10 adsorry caded TIRES08 ob e SPHBHORFRIPAECS, I dRusd 8 )
one SEC col wsthyne:linkeddlyad along with ahutadijnerkinkedrdyad (Biguire 24A) | Thegwaydyadsiuct )
afforded pu r@e@égsqiylseipgrated from the other components of the réaction mixture by SEC,
however, all attempts to separate the ethyne-linked dyad from the butadiyne-linked
20  dyad were unsuccessful. The mixture of dyads was then treated with K,CO; to cleave
the trimethylsilyl group. The subsequent coupling with 4-iodo-1-(S-
acetylthio)benzene afforded the corresponding mixture of the S-acetylthio derivaﬁzed
dyads. At this stage, the butadiyne-linked dyad resulting from the first coupling
reaction was successfully removed. The ethyne-linked dyad was obtained in 3.8%
25  yield. Itis interesting that no homo-coupled dyad was obtained in the reaction with 4-
iodo-1-(S-acetylthio)benzene; this may be due to thé faster reaction of the ethynyl
- dyad with 4-iodo-1-(S-acetylthio)benzene compared with the dimerization of ethynyl
- dyads. ‘ ‘

Howeyver, in_ order to avoid the self-coupling of (Pc)Eu(Pc)Eu(E'T-Por), the
30  alternative copper-free coupling conditions (sz(dbﬁ)s, P(o-tol)3, no copper) were
employed to prepare the ethyne-linked dyad (E-dyad-1) (Figure 24B). We previously
prepared a series of multiporphyrin arrays under these copper-free Pd-mediated |

L]

L]



22% yield. Gaser coupling to yield a butadlyne-linked dyad. W sought to
prepare a butadiyne-linked diner (Dyad-2) in order to (1) investig%t;bﬁhe 2004
feasibility of 15 perform ng a d aser coupling using ethynyl triple

deckers, and (2) investigate the solution electrochem stry of a diner of
triple deckers. For the preparation of symetrical diynes, a nodified

Egl i nton-d aser coupling (in the presenge.of CuCvCuCl2) has found

i ncreasing ap J. Am Chem Soc. 1985, 107,

|ication (D. O Krongly et al.
5544- 5545) . b\%‘%@“ﬂ’ﬁ&&ﬁ gadpo spif-poupling rodugisiwereobrereddR2 WagnedeE i n
t he absence ' a t erat urg, onl trace
of the pr odlcj?:]?te%%‘ﬁé}g? %gegl’ 19’22%@-%3’%dw%r@??’?)lc&?'a%%é%ﬁg%gc&@pl I ng
of termnal IdIl&6-12530)n This; trea@seR 6£(FRIER(PSEUEIREPor) %{W@U%Pgﬁhﬁgrg' ves
al " alt kynes )

good to excellent yields wth a broad range of termn Liu
and D. Burt orROrmd%aﬁé@pnpprtfaeth-mgmmdccendﬁﬁans affordpd thedesired etleyrieniiedof

. ) - oA0d, Cul i he. f. 0. I '
Cper ol B e ST AR o b piafn RS T pae st ataneny
gavet he desi ref@-dyadd- with K,80%aitbfied Hjlf;l'&'ﬁil'i‘?n ag@i?f}@e m@gﬁggﬁa‘g%f \éﬁfph%lgean

and the product was easily separated by a sin sorptro
fol | oned by @@%%I@ﬁ%m@h@mﬁﬂm&%ﬁmbﬂmmmﬂémam ocyani ne

m xed triple- er 30 CO xes.. Eac ri,pl.e- decker conpl ex was

characteri zecfggé'h]%ﬂ %ESE qg%—iqwaﬁzqﬁ &mﬁ%&fgﬁl}s&%mlaﬁﬂ@rwct/@ﬁspect ra
of the tripl q},%, I 3 . Pq), r)Eu( Por)
resenbl e t hoseé og%gﬁvgpgg%l}gaétgﬁfp %@%@b&od@ﬁﬂé%%@ﬂé@ﬁ%&iﬁm 04 74
al, 1nord0 Cladsarptiont eIuRA (renidv A, of ie fobtylaticifrodubt) Rlllowed by bROSBC Gl Act a
1998, 268, 9- 5%;1 Ege 6}3 ,orgfij‘lq!&n aif 341-354 run and 415-420 M can Dbe
attributed t&rme¥al ofithe by ‘i‘y’a dself-Goupling byprodustlaffoydedisyre Dysdddni vel y.
The remai ni n@2epgigigpt i on  bands in the visible region were mainly
attributed to the Q bands of the 5 phthal ocyanmies. In noving from

( Por ) Eu( Pc) Eu( Por fGlaser compiiig taryipia Mutajliynetlinkedtdyad. e Btight © fRépaE5" €ases
21 56 decr cas 2R P UBReR G RDYSFRBAET t b S trsbient s fenstblinenf oxbs’ ar o
T K o R g R el ek ST ool thE e
st rongest OV\AS?JQUQIB?IFQHQ mjstryef ackimenss thiplevdeekers.nBorthe prepusaties of On t he
other hand, GG LI &y9&CK M ctified Eglinton-Glaser coupling (in the presence of
CuCl/CuCly) has found increasing application (D. O’Krongly et al., J. Am. Chem.
Soc. 1985, 107, 5544-5545). However, treatment of E’-dyaa-l with CuCl/CuCl, in
20 DMF in the absence or presence of an amine at room temperafure only gave a trace of
the product even after 24 h. The Pd(IT)-Cu(T) catalyzed self;coupling of terminal
alkynes in the p}esence of iodine was inu'odﬁced which gives good to excellent yields
with a broad range of terminal alkynes (Q. Liu and D. Burton, Tetrahedron Lett.
1997, 38, 4371-4374). Thus, treatment of E'-dyad-1 with Pd(PPh;),Cl, and Cul in the
25  presence of 0.5 mole equiv (per mol of E'-dyad-1) of iodine in toluene/N,N-
diisopropylamine (5:1) gave the desired Dyad-2 in 89% yield (Figure 25). The
reaction was clean and the pfoduct was easily separated by a single adsorption column
followed by ene SEC column. |

| Characterization of porphyrin-phthalocyanine mixed triple-decker
30  complexes. Each triple-decker .complex was characterized by LD-MS, UV-Vis and
"H NMR spectroscopy. The UV-Vis spectra of the triple-decker coﬁnplexes of general
structure (Pc)Eu(Por)Eu(Por) resemble those of analogous triple-deckers (Jiang, J. et



(Pc) Eu(Por) Eu(] ?c) have the same conposition as (.Pc)Eu(Pc)Eu(P ,lgtll_t 2004
display different absorption spectra, indicating different int ract ioff:
bet ween the macrocycles wth respect to the different structure. The
absorption spectra of (Pc)Eu(Por)Eu(Pe) are in agreenent with those
reported for the sanme kind of cerium(DI) triple-decker 15 conpl exes
(Chabach, D. et al., NewJ Chem 1992,7143 431-433). LD- M5 has been found to

be very eff ol d S L xed
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two paramag r@B)Eu(Bmt)Eu(Rs:é hawee the aame smnpmmdmak (Pe)BExPc) En(RorDbuit displagor phyri n
and one inne ht anl ne nmac 1 3.JUL 2004 75 The' H NMR data
of (Pc) E:.I( Pcé‘ i 6‘3 HOD PR %tfasﬂ’é‘ﬁ‘f%ﬁﬁﬁiﬁf“t ﬁ%tIBWE%PHHE Fivesh theggagregycles
structure Ofwﬁﬁltéggétﬁ@ﬂﬁ‘d]ﬁgfea{hmgige%g% 8 &y &%@% gﬁm&ces at

8 12.95 - 12.98 1.06 -11.11,10.10 - 10.13
conpar abl e ia%e cnmgmcmmlth thbsoreportied for thecsap® Ignd)bﬁcmmaﬂ[}taptewtccker

ot r ot und weroRI R TCRARR B 41 R e, R S Bess E%ﬂ?i%”ﬁw Fong
peaks assi gned t oLD(¥S)Has bEs found 8B {réyeﬁﬁéﬂ\]e*foi“ﬁfeﬁ 2 BSRp!

addition to the nolecular_ ion peaks. This arrangerrent of nacrocyc es s in
accord with ma@dwmmlghdemnman@mcmgmpwes h&pectra were collected without

por PRy 1 n- PR #aGR6RM 418 of kafhioks R Gk SR 18 Wi BkebtDs B IRAT UMD and
and (Pc)Eu(Por)Eu(Pc) display only the molecular ion peak. In contrast, the triple-
20 decker complexes such as (Pc)Eu(Pc)Eu(Por) exhibit a parent molecular ion peak and
two additional fragment peaks corresponding to [(Pc)Bu(Pc)]* and [Eu(Por)]*.
The "H NMR spectra of all the triple-decker complexes recorded in CDCl,
gave moderately resolved spectra leading to valuable structural information. The

resonance patterns of the triple-deckers (Por)Eu(Pc)Eu(Por) are in accord with those

25  of the same type of compouhds reported by Jiang et al., supra. The « and B protons
of the phthalocyanine sandwiched between the two porphyrins showed highly
deshielded broad signals in the regions & 12.73 - 12.75 and 10.65 - 10.67 ppni. The
number of signals stemming from the pheny! groups of the porphyrins indicates that
there is restricted rotation about the C(meso)-C(phenyl) bond. These results along

30  with the integration are consistent with the .trip-le-decker structure (Por)Eu(Pc)Bu(Por)
in which two paramagnetic metal centers are sandwiched between two outer

porphyrin and one inner phthalocyanine macrocycles.



10 porphyrin (Muwussavi, M et al., Inorg. Chem 1986, 25, 2107-21Q§' %hﬁn%m4
et al,, supra). In contrast, the 'H NVWR spectra of triple-deckerscgfh~~
general structure (Pc)Eu(Por)Eu(Pc) revealed only two peaks at 9.59 - 9.71
and 8.05 - 8.22 ppmwith the sane intensity assigned to the a and (3
protons of the phthal ocyani nes, suggesting 15 the symetrical structure of

t he conpl exes. All the porphyrin-phthat®ocyani ne sandwi ch conpounds prepared

are stable underr#{éq condi tions described for synthesis and routine
handl i ng. Fur t her rc®et NMR datg of e)Eu(Be)FvéPor) are conisteit with tios

ht hal [ : kiD= | . i ch | di spl
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30 (Al drich c H2O (Al f.a. A d Pd(PPb3)2CI 2 (Aldrich). Unl
otherw e i naraeRa L PRk icied i i BRPHd Wk the sotoareteportok foumanst ofibencr ool
% e vt v o ety
5- ?Pfingd gﬂer?ajlﬂh 1 3h JULO%%*%%@?E 12‘?{)1{%%%/0?'- li 5@%@?8?%%?%%%
(1 PT- Por ;f , 5}%’, Y50 (Mopssavi; . ef alitlpbrgoIChexil 1988)25, 2107-2108; Jiang et al.,

[4-(2-(tzi n'eg.@pfjsi | yl') et hynyl ) pheriyl ] porphyrin (EB-Por),
5- (4-i odophenyl )= 5-[ 4- ( 2-

(trimethyl'silyl ) elnponpiayptier e MMEsRRns bf f1pl0LKRYYREL sthlofils POT) - and

td(p-tol yl ) - ROPUPeHEN(RS) sestenlpd gnlymocalingt 9. fhe Sy71] and 813y 8.0 pEmFeith wer e
B P7890- 700 Ty e biERty SUBACL' e Faha B rohion of e Piibelovoasspesing
per f or mels usthegymidenridal strhdtéredf @R conBkess, 60- 200 nesh). Preparative-scale

si ze excl usion chropmat ography QSEC) was perfornmed using BioRad Bio-beads
SX-1. A preparati ﬂ-m%E%ﬂPBYI@‘Hb eyamie faad¥ich @mpomidsmepqred kedtabid NY

Bi 0-beads SXyddek fhe ' &haftidds described for synthesis and routine handling. Furthermore, in
contrast to the poor solubility of phthalocyanines, the porphyrin-phthalocyanine
sandwich complexes display satisfactory solubility in common organic solvents such

20  astoluene, chlo;'oform and THF. The imprdved solubility is ascribed to the layered

structure and non-planar geometry of the end ligands in the triple deckers, which
suppresses aggregation.

Experimental Section

25 ‘General: 'HNMR spectra (300 MEz) and absorption spectra (HP 8451A,
Cary 3) were collected routinely. Porphyrin-phthalocyanine sandwich complexes
were analyzed by laser desorption (LD-MS) mass spectrometry (Bruker Proflex IT)
and high resolution fast atom bombardment (FAB) on a JEOL (Tokyo, Japan) HX
110HF mass spectrometer. Commercial sources provided dilithium phthalocyanine

30 (Aldﬁch), Eu(acac);nH,0 (Alfa Aesar) and Pd(PPhs),Cl, (Aldrich). Uﬂess
otherwise indicated, all other reagents were obtained from Alfin'éh Chémical
Company, and all solvents were obtained from Fisher Scientific, 5-(4-iodophenyt)-



10 eluted with gravity flow. Follow ng purification, the SEC col dmlifhagi04
washed with two volune equival ents of THF. Solvents. Al sol vents were:
dried by standard nmethods prior to use. CH202 (Fisher, reagent grade) and
CHC13 (Fisher, certified ACS grade, stabilized with 0.75% ethanol) were
distilled fromK2C03. THF (Fisher, certified ACS) was distilled from 15
sodium and triethylam ne (Fluka, purims) was distilled from CaH2. Pyrrole

o B _ .
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Preparation of triple deckers uI;on reaction of IPT-Por. A mixture of 5-(4-
iodophenyl)-15-phenyl-10,20-di(p-tolyl)porphyrin (154 mg, 0.2 mmol) and
20  Eu(acac);nH,0 (301 mg, 0.6 mmol) in 1,2,4-trich10robenzéne (40 mL) was heated to
reflux and stirred under argon for 4 h. The resulting cherry-red solution was cooled to
rt, then Li;Pc (160 mg, 0.3 mmol) was added. The mixture was refluxed for an
additional 5 h, then the volatile components were removed under vacuu:h. The
residue was dissolved in CHCl; and loaded onto a silica gel column packed with the
25  same solvent. Elution with CHCI; afforded four bands. The first band (olive-brown) -
contained mainly the triple-decker complex (IPT-Por)Eu(Pc)Eu(IPT-Por) and | |
unreacted porphyrin starting material. The second band (réd) contained mainly
porphyrin starting material and traces of the double-decker complex (Pc)Eu(IPT-Por).
~ The third band (black) contained the triple-decker complex (Pc)Eu(IPT-Por)Bu(Pc).
30  The last band (green) contained the triple-decker co'mplex (Pc)Eﬁ(Pc)Eu(IPT-Por) and
double-decker compiex (Pc)Eu(Pc). - |
The first band collected was redissolved in THF and loaded onto a SEC
column. Elution with the same solvent afforded (IPT-Por)Eu(Pc)Eu(IPT-Por) as the



colum. Elution with THE afforded (Pc)Eu(lPT-Por)Eu(Pc) as the second band
(bl ack), which after renoval of the solvent and washing with CH3OH a} fibdedos
a black 10 solid (4 ng, 10/6). '"H NWR (CDC13) 8 4.13 (s, 6 H, 8.08 (bs, 16
H, 835 (s, 1 H, 9.58 (bs,16 H), 9.91(bs, 5 H,10.11 (m 2 H, 10.47 (m

2 H, 11.96 (bs, 8 H, 13.90 - 14.09 (m 7 H); LD M5 calcd av mass for
Cl1oH631 N2oEu2 2095.7, obsd 2098.1; kabs 343, 444, 517, 626, 652 nm The

| ast band (green coIIected was redi ssdfved in tol uene and | oaded onto a

15 short siliEat b b@@m)ewmmafterrmmhmfthesmmtan&mmn@mm

| £ f band By
(Pe) Bu( Po) Eﬁz‘?ﬁgﬂﬁt"?@ﬁ?}ﬁ@ﬁﬂﬁm ¢ SO0 i o VR Ehon esig vi th
CHBOH af f or d d
NVR( CDC13) gzegs?%g?pm 5% 16@4@3 45?%857’962?%‘24}%%?@%}1{) 70? He,
H, 6.75 (t 810En)1,2H),1&282(dn,4ﬂH),'91330dz,2H) 949 @, 40 1063 0 46 8 73
S,

i?l 6§S<bs R W VI T B R R WA NECREN I
1177.8 [ M-
(1 PT-Por) Eﬁfscé%‘é"%ﬁ% TR R D S5 528007 S W e " 7,1 m
gr igarlgtlon of4 tr|’ﬂhethddbmdmﬂqamiwaadﬁzlre%isébﬂveﬁ&1ﬁﬁ{ﬁanﬁlm?déhth %{ >
t t t t

por pz_yrirnlr;:f sty Bt bR onded eelnae m”f:s% st otmdbmi) |1
argon for 4 h(@la_?jﬁg resﬁ%?%@%%%ﬁgng | g‘%gﬁghaﬁgé(ﬁg&ﬁ%ﬁgp@%ﬁ%en
legPtc (8(1|0m:1 Sohdiﬁmszﬁ%) \5HNMRc(t dmtls)%%mysmegwﬂad ¢6 Hyxe9s ¢ s0_ﬁr B e
addi ti ona e e vents were removed under vacuum si du
Wﬁ.S di ssol deJ]?%&ﬁ-&gﬁ 9a§}‘db’ﬁ Gl Gn.2 B), 1044 (mg3H)c bl. Bﬁr{’oﬁp&HI),ekB %bt hd
(01 1 vor br ovin) s @R LI Rl sy 8 gl 2005 Tl 20068 2504
78 Por) Eu( PN 34BR444) 5) 7,426, mm,ct ed porphyrin starting material. The

second band (red).,cqn mali n porphyrin starting material and a trace
of doubl e- decker Wiﬁ“‘f& Mwaswdiesoawdnutwama(nuumaomm ai ned

22%?2%33%@{;&5”31 el e 2%@%@%@ SRR REn o bditrbdet cer
fgg‘gg Sxog tpg ) ; ﬁ?s) baﬂ&@r&enrshtblim) mdn«anﬂpmm(mzuae@mwm dffer fdfoval d
solvent and washing with CH30H afforded a green solid (59 mg, 14%). 'H
NMR (CDCl3) & 2.98 (s, 6 H), 3.18, 3.22 (m, 8'H), 4.72 - 4.92 (m, 4 H), 6.55 (4, J=
72Hz,2H),6.75(t,/J=72Hz, 1 H),7.12(d, /=175 Hz, 1 H), 8.14 (m, 1 H), 8.73
20 (bs, 8 H), 9.08 (m, 2 H), 9.29 (m, 1 H), 9.68 (m, 1 H), 10.11 (bs, 8 H), 11.08 (bs, 8 H)
12,19 (bs, 3 H), 12 40 (m, 1 H), 12.96 (bs, 8 H); LD-MS calcd av mass for
Cri0HesINzoEu; 2095. 7, obad 2098.8 (M), 1177.8 [M" — (IPT-Por)Eu], 919.3 (M*—-
(Pe)Eu(Pc)); A 342, 414, 522, 617, 721 nm.
Preparation of triple deckers upon reaction of EB-Por. A mixture of
25 5,10,15-tris[4-(tert-buty1)phenyl]—20—[4—(2-(trimethylsilyl)ethynyl)phenyl]porphyﬁn'
(88 mg, 0.10 mmol) and Eﬁ(acac)g‘nHzo (150 mg, 0.3 mmol) in 1,2,4-
trichlorobenzene (20 mL) was heated to reflux and stirred under argon for 4 h. The
resulting cherry-red solution was cooled to i, then Li,Pc (80 mg, 0.15 mmol) was
added. The mjxture was refluxed for an additional 5 h, then the solvents were
30  removed under vacuum. - The residue was dissolved in CHCl;, and loaded onto a silica
gel column packed with the same solvent. Elution with CHCl; afforded four bands.
The first band (olive-brown) contained mainly the triple-decker complex (EB-




colum. Elution with the sanme sol vent afforded (EB-Por)Eu(Pc)Eq(&BjiRornoss
the first band (greenish-brown), which after renoval of the solvent and
washing with CH3OH afforded a greenish-black solid (34 ng, 26%. 1H NWR
(CDC13) S 0.62 (s, 10 18 H), 1.89 (s, 54 H, 3.83-4.03 (m
16H),4.76(m9H),6. 71(m 6H),6.84(m2 H), 9.00 (bs, 6 H) 9.19 (m 2 H,
10.65 (bs, 8 H, 11.46 - 11.60 (m 8 Hyg 12.73 (bs, 8 H); LD M calcd av

506 run._ The U T Rangoce o aid ubesdBFSrplih darcligmdete, HhhseodtiBnd oo

onto a SEC {wdkreantained mhindy pmphsmmstﬁiﬁﬁg afaterial and élﬁa):EUf &dbRedgdkef Pc) as

s, R o oD Sk i) 1
T ot b ot sy 1

(m 4 |D(RﬁEu@c)R11(EB-Rm§;mddnubmmmzmeﬁeﬁ(m: Ba@G).2, 20 obsd 2209. 1;
Wbs 343 416, 51 The col | ected was
redi ssol ved in toﬁﬂﬁﬁéggﬁﬂ‘??q}g?n{?ﬂ 1V§a ‘QQ oleRSEE packed

\(Mg£ Qenrghsgrﬁgl)ﬁﬂ(n\lg?l%%o(@g%u(EB- Por) vﬁgﬁedx‘?’t@ Qﬁﬁngi 2?“@?‘#}%9?@& vent

and washi ng firat i fbmm)im@]ra"mnrmdwaﬂofﬂib solvenParid $AshirlgHriVR

CDC13) 8 186 3. 20 2 71-491
EH)m 4 :1,6 %6§ﬁ§@%a%%8 153(34@3,22%3 M(%Dggﬁ%&ﬂ& (m 3
1" Tz“ﬁ’"l9‘@£31Q4“)§’§é8%7“%ﬁi“*@»”ﬁ&’n&@a?”i@mﬂﬁﬁéﬁ 2

C125H92N20Si B)D. a@,éﬂ);ﬂ)w(mmmmocms, 8LHR 111446 { M.60 (th FBHR01. Bfbs, £19. 3°
(M- - (Pc) Euﬁ_ls_ H? 42, 417, 5 618, 721 nm 30 Preparation of
triple decke JVFhassitos 16 2B 2571 &, 6bsds2574.1; Auss 355, 421,

(4-1i odophenyL@g |5§9l a(trimethylsilyl )et hynyl ) phenyl ) - 10, 20-di (p-tol yl ) po
rphyrin (261 mmol ) and Eu(acac)3' nH2O (450 ng, 0.9 mmwol) in
1,2,4- ° , 4 13 mhemm)aﬁaconeateﬂw«rmameneassxﬂvécﬁﬁlmam&odae@bﬁ@ aSEC ef | ux
and sti r{fd under n f TﬁIE % resultl ng cherry-red sol uti on was
cool ed t HBRDY ; a@b& (BRPorliRe) asthesecandbande was
refluxed for e¥e TR

vacuum The gbg%lk%ue mgﬂ%:rg?g?z\x/le %ﬂ Wﬁ%mﬁ%&#égflﬁkgel

col utm packesbligi 315 mpel.6%xe’ HNMEMCD(E)&O 86y 8 1) 21893 94 (18! Z6EH), T80y
bands. (bs, 16 H), 9.59 (bs, 16 H), 9.99 (m, 2 H), 10.10 (m, 4 H), 11.98 - 12.20 (m, 4 H),
13.52 (m, 2 H), 13.68 (m, 4 H); LD-MS calcd av mass for Ci25sHgaN2(SiEu; 2206.2,
20 obsd 2209.1; Ags 343, 416, 519, 625, 653 nm.

The last band (green) collected was redissolved in toluene and loaded onto a
short silica gel column packed with the same solvent. Elution with toluene afforded
the first band (greenish—blue) (Pc)Eu(Pc)Eu(EB-Por), which after removal of the
solvent and washing with CH;OH afforded a green solid (20 mg, 9.1%). 'H NMR

25 (CDCl;) 3 0.68 (s, 9 H), 1.86 (m, 27 H), 3.20 - 3.29 (m, 8 H), 4.71 - 4.91 (m, 4 H),
6.67 (m, 3 H), 6.91 (m, 1 H), 8.72 (bs, 8 H), 9.08 - 9.16 (m, 3 H), 9.41 (m, 1' H), 10.10
(bs, 8 H), 11.10 (bs, 8 H), 11.69 (m, 2 H), 11.88 (m, 1 H), 12.16 (m, 1 H), 12.97 (bs, 8
’H); LD-MS calcd av mass for Cy25Hy,N2oSiEu, 2206.2, obsd 2117.1 (M'), 1181.4
[M" — (EB-Por)Eu], 919.3 (M" ~ (P)Eu(Pc)); Aabs 342, 417, 522, 552, 618, 721 nm.

30 Preparation of triple deckers upon reaction of IET-Por. A mixture of 5-
(4-iodophenyl)- 1'5~[4.-(2-(trimethylsilyl)ethynyl)phenyl]-10,20-di(p-tolyl)po1phyﬁn
(261 mg, 0.30 mmol) and Eu(acac); nH,0 (450 mg, 0.9 mmol) in 1,2,4-

i



The first band (olive-brown) contained mainly the triple-decker conpl ex

(1 ET-»POr) Eu(Pc) Eu(MI-POr) and unreacted pozphyrin starting materf& JUll @004
second band (red) contained mainly porphyrin starting material and trace
anount of doubl e-decker conplex (Pc)Eu(lET-Por). The third band (bl ack)
contai ned triple-decker conplex 10 (Pc)Eu(lET-Por)Eu(j?c). The |ast band
(green) contained tripl e-decker conpl ex (Pc) Eu(Pc) Eu(I ET-Por) and

doubl e- decker, .c 0gex (Pc)Eu(Pc). The f’rst band col | ected was redi ssol ved
in TBF and Idﬁﬁ@g‘p Fazsng ( )W&McdﬁlmﬂmmwmdMesmganmlmme

i o af t or e AR TR oied 5, el G A8 O membrs

h- bl ackidedb| Tit th@urevas 1 , 2 “o8
(g;eeglst | ack DI Tit iifurgag 161 Zd;&d(}itﬂdim?ah &eﬂt&gsgﬁv%ntsv%éﬁ/l L

(d, J= 5.7 HFemavedunder vacupm. ’Ilherﬁldmwas @ssa}ved'flnfﬂ-l(()la add Baddd ofto amda J-

i076;|2 ( bg 513 ﬁ&“ﬁ pé‘g‘eﬁb(‘fbet%F B&*“y‘i‘é"ﬁé ?&H“"é‘ Wib%h &%?lyeff@éﬁd foyr hamdSLD VB
cal cd av nasghecﬁrst@aaamwtﬁaa@ cbintinetOmaR AP thd triph Mcﬁe‘}%m?;e,ﬁﬁ%%es 421,
493, 606 run 155%@&‘3% &Er%and col l ected was al so redissol F and

| oaded onto &° Ly Pop) @dlmmaﬁtedwomfstmmat@m; ET§e\feebint dnd( Pc)
o th raor ey Sebteib Rty pdiPhinth BblsRe S Gna Yac? eierin cbdaupic goo @?2“'(29
9 H), 4.15 (@pmples(Po)EuRETPor).4ThS thirdbagd @ﬁa&l&)%ontjaﬁleﬁbm 19-d6lxer 35
?m946(bsloLD%EBéﬁig"éﬁ%ﬁ%)H)ﬁslo ba (M meQMegﬁimﬁ‘pggz é4 H

o, o me  lie  SAE D
with the sane sol \'Ibmﬁxstlblaud callectei] twastredissohveddh MRS loaded diffo & EEet band
I e i e
S (L) 81k ) Sl ol Yoy £
8 75 (bsl3s @Haogi afforfeda gReiph-biack Bolid (72 nig,H)Q%) 9H7IQMRT“(C]§CE§ 5 0%64- 2(}2 ( b;
0: 5 el HacthiS8i b ke sanh rmos 19, « Sibusotos m, o8
2181 4 Dot (45 RomiEFulm), 839 (8 S 71, BRFY 1B, 2 P82 437 15 %) 552
9.36 (d,J=5.1 Hz, 2 H), 9.58 (d, J=5.1 Hz, 2 H), 10.67 (bs, 8 H), 11.85 (m, 6 H),
12.08 (m, 2 H), 12.76 (bs, 8 H); LD-MS calcd av mass for Cr34HosN16L:Si;Euy
20 2542.2, obsd 2547.5; Agns 356, 421, 493, 606 nm.
' The third band collected was also redissolved in THF and loaded onto a SEC
column, Elution with THF afforded (Pc)Eu(IET-Por)Eu(Pc) as the second band
(black), which after removal of the solvent and washing with CH;OH afforded a black
solid (10 mg, 1.5%). 'HNMR (CDCls) 5 1.16 (s, 9 H), 4.15 (s, 6 H), 7.21 (s, 4 H),
25 . 8.22(bs, 16 H), 9.71 (bs, 16 H), 9.94 (bs, 4 H), 10.26 (m, 2 H), 10.46 (m, 2 H), 11.97
(m, 6 H), 13.94 - 14.14 (m, 6 H); LD-MS calcd av mass for Ci1sHnNyoISiEu; 2191.8,
obsd 2192.5; A.,b, 341, 444, 517, 628, 656, 796 nm. |
~ The last band (green) collected was redlssolved in toluene and loaded onto a
short silica gel column packed with the same solvent. Elutlon with toluene afforded
30 the first band (greenish-bluc) containing (Pc)Bu(Pc)Eu(IET-Por), which after removal
 of the solvent and washing with CH;OH afforded a green solid (65 mg, 9.9%). 'H
NMR (CDCl) 3 0.69 (s, 9 H), 1.60 (s, 6 H), 3.01 - 3.20 (m, 8 H), 4.78 (m, 4 H), 5.01




5 618, 721 nin. Preparation of triple deckers upon reaction of EJ-Jor
m xt ure of Tjof‘“ éﬁﬂé

5,10,15-tri(p-tolyl)-20-(4-(2-(timethylsilyl)ethynyl)phenyl]porphyrin (140
ing, 0. 19 mmol) and Eu(acac)3nH20 (280 ng, 0.57 mmmol) in

1,2,4-trichl orobenzene (35 nL) was heated to reflux and stirred under
argon for 4 h. The resulting cherry- reﬁ)solution 10 was cooled to rt, then

addi 1 onal 2 RS ST 2 MRS e B IR G OB e R VBES) e
was di ssol vex76 (m,ClAH),Bl(BIIIi(bh,O&EE,dIIOm (bs;?\SHT) 12:29-92142((9J !z PEGKEE, MEAh the
sane sol vent 4.—‘8C 3(j)li]lavmth CHC13 afforded four bands. fl rst ban

(ol i ve- br own2: e &DMSgaled ampss EGQBH)E&QEﬁ‘E@rlﬁlénQbSdﬁﬂ%&dt ed

or phynn st b d Lol
or phy i n SRRl eriﬁﬁtaraﬁkfﬁiﬁéiﬂﬁf RIS, ane 415 2552,
(Pc) Eu( BS- Pa@1R, 771bﬁ-nt hird band (bl ack) contained tri~le-decker conplex
(Pq) Eu( ET- Por)Eu(Pc) The | ast band (green) contained triple- decker

conpl ex (Pc) Eu( PdimepaEationef)triplel deckens upok téastionnfiRB-Pof.PA)mixt@e pf The

col um. - B uer I EERRR-HED- AP R Nkt AR kS onivnin o 0.f7 s
band, (gr eaninet)-abd BidcacRELO (380 ﬁfg ogwﬂﬁb 3% 1&@@%&6@@% i ng

wi th CH30H afforded a greenish-b solid 13) .8
o 64 (s, 18 Wjsheateddo r%fgm and edynég argen g 4(hm Thearemlungcherry-red salan(m n, 8

(s, 5 b%as%a*?‘#%&r@@he%rfﬂu%@?%w%n%%%nvéas?gdﬁs? e ety 10 05,
for Cl36HI OebilfxEdForan addifioral 54 HikndBe dolPents wieke RERved dotkr vARim. 657
rim The third_ band collected was also redissolved in TIE and | oaded onto a

SEC col urm resiiug wegdissalvediniCHEL qnd dendedonto agiliva gal oy orRurkedswith ehes e c o nd

i forded a BRSEOlEh dikfibn YRETHCL Amkdld B itk HE A bl Grecbrow)y
4.17 (a, O Wpniafnel miihly, (BTPOf)Eu(PE)EART {Pox) &1 dhreadlodpbrfhitin sfarthg (1026
Lo b8 ci%cd a8 ;%Fapc@%%pémgbg%%%?mﬁnggwﬁan sterEmatoueand 1
A P o i B SR G G G 2L
sol vent. El lklpbfdemk@ﬂvomplme(ﬂ’e)ﬁd(ﬁmkmmu@c) The last band (green) contamed triple-
decker complex (Pc)Eu(Pc)Eu(ET-Por) and double-decker complex (Pc)Eu(Pc).
The first band collected was redissolved in THF and loaded onto a SEC
20  column. Elution with THF afforded (ET-Por)Eu(Pc)Eu(ET-Por) as the first band'
(greenish-brown), which after removal of the solvent and washing with CH;0H
afforded a greenish-black solid (21 mg, 9.5%). ‘H NMR (CDCl;) 6 0.64 (s, 18 H),
2.99 (s, 18 H), 3.86 - 3.96 (m, 16 H), 4.77 - 4.89 (m, 8 H), 6.58 (bs, 6 H), 6.92 (m, 2
H), 8.97 (bs, 6 H), 9.35 (bs, 2 H), 10.65 (bs, 8 H), 11.90 - 12.08 (m, 8 H), 12.75 (bs, 8
25 H); LD-MS caled av mass for Ci3sH;0oN16SiEu; 2318.5, obsd 2321.9; Auss 355, 420,
491, 606, 657 nm, |
The third band collected was also redissolved in THF and loaded onto a SEC
column. Elution with THF afforded (Pc)Eu(ET-Por)Eu(Pc) as the second band
(black), which after removal of the solvent and washing with CH;OH afforded a black
30  solid (2 mg, 0.5%). 'H NMR (CDCly) & 1.10 (s, 9 H), 4.17 (s, 9 H), 8.11 (bs, 16 H),

9.62 (bs, 16 H), 9.92 (m, 7 H), 10.26 (m, 2 H), 11.92 - 11.99 (m, 8 H), 13.95 - 14.50




5 the first band (greenish-blue) containing (Pc)Eu(Pc)Eu(ET-Por), which
after:removal of the solvent and washing with CH3OH afforded a gregr§ sjoli @104
(36 mg, 9.1%. 1H

NVR( CDC13) 50. 69(s, 9H), 3. 00(m 9H), 3. 15(m 8H), 4. 83(d, J=7. 2Hz, 2H),

4. 89(d,J:7.2Hz,1H),5.03(d,J:7.2Hz,1H) 6.56(t, J= 7.2 Hz,3H),6.96(d,J = 7.2

Hz,1 H), 8.74 (bs, 8 H, 9.11 (m 3 9 53 9.55 (m 1 H), 10.13 (bs, 8

H, 10 11. 06((bs 8 H), 12.30 - 12. 42 , 12.62 (m 1 H), 12.95 (bs,

8 H; LDI\/S mal &); HD-ES saltdw ﬁa&ﬁfdw\l?&gm@%@ﬁ )
903V1 (Pc)Eu(Pc)); Xabm%bfggﬁ fg‘,ﬂgz,

1178.3 [M - T- Porétﬁ;
552, 618, 72 17 o 796oRm( Pc) Eu( Pc) Eu(E' T- Por) A sanpl e of

(P 5407E) EULET P8k e By B R S e S . e

was stirred shont B:humdarco&hﬂ@paweﬁ %m&&&%@@@dwéﬂ? ”Ehﬁl'bh REthSiuthé MBRaeq
spectroscgpy. eﬂ&gn conpl etion, CHC13 (30 was added to the reac |on

m xture, and® @é’@l (gresgishiblue) Icentmsng/ﬁ’s OENET-RatioeRich liﬁ%reﬁloxraB 0

(rzlnr_ilnengo g:glogﬁrrﬁge So %%Wﬂ% @?%ﬁ&%gg&%g&&qgvgga}c)ﬂe ! sol I d
(31 mg, 97% NI\IH(UMR&Q@@SB{”&I? @@o((fﬂ 991)'4)5 15le§%-2 ‘2331&55}“—782?29%%%)72 (s,

1 H, 4.83 (m H)
Hz, 1 H) 89¢dy= T Hzgl Sm@Jﬁﬁzmmgsse(t,g—mﬂm

7.2
(b, o ! LR RLR e biiir g gaéﬁéqgaﬁﬁmlﬁbmg@lgg%é 1303
(M), 1171704 [1M06{bs(.EH)I?QJ3th]2,42q@;L3q{)%w 5 @Ciiﬁﬁs 5 416,

521, 618, 721 nn Formation_of (Pc)E
( Pc) Eu( Pc) Euf#ed prmass 105 €1l o Bidigs 2 ,)obaﬁgesnaﬂ’é)dlw&mm&wrand

Col umm chr onePIEYRRRY qeﬂs"??. OBBEG o 307 AL R Rl (15 1 04%.
"H NMR (CDC13) S Fo%aﬁ%n o (I’éIEu EWET-BG). 30 fw@o@ﬁ@]ﬂu&y ﬂ'orss

H, 4.77 (d, J= 7. 0°(d, J= 6’6,
3H), 6. 95(d, 163 mMQL@nmdbwasd@@lv@lm@mmHm(@ma 39) K A2 md

{25k Vs bkl i ("
ﬁmzzggggggrfﬁﬁﬁggﬁsggﬁg‘ed triple ggﬁg%%?% %égﬁﬁ%ﬁ%@éSéo 8}5 e
( Pc) Eu( Pc) EuWapadded to the reaction mixture, and the resulting mixture was washed with
NaHCO; (10%, 2 x 30 mL), H,O (30 mL), dried (Na;SO.), ﬁltered, and rotary
evaporated to dryness. Column chromatography (silica, CHCls) afforded a black .
20  solid (31 mg, 97%). 'H NMR (CDCL) 5 3.03 (m, 9 H), 3.17, 3.24 (m, 8 H), 3.72 (s, 1
H), 4.83 (m, 3 H), 5.00 (4, J=8.1 Hz, 1 H), 6.56 (m, 3 H), 6.96 (4, J=7.2 Hz, 1 H),
8.77 (bs, 8 H), 9.13 (m, 3 H), 9.53, 9.55 (m, 1 H), 10.18 (bs, 8 H), 11.14 (bs, 8 H),
12.22 - 12.32 (m, 3 H), 12.50 (m, 1 H), 13.03 (bs, 8 H); LD-MS calcd av mass for
Ct13HegN20Bu; 2007.8, obsd 2008.6 (M), 1177.4 [M" ~ (B'T-Por)Eu], 831.0 (M —
25  (Pc)Eu(Pc)); Aans 342, 416, 521, 618, 721 nm.
Formation of (Pc)Eu(Pc)Eu(E'B-Por). A sample of (Pc)Eu(Pc)Eu(EB-Por) - |
~ (20 mg, 0.0091 mmol) was treated with K,CO; and worked-up followiﬁg the same
- procedure as for (Pc)Eﬁ(Pc)Eu(E'T—Por). Column chromatb graphy (silica, CHCI;)
_ afforded a black solid (18 mg, 94%). 'H NMR (CDCl,) 5 1.95, 1.97 (m, 27 H), 3.30 -
30 3.383(m,8H),3.71 (s, 1 H),4.77(d,J=7.2 Hz, 3 H), 5.00 (d, J= 6.6, 1 H), 6.70 (m, |
3 H), 6.95 (d, /=7.2 Hz, 1 H), 8.76 (bs, 8 H), 9.09-9.16 (m, 3 H), 9.39, 9.41 (m, 1
H), 10.16 (bs, 8 H), 11.17 (bs, 8 H), 11.56 (m, 2 H), 11.73 (m, 1 H), 12.00 (m, 1 H),




Por) (30 ng, 14 pnol), 4-ethynyl-I|-(S acetylthio)benzene (20 nyg, .1% 1. 2004
nmol ) , 5Pd(PPh3)2C12 (1.5 nmg, 2.1 pnol) and Cul (0.19 ny, 1.0 \‘Ne”-r ,
added to a 25 nL Schlenk flask The flask was evacuated and purged W th
argon three tines. Then deaerated THE (5 nL) and deaerated

N, N-di i sopropyl ethylam ne (1 nL) were added by syringe. The flask was
imersed in an oil bath at 30 C and stszred under argon. The reaction was

noni t ored by 13 b4 HsS8 H)CID- VN Sy t ent
was renoved under(Ks\S/acgu%]D M?e resi d‘%g&dﬂljggmz Lﬁ{ztzg? he}}@&gsm and
| oaded ont o Xaws343, 455,520, $52, 618) 7R2eked Wi th the same solvent. Elution Wi t h
t ol uene/ CHC13 (1: %) af forded unreacted starting material and a deep green

second band, whi céwml&l mmdﬂﬂﬂler@ékﬁrﬂausmmOﬁfﬁl)Eu(B@EuﬁP'EmDunt
oy e st B9 adBECT4 G 8%‘?8‘5‘92@?@%?%%@@&&? it (ol timonbe) O
Aashi ng o ¢ ek (PR 2 kol #d GRLIGEL BETPYMm L) wEiFadRA YERDSHE

( bsés 8 H) 4S¢iﬂer(]sdﬂask. The flask-was @abi)atedlarﬂﬁpdrged ﬂnth a.Ggo@x thEe.e tlmdd) Theﬁ H)05 (d,
J= 6. Hz .74

(d, J= 7. ’8 I—Q @e“?t%'?ﬁﬁg(gﬁ‘l(% anz S‘Caesatidﬁz?" désqnfomée%lawne (ﬂ_—mé«) eraddsd H) ,
8 73 (?i 0 17% yrﬂ%eg’IﬁZﬂﬁéBwé’s lﬁher?eda% aﬁr%lﬂaﬁw(}q éﬁﬁdéﬂﬁédg]ﬁ)dfr Jrgoi}_‘g) (bs,
12 9%3 (bs reamou\mamomtored/bme (giica, tmmymmmmzmﬂzo B, thebsd
2146. 2 1042 8. 4. (N, E 68.2 (M- -
( Pc) Eu( P¢ ( qi‘é%‘tﬂ" °"eE’ l‘i‘%%d@é@ﬁmﬂtﬁ é( gn&&chﬂ l),e@d 720
nm 25 S ac eloghiddbro d@mcyg&v T Bédlde& vﬁﬁ%éﬁazgéé lv%?g”Eh&Eb %n

0 cr ik 0) benzene

(Pc) Eu( Pc) Eu(E B- Por 4-|
(2.0 my, 7. OO}WBF/FH@G!QK m@ded(mw stamng nuitériah antl Pleep giesn 3edof@. 5 ny,

8.3 I I fl ask ted d
pur ged i t h LPdRRREH cbBtafhen T ¥hted pRi and afioasfinin dopat S HRingoner at e
NN- di i sopropmhfehhyl’lam eddcem@sabfhmearv@smpmﬁeabya%mﬁ%oﬂﬂﬂnf'ask was

i mer sed i n oi | bath at 35 C and stirred under argon. The Treaction was

moni t or e b @at@g; aphy arocedire éﬁﬂéﬁ)a maoh:m)&ffmrm mckl$0hd"(é5 sug, $68) was
ongud ont o St RGHNTH oFHR b BB B GO, IR OB R e £ T
e e ok e (G o, )
obt ai ned was? %(Qsﬂagﬁtlﬁi, 1iHd6.56 (& Ko 25z, eH) 6177 (m, 1 H) 6.99 (m, 1 H), 7.74
(d, 7= 7.8 Hz, 2 H), 8.05 (d, /= 8.1 Hz, 2 H), 8.16 (t, /= 8.0 Hz, 1 H), 8.73 (bs, § H),
20 9.07 (m, 2 H), 9.31 (m, 1 H), 9.56 (m, 1 H), 10.10 (bs, 8 H), 11.08 (bs, 8 H), 1221
(m, 2 H), 12.42 (m, 1 H), 12.51 (m, 1 H), 12.96 (bs, 8 H); LD-MS calcd av mass for
Ci20H700SNoEu; 2144.0, obsd 2146.2 (M"), 2104.2 (M* ~ CH;CO), 1178.4 (M* —
(TPT-Por)Eu), 968.2 (M' — ~ (Pc)Eu(Pc)), 925.4 (M - (Pc)Eu(Pc) — CH3C0), Aabs 342,
416, 521, 618, 720 nm.
25 S-acetylthio-derivatized triple decker (2). Samples of (Pc)Eu(Pc)Eu(E'B-
Por) (15 mg, 7.0 pmol), 4-iodo-1-(S-acetylthio)benzene (2.0 mg, 7.0 pmol), Pd;(dba)s
(1.0 mg, 1.1 pmol) and P(o-tolyl)s (2.5 mg, 8.3 pmol) were added to a Schlenk flask.
The flask was evacuated and purged with argon three times. Then deaerated toluene
(3 mL) and deaerated N,N-diisopropylethylamine (0.6 mL) were added by syringe.
30  The flask was immersed in an oil bath at 35 C and stirred under argon. The reaction
was monitor_ed by TLC (silica, toluene) and LD-MS. After 24 h, the solvent was

removed under vacuum, the residue dissolved in toluene/ether (60:1), and loaded onto




raph rocedure (silica gel, toluene), affording a black i
gg.rirmm;?ng‘E}()ySpafter rem()val of the solvent and washing with CHSdZ% ‘ﬂl-’-Nﬁﬁﬁ[f
(CDC13) S 1.90, 1.92 (m 27 H, 2.62 (s, 3 H, 3.28(m 8 H, f.?O-Hg.Sl
(m 3H, 4.98 (d, J=6.6 Hz, 1 H, 6.68 (m 4 H, 6.94(d,J—6.605,

H, 7.54 (m 1 H, 7.71(m 1 H, 803(m I H, 8.71 (bs, 8 H, 9.56-
9.12 (m 3 H), 9.42 (m | , 10. 10(b§ 11.11 (bs, 8 H), 11. (181

2 H, 11.72 (m 1 H), 1202(m 1 H 398(bs 8 H; ID-M calcd av

oS o7 oo oot mted it istodicubivot | Ehaiod 44 ‘31‘1”%"’“‘?' @%SOPC) -
CH3CO) ; Raba affég J%‘E?"é é’m%mg?@f trace o Hmreac tshstpms mdten as the

Eu( Pc) E {hd) E' T- Por,) ng, 16
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wer e react ed ¢hiomaiography procedure (mMamaollﬁnéDLhﬁafdﬁxgibE&K‘éﬂlﬂ (B1Em ,Illggg))c a
35 C usi n% hI enk | n&)@ The reaction was noni tored by analytic
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col um packe uen

h
G A o ob 48 M 5 L of tone o 101 ocu't
CATICH “ﬁmgw'“swdl%“@W@ﬁmﬁ%ﬁ#@dm%%& (28
rlng " 449 . d@ SnG2 fonl1:8HHOSN;6ED; 0284.3,Hbsd 5191134 gmti)n‘) w:’i% %QMM C}%;Vd) ng,ﬁ =7.5
0 eaz?n?“)m 7@%‘”&% ChEsh 1L 6 s b BelEn), 10628 (v

R e 1,
. (m 2H),13.04 (bra, | rs
o absd 400t SRR R

LD- M5 obsd 4074 2 obsd 4072.72, calcd exact mass 4072. 85

(C22sH136Si I\l40Eu4)E-d?ad-131$mpfe§5:f(§i)Eu(P@ u(IEPPRr )éﬁ%‘ﬁrf?é@anl gyggi \%/asA

- I C13/ THF/
ts ?gg{ SdO{M tE h ﬁ’f(gﬁtﬂ%POd (32%6)11:101};%@&)@ (28 nig, 21534iohagd Pi-tol);ed at
rt under occasional nopj toring by 1H NVR spectroscopy and é
pon?gg\r%é gtg aﬁ %‘8’%‘8"} PW&%““&M@Q’“@HRﬁtm’é) angfriethiylagine (@t ur e

e P W e S8 Al R 1
(18 ny, 831/ @ndLD-MS. After 15h, the solvent was removed and the residue was dissolved in
- CHCl; and loaded onto a silica gel column packed in CHCl;. Elution with CHCL,
afforded a main green band, which was concentrated to dryness, redissolved in
20 toluene, and loaded onto a preparative SEC column packed with the same solvent,
Elution with toluene afforded two well separated green bands, of which the second
band was collected. Removal of the solvent and washing with CH3;OH afforded a
black solid (28.5 mg, 44%). "HNMR 8 0.79 (s, 9H), 3.11, 3.16 (m, 15H), 3.36 - 3.61
(m, 16H), 5.00, 5.02 (mn, SH), 5.20 (m, 1H), 5.48 (m, 2H), 6.71, 6.74 (4, /=75 Hz,
25 5H),7.10 (ni, 1H), 7.57 (m, 2H), 8.91 (brs, 16H), 9.25 (m, 6H), 9.68 (m, 1H), 10.69,
10.14 (m, 2H), 10.29 (brs, 16H), 11.30 (brs, 16H), 12.31 - 12.42 (m, 4H), 12.75,
12.85 (m, 2H), 13.04 (brs, 1), 13.18 (brs, 16H); LD-MS obsd 4074.2 (M"); FAB-MS
obsd 4072.72, calcd exact mass 4072.85 (Ca2sH136SIN40Bug); Aavs 343, 425, 521, 617,
666, 720 nm.
30 E'-dyad-1. A sample of E-dyad-1 (22 mg, 5.4 pmol) in CHCl/THF/CH;0H
(8 mL, 1:5:2) was treated with K2CO3 (20 mg, 0.14 mmol). The reaction mixture was .
stirred at rt under 'argon with occasional mqnitoring by 'H NMR spectroscopy and



NVR & 3.08 - 3.10-(m 15H), 3.29 - 3.59 (In, 16H), 3.74 (s, 11D, 3. 37Ym2004
SH, 5.13 5 (m 1H), 5.44 (m 2H), 6.69 (d, J=7.2 Hz, 5H, 7.21 (m IH,
7.54 (ru, 2H), 8.86 (brs, 16H), 9.19 (brs, 6H), 9.58 (m IH, 10.18 (m
2H), 10.25 (brs, 16H), 11.25 (brs, 16H), 12.23 - 12.36 (m 4H), 12.52 (ru,
IH), 12.82 (m 2H) 13.14 (brs, 16H); LD M5 obsd 4008.3 Q4); FAB-Ms obsd
4001. 09, cal cd exact mass 4000. 81 (C22%kl 2sNAOEU4) ; Xabs 343, 421, 523,

618, 667, 72pr S 5 3.8 m)l :
1- (S acetyl t%D%i L@o?" %@%%ngﬁéé@liéorgi%ggs g‘#@ﬁ)"&‘d&ﬁ‘iﬁ%ﬁ@% %ﬁ
0.6 Amol) anﬂaeﬁaﬂv&(imIIManaHCCDQHleﬂhédwstQ)?mfeﬁd mu@n%eddae% 'Ine in
the presence_of toluene (3 ) deaerated N. N-di | soprophyl et hyI anm ne
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(m 2H, 7.77 2H),
16H), 9 19 7elabs3ﬁ3—4%1 '/52926136§§7 7@161@ (m 1H), 10.05 (m 2H), 10.25 (brs

16 s 2 12.81 - 12.87 (n2, 2M
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of (Pc) Eu(P. Ellp.ﬁo]}\*?aie)reiciﬂdmas&ﬂenmlhthe Eﬁé%@%r?c%ene(@ L y%d O 75
prol ), Cul (0.07 0 36 pnol) and 12 (1. prol ) were added
t ol uene (3 n‘l°P°r&F?é ~giisop iﬁﬂll 6)fﬂ_ nﬁﬁcatﬁﬁécamdcmmn fond5

2yt cal “%Ed?%thd‘?&eﬁédﬁ}wﬁ?ﬁgﬁﬁ%@e@sﬁ%@@%ﬁﬁ@‘é‘ja%ﬁg% TSN e o
added 14f t eandheé residug waselissblyed it tlusneBHO 830 lgascﬁrbﬂhﬁig%h y (silica,
(product : st 5 based on anal. ytlcal SEC) .

rfin rial _=96:4 13 JUL 2004
The sol vent %&@%@%i 1) efifordediths gitlenempound axthe firstnmis bandwhich ¢ontained he
non-triple dggkRrct m@&ﬂaﬁyﬁéﬁﬂ&bﬂ'ﬁyﬁ”%hﬂ&&?&d WSﬁé (%%msfgﬁ'orded the title

compound as the second band. Removal of the solvent and washing with CH;0H
afforded a black solid (3.5 mg, 22%). 'H NMR § 2.66 (s, 3H), 3.08 - 3.11 (s, 15H),

20 3.27 - 3.60 (m, 16H), 4.95 (d, J= 6.6 Hz, 5H), 5.19 (m, 1H), 5.43 (m, 2H), 6.68 (d, J
=7.2 Hz, 5H), 7.10 (m, 1H), 7.53 (m, 2H), 7.77 (d, J= 7.5 Hz, 2H), 8.09 (d, /= 7.5
Hz, 2H), 8.86 (brs, 16H), 9.19 (d, J = 5.7 Hz, 6H), 9.66 (m, 1H), 10.05 (m, 2H), 10.25
(brs, 16H), 11.27 (brs, 16H), 12.32 (m, 4H), 12.62 (m, 1H), 12.81 - 12.87 (m, 2H),
13.15 (brs, 16H); LD-MS obsd 4156.4 (M), 4112.5 (M* — CH3CO), 2981, M —

25 - (Pc)Eu(Pc)); FAB-MS obsd 4150.55, caled exact mass 4150.82 (0233H134OSN40E114),
Aaps 343, 418, 523, 618, 722 nm.

Dyad-2. To a mixture of (Pc)Eu(Pc)Eu(E'T-Por) (18 mg, 9.0 pmol),
Pd(PPhs);Cl; (0.5 mg, 0.75 pmol), Cul (0.07 mg, 0.36 pmol) and I, (1.14 mg, 4.5
pmol) were added toluene (3 mL) and N, N-diisopropylamine (0.6 mL) and the -

30 resulting mixture was stirred at rt. The reaction progressed slowly .(monitored by
analytical SEC) and after 4 h the same amount of PA(PPh;),Cl, and Cul were added.
After stirring overnight the reaction was finished (product:starting material = 96:4




colum (toluene) gave the desired conpound as a black solid after washing
with CH3OH (16 nmg, 89%. 1H NMR 8 3.04 - 3.07 (m 30H), 3.27 - 3 31J0m 2004
1611), 4.90 5 (d, J= 6.6 Hz, 6H), 5.26 (m 2H), 6.62 (d, J= 7.5 Hz; 6H),
7.30 (d, J= 6.6 Hz, 21D, 8.82 (brs, 16H), 9.13, (m 6H), 9.85 (m -

2H), 10. 21 (brs, 16H), 11.20 (brs,16H), 12,21 (m 6H), 12.61 (brs, 2H),
13.08 (brs,161); 1D MS obsd 4014.5 (I\/Ifl%'5 FAB- M5 obsd 4014. 68, cal cd exact
mass 4014. 83b§§0226H130N40Eu42:; X1,5 34277 421, 522, 618, 722 nm 10 EXAMPLE
2 Studi es RelP#8%trn nalyiicaDSECYN Thesbl Byt was simsovetl. Shvtihetogiaphy @lical Count er

Abbr evi at i i foll : oP - OC8H17Pc,,
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but yI pht hal ocphmim@tolubbéRayeaa Hesirsd Bompound 3s 3 Biakf sdta Z@er?véésp%gpofbn”eans
nesa tetra p-tolﬁl Porph rin; PnPor neans meso-tetrapentylpo W n;

E- PnPor neanHsQ (_@m;lgg%)-pmmﬁﬁmr105(1393015),3[20%144 (2165, 4.90

oone o R 9T L REBRTD A, 380, Cef 0 U7 S e B P50 BT
(trimet hyl si ine @k em i i, e, 9485 (2218 26.41 (6. rebty Y1 BB gy PPYT T
20- [ 4- et hynyI18idr(y, SEB, 1261 Gbrs, 2E), 43.08 (trs, 6] hbavigl dbe@uoty/s (vr); R and

Di scussion. Tgi ke sandw ch_conpl exes for_ the el ectrochem ca
studies in ?éf‘g%@o‘ﬂé\sc’?ﬁéﬁﬁﬁ?@lnéﬁss BP%@@M&@N«EW);@mﬁﬂ,aﬂﬂpﬁ&oﬂ&

het er ol epti c7pemphyri n 25 phthal ocyani ne sandw ch conplexes is as follows
(M Moussavi et al., Inorg. Chem 1986, 25, 2107-2108; J. Buchler et al.,
|norg. Ch@m 1988, 27, 339-345,). A porphyrin is refluxed in the presence

of excess Macac)3nH20 in 1,2,4- tri QE' grﬁbenzene, affording the
por phyrin. M acac) conplex. Subsequent e  with dilithium

e S D 5833y, Al bl S
The porphyrins ( Pdbbegviatisms hatein grenis feltows? €30Pc aneknd LOTFPHAl ocyani ne were
e e AR B19 A Golth e e kB i tmry, o151 o S
por phyr i 15 unbtitylpithaledyasine; Mekdd B¥¥ns Mg?é}&ﬂ,f@%,ﬁ,%fﬂ! TV means meso-
te&a-ptolylporphyrin; PnPor means meso-tetrapentylporphyrin; E-PnPor means 5-(4-
ethynylphenyl)-10,15,20-tri-n-pentylporphyrin; I-PnPor means 5-(4-iodophenyl)-
10,15,20-tri-n-pentylporphyrin; EB-Por means 20-[4-(2-
(trimethylsilyl)ethynyl)phenyl}-5,10,15 -tris[4-tert-butylphenyl}porphyrin; and E'B-
20 Por means2‘0~[4-ethynylphenyl]-5,10,15-1:n's[4~tert-butylphenyl]porphyrin.

Results and Discussion. |
Triple deckers sandwich complexes for the electrochemical studies in
solution. The general procedure for the preparation of heteroleptic porphyrin-

25  phthalocyanine sandwich complexes is as follows (M. Moussavi ez al., Inarg. Chem,
1986, 25, 2107-2108; J. Buchler et al, Inorg. Chem. 1988, 27, 339-345.). A
porphyrin is refluxed in the presence of excess M(acac);-nH,0 1n 1,2,4- |

- trichlorobenzene, affording the porphyrin-M(acac) complex. Subsequent treatment
_ with dilithium phthalocyanine with continued reflux results in a distribution of three

30  triple decker complexes including the desired product (Pc)Bu(Pc)Eu(Por). The
porphyrins (1 a,b), phthalocyaniﬁes- (2a-e) and 2f naphthalocyanine were used in the
preparation of the library of triple deckers. The substituents to be examined include



a phthal ocyanine unit. Note that tetra-tert-butylphthalocyanine‘fﬁd)“ (04
consisted of a mxture of regioisoners. The porphyries were enp é “aé”
the free base |ligands, and the phthal ocyani nes were converted to the
dilithiumderivatives prior to reaction. W 5 carried out the general
reaction protocol with nine conbinations of porphyrin and phthal ocyanine
starting naterials affording triple-ocker conpl exes as shown in Figure

ﬁ16;<t Lpegac\r/]ver e tEurl fi ecf;] %W ogr a %S&glorxge? %nglelﬁ?%%?g) . The

first fractiaph docymmwmmdth thabtetrgstert-butybplthalecyanineq@dptansisted of a

(Por) Eu(Pc) Eu( Por) .and .

oner, which re easily separated by
SEC chr onat dGPAHR VL regpine om %%E%W YrIRS-¥ere POy iaﬁmﬁﬁﬁ%k{@ ligands) ances” of

type b (Pc) Bie Brthifad{Rflesiite biRertd 1d B LHARE GHVARYLS S@ﬁ&%g&&% W

silica colum cChromalography wth to uen
Section Bel owgriedentdie gererad geastiony priotetol mthmrreamnﬂ:mahoi:S oﬁpm@hﬁuhn tmdfes

React i ons of al oc e 2c, with po i n b.led tqQ the recovery
of starting ?@E?% ﬁ'ggéépﬂg%g 0#%”“2‘& Tdeglf‘?ircém@iexﬁﬁé%lm@mbut -
triple- deckpupd®! exes were not present - presumably due to steric

hi ndrance caused by substituents in the 1,4, 8, 11, 15, 18, 22, 25-positions. In

the case of the rhaaathozsepWhemtheEuﬂxchd:h HHBO arad uséd, hid Qo riastor@intieh
Ce(acac) 3 nH20 &D., bac et w J Q Chem 1992, 16, 431-433), the
a type tripl ¥eRgPuged Xﬁﬁﬁ%ﬁhéwp?ﬁpbﬁgn sifige aeldCHCD:). (The fivst fractipaduct and

of por gt i e (RS SRl @oELOR BT sl iyl ) Shiooy

resul t ed naimbyomer, whichrwere ¢asily separatbdtby SEG ainbmatogiaphpqrm?) yThd®cbnd anount
of a type tri The | ds th ckers isolated from
each 25 reac ﬂ%&"lmgﬁg’li?’dg‘f]@&c?%p}% IEM?&"%?E@&FQ@R tYRéSpl ex was
characteri zegh A
spectroscopy. ?—;Holwever E&ﬁm@gﬁ%ﬁ@gﬁ&&y vvagﬁl%%%%%ty %y usef ul for
t he char act eﬂonmaSer(Sgtb ExmrphemdsSecmn lmlm)ﬁtyetchmmmgraph)ehadpto be repeated
butylph Ioc e |igan 6 due to .t resence of
30 pht hal f& RLETPgﬁ g?%c H’é%éfph%ﬁ%o gémfgtm’épw i%glt‘gtb@onfl r med
by TLC or h@cé‘@rﬁ@ﬁétéﬁhg ma@eﬁdlseanaths&gf BorplicatdiBhbitdre olf@ cfdﬁsts}%t'\ﬁgﬁpect ra
eaks in addi u

of 3a, 3c, 6a, 9a, other p tion to the nole I on
were det ect e@cliﬁdm@mh@s RReTeln@ poesent>(pesugizbly due to steric hindrance caused by

substituents in the 1,4,8,1 1,15,18,22,25-posmons. In the case of the reaction of
porphyrin 1b and phthalocyanine 2e with Ce(acac);nH,0 (D. Chabach ez al., New J.

20  Chem. 1992, 16, 431-433), the a type triple decker sandwich complex was isolated as .
the main product and only traces of b and ¢ type complexes were detected by LD-MS.
The reaction of porphyrin 1b and naphthalocyanine 2f in the presence of
Eu(acac);-nH;0, resulted mainly in the recovery of starting material and very small
amount of a type triple decker. The yields of the triple deckers isolated from each

25  reaction are listed in Table 4.

Each triple-decker complex was characterized by LD-MS, FAB-MS, UV-Vis
spectroscopy and 'H NMR spectroscopy. However, 'H NMR spectroscopy was not -
particularly useful for the characterization of complexes containing the tetra-terz-
butylphthalocyanine ligand (6a, 6b, 6¢c, 9a, 9b, 9¢) due to the presence of .

30 phthalocyanine regioisomers. The purity of the complexes were cohﬁrﬁed by TLC or
LD-MS analysis in the absence of a matrix. In the LD-MS s_peétra of 3a, 3¢, 6a, 9a,
other peaks in addition to the molecular ion peak M" were detected and could be




assigned to fragnentation: (Por)Eu(acac), (Por)Eu(Pc) or W[CAHI]. T 2!31 a,,
conpounds were easily distinguished fromtypes b and ¢ by the si gni“f‘?/ érﬁ{ 2004
difference in nolecular nasses. Although conpounds b and c¢ have the sane
nol ecul ar mass, the structure was identified fromUV-Vis spectra, by
conparison to spectra reported 5 for (Pc)Eu(Pc)Eu(Por) (J. Jiang, et al.,
Inorg. Chim Acta 1998, 268, 49-53; J.gjiang et al., Inorg. Chim Acta

1997, 255, 59-§‘4) and for anal ogous cerium (11'l) triple-decker conplexes
(D. Chabach é&#sighed to rf@mnta@ﬁeh&on)ﬁg@saciﬁ@omm@m M-[GibhaTypeat al ., J.

A Ch S , 48- 8556 inally, th I.pl e- decker, |
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triple-decker, sandwi ch conplex from'the reaction o
El ect r ocheni B¢ §iructuse wagidantified fromndViVis specirapby tompirnisotias kgictrs 2epdidea
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el oot rocham aof (POTEIEORDRGH B Rl & 6. rerie Chi At 0K, 28, -3 Bangrt | 7
in Table 15 @i, hiorg COMmMOMBAS99Y, 255259-63) arfibfor Qﬁalogﬁmjcgﬁuﬂag@[ﬁd@gfec«)g«{&iﬁft 'on

states were observed, whereas conpounds 6c, 9d anhd 4c pr hr ee
oxi dati on st ZOEPlexppD. Ghabach-eral, Mewd, Chemn 19931.46,i434-4380De Chatmcher 4., J.

observed, th [ it 6b,. 9d. an c where three, .
reduct i on st ‘ﬁ@% 85k, 1995, 27 S48 30} ety tug e eriee Soopir coptaminias
exhi bi ted by thiee tetnaizpttebutiviphthilocyieditands (6L, Bf palerall el ectron
donati ng gro gﬁtgﬂ/d%)a og t he, periegir%ery %,fe thg po?&%ﬁuﬁpri ng, whereas
the I|owddt Eﬁ“r) e % I was iselated s theompy podartriple-decker samdwith pomaples
chain in the,&o&pmgw&i%igngﬁgaﬂggﬁions and ei ght nethyl groups on the

pht hal ocyani ne unit. These resulTs are consistent with expectation based

on know edge of sMdohenﬁstej.fEmlamemlﬁrbﬁthbgibraﬂyrbfqﬁgﬁrdeb&rismmy
conmbi nations. _of.triple deckers thagfa coul d _be 25 used in the design of an

octal count ePORIExeS Bt WasPwe and avajlable i eifigienbepanbity wasiexamisgsect ed t hem
visual l'y for elegk6iheRANAR iR% ) O | f th alrs.t

exhi bi ted ve;.3 y good separﬁ??%ﬁéﬁ'o%lﬁéiﬂﬁﬁcgﬁ%c%ar eg%l%grﬁad'lzggm ?%E"énd
9a, and &3 An&opeommunds 3¢.c4a9 62,5y Ha, %510 10b fomt diddationsBddsiwaef OF t WO

(1 ' | hi Qi | .QXxj dat i tentials, th b
Crabl i ng ¢ e oPFed: BB poriplinds 68 Sals8i e pRovidest il chvespeation setow Bt 0ol |
to be accessmh'stéoiﬂpl&#bsh%eﬁﬁbﬁbﬁ%&ﬁbeﬁcﬁ@&?s%%ggﬁ@ﬁ%?%EJ#@&H?@%U#r. pl e

decker simlar to that of 6a. Therefore we design ecu re

27) whi ch ha®itfb, 9d,sad 3o mdere theperedustion staios weesdatested Pheshighest gr oup on t he
por phyrin W efcflodnBn@lal §5tehif WA Snivh i Sy e %plaezc{e%ﬁgrrz%g;pléx%cawfctlt? Icn(:]lly the
20  electron donating group (p-tolyl) on the periphery of the porphyrin ring, whereas the
lowest potential was measured for corapound 10a with an aliphatic chain in the’
porphyrin meso positions and eight methyl groups on the phthalocyanine unit. These
results are consistent with expectation based on knowledge of substituent effects.
Strategy. In order to identify combinations of triple deckers that could be
25  used in the design of an octal counter, we overlaid square wave vbltémmograms and
inspected them visually for interleaved oxidation potentials. Some of the pairs that
exhibited very good separations of potentials included 9c¢ and 6a, 3¢ and 9a, and 6a
and 9a. Of these 9¢ appeared to be quite attractive for two reasons: (1) this comple#
exhibited very low oxidation potentials, thereby enabling the low regime of the
30  accessible electrochemical window on gold to be accessed; (2) we have in hand an §-
~ (acetylthio)-derivatized triple decker similar to that of 6a. Therefore we desigx1ed
molecule 13 (Figure 27) which has the same substituents but replaces one n-pentyl
group on the porphyrin with a thiol-derivatized linker for attachment to a gold -

~—%



1 3 JUL 2004 88 electrode. A nunmber of triple decker conpl exes has been
prepared during the course of this study. Building bl ocks. TheTSQn.ﬂthesg[m
of the triple-decker sandwi ch nol ecules 13 and 15 required the preparation
of porphyrins 14 and 16 (Figure 27) (B. Littler et al. 5J. S J Og
Chem 1999, 64, 2864-2872; W-S. Cho et al., J. Og. Chem 1999, 64,
7890-7901). Each porphyrin has been pr#&pared via a rational route. The

Lgagghgrl (I’)l](ii] §Oﬂdltl0%@r%?%§d% &gﬁ%@a@ﬁaeﬁ{)}%%ﬁé ugq(grej% ®Chem
1984, 21, 60@fti¥study. Wagner et al. : . Chem 1995, 60, 5266-5273; R

Wagner et al., Chem_ Mter. 1999, 10 2974 10 298@& af forded al dehyde 17
(Figure 28) (K. vBuildingblogks. Thesyrthesisof thetrple-deghser sagdwich mulpailesadner

I th
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trifluoroace ittler et al : . em ,
64, 2864-287 ?%2%%1&%% ssn PIRPEEdvia aemlomsl rauteer meagtion ofd-aphy
foll db i. 20| 9
repared | SrRedldaldg fnd 3. 0% R 3t il BB St SR B e
with et hyldma@wﬁa Chlanahlndm daifn) ] |Hmﬂ7h Mzdﬁ"ﬁmgﬂsﬁl f]dfﬁba@cli)BQR. W&ﬁﬂe}{r@?ﬁl t he
correspondi n acyl di rrone ane in good yie educt i on of the
di acyl gl pyrr gnéf&:éﬂ‘é"‘vﬁ#fﬁ : TBeRy W?ﬁg?fcﬁtlﬁ afrhemfdpter 1990el G 2024-
ffordedygh r d but
v used meé%?%t@%aﬁi‘?'ﬂ‘gqéﬁ?}&“&“ PTE, S lan L, Chork F3ECH587 492
di pyrromt?aﬁ%?lﬂhma&dpghemmt lpmhmudggmﬂplwadoselég;etm:mr:tﬁfaﬂmﬂaten t he
resence o in acetonitrj X i W
FZ) 3-di chl orof g)agahgpﬁm h‘P‘F\‘&?FéW (t%ntﬁ saHer of that e
usual |y provigepwialeRbosk PS’HQI%‘&H'&EE ened Mhbfoa%éﬁé%ﬂﬁ);ﬂ% thtler et

di pyrronet hane-di carbinol'S with aliphatic substituents

condense wi t Al.nb8edtOrge Cheil 1909, 67,12864<98G2) gﬁ\deehppmmd:thmerﬂ&lpéd%eﬂeld

I denti fi sotetr h ri Jhe polarjt arted by the
2-(2- hydF oy BRESPFSEBEREHRREY lIseR oy p epicnn doiectrei ol dipErampBmE | on of
the m xture ayd;mgbywasrpraﬁr Wob&szq%ﬁhgﬁtq,fsp phyrin 16 was
prepared in the sane manner. Reaction of O di pyrromet hahe 21 with

di pyr r omet haRent#)@aymemetiane WﬁhteﬂvlmﬂmmbmmﬂFﬁﬂomfeﬂd:ydehemﬁhyrl n 16
in 32%yield cﬁ]ﬁhgéj 5&01%%& the corresponding 1,9-diacyldipyrromethane in good yield.

Reduction of the diacyldipyrromethane with NaBH, in tetrahydrofuran (THF) —
20  methanol afforded the corresponding dicarbinol 19, which was not characterized but

+

was used immediately in the subsequent reaction. The reaction of dipyrromethane 18
and dipyrromethane-dicarbinol 19 was performed in the presence of TFA in
acetonitrile followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). Although this route usually provides porphyrin devoid of acidolytic
25  scrambling, dlpyrromcthane-mcarbmols with ahphatlc substituents are known to
condense with modest scrambling. The major other porphyrin species identified was
meso-tetrapentylporphyrin. The polarity imparted by the 2-(2-hydroxypropy1)ethyne
protecting group enabled facile separation of the mixture and porphyrin 20 was
obtained in 28% yield. Porphyrin 16 was prepared in the same manner. Reaction of
30 dipyrromethane 21 with dipyrromethane-dicarbinol 22 in the presence of TFA
afforded porphyrin 16 in 32% yield (Figure 29).
The reaction of Eu(acac)s;-nH,0 and free base porphyrin 20 afforded the
corresponding Eu(Por)acac_complex. Treatment of the latter with dilithium



The reaction of Eu(acac)3nHzZO and free base porphyrin 20 afforded the
correspondi ng Eu(Por)acac conplex. Treatment of the latter with dill3 thiluk004
13 JUL 2004 89 phthal ocyanine 2d in refluxing 1,2,4-trichlorobenzene gave
a mxture of six triple deckers (with protected or deprotected ethyne

noi eties) together with residual starting materials. Since the

2- (2- hydroxypropyl) ethyne protecting gsoup, is unstable under the reaction
condi tions foL&%ﬂg the triple decker, ethyne deprotection was performed -5
at the porphy Yagee 2¢in reflaxingrle?. 4thickiombpnzenc igave aniitaesf sttt i c

mani pul ation Lipl e deckers . I.n order to obtain the deprotected

et hyne, por pﬁ?%e#%ﬂv%g rlg)?(&ﬁ%tf)gqcﬁeflee@ynﬁmweﬁsg%@@ﬂﬂggﬁ stexting| ., J
Chem Soc. PatakérialsTrSince thé 292 -hydRScyp i L i ving
por phyrin 23 (Figure 30).. Dg( royt_ect | (ﬂ%ﬁy(l)f t eePert8 %@uﬁgﬁg{abféﬁﬂ% W th
sodi um hydr o¥eeastioncondisiens farmingthe fripde deckenrathyhe ddpratactidn wldeggfml ic
Chem 1984, 8% yi el d ve buil ding bl ock 24, et al ation
of 24 wit T?A"f?&%’k?ﬁﬁ)g*eaége?@ “‘iﬁ‘@%“e?‘ﬁéﬁ%%‘?? 1ze8 gynthesie manimdation

af forded freefthaddplewsckees.hynyl porphyrin 14 in 83%yield (Figure 30). The

net al ation step ng erformed in order to suppress possible deconposition
of the free 15 ba O%GF {orRhtain tharispreirgted ethpme, poshyirmA0hyasrfirst mistalated

Sub tl Yy . ' d .t.h | hyrin 20

't ﬁeﬁgﬁ?umym‘%%‘%@-eﬁbﬁﬂ. Ry b, S bl 4 Bersi Brams 58 b0 g e
hyri tand 9@ eonditiduk gi Bhgtin S0
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1,2,4-trichl ' { th Lt h i dual-
Starting mt eRnrQeqREnan. om, 21 Ho 0 ok U Sve hiTGHE Block b ger with
chi or of or m gRemetabationtsd 3d svitIF AIGRLindbey et 81t Tetanedroh 1994, 5058041 gupgh on by

SEC in THE ah%ord g_t | pl e-decker conplex 25a in 22%yield and unreacted
por phyrin 14 %’§G)§ eﬁ%‘“@- jraongsetaynyl pe A¢ in 83%eyi re 30). I'Bwed t he

1 &
Second band " eanton sl P RERKARES GRol b sEBikd Sl Ui e it 1 ne
fourth bbhdsbagaperphytinmpon dspashrech shdidmt lelrsxide Subsequently, MAISoudUt
B s OB b I s o g "™
(t Bu4Pc) Eu(t flublle piuteiddtifiothly 8 givé peiphiyiin 448 508y yiglgut 1 on from the ‘
The reaction of Eu(acac); nH,O and free base porphyrin 14 afforded the
corresponding Eu(Por)acac complex. Treatment of the latter with dilithium
20 phthalocyanine 2d in refluxing 1,2,4-trichlorobenzene gave a mixture of products
together with residual starting materials (Figure 31). Column chromatography on -
silica gel with chloroform gave four bands. Further purification of the first fraction
by SEC in THF afforded triple-decker complex 25a in 22% yield and unreacted
porphyrin 14 (38%). UV-Vis spectroscopy and LD-MS analysis allowed the structure
25  of25a to be assigned as (E-PnPor)Eu(tBusPc)Eu(E-PnPor). The second band
contained free base phthalocyanine 2d (5%). The third and the fourth bands gave
compounds which had the same molecular'mass, but displayed different absorption
spectra. These complexes could be assigned as (tBusPc)Bu(E-PnPor)Eu(tBuyPc) 25b
(1.3%) and (thPc)Bu(tBuRc)Eu(E—Pnlfor) 25¢ (12%) in order of elution from the
30  adsorption column.

The monqiodo—,derivative triple-decker domplex 26¢ (Figure 31) was isolated

in 12% (40 mg) yield after two column chromatography procedures, with a small



30 adsorption colum. The nonoi odo-derivative triple-decker coaneé ng 2004
(Figure 31) was isolated in 12% (40 ng) yield after two col um , :
chr omat ogr aphy procedures, with a small 1 3 JUL 2004 90 anount of inpurity
still detected by LD Ms. However, the nolecular nmass of the inpurity could
not be assigned to a known triple-decker conplex. In the triple decker

form ng reaction, Eu(acac)3nH20 and fr@ee base porphyrin 16 afforded the

correspondi n d PN nt, of the latter with 5 [ithium
pht hal gcyani %%Pﬂ&%usg ﬁ@%@%ﬁﬁﬁl %1108’19@?}'2 duglsenlar:mags,of the of
product s t ogimueityeould noebé sisitines ted khdvon 1&&&&&?6@19%% 32). Col um
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chromat ography on_silica gel wth chlorof orm gave )ands. Furt her

purification of Ih@etsipledeskenforming tb,actﬁEf;Eiu(aciﬂEnHE(DQﬁdﬁéebﬁéeCﬂ&pﬁgﬁ-F}(er

conpl ex 27a itf'a.ﬁ'g(y éh}el d. UV-Vis_she troscopi/ and LD-M5 anal ysi s al I owed

the structure 0 eocwnéﬁ%ﬂﬁi acag compleme Treatment afithebitBowithsandwi ch
| ex. SThelithi ' ds which h th
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nol ecul ar mass, but displayed differe or ption

conpl exes cofioduess tagetienwith residydPetnftingRoathfals BRigiee 32)2 Uolinhn 6% and
(Pc) Eu( Pc) Eué 55&15% %7011\(@{ 10&; oyder of elution fromthe adsorption
col um. Treaf nen P OD IR H%O%Jﬂ_tot'%,g@\fe@prmdg. Burthenpugifieatior 5 Soc.

1996, 118, 14FE6 ikt HaMtionthy SEOU THICARBLOERHL Sl L AeHPAAEI @28 L1 94%

yield. Thial-derlvatized triple decker
i nvest i gat edIVs¥isspagtraseemband EDMS analysis allpwéicthe Biradtuld 2R td Be aéap%n@ai ple

decker | | AR i eg have reveal ed the advantages o
cert ai nb‘?pp?déggﬁ’gg&%g‘@&?#’??ﬁsﬁ ChLo8t %g}}&mém'ﬂ@ifw&bmrons.

These fi ndi ngpve cempoandsratdeh hidie sha, : i bed bel ow. (1)
In order to a protected thiol e%ﬁﬁ%@%%%ﬁggﬁ%ﬁ%get hynyl

ttach
'Ita(rji pl e-I deC@”@%@?"ﬁmf iIMWMGoq&ﬂgbhia@Mﬁs@q)ﬁg%mﬁaﬁn A cpd;ngg; "
-coupling 9 o > SNG 6.0 er Qdi de (Figureée :

Cassar, J. O gaﬁo ;st ) @Het%w‘%gg@ggﬁ%gégg%%‘ P{%e%f}é“ékh‘@% frem the 3
Or ganonet .  Gdeonptit® 6lunth3, TredifeR63)27c AAhTRIES, (1B @&PEP n abt ai ned.
Because 1tsheés's- Wl ?;5” Q gsroug can undergo£ c1 g@;\'yga I N #Hgs%)rﬂggg%'e of
most. of >t heboktrifnf {8:1d486-3 ALR0) affarded thaxigproteged triple tdeakers28 R7F44 wasd,us ed
i nstead and no cl . : nd i he reacti m xture (R
Hsung et al ., Tet@ﬁggﬁﬁ%y tq:;.l P %&%?ﬁ‘@@ﬁégﬂﬁ es. THg hays iy

several methods for attaching the thiol handle to the triple decker building blocks.

Our ‘stud_ies have revealed the advantages of certain approaches and conditions for

avoiding criﬁcgl side reactions. These findings have emerged from the three methods

20  described below. '

- (1) In order to attach a pfotected thiol unit to the triple decker, ethynyl triple-
decker 25¢ and 1-iodo-4-(S-acetylthio)benzene were reacted under Pd-coupling
conditions in the presence of copper(l) iodide (Figure 33) (L. Cassar, J. Organomet.
Chem. 1975, 93, 253-257; H. Dieck et al., J. Organomet. Chem. 1975, 93, 259-263).

25  Three main compounds were obtained. Because the S-acetylthio group can undergo
cleavage in the presence of most of the commonly used bases in Pd-coupiing
reactions, DIEA was used instead and no cleavage product was found in the reaction
mixture (R. Hsung et al., Tetrahedron Letr, 1995, 26, 4525-4528). The mixture was
separated by silicg column chi'omatography followed by SEC. Based on molecular

30 ion peak assignments upon LD-MS analysis, the structure of the less polar .compound,
was assigned to a butadiyne-linked dyad of triple-deckers (29). Homo-coupling of
ethynes yielding the butadiyne byproduct is a well-known side reaction in

Sonogashira reactions in the presence of copper (K. Sonogashira et al., Tetrahedron



separated by silica colum chromat ography followed by SEC. Based on

nol ecul ar 30 ion peak assignnents upon LD-MS anal ysis, the strudtdirdilof2ifhe
| ess pol ar conpound was .assigned to a butadiyne-linked dyad of
triple-deckers (29). Hono-coupling of ethynes yielding the butadiyne
byproduct is a well-known side reaction in Sonogashira reactions in the
presence of copper (K Sonogashira et gj., Tetrahedron 13 JUL 2004 91

Lett. 1975, 4467-4470). The second fraction contained two inseparable

conpounds.  The. 1973/B46p4dT0)uThsisevund fravtionebatiinge X6 idbpaiiie adRSAAL, 2548.

The latt er o(reﬁs}iggnds to the desired S-(acetylthio)-derivatized triple
decker 13, whti% fpFGium showed twp smaor Peaks At 144 2432 and 2948 Therlatlert i ve of
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difficulti,es encq ngﬁred,i n i.so] ati pg the desired noleculé 13 rorrpte%
i nvesti gati orP‘%Fné" Ve piribuie rpation of the, aestydaled by-pgodirct torasetyl transfer

et hynyl - substg “iddolLl €5 gﬁzeejn ' e - adi | i nked dyad is
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t he-starting nat er(@pThe difficiitiss enacuntensyl im iselaying theodesired niofRuRUBYREmPE t O
side reactions fro tge Sé et yI t hi O)E,gn ene st%&i ng material = woul d not
affect the i&ﬁ%ﬂ’r@‘ﬁﬁa pn pfy a‘fﬁreir%{témﬁéc ¢ homgrrqupl anz#ﬁhmthmrléubmmem ssi on
of copper, tple- 1 &8 Buthsiohd. Is s rgat |
SUppr c5scs | Tope CREY AR IR DUt RShi-HAk SRR iE ettty kil Poh g han A2 1Y
1- et hyny|104- (sgbstiutsd stiplkdackey bompleneas (lix stiting seateriahdn this Imran?' dcdBylgtiofhem

1997, 62, 137613 mld. - Pd- | at ed [

condi ti ons (F?%t%%%%@e cﬁ'{éqglrs%d,@rﬁafcn@’gco g_gr %ﬁse(a%géggg)bgaz%secﬁe@owz%gagerm Wagner
t al., Ch odd a6t i i | . ith

(raml gr rati gm(;;}; coﬁ%tl aef)l(&Bﬂx(ef)itQ @ét?%}ﬁé@%%ﬁ)%e&%&réreé\%t: E% g@%;@ &ﬁ](s%g% Wand

Pd2( ]Eiba) f’ - (98 cpper; Yhich prrspeicsithg oBjdative lsotg:émg ofitrigl6 bads, SRRatly il%;}res_sesl 4 and
urification, : .0Q I.a s. jecqver I,n % vyie an

Ito he desired °ﬁ%€°§’$§i§gk?}&2 R ,L%‘E%fof"rﬁi%aé‘ée ﬁ%&%@éﬁr@&@y@ﬂ.— 1

(é"Ur e 34).

Al t hough 15he acetghthio)tenzéns (D PeabGie Rk, Touk OPORS. (hens 1OYE 62 - uct
di stribution i 3 aner. (3) _The et hgnyl -subg'%t uted tripl ’eﬁ(?gc%res?y]

(Pc) Eu( Pc) Eu(8 Bf?l Bl popnsr-dicg Pd-medigted courdingsonditions ). b¥agrener algeOegupl ed
under LNe PO-oRNP1b08 dnBSHALLPAS R WAL ) e Y ek Ao3, 117597 308)°' " O
(triple-decker complex 3mM with molar ratio of complex - (1), ethyne compound -
(1), P(o-toD); - (1.2) and Pdy(dba)s - (0.15) in toluene and DIEA (5 : 1) at 35 °C).
20  After purification, unreacted starting material 35 was recovered in 40% yield and the
desired triple decker 13 was obtained in 14% yield (Figure 345. Although the
reaction in the absence of copper is slower, the product distribution is cleaner.
(3) The ethynyl-substituted triple decker (Pc)Eu(Pc)Eu(E'B—Por) 28 and 4-
iodo—l-(S—aqetylthio)benzene were coupled under the Pd-coupling conditions
25  (Pdy(dba)s, P(o-tol)s used for joining porphyrin building blocks (Figure 35). LD-MS
analysis of the crude reaction mixture revealed two dominant peaks (m/z 2179, 2287)
corresponding to the acetylated product and the desired product, respectively.
Column chromatography afforded the two separaté species. 'H NMR analysis of the
former species revealed a sharp singlet (2.86 ppm, 3H) consisfent with an acetyl
30 moiety. The desired S-acetylthio derivatized tliplé-decker 15 was obtained in 19%
yield, which is quite low compared with the typical yield (50 ~ 60%) in the reaction
between two porphyrin monomers under the same conditions. Thus, excluding

t he




anal ysis of the crude reaction m xture reveal ed two dom nant pea553gﬂﬁ?20&4
2179, 2287) corresponding to the acetylated product and the desire .
product, respectively. Columm chromat ography afforded the two separate
species. 1H NVMR analysis of the forner species reveal ed a sharp singlet
(2.86 ppm 3H) consistent with an acetyl 30 noiety. The desired
S-acetylthio derivatized triple-decker92a5 was obtained in 19% vyield, which
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Exper i merg al déegedsi The et Fadito avdid Hhimiap fet {H)n-ﬁ%z 2 Lt on
spectra (HP 8451A, &_ar ﬁ%t V\aglr%ag%il | ect eg-ﬂfr&gﬁmag y. ‘?“%W@%@& ra
were col | ect@cpmpioxmw%( Baieer thanzethynyl-substituiedotrtipde-Genker cmplétds. Jwaor ption
spectra wereuegl d.n t ene. or phyr i n= pht hal gcyani ne sandwi ch

conpl exes mﬁ&a‘iﬁﬁ%‘%ﬂ "59“%15 G%BE?‘MH%W&W&WSS spectronetry
(Bruker Proflex IL) and high resolution fast atom 20 bonbardnent (FAB- M5)

on a JEOL (Tokyo, Japan) HX 110HF mass spectroneter. |D-Ms anal ysis was
done wi t hout BeErpenrimgntal Se¢tiam t he matri x POPOP. Hi gh resolution nmass

spectro ry was | edi t qgre n It resolutio nmer ci al
sour ces nﬁ ovi ded %{‘Haﬁl W%&@éﬁq N@%&P@?‘?mmﬂeﬁj’m@%fi 7o (Afa
Aesar) and PGaRf)Ne2€idllechiddoinitely. ANI'HIGVR! peétwi werei atlb@ad BACDEN (366 her 25
reagents werl(\a/ﬂ_loztgt ajned from Al drich Chem cal Conpany, and all solvents were
unless noted otherwise. . All absorption spectra were collected in toluene.
Porphyrin-phthalocyanine sandwich complexes were analyzed by laser desorption
(LD-MS) mass spectrometry (Bruker Proflex IT) and high resolution fast atom »
20 bombardment (FAB-MS) on a JEOL (Tokyo, Japan) HX 110HF mass spectrometer,
LD-MS analysis was done without a matrix or with the matrix POPOP. High
resolution mass spectrometry was carried out at greater than unit resolution.
Commercial sources provided dilithium phthalocyanine (Aldrich), Eu(acac)s n1H,0
(Alfa Aesar) and Pd(PPhs),Cl; (Aldrich). Unless otherwise indicated, all other
25  reagents were obtained from Aldrich Chemical Company, and all solvents were
obtained from Fisher Scientific.

Chromatography. Adsorption column chromatography was performed using
ﬂash silica ggl (Baker, 60-200 mesh). Preparative-scale size exclusion
chromatqgraphy (SEC) was performed using BioRad Bio-beads SX-1. A preparative-

30  scale glass column (4.8 x 60 cm) was packed using Bio-Beads SX-1 in THF and -
eluted with gravity flow. Following puriﬁcaﬁon, the SEC column was washed with
two volume equivalents of THF. Analytical scale SEC was performed with a



obt ai ned from Fi sher Scientific. Chromatography. Adsorption colum

chronat ography was perforned using flash silica gel (Baker, 60-309 .M*®004
Preparative-scal e size exclusion chromatography (SEC) was performed using
Bi oRad Bi o-beads SX-1. A preparative 30 scale glass colum (4.8 x 60 cn
was packed using Bio-Beads SX-1 in THE and .eluted with gravity flow.

Fol lowi ng purification, the SEC col umgyas washed with two vol une

equi val ent s % THE. Anal ytical scale SEC was perfornmed with a 1 3 JUL 2004
93  Hewl et t - PHEWIsPackard 108 HPLE wsinge 100004 soluain (Srull, Styvene-divinylbenzene

styrene-divi . I r ith THE as eluent (0.8 nLJmn).

Sol vent s. To%%gmgﬁf%eﬁﬁgﬁé@&THE (Fisher, certified ACS) was
di stilled from sod$elventanTolubhei v distiieass: , i | REGY Led from
CaH2. 5 Pyrrol e,iAcr os) was distilled at ﬁ%@%hﬁ?%@é&sur e&#ggﬁﬁ 2.

Al ot her sol Gigtied frane sedivmeandrisiethytastineFlul@epuniss) was distitied &ofaCar)e
reparati ' eJ.S. | xtur.e ,of the or in.(0.06 mmvol) and
ICI%u( gc ac) 3'(32 Hg%rr%cg% P‘%°®?%#%ﬁf%@° ohgrig pressure Iﬂpcﬁ? %é;(z éHS;O“QeI :§°}M§§1ts\)/vas
heat ed t o refwepe vaedlassetdivedd under argon for 4 h. The 10 resulting

cherry-red solution was_cooled to rt, then the dilithium phthal ocyani ne
(0.09 mmol) was ddereral praceduretfor theprepaxationsof dripte deckersd di hibotasd ofthé,

i S50l ved | n AR RN nd B OcA T ARY @308 0. ZRIARD iebaet wi 1 h the
same sol vent .trichlotobenzent (18 AHT#3s hadtédtodemut ﬁfd%rf%ilﬁd?lgégg%o}gg. E}Eespt band

(br own) ;@nt ai ned inly the triple-decker 15 conpl ex or)
and unr edct edePBRH “184 splptiony Waneeoleddp 1t, then the dilitiummptithalboyaning §0.09e or

bl ack) ‘cont ai t LDl -ﬂﬁﬁgﬁ?@ .£X4 £PC) EulPor Pc) in yery
smal | amount, t lr‘g'%oapgécgf?len no Ffségfa.éﬁdgof%ﬁémg%}é’et&gn#ﬁémﬁﬁ?d mai n
band (dark gresmppnenisivarerenhoned mider vivauil iTheeesi@sd®as GSBN &I CHCL, and

(Pc) Eu( Pc) Eugg%é. The firs %and col l ected was redi ssol ved in THE and

| oaded onto 8P & EﬂﬁF&c UERn R3gkas With thesameselvent. Eintiomwith CHG,
( Por) Eu( Pc) Eyfideded B hddst j Sh- Which af.ter renoval
of the solvent affor dgtéﬁﬁan Eﬁ)c@vn Fgﬁﬁgﬁt Bﬁ@gﬁﬁ%wm\ﬁ@ﬁ%wlﬁgﬁﬂm
(third) dél| eomplex@or)EaRciBu(Por)dnd nnreatedporphyith sieAtiotnaaia. The sédonga g€l
col um packed.w E?h %&ﬁasanmaaal vent. Elution wth toluene afforded the
dark greeni sHoBf 782 ©8 (ROREme %ch‘}%lﬁ?mn}ﬁemcéﬁn@ﬂ)ﬂum ioval
of the a very small amount, therefore often not isolated or characterized. The third main
band (dark green) contained mainly the triple-decker complex (Pc)Eu(Pc)Eu(Por).
The first band collected was redissolved in THF and loaded onto a SEC
20  column. Elution with the same solvent afforded (Por)Bu(Pc)Eu(Por) as the first band
(greenish-brown), which after removal of the solvent afforded a brownish-black solid.
The dark gr?§n band (third) collected was redissolved in toluene and loaded onto a
silica gel column packed with the same solvent. Elution with toluene afforded the .
dark greenish-blue band containing (Pc)Eu(Pc)Eu(Por), which after removal of the
25  solvent afforded a dark green solid. Final purification of each compound will be
described specifically. '

(T-Por)Eu(CsOPc)Eu(T-Por) (4a). The reaction of (T-Por) (12 mg, 0.017
mmol) and Lip[(m-OCgH,7)sPe] (40 mg) was performed as described above.
Chromatography (siﬁca, CHCl;) then SEC of the first band gave a greeﬁish-brown

30 solid. The greenish-brown solid was finally purified by chromatography (silica, >
hexanes:ethyl acetate (gradually from 10% to 30% ethyl acetate)) affording triple-
decker complex 4a (12 mg, 42%). 'H NMR (CDCI3) 6 1.25 (t, J="7.2Hz, 24H), 1.7 -



25 solvent afforded a dark green solid. Final purification of eac% g

wi Il be described specifically. (T-Por)Eu(CsOPc)Eu(T-Por) (4a) h L ZWM
reaction.of (T-Por) (12 ng, 0.017 nmol) and Li2((m OCBH')8Pc] (40 ng) was
performed as descri bed above. Chromat ography (silica, CHC13) then SEC of
the first band gave a greenish-brown 30 solid. The greenish brown solid was
finally purified by chromatography (si?4ca, hexanes:ethyl acetate

(o aumn Y 406 A8 LN SRR AR S ) i 951 T
580416204 31791311135;311}1) 323&?11(%15)“1;2&){5: ﬂsng 537 (&@ﬂéb,ﬂiz (619'-?62113— 7.2
5.17 (d, J=msl 6&04267%@1 @6(Hz,§8§l)291(ﬁ13(1;518ﬁ) BZYQ(Q,@H),JHR(@ $H); 8H), 9.1

obed 3178, b1 ohig %ﬁgﬁ'ﬁﬁgﬁ%?ﬁ#@pﬁ @%ngéwﬁ‘agb%%&ﬁl 7. abEAC?_M
419, 496, %zﬂmﬁﬁﬁ%mngga%Tgﬂ% (4c). Chromatography (of the

third band) on flca efuted with a m xture of hexanes and THE (gradual |y

from0%to 20% 'I(HEch)Ei(&’sdmt)Eu(’bPOOrmo).l rchrofatagraphlO®f thelthitdbandioe13) S
16 (m " sonieapiifée vithy shigessf Bekangs gad THF Ceiaplly bomupl bodu iy (1
L ( m Dot tompontiy (g, 04 rNBIR (G, 8Tl01 @ AL69 1, %?ﬁin) |
13.12 (s, 4uljé, .Lﬁ?l\HIszH);lMR? (a 24IFEM3L W5 1abin, 3200813 - lcm(:ﬁdu ALY -mass
A RAB o 00005 3 d s,
Chr ot ogr oo “?‘é"’."???al(%a G #9@9 SIpl)01a59% §sheh esepaghiec above
gr eeni sh- br (soE) LIS Dbaﬂ 40ﬁ7piij FAB-MS dhsdeitd8Sataled exdeymass 4043,a
3 e b A 3 S 0 T
(m 811y 10 7 ‘ObodEaendof @%Wi”fb featign e (-0 (b0 88 >
811); L5 VBumbdnd Ia4¢Bi,Pa)@S g, DD iémol 2sdserfoARed /& ddsssibed 288, 72, cal cd
(1 BusPe) to(CERBBDREREY (BUFS () Goh SEGAY= e ShPBFRORIGOTRR] obt ai ned
greenish-brown solid was finally purified by chromatography (silica, hexanes:ethyl
acetate (gradually from 10% to 30% ethyl acetate)) (7 mg, 8%). "H NMR (CDCL) §
3.0-3.1 (m, 24H), 3.1 - 3.3 (m, 36H), 4.07 (d, /= 5.7 Hz, 16H), 4.91 (g, /= 8.1 Hz,
20 8H),6.5-6.7 (m, 8H), 9.0 -9.1 (m, 8H), 10.7 - 10.9 (m, 4H), 12.0 - 12.3 (m, 8H),
12.5 -13.0 (m, 8H); LD-MS obsd 2388.0, 1562.7, 1547.2, 823.4; FAB-MS obsd
- 2378.72, caled exact mass 2378.83 (CiaaH120N16Ew2); Agve 362, 421, 493, 608 nm.
(thPc)Eu(tBu4_Pc)Eu(T-Por) (6¢). The dark greenish-black solid obtained
from chromatography (toluene, as described above) was further purified by
25  chromatography (silica, toluene) (19 mg, 17%). "H NMR (CDCl;) was collected
though interpretation was precluded as the compound was isolated as a mikture of
inseparable regioisomers. LD-MS obsd 2449.5; FAB-MS obsd 2447.05, calcd exact
mass 2446.94 (C144H132N20E12); Aaws 346, 417, 526, 620, 727 nm. |
(Pn-Por)Eu(thPc)En(Pn—Por) (9a). The reaction of (Pn-Por) (40 mg,
30 0 068 mmol) and Li>(1BusPc) (58 mg, 0.077 mmol) was performed as deseribed
above. Chromatography (silica, CHCl;) then SEC gave a greenish-brown solid. The
greenish-brown solid was finally purified by chromatography (silica, heianes:ethyl



from chromat ography (tol uene, as described above) was further purh;ieﬂ by,
25 chromat ography (silica, toluene) (19 ng, 17%. 1H NVR (CDC13) JUL 2004
collected though interpretation was precluded as the conpound was isol ated
as a mxture of 1inseparable regioisoners. LD M5 obsd 2449.5; FAB-MS obsd
2447.05, cal cd exact rmass 2446.94 (C 44H, 32N20oEu2); ,s 346, 417, 526, 620,
727 nm (Pn-Por) Eu(t Bu4Pe) En( Pn- Por) (gg). The reaction of (Pn-Por) (40 ny,
30 0.068 mmol ) and Li2(tBud4Pc) (58 ng, "0.077 nmol) was perfornmed as

described abestae (Gaduaily HomaAly to(30% ethdl adetitd)} (29 ﬂ,gn3@}{;f} WfCDSI%
greeni sh-bro S #Id. é[ﬁ)‘e reeni sh-brown soli'd was flnaly puriftie y
chr omat ogr ap '(@ (T, L€ @x&n&l%gﬁﬁz,ﬂ‘dfﬂ)dhw@Dhﬁﬂblaide(naﬂmgrﬂi@gl ly
from10%to g@ﬂ%’qﬁyh_wqmg.o(g%ﬁ%ﬁ?mG}ib%lgR m&% 0, g:g 0.8 (m
16H), 0.79 (t, J= 7.5 hz, 1 meo ey~ 17485 ey - 120 Gy, §8);
T (o T g ety o IS FABIS ok 0217 N ok Brac g, 2 -

. ' S .82, .0, . 0; -MS obs .97,
e e T
566, 626 nun. '0?’@13‘]21' 25%%?%355%?8??@%}%6%’(é’%?m%he_ dark greeni sh-bl ack
Further puri Lied by chrotat orammy or Cok TR AR nREIAR TS bhca

further purified by chromatography (sil
chr onat ogr apﬁfym(%hfgmetsﬁrapbyré@gmwépmbeéab@wava@g‘mlmmhﬁﬁed bypm 10%to 30%
‘ethyl acet at grhnfatd , Mo 1H. N 13 col l ected
t hough i nterpr e?gﬁdiggaﬁ}h\xg?ﬁ g%géﬁgﬁﬁgog%v?ﬁgy a 81?%2%@5&, ed as a
mxture O i es:ethykacetate (Hraduatly Sronl TH%/%o gb%cbmz;??az&a@)) (EABvafR ?2%‘?%
2366. 11, cal g,‘l,/ﬁxq_f S@P 6. 05 (C136H 47N20Eu?) ; Xabs 345, 413,73827,
583, _622, b|73@di: n.= %’r’% : qs"ﬂ?(w erietthongh B\yerpte;at(omyl asprmdﬁragthe b
gr eeni sh- bl a Gt . , .(tol uene,. as, describe
above) was furt Eer purifi e%abya CFQW Oﬁ%&‘{ Ogﬁg%%&(@g}yoﬁo e}'s.ff;[ﬁ%ﬁgys ol I oved
by chr omat og?3fy; RABIMS cbsd 2366,11, beludeamt aiaby)3 68005 (@GR ANARUAL )y, 340m 10%
- to 30% et hyl gﬁcséﬁ@) é@% ond band, 11 ng, 17%. The'l pettr i
(CDC13) was 45 » 6 éﬁni“hterpret ation was 20 precluded as the
conpoundisvas i sol gig ' fol |l e regi.qisoners,.. .LD-MS obsd
Conpounisis, |50l B bpet el (el 58158 hs S SIEL R srbiaal
Rabe 341, 64fomehromatography (toluene, as described above) was further purified by
chromatography (silica, toluene) followed by chromatography again (silica,
hexanes:ethyl acetate (gradually from 10% to 30% ethyl acetate)) (second band, 11
mg, 17%). The 'H NMR spectrum (CDCl3) was collected though interpretation was
20  precluded as the compound was isolated as a mixture of inseparable regioisomers.
LD-MS obsd 2523.1; FAB-MS obsd 25 14.96, calcd exact mass 2515.04
(CraaH144N24Buz); Aany 341, 649 nm.,
| (Pn-Por)Eu(MesPc)Eu(Pn-Por) (10a). The reaction of (Pn-Por) (50 mg,
0.085 mmol) and Lix(MegPc) (250 mg (compound used without purification), 0.39
25 mmol) was performed as described above. Chromatography (Silicé, CHCla) then SEC
gave a greenish-brown solid. The greenish-brown solid was finally purified by
chromatography (silica, hexanes:toluene (gradually from 50% to 100% toluene)) and
chromatography (silica, hexanes:CH,Cl, (gradually from 10% to 20% CH;CL) (7 mg,
8%), which slowly decomposes during purification. 'H NMR (CDCl3) 8 0.6 - 0.8 (m,
30 16H), 0.90 (t, J= 6.9 Hz, 24H ), 1.2 - 1.5 (m, 32H), 3.8 - 3.9 (m, 16H), 4.24 (s, 24H),
5.41 (s, 16H), 12.27 (s, 8H); LD-MS obsd 2109.2, 2051.5, 2037.6; FAB-MS obsd
2106.98, calcd exact mass 2106.96 (CraoH36NieBu2); hase 362, 428, 502, 567, 625 nn.




(Pn- Por) Eu( MesPc) Eu( Pn-Por) (10a). The reaction of (Pn-Por) (50 ny 0. 085
nml ) and Li 2(MesPc) ' (250 ng (conpound used wi t hout purlflcatlon)1 30 'éqé 2604 |
mol ) was perfornmed as described above. Chronatography (silica, CHC13) then
SEC gave a greenish brown solid. The greenish brown solid was finally

purified by chromatography (silica, hexanes 't ol uene (gradually from50%to
100% t ol uene)) and chromat ography (si?8 ca, hexanes: CH2C12 (gradual |y from

our £ cat i on 1t s MR ORU(PEPaD) (LY THERAEIEN AN A pbtgined |,
o 13 7 (g o e e o pibified by 11 (™
2106. 98, cal CHFO Eﬁwa&h@lwl%%(feﬁ%ﬂﬁ F@Bﬂﬁt?gaphi}’ésémc(@im,ﬂéﬂlﬁog )
567, 625 M%fiﬁ
gr eeni s\t\\/agpaé%;%o??% &% %SIé?rbanE% ogra g%ﬁﬂf%@e T(h% f eb g;

b f spwmxinmls iheife
gyO\éﬁa omat ograrg‘gw in C@bl F?:&Fégmmwg%ﬂ?%he coﬁlpeg?}g(?b?lm(;my
Gecorposeo GHET iR Lo i ] o i
LD M obsd 2%921 4%@‘3‘11'1‘%%%? den 35149, %1 B3 e 000 e 61
(C120HI 16N20Eu2) ; (Rm-ﬂ!or%é(Mél;PZ)Ce@Bﬁ-Poﬁﬁ@laﬁ 84 nﬁﬂ‘ture of meso-

(Pn- Por) Ce( $Pc)Oe n-.Por) 11a ure of neso- tetrapent | por phyrin
(75 ng, O. lil\%/lg g’t‘? g ﬁmneli@edﬁa‘gsacaq)aﬁ@ﬂ 4omg}) § 8r obenzene

tsol it ot ?“E%QEQ{JC‘?L? %?%*mgﬁﬁ%@hw el otfech R 243 ARG ' (e
m xture was ageling, a eblidizamplendEi,(dedo)(610nmg, @.95 mmokimpaie) aras dddet angacuum

gave a dark en sol I d. The resi dye was ved in CHC13 and | oaded
onto a sili cggeg"&‘ E(ﬂ'aﬁr?ﬁ%‘ef Ffﬂtr&%ngaﬁé%scﬁ%ﬁvﬁamEMqraﬁmm BaVHC13

afforded thrg e&&ﬂ?ﬁnﬂ& esidiEwhd dlistglﬁﬁrlﬂ 1S8R fbra?é‘}ﬁ)mtﬁ Q@hﬁ:‘a&%ﬁj

malnlythetltle conpound unr eact or phyrin star mater |
dark green baﬁl@lnmcpm dlmthrthasmmh@nt tElupbmwui‘hcﬂﬁ@lgmﬁmledthee main

e 4R g S M e
1 R M i R B TR TS 1L
NVR (CDC13) &‘gpleaded@r@bm elchesPQCﬂG’neRm t bartd eblle¢ted wad kédissolved * ( m
1611), 0.58 ﬁﬂ THF and loaded onto a SEC column. Elutlon with the same solvent afforded (Pn-
Por)Ce(MesPc)Ce(Pn-Por) 11a as the first band (greemsh—brown). The greenish-
20  brown solid was finally purified by washing with MeOH (23 mg, 17%). 'H NMR
(CDClL) 6 -4.29 ('brs,' 16H), -2.15 (brs, 8H ), -1.44 (s, 24H), 0.51 (m, 16H), 0.58 (t,J= )
6.7 Hz, 24H), 0.68 (m, 16H), 3.15 (s, 16H), 3.81 (s, 16 H); LD-MS obsd 2090.6, 1
2032.7,2019.3, 1963.6, 1949.4, 1904.0, 1890.1; FAB-MS obsd 2106.98, calcd exact
mass 2106.96 (C120H;36N16BUy); Aabs 363, 427, 498, 565, 615 nm.
25 Preparation of triple deckers apon reaction of meso-tetrapentylporphyrin
and dilithium 2,3-naphthalocya_1hine (12a). A mixture of Pn-Por (66 mg, 0.11
mmol) and Eu(acac);5H,0 (140 mg, 0.28 mmo) in 1,2,4-trichlorobenzene (21 mL)
was,reﬂuxed under a slow stream of argon for 4 h. After cooling, a solid sample of

LiaNc ( 100_mg, 0.14 mmol) was added and the mixture was again refluxed under

30  argon for 5 h. Evaporation under vacuum gave a dark gfeen solid. The residue was
dissolved in CHCl; and loaded onto a silica gel column packed and eluted with
CHCl. The first band collected was redissolved in THF and loaded onto a SEC



6.7 Hz, 24H), 0.68 (m 16H), 3.15 (s, 16H), 3.81 (s, 16 H); 1D VSl absdll 2004
2090.6, 2032.7,2019.3,1963.6,1949. 4, 1904.0, 1890.1; FAB-M5 obsd 2106. 98,

cal cd exact nmmss 2106.96 (Cl 20H 36Nl 6Eu2); A. ab, 363, 427, 498, 565, 615
nm 25 Preparation of triple deckers upon reaction of

meso-tetrapentyl porphyrin and dilithium.2, 3-naphthal ocyanine (12a). A

m xture of Pn-Por (66 ng, 0.11. nmmol)eand Eu(acac)3 nH20 (140 ng, O0.28
mmol) in 1,2,4-trichlorobenzene (21 nm.) was refluxed under a sl ow stream

of argon for cplymn. ARhson with the samessodveint d&'aae?lum-Bgr)Et(gngﬁ@ﬁ-PB}) %f)a at )
I ) ' i :
Evapor ati on UGB Gad ErrpiRraBa TS Greetih Gepwaisoleuas Saally paribied by 5d
di | ved i n kil d bk i | ut
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onto a SEC 9721468, 2132.9;ABMS obadr21 94180, eaetbexaot measst2 19489 (QpgH,cN GEH%
(Pn-Por) EY( 2, 3%55%,2% Pgr& §2a as the first band (greenish- broyvn5 . e
gr eeni sh- gr ovbf‘lbs i 403343161 -y purified by chromatography (silica,
CH2C12/ h , 3 ; 46, 93 -2.132.9;
FAB- M obsd 2104, 8%?3-3%# e%@%?s%ggﬁkg%@éﬁﬁb(éh@w) 5 Xabs
330, 429, 54BrosobenraldehydSGiteg,Ngimmel)yREERY)IC %gtm &%metiﬁl&ﬁb'aﬂ&@(ﬁe

]
17). 4- B | dehyde (3.0, g,..16 1), Pd(PPh3)2Cl2 (110°ny, 0.170
Erm)l)) and B‘iﬁ%%%&%pﬁ%mﬁa?em@@@&“ dlask. nThe ﬁlmm(lmwkngaﬁd\e f1ask

Then freshl v graed3nth BUb0 06 tes S Qibienk ol then Bl BishiSa B o1 ¢ or
T et on g o P Bl o e st gi0g Wit angh, 202} emap e
(rjeact i on wgs %ﬁ?@'ﬂfﬁeﬁ%ﬁ“@ebwﬁd%ﬁe%émﬁeﬁmﬁf@wessp féflgbcﬁté@ed to
i StE T a o (o3 REPRIBNSSEE e seicrisd wak bitmitbidd by o MY, Mt SektoR smiggprs,
PP g v T+ e T T
81 90, 8, 1 gislAtaE (9705 ?%ﬂ-%l’mﬁ Ig) gaYoa pale yeHowmhiod)(290(%; A5%). '#90. 4,
830.1, 9Qa. 3; 1 1 . 0, 4, 1303, 0,

1373. 0, 1487 ARICHCIIR 676 58, 273 Qoo 1. 753 A8 gy <R L itag2AR g 1

2982.2, 3413(AB | 362 (51 , 2 ; VS
obsd 188.0835(, é%’lfi'cﬁiggzglt‘zmﬁalfgz ggggg%g%gag%@,91,;,5@8,&11%98, 150,

5- [ 4- ( 3- met hylB23, 135, d29.3; R (film) vi(em!") POC4)E3Dd], PY6.B.0I63(4) 10846, 16046.1,
1165.9, 1207.0, 1273.4, 1303.0, 1373.0, 1457.6, 1563.8, 1603.6, 1700.0, 2228.1,
2735.0,2837.8, 2934.1, 2982.2, 3413.3; MS (EI') m/z 188 (M*,35%), 173 (100%),
20 159 (10%); EI-MS obsd 188.0835, calcd exact mass 188.0837 (Ci2H120,).
5-[4-(3-methyl-3-hydroxy-1-butyn-1-yl)phenyl]dipyrromethane (18).
Following a standard procedurs, a solution of aldehyde 17 (2.5 g, 13 mmol) in pyrrole
'(23.0 mL, 330 mmol) was treated with TFA (72 pL, 1.3 mmol). Column
chromatography (silica, CH,Cl, gradually to CH,Cl,:MeOH (7.5 %)) followed by
25  crystallization from ethanol:water afforded white crystals (2.3 g, 56%). mp 145-146
°C; 'H NMR (CDCl) § 1.62 (s, 6H), 1.89 (brs, 1H), 5.46 (s, 1H), 5.89 (s, 2H), 6.17
(dd, J=5.7, 3.0 Hz, 2H), 6.07 (m, 2H), 7.1 - 7.2 (m, 2H), 7.3 - 7.4 (m, 2H); *C NMR
832.2,44.4,66.3, 82.7,94.5, 108.1, 109.1, 118.2, 122.0, 129.1, 132.5, 132.8, 143.1;
Ana_l. Caled for CzoHN0: C, 78.92; H, 6.62; N, 9.20. Found: C, 79.03; H, 6.69; N,
30 9.29. . |
5-[4-(3-methyl—3-hydroxy-l-butyn-l-yl)phenyl]—l 0,15,20-tri§z-
pentylporphyrin (20). Following a standard procedure, dipyrromethane 18 (530 mg, °



Foll owi ng a standard procedure, a solution of aldehyde 17 (2 5 g«, 31?U|]11?M4
in pyrrole (23.0 nL, 330. nmmol) was treated with TFA (72 L

Col um chromat ography (silica, CH2Cl2 gradually to CH2Cl12: I\/EC]-I (7. 5%)
foll owed by 25 crystal Iizatiqn from et hanol : water afforded white crystals
(2.3 g, 56% . np 145-146 C 'H NVR (CDC13) S 1.62(s, 6H) 1,89 (brs, IM,
546(s,IH) 5.89 (s, 2H), 6.17 (dd,eg)= 5.7, 3.0 Hz, ,607(m2H)
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mol ). Then DDQ ( adde reaction m xture was
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/31 um | Zuiciyioh, 65 ssalul, Sskiss 0zYolo s ksl daaRy! 110, 15, 20- U

-n pentyl porp yr|n Por phyrin 2 Wwas treated with
Zn( OAc) . 2H20 (1. Zn@l)-5- m—(mmbghyl-a-m@xﬁ-;mmmﬂ)ﬂhen@ﬂ 10,15,2 04667~

tradit | pl Id 0 19 H NVR CDClSS
(1r81|2|(_|) 'ﬁ”gﬁi g;“-”ﬁgﬁ? yria 20 G0z, %epmolnwaewga:edam A

m

4H), 7.86 (AB 2 )J@}{Zm (_1143:% n%%% g%%ébﬁ?oi%e ) %&W“? (AB/2
J= 5.1 1%, %Dkup&aﬂéa(pﬁﬁﬂésohﬂz(%ﬁglﬂl%ﬁHHNm 52, Oﬂgnﬁ)l-f) |ﬁ§ 2H),
9.23 (AB/2, LD-MS obsd 742. 7 685 4: 20 FAB-'NB 0bsd

730.3652, ool Treol (mAGHR 05 G5T% AN S, 21047 b 2GR BED) 4.29
(t, /= 8.6 Hz, 2H), 4.48 (t, /= 8.0 Hz, 4H), 7.86 (AB/2, J=8.1 Hz, 2H), 8.13 (AB/2,
J=17.8 Hz, 2H), 8.74 (AB/2, J= 5.1 Hz, 2H), 8.89 (AB/2, J=4.2 Hz, 2H), 8.90
(AB/2,J=5.7 Hz, 2H), 9.23 (AB/2, J = 4.2 Hz, 2H); LD-MS obsd 742.7, 685.4;

20 FAB-MS obsd 740.3452, calcd exact mass 740.3433 (CasHs2N4OZn); Aans (CH,CI,) -
421, 553, 593 nm; Agy (Aexc 570 nm) 560, 601, 651 nm.

Zn(ﬂ)—5-(4-ethyny1phenyl)-10,15,20-t11—n-peﬁfylporphyrin (24).

Porphyrin 23 (50 mg, 0.074 minol)_ was dissolved in toluene (5 mL) and powdered
NaOH (100 mg) was added. The reaction mixture was refluxed for 2 h. Afier cooling

25 tort,the mixture was placed on a silica column (CH;Cl:hexanes, 3:2), affording 45
mg of a purple solid (98%). "H NMR (CDC13) 6 1.0~ 1.1 (m, SH), 1.4 - 1.9 (m, 12H),
2.1-2.2 (m, 2H), 2.3 - 2.5 (m, 4H), 3.43 (s, 1H), 4.0 - 4.2 (m, 2H), 4.4 - 4.5 (m, 4H),
8.01 (AB/2, J'= 8.1 Hz, 2H), 8.22 (AB/2, J= 8.1 Hz, 2H), 8.71 (AB/2, J=4.2 Hz,
2H), 8.78 (AB/2, J=4.2 Hz, 2H), 8.81 (AB/2, J= 5.1 Hz, 2H), 9.26 (AB/2, J=4.5

30 Hz, 2H); LD-MS obsd 684.9, 627.5; FAB-MS obsd 682.3029, caled exacf mass

682.3014 (Ca3HagNaZn); Agps (CH2Clz) 421, 553, 593 nm; Aem (Aexe 570 nm) 560, 601,
651 nm.



421, 553, 593 run; 7,,, 570 nm 560, 601, 651 nm ‘

Zn( H) - 5- (4- et hynyl phenyl ) - 10, 15, 20-tri - n- pentyl por phyrin (24). Poﬂpadeln 2084
(50 nmg, 0.074 mmol) was dissolved in toluene (5 nL) and powdered NaOH (100
ng) was added. The reaction mxture was refluxed for 2 h. After cooling 25
tort, the mxture was placed on a sili ca col um (CH2C12: hexanes, 3:2),
affordl ng 45 ng of a purple solid (98%, 'HNWR (CDC13) 8 1.0 - 1.1 (m

9H) , 14-19(m12H) 2.1 - 2.2 (m 2H, 2.3 - 2.5 (m 4H, 343

(s 1H), 4.0 - :5—(@PEtb3’H)'lphén5¥l)-10§l5‘§20@m-n4ﬁn 1p8r§liyr€|fa/4§ AJsofuﬁ%
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J— 4.2 He, (A%“'F‘ W%m&&?%ﬁﬁ )mr@Hlezwasl@mdzmthTFA(stonby )2H)

%345548Riﬁn?%dﬁbs@%&%ﬁ%}%‘?ﬁ%@%@éﬁg%ﬁw S0 FRBSo BRI mso. 601,

651 nm 1 3 $BP/d) (NMRCDCI)6-267 8, 2H), 1.0-1.1 (m, 9H), 1.5 -
5-(4-Et hynyl Qﬁl) 1093(5 203tr| n- (peantI)yI porph)glrnl nHz IZ(]snéFH?llo?] (1)
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- 5.0(m 6H, 7.9 é 2H) d, J=8.1 Hz
J— 5.1 He, 2 Ffact asyy %@387?4&3}&%, MJ—OCHE,I;@#ZOQIEIIQ 355,598, 65™Hin; XmALZ .

LDMS 0 FAB- M5 obsd 620. 3886, cal cd exact mmss
?éﬁnﬁi%ﬁiﬁ%zc 535

620 3879 (4 2) 420, 519, 555, 597, 657 nm Xm (,%r

65910728 nm Piépdiad e o (4RPHPS ’ -
Elé??:’npor) R?‘gngggné%f ?ﬁmﬁhg?ﬁydﬁa‘%ﬁhlenfﬁ e & 0 trlﬁﬁﬁgée y?)rt)‘gr phyzin
(14) (35 ny Ylﬁhﬁl}’)‘)' s B e msntiperp i«m frlj) (315 mz,&ﬁmmnmyj LhOBURC)

49 0. 06 11(92591} c .
g)rodlrjrgts after " co )%er ﬁBrSZm 1%5?315”%@%‘(‘2{%} @QEPC ﬁg %8%/ re?bﬁ'lt nband
col | ected mMohMobmbn@@SImLﬁgﬁemdehﬁﬁﬂ%%dﬁéﬁﬁﬂ o%ﬁ?&ﬁﬂﬂa{b%&? lution
with the sa oIv nt afforded (F PnPor ) Eu(t Bu4Pc) Eu( E- PnPo a) as -

the first ba fidarafamm)y, st hand epllestedsway wedisselvedsin THIR andloadsad onto

o e o] kst ot B .

(m 8H), 2.6PaPed (254.1 13 the fitstband fgre@@ih-bradvd)/whith ad reho?8l dfithssoril: 4 4 -
(M 47 affored a greentsh Black Solid (14 mg, 22%). 'H NMR (CDCL,) 5 0.85 (brs, 4HD),
0.34 (t, /= 6.9 Hz, 6H), 0.5 - 1.0 (m, 28H), 1.25.(m, 8H) 1.57 (m, 8H), 2.6 (brs, 4H),
3.47 (m, 38H), 3.57 (s, 2H), 4.28 (brs, 8H), 4.4 - 46(m,4H),47 - 4.9 (m, 6H), 5.1 -
20 5.2 (m,4H), 5.9 -6.1 (m, 4H), 6.81 (d, J= 6.6 Hz, 2H), 8.76 (4, J= 6.6 Hz, 2H),966
(d, J= 5.7 Hz, 2H), 10.96 (m, 4H), 12.68 (m, SH); LD-MS obsd 2284.9, 2227. 2
2215.8; FAB-MS obsd 2278.99, calcd exact mass 2278.99 (Ci34H140N16BU); Mg 358,
428, 502, 566, 619 nm. The third band (dark green) collected was redissolved in
toluene and loaded onto a silica gel column packed with the same solvent. Elution
25  with toluene afforded the first band (dark greenish-blue) containing
' (tBugPc)Eu(tBusPc)Eu(E-PnPor) (25¢), which after removal of the solvent afforded a
dark green solid (16 mg, 12%). 'H NMR (CDCls) was collected though interpretation
was precluded as the compound was isolated as a mixture of inseparable
regioisomers. LD-MS obsd 2403.5; FAB-MS obsd 2396.96, calcd exact mass
30 2397.02 (Ci3oH142N20Buz); Ans 345, 419, 530, 583, 627, 733 nm. .
| Preparation of triple deckers upon reaction of (-PnPor). Reaction of 5-(4-
iodoph_enyl)—l0,15,20—tri-n~pentylporph)n'in (100 mg, 0.14 mmol), Eu(acac); nH,0



20 5.2 (m 4H, 5.9 - 6.1 (n-4 4H), 6.81 (d, J = 6.6 Hz, 2H), 8 Z?GJ@ ﬂ =
6.6 Hz, 21-1), 9.66 (d, J= 5.7 Hz, 2H), 10-96 (ni, 4H). 12.68 [m JUsmal0¢
LD- M5 obsd 2284.9, 2227.2,, 2215.8; FAB-Ms obsd 2278.99,, cal cd exact nmss
2278.99 (C134Hj 40N 6EU2); %W 3589 4289 502, 566, 619 nm The third band
(dark green) collected was redi ssolved in toluene and | oaded onto a silica
gel colum packed with the same sol ventoo El ution 25 with tol uene afforded

(1 BuaPo) Eu( 1013 B PaEmaBR LARPS AL e 6 mmetiin b Arickiseoheszensnt

Chough 1 nt er‘or araigess reBlrgle kel ik Bl bad (e ot Vontsa ' o5 o
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o . mr LAY .

(100 e 0. 12V ReB kg valbile s SRRARRK B bty clid (08 i BRIV BB T T

and Li 2(t BuARDCI)12a.80(brs) 45D, MBBY) JHﬁ.QPE,GI-I),IOiSChLO(@Tb%H)?'IQ -1.3¢mM) ogave

(o 0)

three triple The_first band (red-brownish) | ected was

k ,
redi ssol ved 3”%%‘#@@7@4@&@5&%@&2- EC- @1, #kh, 3.41-3t3 Gn 362 hd.4ame

oo o e oS4 47 i B USROS 1 PREOR 4R 8 - BRI B bon”
ZOl i d0(28 ntl;l=16?ﬂz, 2}?,w&e(d,(@f;s?;ﬂz,&mpe.sa(d,ur-@é.om,2}19,-ﬁﬁs»(11.1{15.,6- 9 Hz,
o1 15307 A28 02 §ED 1M (Wt PPPOP s matsinbobe 2692002603, 8H)

b o, (et g EXaS s g fedelilag e g © L 82 (11 9.
2H), 10. 9 - UACisbE N 16T{Eud); Mo 329,628, m"%g’mw&'m-?md}hmbéﬁd(dhf%@{gas a

mat ri x) Obsgwé491 0, 2442.3, ,2434.23, 2363.73; FAR- M5 obsd 24 , cal cd
exact mass e Was redisspived ip tolvsng and loaded entgsgilicaze] calomp peelosd witle nm

rgzdggl (r)gt lo)a}_gggl | c(gvg{é]e%c o'oll}g‘naltﬂpgocleg %&%Iggggﬁggg@%%%%ﬁq?gn W th
T8 i syl ) e st sontor gty
af forded a @J@%f@ﬂ%%@d%ﬂgﬁﬁ& 12%6). C'P&WI?@M@; coliesteddhought ed
LD L SR s B U RO B
obsd 2498. 9Zegiombmers IddMSwebsd 2508.2, 2381.7; FAB-MS obsd 2498.92, calcd exact mass
2498.91 (Cy37H141N2IEBu2); Agns 345, 416, 529, 583, 62_7, 732 nm.
20 Préi»aration of triple deckers upon reaction of EB-Por (27¢). Reaction of
5 ,10,15-tris[4—tert-butylpheny1]-20-[4~(2-(trimethylsilyl)ethynyl)phenyl]porphyrin'(88
mg, 0.10 mmol), Eu(acac);nH,0 (150 mg, 0.3 mmol) and Li,Pc (80 mg, 0.15 mmol)
in 1,2,4-trichlorobenzene (20 mL) resulted in four bands after column
chromatography (silica, CHCl3). The first band (olive-brown) collected was
25  redissolved in THF and loaded onto a SEC column. Elution with the same Solvent
afforded (EB-Por)Bu(Pc)Eu(EB-Por) (27a) as the first band (greenish-brown), which
after removal of the solvent and washing with CH3;OH afforded a greenish-black solid
(34 mg, 26%). 'H NMR (CDCls) 5 0.62 (s, 18 H), 1.89 (s, 54 H), 3.83 - 4.03 (m, 16
\ H), 4.76 (m, 9 H), 6.71 (m, 6 H), 6.84 (m, 2 H), 9.00 (brs, 6 H), 9.19 (m, 2 H), 10.65
30 (brs, 8 H), 11.46 - 11.60 (m, 8 H), 12.73 (brs, 8 H); LD-MS obsd 2574.1; FAB-MS
obsd 2570.90, caled exact mass 2570.91 (Ci54H136N16Si2Bu2); Aabs 355, 421, 493, 559, |
606 nm.




2498.91 (C 137H, 41N20l Eu2); Xg,s 345, 416, 529, 583, 627, 732 qu
Preparation of triple deckers upon reaction of EB-Por (27c) ea @ldh{o?m¢
5,10, 15-tris[4-tert-butyl phenyl]-20-[4-(2-(trinmethylsilyl)ethynyl)phenyl]po
rphyrin (88 ng, 0.10 mmol), Eu(acac)3*nH20 (150 ng, 0.3 mmol) and Li 2Pc
(80 nmg, 0.15 mmmol) in 1,2,4-trichlorobenzene (20 nL) resulted in four
bands after col um chronatography (silica, CHCL3). The first band
(olive-brown) collected was 25 redi ssof%®d in THE and | oaded onto a SEC

col umn. El ution wiThe thivé bandiblaok) mmedaéatsq:sdqemésaﬁveaqa)zﬁmml%eﬁ%ﬁ?&f)
(27a) as the f andhé r.eeni ti?ﬁ{own) which after renoval

sol vent and v%%%éﬁ@l%wl{' l&’wtgf affqrded Ge)EHEBPas) EnfRo)d@b)hs the4 ny,

269 1H NAM defdd 3 16
4,76 (m S oob JRelwaRp ok Elpovit g ftverd il washine wim GRS Ty (o
2 H),10. 65 3mf(0bdeilalﬂa¢lbsoh1113'56ng, 1169,4,)50Hm€cm:13)8© S3a Y1), 2%9 pioa- D VB

obsd 2574.1: FAB-NS obsd cal cd exact mass
( C154H136R1 6§ EA D), E_Pé(@%m H);i? 5910w, 1659, 9.9% (8, 211-33), 11)310](@, 48y, 11P8e third

ol um. . 81 ut 120 A A8 520 2 PLES B Bl 8 D058 P06 3 B AE s ccona
band (bl ack edrex:

ST Tor ot a biack soria (3 hed sl uie 1106, @ﬁ%@%ﬁﬁ%@@%ﬂf@f%

2.89, 2.94 5%/ 63y 8.05 (brs, 16 H), 9.59 (brs, 16 H) 9.99 (m 2

i%ﬁ/g (()[)nsd42209 1%3@%*’%@\%%%%&”%&%5% "Edd%F@{ﬁe SW&@QH*MS% 60

( C125H94 00 Sishon? silicXgblgcobstn packed withhe sd@resoRR8 Bitiod WPI:h't@ ?fd} § Jreen)
col l ected Wa(sth,ﬁ{dlﬁsm ved in_toluene and | oaded onto a I ca gel

col um packe a(gxegnish-bine) P)Bu@c)Ru(EB-Ran) (R7c), mmmamfrmm of thee

of the ol vanr oot @ At el (RO il ctid (i e Sufd, B

491 é(i/()(m EFDNNRCHGB)GJmaﬁ& S#)( .86 &h.127 ), 80100 RZ4m 3 BY; 7248y (fldip4 71 -
6. 67(m 3H) , 6.5 @ B, §:91Ams A $D6 B2 br5s8 B, 19608 S5 (18, 3 H)9.4H{m, 1LH),10. 10 |

(5 B8 D0 By e 8, etk PR i
(M- - 12.97 (brs, 8 H); LD-MS obsd 2117.1 (M"), 1181.4 [M" — (EB-Por)Bu], 919.3 (M*-
(Pc)Eu(Pc); FAB-MS obsd 2206.60, calcd exact mass 2206.60 (C; 25sHoaN2SiEu,);
Agbs 342, 417, 522, 552, 618, 721 nm.
Formation of (Pc)Eu(Pc)Eu(E'B-Por) (28). A sample of (Pc)Eu(Pc)Eu(EB-
| - 20 Por) (27¢) (20 mg; 0.009 mmol) was treated with K;CO; and worked-up following the
o standard procedure. Column chromatography (silica, CHCl,) afforded a black solid
(18 mg, 94%). 'H NMR (CDCly) & 1.96 (m, 27 H), 3.30 - 3,38 (m, 8 H), 3.71 (s, 1
H), 4.77 (4, J=7.2 Hz, 3 H), 5.00 (d, /= 6.6 Hz, 1 H), 6.70 (m,3H),695(d,J=172
Hz, 1 H), 8.76 (brs, 8 H), 9.09 - 9.16 (m, 3 H), 9.40 (m, 1 H), 10.16 (brs, 8 H), 11.17
| 25  (brs, 8 H), 11.56 (m, 2 H), 11.73 (m, 1 H), 12.00 (m, 1 H), 13.04 (brs, 8 H); LD-MS
obsd 2136.5 (M"); FAB-MS obsd 2134.56, calcd exact mass 2134.56
(szzHuNzoEuz), Aabs 343, 415, 522, 552, 618, 722 nm.
S-Acétylthio-derivatized triple decker (13). Route 1: Samples of
(tBusPc)Eu(tBuyPc)Eu(E-PnPor) (_25c) (39 mg, 16 umol), 4-iodo-1-(S- .
30  acetylthio)benzene (44.5 mg, 0.16 mmol), Pd(PPh;),Cl; (1.7 mg, 2.4 pmol) and Cul
(0.22 mg, 1.1 pmol) were added to Schlenk flask. The flask was evacuated and |
purged with argon three times_; Then deaerated THF (6.0 mL) and deaerated DIEA




(Pc) Eu(Pc); FAB-MS obsd 2206. 60, cal cd exact mass 2206. 60 13 JUL 2004
(C125H92N2CsSi Eu2); bs 342, 417, 522, 552, 618, 721 nm Fornation of .
(Pc) Eu(Pc) Eu(E B-Por) (28). A sanple of (Pc)Eu(Pc)Eu(EB- 20 Por) (27c) (20
ng, 0.009 mml) was treated with K2CO3 and wor ked-up follow ng the
standard procedure. Col um chr omat ogragh% (silica, CHC13) afforded a bl ack
solid (18 nmgy, 94%. 'H NWR (CDC13) S %%%6 (m 27 H), 3.30 - 3.38 (m 8 H),
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the sol vent was renoved under vacuum and the resi due was
tol uene and P@datd® tactwereinot sengeable by anychysentographicimetiod sxaraingd.sol vent .
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toget her wi t R(oatoBs (4. himg 13 pawal) were addedtd Schléik, flask d‘heﬂas]ewamévaemad abI e by

any chromat ographic hod exam nhed. Route Sampl es of
(t Bu4Pc) Eu(t %{M BrEsg Lire Siges. TJ@SD %%F?J}! e(4GmL)anddeaerated

4- et hynyl - | 22
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fl ask wab’ eve aed gtiredaumdepargoedThe tdactiomywas tdonﬂm'edbvﬁ,c (Eikoa, twﬁ!ﬁé)iéﬂlh

t ol 4.6 d t ed D rin T
 ask was | HHETESH Aae A Ty e Shtyent e éews@g?“ﬁfa&%@a R P e o The
reaction wastoliik,@d96aded ohica &ifitd gél%ohinﬂi RRed SSgFVL%é\@lvﬁfttEfuﬁ%ﬁ h, the

sol vent was renoved under vacuum the resi
with toluene afforded the desired product together with a trace of unreacted starting

material as the first band. The product thus obtained was further purified by a second

20  column chromatography procedure (silica gel, toluene), affording a black solid (13)
(5.0 mg, 14%). 'H NMR (CDCls) was collected though interpretation was precluded
as the compound was isolated as a mixture of inseparable regioisomers. LD-MS obsd
2550.3, 2507.8, 2495.2, 2480.2; FAB-MS obsd 2547.05, calcd exact mass 2547.03
(Cre7H145N200SEw,); Ass 339, 415, 527, 577, 625, 723 nm,

25 §-Acetylthio-derivatized triple decker (15). Samples of (Pc)Bu(Pc)Eu(E'B-
Por) (28) (15 mg, 7.0 pmol), 4-iodo-1-(S-acetylthio)benzene (2.0 mg, 7.0 umol),
sz(dba)g (1.0 mg, 1.1 pmol) and P(o-tolyl)s (2.5 mg, 8.3 pmol) were added to a
Schlenk flask. The flask was evacuated and purged with argon three times. Then

| deaerated toluene (3 mL) and deaerated NNdiisopropylethylamine (0.6 mL) were
30  added by syringe. The flask was immersed in an oil bath at 35 C and stirred under )
argon. The reaction was monitored by TLC (silica, toluene) and LD-MS. After 24 h,

the solvent was removed under vacuum, the residue dissolved in toluene/ether (60:1),




tol uene, and | oaded onto a silica gel colum packed with the sane S§)| ﬁgt.
Elution wth toluene afforded the desired product together with 3 r 2804
unreacted starting naterial as the first band. The product thus obtained
was further purified by a second 20 col um chromat ography procedure (silica
gel, toluene), affording a black solid (13) (5.0 ng, 14%. 'H NWMR (CDC13)
was coll ected though interpretation waggprecluded as the conmpound was

i solated as a m xture of inseparable regioisoners. LD M5 obsd 2550. 3,

2507.8, 2495. @,d lgammto & Silicd/Belaohon p ﬂe@@lm&aﬂn@mvémmo%wl 03
2(, 577, 625, 723 nm
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ot} Bl tiaing et 804 i e ?"anaﬁ@(ﬁgf‘hi%?‘?*%l%@e“ﬁﬁ%mn 5 aer e
vedure(sitiva

added to a wnommlﬁﬂnaShroﬂdt@grﬁlb E olak) Partd el Wibidtkab N
Jeaeratod
}Vhlr\fgl ;[%io rop&%@&ﬁié@ Fger%gil?léygi\ﬁé&@ g’g‘?’@gn Wgsﬁggamﬂlﬁs%e HNMR was
e e oy ) PRV (& 29, 800, 3y 194 MNSD, S0 (R A ASHA ﬁi
;ﬁgo?/ggdggdgr—ﬁédﬁgmmMSr(iﬁsggﬁg%g,giigctwﬂtﬁhtt ?ﬁlﬁtbﬁ?ven&ﬂg |on
with tol uenerg&ﬁg*iwlf %f%@@f%&i@ﬁ& P 6oct H),ddeonbrs, SIH)h trace
obt i ned vias Tors oy BIIN 361 08, 1% it Phn RN %hﬁﬁm&%a%?%ﬁocedme
(sili c? gjl]@ hb@M&nb;dZElt@M)n@Ziob(Mﬁk%& ?18(1](}3%/1’(3 Jll?g%(ﬂ—rter
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6. 68 4 1 1
8. 03 Em 1 bexagtl%s?gmgﬁé‘r@#gs’é]ﬁ)@@z?‘%(ﬁg #ﬂésﬂzﬂ (m , 10 10
(brs, 8 H), 11.11Elttrechetnisry. The E:ﬁuﬁmaz&lsmaéet?o’ehéﬁlcaisth&wscﬁgr 02 (m |

, 12.98 (brs 0 LD- M5, obsd 2291.4 (M), 2250.2 (M
|i|)181 0 (M ( P@&F%‘“ rs insfpmentatigay ))at), md@@agﬁmﬁst}‘ﬁeglék:)’l‘he

< sar 4o, ”“E%V%ﬁ‘s“é‘i%@ﬁ?‘:’? PSS ar AR nR R Geting (AT G Mo~

el ect r ochem d(Aldrishytticesstallized three tithes fivch m&th@ﬁolsdnardﬁﬁﬂ%li&&aﬁﬁtﬁ%f gltd Ty

t echni ques, and gre ar at Lon strat egl es. The 15 sol vent was
t et rabut yl am¥EhYE estebie h Bhepotemtials reported Are(val AyAgh,
recrystalli Z@(Fe@p*?@‘eéb{'?ioffw nmet hanol and dri ed under vacuumat 110 C)

The foregoing is illustrative of the present invention, and is not to be construed
20  as limiting thereof. The invention is defined by the following claims, with
equivalents of the claims to be included therein.



served as supporting electrolyte. The potentials reported are vsﬁgg/ﬁg};ggﬁj,
= 0.19 V. The foregoing is illustrative of the present -
The

( FeCp2/ FeCp2' )

and is not to be construed 20 as |imting thereof.

i nventi on,

invention is defined by the following clains, with
clainms to be included therein.
pl e- decker conpl exes.

o717 1006 olADI Nt apts-diEer
+ Pbiphyria- § Phthalo

tri

potentials
3c+1l. 289+1.
4a+1. 117+0.

equi val ents of the

13 JUL 2004 104 Table 4. Yield of
EnPor phyri nPht®al oc ani seMet al Product sYi el d 3a23

%3713 3l a2dEu6bb2. 7 6¢17 9a39 5| b2dEu9cl7
%%t Eu12a3 Conpou Oxi dati on

N O sitthy T P e | © Ndetal Products | Vield [%]
0F0 62370 (4%—1 90713701850 a
914-!1-0. 929+01él.91- 1 212- Jz.a682 4d +O-E§149+3. 05§i)1' 17B- 1.2;45
3c 10
4a 42
2 la 2b Eu
4c 11
6a 13
3 1a 2d Eu 6b 2.7
6¢c 17
%9a 39
5 1ib 2d - Bu 9¢ 17
9d 717
10a 8
6 1b 2e Eu 10d 2.0
7 1b 2e Ce 11a 17
8 1b 2f Eu 12a 3
Table 5. Oxidation potentials for triple-decker complexes
Compou Oxidation potentials
nd
+4 +3 +2 +1 -1 -2 -3
3a 1.18 0.93 0.61 0.19
3c +1.289 | +1.010 +0.623 +0.223 | -0.907 | -1.370 | -1.850
4a +1.117 | +0.914 | +0.529 +0.191 -1.212 | -1.682
4c : +0.349 +0.056 | -1.173 | -1.545
6a +1.267 | +0.982 +0.623 +0.262 | -1.145 | -1.651
6b +1.170 | +0.932 +0.457 | +0.272 | -1.115 | -1.444 | -1.810
6¢ : +1.014 | -+0.564 +0.133 | -1.029 | -1.508
9a +1.211 | +0.850 +0.443 +0.031 -1.291 | -1.773
9¢ +1.264 | +0.888 +0.447 +0.086 | -1.090 | -1.514
9d +0.955 +0.431 +0.136 | -0.944 | -1.410 | -1.819
10a +1.19 +0.83 +0.42 0.00
10c +1.17 +0.82 +0.36 +0.013
11a +1.147 | +0.725 +0.429 +0.037
12a +1.071 | +0.781 +0.345 -0.126




6a+1l. 267+0. 982+0. 623+0. 262- 1. 145- 1. 651 o
6b+1. 170+0. 932+0. 457+0. 272- 1. 115- 1. 444- 1. 810 13 JUL 2004
6c+1. 014+0. 564+0. 133- 1. 029- 1. 508 9a+1. 211+0. 850+0. 443+0. 031- 1. 291-1. 773

9c+1. 264+0. 888+0. 447+0. 086- 1. 090- 1. 514

9d+0. 955+0. 43Wimatigelabmehis: 1. 410- 1. 819 PRw1. 19+0. 83+0. 420. 00

| Cc+1. 17+0. 82+0. 36+0.,013 | | a+1. 14710.%5%5+0,. 429+0. 037 |

12a+1. 071+0. 781+0. 34 SNFPPITFIp] Stomng ¢8t4. §aldi aPRAUIBISSAMPESIET or tri pl e- decker

compl exes 5 13 JU, i209delgHe disaidaly Bithibdio 105 1. An apparatus for
ng:

storing data, said apparatus conpris a fixed electrode electrically

coupled to55 a st of slgegeemkidium having g phurplityroddifferentfandidistipeishabidekidation

~di stingui shablte oxb]gat | &I}a St at&s thFrel n,data is stored 1n said oxidation

states by theSAHHMIESR data i stored aaid idatigestates hypthe addision oo withdrawial efai d

st orage nedi Ughd/brambla@le ' : . | d. st orage nmedi um
e o el ke i e R 35 Guplf

conprising a sandw ch coordination co se e group
consi sting of elgeftasiep- decker sandwi ch coordinati on conpounds and

tripl e-decker sandw. coordi.nation caonpounds.. .2. An, apparatus according to
claim1, wherein s%tail‘g‘t'}g{aglagbeéh%&?’ﬂ?ﬁ% F?’%@@Ch aoqriimsﬁ@n ereepand selpetod ch
coor di nat 1on fomuRe Bbup Lonshstinhof BAAE Ak SELAFEH BSbriRafibedl dhedounthSILT 1

sai d storage nedium conprises a_doubl e-decker sandw ch coordi natlon
conpound. 4. Wipladeskensendwichoopulinagion compainysl, wherein sai d st orage nedi um

conprises 20 a heterol eptic sandw ch coordination conpound. 5. An
apparatus according to claim1l, wherein said storage nediumconprises a

honol eptic sandw ch Af@pgira@t heidrdifF R8I 1, wherein said storage medium comprises
a triple-decker sandwich coordination compound. |
15
3. An apparatus according to claim 1, wherein said storage medium comprises

a double-decker sandwich coordination compound.

4. An apparatus according to claim 1, wherein said storage medium comprises

20  aheteroleptic sandwich coordination compound.

5. An apparatus according to claim 1, wherein said storage medium comprises

a homoleptic sandwich coordination compound.

25 6. The apparatus of claim 1, wherein said storage medium has a memory |

storage density of at least about 10 gigabits per cm? in a sheet-like device.

7. The apparatus of claim 1, wherein said storage medium is covalently linked
_ to said electrode.
30
8. The apparatus of claim 1, wherein said storage medium is covalently linked
to said electrode by thiol linkers.

9. The apparatus of claim 1, wherein said storage medium is juxtaposed in the
35  proximity of said electrode such that electrons can pass from said storage medium to

said electrode.



25 6. The apparatus of claim1, wherein said storage nedium has a rregory,
storage density of at |east about 10 gigabits per cn2 in a sheet-| ik JuL 2004
device. 7. The apparatus of claiml, wherein said storage nediumis ’
covalently linked to said electrode. 30 8 The apparatus of claiml1,

wherein said storage nmediumis covalently linked to said electrode by

thiol linkers. 9. The apparatus of claim1l, wherein said storage nediumis
juxtaposed in the 35 proximty of saidyf ectrode such that el ectrons can
pass fromsaid storage nediumto said electrode. 1 3 JUL 2004 106 10. The
apparatus of cl ai ni0l, Theuphaiatusoficthira 0 ASRINEAR eforage hetibAie hfagofedio a
dielectric maferigl enbedded with counterions. 5 11. The apparatus of claim
1, wherein sdligledie materiahembadded vathequntesions: r ode are fully encapsul at ed

in an integrated circuit. 12. ' The apparatus of claim1l, wherein said

storage nediumis electronically coupled to a second electrode that is a

ref erencesel ect rodd. THe apparatiisf elaiaaiwherei s#ill siofage m¥di@Meing siidiefeciioat 29
mediumis present on a single plane 1 n sajd device. 14. The apparatus of
claim 1, wherfs Rulysngapsulttedyn apdnfegmiedsitgnitsent at a 15 nultiplicity of
storage |l ocations. 15. The apparatus of claim 14, wherein said apparatus
conprises multiple planes and said storage |ocations are present on

mul tiple planes ofi2sallt apppansiofislaindQ, dherefihsaid pRpdihsdiRh i§ bRtwOmidally

wherein said storage | ocations range from about 1024 to about 4096

di fferent | o&&??’&&g‘?ai?mf}ﬁ@c'ﬁ?ﬁfathﬂttl&ﬁf@ﬁer@lcaielﬁc!l.fe(,ie-v\her ein each | ocation

is addregged by a single electrode. 25 18. The apparatus of claim 16,
wherein each location is addressed by two electrodes. 19. The apparatus of
claim1, wherein sidi dhelapparatudef tlim dpwhedeirsdid storage!rhelien is present on 2 )

single plane in said device.

14. The apparatus of claim 1, wherein said storage medium is present at a
15 multiplicity of storage locations.

15. The apparatus of claim 14, wherein said apparatus comprises multiple

planes and said storage locations are present on multiple planes of said apparatus.

20 16. The apparatus of claim 14, wherein said storage locations range from
about 1024 to about 4096 different locations.

17. The apparatus of claim 16, wherein each location is addressed by a single

electrode.
25
18. The apparatus of claim 16, wherein each location is addressed by two
electrodes.
19. The apparatus of claim 1, wherein said electrode is connected to a voltage
30 source. ~

20. The apparatus of claim 19, wherein said voltage source is the output of an
integrated circuit.



30 source. 20. The apparatus of claim 19, wherein said voltage source is

the output of an integrated circuit. 1 3 JUL 2004 107 ° 21. The apfadaillis 2004
‘of claim1, wherein said electrode is connected to a device to read the

oxi dation state of-said storage nedium 22. The apparatus of claim 21,
wherein said device is selected fromth¥’group 5 consisting of a

vol tametri ¢ devi ce2l.afheapperatussificlaimdle wheesin saidl ekecrodecisichmmeetedits a deeivé ce.

23. The appara clajm22 erein said device is a sinusoidal

vol t ammet er . 1&@3&%%‘%@8&?@%&3 SQragH e My her ei n sai d devi ce provi des
a Fourier transformof the output signal fromsaid el ectrode. 25. The
apparatus of claim 21, wherein said device refreshes the oxidation 15

state of said storag Heeanparagistaficlainalli, whersii shiddéwied is selested from tB6 grolpe
appar at us clai.m.l erein said'different and .distinguishable oxjdation
st ates of gai déﬁsgl%g%ﬂg’ﬁ?ﬂ’@ﬂﬁ e, aRperomemic dewce;iand @notrationstrisr eat er
“than about 2 védwige. 20 27. An information storage nedium said storage

medi um conprising at | east one storage nol ecul e such that said storage
medi um has at |east two different and distingui shabl e non-neutral

. oxi dation states; I i.d stora medi um conpri.ses a, sandw ch
coor di nati on corrpo\llj\%g %@gﬁgﬂ&o@&hﬁ@?ﬁf {vﬂgreglr oSt §tsi”r‘|’§°‘g¥\f -
doubl e- decker -wedtathahatér. coor di nati on conpounds and tri pl e-decker sandw ch

coordi natign conmpounds. 28. A storage nedium according to claim 27, wherein
said stor alg)e medi um conprises a triple-decker sandw ch coordination

conpound. 30 29. A Oﬁ,?eg& i ofeyeY o] o claim?27 wmherein,. said
storage nedium corr%‘r'i ses g%ﬁ%#&%@%éﬂ%&%ﬁﬂc{c PV AT 5§?gﬁ%npound. 1
3 JUL 2004, transform of the output signal from said electrode.

25. The apparatus of claim 21, wherein said device refreshes the oxidation

15  state of said storage medium after reading said oxidation state.

26. The apparatus of claim 1, wherein said different and distinguishable
oxidation states of said storagé medium can be set by a voltage difference no greater
than about 2 volts.

20 .

27. An information storage medium, said storage medium comprising at least
one storage molecule such that said storage medium has at least two different and
distinguishable non—neu&a] oxidation states;

wherein said storage medium comprises a sandwich coordination compound

25  selected from the group consisting of double-decker sandwich coordination

compounds and triple-decker sandwich coordination compounds.

28. A storage medium according to claim 27, wherein said storage medium
comprises a triple-decker sandwich coordination compound.
30
29. A storage medium according to claim 27, wherein said storage medium

comprises a double-decker sandwich coordination compound.



108 30. A storage nedium according to claim 27, wherein said storage

medi um conpri ses a heterol eptic sandw ch coordi natl on conpound. 31.1 8 JUL 2084
storage nedi um according to claim27, wherein said storage nmedium 5
conprises a honol eptic sandw ch coor.di nation conpound. 32. The storage

medi um of cl aim 27, wherein each storage nolecule is present at a discrete
storage location on a substrate. 10 33. 1G#he storage nmedi um of claim 27,

wherein the storaggp, eﬂ:;# r mate'. al
enbedded wi th count e?llloﬁs %ggi eagsct%gdrlﬁggotdwﬂ% urh%‘(’#k'&{]gf%?n Erern said
st orage nedi upethprises a heteroleptic sandwirch aberdihitionaongiouhéast about 10 gi gabits

per cn2 in a sheet-like device. 15 35. The storage nmedi um of claim 27,
wherein said storage nmediumis juxtaposed to a dielectric nmaterial

enmbedded wi th coungger . el n sal d
storage nmediumis %?e%gér??raggglegﬁﬁga@n ig%ﬁ%&lﬁnvﬁierﬁ%g%g]#&ge%
st orage nedi ucomprises alhmnﬂﬂeptideh%Mﬂmheﬂa@ﬁpﬂiﬁﬁi umis. present at a

multiplicity of storage |ocations. 25 38. The, storage nedium of claim 37,
wherein said storage Iocati ons range from about 1024 to about 4096

different |locationg $f , ' onpri si ng:
(i) providing an appar at usniﬁcor I ng tﬁfgﬂ%ﬂ%ﬂ%&ﬁaeﬁgﬂ?gm%gqﬁwﬁq% ng a
vol t age to saprésat eta disdeetestomgé idcatienon a subiseate. t 0 set an oxi dation state
of said storage nmedium 1 -1 } 40. The nethod of claim 39, wherein said
vol tage ranges up to about 2 volts. 1 3 JUL 2004 109 41. The method of

cl ai m 39,1pnher ei n 33 ﬂhé’%i‘%f@%éd%nﬁ%?cﬁﬂﬁ@‘?twﬁ’ér 'lhe htHlt ggglﬂ&egéaleci uit.

42. The nethod of claim 39 urther conprisin oXl ion
state of sai @%@Cbm@@dmbnmmmﬂmdée&wmﬂcmmtmnnsl he data stored
t herein.

H

34. The storage medium of claim 27, wherein said storage medium has a
memory storage density of at least about 10 gigabits per cm? in a sheet-like device.
15 o
35. The storage medium of claim 27, wherein said storage medium is
juxtaposed to a dielectric material embedded with counterions.

36. The storage medium of claim 27, wherein said storage medium is present

20  onasingle plane in said device.

37. The storage medium of claim 27, wherein said storage medium is present
at a multiplicity of storage locations.

25 | 38. The storage medium of claim 37 » Wherein said storage locations range
from about 1024 to about 4096 different locations.

39. A method of storing data, said method comprising:
(i) providing an apparatus according to claim 1; and
30 (i1) applying a voltage to said electrode at sufficient current to set an oxidation
state of said storage medjum.

40. The method of claim 39, wherein said voltage ranges up to about 2 volts.



43. The nethod of claim42, wherein said detecting the oxidation stafg SD -
the st-orage nedium further conprises réefreshing the oxidation state' df Eezmﬁ
storage 10 nmedium 44. The nethod of claim 42, wherein said detecting
conprises analyzing a readout signal in the tine domain. 15 45. The net hod

of claim42, wherein said detecting conprises analyzing a readout signal

in the frequency domain. 46. The nethod of claim45, wherein said detecting
conprises performng a Fourier transfojmon said readout signal. 20 47.

The nethod of claim42, wherein said detecting utilizes a voltammetric

method. 48. In ac er t .a _nenory device, said nmenory device
conprising 25 . t%?%ﬁﬁ@%@%%%ﬂewdmwgm@%om conpri si ng
a central promfpsitedciv@iit., a selector device, and a nenory device, said

menory devi ce conprising the apparatus of claim 1. 30 50. A conputer
system according to claim49, further conprising a display. 13 JUL 2004

llo- 51. appar agyisfor staqring.data, said apparatus conprising: a fixed
el ect rode@gl ectri cé\#l #‘%H’G °g&ff‘%“§%ét Burthgecorapniaing detecting the qiidativhistate of

di fferent andofbaid dttyapé SleaRnG aKihg b di@ [.e] ata is stored in
sai d oxidation stat esgby t he addtlhtfbgkg%r %zﬁea%s%’featgﬁﬁlﬁe or nore

el ectrons fromsaid storage nediumvia the electrically coupled electrode;

sai d storage nediu risi ol ymer; said polymer conprising a
plurality of coval@nW?B@Hggf%ﬁéfWQﬁﬁﬁi%&tMEmﬂo ition statoofithe c
units conpri Sdtdﬁgg@.ﬁleﬂjMﬁﬁﬂﬂﬁgﬁrhyﬁs%g}ﬁfés | C di pation
conpound;, and wherein said storage ne Iu@gﬁ%&%@é@n{?ﬂs@aﬁﬁf FFP?%f
doubl e- d Ok e rmaggrumy | pl e-decker sandwi ch coordi nati on conpounds.

44. The method of claim 42, wherein said detecting comprises analyzing a
readout signal in the time domain.

15 45. The method of claim 42, wherein said detecting comprises analyzing a
readout signal in the frequency domain. |

46. The method of claim 45, wherein said detecting comprises performing a
Fourier transform on said readout signal. -
- 20

47. The method of claim 42, wherein said detecting utilizes a voltammetric
method. : ’ '

48. In a computer system, a memory device, said memory device comprising
25 . the apparatus of claim 1. - |

49. A computer system comprising a central processing unit, a selector

device, and a memory device, said memory device comprising the apparatus of claim
1.

30

50. A computer system according to claim 49, further comﬁrising a display.



52. An apparatus according to claimb51, wherein said storage nedium 15
conprises a plurality of triple-decker sandw ch cdordi nati on conpou d$ [,53.2004
An apparatus according to claimb51, wherein said storage nedi um coﬁp i“ses

a plurality of doubl e-decker sandw ch coordi nati on conmpounds. 20 54. An

appar atus according-to claimb51, wherei M%aid storage nedium conprises a
plurality of het er ofkphneppaaatdsforstoringddtanseid apparatop compidsint5. An appar at us

according to claim5 erei,n saj d storaqge, nredium conprises a pluralit
of honol gpti c sandmﬁ‘éﬁe{gmdﬁﬁ@%ﬁaﬁ%ﬁ?ﬁﬂg%@. 25 56. 'rltﬁe appar afus of y
claim51, wherein sakrast aleafif Hﬁ%g@gﬂﬁﬁnﬁo?ﬁﬁ?{ﬁym.aﬁ& afsgg&igiﬁagfe'&dda% at

| east about 10 gigabits per cn? i'na Sheet-11ke device. apparat us
of claimb51, vsteteewhersi datasisstonefinrsaidi oxidationetates tynthe uddifion bi witkdtatvel ¢fai d

el ectrode. 58. The apparatus of cl.gimb51, erei.,n said storage mediumis
coval ent Iy > 1| e T Eleptois Bioe Seid gec MR Yin s cicctioady somlod0s |1
59. The appar adledirgdk; cl ai m 51, wherein said storage mediumis juxtaposed in

the proximty of sai’q el ectrode such that electrons can pass fromsaid
storage nedi,um to $éd sforsgenmedindecontpriing Apelymepar at us of clai m 51, wherein

said storage nedium_is [,uxtaposed.to .a dielgctrjc materjal enbedded with
counterions. 61. Tht lcglbédgpgrt%glp&smcgl %J?lmf’gliy oﬁﬁéﬁaiﬁ‘ﬂyéﬁp TPBYBE Wl um and
sai d el ect r odeachbsdid oomesensit Rfising M niePRemh Rl Gtdwic0 62. The
apparatus of claimb5]l, wherein .said storage nediumi's electronically

coupl ed t dl¥a swephnationcempeued;t hat is a reference el ectrode. 63. The

appar atus of clai mal, ) ] I diumJs.present.o 15
single plane in sai %&%ﬁ%@é?ﬁl@&&ﬂﬁ%.ﬁ%ﬁ%@%§gﬁsgﬁag]:uéqjﬁ%' %ﬁ,o"\tm%&eﬁgﬁ Yai d
st orage medi untripk-deckerssahdwich @oordiflatibpto@péundef st orage | ocations. 20 65.

The apparatus of claim64, wherein said apparatus conprises nultiple
pl anes and said storage |ocations are present on nultiple planes of said

apparat us. 52. An apparatus according to claim 51, wherein said storage medium

15 comprises a plurality of triple-decker sandwich coordination compounds.

53. An apparatus according to claim 51, wherein said storage medium

comprises a plurality of double-decker sandwich coordination compounds.

20 54. An apparatus according to claim 51, wherein said storage medium

comprises a plurality of heteroleptic sandwich coordination compounds.

55. An apparatus according to claim 51, wherein said storage medium
comprises a plurality of homoleptic sandwich coordination compounds.
25 |
56. The apparatus of claim 51, wherein said storage medium has a memory

storage density of at least about 10 gigabits per cm? in a sheet-like device.

57. The apparatus of claim 51, wherein said storage medium is covalently
30  linked to said electrode.

58. The apparatus of claim 51, wherein said storage medium is covalently
linked to said electrode by thiol linkers.



66. The apparatus of claim®64, wherein said storage |ocations rangekbrgﬂg 0%
about 1024 to about 4096 different |ocations. 25 67. The apparatus i%g
66, wherein each location-is addressed by a single electrode. 68. The
apparatus of claim 66, wherein each |ocation is addressed by two 30

el ectrodes. 69. The apparatus of claimb51, wherein said electrode is
connected to a voltage source. 1 3 JUL 2004 112 70. The apparatus of
claim 69, wherein said voltage source i)d1the output of an integrated
circuit. 71. The appaTheupp@itnsbfélands], ik 1S i .
‘connected to _a devjce 5p€o read the o;wggﬁﬁg%déﬁgggg%gaégfg?§?%¥§8%n1

medi um 72, TS RIpRERIE: efsaiskelegtradersuch thetraleations sani pass dioinc said stofle@tddith f r om
the group CO@§&ﬁ&gﬂ&n§ﬁ a voltammetric device, an anperonetric device, and
a potentionetric evice. 10 73. The apparatus of claim 72, wherein said
device is a sinusoidal voltameter. 74. The apparatus of claim 71, wherein
sai d devic; provideé a Fourier 15 transform of the output signal from said
el ectrode.” 75. The %&pphe apnasatus ofglaimns Iz whentin saidstoragemedivingie jxedpoesdds t he
oxi dation st +sal (- Lum af t.er readi ng said oxidation state.
20 76. The apgg&%?%%é%?&?ﬁggﬁ?g??gﬁﬂéﬁQ1ﬁmE8F% different and

di stingui shabl e oxidation states of said storage nedium can be set by a
voltage difference _no _greater than about 2 volts. 77. An information
storage medium safl ﬂ%%@%@mﬂmﬁeﬁmgmdtstmwediﬁﬁ andeaidt or age

mol ecul @ suchefefiaddeSAd HEdi um. t, Least two different and
di sti ngui shabl e nor?—s‘#eﬂ{@aﬁ%%%ﬁda. F%'ri%ﬂ]élggr , c\ﬁ‘f&i‘ei n said storage nolecul e

conpri sesl® pol yner: said polynmer conprising a plurality of covalently

j oi ned nmononeric ugitfh . _— '
- The apparatus of claim 51, wherein said storage medium is electronically

coupled to a second electrode that is a reference electrode.

63. The apparatus of claim 51, wherein said storage medium is present on a
15  single plane in said device.

64. The apparatus of claim 51, wherein said storage medium is present at a
multiplicity of storage locations. |

20 65. The apparatus of claim 64, wherein said apparatus comprises mulﬁple :
planes and said storage locations are present on multiple planes of said appai‘anls.

66. The apparatus of claim 64, wherein said storage locations range from
about 1024 to about 4096 different locations.

25
67. 'Ihe apparatus of claim 66, wherein each location is addressed by a single
electrode. | '
* 68. The apparatus of claim 66, wherein each location is addressed by two
30 electrodes. ' :

| 69. The apparatus of claim 51, wherein said electrode is connected to a
voltage source.

1



each of sai dnonomeric units conprising an i ndependently sel ected sagdgiﬁﬁ_ 2004
30 coordi nati on conpound and wherein said storage nol ecul e conpri se :
plurality of doubl e-decker or triple-decker sandw ch coordi nation

conpounds., 78. A storage nedium according to claim 77, wherein said storage
nol ecule conprises a plurality of tri pilgl decker sandw ch coordi nation
compounds. 79. A st olladdemppiarams af clainl 69,gvlieveialsaidmoliige saededs theSctisht DF ah age
nol ecule 5 coqﬁtre'g{%gi a R{ﬁgral ity of doubl e-decker sandw ch coordi'nation
conpounds. 80. 5 5&8 di um according to claim 77, wherein said storage
nol ecul e conprises a plurality of heterol eptic sandw ch coordi nation
conpounds. 10 81. A storage nedium according to claim77, wherein said

storage nedi um congiti Jbe appgrhtus af ¢laim BT, wieneih efidielecto i cofinsefel il icen
conpounds. 82. .Th t orage. medi um of, claim 77, wherein each storage '
nol ecul e is§ prt%gegﬂt%hea x’gﬁwssgar‘%&esa&%?%%meew-i on on a substrate. 15 83.
The storage nmediumof claim 77, wherein the storage nolecule is in contact

with a dielectric material enbedded with counterions. 84. The storage
medi um of cl ai m 77, 7dhdherppasatisioftlainngl wherkin said dsviae isXRleeRAT o

density of at | . t 10 gigabjts per cn? in a sheet-I|ike device. 85.
The storage neg?ﬁﬁ#tgg%?’#gpfw#e VisenAtANRPrems e fisvicg cAndra potentjometrigos ed
to a dielectridevieé.eri al enbedded with counterions. 25 86. The storage

medi um of i{)ai m 77, wherein said storage nediumis present on a single
pl ane in sard device. 87. The storage nmedium.of claim 77, wherein said

storage nediumis pkreS Lt.iplyci,ty.of .stor.age | gcatjons. 30 88.
The storage nmedi um Z? QP%?W %%?‘EW%&%“%P%&Q@EC%@&#%H@@ ange from
about 1024 to. sbltarhméeP6 di fferent | ocations. 113 13 JUL 2004 89. A nethod

of storing data, said nmethod conprising: ' (i) providing an apparatus
according to claim1; and (ii) applying a voltage to said electrode at

sufficient current &9 $Rfaffarfd FMdiR™1, wherein said device provides a Fourier
15  transform of the output signal from said electrode.

75. The apparatus of claim 71, wherein said device refreshes the oxidation

state of said storage medium after reading said oxidation state.

20 76. The apparatus of claim 51, wherein said different and distinguishable

oxidation states of said storage medium can be set by a voltage difference no greater
than about 2 volts, |

77. An information storage medium, said storage medium comprising at least
25 one storage molecule such that said storage medium has at least two different and
distinguishable non-neutral oxidation states;
wherein said storage molecule compriseé a polymer;
said polymer comprising a plurality of covalently joined monomeric units,
each of said monomeric units comprising an independently selected sandwich
- 30 coordination compound
and wherein said storage molecule comprises a plurality of double-decker or

triple-decker sandwich coordination compounds.



state of said storage nmedium 5 90. The nethod of claim89, wherein sa| 2004
vol tage ranges up to about 2 volts. 91. The method of claim 89, wher @it v
said voltage is the output of an integrated circuit. 10 92. The net hod of
claim89, further conprising detecting the oxidation state of said storage
medi um and t hereby reading out the data stored therein. 93. The net hod of
claim92, wherein said detecting the oxidation state of the 15 storage

medi um furt her co es refreshing the oxidatign state of the stora
medi um 94. The nen?%o%%?mg?gjlea‘ g‘i?ff*’r’%? ] Ziyd\éf{eéf‘dliﬁﬁ s rm@le@le
anal yzing a bﬁﬁﬁﬂw‘sa%l&ﬁﬁfydﬂhﬁi&ﬂiebk%ﬁ%h@oorﬁﬂxaﬁé% &@ﬁ hOd of claim

92, wherein said detecting conprises analyzing a stgnal in the
frequency dormain. 96. The nethod of claim95, wherein said detecting

conpri ses perform urd er transfor ai_d read ut signal. 97.
The method of clai ?nggg‘su\%%% eﬁmgaa? OFiR &ﬁq]ﬂalnliwh%%sa& slorassmelequle .
et hod. 35 9Bcorhprises a hUIligfof AsbHecker WA Kh BRH SR BUHJTRAR! Y devi ce
conprising the apparatus of claimb51l. 114 3 JUL 20% conput er

system conprising a central processi ng unlt a selector device, and a
menory devi ce, sai sjng.t apparatys of claim 51. 5
100. A conputer syg? em acc éj@éaﬁsﬁbcc é’ga’mfh& ,Tf%éﬂ%ﬁiﬁtpgqgﬁgl%mil%pr ay.
101. An arti ctmnmsenpuﬁmwaaetemeﬁtw sahdlich cdorditafibh @bRpodd. @ POl yner
bound to said substrate, said polyner conprising a pl uraPrty of 10

coval ently joined nononeric units, each of said nDnonerlc units conpri sing

an indepgndently ggl R%E&Qgéﬁ@&mncﬂcgﬁﬂ{gdt'o'lﬁa&ﬁ% %RIRAA% storage meds

( comprises a plurality of homoleptic sandwich coordination compounds.

=,

82. The storage medium of claim 77, wherein each storage molecule is
present at a discrete storage location on a substrate.
15
83. The storage medium of claim 77, wherein the storage molecule is in

contact with a dielectric material embedded with counterions.

84. The storage medium of claim 77, wherein said storage medium has a

20 memory storage density of at least about 10 gigabits per cm? in a sheet-like device.

85. The storage medium of claim 77, wherein said storage medium is

Jjuxtaposed to a dielectric material embedded with counterions.

25 ~ 86. The storage medium of claim 77, wherein said storage medium is present
on a single plane in said device.

. 87. The storage medium of claim 77, wherein said storage medium is present
at a multiplicity of storage locations.
30

88. The storage medium of claim 87, wherein said storage locations range
from about 1024 to about 4096 different locations.
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102. The article of manufacture of claim 101, said subtrate conpriging a
materi al selected fromthe group consisting of conductors, senicondd%nﬁﬂsﬁmﬁ
i nsulators, 15 and conposites thereof. 103. The article of manufacture of
claim 101, said substrate conprising a material selected fromthe group
consisting of netals, nmetal oxides, organic polyners, and conposites
thereof. 20 104. The article of manufacture of claim 101, each of said

coor di nati on conpw_unﬂsmgtgé,@gfﬁgﬁﬁ%%:sf&gﬁg&gg%ﬁgﬁsﬁgﬁgj ng of doubl e-decker

sandwi ch coordi nati on conpoun er*santdim ch coordi nation
conpounds. 25 105.(DTpreviding ar appafatusrarabrdivigitv@lafn Llaidm 101, each of said
coordi nation corrpf)gnds sel ected fromthe group consisting of heterol eptic
sandwi ch coor di nat #APPRYEIBYRIEEe isnid elseirade at sutficienticurienide setian axidstion
conpounds. ' s’lggéofg;h@s@ﬁée%gdj ~manuf acture of claim 101, wherein said
polymer is 30 covalently Iinked to said substrate. 107. The article of
manuf act uBe of claim 101, wherein said polyner is covalently linked to

sai d substrate by iQl linkerg.. 115 13 JUL 2004 108. The article of
manuf act ure of cl aéd;]%‘?e@ﬂ‘ngFlﬁ%g?’gW%@PéP@ yaltagg ranges up fo)ghoubdvelts.
di splay. 109. The article of manufacture of claim 101, wherein said article

is a nolecular capacitor. 110. T.he article of manufacture of claim 101,
wherei n said arti dle The methed pfelgim 89, viliedein said voltage is the output of an

integrated circuit.
10
92. The method of claim 89, further comprising detecting the oxidation state
of said storage medium and thereby reading out the data stored therein.

93. The method of claim 92, whereﬁ said détec;ting the oxidation state of the
15 storage medium further comprises refreshing the oxidation state of the storage
medium., '

94. The method of claim 92, wherein said detecting comprises analyzing a
readout signal in the time domain.
20
95. The method of claim 92, wherein said detecting comprises analyzing a
readout signal in the frequency domain,

96. The method of claim 95, wherein said detecting comprises performing a
25  Fourier transform on said readout signal.

97. The method of claim 92, wherein said detecting utilizes a voltammetric
method.

30 98. In a computer system, a memory device, said memory device comprising
the apparatus of claim 51.

Al
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99. A computer system comprising a central processing unit, a selector
device, and a memory device, said memory device comprising the apparatus of claim
51.

100. A computer system according to claim 99, further comprising a display.

101. An article of manufacture, comprising:

a substrate; and

a polymer bound to said substrate, said polymer comprising a plurality of
covalently joined monomeric units, each of said monomeric units comprising an

independently selected sandwich coordination compound.

102. The article of manufacture of claim 101, said subtrate comprising a
material selected from the group consisting of conductors, semiconductors, insulators,

and composites thereof,

103. The article of manufacture of claim 101, said substrate comprising a
material selected from the group consisting of metals, metal oxides, organic polymers,

and composites thereof,

104. The article of manufacture of claim 101, each of said coordination
compounds selected from the group consisting of double-decker sandwich
coordination compounds and triple-decker sandwich coordination compounds.

105. The article of manufacture of claim 101, each of said coordination
compounds selected from the group consisting of heteroleptic sandwich coordination

compounds and homoleptic sandwich coordination compounds.

106. The article of manufacture of claim 101, wherein said polymer is
covalently linked to said substrate.

107. The article of manufacture of claim 101, wherein said polymer is

covalently linked to said substrate by thiol linkers.
115
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108. The article of manufacture of claim 101, wherein said article is an
electrochromic display.

109. The article of manufacture of claim 101, wherein said article is a
molecular capacitor.

110. The article of manufacture of claim 101, wherein said article is a battery.
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