; e3ek XXY" b*k6 kTk@l,1 3 JUL 2004 SUBSTRATES CARRYI NG POLYMERS CEflkﬂKEth
SANDMVCH COORDI NATI ON COVPOUNDS AND METHODS OF USE THERECF This i'nvention
‘was made with Governnent support under Grant No. N00014-99-10357 fromthe
of fi ce of Naval Research. The Governnent has certain rights to this
invention: 15 Related Applications This application is a
continuation-in-part of commonly owned, copending application Serial No.
091 483, 500 of Jonat han 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 relates #o the articles of manufacture
conprising a substrate having electric storage nol ecul es bound thereto,
_along with methods of use thereof. Background of the Invention 25 Basic
functions of a conputer include information processing and storage. In
typi cal conputer systens, these arithnetic, |ogic, and menory operations
. are perfgrnmed by devices that are capable-of reversi bly switching between
two states often referred to as "0" and "1". In nbst cases, such switching
devi ces are fabrSUBSERATES CABRYING POLYMERS OREINKED SANDWICHhese

very hi gn speetIQRRANATTPREBIOR DS sl 0GERHOPS GR TaE TRRREOR o

exanpl e, transistors and transistor variants perform t he basi c switching
and storage functions in conputers. Because of. the huge data storage

requi renents of nodem conputers; a new, ~Y 9 J~ ~~0~ z conpact,

| ow- costyn very high capacity, high speed nenory configuration is needed. To
reacli this objective, nolecular electronic switches, wires, mcrosensors

for cheni cal TN dvwalich was eha8O WALLESGEHBRKE Hﬁq&ﬁef NYISRodd 4t cal

conputi ng have_been pursued The rrncrpal vant ages of using nDIecuIes in
t hese appl i i/ fFaan gheeO hgéﬁ»’émh d@m@over@mpmahads:ermm]ﬁghté)totmmper
squar e cent i;aRd ). |ncreased response - speeds, ‘and hi gh energy efficiency.

A variety of approaches have been proposed for nol ecul ar - based nenory.
devi ces. Wi'le these approaches generally enploy nol ecul ar architectures
t hat cagabe swi tched between two different states, all of the approaches

described to .date have 10 intri nsEELEMﬂﬂQSﬁnakl ng their uses in
conput at.i onal de xanpl,e

approaches to th\enﬁr Eﬁ t{dgﬁé‘%&: ’%:} ﬁ%%‘rﬁeﬁ%o?q o Ve ﬂv‘fﬁ’lp

phot ochr oni thghw,onSbndtN@@ﬂr%mSOOdfé@aﬂi@(ﬂ)bﬁﬂs ,,ﬁlém.‘!’adﬁﬁiyeﬂuh@(ﬁo gRchi nes,
all having f ?arren l.im tations i}hat have precl uded thei'r appl ication as
15 vi abl e ‘fbs"s ineqERoEatag bE sefrrencebereinia i eRttetir o typically
“limted by readr ng/witing constraints. Furthernore, even in cases where
the effective nolecular bistability is obtained, the requirenent for

phot ochéfli cal readi ngrestrl ct s tlﬁeldmﬂthelmnﬁbhect ure to a 2-di nmensi onal
thin film The achievabl e %gnsr hafrlmrs unlikely t

exceed 101 bits/ %’i’nlr? ﬁ’t ‘ﬁﬁvs Wﬁ?%mpﬂ%gaﬁ te

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

Backoround of the Invention

25 Basic finctions ofa computer include information processing and storage. In
_typical computer systems, these arithmetic, logic, and memory operaﬁons are
performed by devices that are capable of reversibly switching between two states
often referred to as “0” and “1”. In most cases, such switching dewces are fabricated
from semlconductmg devices that perform these various functions and are capable of -

30 switching between two states at a very high speed using minimum amounts of
¢lectrical energy. Thus, for example transistors and u‘anszstor vanants perform the
basic switching and storage functions in computers.

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

e




20 of -these devices as viable nolecular nenory el ements Snnmmary Ef ﬁ@e
I'nvention The present invention provides a pol yner conprisrm@ ot cg I sting
of a plurality of covalently joined nononeric units, the nononmeric units
conprising 25 sandwi ch coordi nati on conpounds. The coval ently joi ned
nmononeric units in the polyner nmay be the sane sandw ch coordi nation
conpounds (e.g., the polynmer is a honppol yner) or different sandwi ch

coordinatio oyl ' . y. IS copol r).,.The po] ymers may
be. covar ent 1y Band i so sty bieh EpBRt Bk shBpstiB bt pheound |
(via ionic |Toreadethixrobjetive,anvlecilhogliedtraic svitahes, Wittsemedtbihsds dr(a 30
carrier substrate) to produce an article of manufacture. The substrate may

be any of a<PaRicat Iabysisardepigrelectionis compegents frwse &r epticekberinputidg e s,

_insulators,bgagﬁgﬁg&) ' har ¢ r 1L, Gul r.jals incgh::.' : nmetals,
metal oxides, oF Gani (:Tg%?énrr%Sg,ﬁgﬁéggﬁgh%%g;ﬂn%%aﬁﬂﬁbﬂée @ﬁiﬁ%@@i%l y cl,
co- deposbt edighi commmmentodensivy @ipotahdy of10f YiiBIper square centimeter); Brfeased andl or
other information storage noJ ecul es._ Such articles of manufacture are
useful for &*PIRIePH® g‘fﬁ.ﬁ‘éﬁ%ﬁ@l@%{ﬁpl e, these polymers and articles

of manufacture af o Si g%g@t ] ' nials

potential'ly off eﬁﬁ%ﬁkﬁgﬁég Qéﬁeﬁggs ar%%gIgB{\/%Bg%ae(avfé#ﬁ&le@%afn%é%F&e?W tuning -
the 5 appli dévietse§¥iilecthpsetapptdaahes seheally sriptyy rabRodlhsachitddtir@haith 86
applicati onséglgtshi t1insic rrcgh_ecul ar sem conductors. The rich

el ect r ocheni*t4f P B0 GreoreRbYEetllafite Prapasbesdmcaitaddadasdew  as
potent | ab baiiagy 1ifelohikinR thdiOtise RISk ARSI A0 afgtipLpased

i nformation storage devices. Polynmers of t'he present 1nvention may be
represent eddgpraF@ealul a |: X~X~"~i) (n m 10 wherein: mis at least | (e.qg.,

1, 2, or 3 to 10,.20. 5Q or J00 or .nore); and X through X' +~_are sandw ch
coor di nati on conﬁSﬁﬁW@@fEFp B?Prﬁfﬁh@ﬁ{"rﬁéﬁ PB@‘"PW?P gﬁtﬁ@ﬂ%@ﬂﬁn@g@@h@g 15
Speci fi c exaipiwd photdRBronie d ol IS la I1:.
XVl - X2 v2e e YA e 9@‘?&?@?1?59?@‘%@‘%%’% i P gnd holelE 2. '

t hnugh Xl -afechifes allbwepafaedamiantal dingtations thahlthwie piechaded dheinggiplinatRf as

COMPOUNEIS;  yiable memory elements. These molecular architectures are typicaily limited by

reading/writing constraints, Furthermore_, even in cases where the effective molecular

bistability is obtained, the requirement for photochernical reading restricts the device

architecture to a 2-dimensional thin film. The achievable memory density of such a

film is unlikely to exceed 10" bits/om?. Such limitations greatly dimninish 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 compﬁsing
25  sandwich coordination coinpOunds. The covalently joined monomeric units in the
- poly:ner may be the same sandwich coordination compounds (e.g., the poiymer isa -
homopolmer) or different sandw.ich. coordination comi:ounds (e.g., the polymeris a
copolymerj. 'The polymers niay be covalently bound (direct or through a linker) or
noncovalenﬂy bound (via ionic linkage or non-ionic “bon_ding”', etc.) to a substrate (a
30  camrier substrate) to produce an article of manufacture. The substrate may bé anyofa
Yariety of materials, including conductors, semiconductors, insulators, and coinposites
 thereof. Particular materials inch:."; metals, metal oxides, organic polymers, etc. The
| polymers may be bonded singly cr co-deposited with one or more other polymers |




Yl through Y9 are independently selected |inking groups or Iinkers{é énéﬁf&ﬁ@@%
t hrough Xl ‘(and Y3 through Y~ may each independently or consecutively be
"present or absent (e.g., to provide a polynmer of anywhere from2 to 10

sandwi ch coordi nati on conpounds) 25 Articles of manufacture of the present

i nvention may be represented by Fornula Bl: A X fX",.,' ,~ (1~ 3JdIm ~lt~
~~si~~r 4 5 10 15 20 wherein: Ais a substrate (e.g., a conductor, a
sem conduct or nsul ator, or a corrp05|te thereof) mis at least 1
(e.g., 1, 2, 2sfor ?4“3 TI3iEOn Sierage mpdeulss. rmre) and X through X''+i ara

sandwi ch coor di Nagh@ ark the sane or
different). Specific exgl%%?es of artic esémlf @ t@?}ﬁp\érpgsfes%qrﬁﬁ%plﬁ B are
carticles of thesapolymkds andlarktleY of ¥aanufackBe aford prodfsidSelectrachrontic dis;fragxg Y9
X1 wherein: A {gseg substa@atﬁ 5 a conductor, a sem conductor,

i nsul at or, Yt %ﬁh sqntiep asd gHvide V@@Y@iéﬂor&ﬂetpamgéh& I'y

. sel ect ed ssanghmiieh E@Qf I ndependent | y
sel ected Ilnfﬁgrllg Srougs or ers Engﬁg(glg{) H@gﬁgﬁiﬂ gﬁﬁa%gsﬁ #F v~)
“may each i hd&g dlémselylcondMSec'ﬁhe mhwl@ommeatpxﬁper&éﬁ 8 thek® nthteriald
provi de ap re fro to 10 sandw ch coordi nation conpounds)
Particul ar e&%og%fﬂé%{hg %\Aﬁﬁ\ﬁ Ppteg %F%t@%ﬁ%%%@ﬁﬂ@hcﬁmmmwmuhsed to
carry out tr&s%ﬁﬁﬁmanbﬁ\éﬁﬁ@%%mye the Formula Xl (for doubl e-decker
sandwi ch corrpounds) or Formula X1 (for triple-decker sandw ch conpounds):

@B L3 @ Lz Mz QPaelymersf tije-present invention may be representéd by Formula It

Hx)  ®
- m
10
wherein:
mis at least | (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 II:.

PE S SR R el R IR Y7)<3Y3X9Y9X‘° 1))

wherein:
| Xt through X' are each mdependently selected sandmch coordmanon .
| 20 - compounds;
Y through Y? are mdependenﬂy selected Iinking groups or linkers; and
X through X'° (and Y through Y®) may each independently or consecutively

be present or absent (e &., 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 INT; '

l_A—X%X‘“H) - am
. |



- Q ~,~.25 wherein: ~ 3 SUL 2004 5 M and MZ (when present) are netals

i ndependent |y sel ected fromthe group consisting of metals of th&3 Jul 7004
| ant hani de series (Ln = La, Ce, Pr, Nd, Pm Sm Eu, &, Tb, Dy, Ho, Er,;, Tm
Yb, Lu, as well as Y, Zr, H, and Bi, and in the actinide series Th and U
(radi oactive elenents such as Pmare generally less preferred); 5 LI, Lz
and L3 (when present) ate independently selected |igands (e.g., porphyrinic
macrocycles); and Q, QZ and B nay bg present or absent and when present
are independently selected |inkers {the linker preferably including a

prot ect ed owhemim: ot ect ed reactive group such as thio, seleno or telluro
group). Preferably, at | east one of O-, @@, and B 10 is present. |In one
particul ar enbodfii®d ,bSPH%eigm?éawﬂw%rpamegd%raﬁmsw 5, §I¢r  storing
data (e.qg. 1coin§o%iteﬁé%ff9| |"). The storage cell includes a fixed el ectrode
electrically coupled to’a "storage medi unt conprising a polyner as

descri béd above, mtibet jpadt e, Ha, or® o 10| 26,3Dick ¥ 00for gické)eredt and

di sti ngui shabl e gxi.dat i States where data is stored 15 in the (preferably
non-neutral) oxi D at &% BV cariingtion corwaadedeaskeet WRCHNEY or nor e
el ectrons fpomeSaheloSlidfpg®). ™diumvia the electrically coupl ed-el ectrode.
In preferred storage cells,” the storage nedium stores data at a density of
at | east one bi tSpesifit gnagiplosaiflagticles of nbmnictuye of Fandle 3T ard attlcles of Thus,
preferred stora odi a have of |east 2; and preferably at least 4, 8 or 10
or nore dif %%‘%5 imd 20 di stingui shabl e oxidation states. In particularly
preferrad enbodi nents; the bits are all stored in non-neutral oxidation
states. In a nost preferred enbodi nent; the different and distinguishable

- oxidation sfatgas ot th rage | um can be sset, by a.voltage,di fference:
no greater ‘%’h‘é&"a&oﬁ% '3{2\57%?{‘ ,‘ﬁ%‘ﬁ?@@[g ‘ﬁ%‘ﬁ?‘&ﬁ%@%‘ﬂ%gﬁg-aﬁ@utm

volts, and nost preferably no greater than about 1 volt. 25 The storage

mediumis electrically coupled to the el ectrodes) by any of a nunber of

conveni ent ‘%Qﬁckis including, but not limted to; coval ent |inkage (direct

or through a Tinker), ionic |inkage, non-ionic "bonding", sinple .

j uxt aposi ti on/ apAdsa bilsraief(ekh e cohdicteea sRslontuctor! ffinshiark@de(s); or

sinple proximty tg th% el ectrodes) . such that electron tunneling between

t he nedi um%\’f&’oﬁﬁ%g@@" sel ectrode(s) can occur. The storage nedi um can

tar be j t I i di el tri .
ﬁg?e?: zralls?;) . ePlr g%e‘?]rp@% i e%gg%ar#@i{%?gﬁﬂg&gelg%gdgé%fgﬁégaoérﬁwg ?‘F‘r Lgunt erions

(e.g. Nafi ownofgoundypol yner). The storage cells of this invention are fully
anenabl e to encagsyl at i (or other packaging). .and can be provided in a
nunber 3 .,ALfez@’&!%%?fafﬁmeqd% Yishlerded lytking, gxoups ay Haleprs; end an

integrated circugl 18 W?&%}g i r } [ -

non- encapsul at eéy("tgﬁ?u;@, et(%.Etl In so %ég%g{éaieﬁ%ﬁ?lg,@ﬁﬁ%ﬂgﬁﬂé g#‘%oté:gecﬁ &?IXm is
el ect r oni cdid pressotip abdentde.g., sepoviical migmadd ahiwhere$rom Pab ¢0 engievied ect r ode.
I'n certzﬁi n cbre({igrt{ed enbodi Snants, the storage nediumis present in a single
ol ane i t H@OTdination compoun ‘;;

o Particplar examples of sandwich coordination compounds that may be nsed to
~ carry out the present invention have the Formula XI (for double-decker sandwich

compounds) or Fornmla XII (for triple-decker sa_n_,dwich compounds):

QEt—12 1\}[2-
!1 g____LZ ' -

25  wherein: i




5 devi ce. The apparatus of this invention can include the stor ageqrgad\ji}tngm
present at-a nultiplicity of storage |ocations, and in certain '
"configurations, each storage |ocation and associ ated el ectrodes) forns a
separate storage cell. The storage nmedi um may be present on a single plane
in the device (in a two dinensional or sheet-like device) or on nultiple

pl anes in the device (in a three-di nemssi onal device). Virtually any nunber
10 (e.g., .16, 32, .64 8, .512, 1024, 4096, eta). of storage |ocations and
storage cells can emgﬁv VRS Hrgieq .@fedﬁ?;ﬁjéél?‘?@ dently selaeied fromdthe svpupan be
addr essed by consisting o€ nftA€ 68 M6 Bnbanidé stAQ (P R4 her
enbodi nents, _a si n@ql)e el ectrode can agdxes(g nﬂ?é’l p‘%!gis(}f&%?gg%%@a |hbns
and/ or nul t i pPeD¥:Re,de Tae Yibs Lu, as wellels o, ZedHE rand Bipant i theomtinide seidseTipf t he

el ectrodes) - (o) 15 yol e sourc e. g. .output of an

i nt egr at ez)c?ﬁ%‘ﬁjﬁﬁ&pﬁgﬁ@ﬁ%ﬁ?w“%@ﬁﬁ%{% ,yiﬁség%?u 'usor (CPLn, eta)

“that can $rovide Bl,\lﬁlaha@.é/(ﬁh%yﬁjes War%&ﬁéi‘xﬁenﬂf%d?@%ﬁé&hﬁgé eshing the
IS pre a

storage cell (s), One or nore of the el ectrodes) connected to
a devi ce (e.BoIPh¥iviemagraeweles)cantbvi ce, an anperonetric device, a

potentionetric dewi t 9 read,the oxidati,on state of said, storage
medi um In parti cgl ’gﬁzl %/H%Z(gl %?é?%?‘%g?t 85‘%’38%?@%1"%1}%9{8538er ependgntly

si nusoi dal  vsdl¢ecieiibtiers (ﬁéﬂﬁﬂ&ﬂ?reférﬂﬂﬁncﬂfc&&@&ﬁfd@&té@éﬂﬁg?otm d‘lagcﬂq,reovi ded
to facilitate readqut jn the time domain or in the frequency domain. Thus,
in some enbo8iHRARE asthio, pelenegutielingy Broup) rRyefaally st teast dneroftQ a0 fand 1% or
ot her frﬁﬂuefgcp\fes@ﬁ@| ysis) of the output signal fromsaid electrode. In
certain preferred enbodi nents; the device refreshes the oxidation state of
'sai d storage 25 niadinempastiduésr ensbodintopt, Sk thvextieRpiovities ba kparfad fdr%tégﬁg y

preferred methods angd/ or deyj. of this invention utiliZe a "fixe
el ect rode. 2 ?e.g.na oﬁﬁ%‘agﬁb%jd S-ﬁﬁts',‘c’f%qe?gd%d‘%ﬁf/ ofixedeslecgiode plactuinallsh t he

el ectrodes) ahRiddRYg& : . Lr -' *recordin

ead" e ¢4 prTaaCRioRde Indime Sty £odl At O8GRI Pl Hehdvd,
atoni ¢ f or cehawing aplomiidy eDdifisrenyind distingaishable beidation Rtatelintbretdas igkRgiq ode
i's nmova j t espe to th torage nedi um_ are excluded.- Simlarly in
certain biestrarb\(l)\fgi tﬂ%@f%fgr% ?ﬁ?ﬂ%e"%ﬁépﬁd%g‘é‘wtﬁfﬁ gé{ﬁ}%ﬂ Hlditagnyragthdsaseal &f opgoivhi ch
the storage mBhates@ss ﬁbﬁﬁaﬁfﬁ&@@éﬁ%dﬁ:&ﬁh%el@&ﬂé@jy%]'ﬁp%icfegtrl)@e oxi dati on
state of a storage nolecule is sét by exposure to li"ght are P8 Jmm 2~mmr

excl uded. I n andbipsefeand sldtage nells, theistoragessedinnrstares ditd @ta densttpbosimat i on
storage medim,

torage col 1ok ol B PP Bl S BhES AL e A S s imaiored sioresel n o

preferred ermedihhw&attlé@tﬁ'ﬁﬁ@fﬁ&@bl%@le‘d&ﬂzﬁB@%ﬂbﬁﬁ%n&@ﬁif?e&é g different
st or age | ecul es, VWen different species of storage nolecule are present, .
“the oxi gk syishable gridatiemstaige dn partirelayly pfefemed gmbodiments;the bitoaeatid

ot ecure cormred i bRl SRS B £beChrol Bl tiundl tos it 0
‘met hods of sindrdistipguishable Jhidatioe! Snelsofithy/abioge imedhln ROV ﬁﬁﬂa%ﬁl@%&oar at us,
. a

e.g.) conpri;ﬁj.? one or nore storage.cells as descri-bed herein; anhd ii)
applying a e ROSeRiEr War abouh 4 olfs, maere prefermily nugneatnr than 2wt 2amwlts,

oxi dat'i'on stﬁa%@tﬁegrgb]?tﬁgg?%&mwgﬁ%% | 4 Storage medi um conpri sing one

or nore storage ce erre nments, the voltage range is |ess

than ab@dt 5 vol tBhe shwege mediferia bleytricaityscaupiod tabnueléaroa@ts?byaﬁﬂéfﬁvst |
ol t he vol tage |

preferably | ess than abaut 1 or. l.ess than aboyt 0.5.15 volts. )

can be the RIS OEfonYApcR SAvEpisIeIyBE by Boskmited iy eovalens ieage (drocin

i ntegrated Grkiggh BRWSY, iH el 0L : l;ostat, mcroprocessor
(CPS, etc. ). thatgl-t:%m pr%\lli dg a Sﬁeggle?lg?‘gﬁg?ﬂ%ﬁéﬂ%\#]?ti ng, reading, or’

refreshi ng UWapasticadppostion of the Tlomgrmddiinh tmthef alectidode(s), oy si det ecting
t he oxidati e of the storage.2 di.um and thereby reading out the
data stor ed%? %’é#‘géﬁ? %Fhege%(?ag@i %“gﬁ ﬂ{a? g]g%orb mgling WP‘FWythF ﬁiﬁ‘g}“ﬁg andteeshi ng
t he oxi gati @lecab@d(s) ah debg. ThO&BEE: Rk ‘maﬂq&*ﬁﬁggb%ﬁ@gﬁﬁ%g gasf,g{eiﬁnvol ve

anal yzing a readout signal in the“time or frequen us
i nvol ve per MGHWMePr anqrs dislesiric malerals) nFrefertel aliclecido matexiatyat imBetdedet ect i on

1 be by-.. -ar | o thods i ncludi,ng; but t limted,t 25
vol tammot r1 Rty el NoRB R haliierbrit Joet oftRes tifiavisgiion e

devi-ces of tfullyarhenable to@capsulation (or other packaging) and can be provided in a number




(e.g.-memory cells) in a conput er system In addition conmputer systens
utilizing the menory devices of this invention are provided: Prefidrgdl 2004
conputer systems include a central processing unit, a display, a selector
device, and a. nenory device conprising 30 the storage devices (e.g. storage
cells) of thi-s invention. 1 ~ JLL 2G~~r . a Brief Description of the
Drawi ngs Figure | illustrates a basicenol ecul ar menory unit "storage cell”
of the pres%pfﬂngm" o h9UESited {0 | I he
storage cell (s% 0 t1 delﬂg’rP\}lgir%t I on t(g)drlioég%lg%ég}%?gﬁﬁgﬁggﬁ%Paﬁ%#ﬁrﬂggé%%g?%r eferred
chi p- based extggiedeirtuiafa non-ancapsuiandd Ghip”Aetevin domesdmisddirpents, thd stoiape at ed
showi ng working el ectrodes 101, orthogonal referepnce el ectrodes 103, and
storage el eff¥ ‘Eﬂw@m@&&% CQURIP‘hf:’s%%ﬁP@LGIF%D‘ier{g@éS ATFFEsEreRentrode. In

ar chi tect ur @efin AredirRH SnbBIREY E%ﬁ]]l' 3 L) -0f the
chip. Figure 5 sﬁ%ws exanpl es ot?’]tg%ﬁggf%?g%c er Issélllr%gév}\#c a%%%%tl?gﬁ
conpounds ar devite diheapparatis g thds Bivshtimscaniacipdetheatortigd pedivmarésent ssandwi ch

di nati hi.t ect ..15 Fi.gu 7A sh triple-degker
ot o coBRHRRY 8 R e b GoRe 24 1 feria L o IENERIRE, S FaiSE JacaRo, ¢ hi ol
i nker, it hi 1 h

i nker, W t bnyRdshéigRl <RchBdERRImPE s ﬂgﬁ%ﬁ%@%ﬁ%&%@? ?xg?fﬁgf[rtné&é e

surface. Figure 7E shows triple-deck wch ‘conpou ment to
an el ect r oaprdsens onarsingle plane in thetdeiiot (ini atkerdimensibndi or sireeidiké demahgnent  of

t he 20 | i th t. ta the . f ace. [ i trat t
tr bl deckan FURaRIazes BB Sitiet ne ieh dunStonal (PBFO pLrbiLY 3P RimBers hown
in Tabl gp1. (?F.g.g 16,229 65 1285 51318 004, 4008, &85 kEstofREMUANSSs A Jdrdsy @18 can

derivatized for = .
be provided in the device. Each storage location can be addressed by a single

elecu'ode or by two or more electrodes. In other embodiments, a single elecirode can
| . add:cesé multiple storage locgﬁons and/or multiple storage cells.
| .In preferred embodiments, one or more of the elect_rodé(s) is connected fo a
15 ~ voltage source (e.g. output of an integrated circuit, power supply, potentiostat,
| | microprocessor (CPU), etc.) that can provide a voltage/signal for writing, reading, or
. refreshing the storage cell(s). One or more of the electrode(s) is preferably connected
| to a device (e.g., a voltammetric device, an amperometri_é device, a potentiometric
| device, efc.) ”t'o read the oxidation state of said sforage medinm. In particnlarly
20 preferred embodiments, th_é device is a sinusoidal voltammeter. Various signal
- jﬁroce_ssing methods can be provided to facilitate readout in the time doniain or in the
| : | _ ﬁeqﬁency doh_:tain. Thus, in some émbodjme_nts, the readout device provides a Fourier
| transform {or 6ther 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. _ . |
| Parﬁcularly preferred methods and/or devices of this invention utilize a
) “ﬁ}i'ed” electrode. Thus, in.one embodiment, methods and/or devices in which the
eleph_‘ode(s) are moveable (e.g. one or more electrodes is a “recording head”, the tip of
a sca:inh‘xg ttinneﬁng microscope (STM), the tip of an atomic force microscope
30 (Af'M), or other forms in which the electrode is movable with respect to the storage
N medium) are exdluded. Similarly in certain embodiments, methods and/or dévices_
~ 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




attachnent to an electraactive surface with a thiol linker. 25 Figure 10
~shows covalently linked triple-decker sandwi ch nol ecul es that afel uBBf @004
for accessing nultiple oxidation states. Figure 11 shows the achi evenent of
a vertical orientation on an electroactive surface with only one of the two
triple deckers directly attached thereto. Figure 12 shows a sandw ch

nol ecul e in which one porphyrin bears-—four 30 different neso-substituents.

- Figure 13 digy hﬁfé a related sandwi ch conpound architecture that enploys a
(Por) Eu(Pc) Eu? or?' triple decker rather than a (Por) Eu(Pc)Eu(Pc)

archi tecture usedn ahoftieg efoBodizhent, thik itVedtids provides bh iforialidh StoldbeShOWs a
sandwi ch con%g%nd that incorporates two triple-decker sandw c | ecul es
r

and two fer s The-imformpatips storpgasmedinmscambietdsedytot assambio btoragk aellsTenor y

nol ecul e of et thOW& ferre odi nents, .this js_acconplished
t hrough t he %{%%iﬂéﬁ{l onsogil§ing4r9gfg§/1%§%%eﬁfn eg%r?m ' &E@%EB%WLW@QDM i ed
at a vol tagestarafé meiliwndt cdraprivek dhe 6r Rofl AFfSRAt ﬁBﬁEb‘Hﬂoﬁ&u&s:Wﬁe:f&%ﬂg?h :
coordi nati on co.ngo nd) to the appropriate redox State as sunmarized in this

figure. ThusSPegisefl Feidss molesule ase presentcibapuidation stale(s) oficachispevdastis uct ur e
. 0., ' | ' ROl . Thi b
ool [ shod s B B Bkt AERMINTLRE b oA BoR ST P thepliFepu s

10 i ncr enentspecifs gisteragémioldculkt coatpeising té ﬁdﬁ%\ﬂ@ddﬂﬂl tametry system
suitabl e for rea%t.of the menory devices of this invention. Figure 17
illustrates a conpit BIveryen dse Bionisdes methads of sering faldcThepsthddsiorolved)

her ei n. 10y pigratilimeat PRIRY eyl < A 1§ ed..as seal £d ".chi p"..

15 Ancillar ylﬁci_ r cui a?%? on tsﬁeégéﬁél“%ﬁ%% E?Q&néﬁﬁeﬁ%%%yﬁﬁ g@?ﬁs‘fdﬁhﬁ?ﬁ i ng
“‘bits into taadidepplyingaiveliize tetheripctrbde sy sufficenticafrenttabdt A oﬁﬁaﬁ@ﬁ#tﬁt%d-
Figure 18 ilJustrates the nmenpory devices of this systemintegrated into a
st andar d cor?ﬁ?lglﬁ%é?%ﬁﬁ”?‘ggﬂﬁe %‘Prag%ﬂﬁﬁg’ﬂlﬁ? CYYRHERS oasPr mgrg giogagegells). In
i |l ustrat es gréferrp® eRbYdinibnRiHe Vol raspondi ng
Lriple decker oy oo fafltHioR e gy 14 Sl ol SRS ol BRI
cont ai ni ng tipwdban Fhoyi 3 valis lknd mosbpreferablyptess tmaebout(1 ériessdouibeur®sker s,

P 09U SR o B S BB A ot ot
: - an integrated circuit, power supply, logic gate, potentiostat, microprocessor (CPU),
etc.) that can provide a voltage/signal for writing, reading, or refreshing the storage
cell(s). ' 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 imvolve 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. ' ' h ' |

_ This invention additionally providés' the memory devices of this invention
(e.g. memory cells) in a computer system. In addition computer systems utilizing the
mermory devi'ces of this invention are provided. Preferred computer systems iﬁclude a
central processing unit, a display, a selector device, and 2 memory device comprising -

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




25 ~c~e (Pc)Eu(Pc)Eu(Por). Figure 22 illustrates the coupling of the

i odo-substituted triple decker (Pc)Eu(Pc)Eu(ll'T-Por) and 4-ethynyl-1- ES
acetyl t hi o) benzene under Pd-nedi ated coupling conditions (Pd(PPhs QCUH,E 2004 .
Cul) in the presence of the base N, N diisopropyl ethylamne. 30 Figure 23
illustrates the coupling of the ethynyl-substituted triple decker

(Pc) Eu( Pc) Eu(EB- Por) and 4-iodo-1-(~ 8cetylthio)benzene under the

Pd- coupl i ng conditions (Pdz( 1 2.0-t I i ne) used for joining
por phyrin buil di ng bl ocks. , escibiidh of the Pritn illustrates the
production of theFigesd I dthsehtby nbadic Rlokduldy a8moBy asit ﬂétoﬁ%@@ﬂl”\/&ftﬂﬁb a

but adi yne-1| i nked dyad, by treatnment of triple-decker (Pc)Eu(Pc)Eu(l ET-Por)
wi th (Pc) Eu(B5eSPELVEEDEON,r ) under Pd- nedi at ed coupl i ng conditions

he. desited et hyriePr ayehes B8 fsphsioh pPhB3 ke AP b nPtitthar
(Pc) Eu( P8) EwhipET- Por) with (Pc) Eu(Pc)Eu(E T-Por) under .Pd-nedi at ed coupling

condi tions (Pd2(dha)3 d P(otolyl)3 in_the absence of copper reagents).
Fligure 25 ill us&gg{"é’s?ﬂh'étf%%ff eptefireedshintbeserd smbedimentotibey invention.” A

but adi yne-1i ] i -

(Poy Eul o) EL T BoriE e bR st i SRbhrodls o, BB tBfronce

( Pd( PPh3) ZC ekectrGdesah03, Endystomg? Gleirentssidzat es the synthesis of triple decker
conpl exes using the various poiphyrin, and, pht hatocyani ne conponents. Figare
27 illustrates tHaSWER Bﬁﬂmﬁ%ﬁhﬁ SH‘EW%‘F?HB# afﬁ%‘ﬂéﬂf atesipelepneyany

derivat ijped sidrhgd QUIBLERES e%eﬂﬁ%irtﬁé ciapructure (Pc)Eu(Pc)Eu(Por). Figure
28 illustrates the synthesis of "a tripentyl nono-ethynyl porphyrin for use
in preparing the Hgurd ®shdaiaxampleslof dowplédedies sandingelr eopdinatidnbmued t he
rational syr'\t%ﬁ.‘tsi s of a triaryl nono-ethynyl porphyrin for use in preparing .
the triple ¢ mf)eﬁi | di ng bl ocks. 20 Figure 30 illustrates deprotection

routes for obtai rHigerd 6)ghoR@ldBNbic oPBRN-BEKENSakivih GoPiRSidolpoh@Ur € 31
illustrates the s—y%fﬁ‘hesi s of a E’mno-gr%i:{lwnyl triple decker dt‘}. Ioglpr?g (gl ock. -

Each tri pl e dhdleglresexi sts as a nmixture of . regioi soners due to the
positiong of substltutd of the t-butyl . .qgroups on t hal ocyani ne
ma_cro_cyg es. 25 ﬁ'gﬁ#ée’hggh?vﬁ @gfer-é&cggt %ﬂ%%gﬁ?ﬁ@g@ggr%pﬁﬂﬁ?gg&@cker

bui | di ng bl etdctbaaivienrfacawith @ Bi6Plieh With viMidal aREndhi@t SERRSAMSEycles
deprotecti or{’ég{ ving the.free ethyne. Fi gure 33 illustrates the production

of the desi MEH respagt b the sWAlROL- deri vati zed tripl e decker (13) by Pd-nediated

~coupling as well @% n %a% -, oductu%% ?gri ved .from an
acetyl transfer regc%e:@lglgorn hfe%(}?(é{“gl ér?g AKEY g%f %’gtﬂé"?ived from
hono- coupl i riectroactive surface with a thiol linker, with horizontal arrangment ofthe

20  macrocycles with respect to the surface. '

Figure 8 illustrates two triple decker coordmation compounds, whose
- _oxidation potentials are shown in Table 1. : _
Figure 9 shows the triple decker compounds of Figure 8 derivatized for
attachment to an electroactive surface with a thiol linker. | _
25 Figure 10 shows covalenily linked triple-decker sandwich molecules that are
useful for accessing multiple oxidation sfates.
. Figure 11 shows the achievement of a vertical orientation '_on an electroactive
surface with 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—éubstit_uents. o | | '
- Figure 13 displays a related sandwich compound architecture that employs a
(PorjEu(Pc)Eu(Por) triple decker rather than a (Por)Eu(Pc)Eu(Pc) architecture used in
Figure 12. - )




13 .~t~! 2GG- mFigure 34 illustrates the synthesis of an .
S=(acetyl'thio)-derivatized triple 5 decker via an approach that av@di d§lL 204
‘forming the triple decker by-product derived froman acetyl transfer
reaction.  Figure-35 illustrates the synthesis of an S
(acetylthio)-derivatized triple decker (15) and the production of a by
product (31) derived froman acetyl transfer reaction. Detail ed Description
of the Preferred Enbodi ments As noted above, this invention provides novel

hi gh density mendiguiseld ews agandyaeh gorapousddbatineqperptes e Gipiatecker
permtting %ﬁ&&ff}{%{l%ﬁ?r}?d%gfé%gc |9, that provide a high menory density
C ; a

(e.g., 1015 bits provide a high degree of fault tolerance, and
~that are anenabl &Figurest illoiteinss wdibng toal moleailaeabBopndorbilp of &k i cation. The

terms "sandw ch .coordinati gn conpound” or "sandw ch coordi nation_conpl ex"
refer to a cBYHGARd re?%%@%ﬁﬁ!ﬂﬂ%& s agpraplishgd Hreughthe spplicationegle i ¢ 15
|1gand (S ARPEeHNAE. %@Y@s@co‘ﬁ?&lﬂ%\%'ag%%d{g%taq)ogage %u%ﬁgie&rto TRiafre 4TOST

preferably 2 or 3, ‘afid each ne Ione et ween a pai <08 | i gands

and bonded tsiorageemediunm(eg., hatwiwich teordinatich tompaald) 3o the pppropiidte yedok het em

at ons) e_.g.-,-w%% 3 4,*_% i.n_each |igand . (depending upon the oxidation

state of th&FpEsiynmared i f CBS gachdae %Stef@@%mﬁpraﬁléemmmt

- organonet al lago@RiRkes s SuUsBwRS HDE k B“M%]ﬁﬁr \ {5 bonded
to carbon atorr?s. The ﬁ%’ands In tc;ﬁglr san g\n%gﬁ coor di ;F%}g%gggggrr%g%gghgre

general | y arcanhgeccomplishet ve Ked:latiosrzitalaxidation of thermolganeindidpwisof aci al | y

orient eqoand axially aligned with one another, although they may or nay not
be rotated %%ﬁlfle?tﬁat axis with respect to one another). See, e.g., D. Ng

‘and J. Jiang, Samg 'mamaﬁréf@taesﬁﬁissﬁhifolﬁmnh@&}pﬁxéﬁiﬁ%ﬁ%ﬂ ppyrinato
met al conpl exes, em cal Society 25 ' Reviews 2 ,_433-445(188&%?% term
" doubl e- dec ks memanieices o6 s inyention. conpound” refers to a sandwich

di nati i bed 3 wh i s.2, tht i th
Cormil o LI o 0o R et R et S ob® fembig el Pt o1 ont
See) e.g., JlescHbadlerin, alypicaly i BedlegkdvicEtWillivéTabridaled RHREASE Schtht h

Pht hal ocgani nato and 30 Porphc%/h'rii nat o Li gands, J. Porphyries Phthalocyanines
3, 322-328 Amsylary chrerstry ep e hin gndlordn Secsommyier pennite WoHuE hids inbrtheonpound”

refers to a i .di t'i a4 ER@%@ Sy ri bed above where a is 3,

t hus ‘havi ngnt§-e g’?@rﬁ{ug%ﬂé%\% z- VZ-13, .\Aﬁle%eﬂlegﬁé‘gich of LI, LZ and L3 may

be the same or diFigwreci8tillustralesThelmbthory des of thig\ehstdm Rbshried Byabe the
, DD Anrold et al., M xed

sanme or _differs@r;_t. See S’;“Fg'
Pht hal ocyaniS A SGRIpRLEr AFeRitertizg O BPTRtSY sYFtert 20 e decker Sandwi ch

Conpl exes Cont ai Rismg : &-Pﬁ%%%%]wﬁﬁfﬁ j ' emstry
Letters 483-484 ?i@%‘g)ngg e ter I oo e%%%olgxél{asn \%\#gfﬁ}g%%%l nation
conpound® r ebmesponding tple deskenbailibmgiblocits. on conpound as descri bed above

wherein all of t | i gands L are the sane. The term "heterol eptic sandw ch
coordi nation con%gg}”&%%rlﬂ?wslt@ﬁ° ueh Japtire costamingibessirplsdsekare 28s

described aRpumeasWagELhMwdldohBIR AeclRRE pldddaditthe Sredini e bE Por)Eu(acac) with
- LiPe. ' : - _
Figure 21 illustrates building block triple-decker complexes of general
25 - structare (Pc)Eu(Pc)Eu(Por). - S ‘
Figure 22 illustrates the coupling of the iodo-substituted triple decker
| (Pc)Eu(Pc)Eu(IPT-Por) and 4-ethynyl-1-(S-acetylthio)benzene under Pd-mediated
‘coupling conditions (PA(PPhs);Cl, Cul) in the presence of the base N- |
| dﬁsopropyleihylamine. |
30 '_  Figure 23 illustrates the coupling of the ethynyl-substituted triple decker
 (Pc)Eu(Pc)Eu(EB-Por) and 4-iodo-1 -(S—acetylﬂﬁo)benime under the.Pd—coupling
 conditions (Pdy(dbals, tri-o-tolylphosphine) used for joining porphyrin building
" blocks. ' '




fromthe other Ilgands therein. 10 The term "heterocyclic |igand" as us
herein generally refers to any heterocyclic nolecule consisting of cééiboaﬁﬁé
atons containing at | east one, and preferably a plurality of, hetero atons
(e.g., N, O .S, Se, Te), which hetero atons may be the sane or different,
and which nol ecule is capable of form ng a sandw ch coordi nati on conpound

wi th anot her heterocyclic ligand (whi&h may be the sanme or 15 different)

and a netal .” Suc Qﬁteq i “-ﬁﬁfé[ Glg

particularly tet p'gpyr r ﬁﬂﬁ’ﬁﬁ?ﬁ?’?ﬁg‘ﬁ‘gﬁéﬁ%ﬁ% %t ocyani ﬁﬁ;s(])yad
poxphyrins, ﬁn@ngmwwbmz@mhlﬁbdyaétgﬁeaﬁneﬁofﬁnﬁp-dﬂker Assenbl i es of

Pt !‘22?’%?23@5% AR e A B el SN R M A
Tha term' O)&"’Hﬁhdﬁ?d@hgfﬁ@ézé? he | oss of one or npbre electrons in an

el enent; conpoun ubstituent/subunit. In an oxidation

reaction3 el ect r diigaier 248 diastrdtys the celectbfe ﬁrbal&ioﬁrmlﬂiédesiréwah}fﬁi]ml@dt he
reaction. 2‘3&&@3}{3 n these atons nmust then beconme nore positive. The

electrons a ?W?H@é?%le@ﬁ@@i&g?)ﬁﬁ@EWT@ﬁfhW so el Iect rons
AR ﬁ?%@ﬁﬁ"% D £t P ed Gltprind SRRl QR Tp2 P o

fromthe spaciyia)§1rbthea'gseﬁmdi‘@§er1%agehti)act despite the apparent production
of electrons as "free" entities in _oxidation reactions. Conversely éhe term
Tradiynenhizphe

reduction ref er s HgmeRs ilfustratesthe seleciive prpductpa of thelesisgd

Che. ol ool i Gt SRR i Rah et e ORI R BR800 o

| oss of el ecﬁémsdﬁmsm&bﬁﬂ%mnmﬁéﬁma@l’hgﬁdgcbﬁm cal substituentlsubunit.
In a preferred enhodi rrent e term"oxidation state" refers to states

i ncl udi ng the nelﬁ*g‘éﬂe W&Wtb@sﬁ@tﬁpmckﬁ&ﬁmlmwmtthVatleuScaused
by. the gain |on or oxidation). ~ 3 JI1J~ 2Qu4
13 The ter mp(&?TpuHI OXI EE iﬁgﬁégé es rreans more than one oxidation

state. In prefer dﬁghmrﬁﬂaﬂmahetém}symhé&dmysﬁ@tﬁ&mﬁe M;b)%t the gain
of el ectron%redu ti.qn), or the |l oss of electrons éom dati on) The term

"di f f er ént R) detker ozenah strushue (PREUR)EWBODr nore S oxi dation
states neans thatpbde 235 %5%394 &ﬁﬁq@ té’ gﬂ&hﬁ@@ ggr egat e,

subunlt etc.) can  exi st |n t wo erent S ald to be
"disti ngmshudaiteﬁrepdrmgthmmmeﬂémehmmm@bmm t he stat es is greater than

thermal ' energy ture (e. 0C to about 40C). The term
"el ectrode" ref efﬂﬁ%@ﬁ}} ﬁ%ﬁ%%&gﬂ%@@ﬁ%ﬂmﬂ%&@ Yeoormhyriag.
el ectrons) t@@@@ﬁﬁf@w tSpR RO TRlignE HfockEr €f erred el ectrodes are

netal s or
20 Figure 30 illustrates deprotection routes for obtaining the porphyrin bearmg

the free ethyne unit,
Figure 31 iliustrates the synthems of a mono-ethynyl tnple decker building
‘block. Each triple decker exists as a mixture of regioisomers due to the positions of
subs_ﬁtuﬁon of the #-butyl groups on the phthalocyanine macrocycles.
25 Figure 32 illustrates the synthesis of é triple decker building block bearing a
protected ethyne unit aﬁd the subsequent deprotection giving the free ethyne.

Figure 33 illustrates the production of the desired_ S-(acetylthio)-derivatized
triple decker (13) by Pd-mediated coﬁpling as well as the formation of a'by{)roduct
(30) derived from an acetyl transfer reac’non and the butad1yne~hnked dyad (29)
30  derived from homo—couphng




conductive organic nol ecul es. The el ectrodes can be nanufactureg 4‘5U‘ 9004
virtual'l'y any 2di mensional or 3-dinensional shape (e.g. discrete 1ines,
‘pads, planes, spheres, ~ylindeis, etc.). The term"fixed el ectrode" is
intended to reflect the fact that the electrode is 1S essentially stable
and unnovable with respect to the storage nmedium That is, the el ectrode

and storage nediumare arranged in an 1(issenti ally fixed geonetric
f

rel ationship with_each other. It is .course recogni zed that the

rel ationship alt 'gng%ﬁéﬂ,ﬂ%‘m%%eFwtg%ﬁé?féﬂoﬁ(aﬁﬁfa’lfgm&m&ﬂzéﬁﬁmlet he medi um
wi th ther mal g&Ranggsn - %P“% . | of ol | es
conprising the el ect rgg%lgéa{%ﬁ%ra ?ﬁg gl%%g[e%é*%% H{@@‘Q:?f]% e@i{t’c{mt he
overal | spat imdcetyl rangfermeadtionenai ns essentially invariant. In a preferred
enbodi nent this t .rmiési tended to exclude systens in which the el ectrode

i's a movabl e " prob8r} & HUsTalG NE FHEhess Hagor-ticalylthioddenivatizad ginderi ¢ for ce
.M croscope (dis%k&r)(ﬂ)l dhd the gfe‘o@ﬁéﬁdﬁ%ﬁagﬁ%gbg‘gg éf’ﬂﬁeﬁ%@ﬁgm(%%%@gﬁéﬁ# ~C.). 2S

The term "working el ectrote” Is use to one or Fodes
t hat are usegagtipnset or read the state of a storage nmedi um and/ or storage
nol ecul e. - The term"reference electrode” is used to refer to one or nore
el ectrodes that provide a reference (e.g. a particular reference voltage)

for measurements. recor dRshifeiaNsbHFIURbIRPEIETL] Bilfbodilentse o T €0

enbodi ments, the referénce erectro \ of this
invention are at Aheotsdpeoysothirinvation prdvideymoivel sighdemsit atimmndsvicds s need
not be t m el ectrically c l.ed" en used wth reference
to a st ol:bgg gﬂﬁtoqﬁr%%%ﬁgc%ﬁ%cﬁesg%‘? Bﬁ@n'%@i HYRired ElaP‘gB’émPg’f plprpyidan
‘associ at i on digghermdri dénsity¥e.3., 10" blis/ceP) it pébvided] BO8 doRd mol ecul e
and the el ectyode sudcx:? tha?lfee%ectrons UD)VE f%pmtheﬁgfﬁggggéegﬁn% |tun1 mol ecui e
to the el ectiPiracerandthghargumenchlette stfisiant chemicsk synthgsis aedichiplfahaicetion.e and

t her eby aIter.then&xt' & : f _the storaas nediuyun ool ecul e.

El ectrical coupling %%?]g is%gc}%léﬁel&gqr%%{l&t%wo Pr nﬁ?&g@“‘goézpﬁgg‘ﬁ‘%f’ﬁe S

st orage medicompieeeftt to acsnidved of grtfoada 1N Whdre 683, &Y hiQUBdRT (€. 0.
via a li ke'rclzﬂ,aggi rect or .indirect ionic bondi na bet ween the stordge

medi ur ol e fasdieseribed belompoaeh Mois agnetal, niis 4o mpre.anost prefetablyRosizc
bondi o i 4 : j | e d the st
rodi unt ol el < aay SR REh et R S fls WP 28 bt i
al so need ndtetene eioss @i fiypitadiyaphraliyteftistebeatoanneghe, 3,@,6P§ilédcﬁqﬁgaﬁdld t he
storage nedi ynm nmol ecul e where the el e(ﬁtlrode is sufficiently close to the
st or age msdi(d diPB ﬂ%eoo"b‘g?‘?ﬂ’cl sigtefithemotall s sandydeheedrdmaton

di unt nol IRl R ) - i At 4
T edon Bol e P T no ey e BT ek S Aot s Pl ¢ ¢ o

“redox-active Subunit” rs to a or conponertt

i s capaBle d8bessieddo oarboi atethsoThe ligindein thy saddevidibcapinhited ¢ontposhdarsui t abl e

vol tage. The ter "su_ouHi.t",talfseefiused erein, refers to a,redox-active -
854 157 &tap

conponent of*°d FEieRiEton e ae BeReG Y cafpcialbierifpish a9l ecul e
refer 1o a niiaHgalign&BWith SndRRDOURE, IMbEHOMEH 3ldyQR ﬁéﬁ(ﬁgegm%t%tused

for the storage of information 20 (eg. a nblecule nprising one or nore
redox- act i veXspitihessgct tpnsfanpthen). Seoraydd Mg end . diangaSandwich-typenor e

Lot AN RS A Sk RS B 55 7
25 Reviews 26,433-442 (1997). ~ . . o

The term “double-decker sandwich coordination compound™ refets to a

sandwich coordination compound as described above where n is 2, thus having the
formuia LI-M 112, wherein each of L! and L2 may be the same or different. See, e.g.,
J. Jiang et al., Double-decker Yitrium(IIT) 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

formulg L-M'-12-M%12, wherein each of L', 1? and I*> may be the same or different,




variety of additional nolecules can be used as storage nol ecul es and hence
further conprise the storage nedium Preferred nol ecul es includ§,d Q. 2o
not limted to a 25 porphyrinic macrocycle, a netallocene, a |linear ‘

pol yene, a cycfic polyene, a heteroatomsubstituted |inear polyene, a

het er oat om substituted cyclic polyene, a tetrathiaful val ene, a
tetrasel enaf ul val ene, a netal coordi nati on conpl ex, a buckm nsterfullerene

(.e., a "bu | f 5 2 L L EAr jne. ..a 1. 4-phenyl enedi am pe, xant hene, a
flavin, a p%#a@i%S,Mamﬁﬁl’%ﬁ%%%ﬁé?&%’ﬁ%c@?ﬁ-ée?" Al ot Mixed 515 30
bi pyri dyl , @h_ﬂm&ic?rﬁhim{ﬂb%%hyrﬁlatﬁmﬁﬂnqm TAgeRcka SdndwieB Compdxdged
napht hal ene di chal cogeni de. Even nore preferred nol ecul es incl tude a

por phyri n, Q?ﬂtﬂ}éﬁaﬁébnmﬁﬂﬁ@mncé’mmé@,@ﬁm&mm48éf4'860ene, a

| i near por p?ygd'gz pol yner, and 1 ~ J~~ ?004 is porphyrin array. Certain
particul arly préeferred storage nol ecul es include a porphyrinic macrocycle

substitufed at aThéterp0Sidrhdloptity saddwithPO6Rtinids cohPBundVibReitb @Sakdiich Sui t ed
for use as storage nol ecul es i nclude the nol ecul es descri bed herein. The

ter m " st or aGeOIFERHORCompewrtas desgrihed phovs whensindhef the figends Lsare thegems.
I I f the i ' . hl [ > . 1D
"ol cotr ocher cal ThgFn AierRleBE RN RORgach BruRk Aty Y B
. wor ki ng -el ecborditation comgomdds dedeibedabove WaareirpatdéRt agdigmd Lustiffpad, | f
necessary, a dielectric) forpnviding electrical

one_neans (e.qg. .
conducti vit %ﬁﬁ@%i‘?fthﬁéﬂ‘gﬂtbéﬁe%des and/ or between the electrodes and the
medi um-14n somne ATy =Toln oRE 1; i £ LG ] f the
st orage nmedi um %Qterms a@n%?y%%%h%rﬁgﬁér%ngr%flgmggﬁ}gg%g%nfstorage
cel | " ref er herayekid aoleculehensistig afdatbantmdms amthigingse teaktoone) i/l St or age of

i nf ti . P red "st ' []s" ' i t i f st
medl um addr BSCEarA BaryiEs St Mk s & S Dby Sty ek beeroen peYg o
wor ki ng el e%&ﬁ@s"mﬁﬂﬂ-ﬁﬁéﬁﬁ&%ﬁ&'ﬁzﬁicﬁ'r&&%fﬂ@?s)cagm‘éoﬂ&ﬁ‘&%eaEai &&hl S can be

individually addressed (e.g. a unique electrode Is assoclated wth each
menory el enmsoenlingtion gampownd with ynotherietdrbeyctic iligand (vhich magde tfe sdinkfoer ent

menory el nts,are disti ishable,.. nmultiple ne el ements can be '
add_resséa b %er??s%a? 2 81t Sﬁgﬁe@%ﬂ@%ﬁfﬁwd@%m@%ﬂ%ﬁbﬁwﬁﬁm ly include
a di el ectri paftiRubirlyde@ipin@ld ddrivativiRsAoNad € pitocyAMALLhoPiPins, 24 The term
"storage location" refers to a discrete domain or area in which a storage -
medi um i s . dipSrbyeadinegh See, @dzr B chrand Thib, Assemblienefiphthellenyanineiewitht he st or age

| ocation may forma_storage cell. However i. storage | gcations contain’
the sane st X’Pﬁ’g‘@“ﬂ%a’?‘ip%% S e B eéglieé#ﬁgppﬁca?ﬂ@p oxi dat i on
states, and (vetdinskicorn EYemisH9 Revien$ 160,53c0INIOYYY addr essed, they may form
one functional storage cell. 25 : Addr essi ng a particular elenment refers to

associ aglng ( e: g Thedpme toxidationy refens se thegpss ofame v meory clerteonsin wh elemant,

el ectrode | n.he, eci f.i cal,l v _determi.ne the
oxi dati on :? g@@é‘;ﬁ%f) }'?ﬁ% c%&n%%g&eé#@r&;%ﬂ ¥ ﬁ%go’é@ﬁﬁ‘ﬁg%‘?df&eﬂ&é@f ?V'Io?tef ers
to the nunbéy animdod the pRiment(s)ieolasdiirohe bédcton EThevhke Wnehdsh atontaRudle

st or ed. V\h’eght e storage nediumis_said to_have a_storage 30 density
greater tha e@ﬂ@cwwppﬁﬁh@%mhe,dqcﬁpgs agfiest froppthespediesdmdengainga st or age

medi um pr ef 6t faliin GRTR biSGForTbFa! b Protlieh B A Bxithit RallRhCAH SidaRof BP0 ©

of storing a : 7
25 taking place in the reaction Fe’” (aq) —>Fe™'(aq) + & 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 substitnent/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 épreferred embodiment, the tenn “oxidation state” refers to
- states including the neutral state and any state other than a neuiral state caused by the

. gain or loss of electrons (reduction or oxidation).




| east one bit of infoermation: The terns "read", "defect" or "int rgogﬁf %004
i nt.erchangeably refer to the 1 3 ~~L 2~~~ 16 determ nation of tthe v~
"oxidation states) of one or nore nol ecules (e.g. nolecules conprising a
storage nedium. The term  Yefresh” when used in reference to a storage

nol ecul e or to a storage nediumrefers to the application of a voltage to
t he storage nol ecul e or 5 storage nedhpymto re-set the oxidation state of

that storage m)le rage, mediumto a predeterm ned state (e.g. the
oxi dation state t E@‘iﬂmﬁp‘é’@éﬁl@ Fatest peayanore thaponeexidation staledinat el v
prior to ar E‘):rd I h I ef|n|t|on of the
formal pot enl(f;‘}a e( B) 01 lct]‘{{le Xoxgé%{gglssgat%sgm %ﬂﬁéﬁﬁ%gﬁ%d /nF) In(Dx

I D, ~ where F(rf:@cmll)eorghslosmo:&ﬂemmnsl&ﬂaudh)terrperat ure in K (Kelvin), nis
t he nunber of el rons“ olved in . the process, F is the Faraday constant
(96, 485 Coul onb/ DS%{RI ezent gad diskipgrishablel sdenirefenmg tofwe hemosd di zed

%S o i e Iﬁé"fﬂg“"ﬁ*?"ib B Chece bl Pl ol (dond SRR ABERRES)

voltage source. i's any source
capabl e of 11191itrv@,hcamﬂmﬁgetvvmdlﬁferemtgtates(ﬁeg;tatﬂl‘arebﬁ@tdwe) 15 The term

"present oa- ,an use in reference to a nenDry devi ce of
this inventi ?ﬁ%ﬁgﬁlgﬁgﬁ ﬁ%thpmgﬁer %@%‘ﬁﬁ@ﬁ%ﬁt&'ﬁaﬁf@@m age
medi um el eCén%%ﬂ{t%om%‘énﬁpe}aﬂﬁ (ggggaégpa%tﬁe @fcﬁsent on the sane physi cal

plane in the device (eg: ‘are preSent on a single | am na). Conponents that
are on the sarre pTIWrmétded;tpqdet?ad:fbmtbmiﬂeﬁimé@ébl%bf&h@sp%ﬁ[@&h@, e.g.)

i | t , |1 f-th | trod
gl o D r SRS RRLOM 10 dTar s el ogrpemolgod rrgé‘féneie@cﬁfeg gretmetrlagy 2? ep
J(assuming t %ﬁdﬂdtﬁre@réanﬁk‘f mbib%ufé@nﬁle@écﬁroli@é dan byfxﬁ'an (\E&Eéﬂp{ a%&
pr o uceé’ " or e

integrated circuit” refers to a voltage or signa

i nt egr at ed (ﬂlﬁﬂéuﬁi':ﬂ@l o5 Adliensioral ahaptmieg. disnrpte liee, pady{ planes, qmwsgt ed
circuit. cf'@l Ltea} tri'c device" is a device capable . of neasuring the
current pro éapr?sel ectrochem cal cell as a result of the application

of a voltage or Cﬂﬁfteﬁn Fixeddibaide” i%rinten@é%f BPefidch thedst! eﬁi’mﬁ@ﬁ ce
fhedls as a

capabl e of neasurjng the current produced in an electroc
result df trEscabplly siable@nd aﬂmav@;l@mthmsprectdbdhmorpge endival. Thidislthage"). A

potentiometr of nea otential across an
i nterface t h%%&(ragés{hﬁfﬂb% %gnﬁgg‘feeaﬂ%ﬁ ’inrfmteﬁ%e ﬁéﬁﬂ Egﬁgq?ﬁ%e%cent rations
of redox  Ieltitwship with eachothe0lie€ of @urddteadimled sk %ﬁ@ﬁhﬁﬂmﬁ:ﬂ&s

‘somewhat due to expansion and confraction of the medium with thermal changes or

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

20  storage medium, Nevertheless, the overail spatlal arrangement remains essenha]ly
invariant. In a preferred embodiment this term is intended to exclude systems in
which the electrode 1s 2 movable “probe” (e. g a writing or record.mg “head”, an

atomic force mlcroscope (AFM) tip, a scanmng hmnehng mmrosc:Ope (S’IM) tip,

etc.). o

25  The term “working electrode™ is used to refer to one or more slectrodes that

 are used to set or read the state of a storage medium and/or stofage molecule.

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

30  memory device of this mvenhon are at the same potential although in some

-embodiments this need not be the case. N

The term “glectrically coupled™ when used with refereﬁce to a storage

" molecule and/orﬂstorage medium and electrode refers to an association between that




m A "coul onetric device" is a device capable of neasuring the net charge
produced during the application of a potential field ("voltage”)j golan 2064

el ectrochem cal cell. 5 A "sinusoidal .voltameter” is a voltamretric device
capabl e of determ ning the frequency domain properties of an
el ectrochem cal cell. The term "porphyrinic macrocycle" refers to a

por phyrin or poxphyrin 10 derivative. ,such derivatives include porphyries
with extra rj .ho-f 0 t hoperJ fused, . t.0 .t he por ri,n nucl eus,
por phyr | eq RUHER S o R Angthd Aol IS o 0t oS o i e
poxphyrin 1 ismgageymaiiudiaceaiic ot BRErelciHim (Rledcdbat 1d BRlsRefENt ),
.derivatives having a replacenent of a nitrogen atom of the porphyrin ring

by an at om Hediremaeculs adethercby aliar dheoxidationstaserefthe sforaget r ogen) ,

por i pher i - PRatsboldRe. w1l odHbRE oy BPaY bR Nrieed et SRt 1
saturati®n eforappenslivihclefidessd @é elebRode) inddepuovhienl dwdiRP@. pRY44 NS, €. 0.,

chl orins, bacteriochlorins, isobacteriochlorins, decahydroporphyrins,
corphi ns, pyRkabslissat erindisect ionic brndinghetwesa the staragean lewdandghe of one

or nore net : | . | J r L .
derivati ves%eggé%gggﬁ%h%%P%@g gﬂ#b%kg]g%gé}%ﬁd&%% gﬂéc%@ﬁiog‘%‘ghenyl
uni-ts; i nsemiaydbeiraquited fpdtidhsiorape fet@n/exsonld etayuapliVid difidactederitygei ves 20
havi ng one oy nore groups renoved fromthe porphyrin ri n%w(cont racted
poxphyri ns, © ."E_‘.’C}e WPEI%@%@FQ%?@)WEWCW‘B’! beanysentast betyeer 1i!')‘legagoi ng

der | vt 15eS clefndic Rl 8 LORKARIR SRRV Ak B ABRE LIAIAREKAY J6% 1o
subpht hal ocyani nes, and porphyrin isoners). Preferred porphyriric

“macr ocycl es tsstgmgs mediun/makiculsre pamantiected tuhmding Detwidea ther m-por phyri n.

refers to a_cycli tructure typically conposed of four 30 cyclic, or
br anched. pmwgqqi?ﬂge?@&g?%&c?ﬂ%th four nitrogen atoms and two
repl aceabl e hydr QugRsm{ 9tadbdive val® w%ﬁgﬁre%ﬁi\&a;sﬁa% e8ffc or

substituted. A typical porphyrin is heroin. e term"nmultiporphyrin array”
refers to aceinpenest of amvbenlechaitisvoapablerndbeing owidizedtdryediced &y theor phyri ni c

macrocygles. The,.nul t.i par ri.pn arrays can be linear, Alinker is a
nol ecul gg usé‘ﬁ?&ggh%ﬂt?gu%%%ﬂlﬁg%rent mol ecul es, two subunits of a
mol ecul e, or a M@ et suBurdes bl Abrin, YWIER t&h hed®xfachi¥ BbRRSdeNt bf Nked,

they form
molecule.

| The térms_ “storage molecule” or “memory molecule” refer to a molecule
_having tine or more oxidation states thét can be used for the storage of information
20 (eg ai_moiec11Ie comprising one or more redox-active subumits). 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 medinm. 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
_ teﬁathiaﬁﬂvé.lene,' a tetraselenafulvalene, a metal coordination complex, a
. buckminsterfullerene (.e., a “buckyball’_’), a triarylamine, a 1,4-phenylenediamine, a
| xanthene, a flavin, a phenéﬁne, 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 mélecules include a porphyrin, an expanded

porphyrin, a coniracted porphyrin, a ferrocene, a linear porphyrin polymer, and




1 3 J!;1_ 204 units of a single nolecule. ~s A substrate is a, pregegq}l?jlg_y?_ggzt
solid, material suitable for the attachnent of one or nore nol ecul es.
‘Substrates can be formed of materials including, but not limted to glass,
plastic, silicon, mnerals (e.g. quartz), sem conducting materials,
ceramcs, 5 netals, etc. The term"aryl" refers to a conpound whose

nmol ecul es have the ring structure chanpgcteristic of benzene, naphthal ene,

henant h , ther the 6-carbon ring of b
or the. condeRSan R aRR el prrt piy et oG RGO e R s) . For
exampl e, an bighyfnioadsyolSubdRiK of BN or AR M pdsficd Fiblechles 10 19

recogni zed that the aryl, while acting a ubstituent ¢

addi ti onal sO¥Suitedfar sq e soragdumolaghles inchiestise PoReige desctibeShdrbint he
various fornul as rgl%r&%;. The ted:;m ""altjé%l " refers to a para~nic hydrocarbon
group which may be™ SIPEIRTUMmA FHEa A 2 69mpeBtion sRmpRTENgy &fotigen firom

-the fornuba. nfoleitd GRhRReRIn WefdrSh bbnd&iith ¥!s: | s-), propyl .
(CH3CHz CHz-) , isogﬁlopyl ‘feCFI zeC_:H-). 1%de$ﬁ2¥tsgéﬁ1&lt%ial ogen" ,refers to one
of the el ectronegdifeme pehemidal gel lgpnsisiEAninimalheofrercfaeie daibes, a

(fluorine, c . LN | odi ne, .astatine). The ferm"nitro" refers to
an -NOz gr ou?oﬁgg{eﬁcﬁe’ngﬁ%%@&ﬁ@@ €&nd Sfpee %{iﬁb‘?ll‘ﬂﬂés if Beagpsary,
"perfl uoroal bayt meuss @15 d deladtria) fo8 Proviiak! PleMEsS . atom 20 is
replaced with a fluori r’i atom ?jhe ?erm " peref u%r-gggﬁwt?)eﬁg{ev?%gt%%e an aryl
group wher e E\¢EH9Ass pad/orkstwestothe iclectrodes and thosnedium. T somd mebatiasnts he t erm
T~yridyl jorefg . Jere one CRunit i's replaced with a
nitrogen atom !e%g{cﬁiﬁgg?%ﬁ)%%mgégﬁlgﬂgg%ﬁe&% Y8 an - CN group. The term
"t hi ocyanat 0" r ef #hsterms amemS@I\élahemp;ﬂaﬁg)ry@émn,'b§uét{,ﬂ?gbgnsrﬁ%@@i#o a
group of co si%ﬁihon.Ré - where Rjs sone alkyl, aryl, cycloalkyl,
per f | uor oal ngfg?tr eﬁéﬁai eﬂ)’ﬁ i ibe geestdor thestorpgeef nformation. Rreferred Estompe
limted to nmediRYhstifQey ke f : The term "sul fony] "
refers to a group of corrp%glsﬁ%%g#o%&ﬁﬁmﬁl%ra g&:%ssleﬁ%g eagh ?Pf@aaﬁf?{agfy
cycl oal kyl ;- Beind electoctiek yi.g. aovorkispfelesavdesnd a eofauRce SIXHHALY, Thi Bokdpde, . but
are not Jdm{ t o, met hyl sul f |, enyl sul fonyl, p-toluenesul fonyl, etc.
iﬂ - ceﬁl% can be mdlv\;dualﬂy a%gféssedpgg.g. 3/ unique ele?:/h'ode%s associated with eac%
. Iaemory ‘element) or, particularly where the oxidation states of different memory
- elements are distingnishable, multiple memory elements can be addressed by a single
- ¢lectrode. 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 “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 fo 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 “interro gate™ interchangeably refer to the



The term "carbanoyl "refers to the group of conposition R~(Rz)NC(O) -where
13 (!'~~2GM4 19 R and RZ are Hor sonme alkyl, aryl; cycloalkylj 3 JUL 2004
pertluoroallcyl, or perfluoroaryk group., Exanples include, but are not .
limted to N ethyl carbanmoyl, N, N di nethykcarbanoyl, etc. The term "am do"
refers to the group of conposition RL CON(RZ)--where R 5 and RZ are H or
sone allcyl, aryl, cycloal kyl, pertluasoal kyl, or- pertluoroaryl group.

The torm * acyeuraptl oF g oRiyioh k) o P GEHRR Aol 4 mSRGHR e ©

car boxyl gr comptising eplorag@dnbdiuigne ot her substituent (RCO ). Exanples
i nclude; ‘but- are _not limted to acetyl, benzoyk, etc. 10 In preferred

-

enbodi ment's, whedbg term ‘Feiresh” yeangisad mrefsyenagito g storage moleeule ontoias an

integer, it g %gi . By lated wth a
count eri on. Sﬁge%r m ?g‘%g%éaﬁh%%cggéﬁé%d |F\a%§ ﬁ@%ﬁ@%@c’w&?‘ °h,
parti cul ar | ptotegsingabiredo bysdb the oxfidutieer state of thabdtolagt agéculd & storigef er r ed
enbodi nent refer to redox-active groups (subunits) that can be used to

adj ust the RSB Bt BIROrisrained staig @ g thy axidation siathihs sintagrneleerle oy

substi t uent g ln}l'(gﬁunu -AE i, t aryl, :phenyl, cycl oal kyl,

al kyl , hal oé‘g@a ' oxy%l’?@lﬁfr%ﬁ@éﬁsgb@ftﬁ&%&é )k'yl , pertluoroaryl, pyridyl,
cyano, thi ocyanafThe tetid 1%,, ﬁdﬁ:@@ott&lﬂfadﬁaﬂlid&nitﬁﬁ}ﬂﬂthéﬁﬁrﬁﬁk?étentﬁytﬁ‘qlaﬂ .

am do, and carbanmoyl. In preferred _enmbodi nents, a substituted aryl ‘group is
attached t o2aeqegmpbeess ps dafinedior PP #+ (REnRinPadDed) avhennB is the gesibmisianiient s

pneny . 10O Pl BB BRSPS e b Y R BT B Sy BBl .
per f | uor oar yd the Pyfaidsly bonstane (36,44 'CoOaRBAASLE), ‘D’# fsGhe &iTfuRRm Rklfecintdt e
acyl, sulfoxyl, sulfonyl, am do; and carbarnoyl. Additional substituents

i ncl ude, ~ buXiized species aadilyg i3 the diffesiomeasflicient|of the tedigddimpedieset hy| phenyl ,

and 4net hoxyphenyl r ' nt royi de.a redo tential . range
of less than 2S %‘o‘é"&ﬁggs@%ﬁgﬁ aﬁlﬁ%&i@?‘y&?@g@&t ceaﬁ%ﬂ?é 5}%38@32[’,&3 re
preferably lgsigingharnlaetd a tarysl@.g. A dedilodase. ~royi de a radox potenti al

range of .l ess than about X volts” refers to the fact that when a :
substit &nt pr ovil8F HEMs pEeseRt ea singlornisne] avhensgd 1n seferenen foermemeryi nto a

conmpound, t : E@)@mg, ' L1 el Sia r S 0 oxi.dation
potenti al I.(lzalgvsl&%) an or %ﬂqaigglr@%% tb% atcgthl‘li\;&ﬁgrc gﬁé%%q(gyﬁeﬁ%ﬁr%gev%?ﬁ%m’ One
ermbodi nent  electridegs) ered i question ard prosdnt ad #@ samelphgsics planciheéhdahsice menory
device, a "-storage cell" 100 conprises a worki ng el ectrode 101 electrically
coupl ed to && B@é%&i%@@%n@@%p%@ﬁ%&% 5e,9m; the sgme;plang eAnage

nol ecul es 1Qay EP i The 3 : 24 . OBk Yl mcl udes
an el ectrol Sﬁjéca%l }begﬁb cgferd;aftg%éndg{ée e -?_a’cf .,Olgtg%?oﬁ%gﬁ%zggh zl‘i]%gﬂ rr%ax | 9%has a
mul ti pl 2@i t pllof thetieldotnodext omm dinglegilamegan syyaddlly beapplied ona single (e.g.,

sputtering) step (assuming they are all of the same material). ~ .

 ary

~ 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
mtegrated circuit.

25 - A “voltammeric device” is a device capable of measuring the current
produced in an electrochemical cell as a result of the application of 2 voltage or
change in Vvolta.ge. _ ' |
_ 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 measnring lﬁotential across an

interface that results from a difference in the equilibrium concentrations of redox




states, preferably a multiplicity of different and distinguishanf G :

‘non-neutral oxidation states, and can change oxi dation (charge) % @Bln

‘a voltage or signal is applied thereby addi ng or renpbving one or nore

el ectrons. Each oxidation state nay be used to represent stored

I nformati on. The storage nediumnmay remain in the set oxidation state until

anot her voltage is applied to alter that oxidation state, can be re&eshed,
n content can be all d to dissipate over tinme. The

or the infor i

. oxi dation stlggltéc £s e edechrogh@nicnl aplldi um can be readily deternined using a

‘wide variety of eheglnonig. o &@O&%@%%S%?%ﬁg%onet ﬁﬁief]‘,rﬂ ol tanmetri c)
out™. e

met hods t her eby prow"gl ng rapid rea gpT i ses
nol ecul es - haprodigped duiingthe apysliciaioh@f aPotndalofidld OvvoltBEST 1 BSelBVERSHiRY! ti pl e
di fferent and,di stingui shabl e non-neutral oxidation states. Thus, ftor
exanple, in cﬁﬂe enbodi nent, the storage nmedi um can conprise eight 15

~di fferentg speci esp ef; y I C | ng.one nQn- tral.
oxi dation state a%dgl{lﬁgg?déagggls.or gﬁ h@éﬁ@@ﬁ#ﬁ%}% %95’36 Pf&?wg dati on
states are ithelfpeuaeytbmainqressties ofan ckrabbissmieatieni nent, the storage

medi um can.conpri.ge oneg'Psppec.i es of nolecule that has eight different and
di sti ngui shabl e oXICdEH RPRIVIUS marRIcyFIR etrfars tosa perphymin ekpdpltysinor one byt e

in that mannREvaSvarsh l:ai kN, ro of 20 different
ol col oo, hagr el Bich Al BING pAgh wilh bR R R bt 1 e

st or age ‘medipgrfispdde theeporpheinmimicus, poepisiron aving ageplacemednt 6melohops der of
angstrong) %qu) i ra?i Vi dﬁgl nol ecul.es.in the devices of this invention can
store nur{Pti P e oS § ° 2P, @%%@PY@E@%ofﬁ%h‘?rﬁW@#elﬁ%refore of fer
remar kabl y - heghcesiearaderivienss hduf@ﬁ% %?epﬁ&eﬂm?ofja%ﬁogé&a%ﬁ %ﬁiehe 359%1 er,

unli ke prior,art, the devices o IS 1nventlon are capab egree of
sel f assenbFpedyEn e of apethenelémenti(tkeiotal reBacement of mitrogken)] deeivatives

el ectricall éﬂ%‘gt her. than optically) addressed, -and because the devices
utilize rel syostityastscotherdhan kyrdrgzentlasnted atthe peyiphetak fresps B-) benorar e
readily fabri cat%d utiljzing, 30 existing technol ogies and easily

i ncor por at e B¢ RePaER. deggaives svithmatsationnf ome betwkeibonde afthy devi ces of

this inygnt isgh E gﬁg}?ﬁﬁﬁf i ' eatures. . Because the
st or age rred:pgfriﬁ g}?ﬁ ?%fédr evfces H%g'érglﬁge ’ﬁ%ﬁ%ﬁﬁ&ﬁ% f’ésgﬁ‘c’l%%lﬂ: *1 3 JCL
20~~~ decahydroporphyrins, corphins, pyrrocorphins, etc.), derivatives obtained by '

coordination of one or more metals to one or more porphyrin atoms

__ (me_tallqporphyﬁns), derivatives having one or more atoms, mcluding pyrrolic and
pyrromethenyl units, inserted in the porphyrin ring (expanded porphyrins), derivatives
20  having one or more groups removed from the porphyrin ring (confracted porphyrins, -l
- e.g., corrin, corrole) and combinations of the fore going derivatives (e.g.
phthalbcya.njnes, porphyrazines, naphthalocyanines, subphthalocyanines, and
| porphyrin isomers). Preferred pbrphyrinic hzabrocycles comprise at least one 5-
membered ring. -
25 ~ The term'porphyrin refers to a cyclic structure typidally composed of four
~ pyrrole 1ings together with four nitrdgen atoms and two replaceable hydrogens for
"w_hi_ch Van'qus metal atoms can readily 5e substituted. A typical i)orphyﬁn is hemin,
: _' " The term “multiporphyrin array” refers to a discrete number of two or tore
coyalently—linked porphyrinic macrocycles. The multiporphyrin ﬁrx_'ays can be Ijliear,
3()' cyclic, or branched, - _ _ -
| A llinksr isa molecule used to couple two different molecules, two subunits lof
amolecule, or a molecule to a substrate. When all are covalently linked, they fﬁml



z~ addressed, the devices are anenable to the construction of a g
mul til ayered chip architecture. An architecture conpatible with such gﬂﬂ% o
t hree-di nensi onal structure is essential to achieve the objective of 10t
bits/cnB.. I n addition, because witing and reading is acconplished
electrically, many of the fundanental problens inherent wwth 5 : photonics
are avoi ded. Moreover; electrical reading and witing is conpatible with
exi sting co ter technol o for mam)t19 storage. In addition, the devices
of this inv S”log-ﬁs F &P cgj/"hi gh level of defect tolerance. Defect
tolerance i accamabieier 4 BraahlysBRa {RfiePll sfitdbté f eualRhEG UrGe GHP 1
several mllion in a nenory“cell).” Thus, the tallure of one or a rew

mol ecul es 1Moy ihplepates. Hubetratesandisifbimed dfanaterdals icludirigs butt it Singicdem nenory

cell that constijutes.a particular bit of nmenory..In preferred enbodi nents,
the basis fBFHRIREYS S%Bﬁdﬂ’ém?% @&QBWZSM‘}H”& PWgtF’é%lé’sﬁer@Pl%or phyri es
or ot hers pogphw, ki ¢ macrocycl es of defined energy |evels. Porphyries and
por phyrinic-macrocycles are well known to form stable radical cations.

| ndeed, the oxi d&k$ temmaianylt sfers to onompoyadryhose nedecuies havkethe Sinplstuétarsndat i on-
for the biol,ogical .processes of ot osynt hesis a respiration,_ Porphyrin
radi cal cat?bc?gascge&fﬁgﬂgg?%ﬁﬂ%d‘a 1% PREAAB e . % ffcelibo Siber: gai r.

Doubl e and 61kt g Gbn 2280 NG ofiBIr85 - 8560 REL Sfthe BiheP HOBIME! Ni C
| i gands exhi bit essentially the same phenonena. ef erred storage nol ecul es

of | t hi s i By@malﬁwsarﬂcs@ampbam iﬁ"gl EroRp mr?mble@ﬁzwlﬁekféﬂ or vaphted (Cndi-n Gt tg
t . . t . Y t )
and o Soul Sresneliee T Bt P e S0P eSS wGHGHI ) rvont

exi st ei t hegubstituentbi(@f)/ the vatstifietis PAcYideI for STRIthe Hhifouk tiS¥nsulds Sdréta).e bi t .
Readi ng can-be acconplished non-destructively or destructively as required

i'n di fferent: chi pregssm; el gwters tracbaspidisle orrocathwn gounswhishaswanhet i vel y

estimated tg. .8 ¢l afkches 129—&. ' ' ' f ~{he porphyries or
ot her por ph‘?ﬁ‘%"&& cﬂ 0%%'?ocyc S 8gﬁng§£ 3%%%?%ﬁ%f°%ﬁ%ﬁﬁam%@f St enti al
(and at pr entetiyh(GH £} -efinl €01H;3), propht (CHYCH:VH, Heisbprog @ (UR)),CENAbl i ng menory
storagelsto be: acf}léeeved‘ t very | ow power. Porphyries and porphyrin radical
cationst’are stab ?Efpofgéhgelbr}'éﬂﬂ"%@f@e lechioBegative elsmeaisigraw® chip

appl i cati ongyat . I e.3:05 . el evat ed

t enper at ur es. D%ﬂu ﬁaﬁg@%@%%%%@r&%%ém%’ Fr?odf]%éu euél% ‘onpri sed of

por phyri ni c | i gafostesn|“nitrd” refessdntanaNOy gtdap. sane .phenonena. Fabri cati on of
the devices of this, inyentign relies Known technol ogy. The synt hesi s of
the storage nedi: ?%s%rﬁfs&emﬁp- 2 8"Pshed building block 1 3 Ji-~L
cOii~s zz approaphefen I A ' J Nl '
chem stry. Synt heti%rﬂrl(r)*gﬁgrsughav_ b%gﬁsg}e%e op &%&'ﬁﬁgvﬁg&g@ﬁ%%ﬁ] and
- por phyr3thi cismeplacsdyweittea Buetink sigmbl ocks, to join themin covalent
nanostructures, .and to.purify themito.a hi | evel, (>999 In preferred
enbodi ment's, the ?@F&gﬁ@ﬁé’ﬂ%ﬁﬂ?nﬁ#ﬁﬁﬁ%&f@?@ﬁ@ %"F& PHL WPRAEt ed
sel f assenbieplabel Gahd MibiheaRsn. Such sel f assenbly processes are robust,
result in the culling out of defective nolecules, and yield | ong-range
order in the surfagtermsSomidyldeies ieaparyl gonp wheteoneTR uit inneplabekwith
assenbl ed~O£| %ggﬁ@%ﬁ?“ ve surfaces. The arrays 10 that define

t he. addr essabl ecbi F o 6f menory can be achi eved t hrough conventi onal

m crof &%ricati onrﬁetehni“qu’rafb@tsbﬂtgg@-@_ecul es are self assenbl ed onto

these el ectrode arrays and attached to the gold surface using conventional
di ppi ng net hods. The tepBethigryapaia” zafers ipyen £wupi5 One of ordinary skill in

the art w |. | ap pfﬁ&ic%asﬁl@ﬂgyl’Iﬁfeﬂ%@é%uﬁjgf éo%%?osﬂ{ontﬁg(%)- 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 composition RSO,- where R is some
| alkyl, aryl, cycloalkyl, perfluoroalkyl, or ﬁerﬂuoroaryl group. Examples include, but
o | | are not limnited to mefhylsulfonyl, phenylsulfonyl, p-toluenesuifonyl, efe.
" Theterm “cérbamoyl”'refers to the group of composiﬁon RIRHNC(O)-where



i'nventi on have wide applicability in specialized and general - purpgs% JUL 2004
‘conputer. systens. OF course commercial realization of the devices) will be
‘facilitated by the adoption of conputer architecture standards conpatible
with this technology. In addition, commercial adoption of this technol ogy
will be facilitated by the use of 20 other nolecul ar el ectronic conponents
that-will serve as on-chip buffers angﬁgecoders (that is, nolecular logic
gates), and-the |jke. In addition, co rcialization will be facilitated by

t he ﬁevgl opI nfRbR Fe Hpn sopgalitAcarys F@M&@ﬂm@ﬂ%mg@@m@@a I pr}or
to t - : ri | at
for ol ecur apeur @ hilhdd bl AbAI e v A BRI ARS8 Pear g

~generation pdintethyjeaebammdydcast.ar menory devi ces described herein have utility
in a variety of personal, or |ndustrial applications. For exgrrpl e, a

prototype 1024/ 51P8%ierm yamide] refersie the growol compesition R CON@A)- vdersRi ty t o

~hol d a supst gpi a r oprietary information.
This infor mﬁao%qg%gaﬁ%gggtamé%? nyecgﬂg%ﬁ egélgo?{)ﬂﬁ{dhgr WF‘&%WPWHP'I y

undet ect ed olkamgplesintirde,cout arempt limsisdtd ac3@ndile V-efhyiepzaedoche | f detected,
the nmenory device s easily,erased sinply by applying a |ow potenti al

reverse bias currGHteERy 1ofqrs fncaporganieped grormiiy vwineh etOBefifkchani sm can
b Gy r . _ oy
e readily Im@@g@gﬁ%fegragec?@!ys&ga?&pafzsggtg&@@?g{;mo% 2 e?egﬁ%ﬁhdg,s’ﬂtgne

for the menory dév : i t he
menory devi cas nof linli¢dtol acuiyh bemmoyhawe suffici ent capacity to hold

T o S AT e o B0 ™
mul tiple readisGhRged  igybs TR IRS bt ﬁa%@@a&‘d@f‘erd With A EAMudG! €S 1 S

highly limted 5 perha s only one): A nenory device that degrades upon
mul tiple read cycliestens “sibatpusntias heediimthe forrisohersinf particulady (signatedons

where | ong-t rsikstence i.s not. needed...Thus; _nuner.ous applications
for early ge eg]gfgéﬁh%g%ﬁ“H’é?ﬁeEégaBFeefEré‘?ﬁte%@T‘%@F t%i?@ﬁ’é‘é‘é@% of the
menory devi cgeups(sitiRas) hah ©8 ke adjukd thé BSoR PofHEAI(STITEhd ﬁiﬂiegt full-scale

comercialization of the technology. I1. Architécture of the storage

devi ce. Phe wHmnound Fapigged seistituents delrdsdbytaye aeidimitest tageryhyptienyl) of this

i nvention c ' L9 nctional vice dn a w de variety of
configuratio gﬂﬁlgﬁ; cﬁl’p-g c#]vwﬁb%?’poefﬁ?‘ﬁf’%ﬁﬂﬁ OstpyﬂdVﬁstrat ed
in | ~gure 1%yano,Aliotyanate] hiopaning, Hicglenenc? aéylSsuboRyR SRS duiTtd Qad | S

di sposed in a . nunber of storage |ocations 104. Each storage |location is -
addressed byF3EPaHY) ilﬂgr#%i%rglz@mﬂssmb@wéﬂ@ném@msemmwaﬂ_o3 so t hat

the stora eﬂyﬁgﬂ - g‘?‘{% ! ] { I ode Ok TS storage cell
100 at eagh sto agedr%??g I‘on. e%r’iée%é a%efl cu@gsﬁ@g’h@%ﬁ%&}@a agﬂigﬁquggg d
embodi makt  isslebtel dm theqnoiprcoRisfigef ayl3phdnyi, chelohlkl stk b genhadxyent , a

g >
“plurality of king el ectrodes_101 and . reference el ectrodes 103 are
illustrated %@'ﬁtﬁ?“’a&?' Y aﬁ;ar?,sge@% avadvloyapsdhiocyemptemitro, amino,

alkylamino, acyl, sulfdxyl, sulfonyl, amido, and carbamoyl. Additional substituents
inctude, but are not limited to, 4-chlorophenyl, 4-triffuoromethylphenyl, and 4-

DE:

methoxyphenyl. Preferred substituents provide a redox potential range of less than
25  about 5 volts, preferably less than about 2 volis, more preferably less than about 1
volt. - ' |
The phrase “proyide a redox potential range of less than about X volis” refers
- to the fact that when a substituent providing such a redox potential range is |
incorporated into a 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 2 working electrode 101 electrically

- coupled to a storage medium 102 comprising 2 multiplicity of storage molecules 105.




di screte storage locations thereby fornming a plurality of storage cells 100
Mul tiple storage cells can be associated with a single addressiﬂ§ elpcé@ﬁ?e-
as long as oxidation states of the storage cells are distingui shabFeLf £
each other: It should be noted that 25 this fornms a functional definition
of a storage cell. Were two discrete areas of storage nmedi um are addressed
by the sane electrodes) if the storaggynedi a conprise the sane species of

t I Mol : AN | f

Singl o st or age-Dutef Sefl S 15 Ga B ertlobue 107 B RRBrre¥el e BE R | e
comonl y selThe stoegemddind had eHudiipicRiy ¥ diffdrentasid e&b@g@@m b:86&{onoN,
however, w l-d increase the fault 30 tol erance of the storage cell as the

functi onal WWagﬁemlxmmnMaﬁf qifierpnt a@ﬂdpﬁgsmsbabé%mregeumahoadmmr
nbodi nent ,
ddr ess ng' St asHah hAHS o FEbA Yt s T fBledios ey R b ©

conpri si fig thepetstaddiager rezﬁoﬁng&me érmote AdctfoRk] BachfoxddAiBARtale HeYbSesellS
electrlcall¥ coupled to_one or, nore reference el ectrodes. The reference
¢

el ect r odes) @ﬁf%@tﬁﬁiﬂmf’m screte el ectrodes or as a comon

backpl ane. The ¢ ﬁldﬂ Aor ki ng
el ectrodes 5 andﬁhgﬁ%%%é%é@k\ﬁ/g# oﬁ%%%é%czﬁa&g& 5%%%‘5\*%[‘%{ nufrer ous
storage cel lvsltape ieamplict ey akidr. thﬁoxﬁﬁ!blbﬁ@tatd, bgn bdriefresiadd, bﬁth%ﬂbhﬁa‘tioﬁd with a

single level cf el ectrodes.and nenory e| enent or Ilteral Ify hundr eds or
t housands ofoRiFHifcaR BF P@%t@ﬁp@%@?@d@%&hw& ﬁpﬁétatqﬁ dherdem@gef the chip

bei ng | g t fbifes }Jlty
constraints. 10 Iﬁ'mp%r te‘la%ﬂ &etn y pre@%e odi rrents ‘fi% er of
dielectric ampa:omhmgpbnlonmhiw volhesidizit) metﬁods diwnblwprovﬁﬁgramﬁsmdeut

el ectrical  conne ty betuween the wor refere ce.el.ectrodes) and"
stability of the % 6%/%3 blgglcgglppﬁestq:}gl Qgg %? $ig xé‘ﬁ“ Lo 18t i al
lahd df

(latching) bsd/disg S GRA o
di el ectric mat erliiall&ggﬁh%%{il ﬁlggé%%raﬁeeﬁﬁl nt osaﬁ storage nedi u%nﬂ?%@gll f. 15

Wile, in s@i@ESpTTaIsefW@uampibmtmmmnﬂ)odhmwhesmr@snahmmam bamptisereight (e. g.
menory engm.S appr oxi 10 | uu) and el ectrpde thjckness
200" nim 7 ea et et ot Hrkeseanalpaties poclitEping ptb pap nedkt ety sdte

conpar abl e tiRrdyQidte s BilY SPbAPBRE 1§ﬂhb o&iatiORsatts dRMhEGRnE&N - accealbanm - 100
nmon each axis). In apreferred enbodi nent, the storage device includes:

(1) A gold mwmhﬂzleng:@mﬁ,rfb@lem(agegnedmn@am pompiisckone spegicsitmoleae a

d hed. h f 10 :
100 o of ey SR e Breb g dul SRl BaRS S et toRefir age” | °
mol ecul es 1©1ts ﬁﬁé@@}@@dﬁaﬁrﬁﬁ:ﬂ@hﬂw@ﬂfﬁ@é@kﬁh@d héi8in, 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 angsiroms) and
individual molecules in the devices of this invention can store multiple bits, the
. storage devmes of this invention therefore offer remarkably high storage densities
25 (eg>10Y bits/crm® ). |
o Moreover, unlike prior art, the devices of this invention are capable of a

degree of self-assembly and hence easily fabricated. Because the devices are
electrically (rather than optically) addressed, and because the devices utilize relatively -
-simple and highly stable storage eiements, they are readily fabricated utilizing

30 existing téchnologies and easily incorporatéd into electronic devices. Thus, the

| molecular memory devices of this invention have a number of highly desirable

featnres.

~ Because the storage medium 'o_f the devices described herein is elecirically-




sul fur atom of the p-thiophenyl group. (3) A 100-nmthick layer{d Jul 2084

dielectric-material 107 enbedded with counterions to ensure electrical
‘connectivity to the reference 25 electrode and stability of the cationic
species in the absence of applied potential (latching). (4) A 200-nmthick
nonpol ari zabl e-reference el ectrode 103 line-etched in the sanme fashion as
t hose of the working electrode 101, b2l assenbled with lines orthogonal to

the latter e . 5 Amrror,j e construct that utilizes the sane
ref erence el éﬁ%%gé&el‘ﬁﬂé?es 2 %@Bﬁg@g}wﬂmﬁ% of grwdtigyered shibnal

ar chi t ect ur ea:oﬁit@hﬁ@.@Eﬁhﬁembﬁlpﬁﬁtﬁé%ﬂ&%ueﬁﬁfﬂh@@dﬁ}&ﬁl%ﬁm SnGARNE) on the
chip will look as indicated ~ Figure 4. \VWile the discussion herein of

‘el ectrodes i $Sitiahtorashigvethe ehiensive of 1@ bits/dms, Iniatiditioh) bebeuse eaitiggiared t hat
numer ous ot mpterial s.w ll . be.suitabl e . Thus, 2 3 JUL 20~~ zs
el ectrode nahlfegcrll F‘Sg{cf:ﬁtgfﬂd gd %ﬁ&cﬁﬁg’ R ¢f tﬁ? Ma{nanegmplegxsml@rqm Baibper

ot her netial sphoteticd arabyeided. Mé@avrCelSpREHI ¢t A 'n‘ﬁ%{g yl ene,
doped pol yt hi Qphene, etc.), nanostructures, cr sta‘lgrsl; ?gmg?&rg arly, the

substrat es uSBHngPompaiar denpelagy & memetmnstarege.of this 5 invention include,
but are not |i mtE‘ddd&&%ﬁ%%%bess‘#flsﬁgﬁwﬂgﬂgaﬁlﬁ\zééﬁigﬁlevgi;%{c‘t ), plastics,

ceram cs, - nenbranes, ge aeroge N i on and

char act er i zatblepamcefDéfoet toleprnde & AbevpRshed thibalh 13k Ofciukts HPS y
devi ces of- t@i inventiﬂf can be fabgi cat ed Egiing standgr%snetﬁlﬁg%{sﬂé\%\ell

Known £o t hodB W peveral prillio in panesmary celh. Zhps, dhefilac ofivbeof adew moldoales

el ectrodg | A - Al | e substrate .Qg. silica, glass,
plastic, ce?ﬁ%{@ ﬁ%é%&ﬁﬁﬁg&twgﬁgﬁé‘ﬁg W?Wfﬁgﬁtgﬁsﬁhﬁ? q see,

€. g., Rat-Cuivlanbif@98emoryhn priefetied etibodinidned, @l Habie ForBBMery storage

M cr omachi ni ng antgl M cr aof abr | fﬁit Lon, SP1E Optical 15 Engi neéring Press;
Bard & Faul I'§2€°Y 59"%?“%%% At pershyins\rathsr porphyrinicangerodyaleadsi t i on,

exanpl es of dedf@ed sfersf 1veR! BS‘Hi'ﬂ%‘ ’gﬁ%ﬂ! 8 Il.icon,Qr borosilicate
gl ass chi ps can be f%‘tr?gbiﬁn . S. Pe??g {3 ) jﬁ%@&c@sﬁw@@c@ 08, 112,
and 4, 891, 1Zomm siablgedipalefationse thdead dls owidation aeliradudtion OF porphfRarewss t er ed
onto rate £e.0.... a nmthic rom um adhesi on | ayer is

t thqzotﬁyﬁ%% B 1glrﬂ’f?th l§ h dh on | ay
sputtereg'dovvn flg rﬁ% HologigalRrosenies P PhYesynsheshnd FespIRéon. nask| ess
| aser abl at iFugpHyriniedicaldiYiohS@R HRabrNed dh%ﬁ{l%m tﬁegench\.’gpthé}ggseﬁqé YAG | aser,

is used to create features with mcron dimensrons, or w n-excrner Laser
to create fdMaupleamddripleteskertsandwichomiscutes)coniptisesosfaatyhyainicdignads of

paral | el Li = af . c 19,3)9 r.(e.gd. ol d), used as the working 25 el ectrodes

wi th di nensi%gﬁ%ﬂreﬁbncé A g:\%ts@élgﬁgsﬂqng%% crons to tens of manoneters. Once

the el ectrode ar rmgfeﬁadémmgedmolédiﬂes%ftﬂiéﬁz@hﬁ@ﬂmo%uﬁ%ﬂh&ﬁ%@ﬁ%fehe array,
e

or individual electrodes are wetted (e.g. immersed or spott th one or

mor e solfti GRS oroTeRRonding lepruliipls bifesTnenirasioths dyesighotoeldvmio) e. g. -
t bi ol - substi 1 t : nd. t. it t f th
ooy medi G pSChBte pdoe] o PRERLANE ibRRks wf Byl SHe UGB o on 't he

nicr o- si zed Rjgibide alerrmepts dxdst Eithenih bbighFOW Hate bRIREHCE cat bniisidre Q@ingﬁﬁaﬁlt?d at ed
that different sq{eu ions can be applied to different - régions of the
el ectrode af f r ay 6 PE&5aY %a%@mpégﬁﬂdépprées&umdswn@mm@ymue@md@e

red 2 Vet st capPiptiosighl e gl SERUSILS, B ANCouhtin BRiL 700
di ff er eRe sphecMBly/te fiilarapge. Oridatioreoftheporphyeins ofotlier poebirinfth fiFboydRs
5, 807, 5_2 2). canbe achieved at relatively low potential (and at predesignated potentials through
synthetib design), enabling memory storage to be achieved at very low power.‘ |
Porphyring agd porphyrin radical cations are stable across a broad range of
- temperatures, enabling chip applications at low temperature, room temperature, or at '
30  elevated temperatures. Double ai;d triple decker sandwich molécules comprised of
porphyrinic ligands exhibit essentially the same phenomena. |
Fabrication of the devices of this invention relies on known technology. The
synthesis of the storage media takes adva.ﬁtége of established building block




Then a suitable electrolyte Layer (eg. a thin |layer of Nafion polyner)
approximately 1 nmto 1000 nm preferably about 100 nmto about 500 nm

nore 5 preferably about 10 nmto about 100 nm and nost preferabTy* dbbufliddne
“hundred nanoneters thick) will be cast over the entire surface of the chip.
This polymer serves to hold the electrolyte for el ectrochem cal reaction.
Finally, the entire chip is coated V\Aéé a layer (e.g., 10 nmto about 1000

of conduct | ey bty B BBk borbi AR RFecPER BRGL ShleRe "l cctr ode
103. The chiopics batdissenideveleptdio nitk@ikeporphyith SRBHdrplTiNic®atroaRiiat i on

l'i t hography, will be perforned again_to create a second array of parallel
lines that RREMghIpelsdioiomibeman covalentinguoshpotyess, amip purifif hemdo aihige

di nensi onal @élr(gygt%L i ndi vi dual nmenory el enments, where each elenent is

f ormed by tlﬁe ‘I'nt'ersection of these two 15 perpendicular |inear arrays. (see

Figure 4). Each Ihipgefeired ambediaments| teatorhe: Meltlissadsthitse 26 HésighelTor
appropriate, X and Y |l ogi¢c elenents, correspondi r;%?}to one gol d worki ng

el ectrode dtFFcissckasemiy en gpldsurfgers. Suilselirasserpyly Precesqss asmobust,
oot of et 2l _
G s onal c e cURE but oF dIAEH | SlrIGhi Hhl ot Tod OG0

Z- di r ect i orsuriaceadsembled cBaskrar ray of nenory el enents as large as it is

feasible to connect,  to. These structur are_initially created on the

m cron scal e. IﬁJ qrghg%gﬁl‘g? ga‘f%b*’&%é?ﬁ@ﬂg’i?dt%ed%‘?h?@%‘fe fUFaces. She yEd¥8res to

sub-m qgipon g ' 3 i :£510N a scal e
q tﬂhtlrﬂ'éﬂﬁb MPaddtdssdble PRSHH lﬁ&ﬁo%gg %%%%%Cg@%ﬁgﬁe %Fx?c{)eﬁgﬁﬁa]

simlar to silicon mcrostructures cre
nanol i t hogrmiskofebricationitephekuéd. The stobfpeanidicculds ard bels-assemblbdaintomiesehe

~interfacing,of the nmenmory elenents w.th conventional siligcon-based

sem conduc tg%?cu@% &t Pﬁn?“gza.ﬁa?#éﬁﬁ %h‘?_ %&lé F%%WNOPY?%%W%W@GQ%@ d
above, coherent light is sent through a beam sputter (50% transmttance)
and reflected by a mrror to nmake two 30 nearly parallel identical beans

(Rosenwal d JetUses of thexighasaderice.Chem , - 70: - 1133- 1140). These beans are sent
throughe.g., a 80 ¢ ocal .lLength lLens for ease in focusi .to c.onmon
poi nt. "The pl ace%%?p%wwes%@gﬁ@eiag W{%}?@%‘gﬁ%ﬁaﬂﬁﬁfﬁ%ﬂ?ﬁﬁmen ap
of - t he nodengéntivs thavewide %)bﬁeélﬂlﬁ?’in%iaﬁzﬂ SPerRiAQhrdold Sdrh@it&nce patterns
are mninmzed 13 ,~~! 2~~~ z~through the use of "high quality optics

(1/10 wave SysiemscQf eoussmeoemerciphraslisatinmrafshe devica(d)avill de ifacilistedbytihe en

intensity [ 1.1i .0 the first order.wl.l be several prders of
mgni tuds 1B BT Bt ot ot Bl it B BYE R B 70
produces a atiditiondedmettifladémion offtnis tvholagy A5t bé RilRAeE b atkeuse WFf ace,
where the 5 - spacing hetween points of positive interference (D) can be

appr ?)x i%?a':1 &h%gnqlﬁ@ﬂﬂ?%wommmﬁ?ﬂtﬁ that with prrve O yhip s and dﬂGOdlers o
BN vAG | et T MR TC e VR R 1R Blon SoiGpttatlon SRR, 1 e

manner genehalittediy thetdevélepmatefpdill etanuRitubing Znffdseaetirespaci ng. when the
angl e between the 2 bﬁgms is 15. Th i.nt?rferenge pattern spacing can 10
easi |y be changed by AS&FshErene thedewlopmeptaha fiflly intearaied desicartdt i on of

the beam VagA@5ehmhd lzlrgﬁgﬁnpyorimg&ﬂ;@?cﬁ@ﬁic%fogﬁwoﬁ%gg%ﬁ%@%y filters

before the beam sput . In this way, e exposure o Yer to the
- Nd- YAGZ26nt eaviee eatic genpzationrpmoiotype hmlgmildranematy devided deacrindd Heesinmhatd enuat i ons
to produce power densitigs between.l and 100 MV . 15 B. Electrically
counlinn st'6F&g® %ﬁ%ﬁ@@”éﬁ&’&ﬂﬁmﬂﬁw ‘@“QF%&E?S@"MP@&”@WH% s

i nvention, 1(8/530Mie@eIc0RIe MEnbsy &visd Haks S#ckent totﬁb#(?g@uﬁé'ian@iﬁf e

el ectrodes. The term "electrical” coupling” i's used to refer to coupling
schenes t hdwspefparsonzhanderntbgeropiitanninformation. Fhislinfenatieodontdise t 0 t he

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.




20 el ectrode. The coupllng caa be a direct attachment of the StoﬂaﬁeJﬂPdﬁﬁﬂ]

.to the-electrode, or an indirect attachment (e.g. via a |inker) T

‘attachment can be .a coval ent | i nkage, an ionic linkage, a |inkage driven by

hydr ogen bondi ng or can involve no actual chemical attachnment, but sinply a

juxtaposition of the electrode to the storage nmedium In sonme enbodi nents,

the el ectrode can be sone distance (e%g. 25 about 5 A to about 50 A) from

the storage nedium and el ectrical coupling can be via electron tunneling.

., In some preferred erdeRHeAesthings; the memory fleviess o thivinyentarthavhe

nol ecul es) .o .The .l.i nker can
P AR o T b P L S BR e A iy BRPPBRE o pass

electrically conductive“or 1t can be's

‘directly or pﬁl‘dﬂm@d@w hnsisﬁm&mrf‘hmﬂ@a:ﬂb’é@vé@d@:@fﬁiy&eﬂ@é Satdiries Lh&h
st orage nedi | i nking,a wde variefy of conpounds t

_ u er. of
various surf ﬂ’@e@ %V&eﬁ isswmempky ussfubifshenymber of read Gwlﬁmlsth@lly lifratedt ur e.

Means of . Soulekiidgs bh® S t he storage
medi um wi || be rewggnldggeé qﬁiﬁ%rﬁggdew%thﬁtqé des?%oé ﬁ%dﬂ% if88%e of the
st orage nedi simphowith $imd malscmawﬁlbm applicdtiens wherde 1&}g~teﬁﬂldﬁtaq5er§§t&% is not
noncoval ent h@tgﬁimons The st‘rface and/.or the_ nol ecul es) may be
specifically d ZBHES B S AR EOns firrarly errerstioRimergorydsyisss prssent t hi ol

hydr oxyl , - anihamsel9ts Shec [ nent of the
st orage msdl um nol ecul ese)%egpggﬂgggﬁg{; QCE%%‘%éagﬁﬁ%ﬁgM’g& 28" the
nol ecul es tomB@ﬂaPﬁl@H-Saalecmhmmdlmhm ofiat eschnology.hono- bi f unct i onal

nmol ecul that contain iwo or nore reactive sites that may each forma
coval ent” bond with the respective binding partner (i. e. surface or storage
‘medi um ol echl e&rchi&tﬁﬁr@bﬂﬂe@ﬁﬁ-agét;d@we@rrponent of a storage nol ecule, or 10
attached to a substrate surface € Tinkers are preferably spacers having
one or nore reactive s@ébaﬁgﬁﬁtﬂwbeeﬂfnledmoddshgldtammgmedmpﬂ@fthz@ sur f ace

or nol ecul e. r ni | ecul es e well known to those

“of skill in ?héeﬂﬂéa‘rﬁtcﬁn% |ng4°?%f%(,?{t% ﬁﬂ’rcgg VR 2W ey aRgly bt a variety

of , strai ghtcoaﬁgbnaﬂunﬁ:%e&:hﬁd—bas&ii&lﬁﬁéﬂlﬂeﬂﬂ@tﬁm iRInEER &Y Bhdtratdd ﬁg@%ﬁv kam’ no
I'n

acid or |nkers and the like. 15 Particularly preferre ers
are dese yrieatecin Kigwee 3 ths stosage I®d1md|0§s$dls;g)sed1m armnmbqr ofel | s.

e S B i e

relatively straight orwar

el ect rodes’ (md@mfbreblacgomhm&hﬁ&ﬁ@stﬁﬂig&nﬁdﬁfﬁi l@ﬂ@mﬁﬁ@dﬁﬁh%‘neﬁ ed to
| ndi vi dual reference ectrodes, however are not

every stora

required angﬁ%"iﬁ‘?dﬁ%fo@ﬁlaétoé%g%e{ 08 gkeash siorage leeatiaBn ref er ence el ect r odes

connected to all or to t ele S

particul ar device. A tgﬁﬁ ti Vﬁﬂ%ﬂ?ﬁrﬁ%ﬂr%cgm%ﬁ&reg glr }Sgﬁ t'c'?(‘i‘:’(-f'ﬁncan be

St g mmmm‘?“é‘fm““’pm.‘ﬁﬁ?mpm RO ML A e e

the storage §f€? g%’ﬁ%%(il ]10& a?%fwgﬁgdfﬁﬁéﬂ%‘m@a%we@lﬂdﬂ&é@abm atj s

‘pref erabl y. atires stk 1@,&@@@9@5 tf@rFMé 531?19%%%?&15&% Snfd(?a1;\4!;&%()918storage
I St RQUIl' S

(oxidation) states of the storige ce ach
ot her. Wher Starage cotlp cargybe asspeisted ovitha single fddressivg aiéombdgas mg iafl ogidetiod hat

t he oxi dati qp,.St |d _are_diffe
di sti ngui sh%lﬁtés ; oé;’?tg{?ggg%saaé? Fi‘tﬁﬁ“%ﬁ@f‘lé@ T gk éﬁ%‘%@@e aeted thathe
st or age26el ltlis fisrenspr faheticial efadisrestdoYe It Wﬁ@@t\w&l&ﬁ!& aséa%%tf Rie
t hereby r edumdr;‘%nt he nunber of electrodeS in a devi
| ' are addressed by the same electrode(s) if the storage medla comprise the
same species of storage molecule the two discrete areas will functionally perform as a

single storage cell, ie. the oxidation states of both locations will be con:u:r:tonljr set,

and/or read, and/or reset. The added stbrage location, however, will increase the fault
30 - tolerance of the storage cell as the functional storage cell will contain more storage
molecules. In another embodiment, each individual storage cell is associated with a

single addressing electrode.

In preferred embodi_ments, the storage medium comprising the storage




" of 20 hol es PBSH#-e the desired digit and accurately detecting the

In one preferred enbodi nent, the storage devices of this invention ~ Vv
lau 200 29 contain 64, 128, 256, 5T2, 1024 or nore storage Iocatign§u€%%gg
| ayer (64,128, 256, 512,1024 or- nore |locations in the mrror inﬂg - d
architecture) with each | ocation capable of holding a two bit word.
Accordingly, a preferred 1024-hit or a preferred 512-bit chip will contain
8 wring interconnects on each of theéhhree el ectrode grids in 5 the

3-di nensi on [ tect 1 a in,Fgure 4. D> aracteri zation of
the menory - ?g%?éiiﬂn%ﬁsgr%@%&oeﬁﬁéﬁgéc%ﬁy &‘.’“p(])ﬁe‘gaqnier?é anxi%ﬁgh%rlﬂ@?q T“iﬁ@é S-of the
nmenory devi CEHf referdndé Slebvd@i(d)icam bé srovidyias it dleByodRYr 8f a Bothindg Vari ety
of nethods, .nost 10 preferably by el ectrochem cal nethods (anperonetry and

si nusoi dal \ReF#Atet ry, see, e.g., Howel|'et ad. (1986) Electroanal. Chem,
209: 77-90; Singhal an : |, 69; 1662-.166 tical
spect roscopy (Schick e?h%%ﬁﬁzlil{%é ’%‘Z}F‘%ﬁ&%ﬁﬁ%&g‘sﬁﬂ“ %ﬁ@i@%‘%@!

atom c f &r centhefieseolyvelCdRtdra@cdlsq00 TRAR YumREbus ¥R cHB 88 EAMSIERA). C

met hods. Surface-enhanced resonance and Ranan 15 dectroscop are al'so used

to exani ne tPcoytssy thgchipcan bsfdmiceied vathor sinslgdevehabelgetmndss endancmesy er s,

characterizai . Wﬁﬂp.ﬁ leyi ry Gell i lves :

determ ni -n_gae:1 %&ﬁg%%?ﬂ s or%glg%ﬁggl 8%181&%%%%2%8%&&3%0@%’0033(53 ﬁé%d triple
decker por phickuesanf tig<hip teing liniled essertille Giy-gradtiRabptckogas abd ﬁlﬁabiﬁﬁf ect
tol erance includes factors such as reliably depositing the required nunber

nunber siir ansfer rat eslgngéa%%{ﬁ;arrﬂ r@%&%ﬁmb?ﬁg@g&gFa?&iegﬁkﬁﬁ?égﬁ-g:rﬂgtéﬁ?] the

el ectron/holes to char tron I'n ase nediumo
devi ce packagptionailydimbeddet witrtoumtbridds ite enstiredlectiiod] abrbetivity béisrege thec e

architecture c be .optim zed fo 0 rci.al brication., |V, Architecture

of the stor &&‘Eﬁ%ﬁd’flﬁﬁgft‘*fﬁ?‘éﬂ_éﬁﬁfﬁrﬁ@ ﬁ%"@?tahﬁ%aﬁﬁ fatiqrec Regics dxthgrabsenre

i nvention c ' : : | . nreferred
QTRpp i obiRiaPllathE) 1§ gﬁgb&a :ﬂfmesaeﬁra . ng% &b ?mgét?lg:gen s

storage medi umis characterized aving a nmu ICIty O (10N
st at es. Thodbe dicledtici matedalape be mcergorated thiol theyst@8gomedinm itseife r edox- acti ve

units. redox-active .t refers to a,npbJecule of to a subunit qQf a
mol ecul @5,[ hat has one lﬁﬂpéowyfﬁfoﬁ?ﬁd@? %‘gﬂeﬂ*ﬁ’ %‘F“é%‘z?srf&?r%%ﬁﬂggeset by
appl i cation (tg'%" ﬁem%ﬁpéleﬂémgbﬁprweﬂa%&?(m@? 46 x 1f03£mf‘é&ﬁﬁéiéamd iR fess ~200

enbodi nent.,. the storage nmedi Um can cOonprise one specl es of ere ox-active
mol ecul e whemg fediare size-caf b redueatbat vaill sotha fedteretsizes tveccontipamabieto(iBog in4)

different and disti Lshabl e, oxi dat.i on_states. \Were each species of
storage nol é’@ﬂ?e@%ﬁﬁg%gh@%@@g%ﬁﬁ%&? P - OdﬁlPPBﬁaét%ﬁ);' t he storage
medi um achi eves mul ti phﬁaﬁéfen%&%ﬁﬁﬁ&iﬂéﬁtﬁﬁé’étﬂ&ggéleﬁgé ﬁ:lcmaélsgg)a g{@'{%  dation

nol ecul es where each nol ecul e has a different stingu
state (@0g. wakhgslespeodt fag.0200mh dudt)edepositédrarsa aoncndidtingrtasd, and tine-

di stingui shabl,e,potentia cour se. .,each..speci es,.of, nol ecul e preferably
has a plur ale?Wd g‘? acﬁ’l‘?‘fee‘illgé’ﬁf’%w&ﬂg‘? g‘ﬁ Onﬁgﬁ afg?‘lgmﬂ)&zgﬁ‘tm%&gl’eit"g gglf-. '
- assembled nanostructures (storage molecules 105) attached to the gold surface via the :
sulfur atom of the p-thiopheny! group. (3) A 100-nm thick layer of dielectric material

107 embedded with counterions to ensure electrical connectivity to the reference
25 . electrode and stability 6f the cationic species in the absence of apjﬂied poiential
o (latching). (4) A 200-nm thick nonpolarizable reference electrode 103 line-etched m
the same f#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-
;'eference 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,




As indicated above, the storage nmedium can be broken down into irgiyj zﬁm
e.g.; spatially segregated, storage |ocations. Each storage el ement ca
“have 10 a storage nedi umthat is the same or different fromthe ot her
storage elenments in the chip andlor system Were the storage el enents are
of identical conposition, in preferred enbodi nents; they are separately
addressed so that information in one elenent can be distinguished from
informati on_ in another el enent. Were ?Phe storage el enents are of different
conmposi tion & PFéSPdémtm'almdndqlbut axtdrod ligsttd (o\beldesitves cﬂ;ﬁp@xbﬁa{m%st at es
of the comm ressed s | e re distinguishable) or they can
be i ndivi dua FTX] %g}gfﬁ,eosrg@ac c‘ﬂ?{u&%ﬁ ércn ﬁgwfﬁwefymo@mé@pwm@w age
medi umi s L@f&}iﬂﬁﬁ%ﬁ;ﬁr@ Siy8laRCLA ¢ mediumto insure electrical
connectivity to a ref er ence voltage (e.g. .a reference el ectrode, a

ref erence backpl ane, eSJGIHlBIkY,th@%hs&aﬁsuisadim&efaiﬁ-maﬁ@ﬂofcﬂéh&@bﬂ&isrmmS a

| ayer of i elal 1S, 4 ded with_ counterions to ensure

el ectri ca5Id ?(k)lnéri{etfc’:b%cqa%? f’ trlgg'g?‘chéasé?seﬁ'ﬁF%@’&ﬁﬁl%@éme of the
cationi ¢ Speghsties,icBrairties, beﬁﬁﬂﬁﬁsoéd@la@ﬂd gd, Balpkkal (latching) disposed
bet ween the reference working el ect rodegs ectric materials suitable
for the deV|ces of this |nvent|on are well 25 known to those of skill in
the art.: Sugh ' I||vtedto Naf i on pol yner,
cel | ul ose acet Amsit pASe device ridine),

el ect ron| cal 'y coﬂdlﬂaﬁm@ogol yners such as poI ypyrrol e and polyaniline,

etc. el sandw ch coordi nation conpounds identified herein are ideally
suited f& ol ecul ar bmemﬁb@%m@ﬁ@fﬂgemvmaumﬁmﬂmmmdade 30

el ectroact i bR ]F&%m | | het | str and in
conjunction wmth t |1fo a@@%eﬁjgfﬁﬂﬁ%%r% &ég B‘f F ooty Hifer go

di rect ed’ selelectredelayns)are giptiet toasiitibie siibl%tifaft@%g silical glﬁss] prabn@Q&aﬁuél A
Sandwi ch coordj nati.on co unds. Over the past two decades a variety

doubl e- deck &FC-AFGoRdmESO St cikknay wathedy Gee e, E@r@mldburydw%ﬂ’ﬁhyrl ni c |
necrocycl es Mbm@dﬂchéﬁkm}%%ﬁmi Fachining ﬂh%g/@a? el an nggggggh fota

1997 255, 59-64,

Chabach 18t eﬂllgmﬁiﬁ@ng\Prestud Erfaullerer (F9G) FRRnendfis o chY Bﬂgmano'ﬁhqnnet aI s

~are generall onprise of.,t he I ant.hani de series, an as we as ot hers
di scussed b@%i @/ nmgeﬁé?@gleﬁsﬁﬁgﬁ‘?r%‘a%@ﬁiﬂgé?cmuﬁ%éﬂJGfmPwrp%lhftﬂ&am des.

[ fact  ¢he soik wibasidiodas bl Paenol1dieen, LISAORSTAUGH L & PO PYI i

sandwi ch conplex 1s the radioactive rent rious
daubl e- deck@891d28¢ chi t ect ur es are shown in Figure 5. The archit ectures

| ud bi ht hat h | | P bi h
sandw oh ol ecul e (( POPRE POYTEE SHECUMRyE PasboRakeommpiETgbmaga h
sandwi cROnDkesthe (g, aQX)MtEﬂﬁéﬁ chrbft:ulirﬁ AR ILRE ‘i'ﬁ%ﬂ?‘%l’ere‘ﬂ% BB By C

a

macrocycl e can bear substituents at the peri pher or nesoO-carbonat ons

(not shown) 22PR oeyibidkilaves of geid). |'Fhenﬂwhl¢wla$emhlaaouﬂ1ﬂmgraﬂh§(§eﬁﬂelw

inacrocycles C er en het erol eptic).

Exanpl es of PYar T ous %d‘?ﬁ q\giecé' aefrt %‘ittto i@g %ﬁaﬁ:r% OPEORi gure 6. The

ar chi t ect ur dﬂnensmhsgdnvaﬂlaﬁiéxcﬁhéﬂﬁée@@@@&t@@eaﬁﬁ@@&fﬁdﬁoﬂi&k&%ﬂﬁfns ons) il M.
or or

rphyrin sandw ch nol ecul e Por

P P , ||
'E\(Nocz:ghf |ngu ’é"i‘f‘% gy 0 Mﬂﬁ@r%ﬁe@daﬁ@r&@ miﬂbased:g&athemr

P
éérgﬁiﬁﬁcé%a%ﬁ?sﬁﬁﬁ% ocygnl ne %%@%ﬁ)ﬂ%&é{q nf‘?%@g%{ ons %&T;);]e is
under st ood t hat each @ncprﬂ;ﬁelmmdempwﬁhﬁe&ahb&ﬁﬂéaﬁ B, Or ipbHRAL 8f Ak the

peripheral carbon.ata hown) . is_al so understood that the two
metal s in t A% PF %e g‘%&&@fm aB%WF feig Enmersed oF sratted) withone stmore) .

T o csabsborSe Bl R AR o SRS TES. EA1-sRb BB pREERE °C -

- nanostructures), and the constituents of the memory medium (e. g monomeric

30 porphyrin subunits) self-assemble on the micro-sized gold a_rrays to form the memory |
elements. It will be appreciated that different sofutions can be applied to different
- regions of the electrode array to produce storage cells comprising d1fferent storage

media. Methods of spotting dlﬂ'erent reagents on surfaces (e.g. on glass surfaces) at



25 (heteronuclear refers to the use of different netals in the triple
decker ‘coordination conpound) . . . The triple deckers are athacguyguﬁo?gm
nol ecul ar - based i nformati on storage due to the nmultiple accessib

oxi dation states (which in tumare a consequence of the tight coupling of
t he porphyrinic macrocycles in the sandw ch architectures). The 30, triple
deckers generally exhibit four oxi dat i,gn potentials in the range -0.2 to

1 4 V (vs ntlals d not ed heje ferenced

or have%@s%&l’\%&s?g dﬂ@?%&"% ”éﬁlchbeﬁ ?tﬁﬁ’ef%eqrﬁg?* Ef§?stency
Reported vaégeggwm g%qrgg)the saturated cal onel el ectrode have had
170 nV subtracted in order to give a val ue ~ ~ ~~~ 2~p~. 32 appropriate

for the Agl Ag+ el ect r Ghen alsui edﬁcﬂrwmﬁrdégfaa&hnnlagmf@iafam@whﬁnﬁd ) For

The Tour medppaeatt KBt (00 whiasls R aik:dl i S5ead abo u. $oBs. 6. 60,

0.95, am 1pr%ﬁ3r%}y§@6dt389ﬂ@€3 adut POG ﬂh%&hﬂﬁt ﬁzfeférﬁlﬂ BP&R%?E hﬂt‘iﬂredj' cation,
trication, and tetracation, 5 respectively (J. Jiang et a Inorg. Chim

Acta 1998, wasemenms tugk) willheicest qver e antitesuriate ofthelvhiphTiris polyineassross

For mil 8 X t*%?*g%gﬁ%rﬁ B SRR cisepaRrast, R AP e Peetor

tripl e-deckeitha wm%&ﬁt 10@6nh§n9¥ebreféﬂamyho@%n&?o Mohr30dnefl- L1 10
wherein: M and en present) are netals mdigen ently selected from
“the group c@@@%flpﬁ@?e@blmﬁt 20Qmntof sondusting matksiab frg. sdvethwhichlagts aca, Pr,

Nd Pmq oS Ho, Er, Tm Yb, Lu, as well as Y, Zr, Hf,and
d1 in. tgéée%géller?ﬁ@e ;Nérles Th and U (radi oactive el enents such as Pm

ar e gener ally | ess pr@hechipdl thehGuided 90 degriaek, hisd aIEBssI6RS ablhtiorall €

| ndependent), sel ec ligands (e.g., porphyrinjc macrocycles); and Q, Z
and B may ?ﬂﬂj @g%fmda&ﬁ’atmt%%@mﬁﬂa&@ﬁm&mmtw%er ected

| i nkers asaﬂ&éot i e ed Iﬂ]lg% @%&é&ﬂ&eﬁlgﬁﬁéﬁg%}@gﬁ%& Ll eno or

i ncl udi ng r rotected reactive group su
telluro gr ampmorﬂﬂeﬁemﬁ,ewm:rb yaclmlemaﬁss fommed bi; i intei3ectiom of @8ssit@opr esent .

It will, also I ated that |gandLmay be substituted with a
singl e ank%qmqu?cglﬁarﬁwa%rﬁﬁqe '?diast ituted with linkers Q as-
expl ained in greater @gtRiddiR tl:téear{&&l . @](5'!!
Formul a - XI'I_rmay be coval ently&Pﬂ\é'Lm%éﬂ 0 an e eg oérmg bst g¥o§h y at
| east one oXaglY Iogic demes, @eﬁmﬂMgrtgandgﬂdmkhg dlectroesndsedest i t ut ed
wi t hout depagtin mthe scope onpoun of Formul g Xl or Formula
Xl | above. g gng gde 3‘??&”’3 ﬁrf-';ﬁ%%a& Z%WQIIEW%%F%R/ thigj gands
maybe coval ghictire iﬁhﬁ'&éﬂﬂ)@ﬂﬁeé"@iﬂ%ﬁz%ﬁﬁ? shou'ld Be posstbidofeiiend the fray into

20 the Z~dlrect10n, creatmg a 3-D array of memory elements as large as it is feasible to -

‘_L"_

cqnne_ct to. _ S
N _ These structures are initially created on the micron scale. It is possible
o decrease the size of these striictures to sub-micron dimensions. It is possible to
‘ create these struchures on a scale s:mllar to silicon microstructures created with
25 conventmnal nanolitho graphm techniques (i.e. 100-200 nm). This would allow the
' ‘mterfacmg of the memory elements with conventional silicon-based semiconductor
| | electronics. |
- Inthe laser-ablatron hthography dJscussed above, coherent light is sent
, | tbrough a beam sphtter (50% transmittance) and reflected bya m1rror to make two
30 nearly paral]el identical beams (Rosenwald et al. (1998) Anal. Ckem 70: 1133-1140).
| These bean_:ls are sent through e.g., a 50 cm focal length lens for ease in focusing to a
common point. I_Thle placement of the_ beams is .ﬁne-t_imed to allow complete overlép of

the mode structure of the laser spot. Higher order interference patterns are minimized




33 group, to another porphyrinic macrocycle, to a ligand of another3 iiji 2004
sandw c¢h coordi nation conpound, etc. Particular enbodi nents of the
‘conpounds of Formula XI and Xl | above, which provide additional menory
storage as discussed in section IV C below, are those represented by
Formula X>1I1 and Fornula XIV: Q? L3-p3; z Lz P2 Mz M- Q? Lz pz Q LyPi ~
ng~ @ ~,1 _pt 10 15 wherein: M and M2 are as given above; LI> L2 and L3
are as gi v_egh?t%a{e;. Q, Z.and B are?as given above; and Pl, P2, and P3
may be prescHoUSh hassof Bighyualieotiss Wi wave apfase dlainess). This enssred dlmt | v
sel ect ed oxi Ne: :DQ 4 NlC. Ack cle. .a netallocene
such as fer rﬁ(;)l%g%?tﬁg%w&h%#%#ﬁ%%%a@gwe%ﬁqﬁ%ﬁgsg?éfdfgm ??é’eﬁf’i .
through a |iories oimageitnici 1edr theh twbse foied, wiltsdcbsdihmT highdrQder® Ths Of
Forrmulas | and,| | abogﬁi agggwhi ch al so provi de additional storage

capabi ity dOHERHTE aitsrs Af Iimesacknss g eleqtods gwrfageewhers denher e t wo

sandwi ch sco hi ' £oe ]l t represented by :
Formil o v aniBEbUARef BURRTERSRYE el Gion @O Bl spOsp AR el (-
- QZ L? JZ |IBu@boi AV 2DBin(6/2), 2ded o =aiavelength, 8 =lmplelerenifie Man@Nshdk are
as given above apd M3 and M4 are independently sel ected fromthe sane group
as M and MR iSpErderyBorgxample, when a NdgY AGris amest/at, 106fmim) the recombination 6f the e

i ndependent | : ; . Lz,..a L3: 5 Q@ and
@ nay be prtg’s? ?%%ﬁ(g)r a%i%%@%%%%%g?%‘gﬁgﬁeéﬁ%ﬁ%ﬁﬁ? %‘%ﬂcr@s%g&é® may
be present omhmnhemglabememﬂermmdemsd.m&%&taqéﬁﬂcéﬁa@teiﬁ%sciﬁgaﬁ group as
Q, Qz,éﬂnd B, (subject_to the proviso that at |east ‘one of Q through &

is presdht) :casify bechanggdiby @Oﬁﬁ‘ymgéhq)Tv@é%bﬁtwc@n '@bﬁ)@ﬁnsaﬁtbnuﬁmm qfthes ent )
;te IoIr gzgtn t on goeo q?#%e%%%eg gg'l S pr §s°1131 %F‘? 5?0@3&%&#41 ﬁ%@;@%ﬁ@;&‘%&%? Ioi tn Kk 2&

of the sane beamesplittgr. by thixt wag the €xpasure of tHel dogdliavért 10 the NBSCAG Relfiiakar Q
[ r linker. Conpounds of Fornula XV and XVI

herein, but i referably a line \
above may bé’aﬁ?‘g't% e?ﬁ'ﬁé@ t differentihsam itereatogs trprodees nower densiissi on wi t h
t he conmpounggifenRofMlod W Emand XV ' '

15 |

B. Electrically cou linr storage medium to electrode.

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 coup]jng.can be a direct attachment of the sfoi:age medium to the
electrode, or an indirect attachment (e.g. via a h'nkerj. The attachment can be 2
covalent linkage, an ionic linkage, a linkage drix}en by hydrogen bonding or can
involve no actual chemical attachment, but simply a juxtaposition of the electrods to
the storage medium. In some embodiments, the electrode can be some distance (e.g.

25 about5Ato about 50 &) from the stbrage 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 electrode. 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 compouﬁds to various surfaces is Wéll

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




15 above, .to provide conpounds of Formula.XVIl and Formmla XVIII bel ow
(such compounds, particularly those of Formula XVIII1, provide aﬂ T '
architecture that enables the storage of information for counti gaddtf redlG4 0
to 10, as discussed in section IV D below): B @ Q@ S P3 ~~J3- -1L6-1'6 )2
z~ssM~-MJIMPQ~2 2 ~S-@P ~Jt L4 Pa (~p2iM J M Ps Q
QA4 Pl Lt Ji L4 P4 Q- Q4 20 wherein: Myg IVIZ, MB and M4 are as given above;

Li, Lz, L3, L4, .Ls, .and L6 ate.as giLyven abave; Q > > (B, > and s at'e
as given abc?g’é];msmﬁt@e,&ﬁ © }um?%&_gﬁr699@m%w Qs%@“%%%@eor absent
and when prep@ L USSR Bl | ki Sni ' to the
p>ovi so t hat a?éﬁ‘zigg%@%ﬁ%%g:‘l J7, %‘(gg?ﬁgér&féﬁﬂ)ge%rese’n(?;[)?%-fl,éag% ar?cril P3 are
as gi ven abeewalentrinteRetioRt ThesufRe aater ihedngleade(s) iy bebpeeifiedily Som t he

.Pl., P d.P3: In.fhe. d f F | d Il ab ,
1S coul d furEREriss f fBeida tomutrion Lok Reer e IR b .
M LE- QOS5 Wmictinkerlomloguonakess SOTRRNRN dfind LBKEE nicin il glocker

conpound. Particul ar exanples of porphyri’/>c macrocycles t e used
as |igands tossg@raelyr Linkens, when wtdsinad td the emlscnlesitobé livkedcverpiemethenf t he

F la XX Formml a Xhl | ow. ,15 in:. K7, Kz, K3, K4, K5,  K6; K~,‘
o ks ars etk o bRt REnal Wolodice MASOERM mio/dr it resktivaties BBt S Sp
Te, and CH, nfay’eadh @oren £ covaten®bSnd-With tHreShective binding parteer (1.8 surfeeorS + S+ S

, S, and S are independently selected 20 substituents that preferably
provi de a r &tRssgeaedinm moelegile). enipravideden s canpanentofestorage moletuleoranpl e

substi t ygnt L incl ud but are.not, limted to, H aryl,
honyl , 18y RuRtied 15 gt e, W mpdt R pRortRbiy pRte Fayibiomop B o1
per f | uor oar yeactipy sitedyshitalily forbonliiip a6 YiRteigectivd durfice 8fibReuig kyl ani no, acyl,
sul foxyl, sulfonyl, inmdo, am do, and car barmu).{l :
o Linkers suitable for joining molectiles are well known to those of skill .
_in the art and include, but are not limited to any of a variety of, straight or branched
chain carbon linkers, heterocyc]ic linkers, amino acid or peptide linkers, and the like.

15  Particularly preférred linkers are described in greater detail below.

C. Addressing the memory cells.

7_ _ 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.
'I.ndividual reference electrodes, however are not requifgd and can be replaced with
one or more common reference electrodés connected to all or to a subset of all of the
étorage elements in a particular device. Alternatively, the common reference
electrodes can be reﬁlaqed with .one or more conductive “backplanes” each
25 - communicating to _ali, ortoa subset, of the storage cells in a particular device.
S Where the storage cells contain identical siorage 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 distingnishable from the oxidation states of another
storage cell, the storage cells are preferably addressed by a common working
| electrode thereby reducing the mimber of electrodes in _zi device.

In one preferred embodiment, the storage devices of this invention




~~ C~c~~s 36 I n addiiaon, each pair of SI and S2, S3 and $4, SS a
S and S8, may independently form an annul ated arene, such as a be
"napht hal ene, or anthracene, which in turn may be unsubstituted or
substituted one or nore tinmes with a substituent that preferably provides a
redox potential of |ess than about S, 2 or even 5 1 volt, such as H aryl,
phenyl, cyol oal kyl, al kyl, hal ogen, al koxy, alkylthio, perfluoroalkyl,
perfluoroaryl, pyridyl, cyano, thiocyamato, vitro, . amno, allcylam no;
acyl, sul f oxgunfais 64.f 28y 256, 5i2,0i024 arixes stange tratiamget layex@aplxss 266, such
annul at ed ar.;ﬁgi ﬂjd ude, but are not limted to: 10 S S S-S S S, S i
~ i ~ w ~ w U4s1024 ofmegelecations mthe myirrey image aychitectyrg)witheagielopafionnder st ood

that the ri BIE 8f ARRIRH | ' gﬁﬁ]&q‘,t taj g LGl L f the
fused ri ngs;t‘%gnd wﬁ@r eln ewggﬁh}s&t?‘g%ﬁ#uen 'aoff’é"%“%g%%fng{e{%%%e?é?e cted and
15 pr ef er abl 312pbibehip edll aontemdkwiriigantsidhneats dreash ol die thkedeckodgrids igven |

I tuents include, but are not limted to, H,

vol t. Exanplgs.,of. such subst ]
aryl , ph§nylﬁeém%ﬁl?&ﬂ??m§}tm‘“ istee e Figueedy  all cyl thio,

perf f uoroal kyl , perfluoroaryl, pyridyl, cyano, thiocyanato, vitro, am no,

361 amd
ene,

z

al kyl am no, acyl, sulfoxyl, sulfonyl, imdo, am do, and carbanoyl .

Particul ar exanpl B} Charagerizativiwnfdhe Bemury deviX and XXI cont ai ni ng

annul ated 20 arenes arg, exenplified by Fornulas XXl |- below. To link the
sandwi ch coordination @6 %%ﬁﬂ‘a’f‘??é'gs tng charagferisics) A tigdreBPPpound such

as anot her syaibet shihariayeinati O ARl BY ahpof M6idPAREN SodRaldDRd A0V e:

at least one ligand in the sandw ch coordi nati on conpo have to

contai n 18 |reeferablnky elapsachemioal methods fanpgtonsiinyoandSinushidahvalsmandtiynker |
Per L1 il G, RS I e 8 T U
| ndependent | (198, aChem. B9 166-0668) Sopical Peet @b AGcERK ¥ & &1@39)9{ Dty WDET €:
Qis alinker, and X.is_ a substrate, a reactive Site or 37, ~U- 204
' Chem. Soc. 111: 1344-1350), atomic force microscopy, electron microscopy and
imaging spectroscopic methods. Sm’face—énhanced resonance and Raman |
15 - spectroscopy are also used to examine the storage medium on the electrodes.
Among other parameters, characierization of the inemory devices
(e.g., memory cells) involves determining the number of storage medium molecules
(e.g., double and triple decker porphyrin arrays) required for defect-tolerant operation.
Defect tolerance includes factors such as reliably depositing the requjred number of
20  holes to write the desired digit and accurately detecting the numbers/iransfer rates of
the holes. _ | _ | B
| |  The long-term resistance of electron/holes to charge-reconibination in
' _the solid-phase medium of the device package is also determined. Using these
 parameters, the device architecture can be optimiied for commercial fabrication.
25 | | |

IV. Architecture of the storage medinm. |

The storage medinm 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 stafes are provided by
30 oone or more redpx'—acﬁve units. A rédox~acﬁve it refers_ to a molecule orfo a
subunit of a molecule that has one or more discrete oxidation states that can bi: set by
application of an appropriate voltage. Thus, for example, in one embodimént, the

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




37.group.that can covalently couple to a substrate, -or a reactive site or-
group that can ionically couple to a substrate. Q nay be a Iinear Qger
an oblique linker, with linear linkers currently preferred. Exanpl

obl i que |inkers |nclude but are not limted to, 4,3 5 diphenylethyne,

4, 3' -di phenyl but adi yne, 4, 3' - bi phenyl, 1 3 phenylene 4,3 -stil bene,

4, 3" -azobenzene, 4,3 benzylldeneanll and 4 3" -terphenyl Exanpl es of

linear |int it he Iethyne
4,4 -di phenéﬁ)éﬁ a%%?s#g'%%%tmgé%rﬁ%em&t h%bl gxiﬁa

1, 4- bi cycl Odﬁha‘ﬂeaclﬂspémwéﬁwmgeﬂ@lecﬂle%ﬁﬁr‘amélb dRpaRArhl Bﬁdatﬁﬂxd.state the
4, 4" -terphen 10 X may_be a protected or unprotected reactive site or

group on th équﬁgﬂ@?dIB@(ﬁﬁh@gesdn‘eﬂﬁPb bitEpeage bmhamglamluab#ymfpuchrmbecubx anpl es

Zf rrlelr(r:]gtg{ oI %ﬂféaﬁ c?lé:ui%]hﬁ droee a‘%ﬁyﬁ?ﬁﬁ&%f] xYAaL Q&?&’) )gpeac

3(2- (4-hgdr @Pﬁilmﬁbmlyélﬁebzhﬂﬁvé Atmﬁfﬁsient and\JidfifhRdHableQRRRRYT). Ofdhrd; (2- (4
15 hydrotell urophenyl }]et hy)ﬂél )phenig Exanpl es of oblique |inkers for X-Q

are: 3-(2(4-5Agh %P&B‘F%B WP u@hﬁéemﬁmmnmmmgshahle

3- hydr osel eRgpia QF e (2-(4- hydr osel enopenyl ) et hynyl ) phenyl ,

3- hydrotel | uropheny and 3-(2- (4hydrotel | urophenyl) et hynyl )phenyl O her
sui tabl e linkers incl uﬁ,emdhnatedaibevé](nhe $toftigt eskdion c&:()é’r%ken down into

mer capt ophe @/{{3% 4- hydr osel enophenyl )et hynyI and
tzh(:mydrgt el ﬁﬂ:m )ﬁ;s?gregaéq_d»storagelloca@ Bstopsgr Riveant san havgands
at conpai qng%

notlim '?ed ?oﬁd}%gglg&% &Ir‘—lor rm%?]Il ‘;@ﬁ{ﬁé}@é{ ﬁ%@%ﬁ%%ﬁ)&?& ﬁ)tgga%ﬁerel n
each subst i chiprand®r sysiemn%pmrtﬂestbf@geaﬁnmﬂtmtemﬁﬁqnﬁﬁl@bﬂpbsmm,w| des a
redox potenti S about or, even_1 vyolt. Exanp|les of such
subst i !touent e %J?E?({Jﬁﬂgocﬁﬁf’ nis, [ey,ge pqutpgroaquessWI %ﬁmfmﬁgmpm el oal kyl ,
allcyl, hal %ﬂa@ibnt@dﬂ@%sm?g‘iﬂ‘s}ﬂédﬂb& FrdakiBiR P ’elég.ﬁn?oxy %t?raﬁé(“dyl

cyano, thiocyanato; vitro, am no, Kyl am no, acy
imdo, am d@lemants ae'apﬁdmﬁwdn;t caxgmsmonﬂhejmmkba bemsanhviddresddd (mhermﬂwatl on

conmpound:t o strat t 0. anot ound.such as .anot her ndwi ch
coor di ng?i or?%d%ﬁ% AL P ﬂthfﬁgmﬁ?ﬁ’#?é grr‘]% elgeRnts arg digtiggwishabied of | gand

in the sandmﬁ@mag@@rj_ﬁﬂlm{lmdmnd vvi Il have to contain at |east one
substituent S which is a linker, art| cul ar :ﬁga | i nker containing a
reactive group (\/\herelmﬁﬁittﬁ‘-lpmﬂferr IBbQ]dimeEEs staskgk imediang isguxtapededte t ut ed

on the Ilga er same .or.. i nde ndentl sel ected). Such
linkers are as a&ﬁs}crl "tsotf‘g?}ée RSP 2 EE“F?BP}X&E? tget

mol ecul es fmfemmlycﬁd@r@méncmmﬂﬁ& @1, PIn hartiBhigrl{ Bf@¥edoOr phyrinic
sandw ch _nolecul es can be attached to an el eciroactive surface in one of

sever al “fay $mbadiseais a lagr afdlak@ﬁfmm@@mdtlsagpbetdde@m@@ovNaneEO@nwet hi ol

l'i nker, whig h ne..or. por rin
unit. These exam% g@?@gﬁ%@%ﬁ? | gu%g&‘?ie i}gmﬁéyq%gb SPF‘?,’E
arrangenent i ahsbm:e nfepplidgioemtial Q4tchingpdisposea bifes thd @f@e&% wdiRing

el ectroacti vggé terial. Related approaches afford a horizontal
orientation® %‘H‘-‘g%n in-Figure 7B. Note that the requisite synthetic

(R "agner et al . 3P iElbtblesaidds il B QRO BR R SBYRL A1 e
al ., Telfah&downicl$hos: oﬁhﬂﬁlﬁbaﬂ?&&hmﬁyﬁﬂem@mabﬁﬂaw&bthﬁmﬂo Eur. J. 5,

2004- 201 3)) Nalﬁton@apsol eervé:éﬂ’l osg ac?eetgtg 19 ?}ri?tjr(]rse;lgg c?na%:eh %E}ly%\ml)?llpyndme)

.electmnically conducting polymers such as polypyrrole and polyaniline, etc.
h The sandwich coordination compounds 1dent1ﬁed herein are ideally
suited for molecular based memory storage. These compounds have unique
30 electroactlve propemes, available modular synthetlc chemlstry and in conjunction

Wlth thlols, and other Imkers descnbed herem, undergo dlrected self-assembly on

electroactwe surfaces




15 derivatized porphyries and thiol-derivatized ferrocenes can be gt\l}@ichﬁﬁ;
to electroactive surfaces (Gyko, D. T.; Causes, P. C; Li ndsey,z R
"Org. Chem 1999, 64, 8635-8647; S. Sachs et al., J.- Am Chem Soc. 1997,

| 19, 10563-10564; S. Creager et al., T. Am Chem Soc. 1999, |21, 1059-1064).
The thiol-deriyatized porphyries were designed for horizontal or verti cal
orientation with respect to the 20 surface of the eleciroactive material.
Each ofthe triple deckers shown in Figure 7 enables four charged oxidation
states to bekRA3ES WIORCORMOUNAE. st ate defined as zero, the four
charged oxidatio vV} ng | fr.om.0 4. In order
to store additionr% %?W%%Q?naa S ﬁ’gﬁdoﬁg#béeﬁﬂ%oagg%l@ﬁ:d%&% triple 25
_deckers can shadvwich oyetles Tompoixddiof horphpeiie Midcdcsclet add@elalhat bl € deckers
Jiang et _al, Inorg. Chim Acta

h in Fi 8 [ In Table 1. (T.
1608, 208 et ((F TanGatel brass G AeiodOBEaI T 0% BrNeeadodliers Soc
i bke, t Al [ f
oot hor > A28 B3RP CHBRR eP ol RO ERTY A T Ehl o8, 3"
~deckers. E~ 898¢49))i (The naltalk are defierallly @oth@eilie) of the lanthanide series and Y, as well.

I E~(1)0.230.40E0X(.2) 0. 620, 77E~(.3) 0. 951. 09E0X(4) 1. 231. 35 | Vol t )
N A s SR s iod Helost TR b b prapa e At 6 dosrd e ghamiees

el ectrode). Iﬁf&hmﬂfjaﬂ{lﬁmﬂg% ﬁ@ﬂ%egﬁgﬁﬁﬁlo?éfggwfxﬁg . S%}Jgs&% enbly,

where equal anounts of trip cker 1 are I'm~™a grven
menory | ocatcomplexlistheradioasiveetemenit §ht. Eianiplendf varidudddubis-@skerc har ged

i dati t b dd t i nter,l i . of- I dat.i
oo 0" R il i T
: ese Nnol ec 1 ‘ Vel p oye
@it nidlech eqwepé)lngp%)?, aeb1§1ﬁsb§%1§§ggan&vhbﬂhd1écﬂi%e@%rg\gmh y

as shown in Figure 9. A fam'| suc l es can be cr hi ng of
t he oxi dat i &Ad pdybrd phibslocyanitweparphyrisy suidiyjchmoleatls §Pc)M(Rd. dasure of the

hyri - subst,i .t he. hyri 3- substi, he
Pt hal ooy an REereREthar Bah P B0ty o b SabeRioghs ahihepRphariy ¢ hi o,
etc.), repl ap@BAkarBbn hdeasTLE! sﬁB@h).aﬁﬂH@bﬁipo?ﬁﬁrﬁﬂ?d’ DR dﬂ&le%}ﬁ%f, the
| t ched’net al s

pht hal ocyani ne nmacrocyc es, and the nature o e two sandw
(M, M5 | ttwp snagrasreles oarba idanticalilomadeptia) bodisferent (heteroloptic). st ruct ure (not

di splayed in the_Figure can.be ufilJized.in order to tune the
el ecr:)t r)c/)ch-em' cal &)‘f’%’%ﬁsé’?@% malggl,ef%aiger@_r%ptgre@aaﬁh%n giette ckhgr es for
Menory st or agthitedfres REISRER déﬁlg?élsé%hﬁﬁ sehdwith ARj1é T @P&)ﬁit%ﬁk@c ag, be

achieved with other_ triple-d nol ecul es. 1n order t o access ftiple

states in aafdoatyriasaadwich maleaue((PoMBeMEPatd)s tweppinfigurdtiens of twat i on of

i xed | S . i_ple-deck ' | ecyl | ent |

i ked, as PHiHRSyind A e SheEoGaRG (PARMMES Ml i MReiabSaf g™ Y

i || ust r 20 ed configtirgivne of Gue plapByraoiit Ko $HiRalbéyaRings Et?lemE%r)M@c lirectly 25
ers,

attached to the electroactive surface via the thiol I1n atrfording a

horizontal &FDMPEMEST) § ispadardoad thapeagh porpbarinisnamecicienanibsarachi eved

with only ogg, g, L LE5K ' . altached ;to t
el ectroactive sgﬁlre?%?é 1 nchég%ﬁfe%ase %h%\?\/ﬁﬂ dl’tﬁﬁélk'éﬂf&elss aisoalﬁgetg,toogﬁléﬂtthec har ged
oxi dati on st extaain the triple deckeslcdn beoidgiticahbrediffemut @@t showmy. ~1; JL 2~~4
- Heteronuclear heteroleptic or homoleptic complexes can also be prepared
25 (heteronuclear refers to the use of different metals in the triple decker coordination

- compound)

e

=

The tﬁpie deckers are attractive for molecular-based informaﬁon storage due
* to the multiple accessible éxidation states {(which in turn afe 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 1.4V (s,
Ag/Ag*). (Note that alt potentials denoted here are' feferenced to, or have been scaled
to, the Ag/Ag" electrode for internal bonsiste_ncy. Reported values measured against
the saturated calomel electrode have had 170 mV subtracted in order to give a value




41 of the oxidation potentials of the two triple-decker nolecules. The
tuni ng of the potentials is achieved by variation in the nature[\ Eﬁf Lh_hPZiiﬂ"
pht hal ocyani ne substituents (R), peripheral groups attached to't ej *
porphyrin, skeletal atomreplacenents in the porphyrin and the

pht hal ocyani ne, and in addition different netals as descri bed above 5 can
be enpl oyed (Eu is displayed). Qther aechitectures can be enpl oyed where

triple decker. | bspituted with redox-acti !
porphyr es JPPrEPRRR A Fieglole ety BE b i ponfih xv
above. Ex aﬁm&%xﬁhﬁlegth%ﬂi’aﬂgﬁ?cmlﬁp&y igle @R q’iﬂﬁb“}% aﬁlﬁhﬁ}glﬁnﬁ%@ tﬁ% §| udes

poxphyrin bears four differe nmeso- Substituents, o ch “one
a prot ect ed ToBT Besapnsitidnsiof the porplieinegavachodio vaves 210.23| 862y @95, tahd @.23ur f ace.

The remai ni hre so-substituents are redox-active units, including two
substi tuted ’e‘%o %%@ﬁ,@ﬁﬁ%p@ﬁ@%ﬁgnwgﬁﬁﬁ%mﬁ%_andﬁqggc@non,
r edox- acts V&e&p&ﬁ&lﬁ(ﬁlﬁﬁ?%ﬁ&ﬁﬁo Nehik.Meis 1998, 988 @0t ential s are

interleaved with that of e triple-decker sandw ch unit. Various linkers
can be aged to atRaziéenlaraxampiesef sandwich ceprdivatisrecobtpopodpthgr may boysegheny| ene

unit (n=0) ' -di phenyl et.hyn it (nzl) .ar hown. The, sel ection
of the Ii nk.e‘-r%g‘g’i"gt %‘53’5%5%8@%%:%%}68 %eﬁ@wﬁlm@f%ﬁuﬁlﬁ@“g&reééw&
conmuni cat i Gdngoands) or Formkld NI (fo ?Iédeciaesaﬁ@@icﬁ%oﬁbm?nyl ene or

di aryl ethyne I'inker is not expected to alter significantly the intrinsic

el ectrochem cal properties of the .f-erroceng or_ porphyrin units. The '
anticipated oxidation states are listed i@ Fafl e 2 20 (S. Yang et al.,

J." Porphyrins Pht haZocyani pes 21999, 3,117- 14§?I(2 Successi ve oxi dation of the
respective units occurs af=rkteasing el ectrdthemnical potential. Table 2.
Oxi dation otentials of the trlile-decker %t ec e displayed in Figure
~12. Em' Redox-active unit-0.0pPenf&et hyi ferrice Ar' +0. 23Tri .1 e decker,
first oxidation+0: 39Chl orQiexﬂocene )+0. 62TriM1 e decker, second

oxi dati on+0. 78Zn-po hyrin, first oxidatiqgt0.Q5Tri |e decker, third

oxi dation+1.08Zn- o hyrin, second oxidation+1.23Tri |e declcer, fourth
oxidation 25 In Volts vs. Agl Ag~ (values fromthe literature are scal ed
appr opr iyt elvylﬁt@{]. this electrode). Figure 13 displays a related :
architecture at” enploys a (Por)Eu(Pc)Eu(Por) triple decker rather than a
( Por ) Eu( Pc) Eu( Pc)MamahM qehen pres@ylare indtilg iHdepdidently fMoRid from 1 grbup ZQ-14
42 distinction . s that the Qlaﬁor) Eu(Pc) Eu(Pc) architecture shifts the first
and second &ePHsiEes Pealsofiths lapihanide series ibn Flia Feorr, NduPmh$m, Ee, Gdner

potential -b 1 . ' L §f I j XRI.Qi- in

synt hetic d)gg?g ’%?é?ggv%ﬁ’e su %@ﬁ%ﬁ%??@ﬁ%ﬁ%@?%&gﬁ%&*ﬁ%ﬁmﬁ?ﬁ&ﬁ}an

potential s tandil (radiendtbm\ederngaps auphiaaPel yte WehdrallynRseprefertetiy 5 tri pl e- decker

uni t. D, _Sandw c&;(}g{rg%gﬂp as Buil di ng. Bl ocks for_ Constunctine Tuncti onal
i 0

Mat eri alls: Synt h resept) pjegdependently selepted ligards (@gads of triple

deckers can ﬁﬂﬁﬁ%%ﬁ&o@fﬂ@% Jngdi fferent types of reactions. A general
issue is that ‘the lreaction used to join the triple deckers into a dyad
architecture al sd g@%@ndl(fynwmnt beatisemtland wihea prgsem\arelimdemindedtlyoni ¢

Setof + oacoPshen YEEgs ol Aeterled in ot B Brbive S B PR ididing pus of
organi ¢ 15 ghewiied bﬁunﬁbﬁcfeﬁ%&écﬁ@@?rcﬂbsﬁéﬂ S8R sél&fc{dﬁ@l@o%?cﬁxg).(or

Egl i nt on%) coupling of two i dentli cal tri pl e deckers (genera a but adi yne
| i nker) 20cadireferabln akleasticne of Q1pRT, and & is presatits f erent tripl e deckers

(generating a butgadi iLnker). nggashira.coupling.of, two diff.erent
triple deckers (glg‘%@%lg]s?haa%eﬁﬁéﬁéﬁ%%@d%&i’%&b@?% a¥P8ns of
two diff er erinker QPdemele bk aiudirly SutRtAkedWitR KnRérk € BeedIRKE th greiddethil
coupling of two 20 different triple deckers (generating a phenyl ene or

bi phenyl i mm-,mwewlm%@fﬁgwemtm@omﬁmwbe payalently dinked

Sonogashi ragoll ekﬁgdé’%ﬁsﬁpﬁﬂté9%%&38%5?@33&%@9 §riple deckers. O her
al'so ~ ~

reactions can e enployed.” \ - *=-~_L ~2 + Z ~3 Reaction
Type -BeSH) 2 - C EacBiligand L Suey e futhét subbtitnteBwithotit BpRAMS I the scape of

the compounds of Formula XT or Formula XII above. For exaniple, and as

- explained in greater detail below, ligands may be covalently joined to a metallocene




H.- HGaser H- X Cadiot-Chodkiewicz MHO -Br, -1 Wttig -H=CH2 -Br, ”-} s
Heck Pol yners. The synthesis of polynmers of triple deckers is of g"r av''l 2004
‘interest, affording materials that have the intrinsic electronic properties
of monomeric triple 5 deckers yet in a nol ecul ar framework where (1)
el ectroni c communi cation anong triple deckers (and an el ectrode) can be
achi eved effectively and (2) the polyneric triple, decker materials can be
processed using techniques of the poly3er industry. The nethods for
synt hesi's  of Si98P\taanetherpaorplygini¢ maciopyde,de e lignsd ofanbibdesdndtvichr e not -
restricted t e fol.lgw ng types of reactions: 10 dd aser (or

& lf&ﬁai%nf éo&wg,ré

Egl i nt on) co_uopq ng-of a fi c triple decker (generating a butadiyne

| inker) ~ Cadiot - ChtikileréraBod@eits bﬁ&e@%n&;&@n&'offfﬁ%fﬁlﬁia Xi @H oker s
(generating a_bputadiyne |inker joining a block copolyner onogashi ra
coupl i ng of VHsh paevidesdditional memeryisotege as digamsesddnisedtioarT Vet hglow, drenker 15

j oi ni ng bl - : Wittin ions of two different

hi pl e degskergLS d@ﬁ@@%ﬁgﬁé}gﬁn§ﬁﬁ%%@1PF%E@?ﬁuFﬁﬁﬁing a bl ock copol yner)
Suzuki coupli-ng of two different triple deckers (generating a phenyl ene or
bi phenyl |inker joining a block copolynqég 31 3 J~~. 2~??4 44 W also can
pol ynmerize triple deckers bearing substi sPsuch as two or nore

t hi ophene groups (generqﬁhngfagﬁoligothioph e linker) or two or nore
pyrrol e groups (generati_@”‘lﬁ' ypyrrole Jin er;. The synthesis of the

pol ymers can be performed ugihg s i sQredfols ﬁggﬂsing pol ymeri zati on
met hods. Both net hods geperal;l (Fequrre twoy'neact groups attached to the
triple decker in order t —pﬂép re a pol yner ere the triple deckers are
integral conponents of the polyner backmﬁne£l4ph alternative design yields
pendant polyners where the triple deckers are attached via one |inkage to

t he pol yner backbone.) The stepw se synthetic nethod generally requires the
use of prot ewhdreig: 10 groups to mask one reactive site, and one cycle of
reactions then invel ves ,coupling followed by deprotection. In the -

pol ymeri zati on ngﬂhﬁﬁfﬁ%Eﬁﬁﬁﬁgﬂﬁqgmﬂﬁﬁoups are enpl oyed and the polyner is
prepared is a ong-lff{a T : ol ynmeri zations can take place in-

sol ution or can gé’%er o?n@g%ag?ﬁggﬁg%bolyner growing froma surface. The
pol yrer i¥fat i on cad', ¥ apdiFParerecgibamitone;nmdl5 ' with a solid support as in

sol i d- phase pepti r synthesis, then renoved, purified, and '
el aborated furt hﬁ%@@f@&&ﬁpﬁﬁti%é feBhand, Yhen prssstaepesant 8k can al so
be_per f or e tndipklddnt s8RBRA i dBAbK Bbu il c{ive surface,
generating the pgleesi rgc? el ect I‘%)I’ll c%turl aﬁggﬁgg%pgﬂﬁ&%%%ﬁ?@b%l ymers.
Pol ymer s carm#glleseaasush asterocns ctw pbisk thayfbeijoined todht corresponding L°.

| through a linker as described below).

15 Thus, particular erebodiments of Formulas I and I above, and which also

provide additional storage capability as discussed in section IV C below, include the |
case where two sandwich coordination compounds are linked together, as represented
by Formula XV and Formula XVI below:

QA2 12 0° M M
R Q12 12 {5 08
SR PR VD)
Qi fi gt f4 gt M
Ql L. 1._ 4t

20

wherein:



20 units, or dissimlar units as in bl ock copol ynmers or random copgl %rirer S.
Al'ternatively, the polynerization can be perforned to create a | inda Giar%@f& -
where the conposition of different triple deckers is organized in a
gradient., This latter approach affords the possibility of creating a

nol ecul ar capacitor where the potential .of stored charge increases (or
decreases) in a systematic manner alo g the length of the array. 25 Such
nol ecul ar capacifgrs y find app]ication,in the follow.ng; (a) novel

i nf or mati on stor é@ efIP4F gl%é#%vetaaé M et #\fﬁ@r%wdmenéffglmﬂicwdt&@ |

di stinct angdiaff i \@n potentials. For exanple, a linear array
can be conposegﬁlvx%g‘r?@%sﬁg O\A%lg’t potential triple deckers are situated far
- fromthe el ect r obbtiAanddd nfeaseziwmhboigted IfpL Ennd &f aterinddpendatlyackcrbe

| ocated cl o%g to an 30 el ecﬁ ctive; surface. Then a high potential .

oxi dation s E‘pt%P§aIF%§{ﬂ“Péﬂ 0 o%¥i%v2e all the triple deckers in the array
(proximeg and di 3 et e LY alo TM afa Y o) ot t he
proximal triple ?g’c ezru% elgv nggoni&i/ tk%ég?ﬁd;%%ﬁg\%l%}éta{éﬁﬁgﬁftéﬁfﬁe
deckers in and Q%imiybegresesiter.absant snd areiindppehdentlytselevted frog fhewstmalgrdupi pl e
deckers 1 3.9 2~+14 5 10 15 45 roximal ). constj t;u e grrier to .
el ectron f1 89> eF“é‘Bé (shbiestio; thgpro _oﬁéﬁt@ﬁgaﬁﬁnﬁw #@P@ngl%ﬂ’ﬁ?e& 'in the
oxi di zed (digqal) Triple deckers.' (b) electrochromc materials where at
fixed potenti al tlhez.col of of the array changes with distance. (c) nol ecul ar
batteri es.” Novel It &atand Famay be presepboyabeentantl whsneprereokmepsses batteries are
as foll . arge ,n t,l on, accurs ,al ong. t he I ri c.hagkbope
modi at e80 by HFAeRRE Pl Rt R a6t 1 e tien Mo B Bhe 6 PRle B Bithg .
di ffusi ve npidset). Wack Niak&Ga" &x Beed Bnkied o e shff@Wat

_ e?ér)f SHstBBREIR described a
(hol e-hopping, electron transfer) to reach the electrode. (2) The potenti al

can be tuneWiyespeet toflinkenfdt hareianku is prsfeastly adingax Ygkerof triple decker

conmponents in th 0 i sch LN a sion of
i seret e pot ent | SPEPRBRLat oty R BARRT Bpole R be Foily BRHERETSAY o
i ndi vi dual eenflatdesdritieddh esombtidhwith MedotnpiReliesf Forpaae XU anlXEV | at t er
feature_accrues fiomthe fact that the oxidation potentials of the triple

decker si? n abeys: iprzpvide sompernds o8 Earmata- XV a3d Hexmels XYBd below (fachyhbor i ng

- triple deck i o I i . ry derived
from pol yrre(ré{)%p?dr%d}:sﬂ M@%g@f@:{}%kff%&&l% e us’é; r@?ﬁ%ﬁﬁ‘gﬁéﬁ%‘c@?ﬁa@ Such

el ectrol yt esnabies the sorage of irdfbimatioh € doanting ooy BosL0, as dizeusgecii ent

pol ymers are created. in the follow ng manner. A polynerizable unit (triple
decker or IF?H?@P?V%bQPW ched to a surface (solid resin as for solid-phase
synt heses, "or an el ectroactive surface). The first triple decker (TD) is
added and the 20 coupling reagents are added in grder to performthe

pol ynerization (e.g.,. a daser coupling). Then Qqe sc(]g? d- phase i s washed to

renove the coupling reagent,s (copper reagents tilp thelcase of the d aser
&t d dCond i ‘E“]%g

coupling) and any unreact TDiQ Then the s cker (TDZ) is
added fol |l owed by coupl2 ngarea _Ef and the pol ri ign is allowed to -
continue. The same wash prc eis perfOerfj\qgai
triple decker (TD3) is adggd f oweqxtprry oups Lhg—d & e

pol ymeri zation is all ogpd to_gcohfi nue. Repet ti/ of tHES. pm enabl es .
the systematic constru€tTt dt— "TE_near array off triple deckers with graded

p pa@’then the third 25
n

. oxidation potentials. Theqli nal gpol yner is tiHen Kd-#4 om the solid
phase (if the resin is enployed for synthesis) @n usefadirectly (if the
synthesis is performed on an el ectroactive surface). =~ 1 ~ Al ~i!~ 26~~r 46

JL-(TDi) L J
20 ~wherein:
M, M% M® and M* are as given above;
L', 12 12 1% L3, and L® are as given above;

Q ! st Q’, Q% Q°, and Q° are as given above;




L- (TDI)m L-J Coupl i ng Reagent Wash Step Solid Support J L-(.~2)-1}3 JUL 2004
L-(TD~)mL:J ~ L-(TD~-L~-)m2-L~-)a-L"_J Coupling Reagents Wash Step 10
Cmeeee~ ~~ ("j~t L' )m(' ~Z-L" -~C~3-L~-) (' ~4-L~-~-L"-J C eavage from Solid
Support (Optional) 15 X-~(~1-L:-)m(~DZ-L,-~ (' fD3-L~-)o(' ~4-L'-)p-L~~-J The
pol ymeri zabl e groi xps can be any of the type descri bed above using the

vari ous nane reactions (d aser, Sonoggﬁhi ra, Cadiot-Chodki.-ewi cz, Heck,
Wttig; Suzuki, 20 ejc. ) o The final polynmeric product is conprised of

domai ns of 't he vafidusnd Fimpiebeatuesent ar dseiBinSlwhen ipresdnivieprekéntker s in a

| i near array i tional . pformati n.specific reactai ypes,.,
Pr epar ati on %?%g’])}@‘?c 3% FF@&“I%“E}BE%&.( &Cf{aﬁﬁsaf qudilg_aai@g@ng_o%g%&@oaf dp
Coupl i ng. Thiresegf)upl i ng reacti.on, discovered by G aser over a century ago

(G aser, C Ber.1869, 2, 422), is still verécommrély used to prepare
symetrical butadt szegn‘ﬂ)?s aeas goigplabewe, afd P B amd| P ertiindegendemiyvseteckdy of

condi tions Rl | d, {11} r reagent. Originally the organic
cuprous deri'va :ﬁ%ee%sg%%)o?saé ég %ﬂﬁerst and then oxidized. Later, it was
found that- the cUpmeiicon ‘a@afwmm%ﬁm%b%ﬁiﬂc%m@gh&%“ on of

cuprous salt whjch could be enpl oyed succes féul y may vary trom0.2 to 600%
of the theorS@W%‘Fﬂ&ﬁB’Gﬁﬂ@dG&ﬂhM{LcQum‘n th eQ R Dawhére a%ouble decksr ous

salts are e , i i) thynes. Generally, the ratio of
'13,~ ! @%ﬁ?fﬁﬁ@%&{ﬁ%ﬁ%&%ﬁ%ﬁgﬁbe kept higher than 1. Ammoni um
or ani ne conpoundartidutrlesaapee oDporPhRHEe nd-fRPEESMat May Pe ns@oRWRbids t& E-
J. Og. em 1957, 22, 557). .Xxidizing agents. Air and oxygen are nost

frequentify &HBY Sybthe REesent iBYentiag ingludecompounds ofghe Ervmnlp ¥¥and Formals as
‘pot assi um f exxy qupRy-de, hydrogen 5 peroxide, and cupric salts have al so
been enpl oyed (Viehe, H G Ed: Chem stry of Acetylene, Mrcel Dekker, New
York, x969, p. 59'n. It has been proved, however, in-all cases, that the
cupric ion-is the true oxidizing agent (Eglinton, G; MCrae, W Adv. Og.
Chem 1963, 4, 225)., (3) Tinme and tenperature. In general, roomtenperature
is sufficient and also 10 convenient. The reaction tinme vanes between

m nutes and hours. (4) Solvents. Pyridine is a good solvent for ethynes and
their cuprous derivatives. Tertiary am des are al so-excellent solvents and
i ncrease the coupligyg spgxad with a stoichione{gdc quantity of cuprous salt.
However, many kinds lof s¢lvents have been suctessfully &nployed for the

i ndi vi dual ethyges. /1 SR EERyngs. The rr%mo LS | isablg to alinost all
symmetri cal . coupli r. what the ti S are. Yields are
good and “appear to stly by the ins®&dbili

but adi yne- 1 i nkegf 51 i

met hod cannot be appljed tg@t ynes with stro
groups (such as_phgsphy ne) jjor\ cectain netal
unst abl e under fHes® . rEacttegsconditi ons ( 3= ~§°951, 84, 545).
Thi s conventional seff couplilgg of terminal etliynes has Qeen nodi fied by
{(1) Pd(0)-cCul catal §zed el f Scoupl ing. in-the p?_esence oB" chl or oacet one and
benzenelfRossi, R ; Carpita, A ; Bigelli, C Tetrahedron Lett.1985, 523),

(2) Pd(ll)__%](el-gm:. - | | |
K, Kz, K, K4 K5, K, _Kt and K® are independently selected from the group
consi_sﬁng of N, Q, 8, Se_, Te, and CH; _
8%, 8 8%, 8% 5%, §% §7, 8% §°, §1°, 51, and S'2 are independently selected

20 _subst_itl_._lents that 1:>re_ferablj«r provide a redox potentiai of less than ébout 5,2 or even 1

o :' ) volt. Example substituents SF, S?%, §%, S* include, bﬁt are not limited to, H, aryl,.
phenyl, cycloalkyl, alkyl, halogen, alkoxy, ,a]kylthio,‘perﬂuoroaﬂcyl, pérﬂuoroaryl,
pyridyl, cyano, tﬁjocyahato, nit'ro?.amjno, alkylamino, acyl, éulquyl, sulfonyl, imido,
amido, and carbamoyl. |

2)
8

R § t(J -5 coupling
I ng “Tuncti onal

which 20 are




cat al yzed sel f coupl ing in the presence of stoichionetric iodine (Liu q% ;
Burton, D. 25 J.: Tetrahedron Lett. 1997, 38, 4371), (3) Reactibd dtL 2004
l'ithiumdial kyl di aryl borates with iodine (Pelter, A ; Smth, K ; Tabata,
M J.. Chem Soc. Chem Commun. i975, 857). The follow ng di agr_am shows an
exanpl e of the @ aser coupling to yield a dyad of triple deckers and an
exampl e yielding-a polyner of triple dgckers. In each 30 case the

i nterveni ng Ilnk ntai ns a .bu i yn ~Qr 48 H C-
(oL 1O B el iy @m%egﬂ“ o’ shed S Trdamee

nodi fi ed Gmeﬁg Qﬁnéﬂz’]t ?%EQJ in the
presence of Stgl Chl ometrlc I odl ne o prepare nrgF%‘Fa ecker- lg;jkgads wth a
but adi yne | anthzagene, awidch heuﬂmaybdumlm&umted\msubﬁmaemmb érmaye titheS withe| d

(89% under v ons m t erature er_sin|ar

condi ti ons, &%“@LMP’@ rg Pr?‘%goaﬁeﬁ&p }eﬁﬁg]ﬂléh%t p%PS/‘?f'fS’Fls and
[/ or ollgme I dlﬂ% Egl i nton
Coupl i ngS) Tklinsvgwngel{uﬁtggg\;\/aagylbase fc the gﬂ&#rfjhﬁi ?&J’Q&é gser coldplings, the )
true oxi-di zpﬁ@luaglaﬂsm pxirBecroanyt, |p(yndpll, t:pano; thidcgaato, Egtro rﬁnnno,aaﬂi@lmmb,r aith 10
proposed the d whi ch. i nvol ves sal i.n i ne
(Egl i nt on, qeﬁfloﬁylaﬂlﬁo L’mﬁa%l;f@’r&”laﬁ ¢ g%oy 3"‘% GFI‘H @@tﬁi’gﬁafegn was
nmodi fi ed byaﬁh@gsjngwdbrbﬁtla&ﬁﬂt(jﬂh@ed]@SOS (O Krongly, D.; Denneade, S. R; -
Chiang, M Y.; Breslow, RJ. Am Chew. Soc. 1985, 107, 5544), which enpl oyed
cupric/ cupr ous_coupl es in oxygen free pyridine. This nethod is very
comonl y,used today. Pyridine has been mpstly 15 enpl oyed as a good

sol ubi I'Tzi ng-and buffering agent. Qther am nes can also be enployed, such
as norpholine and tetranethyl et hyl enediam ne. In addition, other solvents.
can al so be addgd. The geacki on speed increases with tshe esm dlg,y of the
acetyl eni ¢ protpn; alky et ynes react sl over than aryl nes and
but adi ynes as CQH ' 2 i 9
i nsignificant qug tities m 3 (
Si raus Coupl i Rg. g,e CoMQ 6 1 a8 i 'a, an
enyne can be fof ned; i :
Li ebi gs Aran. 1805, 342§ I96) The ori §l nals'experi nengal Shcess con3| sts of
refiuxing for a few hours, then an acetic acid Solution of a dry cuprous
derivative is added under an inert 25 gas. The only enyne forned is
head-to-tail coupled, whereas the head-to-head coupl ed enyne could never be
det ect ed. ' '

(It being underst_eod that the rings are appropriately conjugated to retain aromaticity
of the firsed rings); and wherein each substituent S’ is independently selected and
15 preferably provideé a redox potential of less than abouf 5,2 oreven 1 volt. Examples
* of such substituents include, but are not limited to, H, aryl, phenyl, cycloalkyl, alkyl,
halogen, alkoxy, a]]:ylthio, perfluoroalkyl, perfluoroaryl, pyridyl, cyano, thiocyanato,
nitro, aﬁlino, alkylamino, acyl, sulfoxyl, sulfonyl, imido, amido, and carbamoyl. |
| Particular examples of compounds of Formulas XX and XXI bont_a:_ining annulated
20 arenes are exemplified by Formulas XXII- XXV below.

. To link the sandwich coordination compound to a substrate, or to another
‘compound such as another sandwwh coordmatlon compound in the nanners
described above at least one hgand n the sandwich coordmaﬁon compound will have
to contain at least one substituent S' through S" or S’ which is a linker, particulatly a

25  linker containing a reect_ive group (where multiple 1i11kere éie substituted on the
Iigarid, the linkers mey be the same or indepéndently selected). Such linkers ere.

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




1 3 JUG 20D-r 5 10 15 20 25 30 49 Preparation of Unsymmetrical 93 JUL 2004
But.adi yne-1linked material s: Cadi ot Chodki ewi cz Coupling For the preparation
‘of ‘'unsymmetrical butadiynes, daser coupling of two different term nal
ethynes inevitably gives a m xture of butadiynes. The Cadi ot Chodl dew cz
coupling method, proposed in 1957 (Chodkiew cz, W Ann. Chim 1957, 2, 819),
provides a directed route to couple t different ethyne units. The
Cadi ot Chodl dewi cz coupling nethod consists of the condensation of ethynes
Wi th hal ogeniPeRitha eaprrovaiently peupls tosresubsirase, ar apeastive sidd or group thatsaant abl e
amne. It is t er the reaction conditions,

f‘ﬁg‘%e Ju%v'l"é’to OJ;@BS g

1- hal ogenoe can un go a“'self coupling to the correspondi ng

symret ri cal but adyimsshe( et Helwir 62 an YhTicANR Tk it 14857 inklrs By (1)
Cuprous Salt. The cuprous ethyne derivative is assuned to be the Teactive
i nt er nedi at refered.cBprmples ehellioys linkers inpdudsy butewe ot inniteddodi¥nsat i on and

o cuprots 1anranEe Y bt Aanbisbens banhemepeot Scrtbse, -
hal 0genoet ISisobdhefas 5 8RR en Hhie! G702 RES, MRl BEGUE Hhiac ¢

medi a A base-is necessdry to neutrall e’ac

condensat i ‘orlinkén inclade bet geadt Balwew, 3, /dighbnflbnges, sngistehfibasuphd N9
reaction as well as oxidation of the reaction nedium The e~cientCy of

ani nes decr b duphenyk di4-phenylepe. érspilbens ek bibvityripoctatd ¥, 4SalstenteneGhet
solubility qf the termnal yne in the reaction nediumis required. A
m ni mum sol %Pﬁqﬂ?n%&\m ea@ﬁ% o‘ﬁ@g@ryi'vati ve is also essential. Al cohols

are freqgently enphpyad f Bbredled br BlI¥RERd rEcB6E ?i‘teg%é\%%ﬁ@g Hyf%gﬁlaﬁar cely

sol ubl e conpounds. Teértiary am des ‘are very Qoo or al
et hynes and #@ihigugalensordelhiro graupes, and are o$en enpl oyed with scarcely

| ubl d 4) Na .of the 1-h tyl . A hl -,
DDl o b Rl SIS ALSHRIEE Y e ATong_ohl oo
Gener al | 'y t hferdapisphizRs s phés1 %H&&bﬁiﬁétﬁ&lﬁlﬁ?}?f, '4@&6&%&1;11%%?-& i ves.

At the other _extremes, 1-1odoethynes are strong oxi dizing to t he

cuprous i on Gritrhydipselenonenyethynstipbenyl gt-hpdrotelloropheryl) and U-@kor oet hynes
exhi bi t {kow Y =~ = ~ i10sa =ID 5-L - H+ ~TD~--1L - X
S 1 AR e s e ST e X 5
pol ymer i zat i(émertaptdgBehylethynyl)phédhd, 3-tneftaploafityBEHakY TRIyARIZIE, ling.
Suzuki cross gcoupling of arw)ﬁal Pclj’es W taﬁi aryl boro%]i}!c gci ds h@?ggﬁrzrged as
an extrenel %@oﬁtijbehmsekéepmy@emmnheaﬂyB-hordmﬁihme@ﬂomd 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)ethyyl. |




5 reviews, see: (a) Myaura, N ; Suzuki, A Chem Rev 1995, 95, 2457. (b)
Suzuki, A,  J. Organonet. Chem 1999, 576, 147). This net hodol ogy has been
extensively studied with respect to palladi um sources, |igands, Jatidilti 28
solvents etc. (Littke, A. F.; Fu, G C flngew. Chem, Int. Ed.1998, 37,
3387). To date, the conpounds containing a biaryl |inkage could be prepared
under very mld conditions in very goq 10 yield with a wi de range of

substi tuents und the respective coupling conditions.. Qigoners and/or
eé ﬁm@p P g : >

pol yners cont ai ni t contapsanpuated,arsnes as|depgthge sbowedasludrizut a
coupl i ng corgyflivte RASmTBY 1P KPR R%T¢ RBAP . expect ed
to display interesting otp())f ?%g{dggﬁg‘ﬁg?mé ec .ﬁr’onl c ’prope(ra'b%{es aR%Bﬁhus end
applications as fanctional matergals. We have prepared various triple
decker building 15 earing aryl halidedgrougs, V\g,i le ¥he stable

nat ure of bor @nj e gair angd txff e st al i

feasible to prep di ng triple 1~ ?~?"14

51 buil diing bl ock anFng~Forgats_acid grou Phve I cker nmononers

cont ai ni ng hal Sdes Andlbor ai¥i ¢ aci d gr oups s@ hug, tregiefd under Suzuk
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sandw ch conpl exe d%
del ocal i sed. mac¥ocy®bes _hel d in close proxi \

nmol ecul ar "based i nfor mati on st or age given their rsml tiple; accessgible

oxi dati on states. §uch triple-decker conpl exes generally exhibit four

oxi dation potentials in the range .0.1-1.4 Y (vs Ag/ Ag~ corresponding to
formati on of the nonocation, dication, trication and tetracation, as well
as a 30 corresponding set of anionic states (J. Jiang, et al., Inorg. Chim
:4cta 1998, WiiBein 48883ubstithent@itis indépendémiyasleated and pecfatablyambvides 4 fedox t he
ani oni ¢ states i-glveg t he greater_stabili té of the former under real-world

condi t i ons. ‘Potenhial olessyhan ahouty Jroreven il yol. Faarplesod such whstituents Bxeludes ached
fo an electr i : A o)cY) i dation
states p; oxiﬁégg{efn\g?%%@ %Tﬁ%%l’r?ﬁo%%gi '? %é{?%%{l??ﬁgrﬁgfog ﬁJ'ﬁe’ a%%oh;? fTa EH?&;& eis
zero). Wt h perinareaikylepetfiutens],qaridyh ayinogtiiaryanato mitrecahimp pilkgamidodat i on

potentials, it, beconmes npossi.bl.e to.count to eight, Such_a 5 conbipation of
triple deckd¥ @ﬁ%ﬁ%§“ﬁ?¥5’i’s‘% G _=3P1aF%‘§a‘5‘P§'1£ %sw&n#éhqaaﬁ WA can be
used as 1gn QRbAlnARHEbRboudd oW ibEERL, 3P to dd¥thdr UBnipbliRd CudiGs khdtherAr € | O Ned

in a

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 '

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




coval ent architecture bearing one or nore |linkers,such as a-thioI?IBn ei.ﬁm%
| n ‘anot her design, the two triple deckers are separately functiondlzed ¢
with a l'inker and both derivatized triple deckers co-deposited in a single
menory | ocation. The proper 10 functioning of such an octal counter hinges
in large part on the design of the respective triple deckers such that the
oxi dation potentials are different and distinguishable: The nost attractive
approach is for the oxidation potentiﬁ?s of the two triple deckers to be

i nterl eaved linkers asonibstifuked dnctbibligand, fe litdkersmhiyee the sixe oPindegenientii n, we

have devel op hetic 15 t hodo| o for preparing triple-decker
sandwi ch m|S§%ﬁf‘3§§ %.{cﬂégﬁg;sge @tﬁﬂ%ﬂé&%)_&( Pc) Eu(Por) with a
~thiol-derivatized.|linker appended to the porphyrin unit. The

thiol-derivatized linker provides a site for attachnment of the triple
decker to an el ed@.Rpuitlé-deckenanddrivieddckas ppdécailes Toe npanayatoraydt heti c

approachg s conpag,i e i th substituents attached to the porphyrin and/or
pht hal oc?ani ne ufljltl%egd.oubﬁ" P’éﬁwrfe e ?W@W“&Bﬂﬁh pplecyppeanhsatachedal
pnper ti es, ofto ERERLEGRENEBMFicEn obhd\6F soidrsl i | s far

| ess’ extensive and systematic _(%. Ng? and J?%J%R&féﬁéggn@c%%%gﬁ%sglgw 26,
433-442) . miBydes theusernfarthiok livkanowhicl canps appeaddbtithenitanthes phihalotyaimont r ol

or cpare a srappanyp bl {dledelEphbly? u® BETHRL FRRR I WA AeRsHinul o

prepare a sma

( Pc) Eu( Pc) Euingmeandf % nidvesdyEles RethEepRer th thoirfaeh Bf&'%%lecbp&ﬁve

char act zri zation of the electrochem cal properties of this I'ibrary would
facilitdle thaienial; Relad appsraghessffostha betizantal onienigtiomas shown ia Figure FBed

-nol ecul ar deyd hui Y e L1 eck sandwi,ch nol ecul es for
MUl tibi e i nfot B %\r‘% rés osr}g%gﬂﬂf’%‘g %ggﬁaf@@%gﬁ?&&gﬁggw E G
devel opi ng phtiaideginines, aeavaildbe (K. Wigidber oIJg585i OBk Socs YoUh s, s of a

library of tri -decker_.conmpl.exes with el ectron donatin roups attached
Lo the” por e TLEE 5 Rt BBt gl o hedrop 908, 5ATRe | AES: Narie i

sol ution el s ush t hi ' lniple- r, .conpl exes.
From these \amutt o e e 2o SRRy s piATdokly ek BLROBS R BHARRET: o
provi de 18f f alerivatized parpByring and tRiQDRMervaitized Brloeanssign bé atadhdatd on potentials -
of the triple decker c | exes. se insights pronpted the synthesis of
ceveral ¢ ht STHEHTERINE (CHRPDabe clAuast Bat Gyl Suol e Chedh ¢ abl <

el ect rochem1999, qar 965384455 ST Qdchbisall 1. 87 B8RRI féb?efff)&rl'ogﬁ‘—;llﬁpfitlgg‘w ng to

mufti bit information storage. W antici-pate that ThéSe two deckers
wi |l 5 enabl(&cagsyennldi/sdinnChenc iacgd990k31d 465Bh064)a Ths thiol-Baivatggissed due to

the interl egyj -of _oxidatio tentials. G Mlecular Architectures for
Conntin to %}p@ AN ot 183?‘&??@8’&% of ¥rigah aiepiation (withoesaeet i9ithe t or age
bui | ds 80 t Rerfidd of CaedtadiveuntBgat ri pl e- decker nol ecuies with interl eaved
- oxidation potentials in conjunction with the use of other redox-active

nol ecul es. Such &Egeibelihe frinle deckershawiyn Fignre 7rennblds four Eharged exidafion and

‘Formul a XV) | xR architecture shown.in Figure 14
i ncor por at e gia{ce\%@c?tﬁ i ?‘cpﬁ-ggég-%g'e ?ﬁgf 4h§ gﬁ%% E%Een(gelﬁéﬁg PREE e ?% #Fbcenes.
Al't oget her bitidatian sthics prvides theins of bontiag iffoabb e ar chi tect ures within 15
Formula ~' VB or E?r mul a ~Ij has avai] able 10 positively charged oxidation
states. Note that? fdehiostae additipng! informationdn psinglememerolocating, thmiriphs
states ) calal - a i > rall 0.t he nunbers
from O o 15 S eh®R chidiens TR bodabil SRR AR i lonle AP ED ot or e
a nunber f r HigwreBourd givey isFableng(Tt fengired| FoefcThinadcpolons! 268, 46.38).t he
nol ecul es a’ﬁac ed tfo ar‘ha(ral eci roactive o ) '

- . In each case four charged oxidation states are accessible, and the two triple deckers

have potentials offset from one another.
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20 surface in a nenory location) at the appropriate potential. Preferably,
‘the different and distinguishable oxidation states of the nol ecllde JUangiE
storage nedi-um conprising the nolecule, can be set by a voltage difference -
'no greater than about 2 volts. As indicated above, the storage nediumis
juxtaposed in the proximty of the 25 el ectrode of an apparatus of the
invention such that el ectrons can pasg,from said storage nediumto said

el ect r ode. t . LLum ' osed to a dielectric materi al
enbedded wit ﬁl&?ﬁﬁ?%??%%&#@b%%ﬁ'ﬁﬁé%ﬁ%&g‘t orage nmedi um and the el ectrode
are fully enEgp@OF at|ertiple dagker Dt m@gmk&lmcqlit. I n one enbodi nent; the

st orage nedj | ctronically coupled to a second electrode that is a
ref erence 30Es{ldctrdde. PS8 st ol age rfe#t um mdy be present on a single plane
of a devicej ey hepresentat—a—pxdt+pHcity of storage |locations in
the devi ce. ?ﬁ@mother epb@ai rrerﬁt, thde‘,‘étor_age Locations are present on

mul tiple pllapgg)of tlhe apparatus. Eachgstorage | ocati on may be addressed by
a single elecirade, It 'l n an 1 3 JUL 2~~~r 54
assenbl ed delda#® t hd el edt23odes|{may We3Tonne¢ted to a vol tage source such
as the out ppt—ef—an-tntegrated—ti+eu-t——andlidr the el ectrode may be
connected to a device to read the oxidation state of said storage nedi um
(e.g., a voll ¥ehees. petiedeeinesdiomds lismyes onweled ppopritatefor this gotrell | onetri c
device). Such a device nmay be a sinusoidal 5 voltameter. The device may
provi de a Fourier transformof the output signal fromsaid el ectrode. The
appar at Us nmay beThessdripleaitckers pandyr empipged in o raixed ubsenibdy, Whicttadquah st at e of

Char act or | SAPPUR OF EUCASE" hth A HIIGENILE Eyvon Aoy ISR e saat | on
states i nt Opafeer S&i SRR QirTe dhd' FefRInE %é@éxid%é’tﬁles @a‘ﬁ‘%][e a%:%.gsé&%u%'tét orage

and hol e-hoppi ng properties of the redox-active units o e storage
mol ecul es uthednierieavies oforddsticdgwtantislsaff thehiespective iriplededket mokechlen elncont r ol

th hitecture of the [ . S rql. | s, i sed
b ough synOREt PAHES Pifne met Rt Pt CBF It ifishet R nkS e P OHEA e
oxi datipm pgd Maivndh Fémie®e redox-active units or subunits that are

~thensel ves or that are used to assenble the storage nedia used in the
devi ces of this Arfemilyiodsucimmelendescant by crgaedr Tpring ioftheamitlationipoteptizient i al

hetars ana e RuBBEbE AR fufler B SR EE b SRR o
Pht hal ocyanmgﬁyﬁﬁg-sa&&ﬂ%,-th@dﬁnfegscﬁasﬁ@mh@stiﬂéhté (e=GASE gfﬂu%%amgwi es, My

porphyries are nore easily oxidized than Zn porphyries, "and. el ect ron

wi t hdr awi ngallspxys aBaylithis etce), epkicoyentrofl haskelgtal atems nbilie paiphytimer oxi dat i on’
bt honotior | PREEoEHES AR, e e Feife otbe e SRl nts iudoedeen Y
charact eri zRds intRAgodd that such Y885Hond in 2R12A1P Birhdtae B OaifRY aiHRes, 3! |

17-147). The effects of netals on netall opoxphi/\r i-n oxi dation potentials are
vel | known Figues)opn hewiilieadisoader tq tune 69 eleqtrochemicghpotentials as desired. S

C. More elaborate architectures for memo y storage. _
_20  The same interleaving of oxidation potehtial_s can be achieved with other

7 triple-decker niolgculesQ In order to access multiple states in a molecular arcﬁitechue,

E 'the'reby sidestepping the formation of mixed mondlayers, the triple-decker sandwich
" molecules can be covalently linked, as illustrated in Formula XV and Formula XVT.

- One example' is illustrated in Figure 10. Here both of the triple deckers are djrecﬂy

" 25  attached to the electroactive surface via the thiol linkers, a.ffoi:ding a hoﬁzontal
* orientation. In Figure 11, a vertical orientation is achieved with ounly one of the two
triple deckers directly attached to the electroactive surface. In each case shown in
Figares 7 and 8, eight charged oxidation states can be accessed through interleaving




Soc., 91: 4174-4.181). Together, these provide a strong foundati 3f QE‘L 004
desi gni ng devices with predictable hol e-storage properties. Ferroténg&”
“oxidation potentials can be tuned over a range of nearly 1 V 30 through use
of substituents attached to the cycl opentadi enyl rings (Encycl opedia of

El ectrochem 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

predi ct ed redféiepotentlal s i.s well 4 °  'LU~~Y 55 known to those of
ordi nary ski PYiggxidguon petentials gEthetwp mmlhﬁedwmhc@hsqﬁhehmu@ of thd

d t f |l the art
{edox act| vepshils aBUDLTL) Sudintf bl AN b2 SRS, O Sl bbunll 12, 20
El enents, sua)apenﬂﬂeraﬂ@v@ms attachge mﬂﬁ'pmﬁﬁj@m,eﬂ&%iﬂ%tdﬂfl repBlck RSt ﬁ#@%t I tuents

on the redox %p ent%tﬁi of a5 nplecule are _generally additive. a

theoretical B %6@8%%&1@% apd ip @@M@dlﬁmtw@& asdescmbﬁdphnﬁnt i al

dat a st orgigecmee&bﬂlg?, T g%sg kﬁ@m dation potential, particularly the
I N

oxi dation potenti al i on storage nol ecul es) or the

“information stor a@&manbhﬁaamnhsbmghy&ﬁ%@&%@hﬁgﬂe Becket AREEdHtEBt hods.
Typically the @:Iatl n potent | is predicted by conparison of the
experi ment al m}gf POEHYHES enfertarenss, aéﬂmtEﬁMEotmnlaand

‘that of a bammawhﬁwmvlaesv O RS 8Ly dd o Figlihs 12 aEf£TM e the

shift in potential due to that partictla such
substi t uent - E@mﬂémnemoné]ynnéuleamslfmﬁmhﬂémntmhﬁ)-smsm’&@its %v@iﬂh&iﬂbt uents then

R s T W R

nul ti por phy T ichalane Hiréd kit & Dstiial | ed in
Prat hapan et al. (1993) J. AmS Eﬁeﬁrv'n%l%sﬁc?;@mE Qéﬁfguﬂi}ﬁ%dl%%ﬁﬁé&%@ﬁﬁe t aI ‘

(1995) . U O froesmemolegiesmdons ppahyNinsholeoiet Thebe rc(dbﬁaaﬁvelum@rwew 61:

7534- 7544, . 11 11166- 11180
Strachan et V@}ﬂgﬁ{ sf%ﬁ‘&]ﬁu gﬁé@%%m%%ae 11?@?@"?‘%‘@@&?6'%&%@3@60@1 al .
(1997) J. NedaedwicBRm&iMVaribus néds &-ﬁﬁl?eus@ﬂ@é@ttd&ﬁﬁﬁ‘éﬁng@eﬁfé%ﬂ o/ffik | ous

strategless for the synthesis of a nunber of multiporphyrin porphyrlnlc

macr ocydl R‘Eﬂli%% mﬂ%ﬁﬁmﬁmﬁ}maé,ﬁé@hgwﬂﬂhmemﬁh-ﬂom on |ight

capture, enefdymnf ti é? d to epar ation
of 25 nanostg?(’&cfkm%gsec% aﬁ?lﬂ%@eﬁ%%fbgs%an #Ei‘lS Wﬁ%‘é o HE’/IFi es
(Fenyo et a~copir@iiyatibn proparivy dfdle Filkdial TE/GRIdRT - Mg@g& zet al .
(1998) J. O C eem, 63: 5568-5580, Burrell and |cer (19 nlett

1297- 1307, el nof 6x£(9f'@§§9 aligrsignificamtlynithe infrinsiacelectrpohentidl 180 RBeshdk ano et

gém(nl)g%)lé% I086) A %&%@Z#%@%ﬁ??%ﬁ%ﬁgﬁ%ﬁéﬁ%ﬁf‘&& ar

© squar es QOV\adISeYaQ etadl., J(RmﬁjnﬂgPW:glacﬁm{m 19983, $0A24H04@cessives hapes
(Johnson, da@% %%ﬁ D. Thesis, Carnegie ‘Ml ton Uni ver si ty), and -
starbursts ((Eﬁ1 ne e(rfWV?J“mWé‘l‘fs atyereasing plectrochsmicabpotential. W 4

LJUi F 56 conprised of different covalently |inked porphyrin constituents,
have al so been prepared. lu addition, the hole storage and dynam c hole

mobi 1ity chakaitle 2rQOxidatien patentiads o the irime-fegker a'chﬁmm&édisplayé@ﬁl Figiee fen
i nvest i gat ed| En O8f ai Redox-acive Wsit cour se of

-0.05 Pentamethylferrocene (Ar')
+0.23 Triple decker, first oxidation
+0.39 Chloroferrocene (Ar’) .
+0.62 Triple decker, second oxidation
+(.78 Zn-porphyrin, first oxidation
1+0.95 Triple decker, third oxidation
+1.08 Zn-porphyrin, second oxidation
+1.23 Triple decker, fourth oxidation

25  ’InVolis vs. Ag/Ag” (values from the literature are scaled épprbpn‘ately 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 nsed in Figare 12. A major




5 our other studies of these materials (Seth et al. (1994) J. Am Chem
Soc., 116: 1057810592, Seth et al. (1996) J Am Chem Soc., 118: 11194-]|
1207, Strachan et al. (1997) J. Am Chem Soc., 119: 11191- 11201k 3LdUket 208y .
(1997) J. Mater. Chem, 7: 1245-1262, Strachan et al. (1998) Inorg. Chem,
37: 1191-120Z, Yang et al. (1999) J. rtm Chem Soc., |21: 4008-4018). 10 A
handf ul of rret hods are available for fygrm ng phthal ocyanl nes ((Li ndsey J

S0, AR R i) o s i
pent oxi de n&;xnﬁgoﬂ)%ﬁhml(ggt &gﬁﬁ&hf@{[ﬁitﬂ {C;flgfsﬁa fgfllq)gg{j?ul 1BoApgent anol

containing lithium pentoxide) is one o prepari ng
pht hal ocyanimés Thisatistinctipn Ban e expltﬁteﬁriy eyntheticAlesighiwletetd subdtitiRntslare Chem
Soc. 1938, Thi s rre omewhat fell into disuse upon the
advent of tﬁge%tﬁill%(’ag%‘gﬁ 8@0 4&5%‘%5@@?@?\@&‘8@"?@9’ tsbﬁﬁ%?f 4Pt i on

of pht hal QC“/Qﬂpleﬁ‘Ecl&Q%i ng | arge substituents (Snow,. A W; Jarvis, N L. J.
‘Am Chem -Soc. 1984, 106, 4706-4711; Okur, A 1. et al;; Synth React. Inorg.
Met. Org. Chem 1990, 20, 1399-1412; Rihter, B.'D. et aZ., Phot ochem

Phot obi od. 1992, 20 55, 677-680; Kobayashi, N. et al., Chew. Lett.1992,
2031- 2034; -van Nostrum C.. F. et al., Angew. Chem Int. Ed Eng. 1994, 33,

n173-2175; Linssqy, Sdudwich!Cdih onnéls a@B@ﬂfdi@Blﬂckﬁ%‘r"r@o etiond 3~ 104

Duro, J. A et aI. C.
F. et alL, JMate 9957-9965; Yilnmaz, L; Bekaroglu, O

Chem B ‘.19961 6 Tl K T Commun, . 1997, |
1215- 12?2 Brew & "ﬂ% © gyathes %g‘%hi%ﬁmﬂ?a‘iei’é%caﬁpmi%@@%%m Kimura, M
et al, Tetr @M&mrtylbéstdf réfR88ns. %ge%ﬂkss%@tha@@%éa@h@&useﬁ to §din Me triple

Tetrahedron Lett. 1999, 40, 3263-3266). However, phthalonitril esbearl ng
short al | cyldgelegipto & dyadarchitastuse alsqsmdlyma@evthgdmk@qth@mm@dmr e recently

converted t e t hi um pent oxi de
rothod (T or Sk eyt ShAERARGFReR kA B AbREE AN, Weiclingly iR S50
Wang, C. et liadited sét of@eastionSiacgenerdily khvisdged fisan tﬂatlﬂ%knﬂir@@&pﬂ@f?ﬁ)r anide
Shi r ai SE%( thod and_the Lithium pentoxi de met hod have both been used to

p

prepar e RPN he peachipatofanierrst mpkde Glassh(ariBgision) h%i-ll%’@ﬁ&fﬁ e ,
0 hope et e iy 0, OB o e

por phyr i ephofitvodiffenéntériple daglers (rghﬁerhmﬁg“ablmdmﬁ\ﬁﬁl&er)moﬂﬁgdsmia gaptingi gher
yi el ds t han %B% &Q%galshl thod Pd- coupl i hg nethods and ot her cou Ilng
met hods -hav& F&R @Hhﬁﬂegg ckors @enssatmng 44 siayned ke cHask oreWe ér»}&sa%acp%g, .
1. et al., e}%m%ﬁ% %"Eﬁﬁg Chem
Soc. Chen1%€gﬁﬁgﬁﬂﬁ , 1239 &éh ran- hnﬁa? gmﬁﬁmgbfaw&

Chem , 1889, dg’&remmﬁl;e dEpkdfls (gﬁnalatlﬂ'gla phényldne of biphehyhlinRer)setc. maﬂave88 1151;
L. L|; et al_. e Soc 1991, 619: H, Tian et al., J.
Phot ochem oé’Sflg' &R“fd?é‘mmgﬁd%gg?@gfé@m%upb%%@% tablyy Lumin.,
1994, 465; Iflmclibﬁﬂu%atﬁzedeéi&dﬁ Other R&{Bns cP 9o 4 em ?%gredx Li et al.,
Chin. J. Chem, 1998, 10 16, 97; T: H Tran-Thi, Chem Rev., 1997,

- 160, 53). .The general_synthetic strat egy involves.the fol | owi ng approaches:
(1) synthesis of poxphyrin and phthal ocyani-ne nononers; (Z) conversion of

t he poxphyrin-and pht hal ocyani ne nononers with appropriate netals into
triple deckers; (3) attachment of a suitable |linker to he used for |inking
the triple decker to an 15 eiectroactive surface; and (4) the directed self
assenbly of the resulting nanostructures on the electroactive surface -
(e.g., gold electrode). The follow ng synthetic nethods formthe foundation
for 't he synthesi s of porphyrin building block structures: (1) A room
tenperature one-flask synthesis of nmeso-substituted 20 porphyries (Lindsey
et al. (1987) J. Org. Chem b52: 827-836, Lindsey et al. (1994) J. Og.
Chem 59: 579-587, Li et al. (1997) Tetrahedron; 53: [2339-12360). (2) -

I ncorporation of bulky groups around the porphyrln to achi eve enhanced
‘solubility in organic solvents (Lindsey and Wagner (1989). J. 25 prg. Chem
54: 828-836). (3) A one-flask synthesis of dipytronmethanes, key building

bl ocks in the synthesis of porphyries bearing 2-4 different
meso-substituents (Lee and Lindsey (1994) Tetrahedron 50. 11427-11440,
Littler et al. (1999) J Og. Chem 64: 1391-1396). 30.(4) A synthesis of
traps-substituted porphyries wthout acidolytic scranbllng (Littler et al.
(1999) J. Og. Chenz, 64: 2864-2872). (5) A rational synthesis of
poxphyrins bearing up to 4 different neso




1 3 JL~ ~~O-r 58 substituents (Lee et al. (1995) Tetrahedron 51:
11645-11672; Cho, W S. et al , J. Og. Chem 1999, 64, 7890-790% g.Jﬁ )ﬂ
"E~ci ent Pd-nmedi ated coupling reactions (60-80%yields in 1-2 h at' 35 %g?
constructing di phenyl ethyne linkers joining the porphyries 5 (Wagner et al.
(1995) J. Org. Chem, 60: 5266-5273; Wagner et al. (1999) Chem WMater. 11:
2974-2983). I n one enbodi nent, porphyrin building blocks are synthesized
usi ng net hods descri bed by Wagner et -&3. (1996) J. Am Chem Soc., 118: 1 L
166- 11180, Strachan e almp({9927) J. Ayz Chew1‘§8%; 11934 11191- 11201,
Wagner et al. (1996) J. Am Chem 10 Soc., 118: 6F%9 7, Li et al. (1997)
J. Mater. Chem, 7: 1245-1262; Lindsey et.al. (1994) Tetrahedron, 50:
8941-8968; Wagner et al. (1994) J. Am Chem Soc., 116: 9759-9760; Lindsey
and Wagner (1989) J. Og. Chem, 54: 828-836; Lee and Lindsey (1994) '
Tetrahedron, 50: 114273211440, Wagner et alga, (1995) J. Cmgmﬂmghges, 60:
5266-5273; Lee et al. (1995) Tetrahedron, 51: 11645-11672; Cho, S. et
al., J. 15 ' Og. Chem 1999, 64, 7890-7901. In a preferred enbodi nent,

et hynyl - substi t ut ed ®Hkl ocyanines are-ClpBegared as descri begki n Yang, 5.
L; Li,. J.; Cho; H .S.; Kim D.; Bocian, D. F.; Holten, D.; Lindsey, J. S
J. Mater. Chem (200Qx=1Qy4 283-296, Maygeg, g1 (1999) CheghnbidhimJ- 50 -
2004- 2013, or Terekhov et al. (1996) J. &}gf Chem 61: 3034-3040° 20

Met hodol ogy for selecti-on.and nmani pul ation_of, thiol |inkers_has been
described in Gyko et al. (1999) J. O'g. Chem 64: 8635-8b4%2%€fhe synt hesis
of the nolecules that _formthe basis for the storage nolecules is perforned
using a nodul ar bui Tdrmg hl ock appr oacH AT approach Eagietéiadidewiazepwi se
.synthesi s (rather than pol ynerization) and yields highly purified.and well
25 characterized prodaeéios. One approach uwdlii zes a series olyigigdox-active
"bui I ding bl ocks" (e.g., a series of nononeric porphyrinic macrocycl es or

f exrocene constituesHsxcthat can be |inkegg to the gold substjgate that will
serve as 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 Heterol eptic double -
deckers conpri sedPalymeis. fRiecsyhthipis bEpelomani oferiple daskdss i8 a0 gt indhishesi zed in
several.diffﬁﬁent ways, .One met hod involves the reaction of two different

di I'i t hi um pHPEBE Pdterials thet have dthe infingic(aleckyonix propartiescof manemere iplee such

: Lu( QAe) 3 i i ' I f i tatistical -
ixture of - EpgSleth oA SRR IR ol TunBtul L) | pos)
whi ch then ilspbaiseckes Ghdahrebrrabdeircap bt aclitsed(dPRothle andR) 8k pob@fdic New J.

Chem, 15:. 5I,5-5 A stepw se net hod toward heterql eptic doubl e deckers
conpri sed ofiBier %rﬁatﬁ'i‘ﬁg‘éﬁ”;tﬁﬂﬂ?‘?ﬁ%edlWW%PE@G@PW%Fﬂm-roI over
the product di st ridauhi i S oy ' %ﬂgs . & L eact j0l a

m xture of LizPct andéi%(agsc%gi; nﬁ%@%ﬁ@!ﬁ tr %ﬁf%?%)%%ﬁ%éer%%%g‘{dg&g?%ﬁx for
several hournot zshistetbtotuse ofitheffolawidgitypes obrgations: The | atter is then treated
with a g thqlog*i%hﬁgpg1d 1, 8- dj.azabhi cycl o[ 5. 4, QJundec: 7- ene (DBE and '
n- pent yI*"al CohSIaSEGE EBIBRL PR Phe Mionemgae Binle desket(egmarding decker

(Pct)M Pcz) qubﬁ@ag@%gﬁk&yely (Jiang et al. (1998) Inorg. Chim Acta, 268:
141- 144, 10 Jiang et al. (1999) J. Porphyries Phthal ocyani nes 3: 322-328).
The sane appr ofefiobChodidewyzabupling qfdwp différentheplt decirebigeerattigel ex af f ords
t'he heterolepthqﬂ&Por. Pc). dou Ie-deckfrtéJiang et al. (1998) Pol yhedron

* Sonogashira coupling of ﬁwo.different_triple deckers (generating an ethyne linker

15 joining a block copolymer) _
e  Heck or Witting reactions of two different triple deckers (generating an alkene
' linker joining a block dopolymér) . - |
‘o Suzuki coupling of two different triple deckers (génerating a phenyleﬁe or
biphenylll liker joim'.ng'a block copolymer) | | |




A distinct approach toward the synthesis of (Por)MPc) double deckers
achi eves some selectivity by enploying reaction of (Pc)M acac) @thL 2@{1@
porphyrin 15 when the netal cation is quite large (e.g., La - &d On the
ot her hand, the reaction of (Por)Macac) with a phthal ocyani ne |s enpl oyed
when the netal canon is smaller (e.g., Er, Lu, and Y) (Chabach et al.
(1995) J. Am Chem Soc, |17: 8548- 8556) Heterol eptic triple deckers

conprised of p ri es and t ocy es, can be s nt hesi zed in the

fol | owi ng manngIeDgé’ Wcﬁyxger@zptg&g g%‘F‘BE?PIPWW 5 Fueh A2 BV Or MPten

M acab) 3. nHz0 {iy @he | %FEEI %?H[ Then
the dilithium sal t of ﬁ%ga%%an‘ %&I%@Eg§£%gﬂ§dég£ﬁg ture is

refl uxed for amoapd(genmaahg@pmlwpmolsmmuent chr omat ogr aphy affords the

desired (Por) M P¢)M Por) .an M Pc) M_Por) _triple deckers (Jiang et al.
- (1998) Inorg. Chi SXEII’QSISEE@ é’@%"f ‘ZEII-‘-IIQIE’SI?“J rioTIgeq BFE SepwisgrmatRadso8 wi t h

regards 50 tfRfhoRHH&A Imﬁﬁfcﬂﬁﬁégbstr ut,()%ﬁﬁ%ﬁg d&{’fléts “’%"5%?%‘1‘5’% has

pht hal ocyani ne, "in spite of the orne ;
been used t aitpehegde thedripledieckenii etdpr tmfprspa:el apolymher wheokihe sriplédegitess stecker

I wi.th diff t I I d he foll
ranner . - ReadhPE GTECHEBSY HEaBLSh R o k7 U ABAS Crtayieids prdaat

1,2,4trichl gl@@é}g e ’ I ot (Por)M
' (Pc)l\/lz(Por)qIIrl pl ewgoreggecfk@?é&evsk%ﬁ a&%t?&ﬁ%%loﬁg?lﬁﬁé# tS?Ihécgbl Gd Ce and

Lu, Ce and \bacmellaT@‘ﬂﬂePMﬁ@’yaﬂ@th mhcwijge(lmﬂﬁ)'eqmgeﬂne @heﬂprdtmtngd
Engl. 3 8 A t I
Toacti ofCof SoUs oAk Bl eBHG S, o e Fyele BWFII?IISIIEGH RRBeR e B o i s

provi ded by folievédnedéppmteion, H i er23fdn B2l ﬁﬁg%ﬁ?@h‘é“' trile,
affording the- tr| pl e ecker (Pc)Bi(Pc)Bi(Pc) (Jancza (1999)
Pol yhedr on, FEployedsn oymw@n@pmﬂ@@anmﬁaskmcmt hods for joining the

triple deckers i { ed .reac exanpl e
i nvol ves the- coupﬁIhg'lII %&g&?ggéﬂs%\ééu st1 tugg‘)lgﬁ ?@rﬂ?l 5{? ‘?I"ﬂ]&ﬁe

por phyri ni cm@mlgmimng\ﬁbmgﬂﬁﬁrfaeé The pollEREiration édnbe felBimebhegibmf % 5273,
Wagner. (199dI Chem Mater. 11: 2974-2983). Alternatively; t

Cadi ot - €Rod R’Ylé%/\ﬁ&h WRRTL avinsplidpbasepeptidarnPNATyntssis) ﬁnwgrmoved,

E Y e b Pl S SRS A\ P ALRD B HIRTHRS hCAGtRgh i o
4591- 4599, ﬁelpaﬁmmedﬁzﬁhaienaechaeplolyﬁetataicbe&mm:ﬁaectﬂ;‘éaﬁreléﬁiﬁce Montierth et

al . (1998) Tetrahedro ei§9741 11748 Godt  (1997) J. Og. Chem 62:
7471 - 7474) . gpp,er%qgglﬁ &'ﬁ’&‘\cénat #$itkoupl i ng can be enpl oyed

affording a phenﬂ%ﬁg)o%&? SEHIR G e U Blied ELERS EbmBALLa M ALAER (1 999)

Chem Eur. J. 5: 421-42 ers or ‘trip ers wth
appendeaﬂf umﬂs,@mdissgmm;umtmwn bidekivepolymessorrendond bepoippersded gr oups

i ncl ude 't he f.oll none attac ed t | rconi um bi s(por phyrin)
(Grolanm et %rﬂa%(fgg& II'g"é‘?I\'IZ rf%EHegI_ﬂn%fFatesg‘)ﬂe¥ﬂ@¥1"2‘H thecr own

ethers attag oélﬁoﬁofaﬁl‘fﬁiénﬂm SdcREL hdh %AI:%I}I
(1998) Chem b%gn -1.84), ;?I)Exphyrl n a tachegl‘aa t he porphyri nﬁﬂonponent

of a (Pc)Eu @foIQSEEh% mlbulawlgf eregéng@molctniantapagiior Yhera the(1k898)al Gfigtored et t .

483-484) . charge increases (or decreases) in a systematic manner along the length of the array.

25 Such molecular capacitors may find application in the followmg
(a) nove]_ information storage materials where the mformat:on is stored in the
 distinct and different oxidation potentialé. Fof example, a linear array can be
composed where the lowest potential triple deckers are situated .far from the
electroactive surface and higher potential triple deckers are located close to an
30 electroactive surface. Then a high potential ox'idation sweep is fequired to oxidize all
the triple deckers in the array (proximal a_nd distal), but changing to a low potential
then reduces the prdximal triple deckers leaving only the distal low potential triple
| deckers n an oxidized state. In so doing the intervening neutral triﬁle deckers




20 Using the synthesis strategies exenplified here and in the exanples, one
of:ordinary: skill in the art can routinely produce relatively co eddidaaggs
" storage nol ecules for use in the devices of this invention. C
Characterization of the storaee nedia. 25 The storage nedi a nol ecul e(s),
once prepared, can be characterized according to standard net hods wel |
known to those of skill in the art. The characterization of nultiporphyrin
nanostruct ures has been descnbed (see e.g., Strachan et al (1997) J. Am
Chem Soc. (m@maqmm@ohmnm@mmn flivy, tict@igbincading tehewrmtiGoiime | | 8

3996- 3997, 1 : .1245-1262; 30 Seth et aL
(1996) J Am ﬁ%ﬁv‘?&h?o%]g%ﬁ‘ggwg@fﬁﬂlgﬁ%%e@eth et al. (1994) J. Am
Chem Soc., 116: (B08ddrotBRI} matedials Whak 8f figsh SoRAM R YoloridF e arra

el ectrochem al studies include cyclic and square-wave voltamretry to

establ i sh t f83R8sa FthsBstaneei al s of the nononeric and mufti-unit constituents
~of the skorage 2(~Cz4 61 .el ect cal oxidations
are perfgrrred on @Iac?leg#% Fsaygé’gé?ﬁq]% |°£%§ EQ}Y’Q@E“Q@?‘?&%‘!{%% st or age
capabi | i ti ebateribstaieassfollbik:i (1§ Chaleafilphdiidn oRBeks Widdioahd FOIFNRPBAKHORE OPI C

met hods are used 0 asi]ais the structural and el ectronic properties ’of both
the neutral Bgfatedbyihedakenipming ths tripte é@qlqeoﬂorpmmﬁg risedordingly, diffusive

resonancet e siora hol e bilit
- character s%&o %hﬁgéloxr Il%?gaast@;’%g &F%g%{hé% eﬁ‘f& tranisfer) y
above- i dent it6 reach tbeceﬁml:rqdes@) Tha pbieatid cah eémdoet@n@eofmbsﬁereﬁ@&ﬂaaﬁe
char act | stl %@% ﬁr@tﬁ ? nol ecul e ihfr ; oxidation potenti al S, redox
rever SI BFLET FRTBPOTERS in Fhsrnalymaer.  B) The pelymeys disphange in
ascertai ”edsuéegssﬁonéedlécrétégbé‘ﬁgbﬂs%d %ﬂg&s @%ﬁﬂ%@@ﬁ%nﬂgﬁtﬁn tar eet

Substrates. In preferred e I ment s, orage no e %lng t he
st or age nedidividna odidatign etdtes of ﬁmlmphs]sdmnlcempnnmts UDisits fettee felafrdacciuddet al

such as gol I|ke truct of .t he por r| n rracrocycl es

- engenders s OP%&%‘EIF?\? %ngg f‘?’ﬂ‘@d“ﬁﬂ’ﬁ&l éﬁ’& SF IHdPHIET #8 on solid
_Substrates m@ yﬂehtgﬂgg\@m L e.g.,
Schi ck et al. (1989) J. QBRI AUE of i PR 1%@%%%%¥ R e

(1986) Hhin b@pmpnwfabimdmedﬁ@polﬁmmcenplmnkmﬁnm&s thehge pat t er n

of self ass a t.hi ol l.i nkers bearing active

sites are |%§§r p%?%fé&ﬂl ﬁ%ﬁﬁé%ﬁ?ﬂ’ﬁ dﬁ'ﬁ?”@@dﬁl‘gtgc YHEE-ur es) The

reactive sites biThe giadidnbpolyaietiire tRad i HetoRb®fs" zﬂﬁiﬁz&sﬁl igi ving

an organi zed sel f ~assenbl ed structure. In the case of porp yr| es W|th

t hi ol der i vat¥i &giple daeleereor dinker freaftaclhed; th @ siefoes (solid resbmas, for mildmhamyr | es
o L0e | SR AR e B A R e 65 s
are att a@hedotphingaedyents atdided irpbrder ©erform the polymerization (e.g., a Glaser | :
coupling). Then the solid-phase is washed to remove the couplmg reagents (copper
reagents in the case of the Glaser coupling) and any unreacied TD'. Then the second
- triple decker (TD?) is added followed by coupling reagents and the poiymerization.is
~ allowed to continue. The same wash procedue is performed again and then the third
25  triple decker (TD?) is added followed by.coupﬁng reagents and the polymerization is -
' - allowed to continue. Repetition of this process enables the systematic construction of
a linear atray of triple deckers with graded oxidation poten’uals The final polymer is .
then cleaved from the solid phase (1f the resin is employed for synthesis) or used
dlrecﬂy (if the synthes:s is performed on an electroactive surface)

30




2S VI. Witine to the storaee device. In preferred enbodi ments of the data
st orage devices of this invention, information is witten to a ppgtlgulgmé
menory | ocation via application of a potential of the requisite value and
tenporal duration at the appropriate working and reference el ectrodes) to
achi eve the desired digital value. The information canbe erased via 30
application of a potential of the opposite sign. There is a great advantage
to the small size of each nmenory el engpt,” which is essentially a nodified
el ectrode surface. Wien each.nmenory elenent is reduced to sub-mcron

di mensions, the area of the surface allows the presence of only  ~ a v~z
Zzoo 62 a few hundred data storage (e.g., porphyrin) nolecules. Using . 7
Faraday' s | aw, - ir equal s the total charge, n equals the nunber

of el ectrons r Q@ﬁ )L- uI onbs/pole and N is the nunber of
nol es of elet‘r T e determ ned that only a
smal | charge (L67X %ﬁ}%%gﬁdt passed in 1‘*6%3%6% I?Nt)uld result in a current
of roughly Sebdfnappartist pass in order to change the el ectrochenical charge

.corresponding to each bit. Additionally, the intrinsic limtation to the
speed of nost el ectrochenical experinents lies in the time required to

chaxge the eIIectr%g‘(laJ to theJ&ppﬂg’Qrﬂ,.atel potentl al (the charging current,

whi ch has a t RRbgnce of—exp(i® t (TD 3 %@I'm’n@, "GAPAC] t ance—ok the
el ectrode iskdirectly profoouplingReagemtik s area, mniaturizati oWash Smpch

- element of the systemto submicron dinensions will greatly increase its

speed. Hgr exanple, a square gold electrode wth 0.1 ~m di mensi ons woul d
have a capacitance of approxinjtely 2 x 10-19F, leading to an RC tine

constant of orlyp2—pi-posecends THARLS) (B2 OD%),.TBEr S, hal
~currents should be 15 insignif can( in d()a (erm nl)r’?g t he ug?:P&rrat g'gperfor mance
of these devices. The voltage used tojwite the data can be derived from '
any of a wide variety of sources. %Qlaamgﬂ'mﬁoﬂﬂﬁmmqrt(o;ﬂionﬂ)tage can
sinply be the: output:-froma power supply. However, in preferred

enbodi ments, the voltage will be the output from sonme el ement of an
eIectr0|c circuit. The voltage Gal LA rnﬁj) n of a
| ogi c stéte the output froma ga g’f@om ptlcg cer S‘T %a

" central processing unit, and the like. In short, virtual I‘y any voI t age
source that can be electrically coupled to the devices of this invention
~can be used to wite data to the storage nedia.therein. 25 . VII. Reading -
fromthe st Of'heqpe devic apble groups can be any of the type described above using the vartous
_ name reactions (Glaser, Sonogashira, Cadiot-Chodkiewicz, Heck Wittig; Suzuki,
20 eftc. ) The final polymeric product is comprised of domams of the vatious tnple

.deckers [(TD Nl Jomed via hnkers in a linear array.

E. Additional mformatmn on spec:fic reaction ty'pes
A Prep aration of symmetrical butadiyne-linked mple-deckers
25 | Glaser Coupln_lg. This coupling reaction, discovered by Glaser over a
- cenfury ago (Gleser, C. Ber. 1_869, 2, 422), is still very commonly used io prepare
| Symmetriéal butadiynes.by the coﬁpling.of terminal ethynes. A variety of conditions
can be employed - _ . f |
(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 niay 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 |

~




The storage devices) of this invention can be read 'according to any of a
- wide.variety of methods well Irnown to those of ordinary skill in]thgiategs
‘Essentlally any method of detecting the oxidation state of a conpound can
" be utilized in the methods of this invention. However, where the readout is
destructive of the state of 30 the menory cells) (eg. in certain nmenories),

the read will preferably be foll owed bi\ a refresh to reset the oxidation
state of the stora e.cell In partlcu r y preferred enbodi ments as shown
in Figure 1 cie toCujshould be kept by urz‘-‘énmomtmosmagemmdmhom of a

storage cel 'alébqgebﬂréseﬁ?ﬁcénﬁ’er{}&%rﬁl Hefindh H%hgoé}g% i&ggrggﬁé?yst em but

whi ch m ght not be at true zero vdltagée” using the

wor ki ng el ect r odd2) whmxmgdﬁnmm&ﬁdexﬁenta?@mw ém 16yddhgn set by
changi ng th tenti al é t he reference el ectrode 103 )()y setting the

5 refer ence £ B8Rt Yther Q¥idizang sgsnissuch &P@@St%@ﬂcmemnon state

ol a e bor EeRx md SRR Rl Bt B R B 6! SR R o L)t
i s assayed lbicetibane;Manpl DekkernNeWBSbthi%ﬂ,rp 59 7%, Ult hegibeeR ipréved, hekéth

el ectrode 10}, and &u@ t.he stalge with.the reference el ectrode 103 t he
nmeasur ement t&ﬁg CLPTI¢ 1R 1§, séa@qf@gh@ma@; Me@iraeWi s 10

‘makes it fargemi %@he;,plj5§q{gﬁg nate the oxidation state. If the potenti al
were applied to e el ectrodé tr?rough whi ch the current was neasured

unnecessary noi sdé3Wbimsiatddeinperabule cBgenatat) rodm taypdrante is s¥fficiagipdgid Agsof rom

the storgse In t e case of .the stora ia as descri bed herein,
t he rea&iang cgﬁ‘g%nh% ﬁgﬂe&ﬁ 91 B Yanes Rerwean pring ”5 PYeation i s achi eved

extrenely rapi dlx4molsm§ppﬁ%ﬁemtg%%'saﬂveﬁ%fe gﬁefaﬂhlthéﬁﬁgng‘uugsed to

establish the dynam c range of .the Storage el ene y of the
measur enent *@Vﬁgﬁénﬁmm@éﬁmﬁ@ﬂﬂo exbellenksateentomdsinareasedhe ¢duplingndi vi dual

st orage el e ned... Traditi ona I 20 el ect hem cal

met hods cou ?P??r%%%%elﬁ%tﬁ{é‘ PF?U(?I iS %Ié’t eaerb?aﬂyg@ﬁ?ﬂ{nnati ng the
faradai c si guhrbntﬁ have bdea sh@&kﬂ’ﬁ@ﬁ&ﬁpﬁ?@&?%ﬁdiv’iﬁd@@th&ﬁé@e domai n through
application of pul se waveforns (i. di fferential pul se pol arography)

square wave vol t &MhElynss. W&@Wm@@l@gﬁmﬂaﬂemﬁca}mhmgscmrent

fromthe chaygi t i Si char ents.
decay nmuch nor gf‘ﬁfﬁ%ﬁ%ﬂ%&bﬁd&?@% #Egr?g @Ie &0 f‘leaf?? ? {’%ﬁf‘# st 1~
respecti vel yx)cstIySy\me/mstabﬂinﬁoﬂmabutadg@é Iibﬁécﬁﬂﬁtdﬁaﬁ!bﬁ@é&mltﬁe fRgdtiohot al |- y
di scrim nat fromthe cha rgln current, and nost of the signal is

di scar ded b é{‘{?é"énélgﬁﬁ?q @ttk@qpﬁh?%@%h}’@é“@t}a@lﬁe Nbre recently,

si nusoi dal tfo%al n adv ges
over traditi onal vvavﬁl%i%r ne ?%ﬁg%@ﬁ{hec g@?} )t&]y exper |tﬁgﬁc1°?1 alaﬁﬁ
Kuhr (1897f ammStabiamd.e; theSe red@iid-chififions- Bohdmany ke Bet, uest;mmsg)und cur r ent
resultlngfromc |c volta sting primarily of chargin
current) r esenbl W“&ﬁ?ﬁ: tepwingl ¢fayngsdas %e@éﬁﬂd]ﬁfﬁﬂéfr{g) ty at
both fu ndan?ﬁ(CQJCﬂfbﬂtaSﬁ@d Bate-BBiHifg i RRYEEEhESof dilbrb A dndSha bldigng N 91 NG’
current resulting from sine wave:

- (Rossi, R.; Carpita, A.; Bigelli, C. Tetrahedion Lett. 1985, 523), (2) PA(ID)-Cu(D)

catalyzed se]f—couphng in the presence of sto1ch10metnc iodine (Lm, Q. Burton, D.

25  1; Tetrahedron Lett. 1997, 38, 4370, (3 Reaetmn of lithjum d1alkyl dlarylborates
with fodine (Pelter, A.; Smith, K.; Tabata, M. J.- Chem. Soc. Chem. Commun. 1975,
857). B |

The followmg diagram shows an example of the Glaser coupling to yielda
‘ dyad of triple deckers and an example y1e1dmg a polymer of tnple deckers In each
30 case the mtervenmg }mker contams a butadlyne unit. '




64 excitation has only one frequency conponent centered at the fundanental,
while the faradaic current is distributed over many frequenciesq JThis 7004
characteristic of sine wave excitation sinplifies the el ectroanalytical
measur enent., since the signal fromeach oxidation state can be fine-tuned
by "l ocki ng-in" on one of the higher frequency, 5 harnonics. Utimtely,
the speed at which this can be perforned is only linited by the kinetics of
t he redox reaction, which may ultinmat éf’y | ead to megahertz frequency

operation.- Since nost el rochem cal owet hgdy: rely on_diffesaences between
the Eln's (Eis the pot@iﬁ@é‘t’"ﬁf"'— iCh Ral gTéT""t‘ﬁﬁﬁfFéﬁ@DI ecul es are
oxi di zed or 10 reduced to a particular oxidation state) to differentiate
conpounds present in a sanple and thereby to generate the selectivity for
t he measurement, this has severely limted the utility of electrochem cal
met hods for. the anal ysis of many conplex matrices. In contrast, sinusoidal
vol tamretry can exploit the vast diversity in electron transfer rates
observabl e -at soI}i{d_ele t dLes=Q,cheuT te Q,L_eL_eé an_tJ;%nsfer) can vary
over ten 15 order's Of ijtudé at the sane ctrpge-s ce) to obtain
addi'tional selectivity in the electrochenical measurenent. “The conposition

of the frequency ectrumis extrenely dependent on the rate. of electron
transfer. By adj ﬁ@?ﬂ@w@%&%[ﬁ%ﬁgwm &¢ [AlaseT epppling (P

ti me-varyi nghaByel kak j J Hﬁﬁ; gs kinetic
i nformation 20 ‘as V\glrlcggbs _ \rilgi%r assghéen or n%?%%eﬁb%g)céoﬁﬁ] nat@%ezt ween two
nol ecul es wieckertiyeds with y butadiyna tinkdgecandohb desiced| prpdusp et beisined or gavdanpl e;

this te [ i sed . -t det ect.i f the_djrect_ oxidati f
doubl e~ sor a0 (VA SHERE S5 arEonion Be PG arursh A S8 7) - Anal -
Chem, 69: IHALHEAGH s e)é}f&ieﬂth&titﬁe &qiréé?&ﬁid@’ﬁﬁ@@@ﬂa?ﬁ&l%ieﬁ‘s &4 /gonventi onal

el ectrodes with standard voltammetric techni ques, the 25 use of sinusoidal
vol -t amet r'y ddigpmgescvith sipledeskerimitscoul alsobepivepioed| e- st randed DNA. The

concentration detggtiondim.t ((S.N=3), forthis siz ) tthe 6th
harnonic is 3.2 p@@%ﬁﬂogghW'éﬁéﬁﬂ#ogWﬁaéﬁ?H@egjﬁw g%‘éﬁ as a
monol ayer ofcolifing@0SerRRGxIMLiAS hidnis &b biprit! JaRNSTHIEITEC EbRitoR indORIbERR OOl e

(10-21 nole) quantities of the storage medi um nol ecul eS) on the surface. 30

Thi s prd8edurerated theimethed whichdeplvesa cuprc salheidation intpyridine (Rglintor, G;
fresh i | of i ] d d..on, t he total numb
of ot ocut et IR, CREE g 1986 937 b koo PR oRR b BB ir, "o s o

degr adat i on the pidd@eB9803qON RN didnasdade)\s: IRe; ChiaMg IMEYS Bebstow, g8t ting the
|1 fL 20J4 65 val ue) can _be insertedi mediately

h d 13
g? {n; yefa?_ht r@&f@% S6ci 088oiifh £344), which geployRe GUPrG/eHPTeRs ConBlSImQMYEEN t i ng

mol ecul ar rr%gér" . EAZI'H'I L ' ' | 8y I can bé
read by any (yfyﬁ gmvvi e g\)%%'iﬁg{lgsql 3?3? @%@?‘P@%ﬁ%@gﬁ %ﬁﬁ%%gﬁ‘%@?udi ng
agper-omiﬁlri cmpityedds a(@ogsoluhﬂmmgd' i aﬁ@gﬂﬁ?ﬁig’ aQen’f-PomEﬁmeheaﬂrﬂfmws (e.g.
chronocoul onetry),. voltamet dc, net hods . 9. Jlinear, sweep voltametry,"
cyclic vol tzﬁ‘m’é&e&s @@ﬂ%@&ﬁ%@@@@?&ﬁ%wﬁ&mw Insddiionyother ¢ ) | any
of a variet ' i ' : i 16 out's can
be perfor mééo@%n%%&ﬁﬂs@@éﬁ%%?&%%&?%agﬁgy : %)%gls{ghhl%]l;\e %‘gﬂlpéfg‘?éeji red
enbodi ment , aceiylttnist prownaelkpingthyreh esicisiower tharl &yl ethyhesranid datadiyneotd mmet ry
system Such.a system i s,.capable.of reading and witing the nenory el enents
on a nict~osEeBh 0131?%?@- ?@ﬁle .?%ﬁé‘ﬁ“’&{lg? ?ﬁ‘é%%gqm Hauk graniigeag !ﬁut :

pr ot ot y pocalappaies RIBEIAS cédchOlinkdimeliiste, Pat ent 5,650, 061. 15 As illustrated
in Fignre 16, a potentiostat wth an RC time constant | ess than one

~microsecond is prdvansddouplings Ungencdndiions of Glager chnipling ir acidic mediajen buf f er
anplifier): referred vide ffer amlifd.er retai a.u | e. bapdwi dt h
beyond 20" Y ete Geatl 26 B imaten R vy eilng 68 L Gudn W i
excitation 9952342 09@)CTRe SNEEA cipérithedAPIERBs YSHstsROSY rBNtkifHFr@Yew Thi s
rephasi ng of the eXC|tat|_on_S|?n_a A o :
hours, then an acetic acid solution of a dry cuprous derivative is added under an inert |

25 - gas. The only enyne formed is head-to-tail cbupled, whereas the head-to-head B

coupied enyne could never be detected.




which might be introduced by capacitance in the cable |eading from

"Arbitrary Waveform Synt hesi zer (AWS) function generator. An inportant past
of the current nonitor is a wi de band op-anp. By using an op-anp with a
very w de gai n-bandwi dth product, the anplifier gain can be set to 10; 000
and still retain a bandwi dth usable fromDC to 25 above 1 MHz. This all ows
the collection of inpedance data from4@| ectrodes as small as a 1 | cmdisk
over a frequency Prepgeationoof UksykitaetrieabBidddiyné-linked inatepfald: teadsdior age
device in co&ggﬁr@ ens. The use of the storage devices of this _

i nvention in f5 is 30 contenpl ated. One such conputer system

| nvent col o - g, |
isillustrate Ieri-;ltﬁlﬁxg?é:Zmon Mﬁﬁ&#{rﬁrﬂﬁlﬁ% e%eﬁﬂés&%%ﬂ% %ﬂg{?ce (e.g

| 0 device or CPT~, s age device of this invention, riate
circui try (elifferepblermimaiesthynesiinavithbly gjves @ mistae ofieutadighes ThefCadhe st or age

Stored are APRE Sonle BRRioR praPuet B 0 S ErtoiRiendtr M Ciim S8 Rer cby
setting the 27819y, provihea dirkbicH e td e%uﬂl%‘%%%ﬁﬁ&/rgﬁteetﬂyné RHitsO Z%Q E’%}?jﬁg 110

further processing) the states) of the storage device Is re
circuitry arfehadkiewies eaupling methiod cpasisiedf ihe condensatier ofadilementvith(e. g. 5 CPU)
gak

in the conp 1 . nd Fi e 18 illustrate.the penpry devices of
this invent il%a%g%eﬁ%te%r%%%]%ﬁeg’rgsegf%#f}éﬂ’{?“ééﬂlﬁﬁ? p suiabig gy ttdS or conputer
syst em 200a ribtavdriryduatvadef the yéateen RRitoRs) ARASsé s§ run&&-gbl)a g5, a
menory 216 (which cg&cormri sg¢ nol ecul ar nenory devices), a persistent
st or age Fos RAPEIE @dbscortrspending syameirieal butadimes i hodkaswicn SV ol .

‘i nvention, qrggqfh?rgq%re for a graphical user interface (GUJ ) 220, coupled
by a local bus of interface 210. The persistent menory 208 can include the

nol ecul es shown () CugremseSAt. Byesduprousd @hyaa defivitivhes adsimbdl tebadd kddcgnal
hardware co oneéliis (gﬁt shovvn%. .System 200 -can be, for exanple, a personal
conput er or {&EFQ 3P HHC CUmsORs PeEisis regeperatedin the candensaji anghe

M Cr opr oces $@n) : 186,10 ' M.mi.cr opr ocessor, made
by ljnt eééCog &ﬁgf:ﬁlfg;f@iﬁP @g%@ﬂ@gﬁi@% E! ﬁ? ?THI?HS 189<arrpl e,
random aece S ¢ sefaduplidg/o I es.vi rtual nmenory,

nol ecul ar nenory & am%%gt egpﬁor ki.ng st orage %nadi um or_medi a accessi bl e by
8_roEessor 205. kPé Py t Eg%a@:?eﬂde%smqtﬁezﬁa%a@dm%mm flOItOEy 20
i sk, .an optke€akardto AREREL , ,BSIFU . .Y OF ot her
persi st ent storaaéseP %edi_um@tg%@ i51(2}01‘-]f1a I |l?gfrlge)s&ggﬁm%ﬁﬁ§§&u%%ssar%§$ g en a
user and sy$ekents gdich hinddrdhaieifr@ubling wdetiormaswralliad oxlistionay RXbactivd a

sel ector deyj keyboard, etc.) 222 Through visual display 221,
syst em 200 \éﬂilin He"mégmﬁ}egéﬁpgﬂ?mﬁ%@ecf%iﬁﬁlfo R B HHIIREY CHECHBRY. > Fr om

sel ect oR0Odevdrtiary222, system 200 can receive inputs indicating 25 the user's
sel ection of :partjicul ar wi_ndows, .nmenus, and nmenu itens. Visual display 221

can include, for (Deelpmé Gaod salukilityofsle teubinal RFde Drihé rattiqramedivgiispi ay

'screen, or- - q_di. ch as a.,virtual reality:display,

Sel ect or. de\i;?ige gZ% can ‘grg%'oﬁx(%lﬁggg “gproys fi%v%lvﬁé%@?%ﬁ?%ﬁgl %fqoﬁﬁlsdevi ce
such as a mecsfeequantly enplogd for aryl e Fiherd ShVhoifseddvitP¥atdeRksonffle t he
i ke. Alternativel %r additjonally, selector device 30 222 can 1 nclude a

keyboard, sGURPHEdS, [ghgRaaides are VREKAnod salvants Horf tgrminabethymed avd faror - cont r ol
keys. The seh r@ﬁsr&‘erﬂzfaﬁﬁsél;ﬁmrg | Do per.at i system 250 and an -
agpl i cati on pé ogram 260. - The. gg?‘t‘ warfgg%fwgtggg%?#%dﬂﬂlggn%ﬂﬁo?ﬂ i ncl ude -
addi ti onal 1 3(4)-Name@f fifd 1-Balogemohdetyléned NAROAE ERIFEo-{ Brdinos RAIMdo- Oper at i ng
system 250 gan he, l{l}grl exa e, the M crosaqof KBl VJi ndowsTM 95 operating
system for Wagﬁé% SRR ageotep dost sutehlp: {gensrallyithe Atbromosthynss - 80386,
80486, or PaktsufAbidiR reae9s d ALtEhRad | I stem can be
speci al i'zed for opqrﬂggi on uﬁﬁz%&%ﬁ%cuﬁ%bﬁﬁgg&%@&gﬁﬁéﬁ&? ._es are- _
Appl i cat i onstRnglt exidZeE towarkilie agpbisieh and favorfietselft upliidrehdomppanat i ng
system ghd Q.architecture.. Persons of skill in the art wll
appreciate ?ﬁglt&%g%gﬁﬂ’éio%feaﬁ%w&mre and software conf gurations can

- support ‘the system and et hod of the. present ‘invention in various specific
enbodi nents. The present invention is explained-in greater detail in the
fol l ow ng non I ‘ : ' :

20 i mredi:atel y before the working el ectrode cancels out any phasg 3 LLEUW’-'




10 imting exanples. EXAMPLE 1 Synthesis of Thiol-Derivatized Enrgpi,nm

Por phyrinic Trigl e-Decker Sandwi ch Conpl exes 15 for Multi-Bit Nble3u¢%# 2004
Information Storage In these exanples, the synthesis of S acetyltbio ‘
derivatized porphyrinphthal ocyani ne triple-decker nolecules is described. A
set of triple-decker building blocks bearing trinethylsilyl and/or iodo

gi oups was al so prepared. Two of the tripledecker building bl ocks were :
joined to afford an S acetylthio deriﬁatizqaLdyad of 20 triple-deckers. All
of the sandw nplexes .pr r d=§ggkoyce iAm_as—t he-c nati on

met al s. Resu]ggéagd'Dfsﬁugsigganrﬁﬁyrln-phthgfggggnrﬁé TTi%I -decker

buil diing blocks. In order to 25 prepare triple-decker conpl exes for
attachnment to an el ectroactive surface, provisions nust be nmade for

i ncorporation of a thiol-derivatized linker. 1n order to prepare nol ecul ar
ar chi t ect ur es~whererh—mHt+ple—t+ipleo—deckers arejolned together in a
controll ed manner, provisions nust be made for incorporating synthetic
handl es -on the triple deckers. In principle the thiol linker and the

synt heti c handl es could be 30 fastened to the porphyrin or the

pht hal ocyaui ne unit in the triple deckers. Because the synthetic chem stry
of porphyries is much better devel oped than that of phthal ocyanines, triple
decker buil ding bl ocks that q@g;egn%;LTﬁﬁfgLaLoqu sui tably functionalized
por phyri'es have been devel oped. "To avoihd™/any rotational isonmers that 1 3
J il | 24~~ 68 mght accrue fromtwo functionalized porphyries in one
triple decker, nolecul es conprised of ope porphyrin and two phthal ocyani nes
have been.prepared. Two isoners of such a triple decker are possible
dependi ng whether the porphyrin i's located in the nmddle or at the end of
the sandwi ch. G ven the greater=F-ele '  pl e decker with the

por phyrin on the end of the sandwich (i,e., (Pc)MPc)MPor)), the synthesis
of triple decker building bl ocks of thiE general type has been pursued. The

harsh nature of the reaction conditions|&@r formng triple deckers
precl udes incorporation of a protected khiol @¢yrergstioat her sensitive groups
in the porphyrin nmonomer prior to formhg the triple decker. Thus, the

preparation of triple }0 deckers bearing an iodo group qr an-ethynyl group,
or both an iodo andaH%EEhyﬂy(ngPﬁﬂﬁEEhasihﬁengi These synthetic
handl es provide the opgortunity ‘for elaboration o0f the triple-decker -
conpl exes into large nolecular arrays or for attachnment of thiol |inkers.
The porphyrin building bl ocks to bslo¢ksegolynmsrpr epari ng the correspondi ng -
triple-decker building blocks are shown in Fignre 19. 15 The general
procedure for preparing m xed porphyrin-phthal ocyani ne sandwi ch conpl exes

i nvol ves refl uxing thgcgor_hyrin W th excess acac) ~nH20 in

1,2,4-trichl orob : Hi Syukiaogsseorphng phanyl balides wish apilecronit ol | owed

by the addi t,j; L L Dl : I i s Wit h contj nded refl ux.

H)c/)wever, qu}a%ngQ%?ng?ﬂglﬁ@ Qép{ri%%duc% &l QW?‘@H{% ?%lﬁlté félgl\g/iém&é; B ’g'tméfls F upon-

rﬁacti ;)nS undeﬁev;rs;isgr(z)sMﬁydm NZQSLtzlnlaijiALiGth Rahases;gﬂ;nggg,@ﬁw,m as

t he sol e pradyuc abach, e . . Am em Soc, , 11

8548- 855653 ;_9?@6%{%(’156) %)15)%% AT, rRgihedolomehes baca extensivaly a | | |

I . Che R 3 ' =as. t [ ; Jung,

3l ot o feresgit o SRR bt b i adai e pR ot BEARNA (JunO

g:ﬁor ) M Pc) MERGH) (hﬁ‘dA@E@ka?xyé)Mlﬁéz) 1993;ai‘t7a|&38d7)DIoeiateathe,commﬂds .
em 1992, 1 25.431-433).. ., an ucts inc in Pqr) M,Pc) ,.

( Por ) M Pc) N?%W%ﬁb?ﬁahW%ﬁ%PW?ﬁgPﬂ erl"&%f %ﬂaﬁg&kﬁm VEFY 89fpounds
the 1o NyRIOWVHE SIS iANS, . ]%F]:% % 2S5 59- 64

f]iisang?. .JI. ng%mﬁl | norg@%ﬁ%ﬁ%&%&%@%%ﬁ%%ﬁ% e glﬁxgtoragbmi on of

the products appédigomess aienmdlyroers eontsining tyiple dovkemmits atidr anyl litkageset al

as wel | as (REr BBk SHBRES M 'éo%‘é‘;m”a‘%‘; ‘reop%gﬁ:gig& ‘These kinds of polymers are
| expected to display interesting optical and/or electronic properties and thus find
applications as functional materials. We have prepared various tﬁple decker building
15 blocks bearing aryl halide groups, while the stable nature of boronic acids (thefmally, .
air and moisture stable) makes it feasible to prepare the corresponding triple decker -

D




- 2~~4 ~0 Table Yields o

30 Treatnent of 5-(4-iodophenyl’)-15-phenyl-10, 20-di (p-tolyl)porphyrin (1PT
Por) wi.th excess Eu(acac)3 nH20 in 1;2,4-trichlorobenzene afford¢d t[l{l}? onag '
correspondl ng (Por)Eu(acac). Treatment of the latter with LizPc gave a

m xture containing ()PT Por)Eu(Pc)Eu(lfT-Por), (Pc)Eu(1l' T-Por)Eu(Pc),
(Pc)Eu(Pc) Eu(I PT-Por) as well as 1 ~!~"t. ?~~~P 69 traces of

(Pc)Bu(l PT-Por) and (Pc)Eu(Pc) (Fi gurfe>#20) The m xture could be partially

separated b Eﬁne silica gel colum ordi ng bands conprised predom nantly
of (IPT Por% prasks borerse acidtignonne d The triple MamomanntMg

tarti T- t
ZO?Lh;P?npétﬁ‘#ﬁ*@?ﬂoﬁf@ i B et BRI Sk e eieions 1Y
(Pc) Eu( Pc) Etaﬂbfdrﬂzeaes:re[dbamcﬂharamebcﬁﬁ@) Eu(Pc) [top of col urm] "Furt her
purification of and 1 passagg over one SEC columm afforded pure

(1 PT- Por ) Eu( Pc) Ed&:Son 2 cqupHBSn dhe Spnegeshitt ewupling ofrsthyneand ended pur e

(1PT-Por) Eut BT ts%ths}?ff&t@%@%h?ﬁféh%?%t%ﬁ?@éﬁsfotaaa;hmarﬁacufe

( Pc) Eu( Pc) Eotrd B péfurned by PADPRISS, Olead € ialddus QERNBA N ®ldht &fd t 0 those of
h.the isolated yield of (iPT-Por)Eu(Pc)Eu(lPT-Por)

Jiang et al ra thou
was substanﬁ“ﬁﬁﬁl’igmwdeg%ﬁ temppergiyngs (@5 &)t’é"dlsmg 2&1’@ 3é‘tlﬂhﬂf1-0-for the same
ki nd of i xi b ecker
conpl ex (Pc;EB [F&g@ﬂ%anﬁ%ﬁﬂﬂﬁa('@#inhde?ecmtt |sorrer 5 ﬁ’e%tgg decker
conpl ex 15 @E@)@dﬂﬁﬂh@aobv&l&%beéﬂnpl@bd awekl atively | ow y| el d. The sane
' reactlo condltl re e d t.h three other porphyries and anal ogous
product Qistri buﬁ@“’)ﬁﬁé qf? ﬁﬁé’@%&#@w%wwwe%@ﬁ@emgs@ fenalkybol at ed
lyi el ds of t mhipdeandamkad i le 3. In
each case no deconp05|te;honégf]ket§€1‘g1§ nt he : %@&%-B hyne) was
noti ced. Thpowerfekmethods Lyf aafboninarkani bmﬂtfgimaﬂcplaaﬁ Inwoydes greatnent of thbese
“reaction cog%‘% S si.n Y t gbﬁl't of the TNB group
toward base %ﬁ;ﬁ%ﬁﬁ; ‘gf%ﬁtnf?&egmfﬁpg‘?nﬁéﬁ ng@t@?) by treggment withg A
Chem Soc. 189énglHae elgltﬁﬁu@m@ﬁh)mwr&aaaaﬁwmee%eﬁﬁeem oﬂﬂ”ber of .

bui Il ding_bl ock tri pﬁ e-decker conpl exes of general structu
(Pc) Eu( &) Eu( Por) as shown in Figure 2I. Deprotecfion of the TMS- et hynyl

group 25 of the {§ ( ET- 8or) and
( Pc) Eu( Pc) Eu( EB- Pt ‘Lq%ﬁg—et hynyl tri pI e deckers

(Pc) Eu(Pc) Eu(E T‘Uﬁ@rofoﬁaﬂ f]é&ﬁ/)sﬁs(tl?fébﬂiﬁﬁt ﬁB!Hcﬁlar BESERB hpabld oF storing 3 ~1~! _

triple-decker building blockKs wth varinnc

nnmh~; nc ~ mmme t%P%’@fWBOM Onr el |appropel) myFes Stpteg BTREHPET Pc) ¢ Eu

c Eu orl PT- g}guﬁbtauﬂa A 60/<9 %-1

~19%. 590. 9@ eact | ons% g%%‘%&%e%s#t%bg&?sﬁ?f%e o]flase aﬁ’?ﬁng’lcg
conmpone? - pmonola_m’.ﬁ omdn gectphaytivasuriice! The y4ilisy to slocstnaltipte biaseguing t he
amount of p %lma uiteas of thi oI derlvatlzed

por phyri n- p el RS hAvangs lasgnsiebes o Wlﬂﬁmﬁﬁﬁgs in
ol ecul ar i ph@iRBhi %ﬁtﬁ%ﬂ%\éﬁgﬁ?‘i W&Ee eg)(gg‘g%]% g%he%ﬁ%?)ﬁ st be

attached to an el ecttoaciive mater ur ace ari ous _
t hi ol prot e@&fengcgzeeapépoﬂpbmmaswélbaam&ysnompﬁsedmfngﬂhplﬁrédog-ﬁnﬁ@etyI 10

g(r)?r;gu\r/]vgz E% (}t |de L‘yiﬂes eci-al | dfor attach nt of pi:)rphyrl'.mc
di ff
i ffereps amﬂ@amlaaami fatatemﬁreatw eba?utéaeofﬁlgﬁfaétbéﬂsai &Eﬂ’d&{dl% gﬁsct lgst Ut ed

triple-decker nucl eus have been explored. Inh one case

triple dec k@PSﬁ’(P@)@zﬂ@P@y@Wﬂmﬂf@rmomdmb&eéuﬂfpmmns(cﬁawmd thiir 0) benzene
l e d di.t Pd 12, .CQul

AREE A e R A SN

S acetyl t hi fougbRidptioNPEEARASINGhe MBI D, 1m1t4he(h;?ar Qt)%oﬂ{aﬂ)%ﬂ fRgqh the bases

(diethylam pe, triethylam ne) commonly used in coupl i ctl ons,; - N, N
di i sopropyl W’P etnPhibe mpenogation, {latiors dricatibn andteh‘ﬂeahop,abwmas]a Og

Feacti o i iRondi M ST soBG Wil B2 PR Gl %5«‘9"2@?@3333%‘?{] ed'S .
(acetyl t hi 033)ddhe catioriestates hﬁlﬂ&%@ﬁﬁcﬂve ﬂﬁniﬁ’g/mﬁbﬁb Qtates given the greater '

stabthty of the former under real-world conditions.

u




- Previously, mild conditions for joining iodo and ethynyl -substituted

por phyrin. building blocks under Pd-coupling reactions (Pdz(dba)3, 3AsPh3xpL,
tri-o 25 tolyl phosphi ne) have been devel oped that avoid use of copper
co-catal ysts. Copper accel erates Pd-nedi ated coupling reactions but nust be
omtted in the synthesis of nultiporphyrin arrays conprised of free base
poxphyrins in order to avoid adventitigkgus netal ati on (Wagner, R W et al.,
J. Og. Chem 199 60, .5266-5273; gher, R %ggft aL Chem Mater.1999,1 D,

2974- 2933) . Due t%ith gdrinledgeksr semdvac enmplex affached torm sleptoralivenmrtace,
74.2983) ) COOr el o :
tripl e- deckehe SARRY16%BSess e c%t?dﬁé oﬁﬂgﬁn%rtﬁgslﬁzvgldes fof 30‘?‘%@%%5}9 gP%a ‘gfﬁ m

copper netal afion”or 1ransnet I on are not ‘expected.

copper - &ee produter the nentedd sateniedeioh With tprodsplceclots emhavingdbtsnodur i ng
the Pd coupling reacti.qn. In a _second case, t_lge et hynyl -substituted triple
decl cer. ( Pc) R3NP PRRASGDORNIZ gt BeGomes Posg 95‘2:%‘2"%!"{91?18]5“19«33%5% wer e

coupl ed gnd -Pal - i i1Ld ( : A r0- phi ne) .
ised for ] o oraaatctof BUt bpR-aIk MRSt drtnd s S inrhloy Wt 0aR, 1
copper can fbaaist¢d assneodtadwounten) Fhiong design ithmtwtaotripleadebkidra di/joiiediked pr oduct ,
and such products are n~;n-m.zed under these conditions, Exam nati on of the
| aser desor ﬁ?@ﬁaﬁﬁf&tegwﬁ%%ﬁaﬁ% gge Pwoﬁlﬂg‘gsr%‘%ﬁ%w&il%@‘ﬂ-emr@% ed two
10 domi nant de§igkShé td tripld j Owhh l;ﬂ,}k?_ cies and
t he desired r.%ﬂcffyct, _respegﬁﬁk\%%és%g{aﬁﬁﬁgﬁﬁgﬁﬁ%tzﬁgr apﬁy a ?%@ ed the two
separ at e spdalerrediized HipivReckerd gosdepositediih e singlemsemepdocation: éhbegirembra shar p

-~ singlet (2. 3l~_consi st.ent wt.h an acetyl nopety.. Thi.s species was
assi gneéét 0%@%0%§§@gﬁfgpéhmgﬁmgestlﬂimg? ﬁ%?ﬁ’ h’set%%qf triple
decker st ar trspacti@tteipiceckerfinfchthatehd Ga8dtiRAPoldting ASEE-RIM 1P t he

acetylation by 4-io0do-i-(S acetylthio)benzene (or product derived here&om

of Ehfat et hy fatingvishable Tbg:m?a aftepctivieapprogshds gm@mx;@imlﬁenﬁmﬁdﬂ r eﬂ S
acetylthio i izpl-e- k ained in oyield, ichis
- quite | ow Cgﬁ%gﬁ@%d\%ﬁ%ﬁﬁoﬁgﬁtﬁ%&?&ﬁ]@%ﬁ%ﬁ%@%@ in the reaction

between two por pisdescrifEdGiBxamplet helehe wediabe 8QRIPel BRSsyniitgicSi Mpl est way -
to avoid_formng the 20 acetylated triple decker by-product is to enploy an

i odol- r 49 he@qﬂmﬁqkﬁﬂi‘?ﬁﬁleﬁﬁb‘ﬁ@ﬁ@kﬁrﬁﬂp@‘@mhm l@&f}ﬂeﬁﬁﬁl %Bﬁ?g%tshi ra
ofthi of - der (S AEPESIEIPOE HEL ARt arbbhdRas HESSE R T e

oppor t uni t y The tiiobéarivatioed livlar prvides aisie &% atthélenal vf SearipRAUEN® thhd S
-of i nformatigp In 25 order to store_additignal information in one nenory

storage | oc&seBRactvgsurfagersuplaas 8ald Fhesenseal sybeticanpeoashps exmprtiplewih  he

four oxidati Bt entd 1 i“g{]ﬂeﬁ# i ] I ranner,
accessing eiséga%'g:1 %%ﬁ&s@%% t g{%@%&g%‘gg%@@ﬁgﬁgﬁyﬁ%@

i nf-or magd on knewn ebouitthe elegirochemicat propatideskmetallpapiyeins ibe lipaatatesh i n one
nol ecul ar - ar, c}gl t.ect ure. 'Iihere are at | east ,tgﬁ gdvaabgges of incorporating
mul ti pl e 30 YRAGRELEY o I rasive and mofesdiic4P- Neond Jcbmg, Lhep Soche
deposi U on ®ev 2909 7B0RTANS, RARMLAL iflerifnd ROV HIBLLRY SHAlAGR: FRERE o5 10
- a menory storage cell 1s not subject to fractionatfoh effects as m ght
occur w t h centdpfoxidation potentials mithe tripdé devkbramplexesf welefebeddmprepyeas. (2)

The positionjing.of redox-actiyve it.S in.a vertica '~ it3L, 200J+ ~z
st ack enabl g@:ag sﬁtaﬁ@i’c g@?@eﬁmﬁﬁ%ﬁ%ﬁ 0@%&8’;@-&? FipLP ﬁm@%ﬁ%‘? gi ven
type thas. V@&_rmtg?cm_ dar?.'We%l@[&a?ﬁedﬁz&&%_ briiZ280n Of 1R JMokoeh&niehl |
thiol -derivati zed nol ecul es each beari ng one redox-active unit in a

nonol ayer . PEDsstiss of dus Howey wavld faciliiate the atiopal desigh of ah ogtaligoumterfas wellpl e
deckers Nas ,PeRe@HoMtafhr devices built around triple decker sandwich molecules for multi-

 bit information storage.

| In Example 2 we désc;ribe. results at deifeloping 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 phtﬁalocyanine moieties. Next we report the
solution electrochemical studies of this faim'ly of triple-decker complexes. From

these results has emerged suitable combinations of substituents that provide effective




5 Two routes to the desired dyad are readily envisaged. In one rdufejiijam(ss
(acetylthio)-substituted ethynyl benzene is coupled with an

‘i odo/ TMs-ethynyl triple decker, then after TM5S cl eavage the S
(acetylthio)-derivatized ethynyl triple decker is reacted with an iodo
triple decker. This route introduces the protected thin noiety at the
earliest stage of the synthetic plan. A conplenentary route begins with
coupling 10 of an ethyny]l triple _decker’l3 and i odo/ TMs- et hynyl triple decker
to make a dy%ef}%ams axigptionumtentialacfdbe tiple desken domplesies h TheseSnsights

(acetyl tbio)y H:R;’iéf i The latter route jntroduces the
thiol i nker?zi%n t de&lPrzsi@ﬁh%S% g"gsgfeg @ﬁg‘%é“ﬁﬂ?é’ﬁ‘i&’&i%ﬁ“ﬂsﬁ tappeiedit i ve in
mn;."; T"g ~hareguitible elctteubeinida) prpeatios katist i QPO el i.Sq:l.at t er
route was used in.the follow ng gﬂ?ﬁt hesi s. 1i5]i Tr eat %ﬁ@%@%ﬁnﬁygﬁégker

St e e b e ety
al ong wi '?fl | aﬁégﬁ%?%%%ﬁcﬁ %é%f/&e%%%@%e@%ﬁ)“ceﬁg c{“\%o ﬁ%ﬁd%%@’i’%g%%m |y

separ at ed f roviddtion potdnginlsconponent s of the reaction nixture by SEC,

however, all attenpts to separate the ethyne-linked dyad fromthe

but adi yne-1inked 20 dyad were unsuccessful. The nixture of dyads was then

treated wthKzC~' &. Ml VerdhiEefubds Bk Ddunkiny! oup. The subsequent

- coupling with 4-i000-1I- ery Lm'%%@erzewre—éﬁ?-gg-'ded t he correspondi ng

m xture of the S Yeempthehirohittehire frimcieculpdtformifiod bSge ball® o e

but adi ynRer | i nked dvad.resulting fromthe fjrst coupling reaction was

success?1 E)I I ycq’ g?%éﬁgs%%lpkf%%@-m?lﬁﬁgﬁﬁ diceaverbosiiaiian poiemiabon 25 yi el d.

It is inter ehhmgishaihiRs ﬂe@nwﬁdﬁﬁfaéﬂ@é’mﬂ%aﬂ .tﬁ{cﬂ%t%ﬁ:lg%?ﬁ&earr eact i on
e due'to

W th 4iodo-1-(S acetylthio)benzene;, this nay aStef reaction
of the et hyrinergllydilygirated in Forroula XBlaand: Edrinhila XDARE savec ipaxetpléi t h t he

L 2 s 8 Gl B '
copi {1 ons (edzd ekl ol HORRARD (ol SIY BNRLALENALR  1°
us

et hyne- i nkei'td dyad _(E-dyad-1) (Figure 24B): W previo y prepared,a
seri es. dPnutargla XX er Fermpla hasayetatjo pQposifivaly cRitgebokiddtions  ~ 3

obser ved (RS e ke i 4 AP AR 0 RSe b ors: MBI R gner et
al., J. Am 'ﬂmwm.&eaﬁﬁdﬂ&né%&w}o thd Rmbels BRh 8E10Thys a

(Pc) Eu(Pc) Eu( I.LET-Por), wi.th (Pc)Eu(Pc)Eu(E TPor) under the copper-free
Pd- medi at ed RUFHE havine tis aehitqturgeanchessed i sotsyrmnthen ot 6 taliGibly ( E- dyad- 1)

in 44%yi el ; adi =1 det ect Treat nent of _
E- dyad(z 1 W tq ﬁ%l% %@gfﬁ%g%x@%@éf%ﬁégﬁ@%%ﬁﬁg @LPE%‘%’HG%‘F coupl i ng
( Pd( PPh2§z Cisurfac@im)a memrylodaSon)attiyd dgprepriade poetaagnzene afforded a.nixture
contai ning the Ss ci%%h%’\g{.o&,deriyati zed dyadp(Dy_ad-_ 1), the acetylation
I‘]{)r_'oducl:;t_ g-f ;gyagg-;i = ﬁ; tgerent Wﬁi&%ﬂlsb@lﬁoﬂlémﬂnweﬁwﬂh?m:QMi ved

if rom E' - dya : e ac ation
product) foll o&ed ﬁ%/ O?]cg S%Eé&?gﬁgﬁn (@gir%co]\g}éﬂ &g}‘()gtsﬁtcegyb%{@m eﬁﬁrf’?ﬁ?&? sel f
coupl i ng by grestrdesn aboft? welts. pure Dyad-1 in 22%vyield. daser coupling to

yield a bntadi ynec]. nked ad. .\We sought_.to.prepare a butadiyne-Iinked

di mer (Dyad- 2) i%‘%‘?@&g"e? ggl‘t"fathfeﬁ‘i%%ﬁ% %Pcl%mﬂ%é“"‘a@aﬁqdamthq grogrmifysoffbe f om/ng

a G asel5 coulecirode oSdnihpaiahiv Y thelifkdii i i.gate the

solution el ectrochem st Py of a c?ilfrlriifs{:}r%%%cl trip tzel%%::&g‘a?@pé—sg\rﬁ% ‘ée"g%r eparation

- of symmet ri ERFEGITPERM te sai¢ gleptrede. Hfieistarage Gk dismrmaobpjuxtapofsditokhe pr esence
~of  QuCl / CuCg) f LLNGlLeast application (D. O Krongly, et al., J.
Am Chem Soe.T%@%%gwﬁb%g@gggoﬁ[g%%r, YproaLys s flomge medimand i t h

G-Cl/ C ud ztherel@froddard fily BEcpRISBE th A inkiceRaNGER Iﬁ'&n%%ﬁdi%egﬁ?ﬁ’em

tenperature only gaye a hate of the product even otter

Pd(177- Cu( | forage Msiwy isdeqtroning By coupled torasenvusbdlecttdde it is areftrenge esence of
i odi ne y@s bRLSHL i f:ves d to excellent .yields with bmad
range o?wt e?lr@né nal ?‘%y%@%%ﬁ“@ﬁ% QS.eseg'ﬁ?? Sﬁ@g%é{ﬁ%%&%’{l%eﬂ% mgyg7,
38, 4371- 43Fdpresditias a multidicit of stefagE Toddia ib tNd ddvidd @Bﬂém@-ﬁ@d}%mg,g | in
the 25" plr\ﬁ%e ce 0{9 0.5 nole equiv (per nol of E -dyad-1) of i1odine’in

t ol ueneJN, N SFEBET GRS ATFPTpssuton 1¢ plancsd| the appayatus.2Each B0%eyi el d
(Fi gure 25)10cdtich 5@ L ) 1. easi |,y separated by
a single adsorpti on?gg?ﬂdr}m EOP)?%%Erleﬁiy&%’gg’ﬁ&%%%ﬁgﬂ?ﬂ%c%@ﬁ zation of
por phyri n- pht hal ocyani ne m xed tripl e-decker 30 conpl exes. Each :
triple-decker conplex was characterized by LD M5, UV-Vis and 'H NWVR _
spectroscopy. The WVis spectra of the tripl e-decker conpl exes of- general
structure (Pc)Eu(Por)Eu(Por) resenble those of anal ogous triple-deckers

o=




'~ ~3 JE:~ ~ODfe 74 al., laorg. Chim Acta 1997, 255, 59-64; Jiang, J. et -
al:, Inosg: Chfm flcta 1998, 268, 49-53). The absorption at 341 354 nmgmad
415-420 nm can be attributed to the phthal ocyani ne and porphyrin ‘
Sor et bands, respectively. The remaining absorption bands in the visible
region were mainly attributed to the Q bands of the 5 phthal ocyanines. In
moving from (Por)Eu(Pc)Eu(Por) to.(PckEu(Pc)Eu(Por), the ratio of Por to Pc

decreases from2.to0,1/2,. and t absagrption intensity contributed by the
boxphyr i s ROl IR e Heeoln B e goymecteshloruroliad SRuisurh a5 et ne
conpl exes abRipRebS 4 MoYatbd\GrdiR/of fhe A0 bG OHRARR anpl e,
I n each of 't htgatwo Ki n(%%tof above cgrrpl g&%ﬁ#&%%egggsorptigﬁéggggg?%54 nm
remai ns t he readribegridationtatg of Suid stordge metemde g, anoltimmetrindavive, amcr ocycl es.
On t he ot her_hand

conposi tion aﬁ’?eﬁ%ﬁhgﬁé% IPEE?%%% 5 eﬁ%%ﬁ#{ﬁ%ﬁ) %ﬁ&%kg%?e ﬁ%&%ﬂ‘fﬁgﬁ ct r a,

indicating dohimiens. T 86 kePpRAAISF oL LIREDAR KE DNk BighAugst Lo

the different stncture. The absorption spectra of (Pc)Eu(Por)Eu(Pc) are in
agr eenment wis#f elegede. r Biroappethtisgnay beassembledion gragrammed ton(efiesh the

tripl e-decker.: c | exes (Chabach. D.. et al. w.d...Ch 1992, 16,
431- 433). Lﬁﬁﬁéé%%g‘%é’gﬁ“a %8 uémmreéﬁ%a}%wnisga?ﬁtifyi ng the
conposition of m xed porpyrin-phthal ocyani ne sandw ch conpl exes. Spectra

were collected without the traditional aid of matrices. In nost cases, the
tripl e- deck S HbRes TR aciesization of storage mex rentel$)spl ay only the

nol ecul iﬁ I on peagkn. : Jecke such as
(Pc) Eu( PC) Eu( Por 1T DT - pare B—pea Ewe—addi t i onal
fragment peaks correspOafiolgovérhé hole)smtags dﬂhcﬂétﬁod@g klties of e 1H NMVR
spectra of al] the triple-decker conpl exes recorded in CSCIS ave

moder at el y FESSHFEYe friae stemgr mpleaiepdisad By e srqmpey devices offtBismat i on. The
resonance p I L - .6 P are in accord
wi th those g‘%@ﬁ%@%ﬁ%‘%‘{#&@k@gconggﬁlﬁé@fgﬁr@é’%eﬁ%ﬁw&@&ﬁg et alL, supra.
The a and j 3 prot ons Suchkentsditil akerciged throughsynthetic Hesigh Thedele-dtbrags Wo
poxphyri'ps showed hi ghly deshi gl ded broa ignals in the regiogns, b 12.73
PYSPTL kha Brvmsaies Joferd Qe OrHBORAIERU o] UiogRie2clive Wit gF FURIE BE pheny|
groups of t i Malal | | Gt ' about
t he C(neso) Q%(%ﬁ%%ﬁ‘}‘s %ﬁ%%T%gggéﬁ%gﬁb%itﬁgﬁgﬁdf é%‘%vé ﬁ?attjﬁgmirdr%{"%%%a lon are
consi st ent kis inviehiort. (Thp heledwatage psiperics andredBa ppEnti Fojak be Pared with whi ch t wo
paramagnetic_nmetal, centers,.are sandw.ched hetyween.two, outer porphyrin and
one 1 nner pRIHEGRSAFOIE e mplaeale(s). sssomated metyla 8 prpler) substitbents

" (Pc) Bu(Pc) E of Al ngsij For WM pi7.iepl | ayered structure
of this Ki ngyaa?étra?pﬂqg?%éifg;rﬁ%f;%%&ﬂ%ﬁﬁgﬁlgggq és nances at & 12.95
-12.98,281. 06 -11. 11, Hayexomply, t3hanasedf parphysing,Mp porpitfrins are more easily

oxidized than Zn porphyrins, and electron withdrawing or electron releasing aryl

groups can modulate the oxidation properties in predictable ways.
| - The electrochemical properties ofa library of monomeric Mg or an
porphyrins bearing diverse aryl groups have been characterized (Yang et al. (1999) J. |
25 Porphyrins Phthalocyanines, 3: 117-147). The effects of metals on metalloporphyrin
oxidation potentials are well known (Fuhrhop and Mau:ieréll (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 raﬁge ofnearly 1V
30 ' tbiough use of substituents attached to the cyclopentadienyl rings (Encyclopedia of
Electrochemistry of the Elements, Bard, AJ.,Lund H, Eds.,' Marcel Dekker: New
York, 1979, Vol. 13, pp 3-27). o | |
The design of compounds with predicted redox potentials is well




conparabl e intensity result fromthe a and (3 protons of the two 1 3 ji 2004
~unequi-val ent 5 pht hal ocyani nes (one inner, one outer). The unsynmetri cal
structure was. further supported by the LD-MS spectra, in which iw strong
peaks assigned to [(Pc)Eu(Pc)]f and (Eu(Por)]+ were al so observed in
addition to the nolecul ar ion peaks. This arrangenent of macrocycles is in
accord with the structure reported fossnost of the porphyrin-phthal ocyani ne

triple-deckers containi cyani nes and one 10 porphyrin

%g}rtmo pht hal o .
(Mbussavi , QY i those ¢fyrdinaxy kil wobe art Ja geparaly ikl @ddatibngotentials af . |

supra). In c ast £, of TIriple- ers of general
structure (P@Eﬁ%ﬁ’%ﬁ‘&%?ﬁ%@uﬂﬁgﬁgﬁg%ﬁm Wot'b a‘iégsg'ﬁf negart -ag‘gc.aﬂ?eand 8.05
- 8.22 ppm widoked ine(seareg.j 8lob¥dia 9P ELoSHchemis @g,,jg? ns® of the
phf hal ocyani pes, su gers?% ngm?g jtoﬁe zsy'ﬁmst rical stt;yrettpjf?tkﬂre o tsﬁug;@brrpl exes.
Al the por p%?% ﬁ?Bﬁ!ﬁ‘é@yﬁ?ﬁieﬁ@%a’iﬁmﬁl@ﬁSpmmwem@tmﬁéssfabl e

under thes cop@idai 3¢ for esi's. and.rqutine handl ing. ..
Fur ther oy o, ok PR HFe BRI AR TR R o B o do i opfamd el an bR Bty e
- por phyri n- phpiedictedyfanamepatentibbiiah steagelaleculel i Thel btab st s GloRmpas 0! Ubi 1 ity

in common orgapi g solvents such 20 as to] uene, chloroformand THF. The
i mpxoved sol ﬂﬁg?‘ﬁ?‘iy% Ogg%ﬁpggatepgaltqféhq infeematio stotageumalecuie(s)wo thep| anar

t f_ : TN ' Cen R
aa0r egat i on. RSt MoPRR Hediin cHR Bh b ed BT i PR TR E00 W) an
g i1 o Syt i o amd ok et ol

desor pt |iob-n (é%rwyﬁﬁggw@@ﬁg?fﬁlbaéB%ﬂeﬁﬂé@@ﬁ Ribpsarmglepnlighearing
‘resol ution f@ﬁsuwmeﬂfm&&e&ﬁ%e%ﬁ{éggg Sma%ﬁ%ﬁ&hﬁ 110HF

mass' spectronmeter. Conmercial sources p I'um pAthai ocyani ne 30
(Al drich), Ewbaiéaent3Thenon pfsich snbstiueni-dembnReit POLAHATMIRL M teiredphotiven| ess

ot herwi se i ngj |l .ot her reagents re.obtained from Al drich Chem cal
Conpany, an_déﬂg@hglgf@e%ﬂﬂv eepr(?g’["%ﬁr?é‘ﬂh&g%ﬁ?t@%ﬁer Sci entific. ‘
5-(4-iodophenyl) .3 J u'" [ 2004 76 15-phenyl-10,20-di (p-tolyl~orphyrin

(1 PT-Por)_, . o e ' . - :

5, 1g, 15- 52 iEE[ (P4- ;‘Enﬁmmﬁiﬁéﬂemﬁgmguigmmmt hyl si | yl) et hynyl ) pheuyl ] p-
or rin. - Por < (4-: -15- [ 4- . . ) .

(t Pi )r/ret hyl silyl) e¥%%r?§%%ﬁ@%§?%%@%%&ﬁ%&cﬁwWRW&YFET- Por), and

5, 10, 15t ( panodtyticyur8drelated wmﬁhmubﬂhﬂdeyéﬁb@ammdtwﬁ?y 1 aosHY Ul

( ET- Por) We:ﬁ? %L%par ed 5 b§ a rational SP/nt heti c met hod o et “al .%999,
J. Og. Cherfrhégu Soggabs: 794997528 nWemer strlafif9s) Ad¥er Ghemn 600526615273,

chr omat ogr apby - £ i fl.as idd el a - 200 nesh).
Prepar at e ke PO LIDRIP NS Chln, 6o s P T3 19907 Pfoa el hy
Bi-oRad Bilo- befeats S6X; 118:A 166412180, iStactonlet ol (BBT) FOUMNThdA- BeX 158 1§191.vas

: ked using,.B.p-beads SX-] in THF and 10 eluted with avity flow
D 0 B 3T e e b A28 e oo s
tequi val ent s.‘@}ioﬂg—ﬁate%@ésvfgp{h%.syﬁéhgsﬁgfyﬁ%@eg;wﬁﬂwﬁﬁﬁgﬁcd nmet hods

prior to use. CHzZCl2 (Fisher, “reagent gra _ certified
ACS grade, snaiodycled dompoinds, V% particuiaty, thuse papskirs tihichefody Mgy C03.  THF

Fi sher, certjified ACS). was distill.ed from 15 sQdiuym and triethylan ne
gFI uka, pur ictédé NS e?“é% EPE(?R#QQIQEM PYoice te ﬁ@rﬁﬁ)ﬂm ofji s%/i |l ed at
- at nosphasi ¢ mmmfdoﬁtﬁiﬁﬁﬁ'ﬁp 1] '°&Ia%ﬂ¥§‘9%$“??ﬁﬁ@&o§ ﬁ[ﬁgﬁﬁ?et%frde o. i ved.

Preparation of triple deckers upon reacti Xt U . 5-(4

iE o?ophe)ngl)afigf’mﬁwl’&@ﬂ@@y, @ni(z?, ww%czmmgmll ‘.jemzl(mms)tg,o;@. Z%eiif)m?t) and 20
u{acac)3 n - robenzene ( was
heated to r?% ? %->%§§(r}i(§%ﬁlr@gﬁﬁﬁégb%)é%'ﬁkﬁ&%zﬁﬁp%ﬁF@ﬁﬁgég‘l@ﬁ‘é’rry-red
| uti ' Yoy ' } ZP 1 - . 3 | dded. Th
soft on vesggohese) atlpd on NEE% (199, B2 TR e e The
onto a a1 1 o MO ObOy e el 35 1085 Ot dPREoBtlut fon w th
CHC13 aB®or dechitbeturessmohias mbisular kGia b1\ ned.minly
t he .t_r?pl g[ Sﬁﬁfg{) 4933%?];1&3 'l(n8T- P'c?r ? u(%%%%Pﬁ%o@?%‘%%%&e%e _' Bglrgh;ri n
starting ma P Theherssdininsemd . B 635k ShihiThedisn@amegie prllphyr i n :

478 TR aSERe 0 AR0 FA hpacE 15) S1TP)-

(Pc) Eu( I PT-Por) Eu(Pc). 30 The last -band (green) contained the triple-decker
cdnpl ex (Pc) Eu(Pc) Eu( 1PT-Por) and doubl e-decker conpl ex (Pc)Eu(Pc).

rony




The first band collected was redissolved in THF and | oaded onto a SEC
columm. Elution with the sane sol vent afforded (I PT- Por)Eu(Pc)ﬁg( 'IfiiT' ng#,)
~as the ~ ~ JEJI_ 20Qfit band (greenish-brown); which after al coft
t he sol vent and washing wth CH30H afforded a greenish-black solid (40
ng, 17% . HNNR(CDCIS)8296(S 12 H, 3.91 - 3.95 (m 16 H), 4.63 -
486(m8 , 6.56 (m 4 H, 676(m562 H, 7.09, 7.11 (m 2 H), 8.10 (m

T %0 Shsfar el Byateold ipRed it okt uf TaveBsnhem 10y 1 °

G zaH-al zZN ptapdred349. 8, obsd 2355.1; 7-~,eb5 355, 420, 491, 606, 657 nm The

- third band coll ected was al so redi ssol ved in THF and | oaded onto a SEC

col um. El ution Vi edditier the hele gotageral dyparmt- ol fpbilibcyhagasteristicseftbad band

Cbrack 10 SR SRl kil hepira gl PR Mgt Goipar. 16

H, 8. 355(S,oui'otl'i)zzst@dléﬁoflhése]xﬁaﬂ;‘hals%e?ﬂez(&l%19§4ﬁ AW -Grbnd Bbe. 2 116) 16537847 (m
2 H, 11.96 ébs ( calcd av nass fo

d i oHssl Nzok 5923@9131610!&5%%)2'04@ Chem. $5.,348; 1119411397, Stoehan €95 (ih?ﬁﬂ)The

S ohort o1 | LARCLSR SRS IRy (AR B (B DR Ot PARGBR° ° !
. toluene af f Gtdeithntdnel f(1998) npdCher.e8Mi 1901 0R0E) YAQN: of. TL9B) J. 4m. Chem.
(Pc) Eu( Pc) Ey( 1 PT- Poré whi ch after renoval of the solvent and washing with

CH3O0H af f or 8@ R2ljA888480%k d (59 ng, 14%. tH NVR (CDA 3). & 2.98 (s, 6 H),

L H%M“?ﬁ%‘%fﬁf%%ﬁ#%aﬁzﬁéfor%o%%%%%c?ﬁﬁﬂa@%@vzaiéi .

H), 9 08 (ms. BIHQP@;MQHJ@HW&M% Kadie K."M.; Boidh, K1.0Gdilard /., Eds.H) , | LO8

(b, 8 M 1230 ke 352 &0 G bt vt 00 mwpén%%%ca' od av
(LPT- Por ) B mesfd ok RN P bl o pndibdho ctainfi Tt 0

5. 1oh15 11 et} daonf iy 0% o fpating pale ik Gy phry
DOLPIY TS, (B A TRea B P doichert e toit T S Pis mredoamaiatar gon

for 4 h: Theell Reslifshddpol e dveRthihd M%m&g%@&rﬁagkegndﬁw?&th zPc (80

ng, 0.15 mmol) was addéd. The m xture was ref|uxed tiona
t hen the soPM@OMQhwopmwéemhrgmhMmeém|AdNé MS,CINSIS.OI ved

Elutonwi e EAo, S B 20t et Gl R, PRFC S Brial i Y

cont ai ned @y, |(¢hér)ﬂ€1919olm §39eqLe7- TGRERBIED, CERY, Photoch%LPB&tQHzorasvsvz |
Por ) Eu( Pc) Eg% B- Por) and unreact edré)orph yrin start i ng material. The second

bawd (re@) éerarRy Kabayashi, Db epal.r(irems Lait 13993, 20312034 VanbloatmmaeeF of

Lol o- dock & o QUBFE CHBR ol EEmRg e A M R R R AL Ol o nea
{1 pl e- deck 8o Olph eGoAmiu908( R M ERr®al X, anst, deniharRLkenoos sy, ox

(Pc) Eu( Pc) . The first band collected was redissolved in THF and IoaQed onto

‘a SEC col umBO7%R08%: ganMosiuen 6. Eegtel b 14pe (theat. Soe.d85, 117, 9957-9965;

EB- Por ) E t t ft
ﬁemvg[)o?(ﬁ%}ﬂsﬁg)ﬁ M’%@%‘?ﬁ‘f’%gﬁmﬁﬁb B???oWr eenf’gﬁe'%l aglr< :
| 32| |0 g Ezﬂ g@bm?rﬁ%df 1s;9é7j mmzemamsm&az (Ghenl ®ur &Y. Iﬂws,ls@%z(asé&g)g (H)b 3.683
- S,
H, 9. 10 (%Ml%agg}ifwed@%eﬁ 159? 28 3|?7i118.4€6 @ﬁ?zééew &4, 73 (bs, 8
H): LDV CabhanaonRes 1999, £, 32433006 SfiGer Bithafbni iR Seafihnbn R €Y

355, 421, 493, 559,
N a]kylethynyl’ or teu'athaaﬁllvale_nefhnked substxtuents were recently converted to the

corresponding phthalocyanines using the lithium pentoxide method (T erekhoﬁ, D.S.
30 eral,J Org. Chem. 1996, 61, 3034-3040; Wang, C. et al., J. Chem. Soc., Periin
~ Trans. 2, 1997, 1671- 1678) The Shiraishi method and the lithivm pentomde method
have both been used to prepared (p01'phynn)4phﬂ1alocyamne and
(porphynn)sphthalocyamne star-shaped axrays (Ui, J;etal,J Org Chem. 1999 64




The third band coll ected was al so redi ssol ved in THF and | oaded onztg ISE%PS,
15 colum. Elution with THF afforded (Pc)Eu(EB-Por)Eu(Pc) as the seco %I
‘band (bl ack), which after renoval of the solvent and washing with CH30H
afforded a black solid (3.5 ng, 1.6%. 'H NVR (CDCI3) 8 0.85 (s, 18 H),
2.89, 2.94 (m 26 H), 8.05 (bs, 16 H), 9.59 (bs, 16 H, 9.99 (m 2 H,
10.10(m4|—|),1L98-1220(m4 1352(m2|—|),|368(m4|—|)
LD-Ms cal cd g&{ %Eﬁ‘ sHsal V~Si EUE 2206. 20 obsd 2209.1; ~.,y~ 343,
416, 519, 628%9 T4 frga@emalrﬂ?%é‘i&éﬂ)-%wﬂ’é@rﬂx@swmphxenrssol ved in

Sol vant . B b neey R ey, B b ol BB ek B AR RRAR PR A L) "

oo af 11 Ezsﬁmm““"'?d‘°°‘*ﬂ’ﬂg“‘m?‘%@ﬂ“m R RN
H, 1. 36 ?;n‘? aﬁlﬁjgfreen i E’g@é’%’ﬁm%g)ﬁﬂs an;g18~14t@lJ,J'( atet. c&ememeo (ﬁnS 3
, 6.91 s

10 (b "l B 7208 §F By By 0, 8nlE o) oy Bomiu 108 W,
| Hy, 12.97 TrexTIS, éal., LPAYS Cldncd1989, 93922607 10 T NEOSE HUZ Ch2R6R .éobsd
2117.1 (M7, 3481 - (EB-P , 919.3 (M'- (Pc)Eu(P ~y~ 417,
522, 55(2 6l Wﬁé WT égﬁﬁégézgﬁhﬁm :tq-'h(em é«'oa'é@%rug ; 39 rﬁggﬁzmefn of

| ET- Por. A ”ltiUJPﬁoz@Ehem Photobiol, A %9 faz 16P) KhIé'Jou ej al, c{%mgl 189%’0| yi)p

5(4- |odophenyl -15-14-(2-(trinet hy yny nyl
orphyrin (2646 'I@aleaq&nﬁﬁ a(rﬂ}zﬁu(wépmmwﬂ MEﬂzln@Z’hzﬂJQCBml 1998) 1,2, 4

13,3 9 n e ( atedtoreflux and
sti rred unde?@ag?grgnl_l;g hhH é’zﬁg‘é’ﬁ'l qvngbé?'rﬁgﬁy ed sol ut| on was cool ed
to rt; then Li chﬁeﬁ&em,syﬂh&ﬁm o iRBved dtefilo ;U&%d reffuxed

for an additional then the solvents were renov r v uum The
resi due was BEssisEgomhytrend phihalorysathednenomers, (3) ¢qm*arsﬁmgn' thecprpinprinpacked

band (o i vo- oAbty il W g i e Pile ks ) -

(1 ETPor ) Eu( Patjahufakbif lofRaujtatle Bnkée be iad iﬁﬂﬁﬂbﬂ%tﬂ&tﬁ pRIdctingtmi eri al . The

red) contajned nmainly porphyrin starting material and trace

d
Zﬁ%ﬁﬂt g‘%n doé}mt@aafé%rfa%@aﬁé%tbpémﬁmiﬁasmblyvﬁ&qmmﬂﬂng)and (bl ack)

cont ai ned try, gﬁ‘%&g TET- ). The | ast band
(green) cont a| ne trlﬁ%ﬁ%@%ﬁ?’ %hg?rp A‘Egég)’lguj(%%cl% PFE - Por) and

doubl e- decker con’:ﬁlhsafoll()ﬁmg:'s}(uﬂ’ehcm'ﬁﬂibdi Forat thb nithdemdd R tieskynmesis gfli ssol ved
in THF and | Oad%gﬂo@ff) coI um. Elution with the same sol vent afforded
(1 ET- Por) Eu(¥&% Stf‘l‘?@“?ﬁ rst band (greenish-brown), which after

renoval of the sol vent and washl ng with 15 CH30H afforded a greenish-bl ack
solid (72 my, 19%1) 1HANKNRY empgafiurgom:-Sasksypthess pf mego-gbsiisfed12 H), 3. Ol

0 600 52 5.7 Ly ebBylndtinded g 88D org hay 2281 %@im@ gy o
9.36 (d, J=5.1 Hz, 2 Edal ﬁ993)£@rg3€heﬁn 5orB79-88H)ii eﬂ-@l @bQ@PeﬂcﬂleH»onll 85

‘m 6 H, 12. 08(m 2 |~ . 12.76 8. H); LD M5 calcd av nass
G saHsaNi sl zSi zEuz 20 5%41;?329 133 2547 5. 1,ys 356, 421; 493, 606 nm The

third band col | ectgd i HF d pnto a SEC

colum. Elution wuttﬁh \',I\'%Iﬁz: Og%g'b?%?)%&% é‘f"“@“‘j“%ﬂ%ﬁ%‘?’%g’g “HEV8econd band
(bl ack), which aRer remd:aabedjs‘oluﬂnmysm)bngenic salvdnmﬁidﬁg/:mdtWa ?gggjyorded
a blackzgolld (10 ngy Hy, 4:15 H) ,

50 1 Is) b 1:16
7.21 (s4, Fi), 25" gig%yé 7IS)(bs 16I(E, 9.94 (bs, 4H)

igemim 2y, né‘s’?“?o‘#r%ei%‘%?% Rl n Syt 4 ol b )

444, 517, 628, 656, 79wnﬂnns1sﬂf@oimsmmaﬁnggm&ﬁermhiee@mﬁnmﬁts@eh ssol ved

in toluene and | oaded o col with the sane
sol vent. 1 uti on v th ot i yg?é%ﬁ)?gﬁagedrgn s0: 1143711846, kthuer et al. (1999)

| J Org Chem. 64: 1391- 1396)

30 @ A synthes1s of trans—substlmted porphynns mthout acidolytic

scrambling (Litfler et ol. (1 999) J. Org. C’hem 64: 2364—2872}
(5) A ranonal synﬂlems of porphynns beanng up to 4 different meso-




30 the first band (greeni sh-bl ue) containing (Pc)Eu(Pc)Eu(l ET-Por), which
after renoval of t he sol vent and washing with CH30H afforded § @rJié.n 2 id
{65 ny, 9.9%. 'HNWR (CDA3) &0.69 (s, 9 H, 1.60 (s, 6 H, 3.01 - 3:20

(m 8 H, 47-_8;(m 4 H, 501 Z~J~i~.?,60r ao (m 1H), 6.56 (m 2 H,
6.95 (m 2 H), 8.75 (bs, 8 H), 9.12 (m 2 H, 9.57 (m | H, 9.76 (m 1 H),
10. 12 (bs, 8H),1111(bs 8 H, 12.99-12.42 (m 2 H), 12.66 (m 1 H

12.98 (bs, 8 H): N2l Si . obsd’
2195, 1((§/|~ 1181. 4 [%%b%%%%?féé?%%%b%mﬁ Bt %&‘géﬁ@%)‘ﬁ‘ 22k
342, 417, 522, 552, SWoBBerdiZV. opg (B{egpqggg |5zn7g§0_179@1}§l e deckers upon
reacti on of “ET-Por. A m xture of

5,10, 15-tri ( p-t ol(§) ) - Bifficient Pd-mediatebequpling rsackionh(Boy30% givkdsiimdongtr i n (140

rlrgz 91 éLrgl mloz ogggzgﬁgﬁ@%?’ nFWé@”%éﬁ?w{e@Wi%dmth%hWer ar gon

for 4 hs The resulti n@;g@ﬁféyalrgggg.)oj@ Ofndf., ggss%*ﬁfg)c(gzggfor b ag};en Li zPc.

(220 ng, 0.29 mmol) was added he mxt re was ref itional 5
h, then the sol vents (8?9 lemmemﬂ&iaﬂﬁaﬂmm The residue was dissol ved

cia d | | ked h.th |
Hution i end o AR SR8 pRBoRain? bl Fund0p BIRuR R Gttt i edags - o
cont ai ned rdRidHbEd bFWReE MRQDE%(EJ&»P@%;:&B% umequil PﬁoP@bééthn starting

15 material. The second band contai ned mai nly porphyrin starting

materi al - arth A1P¥D vt Cﬂ@mb?@—,dé&kblrl%driﬁﬂb,xw(am&)r@@liﬂ%@)TAﬁrr@zdnhl rd band

bl ack Pc “Th t band

Cor oon ] 0conpl L8 3906B08 STRLGT (CRAP L Moish Qi 70N 2B bindsey ol 2 P21
doubl e- deC|(E'94<)Gbaﬁhlmdr&rPfsnEsﬂﬂca%snghmrahzanMﬁpAnﬁ@h@ﬁk 9GS, ﬂ%dl ssol ved
in TFi F andﬁéé)ad d onto a SEC 20 columm. Elution with THF afforded

( ET- Por ) Eule9-20eEFimdsey and Wagner (1989) b &he: Chegr.c 5i $38-336beg andibindseyaf t er
I h bl ack

ol d (21 AR TeNRRoR G, (PR TN Waghhr OB S DB BRI 5 g
Chor 611y, o 3h (bas oy o o 00 1508 o 6y . 12.75

s s . :
(bs, 15?5 |£6?’g %ﬁé"ﬂ@%’éﬂ@ﬂﬁ ﬁ%(g]s for CtssHt ooN sSi zEuz 23r1n8 5, obsd
2321.9; ~ 355, t |
redi ssolved in #—l% par F%ggﬁgd%%t% a )gé@ @ﬁt@d%@ﬂ%}@gﬁ&tﬁg?ﬁﬁ% E?ded
(Pc) Eu( ET- Podpguippd jin ¥snghB. SpLipdd Geo)dl (Bt Kil), D.MBochnaDl 81; H@tm,vmo of the
o (Gt RS YR DT Bt Wbl g 10
H, 9.92 ('5’12(70@0131&'?&eﬁi’8ve3aﬁ)(1§9@g§0¥%36h5%962“?(}33%&08? 05 14,50 13

J~ I~ ~~8 D-MsS cal cd av Eu2 2080.0, obsd
2083. 7201 i bs 34Methaﬂ4>logr| Tor 6QBpt1£65&;nd7ﬁﬁmpnlaﬁﬂme off athiiol b éinkkr§ gras etden

col um pac HBFTR I ool eh kBl Lie: B &R sl Dene af forded 5 the
1; Ie :ns)s/ alband ( gr eahb ShthésiLdf (EORoRIcHic that ?&hﬂh@%ﬁ&ﬁ%ﬁﬂe Ei0fdpe mi¥ibciksd tEr
performed using a modular building block approach. This approach employsa
stepwise synthesis (rather than polymerization) and yields highly purified and well-
25 characterized products. One approach utilizes a series of rgdox-acﬁvé “building

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

' éonstituents) that can be linked to the gold substrate that will serve as one of the

| ~ electrodes in the chip. Preferred monomenc redox-active units that are prepared have
 different omdanon potentials that fall in the range from ~0.2 to 1,3 volis. _
30 . Heteroleptic double deckers comprised of dlﬂ'erent phthalocyanine ligands can

be synthesized in several different ways. One method ini}olves the reaction of two
different dilithium phthalocyanines (LichI) and (LizPc?) with a metal acetate such as
Lﬁ(OAc)3 at reflux in chioronaphthalene for 1 h, affording a statistical mixture of




of the solvent and washing with CHsCH afforded a green solid (36

9.1
" %. 'HNVR (CDCI3) b 0.69 (s, 9 H, 3.00 (m 9 I~ 3.15 (m 8 H), ‘;Tz%&m_(@gm
J=7.2 H, 2 H, 4.8 (d, J=7.2 Hz, 1 H), 503 (d; J=7.2 Hz, 1 H), 6.56
(t, J= 7.2 Fiz, 31~ 6.96 (d, J =7.2 Hz, | H), 8.74 (bs, 8 H, 9.11 (m 3

H, 9.53, 9.55 (m 1 H), 10.13 (bs, 8 H), 10 11:06 (bs, 8 H), 12.30 -12.42
(m 3 H, 12.62 (m 1 H, 12.95 (bs, §4H); LD M5 calcd av nass for

Cubfi ~4NzoSi Euz 2080. 0, obsd 2083.2 (M 1178.3 [M - (ET Par)Eu], 903.1 (M"
- (Pc) Eu( Pc)()’§= )Lu@b's) @@ZLu@EIc aﬁdza’c B4R B Bich Bikh i8Bap aﬁ@édmtl on of

. (Pc) Bu(Pc) Eu(E' T- Poe% *%96' (3(C§EU(PC)E ET- Por) , 0.016 mol)
was di ssol védrg Lip Il hepp, by o1 él@ 14 mol) was

added, and the r%g&g@ge meeﬁdartswmqleﬁérble@?@d@&g GecBSbnBhlAL e hiion: 5

occasi onal nonitor H NVR spectrostopy r'ron
m.) was add@dithalocwmnehgmdsaffordsgaatse,coﬂﬁd otvbﬁthe@mdubtdignbuﬂdmr]gtms washed

w th Nal 3 0% éh rrLg dr,i ed NazSOS% filtered, and
rotary e ap(ﬂ; Pe¥f 8‘?3&%’?&“ E‘Fﬁ’% P%‘bra&ﬂﬁé(a(ﬁﬁ)i 20 iIn2ds)
afforded a bh@lﬂéfrogéhz%ﬁé hﬁeﬂ%@f&g%e%%grgla#owﬁhﬂ%&%@f]?c l(a;g‘ '[Rﬁz

3.17) 3.24 am ,
FZ] 6.56 ( @1&@1@ aesadwnthaphtbmwuﬁq anid 18-disBabieydlofs;4. Buitiec-Bedsd (M 3

(1 3 1, 1408 B bt Mt iRt wllente dhimasso, * %7

G 6 ! 0 (M+25 -
.(pL)SEllSJ(gi?)E cm Zws}%gamggmg\ém %ﬂ%%%fmirgggrﬁrz‘ﬁ %?g%@iha 1831 0 (MF25

(Pc) tEn( ﬂ>tQ) EJ(@BeP@ir §I9§A) L Pemplyrin P(zﬂw@fcfﬁugﬁ;@e&mn )me@m@éapﬁ:aﬁnglf mol )
“Was reat e I oW a roceaure as or

( Pc) Eu( Pc). E&%ﬂ or @éﬁ%ﬁn@fﬁaﬁ@%&r é’ﬁ?’@e"?ﬁ?’:ﬁ%&e%@ affor ded a

bl ack sol i d (PdRvI(RE:) cﬁéﬁrﬁedeckér(héﬂgl%z&ﬂ@@%) P81%vh9c§on3179§9d30390§g ~, 3.30 30
3.38 (m 8.H),371 s, 11~ (d, J=6.6, 1

l~, 6.70 (m dleﬂ%a Hoaqiﬂowaxzi éxe ﬁynﬂlesm)of @OﬂM@@QGUEIe@BQkQS 09 - 9.16

N s e%?ﬂﬂe@%c%awbaaeh%lﬁ]ﬁné%&u%% cDlabhol s Pyt g kg

LD- M5 ¢ afcd wshcn fesmetabeatioh iy d;ia&NEngE(E g211.34 GH.) OBbsHe 2thabhdnd( idk reabtion 0843

41 22, 72 It hi I

S 3ot el e B RS i e
acetyl t hio) z 1 pnol) and
Cul (0.19 l@@g Ep%l’%ﬁﬂ?w\g\ere ad%%g (%.995?‘]'3%19;”@%% & &ﬂp{‘ ;‘:86515 85 e flask was
evacuat ed and pui@@ohpmmﬁ'@ﬂegdnokManpmsadﬂﬂ’po aﬁi?plﬁhﬁdcﬁhﬁeé BaifrL) and
deaerated N,1V |so hyl am ne (I, m, re added by syringe. The

fl ask was i ﬂ}/(fe fl %&EW@P“SG“-@%?KP%E#%@&‘? W@%ﬁdﬁﬂﬂwﬁ he

reactlonowasnmqn(dc mwﬂkﬁiﬁbhb%eniéﬁ%%{k?hﬂgﬂs l%al\ﬁ; 6 1fidn h, the

10 sol vent was renoved under” vacuum the resi uene/ CHC 3
(1:1), and ﬂdﬁhmm@phﬂmldcquénzkbismdﬂeqomdqhdmmmmeﬂmm vent .

deop oreen SBRHEREIOT Sefrcet nRm e e defrd b bicMRe o
m nor anounnd{PAMEPEMPLI) %plﬁ&é&retﬁhmng Qzealpﬁ@ﬁ&?fno}g‘ Chimbi Ak RS, Wes

further purlfled by a seco col unm 15 chr omat ography procedure (silica
gel, toluené¥: F—Q?“’fErwwg@eﬁlmmregwsﬁ@memweafﬂ:erma’tdmnda]he of the

5! venL g8t SsHRERAA of ot it Ml L Sl rbhanisibi 8y

5.05 (d, J= h&ﬁbehlnsecﬂiolj&'epaﬁeﬁﬁadechanéﬁfo?sﬁc 1e2dddkm6 77 (m | H, 6 99 (m
I H, 7.74 (d, J= 7,8 %,805 , §’ '8.16 (t, J= 8.0
Hz, 1 H), 8. 73 (Egpleéiezger cop evwzthﬁ@rﬂ)t mﬂjals@lsmﬁnhe piepagd B6them | H)

iy 015750 Fting el Rpoltellrs GEoRE@Ehidh b el Bmpie it 26 7000

2146 2 (M-, tri{:hl;ntolﬁan(zmt% atreﬂﬁaa{eﬁmghmﬂoﬁ&:&snafﬁmﬁénfegm‘@e)w?@)& dill -

(7;8) Eu(?(g))d%: 25, 4 #lﬁ CSPQ &(Pcégegﬁgﬂm&g E8b5?$n42 4 L, 618,
nm iill) @é;d( gaqm

Pc) Eu( P t Ith b

(Po) Eu( Pc) ‘bEchletQi?) 1998 e Teha kY, £k $8130ks acetyl thi o) benzene

| tnol); znoI and P(o-tolyl~ (2.5 my, .
8 3 wmol) were addww mteaomﬁbdedkefplahﬂocﬁnme{s m&hmsacauﬁcﬂahmchl@ﬁd pur ged

wi th argon d t ol deaer ated N, 1V
di i sopr opy! %‘F% %%tﬁg%f‘gl f 88&?1 EF?‘W}‘FEE)"Y PR sk was
imrersed in an oil bath at 35 C and stirred under argon. The reaction was
nonitored by TLC (silica, toluene) and LD-Ms. After 24 h, the solvent was

renpved under vacuum the residue dissolved in t ol uene/ et her (60:1), and
| oaded onto




~ 3 ~|E. ~~_ 20D4 83 a silica gel col um packed with the sane solv

Elution with tol uene/ether (60:1) afforded the desired product tl)g %br?m‘?
with trace of unreacted starting material as the first band. The product

t hus obtai ned was fixrther purified by a second col um chromat ogr aphy
procedure (silica gel, toluene), affording a black solid (3.1 ng, 19% 5
after renoval of the soI vent and washigng with CH30H 1H NVR (CDd 3) L90,

6 o re 1 DEUSeR it it SepRinfindifle dbof @@ﬁ&éﬂ%ﬁﬁﬂ%ﬁ%ﬁﬁ% (G 7
(xn, 1 H, §198)Polyhidbh, B: ZI7$-Q$80)8 H, 9.05 - 9.12 (m 3 H), 9.42 (m 1

H), 10.10 (bs, 8 D, 11.11 (bs, 8 D, 11.56 (m_.2 D, 11.72 (m 1 D, 12.02 (m
| D, 12.98 (bs, &npneemp 1,8%?1&9 ods fo deiningth @tmhﬂecmga@dgggzm 3,

(Pey Eu( Po) ) Lt a0y foltBlipat )R, Oofpsl ool Blpidotylotindo-° 15 -
721 nm E- dmmuteémétﬁﬁn}dfsuﬁdﬁiQﬂ @B’Qhﬁﬂﬁllcli'ﬁn@@ﬁﬁdd@%gmr efld. (IQM))J _

Eu(Pc) Eu( E T- Po | | d
L0 Fol 1S TresChermgor S566- 0013, Wadher elalc 889 Chme e ddnae s 3oRr ubna (5

%Zﬂ ?g?egr Iby %@yt%% % %Wh\% %ﬁ%%ﬁsocven&%&{r ngv\évgs

anfj t he reileéhwymgngMOMunds afﬁ%%tfa%%;m&?&ﬁaﬂykmbs&hﬁed bmwbgﬁ:ld
i o ba® < et (Pasgandgod WAl Mo e dean bt 25 4300 el EBRem oadea
onto a qbep%g&%é@%ﬁ&%@h@mmc q, mohﬁﬁggé@g@%@gﬁd}{eﬁ ol 41 0N Wi th

t ol uene afforde separat ed gfeen e second band
was col | ect dd74Réhﬂ8aGodf(Ii9&é)£@meﬁ'hemrﬁ£ W3 74 @4 i th lyeiChidfidr exdropided a

sl 501 e AR e bt ot 13

(d, J= 7.5 |'dHens%5an$PSchTutbp(1999)]ﬂem7Ez§7J(5m42m2 of. 91 {brs, 16H), 9.25 (m
6D, 9.68 (miD, 10.09, 10. m 2D, 29 (brs, 16H), 11.30 (brs, 16H),

12.31 - 12 42 ( mAﬂwdmx_me &@: er_szoraaplerdpcm wah@ppqndueé furictippal gBoups havs s,

I N Y o N e T
| f 2
sapl ¢ of Eivarui idGoRiyi) (Gitolalal (OSICHEN AR Bugt et 5 2

he reaction m xture was stirred

at rt under 1223dA2%% mmh@s atieghedéma hustinmg bis(phihalpayasipe) (stikewpgndand, 1

Seuti ng. it ORI TR P 0Bl TRl et M VR0 PR ) OF

filtered, andPegReERPErtip mlaa-m @H&hagfa@gmws(%ldhleﬁﬂezﬁu@s&mwfor ded
a black solid (18.ng, 83% LH NMR b 3.08 - 3.10 (m 15H) 3.29 - 3.59 (m

16H), 3204 (s, 1|1§smg4 ﬁmmﬁlwte%eq@}egmmﬁdw in the(gxanpigs, ot 06"9 (d J=

5 26 i or) ordd gl m e by ibang it S B mtachdsd D' 51 °
12. 36 (m Ahholedidessfor (58 in thd devidesBZ tHiminvahdionl3. 14 (brs, 16H); LD-MS obsd

4008. 3 (M-; FAB-MS obsd 4001.09, calcd exact nass 4000. 81 (szsHuaNaoEua)¥ '
7~yg 343, 421, 523, 618, 667, 721 am - _

C. Charactenzatlon of the Storage media.
25 ~ The storage media molecule(s), once prepared can be charactenzed
- accordmg 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'qI. (1997) J. dm. Chem. Soc.,-119: 11191-11201; Wagner et al. (1996) J.
 Am. Chem. Soc., 118: 3996-3997; Li et al. (1997) J. Mater. Cham., 7: 1245-1262;
30 Sethetal (1996) J. Am. Chem. ,S’ac.; 118:11194-11207; Seth et al. (1994) J. Am.
Chem. Soc., 116: 10578-10592). In a preferred embodiment, the electrochemical
studies include cyclic and squére¥wave voltaﬁnieﬁy to establish the redox potentials

of the monomeric and multi-unit constituents of the storage inedia. Bulk




10 Dyad-i. Sanples of E -dyad-1 (15 ng, 3.8 Nml), 1-(S acetylthi oé 4

i odobenzene (1.1 ny, 3.8 prmol), Pd(PPh3)zCz (0.4 ny, 0.6 N. nol) laddJidul 2604
(0.052 ng, 0.27 pnol) were reacted on a Schlenk line in the presence of
toluene (3 nmL) and deaerated N, N-diisoprophylethylamne (DI EA) (0.6 ) at
30 C under argon for 15 h wth nonitoring by TLC (silica, toluene) and
LD-MS. The sol vent was renoved 15 and the residue was dissolved in

tol ueneBt zO (50: 1). Chronmat ogr aphy (si®ti ca, tol ueneBtzO 50:1) afforded the
title conpoifetrachemiealfoxidationsins pocfatmedhom achor thei sierdgembterials tofsséste

comound as Thi R BERA CrA A G ReliPHEh S RBRERH: ng w th croo
afforded a bpedtdesapid ﬂefh%cﬁ af&:se@%@sseds'ﬁlé\ﬂ’lﬁc&rﬂ 288 efe%tggﬁk%rogéﬁ%@ of (3. 11

(s, 15H), 20 3.27 - 3. 16H) , d, J= 6.6 Hz
5 43 (m 2H)b0ﬂ:6th6881{t§ﬂ1 ap ﬁxmlzsdmaterglg lgtane p(ammmuc rEs&&n@e‘rheclﬁhﬂues? 77

57 Ve, | By HepeElia pbbd e el Sesee ntpje bty et pf o qiidped oy

16H), 12. 32 (smraéﬁole&ﬂeﬁijsﬁﬂg thé bﬁoveliaeﬁdﬁed]tgclﬁﬁ lfembeﬁéﬁmarﬁfo%% d brs, 16H)
LD- M5 obsd 4156, 4 (M- 4112. 295 Pc) Eu( Pc) ) ;

FAB- VB . obs §¥Rertd. Or@am@d:hés@at@umm M@agmot@ﬂszmsomwm , ~bs
343, 418, S of c) Eu( Pc T Por)
(18 ny, 9. o%@“@yg‘%%w%?%mﬁ%@ g']‘“%‘gﬂ%? “T’%f%ﬂﬁ? 6‘25%“(3 . 0.36
~.mol) and 1z (1.14 ng, 4.5 pnol) were added toluene (3 nL) and N, N

di i sopr Byl amne (0.6 nL) and the 30 resultlng mxture vvas stlrred at rt.
The reacti on pro&%&g‘&imt 1L HAq s on|target yubstirptes

‘the sanme anmount of Pd( %’%‘Fﬁﬁﬂ@]@éb er. Stifrifg overni ght
the reaction was fini sliﬁgd product a arttsrﬁégtrra?%%lo}?ﬂés ui)tn ﬂ?g f U~
2004 85 bas etdrags naedmtare désighied)o sé[f}asssmblemﬂamtrate(@g%haeﬁ’duem ogr aphy
(silica, CHO @@)ﬁgﬁé@% all the fntgn triple deckers and. subsequent

puri ficatiof® € F DR Yelesrngendegs sissamblvas a

s e e e
(d b; gg 5 bren e@tgnswabgﬂu@ad (e, &g 6Sekick 2y, (1888 it fge%?fbc,, 1 :u:~344(1 m
(br s, (%S%Q?W*’gd e%%éﬁg%ﬁb}%? S@ééf gfﬁgi‘lé 2%??75)&5 VB of)gnd 45014 68,

cal cd exact mass 401 4. 83edeeZcbntib BN e shlienTofReitdsenttd 722 nm
E~pLE 2 Stadi es Related to the Desi gn and Syﬁt hesi s %fre%%; gvfgr Cct al

Count er AbbHEYKkT kT hsasing aclive sites fuslifieonporaied dito thesiormge ﬁﬁﬁdhle?c

2,3,9,10,16.1¢ | BuPo ans tetra-tent 15
but yl pht hal § cya%ﬁlnéﬁe%b%mﬁ%%\a@mﬁﬁ@%tﬁwf@}% el%gflfl actpge) spr means
nesot et @ pgivalg/dnargpitzyd sema@aﬁared@aﬁammaebﬁerﬁ@%wha%&ﬁmm 'E- PnPor

means 5- (4ethyn Iphenyl) 10, 1S, 20-t d- n- pent yl por phyrin; "I - PaPor means
5- (4 i odoph&fiyalized linkers attached to the meso positions, the porphyrins arrange in horizontal

 orientations. Non-covalent interactions between storage moiecules are typically weak,

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

25 VI 7 Writing to the storage device.

| In preferred embodiments of the data storage 'device's of this invention,
- information is written {o a particular memory location via application of a potential of
- . the requisite Yalue and temporal duratioﬁ at the appropriate working and reference
 electrode(s) to achieve the desired digitat value. The information canbe 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

;:aduced to sub-micron dimensions, the area of the surface allows the presence of only




10, 15, 20-tri - n- pentyl por phyrin; EB Por neans _

20-T4-(2¢trimethyl silyl)ethynyl)phenyl]-5,10, 15-tds[4-tent-butyl phenyfi] pagp
hyzin; and EB 20 - Por neans

20- [ 4- et hynyl phenyl ] -5, 10, 15-tri s[ 4-tent - butyl phenyl ] porphyrin. Results and
Di scussion: Triple deckers sandw ch conpl exes for the el ectrocheni cal
studies in solution. The general procedute for the preparation of

het er ol epti ¢ porphyrin 25 phthal ocyani ne sandwi ch conpl exes is as foll ows

(M Moussavi2 few lamdred date goragh éang., p@Bbyrisnoleqade. Vg Fagdapisddw,c@=rliNal . ,

| norg. Chem L 339- . ).. A por rin,s fluxed in the esence
of eg cess M(‘évég%% -eﬁﬁﬁlf)ﬁﬁm%? g!?%{g?, i e(%f‘ﬁ’lg %ﬂg’r‘i’}%ﬂﬁ 8,% gjﬁ?tf%s @eﬁﬁoquglef) s

por phyr i n- MS8c485) Caifloibehol SAHIEI KRB kb 8RS fTRGNEs ¥F &1Bctabiived Hpbies

pht hal ocyanine with continued reflux results in a distribution of Three 30

triple deckearesspiipit exwbe detetmidedithat ordy desiall ebange 616 at10{ PE) Hpame)fu( Pey ) .
The porphyries.tla h).; phthal acyanin (2a-e). and 2f napht hal gcyani ne were:
used in The %?%%Eﬁﬁi%ﬁcwe’%ﬁgrﬁﬂyaf@ IPP%t;?I&? lﬂé’é‘iﬁf‘g&aﬁﬁ% bstituents
to be exam nggtbBldmids! charpe cotrebpotiding fo bach € N-pentyl. and p-tolyl on'a

porphyrin unit and nethyl,” octyloxy, "butoxy, and t-butyl on a
pht-hal ocyani ne unit. NAtditiohally, thet intinsisrlimitagion|tp Hicspeabyfmoste ( 2d)

e PR el AR TR Hmb S u B RS e SR o
derivatives aﬁpio@ﬁateﬁpdt@ﬁi@l (RO cha¥¥ind ceRédt] WhicR Uhs 4 Bﬁe%ﬁ%fd%hcer cﬁzeﬁgo n

protocol w th nine conbinations of porphyrin and phthal ocyani arting

mat eri all8,. dfMten Hinee theicppasitaecsiafithedegitods ésdisestiyipreportionabiogisaze®6. . In

each case, - E FL ~ S he. crude react.i m xt ures
were purifi \g@g‘a’y co.htﬁﬂn%?g%ﬁ%er%ﬁ %%35%?3’%%%3? ﬂs%‘gmgoéll ‘g%’%%“f’%ga N rst

fraction 10 iseeissiitagedd) Tonetitile, ol sqithre s R rode RRINAX1 ieH&ibid Eu( Por)
and porphyrin nononer, which were easily separ?éed by SEC chr onat ogr aphy

(THF). The Seaddbaemaicaparitance of pppsoxioetely 2 difp B lending totapRC time constant
Pc) Eu( P - t Eu( Pc),Eu( P ired further sili
o b chr bri B 2 BRGs<cH RS Fot iR etop, Aihind® chetb b tabRe sl B ot o Soct i on

bel ow) " tile dhsigiiGitagiaaberhiathd tBe BRi Rehakée SAHGedevicksTes. Reactions
of pht hal ocyani ne 2c wi fh poxphyrin la_ or Ib led to the recovery of starting

materials and a very chhproliageasediomrite edatpeaschecdesived fom mysife wideker
subbt 1 ¢ uent SeeBYesBLRERE Th  pRESE HIBGLHHL fud Rk EhL b RS Bubl BER,

reaction of ayewwhyepplyl Bowedkrphipbaboayanbditmeats \whe Roleani bk i D.
. Chabach et % Newt, 20 Chem 1992, 16, 431-433), the a type triple decker
sandwi ch corffi%oms slemegt af aelactronciseritnT sy vrltage cambe asigtalithaces of b and

c type nmpl ' ¢T=Te h ' . rLes. b and
mapht hat oy A agitoR NGB St he ddMe ol £ B Heorh 38 oBhodl ROk Bl ')

t he recover y cshiral protdssing mefteandeathe kel Iy shiort, siralallyanpuoltagefsoarce YR cid i pl e
decker. The.,(yields of th riple deckers, i.sol ated from each 25 reaction are
listed in TABIES .03%3(9&“1?'&15& @Lﬁ@swﬁofé@ﬁﬂ@ﬂmg%mﬁaémw%@%? e Vs,
FAB- M5, W VigkorsReaEdia ey, and 1H NVR spectroscopy. However,'H NWR '

spectroscopy was not particularly useful for the characterization of
conpl exes containing the tetra-tert ‘

25 . VIL Reading from the storage device.

_ The storage device(s) of this invention can be read ‘according to any of
- awide 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 readout is destructive of the state of
30  the memory cell(s) (e.g. in certain memaries), the read will preferably be followed by
a refresh to reset the oxidation state of the storage cell. '

- . Inparticularly preferred embodiments as shown in Fignre 1 and




but yl pht hal ocyani ne Iigand (6a, 6b, 6c, 9a, 9b, 9c) due to the presence of
30 pht hal ocyani ne regioi somers. The purity of the conpl exes were tanfilitn@gls
by TLC or LD-Ms analysis in the absence of a matrix. In the LD M5 spectra
of 3a, 3c, 6a, 9a, other peaks in addition to the nolecul ar ion peak M-
were detected and could be ~ 3 JWc~f~~ a~ assigned to fragnentation:

(Por) Eu(acac), (Por)Eu(Pc) or M --[C4I6i39). Type a conpounds were easily

di stingui shed, f ro? ypes b and c bg thé significant difference in nolecular
nmasses. Nthgiﬂjﬁe oﬁasﬂmegerse@wal@ 988 storage osHAB0 iroiettouieatrabfegs 0 t he

struct ur e wagoleHgthe 4 La; conmpal.i son..to spectra
reported 5 fglqi (Pc)%%gg#%% g%b%éfﬁn%ﬂgﬁ%}’be@{ B‘é?g:e,rol ﬂ%‘?&fm&{eﬁ?&iﬁqa 1998,
2'68|, 49-53; g;ound)anlmlj?@thteadfoﬂidng glhb%odeﬂl’hﬂb:ldﬁﬁﬁ@: &%ez&th%b%mh&%;&ﬂ)%s ﬁ% fgr
anal ogous ceri.yum ) triple-decker conplexes ) abach ét al; w J.
Chem %992, 18 Xé%é%%.P%@&%@%ﬁf%&wL&m 103es bysgitingte, 117,

8548- 855 { Fi. Adgbie i - (.G al pi,ng three

tetra-t enit -but yl %ﬁéﬁgtt%gtg%gﬁéaﬁlgg F‘?g‘grﬁiﬁﬁp S?N"Z‘é%ég?ﬁeg‘gﬁ%“ sty Olthg storags

( Pc) Eu( Pc) Eu¢éitis théuineasneedi (8.g! udimrsimsoldabvolesime))ata the ivﬁirﬁ]ég@léléﬁédé andwi ch

conplex fro reaction of |b and 2d]. El ectrochem stry. Each nenber of
the |ibrar ymﬁ'ﬁ’? Fhip Bre; Pr%%n@\?vP a pleteassayed bywaepspingcuarait. Byai | abl e

i n suf fici enmeaddiblchivredes ' Qﬁgg | Ly i Lon. -Sel ected
el ectrocheni cal data are summari z%&lﬁﬁhﬁ%%% eﬁ:&g%?étgtgiﬁtbuuﬁag& C%a,

6a, 66, 9a, destraded03pkeuasuromenids iaimateat: ds: plevechopstentise ts applied. eiss
~conpoun 6¢C apd 4c .provi.ded.only three oxidatjon states. For nost
conpl excejgo, t%aﬁ%égﬁa&sm} tg dieaminafe. _ 05-5@3?‘?/@6?6- Hithg patertial vigtq apbiedtecur r ed
vith 6b, 9d aedidtaoibaieudivien BRUUTLiaRsthakaed IREBHPARGAallBeN ghest
el ectrochem cal potential was exhibited by the triple-decker conpl'éx 3c
with only th@@é“‘@dééﬁﬂrtbﬁsﬁtﬂﬁming”group (p-tolyl) on the periphery of the
porphyrin ring, whereas the |owest potential was measured for conpound 10a
with an aliphatic chain in the' poxphyrin neso positions and ei ght nethyl

groups on the pht AaResdiagifrvn did storabb@sis.esul ts are consistent with-
expect ati n based on know edge of substituent effects. Strategy. |n order
to i denti¥y conbi nati ok B casq ¢fithe Herage mediarasidesnvibled hireir harsading of t he
design of annaGhak . | yare.,wave voltammograns and
i nspected them vi ga%%%%%@%@%é&é&a xPa%?ﬁhﬁﬁeﬁﬁ‘é?WaaF@%gﬁe of the
pairs that eswdebirgechotential gve thesfall asrpieivab todstaBBEEME dFhfmichphgadgdhdc and
6a, 3c and 2% andI 6a aq_g %g .OF these 9c ap&gar ed to"be quite attractive
for two reastieee pleineptlhe Sgakly of the maapirement is dgpandentow e woll theot ent i al s,
t her eby  enabhdidgiodnhetd E S By : '(?Le- el e hem.cal wi ndow
- ongold to be accessed;gy%z?%ﬁ ﬁa&tg}% eﬁe%g}%?é%?@é acet ?‘fh?ag#t}?fg’}ly\/a_t i zed
triple d8ckesledioshémical methhdt conld Gy ithfioes teaignal® mtswirghiedy Mol ecul e 13
(Figure 27) lch has the sane .substituyents but replaces one n pentyl group
on the porpH ?W&e?ﬂﬁ%“? ﬂ@?ﬁq @'@@a‘l’kﬁwm%ﬁﬂ"é%ﬁhﬁmﬂﬁto a gold '
‘1 3 JUG  ~O-dbnitin SHre63H S8 catdn/PREE waletbih): i ag,,peen
prepared during the cou:%ge of th?gﬁst‘udilf&dlph%"Mégﬂuﬁsgﬂgséﬁ&g%p%y’
- square wave voltammetry). These methods discriminate the faradaic current from the
charging cu;-rent in the time domain, since charging currents decay much more rapidly
25 than the faradaic current (exp(-t/RC) vs 2, respectively). .However, the anﬂyﬁcal _
| " 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 cyéle.
' _' 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 background
current resulting from cyclic voltammetry (consisting primarily of charging current)
- - resembles a square wave, which contains significant intensity at both fundamental and

- 0dd harmonic frequencies. In contrast, the charging current 'resulﬁng from sine wave

ot




Bui I di ng bl ocks. The synthesis of the triple-decker sandw ch nol ecul es 13
and 15 required the preparation of porphyrins 14 and 16 (Fi gure %d] i‘
Littlex et al., 5J. S J. Og. Chem 1999, 64, 2864-2872; JUbt 2004 -
al., J. Og. Chem 1999, 64, 7890-7901). Each porphyrin has been. pr epar ed
Vi a a rational route. The reaction of 4 bronobenzal dehyde and

2, 2-di met hyl - 3- but yn- 2- of under Pd- CO%I i ng condltl ons (L. Delta G ana and
A Haim J. t rogcyc 1984 607- 60 RV\ag er et al., J. Og.
Chem 1995, 8%%@%73‘13&%&0@?0%@“3 ameytpd, Wiyle the74 10
2983) affor dehong hatc 1999,
895896) . Th%ﬂ}% her p%%gmgﬁﬁgﬁg&pég%%%t r?g@%?g%g%vas gegsggg%dm%ﬁ}a%rder to
facilitate s:eqmnem sigaplifies theeelqpiroptalytical mreasirembimsincesthe pignkl frtve eagint hesi s.

Condensati on I att W € rrgle in the xesence of
triffuor oacB’Pﬁﬁm&‘c ﬂf‘ﬁg"q_eﬁﬁ’é’ i‘r“’ g-4y" on ojie °§gl grequsney, 1999,

Fol | oved’ ﬁ?@%@?ﬁﬂ%@?ﬁ%ﬁ@ﬁ?ﬁéﬁ#ﬁ%ﬁ“ﬁ? ﬁ%ne%f"?f (ERNETES g8, 20"

prepar ed i nkinetissoofshepdox oeetion, Wh:e’mmagnﬂhmﬁte&l@@bnhggahehmﬁﬁqmy hane with
et hyl magnesi um broni de fol | owed by n-hexanoyl chloride afforded the

correspondi _angl-*di acyl di pyrronet hane in good yield. Reduction of the

di acyl di pyrronet hane \gifide rﬁ@s@'él%ctrﬂcﬁeﬁﬁéﬁWéﬂﬁ&fs'rb’@rbn(mﬁnérenc%%etv%nw0l

af forded the correspondi ng dicarbinol 19, which was not chatactetized but
was used i nFed$ @mllsrthemtﬂmaa@jbmlbﬂf of tha subjett malbaileseme biidizedfor

di pynro th rro tha bi nol 19 was.perforned in.the
presencg@ of - a%%ﬁlé‘ﬁl % e(;&%g'“ﬁ“%ed%nm?ﬁn Prﬁsentmasample

2, 3-di chl or mcﬁth&eayeugméteﬂ:ets@mw R2Be fnbhdvrenfbrit NR1sHAs b&edely BiRqUS Ul Iy
prOV|des porphyrin devoid of acidolytic 25 scranbling,

di pyr r onet hB¥etiliix of eestchemicebmgitogn firithe anslysis efimesnysomplenwanmices Itondense

W th m)dest ecies identified was
nNeso- tetrape igor D y??l-r?aﬁ%ﬁe p Iarl*tl IOR%CD%{e@QBI% ectronh'ans}‘
2- (2- hydr oxmmyémmmyﬂmnmrmwwgheme enelbttash &a@fdr)ec@emy 8tdr@eh of the
m xt ure oé%pcgyrln 20 was obtained jn 28%yield, Porphyrin 16 was

in

prepar e et GF@%?IF‘EFPQEWWBCGG%%WW seleofvity in
di ' th f TFA afforded h 16
di pyrrone gﬁ( L&gur &?g?m%ﬁufe& ehe presence o af f orded por phyrin

in 32%yi el e reaction of Eu(acac)3~nHzO and free base
por phyrin 20 af f or ded THeeonposition ofithierfeeqhufiasppanan icaniehely ddjepadnrent of

the latter with diljthium ~I.t ~f. 89 pht hal acyanine 2d in
reffuxing 1t fﬁeﬁfe FB?HB%‘%#%%E%ED&%%F@Y& f thg sinpsoidal orpthter s (with
protected ofd tﬁﬁ‘é&é\%f&ﬂiﬁ%ﬁ%ﬁbe&ﬁ&&iﬂi@foﬂettﬂsﬁsﬁﬁhgﬂ%nﬁ&tﬁﬁt' ng
‘materi al s. Sl nce th ydr oxypropyl) ethyne protecting group IS

unst abl 20 unaiweli h!etheephasa mformahoh ta @mmmamhegﬂadnewbmqib@ﬂebwheh haﬁ hyne
deprotection was perfor th 0 r| n.st Furt her his

approach mi Hf i §§:‘??F W%&’ﬁ? é)ﬁirgﬁ éﬁglt‘?csp’éluﬂé‘é‘k I8 der
~to obtain the ReBHEL Sfiﬂﬁ@n%ét'M&mﬁ%ﬂﬁﬁﬁlb@t&ﬁh&&%ﬁ'& E&@Eﬁ%&b&& with
zinc (J. Rodriquez et al Soc. Perkin Trans 11997, 709-714) under

st andard coffdn ﬁ@dgﬂlhrﬂQS’Wy@kemZ@ (ﬁﬁ@tﬁlﬁSBGVherBﬂpsrst@ualﬂpn of the
ethyne by 1 di um el | uen L., Della, Ciana and
A Haim J. e?é;w%/%%c’%% eﬁfgﬁ) %?dggé?ﬂf@%@%@?@q‘ﬁv@ ®bui | di ng
bl ock 2%5 Dewrifairtisbidal Witagdnetiyt oW tﬁelmehsumﬁ@ﬁ ofll.08M dotBlelsiiagaiqon 1994,
50, 8941- 8961€thaffor ded free base npno-et hynyl t&sr phyrin 14 in 83%yield

(Fxgnr e 30) DNfadheconecmtration deteqiondimis 63/ MNbmner this size@d dsDY Asaighe 6s

Dot um hyelr SEERER A3 WA oblatie W05 RARAON L, O S KRRRISet 2.t on
‘of por phyr i of e adédrbedsmdieria, ﬂﬁﬂmmwsd@tmoﬁ@ﬁubczmom@let(@o@ bRy eeded |
~smoothly to g| v.e %Prf/ hyrin 14 in 90%y| el d. The reaction of Eu(acac)3~nHzO

and free baS¥aH $ ftotage mpedimg gapl F‘Fﬁe(éb‘?r#@ﬁﬁﬁm%g Eu( Por) acac conpl ex.
Tr eat megy _Of _t he _ | at tqrhlé’\f)fo&ﬂé ﬁxﬁ?hﬁﬁately degrade the memory in the absence of

a refrgsh. mechanism. The level of degradation will depend on the total number of

 molecules ultimately used to ensure acceptable fault tolerance. To avoid degradation

_ probiems, h9Wever, a refresh cycle (a write cycle resetting the memory to the read




- 20 phthal ocyanine 2d in reffuxing 1,2,4-trichl orobenzene gave a nixture of
prodyct.st oget her withresidual sfarting materials (Figure 31). Coll UL 2004
‘chr omat ography on silica gel with chloroformgave four bands. Further
purification of the first fraction by SEC in THF afforded tripl e-decker
complex 25a in 22%yield and unreacted poxphyrin 14 (38%. WVis
spectroscopy and LD-MS analysis allowed the structure 25 of 25a to be

assi gned as. ( E- PnPor) Eu(t Bu~Pc) Eu( E- PAPor). The second band contained free
base pht hal otusheaebemsented immdiatelyi afigr eacti redtbeyctauistchmpletels gave conpounds
whi ch had the sanme nol ecular mass, but di splayed different absorption
spectra. These conpl exes coul d be assigned as (tBu4Pc) Eu( E- PnPor ) Eu(t Bu4Pc)

25b (1.3% a-nd.(tmﬁm&ﬂtmfarﬁ@ﬁhgmaﬁ%n?&&ﬁmﬂoﬁegfder of elution
fromthe 30 adsorption columm. e nonor odo- Y _ e- decker

conpl ex 26e (Figure 314\siedcatednbaradhe moleeviaf aGmmgy dgvietstaafbeecadtbyengol umm
chromat ogr a ] - sl ~ ~.~m~aa~ 90 ampunt of inpurity
still detg ec@gé V@E}Qﬁ%%%%%@re&?ﬁm%?lg@ﬁf g}cm‘ﬁé&%mﬁ?e@ﬁ'@“’!cm@ﬁy coul d
not be assi dagdeitroncamipeemmiety)] sdutortl ik MetiesaiNk.8XchrbibdofiRnidiyl) € decker

form ng r.e_-action, Eu(acac) 3-nH20 and free base porphyrin 16 afforded the
cor r espondi g™ 9 metheds Iinear swesptvedtammestrys pieclicatoltemmetryhpidsel i t hi um

4
pht hal ocyani bl ' ~trjchl enzene gave m xt ure of
product s toé@t er e\;i\n{btshﬁéem !ﬂugfﬂjmé,tﬁlg?ﬁnéé‘q;gﬁggfglvgm( PHEREEICE ol umm
chr omat ogr apheeswemsits] amal e likei Suoh etddonisioas Be gw&ﬂi@% tIRANES andréy t her

purifi cziéi_ or)]:.rof the first fraction by SEC in THF afforded tripl e-decker
conpl ex *27a FH Y W Vi s spectroscopy and LD-M5 anal ysis all owed the

‘structure of 27a to b%%lﬂﬁﬁg%ml;&@ﬁbﬁ%g \= Ggg%ﬁ%@g% dwi ch

)
conpl ex. The third and the'f " gave corr%‘éu _
mol ecul ar mpstentibiat/ wiltepimestetsystiefrf. Sneing sysbe isdapatile dPeeiling and RaRRgERID| exes

coul d be assjgned as c) Eu( Por) Eu(EB-Pc) 27b (1.6% and -

(Pe) Eu( Po) RS ITaes Aot & igpbenti ane sbal. Sich oisoptem combe meodiiadfiosmton
colum. Tre éfﬁ?%'ﬁf vateen WbscAbAEA3. Yaogsyoat al.. J. Am Chem 15 Soc.
1996, 118 11%6- 110803) afforded the gt(aﬁp%tgt ect edoetﬁr'i pl e decker 28 in 94%

yiel d. Thiol-derivati zAsillusirped in/Bignze 16 arpbiéntivsmbwithex®C Hine coasent
i nvesti gat-e ral hods .f.or_at hing the thiol handle to the triple -
decker bui | 2?%?“%@8 @%&?ﬁmgﬂwggfeﬁ;@’@ﬂ%&?éﬁé’&ﬁtﬁgﬁed%wéﬁg-a@égo beffeer t ai n
appr oaches' liGier) JA tpr&ffred 9idea vRERY I bt ' ﬁn’%}g&; i} e
findings _ha\?g@enea?geg\r/f rom:t hg threeﬁﬁ%ﬁdég%t&%%ad%ggg?? e g@lq%&m( In
order to at MEnhag jssediorephashitis valiage andcurteat i thelercititioh signakiblzgmy| tripl e

decker. 25c¢ -4, - et ylthi 0)hehzene .werg.react ed under

Pd- coupl i ngig%ﬁél £ onsé% ‘f‘h%%#‘%%‘%’ﬁ%’g ‘@PSE%’ AR ﬁfthFSHinifgl°FI§’r%‘glre 33) (L.
Cassar, 20. Gngediately beforetie woikibg eRdtrodbemedid outhnyPhaskstek which mibht be
Organonet. Che 975, 93, 2S59-263). 25 Three mai n conpounds wer € obtai ned.
Because t hel&F X $Apgcines i e abls drading feore sheadybitrarytWaveforax ence of

‘nost. of they I Wﬁ’)eﬂn I d i react. ons | EA. was used :
i nst ead ands?_l%ﬁc ea\%&ge pro§u0§E mab%t b%ﬁ%ﬂﬁ#t{]ﬂgaﬁggﬁeﬁcw OMIR IR Hsung
et al., Tet wadebhndroptatp. Byl Gdhg a?6p-anpGidd Ry willb gaifl behtwiitNBRds&PRE at ed
by silica cql U{{E chr omat O??ﬁ;%?ghhihé}gd I O\Agj}ﬂébé{'t}SEC' Based .on nol ecul ar 30 ion
peak assi gnARRELS ZHcqD 0 and sl aetain 3 bandvadiprusalble foasRClol ar
conmpoungls wagh@esl red o\ﬂgﬁﬁ mﬁ%em FRAN - LS. 29).
Hono- coupl i ng of et hy%%%a?iég’;ég% t 'eédbuta |yneggg%r%%g{eg?g&%%?@iknovvn
si de reacti aha i pasdish gusts frequesectange froimnl 3 Hdz fr £38@ge of copper (K

- Sonogashi ra-ei -al ., Tetrahedron - . _—

VIIIL ys_g of the storag.e device in computer systems.
- The use of the storage deﬁces of this invention in compﬁter systems is
SQ contemplated. One such computer systerﬁ is iﬂush'ated in Figure 17. The computer
o comprises a signal source (e_.g. 110 device or CPU), a storage device of this invention, ;

" and approptiate circuitry (e.g. 'voItaminetry circuitry) to read the state(s) of the storage

the sane -



~ 3 ~~~1.. 2~~r~ 91 Lett. 1975, 4467-4470). The second iiaction contained
two.i nseparabl e conpounds. The LD M5 spectrum showed two maj or PeaGﬁﬂmdez
2439 and 2548. The latter corresponds to the desired v L 20 ‘
S-(acetylthio)-derivatized triple decker 13, while the forner is consistent
with an acetylated derivative of the ethynyl triple-decker starting 5

material .. V\éattrlbutetheformatlon6f t he acetylated by- pnduct to acetyl
transfer frao 1-iodo-4-(S acet Itk e roduct derjved
t her ef ron), op§re E&V‘)(fﬁgestﬁep SSEHNE ‘E% gl?%f"é? yeeppidde 38 ng t he

desired nol %ﬂcﬁl g eRecogbPsaHe bbbl %ﬁ%&gﬁﬁ%l plgn%g Iﬂbxfn S\fﬁen réﬂﬁﬂa@al The

hono- coupl i ng of the et hynyl - sub titute cker
but adi yne- | iihResgssayace.g.dor @xpiit] gr Siviberjerdedsying)sthe stat%s) clf dlhxtdxﬁgesddwﬁel is ut ed

triple-decker | as the starti terial this case any

acetyl ation IS?‘ﬁ?}ﬁ gﬁﬁfﬁ&“’mf@nbgh Wg‘gmgg%fsiﬂfﬁ fhatheg elements .
S-(acet ykt hl@@ﬁam@olﬁf,@&tl ng material would not affect the int egrity of
the triple decker product. Furthernore the omi ssion of copper, which

pronot es the oxidati veFmpl’n’argiEignu‘e ilﬂtdblshawdh@mgmeatdqmpf)ﬁmses

- hono- coupl i n hus ormo nd s re cte W|th 4- 5

acetyl t hi 0) ef%‘ﬂ 7 ey Rt gt &F%@ﬁﬂrvép réﬂ@ﬂ#‘pei 39&
1376-1387)  oHdQiardard of GREAE 268 MoRiteiE fhodes (@mjz AR} bOWEIGE, Viagner
et al., J Og. Chem 1%%5 60, §266 5273; RrV\é\gnerG’sg%l al . ry §1N %/hat er.

1999, 10, 2@@99@%;6@9@@@1@5@&&% |a@crs3$tmt\sxom¢geraﬂ8awhzcladqes of conpl ex

ol ube 1ant RS BHepdat penkl o kbt s Lyl Apd BN frp il "

starting nmatuser iaterfabe YEET)22000tipbsd Hy'e 103000 OF thidide 26 TiRSer@dert’ | Pl e
decker 13 was obtained in 14%yield (Figure 34). Although the reaction in

the absence TBFRHIY §r¢ansn¢éu49\kb@m0ﬂqwle§ mmm Systesn200scap (fadlasr . ( 3)
The et hynyl ]ﬁa{g @%lﬁﬁrﬁ%n% ﬁg%%mg&% Eu(E B-Por) 28 and
e

4i odo- 1- (S-acety nzene were couple i 'the Pd-coupling conditions

25 (Pd2(dba)3 P(o- tols)astemeonéﬁba,@mﬁvxampmapmbmcbmphﬁémgw&kﬂ@.ﬁ@n(FI gure
35). &1%/5 %i_al sis of the crude reactjon m xture reveal ed tw dom nant

 peaks ( 5505 249 08 §g.fes gramnt ﬁ@%rqm@ceawwla%@e&pé%@mﬁﬂ t he

desired pro e
separate spcei%?%gm ﬁge‘ﬁk’i’i@ﬁg‘i @é%@nﬁﬂégﬁag ner spe ;@;a{slP glgég%(%rgzok sharp
ringl et (2.8@npmnde3for etxmnpiestaadbmvncbéss m&my@hl\@pren&loalwmeﬂh@ @y, ed
S-acetylthio.derivatized | e- decker 15 vvas opt ai ned in 19% yi el d,, which
is quite I.O\N‘&WWVFP C E@F‘}‘Bﬁb%ﬂmyl ng stgrage metiym o7 mediat | on
between (W0 :pOIsBRI by lprBBAREI03, PRdRfen! %t&agéﬁﬁs EATSERIE Bhard Eéf?mfﬁﬁ%um ng

1 3 Jl.~L 20Q4 92 cop fromt e coupli reacti on avoli l'ing
but doe@0notdisky pprB@al anmagﬁatm-pphseﬂ dtsk; emcﬂecuhr nEosocy osamynsher\persisient

oor phyr i oo ARG T2 SRR SRR YAP PR &S BB onat | ng

substi t uent gis 15&@%& dIETEs ﬁ&hsuﬁ%ﬁ%lggth&:@i sdidbitcr debiRk fnbudtdReyhifl €d

appropri ate -conbi nations of tri ckers that may be used in the desi gn'
of an oct al e&al?R%e Thronghyyisual @Splﬁﬁézb)smtﬁasﬁﬂﬁ cew Agovee grapbicak anddextoalk, we

h dent’i f fQ hi | whi
sﬁ\(;ﬁl 121 :\r/\g: § gqut?o%gd‘%%bhgoﬁ %H%‘i%%te e%cgiz??c I e%h%af%&rgmverfgﬂq elrntdéctalgn%ccess
to the @si rieludclfis abletifsr offfatticilthrtwih@bves, hbnde Glee fenu HRisSVIERAIREIpINRY O

avoid formng._the, acetyl ated triple decker by product is to enploy an iodo-
rat her than 2 symincludepfariersraple, 1 pathode-as duber( r 8giepaneirdigplay screen,

t hi ol -derivagi

Expor | ot st S3E8 ol B8 uct R\ AL ISP ARa0 sREBP Uelke oo o
spectra (HP b4t Axarfipleya &Do—ﬁmi@smhﬂlﬁﬁmﬁfg de9ideistée 45 a Abhise] !rﬂ:r&&‘lﬂ’ﬁaﬂp@Ct ra
were collected in CDCL3 (300 NHz) unI ess noted otherw se. absorption

spectra wer drackPpd @ s, @JPEUGM P %WWMI%@PQM@S@WMWG
: |
Al

cu;rsor—control keys. .

The sofiware of system 200 mcludes an operatmg system 250 and an
apphcatlon program 260. 'Ihe software of system 200 can further include addmonal




20 bonbardnment (FAB-MS) on a JEOL (Tokyo, Japan) HX 1 | OHF nass

- spectroneteri LD MS analysis was done without a matrix or with t Srrﬁgpii X004
"POPCP. High resolution mass spectronetry was cauied out at greater "t !
unit resolution. Commercial sources provided dilithium phthal ocyani ne
(Aldrich), Eu(acac)3 nHzO (Al fa Aesar) and Pd(PPh3)aC 2 (Al drich). Unless
ot herwi se indicated, all other 25 reagegnts were obtained fromAl drich

Chem cal Conpany, and all solvents were obtained from Fisher Scientific.

Chr onat og r'amw.h?mmfpm (madshowmn)c Dperating gystqiStem hee firexmmpieltheng f | ash
Shr o car el D8 oL 0P 5P e st
prepar at i ve Rl efngitBHTInePROIES, §UsS, &}ﬁéﬁﬁiﬁ)‘mﬁcﬁc&%ﬁgﬁtgg{%ﬁ{gﬁ ﬁtl%-eBeads

SX-1 in THF and eluted with gravity flow Fo g puri SEC.
col utm was  VRPSFAEARRY$tEmioan be apaginbizedifor vptretiosutiliziig#aoletnlat yieinoat  scal e SEC

farmed with 8 o 1.3 ~~l ~ 2-— 93 Hew ett- Packard 1090 HPLC_usi
0007t ol ented Mhvticdich arnera 350 s P ARG Ao By Lle itk e OPRIBE. o) uont
(0.8 1/ i n)systSel andrsystem DO StevRfe, oSy drapilfth e Lok a@gEc(iéFtiE{t}%gﬁf uri ss)

certified ACS), was distilled fromsodium and iriethylam: ,
was di sti | | S¥de rangsofhapiware mdsofware capfigetptionscadisspidrt the sytterands pher i ¢

pressure fr 1@&4 I e re.ssed as received. Ceneral
procedure fgir%t eg%?lé\ g‘?ﬁ%ﬁ%ﬁ%&ﬁ%ﬁ% T .%c%%ﬁ?’ﬁf'ure of the porphyrin
(0.06 mml) and ElHeqeshBinveitn(S8inedinlgleditrlelaii M ths lldwidd sgal of obenzene
(13 ) s, heated to refiux and stirred under argon for 4 h.” The 10

resul ti ﬂ@acmwg%ﬂn@&?-ut ion was cooled to rt, then the dilithium:

‘pht hal ocyani ne (0:09 mmol) was added. The m xture:was refluxed for an
additional 5 h, then the volatile conponents were renoved under vacuum The
resi due was di'ssolved in CHC 3 and IEXAMPIdRtIo a silica gel columm packed
with the sanme solvent, E+ utj Owt@) CHO 3 afforded three main bands. The
first band (brown) convapiesly ofdiigkPeryatied Eneonium®orphsrigitpl ex

(Por) Eu(Pc) Eu(Por) and unreagt L dtvish @7l terial: The second
mai n band (olive or bl ack) %@g?%ggl?%%ﬂﬁlﬁ%%}ﬁo@gi%? conpl ex _

(Pc) Eu(®8r) Eu(Pe) in a vdoyMadeiBit Molecnlar InfermeftioneStofdgen not i sol ated or

characterized. ' T hird i n_band..(dar reen). contajned nainly the
triple-decker coﬁ%{lﬂiefe EV@S@FF(’ BE?)SEEH@J%S? i S‘%FF@E’IB%? gf’nwe‘?%‘lph@é‘%'ed was
redi ssol ved phthalddyagifél il deskepibRomlesdescribed. A set of triple-decker building
- blocks bearing trimethyisilyl and/or jodo groups was also prepared. Two of the triple-
decker building blocks were joined to afford an S-acetylthio derivatized dyad of

20 t;iple—deckers. “All of the sandwich complexes prepared émploy guropiuin as the
- coordination metals. | o o |

Results and Discussion
' Porphyrin—phthalocyanihe triple-decker building blocks. In order io
25  prepare triple-decker complexes for é’ctachment to an electroactive surface, provisions
 ‘must be made for mcorporation of a thiol-derivatized linker. In ordei' to prepare
~ molecuiar 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 onrphyrins is much beiter developed than fhat of
- phthalocyanines, ﬁiple decker building blocks that are constructed around suitébly
- functionalized porphyrins have been developed. To avoid any rotational isomers that



20 columm. Elution with the sane solvent afforded (Por)Eu(Pc)Eu(Por) as the
first band (greenish-bmwn), which after removal of the solvent afif gndepiia
br owni sh- bl ack solid. The dark green band (third) collected was redi ssol ved-
i n toluene and | oaded onto a silica gel colum packed with the sane
solvent. Elution with toluene afforded the . dark greenish-blue band

contai ning (Pc)Eu(Pc)Eu(Por), which afser renoval of the 25 sol vent
afforded a dar ree SO|Id Flnal é¥%|f|cat|on of .each conmpound wi |l be

descri bed s yphyTins ip ooy trinlg deckeraneleades on of
T-P 12 TA H&]%gjrf f d
((:Iescflr%ae((j agggl nQe@%foomg'?SBg)hgﬂﬁqn% H’ca %{%ﬁéﬁgﬁ)‘a’%ﬁhe |?;[reba§3
sostierboamch 3 @rile ldeck blniepending whethet the gl |
gﬁ\rllef ?egrg)e/m oil&g%a(ﬁ??ey I ﬁ?e:ggtgane; éhyg’ g}g t at %fg?ggygﬂgltd%yfrom
10% t 30% , 429 .
113 ol Rs(C@%léheaéer%éth(tﬁe okphyirfort %@ th a%d hi,8, (’fﬁ;M%%@ (?4@2 0 (/<) m
32H), 2.13 (quint, J= ?—iz %gfz-ﬁ 5 @qu whc 75 ‘% 79 (m
éGSD g %1((tbelsémma)::,soﬁmzamkmmlmmckmfmmmgl?ehdsbem lzsﬁelcgiz( 8H),
.0 - - s,
8H), 12.83 -Ens, g@“%%%%@%ﬁ?ﬁﬂ?ﬂmﬂ%ﬂ%fé{a é‘n&l eCEHPcd exact
nmass 3179. S4rdchldelinmb ig’o%ﬁ%?hprﬁtemtédaﬂﬁuﬁtlo%o ?elthhe tﬁ%rrc’f%and) on

( C80Pe) En( C$OPc) Eu(T-Por) (4 Chr omat ogr aphy
silica elut @amhynnnwmmcrpnatoffomm@mmnerm (Gmagthe ptegpatatiomobOriple 20%

o) a8 R Gl BURR I Sy i DL o @%@nﬁﬁwghj‘ 6196
-1.9 (m 72l Easl&eﬂaffo&m Iﬂ&é)synﬁe%:harﬁl&ﬁﬁhd@%ﬂr@opp% itf forl12H) ,

(brs, 12H), 4,95 (brs ( (m "12H),” 6.43 (m 8H)
6.70 (d; J=¢ckb eraﬁaen Oﬁth)e mplesieclethom;exeamm Iargemolgeplar mmrcfmsd 4047. 3;

540, 631, 730t of B kS o By RIS R R B bpeipetf o
(31 ng, 0. Oémé@oﬁdiﬁg)nplﬁldécﬁetbﬁiﬂcﬁuﬁ%bkéﬂésﬁﬂwn@n mml) was perforrred
as descn'bed above. Chromatography (silica, CHO 3) en SEC gave a-

greeni shdbrown sdbpgenerplor @hpﬁpmwmmﬁvﬁhﬂycmef i ed by

thy I oot At bl Rex AT B R B AR R R MAGTL R 00
(m SGH), 4 1czz4~tmbh1arsbes:zan¢lafforﬂﬁi@ ﬂnrgpcg]ﬁhm)wac&) &oﬂplex?ﬂ:]lSH)sd bSﬂ{e - &7
fTs oH% m 8@61‘31&9@%%1185% Pli‘-ﬁi@w?aﬁ% ﬂalzPCS EW@W@@MF@“F%]% Bgl!)@p

2378. 72, calgfifertat BrdaitPititidbhdiive bedPbhAARd W fohetich wiflP rfff siditd: 493
: 20 c.ondmgns. These inctude (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. etal, Inorg. Chem. 1986, 25, 2107-2108), Li[(Pc)M(Por)] as the main product
(Jiang, 1. et al., Chem. Ber. 1996, 129, 933-936), products including _ -
~ (Por)M(Pc)M(Por) and (Pc)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(Pe) with the latter two kinds of compounds as the main products (Tiang,
J. etal., Inorg. Chim. Acta 1997, 255 59-64; Jiang, J. et al., Inorg. Chim. Acta 1998,
268 49-33). The distribution of the 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-tolyl)porphyrin APT-
' Por) with excess Eu(acac);nH,0 in 1,2,4-trichlorobenzene afforded the corresponding
* (Por)Bu(acac). Treatment of the latter with Li,Pc gave a mixture containing (IPT-
qu)Eu(Pc)_Eu(IPT~Por), (Pc)Eu(IPT-Por)En(Pc), '(Pc)E_u(Pc)Eu(IPT—Por) as well as




(1 Bn4Pc) En(tBnaPc) En(T-Por) (6¢c). The dark greenish-black sol i d obtained

- from:chromat ography (toluene; as described above) was further puﬂ|3um 3054

"25 chromat ography (silica, toluene) (19 my, 179 . iH NMR (CDC13) was

col |l ected though interpretation was precluded as the conmpound was isolated

as a mxture of inseparable regioisonmers. LD-M5 obsd 2449.5; FAB-M5 obsd

2447. 05, cal cd exact nmass 2446. 94 (Cl HI 32NzoEuz); ?~,,5 346, 417, 526,

620, 727 nm (Pn- E@ﬁ} En(t Bn4Pe) r)y (9a). The reaction of (Pri-Por)

(40 ny, 30 OFeERO P‘Eﬁ)ﬁ%@é@@?@%@g@m@)onememmrforrred as

descri bed a Iy | SEC

gr eeni sh- br% Wﬁ%gg?gg#é% ﬂb‘!"g‘smlg?‘%‘g}l%b%n |ct‘?§’rﬂ"§ %UI’I fied by

chr omat ogr apirpddmeinbaibecs (EX-ROL) Eu?ldjﬂ‘uh 9c'bﬁmn'gn"f“ gg Eg{ogj'adual |y
29 H 13)

fromlO%toB%et_hyI acetate . ITHNMt ( 0.8 (m
16H), 0.79 (5{“ Y“IE@T;‘)P (1’@ uw(IPT-RBor) @ngl stagise poflsen( s,

(m o B S e GRS el et Pty 12 °

exact mass Bl]zaﬁHPG)Em)z[ﬁaﬁldfﬁamhﬁﬂthrthep‘iﬂﬁlﬁcat@i&flban@lBé%: e Gver®- 91, N,
N, 9.82 ~ 357 2 §66 626 nm

10.10. F d 9. 04; 6. 86;
(t Bu4Pc) Eﬁ? t@lﬁgﬁfg& r'EFEL prsiest PEts T ‘ﬁ?@E&mEQ(ﬂBMOSh _Aybenokd sifica colutnai ned

f h L FBaAPR Y th fied b
CL(r)g]rr;t (r)g?gphy (silica, ? uenﬂijﬁ1 lﬁﬁgﬂ?ﬁ@bg%eg%% %‘?}ﬁ«‘{ er&gﬁ?}i I rel i cg
10 hexanes: dMPOE)EE(EP&)Eu(WBanIT%),f(P@)@Q}P%R@) )e(E%)IaImcet at e)) (first

R e ke e
e CheoT Sh ek Sheg, '%éYél%%%ﬁ%?mﬁgi’g?%@@%%@ﬁ%ﬁ%éaﬁn s
s sk yaing ﬂ’?m??‘mth@ B e e oy
chr omat ogr aphy e?% #‘P%ﬁ &‘UP@ IFBIPLS: nﬁﬁ‘ﬁ‘ﬁéﬁ%g’ aPec‘?[ﬁ%%‘t'% lgbhy aggl n (sili cg,
o S e e )

i nt er pr &P at iBH ZRPIM)UWQH%QI@MVW&WMMS |soI ated as a nixture

Sl 2 S’ SRR Al b e -
( Pn- Por ) En( I‘aha;]Bgr)dE@(r&ﬂth&Ts%bhh@ﬁ werbloBtdiRecC tTHRFeslts CBRcARRY el 0. 085
| mol ) and Liz (250 (compound used w thout purific€ation 0 39 25

- mol) wad? %??&B’@dleg}gerﬂ ewrqaph Ao e su;m@mc@gr'ﬁgm; 3( dit aohaaseCHC1 3)

then SEC ga rown s '
finallypuri ??ggccgﬁy‘?&@ %a%ﬁ%‘%ﬁkﬁn$¥3§°&iﬂ%8@ 8\ M%fa‘gaﬁg%l ly from
50% t o 200%stabilitentihe tmnd‘.hylsﬂpl&&tyngr 2phy o thede reactionsadition e htpusgadual |y
from10%teo 20% C{%J , .which slowy deconposes during

“purificati ofYeR 3y EIOG‘P toard bagg evzp under) verpnghl qopditigns 6. 9 Hz,

24H 1.2 5 41 16
12. 2)7 (s sﬁ)wag’ﬁé[r}nkwsﬁ%gps ?1‘%’6' %ﬁe’%o‘g‘fp g@_%é@ lé%ﬁél%k%%‘é&%‘%‘é‘. 98, 9,
cal cd exact aﬁasisdammbeﬁoﬂhmlzlmglﬂe& Biﬁ\lﬂ-@leckais&ni}ﬂ&xes end@trublore 625 nm
, ~~~~ ~if <~ P Me P Th dar k

greenl sh- bI %32@9%35#@8“1}%195%&%% e F\é" Egﬁig-ef%nﬂg@m bed
b 28s bbfte phAle I'l owed
gyogﬁi omal{'S ogr apﬁlgggﬁlﬁe}d(g? ?gc)%%%ﬁ))o%ﬁ@ngé gﬁ%)th@% PB@ oounéﬂ;qoovmoye
deconposed @emespnding cﬂhmdtmpln dedlters (Hd)]BMRc)Eu('E'T—Por) and (Pc)Eu(Pc)Eu(E'B-

Por) respectlvely




5 (CDCl 3) spectrumwas collected but the anmount of material was
insufficient to obtain a good spectrum LD M5 obsd 2143. 3, 140&[372&':'6\&%%/5
obsd 2142.79, calcd exact nmass 2142.81 (C zoHusNzoEuz); ~ng 35 7

652, 684.nm_ (Pn-Por)Ce(MesPc)Ce(Pn-Por) (lia). A mxture of

mesot etrapentyl por phyrin (75 ng, 0.13 mmol) and Ce(acac)3 nHzO (140 ng) in
1,2,4 10 trichl orobenzene (11 nl) was.pefiuxed under a slow stream of argon
for 24 h. Affer coogling, a SO|Id sanpl e of Liz(MBPc) (610 ng, 0.95 mmol,

i mpure) wa gd._Yields pEtripiordpkar hialdinghloeks with wariatis parpbyring. gon for 10 h.
Evapor at i onﬂﬂﬁ_byﬂnacuhmm&e&dsj%k green solid. The residue was d ssol ved
~in CHO 3 and | oaded onPeriEutdEw@oge! @mw Et spl vent.

El uti on wi tifpCHgr3 afff prged three mill"[%:5 bands. I1qz4 Irs a
(green- b_r'ovng__pglnt al nieglsgri Ny the Tty @/conpounu am 94 eacted—porphyrin

starting  nEEER AL rkgreemr—at oRt-a-net—rrad 1 h“ ++pte~gdecker
conpl ex ( 'JﬂTLP.C\. A—F ?2 The—f-+st lﬂﬁ?‘l col} % in THF
and | oaded Lk o geg | o L Elutiod l\érﬁ?h the same £85%nt aff or ded

(PnPor) Ce(Mg$Pc) Ce(Pn Po;) 1la as the first band (greeni sh-brown). The

gr eeni sh 20 Beeiiges ¥of P#"%%“SMEMWOW blimpits e Be ¢opponssiperigrohpiparphisiOHY A8 g,
179 . | H_ NV efeEpeylatgd based gn Mﬂé poriyn: -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

(13901? H)FAB-L Bswgbsggﬁg?gso .ﬁggﬁ, ﬁgﬁeﬁa‘%‘g@@%‘é@gg‘ g%" 194@6‘?‘5‘9’3‘ SEuz)

~n~ 363, 4f2 Tond&kes 5B6r applibations ﬁﬁao&&oﬁmlilﬁgtrimhcﬁfstdrﬁgﬁe@ldégh ° 1¢ipon
reacti on- o so-tetrapent or n an ilithium 2,3-na t hal oc anlne
(12a). A ni f‘éﬁw@ °8‘F1PFS#Q?3@P¥ ‘%@é‘p%‘f eﬁ‘r%mhvswtﬂﬂé a@é&m :
0.28 | |

mml ) iAndn v&;&ug g A@B&Qﬁger Cog%ﬁﬁé al;t k) éﬁ@é‘d[n‘%@t}«‘éﬁ%@lcﬁ%ﬁﬁéa%tﬂg o

stream of argon |d sa
0 14 mmdf) \Eepaiaibuad th beideal; eﬁpaclaﬂy\/ﬁsaﬁgd]mentefpmmhyhnmdﬁhp@ﬁdargon for

di ssolved | Coey B dnt Ao te: Fhee- T8l S5 2 Bt aopagsions it o

with CHO 3. fa'ﬁﬁtrﬁdiﬁcﬁﬁgﬂﬂ aceBithREES métﬁeeagnﬁs%ck u'cieu;f Hivedidy | 0aded ont o

a SEC ~ 3 JJ! 2Ce i1~r 97 column. Elution e sane solvent afforded
( Pn- Por ) Eu( ZXBiReedEu( Pn- Por) IZa as the first band (greenish-bmwm). The

i sh-b f t ! i lica,

G20 211§ oxancs. 10 48,k i s Bitulse bl beker (EABR AR 5D mdd: o,

FAB- M5 pPsd - mﬁ }b)éﬁgén &ib@éﬁ Rl P A 330
429, 543, SGfgﬁygﬁﬁz (3 n'etﬁ ﬁ)%eriig - blﬁ?t%;flﬁ% yl )déﬁ%ﬂu?%&o&d%

Br orobenzal §8H{Hbs m}éﬁwmsync @%@mi@&dﬂsm@pﬁghﬂamwmm) and
Cul (16 S h k. The fl ask th
evacfjat egg ang) %‘?‘%‘e}% ﬁe{ ng&%c%g“#%é%&%:‘f %g%ﬁeﬁﬁsﬁﬁ%&%ﬁ?ﬁsfregﬂly
“distilled atitBReiEiabyantinEA ) vesmaniyaded AITH-aMng Wadkistss, W th '
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1603. 6, 1700bailding b&cks uﬂdﬁ%?d&:wﬁﬁ@’re&cﬁcﬁﬁ@dﬂdbamw&or&ﬁ% 3; MB (Ef~t/z

]r-rgg s ( %~ ~0 Bgaﬁ'l @%’i}f“% (@ 15661% %ewlragpe(d]tg;? a;VOE us't\e/sof ?:ggp%r %g-%atgggtg C%gllaeg‘d exact

5-[4-(3-net %t ey ,5@{5@ ol I owi n
a [staﬁldard Efdgz%ﬁﬁygﬂ a S%Edaﬁ oﬁln%fréég?ldeh dgld%t?m(/g ER?%%K%%I?%! |fr: pyr\rMoIg
- (23.0 niL, 3geﬂﬁmspl}yxma;rmeamedsw Qﬂﬁ'éﬁl-‘B&Sﬁ(ﬁﬁpmﬂmiérdmm avoidol urm

chromat ogr a Cl radyal.ly Ve fol| oned by
25 ccystal | i‘ptgz%nlﬁ{élﬁh %’%—% @ﬁ%fl g% f’c/% éﬁ‘ﬁ”ﬁ Sggé ﬁ%ﬁ 3533 g,
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(20) Fol l'owi ng a standard procedure, dipyrronethane 18 (530 ny, W~
~~~4 98 1.8 mmol ) and di pyrronet bane-di carbinol 19 [prepared directly from
‘the di acyl di pyrronethane (720 ng, 1.8 nmol ) and used without purification]
in CHSCN was treated with TFA (1.6 nL, 29 nmmol). Then DDQ (1.2 g, 5.3 nmol) -
was added and the reaction mxture was.stirred for 1 h. Colum
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S
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Hz, 2 8. . LD MBS
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substituted triple-decker complex.

Sonogashira couplmg to yield a thiol-derivatized dyad of triple-deckers.
- The use of thiol-derivatized triple deckers for information 'stofage provides the
opportunity to acceés four cationic states, thereby storing two bits of information. In
25. order to store additional info;'maﬁon 1n one memory stofag’e Tocation, two different
triple deckers can be employed where the four oxidation potentials of each are
_interleaved in a corﬁb—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 'inultiple
3Q ~ redox-active groups in a molecular architecture. (1) The deposition of a |
.. homogeneous population of information storage molecules in 2 memory storage cell
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
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= 6.6 v, BrpOLgepe a%ordgﬁar?aég%a%%ﬂ%%&%f&df%-z iy deq%a L
(m 8H); LDdjss( vittthis PEBERmebutadipmd-linked s destdtie ﬁom:iﬂéﬂrsﬁeou%ﬁ% |

2363. 73; FAB—I\% obsd 2482, 78, aI cd exact nass 2482 78 (C13QHI3
Q6. 359, 428Teastan WaggiccessGulyremeved. (Fhe siyed geeebipinedin 38%d was

it

redi ssodyed t Sl h .
he sans sof ok Plsfilesing uap R0 R8T Aoy Hhad %Eﬁ‘%. LR rRaRE R 4
greeni sh bl mﬁp E@-&Qﬁtylﬂn@bag:eﬁe m:lsﬁm)yﬁe(dlﬁwdﬂre)iﬁst(aﬁeaﬂm%é &6onyl whi ch
. after renov forded a dark green_sol.id (40 12% 1H
NMVR ( CDC s)8 ?rlg‘ifti e {o]DRREAS CETRETES ik e <iien oRgiyRY

conpound wag d@ol ated as a m xture of inseparable regioi sorrers LD- M5 obsd
2508. 2, 238L‘7, FAB- NB obsd 2498.92, cal cd exact mass 2498. 91 '

(d 3~ H| ai Nz~I Euz){pweverom &der; todi6id theelf- mthBI(Pc}Bﬁ(chu(EQ‘.Pélqmeatl on of
trlpleﬂf gl{[ onrea i on of, EBPpr 7¢). Reacti
5

5, 10; 1 ﬁt°°BEﬁT SSHONPH W@Dﬁ@izﬂ#h%?&gﬂ@hmwrpns)ﬂwr;phenyl Jpo
rphyrin (88@3?}031&1 prepRb the RYRAEELE aIF @bt Wrighhe 24810 We Aokl e (80

ng, 0.15
prepared a series of multiporphyrin arrays under these copper-free Pd-mediated

freed

1612Eu2)




in 1,2, 4-trichlorobenzene (20 nL) resulted in four bands after colum
chromat ography (silica, CHCls). The first band (olive-brown) coll ettedNhasnih
25 redissolved in THF and | oaded onto a SEC colum. Elution with the sane
sol vent afforded (EB-Por)Eu(Pc)Eu(EB-Por) (27a) as the first band
(greeni sh-brown), which after renoval of the sol vent .and washing with CHsC]—l
afforded a greenish-black solid (34 ngp3z 269%9. "H NVMR (CDCls) b 0.62 (s, 18
H), L89 (s, 54 H), 3.83 - 403 (m 16 H, 4.76 (m 9 H, 6.71 (m 6 H),
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2134. 56, calSod ¥Baci0as#-2349). mvn(eee:z&bhtmzﬁﬁm rdyadabeitB €3CYELE], iR22, 552,
618, 72§Bnm Ac%gy t hi o- deri vat %)%ed tri pI e decker (:13). Route 1: Sanples
C .
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1997 38, 4371-4374). Thus, treatment of E'-dyad-1 with Pd(PPh3),Cl, and Cul in the
25 presence of 0.5 mole equiv (per mol of E’ -dyad-l) of iodine in toluene/N, N-
| dusopropylamme (5:1) gave the desired Dyad—2 in 89% yleld (Flgure 25). The

reaction was clean and the product was easzly separated by a smgle adsorphon column
 followed by ene SEC column.

. ' Characterization of pomhyriﬁ-phthalocyanine mixed triple-decker
30 . complexes. Each iriple~decker complex was characterized by LD.-MS., UV-Vis and N
| "HNMR spectroscopy. The UV-Vis spectra of the triple-decker boﬁplexes of general |
structure (Pc)Eu(Por)Eu(Por) resemble those of analogous uiplc-deckers (Jiang, J. et



(1.5 nL) were added by syringe. The flask was imersed in an oil_ bath at 30
C and stirred under argon. The reaction was nonitored by TLC (8id ik, 2004
t ol uéne: Et zO, 60: 1) and LD-Ms. After 20 h, the sol vent was renoved under
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“mef hano] . and, rtéled under vacuum at 110 C) served as sup ortlu(g el ectrol yte.

The potht i ¥ Fpreare consistgnt gt the § I(lq::déqﬁgtstnn@@pﬂor)‘ﬁ OEuPov) The
f or egoi ng 'ﬁlWﬁh#?%&?##gﬁéﬁéﬁ?tﬁﬁeﬁ?&yhe' cﬁ%%hé’ eé@?&:n %’t to be

construed 20 as ereo e 1 nventiron 1s the fol | ow ng
clainms, W tpnrghmwaﬂ:boﬂmérﬁﬂmmﬂyahmm@rdwcbﬁcl uded. there| n.




3.3 ~JtJ! _ 204 104 Table 4. Yleld of triple- decker conpl exes.
EntryPorphyr|nPhthancyanlnertaIProductsYleId 13 JUL 2004
"[ 94 32231l a2aEu3b33c104a422] a2bEu4c116a133l a2dEn6b2. 76c179a395] b2dEu9c179d71
710a86l b2eEul0d2. 071 b2eCel1al78Il b2f Eul2a3 Tabl e 5. Oxidation potentials for -
triple-decker cnmml exee 5 Conpou Oxidation potentials nd+4+3+2+1- 1-2-33a
1.180. 930. 61 0. 193¢ +1.289+1. 010+0. 6234§. 223-0. 907- 1. 370- 1. 8S04a
+1.117+0. 914+0. 529+0, 191- 1. 212- 1. 6824c+0. 349+0. 056- 1. 173- 1. 5456a
+1. 267+0. 982+0. 6250 FPBMR datamf @@E&@a)ﬂu@mm@c@sﬁmm&ﬁthe
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What is An apparatus for:storing data, sald apparatus

conpri si ﬁl o I Sam@P% é%réné@PWbaﬂWM@@Paﬂ strechare ovaa dertheedi um
h | dat
0, P A SRS R ST

wi t hdr awal cid¢Re(Por) hwere aﬁoe:djsewm:ﬂadmmltﬁe ﬁiochﬁEﬁdﬁ%WM@ the
el ectrically cog%gﬁﬁ&(fal ectro . sai.d s ora medi um conpri sing a sandw ch

coor di nat i orf"¢8 Sy GSIEGHP? W@Gﬁ@l%‘?ﬂlﬂ@?mﬁstoﬁhe
doubl e- deckgjorgtamicivy PG ecker. sandw ch
coordi nation corrpourygllihl b IE??%%S ac%:]g%&atﬁgp%l 331 g Ef ei-n said

st or age {fedinvnhysmiMassva Mret[ail ezml@rensaamzﬁhzmmsaﬁbn@a gi9mpound. 15
:3. An apparq.bg,s)accor ding to claim1l; wherein said storage nmedi um conpri ses
a doubl e-dec 'sandwi ch coor di nati on conpound. 4. An apparatus according

to claim i1, wher & oosipdst t5d mm%&'ﬂmfﬁ%@fdﬁﬁs @geﬁeﬂ?&ﬂc%@pt Ic
sandw ch Coodvcﬁ' o b ovested only two peaks at 9.59 — 9.71 and 8.05 — 8.22 ppm with
the same intensity a531g:ned to the o and B protons of the phtha.locyamnes suggeshng
15 the symmetrical structure of the complexes
| All the porphynn~phthalocyanme sandwich compounds prepared are stable
| under the conditions descnbed for synthesis and routme handlmg Furthermore, in
" contrast to the poor solubility of phthalocyanmes the porphyrm phthalocyamne
sandwich complexes display satlsfactory squblhty_m common organic solvents such
20 as toluene, chloroform and THF. The improved solubility is ascribed to the layered
- structure and non—planar geometry of the end hgands m the triple deckers, Whlch
suppresses aggregation.

Expemnental Section
25  General: "HNMR spectra (300 MEz) and absorptlon spectra ('HP 845 1A,
Cary 3) were collected routmely Porphynn~phthalocyamne sandwich complexes
- were analyzed by laser desorptlon (LD-MS) mass spectrometry (Bruker Proflex IT)
o | and high resolution fast atom bombardment (FAB) on a JEQL (Tokyo, Japan) HX
110HF mass’ spectrometer. Commercial sources provided dilithium phthalocyanme
30 (Aldnch), Eu(acac); 1H0 (Alfa Aesar) and Pd(PPhs):Cl, (Aldrich). Unless |
othermse indicated, all other reagents were obtained from Aldrich Chemical
Company,_ and all solVents were 6btained ﬂ'opl Fisher Scientific. 5-(4-iodophenyl)-




5. An appar at us accord| ng to claiml, \/\herel n said storage rredl,u \?gtnpgmﬁ]es
a ‘honol eptic sandw ch coordination corrpound 25 6. The appar at

1, wherein said storage nediumhas a nenory storage density of at | east
about 10 gigabits per cn2 in a sheet-like device. 7. The apparatus of clai m
1, wherein said storage nmediumis covalently linked to said el ectrode. 30

8. The apparatus of claim1, wherein sgid storage mediumis covalently

wherein sai d RarSEbAbaaoh P "nﬁﬁbﬁf’wﬁ SH0 53R rhbuyDrien gy
o ect r ode. SWZI(&%Z‘%@@&H’?%@%@?E@%%@ o RGBTSR B2 )
storage nedi(tmmetylsiylethpudiphenylh 10,26+ ﬁol;d)ptmsp]:@nna(IE'BBbﬁddﬁcﬁ win

o Lo aelr R LR Ba B b PSPt e

appar al Us oftyd kiShl sy MABRE RABAI(Cn3 LPEAIOITRA N L | ACHERDIGAN] y_COUp ed

to a second €l ectrode that is a reference electr ppar at us
of claim1, wher e@hrmf@gsanhyagbaisnmhmmolmmclﬁematogmphgms metfermpdaning n

| B?‘;Seﬁfvlﬂfeghfésﬂ%?%e FE 50900 zach§ Brepiselive als Saeciiemappar at us of
cl i m 14, wiibkthitogibly (SIREY s ferfoRfiRA uSiRE PYRAI PlofbdllieoRs1 altraglfiya! o age

| ocations:are present on rrultlﬁgl e planes of sai d apparatus.
appar at us ofscélleﬂl%ﬁ salumyiH{éiSer 60 o) tas packed eising RiatbeadssSX-Arig SHE anh

10  eluted with gravity ﬂow Foﬂo‘mng punﬁcatlon, the SEC column was washed with
two volume equivalents of THF.
| - Solvents. All solvents were dried by standard methods prior to use. CH,Cl;
(Fisher, reagent grade) and CHCIg (F1sher certified ACS grade, stabilized with 0.75%
| ethano_l) were distilled from K,COs. THY (Fisher, certified ACS) was dlstﬂled from
15 sodium, and triethylamine (Fluka, puﬁss) was distilled from CaH,. Pyrrole (Acros)
was distilled at atmospheric pressure from CaHz Al other solvents were used as
7 received, , _
| Preparaﬁon-of trijale deckers uﬁon réaétion of IPT-Por. A mixture of 5-(4-
iodophenyl) 15-pheny1u10 Zo-m(p-tolyl)porphynn (154 mg, 0.2 mumol) and
20 Eu(acac)3 IIHzO (301 mg, 0.6 mmol) in 1,2, 4—tnchlorobenzcne (40 mL) was heated to
" reflux and stirred und_er argon for 4 h. The resulting cherry-red solution was ¢ooled to
rt, then LizPc (160 mg, 0.3 mmol) was added. The mixture was refluxed for an
. additional 5 b, then the volatile components were removed under vaculm';l. The
residue was dissolved in CHCls and loaded onto a silica gel column packed with tﬁe
25 same solvent. Elution with CHCls afforded four bands. The first band (olive-brown)
| ' contamed mamly the mPIe-decker complex (IPT—Por)Eu(Pc)Eu(IPT—Por) and
unreacted porphynn starting material. The second band (red) contained mainly
B porphyrm starting material and traces of the double-decker complex (Pc)Ew(IPT-Por).
~ The third band (black) contained the triple-decker compiex (Pc)Eu(IPT—Por)Eu(Pc)
30  The Iast band (greeu) contained the mple-decker complex (Pc)Eu(Pc)Eu(IPT-Por) and
double-decker complex (Pc)Eu(Pc) _
| The first band collected was redxsso]ved in THF and Ioaded onto a SEC
' column Elution with the same solvent afforded (IPT-Por)Eu(Pc)Eu(IPT-Por) as the




about 1024 to-about 4096 different |ocations. 17. The apparatus of claim
16, wherei'n each location is addressed by a single electrode. 25 4& [Thesfi
"apparatus of claim 16, wherein each |ocation is addressed by two

el ectrodes. 19. The apparatus of claim1l, wherein said electrode is _
connected to a voltage 30 source. 20. The apparatus of claim19; wherein
sai d voltage source is the output of an integrated circuit. 13 J~I

2~3~4 ion 21. The apparatus of cl ai m ¥7 wherein said electrode i s connected
to a device &t 'P@E‘ef Prmishstironn), mhlfsl?ta’teeremomhoﬁhs savejendwdihing wiR. The

Lo 2 Ol BB S 08 NN B R °
e a'si nusol el acpetmy 19803 @%ﬁﬁﬂiﬂ%ér}% ittt m? gﬁv'séied
devi ce provi @d$ (e, B8l 8.40 (MITABEI&B&(mﬂ EeD. 19U @ HR i9049e(m, I 665 (bs, 8
oxi dat | o 15?%1@“@ BRPEET 1 o R T e RS TS Sl sowin ne 1
?ht St |en93|65 hlgﬁe oxi d ?‘#%ﬁ%?g‘{’%&@g# sai i g:%% 4%%’13@%12 %%ﬁg ggdset by a -
vol tage dif f er encEhethigrband eolldctelnwataise re@issod¥ddsin THF and loaded onto a SEC
column. Elution with THF afforded (Pc)Eu(IPT-Por)Eu(Pc) as the second band
(black), yv]nch after removal of the solvent and washing with CH;OH afforded a black
10 solid (4 'mg, 1%). 'H NMR (CDCl3) 3 4.13 (s, 6 H), 8.08 (bs, 16 H), 8.35 (5, 1 H),
9.58 (bs, 16 H), 9.91 (bs, 5 H), 10. 11 (m, 2H), 10.47 (m, 2 H), 11 96(bs g H), 13.90
~ 14.09 (m, 7 H); LD-MS caled av mass for C110H53ﬂ\120Eu2 2095 7, obsd 2098 1;
Aaws 343, 444, 517, 626, 652 nm. ,
The last band (green) collected was redissdlved in toluene and loaded onto a
15  short silica gel columm packed with the sﬁme solvent. Elution with toluene afforded
the first band (greenish-blue) contaming (Pc)Eu(Pc)En(PT-Por), which after renioval
of the solvent and washing with CH;OH afforded a green solid (59 mg, 14%). 'H
- NMR (CDCl;) 8 2.98 (s, 6 H), 3.18, 322(m,8H),472 4.92 (m, 4 H), 6.55 (d,J-»
72Hz,2H), 675, J=7.2 Hz, 1 H),7.12 (d,J="17.5 Hz, 1 H), 8.14 (m, 1 H), 8.73
20 (bs, 8 H), 9.08 (m, 2 H), 929 (m, 1 H), 9.68 (m, 1 H), 10.11 (bs, 8 H), 11.08 (bs, 8 H),
©12.19(bs, 3 ), 12.40 (m, 1 H), 12.96 (bs, 8 H); LD-MS calcd av mass for
CrroHe:IN20Bu; 2095.7, obsd 2008.8 M), 1177.8 [MF - (IPT-Por)Eu] 919.3 (M“‘—
(Pc)Eu(Pc)); Aavs 342, 414, 522, 617, 721 am.
| | Preparation of triple deckers upon reaction of EB-Por. A mixture of
25 510 15—tns[4 (reﬁ-butyl)phenyI]Q0-[4—(2~(tnmethylsﬂy1)ethynyl)phenyl]porphy:m
(88 mg, 0.10 mmol) and Eu(acac)g‘anO (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 rt, thenLich (80 mg, 0.15 mmol) was
added. The mixture was refluxed for an additional 5 h, then the solvents were
30 removed under vacuum. The residue was dissolved in CHCls, and loaded onto a silica
- gel column packed with the same solvent. Elution with CHCI; afforded four bands..
~ The first band (olive-brown) contained mainly the triple-decker complex (EB- |




20 27. An information storage nedium said storage nedi um con‘grési.‘sg f[@ _
| east--.one :storage nol ecul e such that said storage nedi um has at I'éia t évo
di fferent and di stingui'shabl e non-neutral oxidation states; wherein said
storage nedi um conprises a sandw ch coordi nati on conmpound 25 sel ected from
t.he group consisting of doubl e-decker sandw ch coordi nation conpounds and
triple-decker sandwi ch coordi nation c ounds. 28. A storage nedium

di ¢ : 7 : d st di :
2T pl o e ReEIRGEGATA PED GrdRRersh peRpBY AT SEHRA Tresecapd baodi um

i ¢ o ! : L . : L
ggﬁglrelggckgfﬁs)g%dw (25?1 'COO?EP@%?I?%n co r%%'wa%%%?%aﬁl’ﬁgﬂ%k&r I oe 30.
A storage nmmphxa(@cﬁ?@ﬁé’drb 'ﬂieﬁthn‘iiﬁi%d @bﬂiﬁmbtﬁntéﬁéduﬁidl@ﬁg%@rp\ bl
conprises a- r L.C.san coqr di nati on .conpound. : st or age
rregipum_apcor@%(%&pﬂ)g“@ TMFW(E@F@ %@%n&%d@kﬁﬁcmiﬁh seg a
honol ept isc S(?WEQ ge_gggi%&g?uﬁgﬁp&épgotﬁﬁ%@g%m%age medi um of claim

27, wherein edch stor ecul e 1's prese Tete storage | ocation
on a substrate. he3Bstbbnd coliateaigrasredistotved in IHF el badedhGiicaSECE St or age

oL 1 g b o i Lk B Bon SRS L e
8 Sheet - | e oo g LAA GRS NN ol s rihol AT Aoy bt R WP e o
storage mediCHhOH afforded p gseishdlackdobl @ mpc2678). et NMRIOBAISE 0162 (3,
el um 10" o280t 554 0, 83 gl 6 H0n 198 e B 641 G, 6 20, 6.84 (m. 3
H), 9.00 (bs, 6 H), 9.19 (m, 2 H), 10.65 (bs, 8 H), 11.46 - 11.60 (m, 8 H), 1273 (bs, 8
H); LD-MS caled av mass for C54H36N16Si2Eu, 2571.0, obsd 2574.1; A 3.55, 421,
493, 559, 606 nm. _
The third ban_d collected was also redissolved in THF and loaded onto a SEC
5 column. Elution with THF afforded (Pe)Eu(EB-Por)Eu(Pc) as the second band
| (black), which after removal of the solvent and waéhing with CH;OH afforded a black
solid (3.5 mg, 1.6%). 'H NMR (CDCls) & 0.85 (s, 18 H), 2.89, 2.94 (m, 26 H), 8.05
~ (bs, 16 H), 9.59 (bs, 16 H), 9.9 (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 caled av mass for Cu5H94N7,08iEu2 2206.2,
20 - obsd 2209.1; Aups 343, 416, 519, 625, 653 nm.

" The last band (green) coliected was redissolved in toluene and loaded onto a

short silica gel column packed with the same solvent. Elution with toluene afforded
the first band (greerﬁsiz—blue) (Pc)Eu(Pc)Eu(EB-Por), which afier removal of the
 solvent and washing with CH;OH afforded a green solid (20 mg, 9.1%). 'H NMR
25 | (CDCls) 8 0.68 (s, 9 H), 1.86 (m, 27 H), 3.20 - 3.29 (m, 8 H), 4.71 - 491 (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), 1'1.10 (bs, 8 H), 11.69 (m, 2 H), 11.88 (ni, 1 H),12.16 (m, 1 H), 12.97 (bs, 8
& "H); LD-MS caled av mass for Cy2sHyNSiEu, 2206.2, obsd 2117.1 M), 1181.4
[M" - (EB-Por)Eu], 919.3 (M" ~ (Pc)Eu(Pc)); Aas 342, 417, 522, 552, 618, 721 nm.
30 i : Preparation__o_f triple deckers upon reaction of IET-Por. A mixture of 5-°
(4—iodophenyl)~l_1'5-[4.-(2-(1:rimcﬂ1ylsilyl)ethynyl)phenyl]—1 0,20-di{p-tolyl)porphyrin
(261 mg, 0.30 mmol) and Eu(acac); nH,0 (450 mg, 0.9 mmol) in 1,2,4-




37. The storage nmedium of claim27, wherein said storage nmediumis present
‘at” a-multiplicity of storage |ocations. 25 38. The storage nedi u¥n30UUQI aitok
37, wherein said storage |ocations range from about 1024 to abouf 4096
different locations. 39. A nethod of storing data, said nmethod conprising:
(1) providing an apparatus according to claim1; and 30 (ii) applying a
voltage to said electrode at sufficient current to set ah oxidation state
of said storage medium 40. The method®of claim 39, wherein said voltage
ranges up t orsblgmbenzepg(§QmL) was Beated tol refiup @0 stirpel uitler Fgen feWiodief clai m

et nod of o Eoling kAR SbOE B bR G e TEPAN e AL B b e or |
sai d st or ageaddedli Ths MehuielveiseBRIcAToN A0hd@tiorals KL 1 QIREWREE €l n. 43,

The nmethod of clajm42, wherein said detecting the oxidation state of the
st or age- medi TgFROVe wnder veupy i hesesidue wandissplvatdnSH Gl and inadedomo akiliche

st or age ' cl.aim 42, LN 1.d. detectjng
conpri ses%oaﬁ%ifﬂr?gn%écl%%;@%@%g%ﬁg&vm' %H%W@m¥ ﬁég’:fgdg@'rgﬂf‘ldé met hod
of cl ai m 42, Thehrsicband Soliive-stoway édnidineDiinl b e (HpRLABkISompl&BoR signal in
t he frequen in. 46. The nethod of ‘clai m 45, erein sal etecting
he f gg% 6 h hod of claim_ whe id d [
conprises per®. ﬂg“@ﬂﬁrﬁﬂr)@}dqﬁf%mwmﬂgm. Thageadnd B@d47. The

e e
. the appar atomsplex (Pc)Bai(TETLPor)9 Thé\thdmitaut €blask)oaid plesieteraokpik’ al .
St R N N T i e
' (Pc)Eu(Pc)Eu(IET-Par) and double-decker complex (Pc)Eu(Pc). '
The first band collected was redissolved in THF and loaded onto a SEC
column. Elution with the same solvent afforded (IET~Por)Eu(Pc)Eﬁ(IET~Por) as the
first band (greenish-brown), which after removal of the solvent and washing with
15 . CH;0H affo_rded a greenish-black solid (72 mg, 19%). *H NMR (CDCl;) § 0.64 (s,
~18H),2.98 (s, 12 H), 3.91 (m, 16 H), 4.66 - 4.74 (m, 6 H), 4.84, 4.86 (m, 2 H), 6.58
(d,J=5.7Hz, 4 H),6.92 (d, /= 5.7 Hz, 2 H), 7.15 (m, 2 H), 8.97 (4, J=5.7 Hz, 4 H),
9.36 (d,/=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 Ci34HoNichESLEu
20 . 2542.2, obsd 2547.5; Aa; 356,421, 493, 606 sm.
; The third band collected was also redissolved in THF and loaded onto 2 SEC
column. Elution with THF afforded (Pc)Eu(IET-Por)Eu(Pc) as the second band
(black), which afier removal of the solvent and washing with CH;OH afforded a black
solid (10 mg, 1.5%). "H NMR (CDCL) 5 1.16 (s, 9 H), 4.15 (s, 6 H), 7.21 (s, 4 H),
25 . 822(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,6H), 13.94-14.14 (m, 6 H); LD-MS calcd av mass for Cyy5Hy NyoISiBu; 2191.8,
obsd 2192.5; Aups 341, 444, 517, 628, 656, 796 nm.

The last band (green) collected was redissolved in toluene and loaded omio a

short silica gel column packed with the same solvent. Elution with tolhene afforded
30 the first band (greenish-blue) containing (Pc)Eu(Pc)Eu(IET~Pof), which after removal
* of the solvent and washing with CH;OH afforded a green'solid (65 mg, 9.9%). 'H
NMR (CDClL;) & 0.69_ (s, 9 H), 1.60 (5, 6 H), 3.01 - 3.20 (m, 8 H), 4.78 (m, 4 H),5.01




50. A conmputer systemaccording to claim49, further conprisi n%]__,g di spl ay.
~ 3 ~~~~1 ~~Q~r o 51. An apparatus for storing data, said appafdal uliL 2{04
conprising: a fixed electrode electrically coupled to a storage nedi um
having a plurality of different and distinguishable oxidation states
wherein data is stored in said oxidation states by the addition or

wi t hdrawal of one or nore el ectrons féé)m sai d storage nediumvia the

el ectricall i/mcou | ed el ectrode; said orage nedi um conpri sing a pol ymer;

sai d pol ymekt cb?ﬁrq-éﬁ e, AF QP2 (my 3 H08. o sl 8HD) 912 G2 ) AoFomerli ),uni t s,

10 coor di nat T oNEs bl IRd? G SRR T (PE 8D, 125 N0RAT R s R ke e
plurality of2.68y, 8-HeakBMDaled aP htass RFHE | IEAMINER, 21001=dbRAtI195. 1
conpounds. 52. . An apparatus according to claim51, wherein said storage

medi um 15 c6¥pk il §&54 M5 -UIET-Poy)Ba, 18130 o RREn(Redn dhais GH2,¢3y $2320 552,0n
corrpound§. gﬁ g?rf apparatus according to claimb51, wherein said storage
medi um conpris EHBI urality of doubl e-decker sandw ch coordi nation

conpounds. 20 54Préphrafibi ofiresle HeeRdd wpdn readtich méif-PoW%gﬁb&:é%kd'stOF age
medi um conprises a plurality of hetero tic sandw ch coordi nation

e
conmpounds.. 58 Qlﬂrﬁié?r‘ﬁﬂdﬂé‘t?&is[%‘c(@db‘imﬂhﬂsﬂﬂ athpyhpbenylipomtorin (b4 mgsd.b9 age

medi um conpLi i aonol C ndw .cqordi nat i npounds.
25 56, The. abar AR e Rr0 g 8 el Lt Slaghbentin AReil) Torory
storage denwes fearéd wirefieasid ahesd unlir &g6id Bl £h.PThe FRElLE cRersDRA oIk
device. 57. The apparatus of claim51, wherein said storage nediumis

~ coval _en"tq y ¥es feoleety HohenluPe(R0madh29 meoliwes addsdr Fbemughrecyas m'51,
wher ei n sal Fek O AR Sm TRdite A $1n HUPIE Wtv¥nts WHEE Corb el BhderYafitint OFF. PY thi Q_l

i nkers.

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)
contéingd mainly (ET-Por)Eu(Pc)En(ET-Por) and unreacted porphyrin starting

15 material. The second band (red) contained mainly porphyrin starting material and
traces of double-decker complex (Pc)Eu(ET-Por). The third band (black) contained
triple-decker complex (Pc)Ew(ET-Por)Eu(Pc). The last band (green) contained triple-
deck@r complex (Pc)Eu(Pc)Eu(ET-Por) and double-decker complex (?c)Eu(Pc).

. The first band collected was redissolved in THF and loaded onto a SEC

20  column. Elution with THF afforded (ET-Por)Bu(Pc)Eu(ET-Por) as the first band'

" (greenish-brown), which afier removal of the solvent and washing with CHOH
afforded a greenish-black solid (21 mg, 9.5%). 11'-_I-NI\/JIR {CDCl3) 8 0.64 (s, 18 1),
2.99 (s, 18 ), 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 Ci36H;00N16512Eu; 2318.5, obsd 2321.9; Ags 355, 420, |
491, 606, 657 nm. - .

The third band collecfed 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 CH30H afforded a black

30 solid (2 mg, 0.5%). '"HNMR (CDCl5) & 1.10 (s, 9 H), 4.17 (s, 9 HD), 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




d.| -~ ~-~r Gu~~P 111 59. The apparatus of claim51, ‘wherein said storage
__medl um’i s j uxt aposed in the proximty of said el ectnde such that ¢l3ckiionsd
can pass fromsaid storage nediumto said el ectrode. 60. The apparatus- of
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monomer, which were easily separated by SEC chromatography (THF). The second
and third triple-decker complexes of type b (Pc)Eu(Por)Eu(Pc) and type ¢
(Pc)Eu(Pc)Eu(Por) required further silica column chromatography with toluene. In
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some cases (See Experimental Section below) the chromatography had to be repeated
15  several times. Reactions of phthalocyanine 2¢ with porphyrin 1a or 1b led to the
- recovery of starting materials and a very complicated mixtare of products, but triple-
decker complexes'were not present - presmﬁably due to steric hindrance caused by
substitﬁents in the 1,4,3,1 1,15,18,22,25—positions. In the case of the reaction of
' porphyrin 1b and phthalocyanjge 2e with Ce(acac);-nH;0 (D. Chabach ef al., New J.
20 C’lzem 1991, 16, 431-433), the a type triple decker sandvﬁch complex was isolated as
| the main produét and only traces of b and ¢ type compleﬁes were detected by LD-MS.
The reaction of porphyrin 1b and naphthalocyanine 2f in the presence of =
, Eu(acaé)g -nH,0, resulted mainly in the recovery 6f starting material and very small
‘amount of a type triple decker. The yields of the triple deckers isolated from each
25  reaction are ﬁsted in Table 4. .
o Each triple-decker complex was characterized by LD-MS, FAB-MS, UV-Vis .
‘spectroscopy and 'H NMR spectroscopy. However, "HNMR spectroscopy was not
_ particularly useful for the characterization of complexes containing the tetra-terz-
butylphthalocyanine ligand (6a, 6b, 6¢, 9a, 9]), 9¢) due to the presence of ‘
30  phthalocyanine regioisomers. The purity of the complexes Wér_e confirmed by TLC or
' LD-MS analysis in the absence of a matrix. In the LD-MS spectra of 3a, 3¢, 6a, 9a,
| othélj_peaks in addition to the molecular ion peak M were detected and could be
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Electrochemistry. Each member of the library of triple-decker sandwich
~ complexes that was pure and available in sufficient quantity was examined
electrochemically in solution. Selected electrochemical data are summarized in Table
15 5. For compourds 3¢, 4a, 6a, 6b, 9a, 9¢, 10a, 10b four oxidation states were
| observed, whereas compounds 6e, 9d and 4¢ provided only three oxidation states. For
most complexes, two reduction processes were observed, théugh exoeptions occurred
with 6b, 9d and 3¢ where three reduction states were detected. The highest
electrochemical potential was exhibited by the triple-decker complex 3¢ with only the
20  electron donating group (p-tolyl) on the periphery of the porphyrinﬁng, whereas the
lowest potential was measured for compound 10a with an aliphatic chain in the
porphyrin meso positions and eight methy! 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 vblté.mmograms and
mspected them visually for interleaved oxidation potentials. Some of the pairs that
. exhibited very good separations of potentials included 9¢ and 6a, 3cand 9a, and 6a
and 9a. Of these 9¢ appeared to be quite attractive for two reasons: (1) this complex
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 S-
‘ (acetylﬂﬁo)-deriyatizéd triple decker simmilar to that.of 6a. Therefore we designed
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
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896). This rather polar ethyne protecting group was selected in order to facilitate
- . separation of the porphyﬁn m the final step of the synthesis. Condensation of the
: 1attér with excess pyrmole in the,presénce of trifluoroacetic acid (TFA) (B. Littler ez
_ al.,J. 8. J. Org. Chem. 1999, 64, 2864—2872)' gave dipyrromethane 18 in 56% vield
15 after chromatography followed by crystallization. The desired dipyfrromethane—
dicarbinol 19 was prepared in a two step process. Treatment of 5-(}z—

- pentyl)dipyrromethane with ethylmagnesium bromide followed by r-hexanoyl
chloride afforded the corresponding 1,9-diacyldipyrromethane in good yield.
Reduction of the diacyldipyrromethane with NaBH, in tetrahydrofirran (THF) —

20 .methanol afforded the correspondmg dicarbinol 19, which was not characterized but
was used immediately in the subsequent reaction. The reaction of d1pyrromethane 18
and dipyrromethane-dicarbinol 19 was performed in the presence of TFAin

| acetonitrile followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). Although this route usualty provides porphyrin devoid of acidolytic

25 scrambling, dipyrro:ﬁethaﬁe-dicarbinols with aliphatic substituents are known to ‘

. condense with modest scrambling. The major other porphyrin species identified was
meso-tetrapentylporphyrin. The polarity zmparted by the 2~(2-hydroxypropy1)ethyne
protecting group enabled facile separation of the mixture and porphyrin 20 was
obtained in 28% yield. Porbh;ain 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)g, H,0 and fres base porphyrm 20 afforded the
_ coi-respondmg Eu(Por)acac complex. Treatment of the latter with dilithium




YA0%& ()- T 940% p p& ()- 9 %9A0%LE ()- %W YA0%K ()- |
%'\-1‘05'/«’)&' ()4Z}ng60~p@P! r§0" 109GT& ()-1r 0"109% ! & ()- 940% & ()- 93 JUL 2004
YL09%NE ()- 9% 9A0% | & ()- 9% 9A0%& ()- % rmouV7!!109D& ()-p
10908 () - <9409®D& ()-= 10 10 | |
10! r 6@L10% () - 6@10% & () - GVOaBuV7! ! @109D& () - =S109D& () -
@ 109D&' ()-=, 109D& ()-S109D& ()-!EV g
10% ()-bGaBuV7! ! 6P" 1090& ()-<! 109D&& ()- N 109%& ()- Sc=109D& ()-=S -
0%D& cl(Ili?lli&1 2BE d’inmﬁﬂuxmg 1,2 4-tnchlorobenzene gave a mixture of six triple
710%)&%-. qc)y ﬂg}) lkl LO%&: () - 6(L0%DE! () - 7" 109B&! ()_.\#? 109%& () - F4
e y&@ Af& rot ted ethyne moicties) togethermthremdual itﬂ];t/lng& 0-0
10D: ! 1090 téﬁsllsloméih\d 109 3;14: e@%ﬁ{cﬂn Brodh Xx& () -
P 10008 ()f%/@ LI 1ow§x&e()@g’i%§k§? ) 450 & B0l B etholg et |

"109% \ & () -the rragtimmenaditions foting die(ti (Biple!debRék etk deprotE¥Ru Wus Bertsndeli- P

10908 0 09 Fd, 1000H& ().-. !.I +-
109%0x OQ&S() a)t]l‘bfé%@é'rﬁsia%?( fib‘ﬁfé?égg‘%‘? IS apPROBS RJ@I{B)IZBS synthetic manipulation
of the iriple deckers, - -

In order to obtain the'deprotected ethyne, porphyrin 20 was first metalated
- with zinc (J. Rodriquez et al., J. Chem. Soc. Perkinﬁ Trans 11997, 709-714) under
< standard conditions giving porphyrin 23 (Figure 30). Deprotection of the ethyne by
10 refluxing with sodium hydroxide in toluene (L. Della Ciana and A. Haim, J.
Heterocyclic Chem. 1984, 21, 607-608) (98% yield) gave building block 24.
- Demetalation of 24 with TFA (J. Lindsey ef al., Tetrahedron 1994, 50, 8941-8968)
- afforded free base mono-ethynyl porphyrin 14 in 83% yield (Figure 30). The
- metalation step was performed in order to suppress possiblé decomposition of the free
15 - base porphyrin upon exposute to sodium hydroxide. Subsequenily, and to our
~ surprise, we found i:hat reaction of porphyrin 20 with sodium hydroxide in refluxing
- toluene proceeded smoothly to give porphyrin 14 in 90% yield.
- The reaction of Eu(acac);nH,0 and free base porphyrin 14 afforded the
_ corresponding Eu(Por)écac complex. Treatment of the latter with dilithium
20  phthalocyanine 2d in refluxing 1,2,4-trichlorobenzene gave a mixture of products’
o gether with residual starting materials (Figure 31). Column chromatography on -
silica gel with chlorofbrm 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 of 25a 1o 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 moléculaf mass, but displayed different absorption
specira. These complexes could be assi gned'as (tBusPc)Eu(E- PnPor)Eu(tBquc) 25b
- (1.3%) and (thPc)Eu(thPc)Eu(E-PnPor) 25¢ (12%) in order of elution from the
30 - adsorption column.
The monqmdo—deﬁvative iriple-decker éomplex 26¢ (Figure 31) was isolated
in 12% (40 nig) yield after two column chromato graphy procedures,'ﬁrith a small
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products together with residual starting materials (Figure 32). Column
- chromatography on silica gel with chloroform gave four bands. Further purification
of the first fraction by SEC in THF afforded triple-decker complex 27a in 26% yield.
' UV—Vls spectroscopy and LD-MS analysis allowed the structure of 27a to be assigned -
10 as (EB-Por)Eu(Pc)Eu(EB-Por) sandwich complex. 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 (Pc)Eu(Por)Eu(EB-Pc)
27b (1.6%) and (Pc)Eu(Pc)Eu(EB-Por) 27¢ (9.1%) in order of elution from the
adsorption column. Treatment of 27¢ with K,CO;3 (R. Wagner ei al., J. Am. Chem.
15 Soc. 1996, 118, 11166-11180) afforded the deprotected triple decker 28 in 94% vyield.
- Thiol-derivatized triple decker sandw:ch complexes. We have investigated
several methods for attaching the thiol handle to the triple decker building blocks.
Our studies have revealed the advantages of certain approaches and conditions for
avmdmg critical side reactions. These findings have emerged from the three methods
20  described below _ .

" (1) I order to attach a pfotected thiol umit 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(Y) 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-couplmg

reactions, DIEA was used instead and no cleavage product was found in the reaction

- mixture (R. Hsung et al., Tetrahedron Letz. 1995, 26, 4525-4528). The mixtm'e was
separated by silica column chromatography followed by SEC. Based on molecular
30 ion peak assignmeﬁts 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 blitadiync_ byproduct is a well-known side reaction in

Sonogashira reactions in the presence of copper (K. Sonogashira et al., Tetrahedron
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1%) ! 10% R& '(‘.arresﬁﬁﬂ&%b BE dosird §—(&&%§b)(éeﬁvla%zed) triple decker 13, while the

former is consistent with an acetylated derivative of the ethynyl tx‘ipie-decker starting

5  material. We atiribute the formation of the acetylated by-product to acetyl transfer
from the 1-iodo-4~(S—acety1thio)benzenc (or product derived therefrom), giving 30.
(2) The d1fﬁcu1t1es encountered in isolating the desired molecule 13 prompted
 thei mvestlgatzon of a different route. The homo-coupling of the ethynyl-substituted
triple-decker yielding the butadiyne-linked dyad is readily avoided by use of an iodo-
10 substituted triple-decker complex as the starting material. In this case any acetylation
of the ethyne due to side reactions from the S-(acetylthio)benzene starting material
would not affect the integrity of the triple decker prodﬁct. Forthefmore the omission
of copper, which promotes the oxidative coupling of triple bonds, greatly suppresses
- homo-coupling. Thus, compound 26¢ was reacted with l;cthyi.lyl—4-(S-
15  acetylthio)benzene (D. Pearson and J. Tour, J. Org. Chem. 1997, 62, 1376-1387)
" under mild coppcr-.ﬁcc Pd-medjated coupling conditions (R. 'Wagner etal,J Org.
-Chem. 1995, 60, 5266-5273; R. Wagner et al., Chem. Mater. 1999, ] 0, 2974-2983)
(triple-decker complex 3mM with molar ratio of complex (1), ethyne compound -
(1), P(o-toD)s - (1.2) and sz(dba)g (0. 15) in toluene and DIEA (5: 1) at 35 °C)
20 After punﬁcatlon, unreacted startmg matenal 35 was recovered in 40% yield and the
desired triple decker 13 was obtamed in 14% yleld (Figure 34) Although the
“reaction in the absence of copper is slower, the product distribution is cleaner.
(3) The ethynyl—substntuted tnplc decker (Pc)Eu(Pc)Eu(E B-Por) 28 and 4-
iodo-1 -(S-acctylthm)bcnzeue were coupled under thie Pd-couphng condltlons |
25  (Pdy(dba)s, ?(o—tol)g_ used forjoining porphyrin building blocks (Figure 35). LD-MS
analysis of the crude reaction mixture revealed two dominant peaks (m/z 2179, 2287)
correspohding to the acetylated product and the desired product, respectively. _
Columm chromatography afforded the two scpairatc species. 'H NMR analysis of the
former species revealed a‘shaIp singlet (2.86 ppm, 3H) coﬁsistcnt with an acetyl
30  moiety. The desired S-acetylthio derivatized triple-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
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copper from the coupling reaction avoids homo-coupling but does not suppress acety]

- transfer reactlon
| Conclusions. We have synthesmed a hbrary of tnple-decker complexes
* comprised of different porphyrins and phthalocyanines substituted with various
5 electron-donating éubstitue_nts. Electrochemical examination of this library has
. revealed appropriate combinations of triple deckers that may be used in the design of
an octal counter. As part of the synthesis component of this work, we have identified
 a sﬁitable route for attaching the thiol linker which should avoid some problematic
side reactions and thereby facilitate access to the desired thiol-derivatized triple
10 deckers. The simplest Way to avoid forming the acetylated friple decker by-product is
b employ an iodo- rather than ethynyl-substituted tnple-decker complexes. Two
thml—denvatlzed triple decker complexes have been prepared.

B. Experlmental Section
15 . General. "HNMR spectra (300 MHZ) and abso:ptlon spectra (HP 8451A,
| Cary 3) were collected routinely. All'H NMR spectra were collected in CDCl; (300
) MHz) unless noted otherwise, All ‘absorption spectra were collected in toluene.
Porphynn—phthalocyanme sandwich complexes were analyzed by laser desorptlon
(LD-MS) mass spech'ometxy (Bruker Proflex IT) and high resolution fast atom

20 'bombardment (FAB-MS) ona JEOL (Tokyo Japan) HX 110HF mass specirometer.

‘: LD-MS analys:s was done Wlthout a matrix or with the matrix POPOP High
resolutmn mass spectrometry was carried out at greater than unit resolution.
Commercial sources prowded dilithium phthalocyanine (Aldnch) Eu(acac); nH.0

* (Alfa Aesar) and Pd(PPhy),Cl (Aldrich). Unless otherwise indicated, all other
25  reagents were obtained from Aldrich Chem:lcal Company, and all solvents were
| obtained from Fisher Scientific. '
| | Chromatography Adsorptlon colunm chromato graphy was pcrformed using
ﬂash silica gel (Baker, 60-200 mesh). Preparative-scale size exclusion
chromato graphy (SEC) was performed using BioRad Bio-beads SX-1. A preparative-

30  scale glass columm (4.8 x 60 cm) was packed using Bio-Beads SX-1 in THF and -
eluted with gravity flow. Followmg punﬁcatlon, the SEC column was washed with

p_voh_lme equivalents of THF. Analytical scale SEC was performed witha
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copolymer) with THF as eluent (0.8 mL/min). ‘
Solvents. Toluene was distilled from CaH,, THF (Fisher, certified ACS) was
distilled from sodium, and triethylamine (Fluka, puriss) was distilled from CaH,.
5  Pyrrole (Acros) was distilled at atmospheric pressure from CaH,. All other solvents
were used as received.
General procedure for the preparation of tri}ile deqkers. A mixture of the
porphyrin (0.06 mmol) and Eu(acac); nF,0 (88 mg, 0.17 mmol) in 1,24
- trichlorobenzene (13 mL}) was heated to reflux and stirred under argon for 4 h. The
10 - resulting cherry-red solution was cooled to rt, then the dilithium phthalocyanine (0.09
mwmol) was added. The mixture was refluxed for an additional 5 h, then the volatile
- components were 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 three main bands. The first band (brown) contained mainly the triple-decker
15 complex (Por)Eun(Pc)Eu(Por) and unreacted porphyrin starting material. The second
main band (olive or black) contained the triple-decker complex (Pc)Eu(Por)Eu(Pc) in
a very small amount, therefore,pﬁen not isolated or characterized. The third main
. band (dark green) contained mainly the triple-decker complex (Pc)Bu(Pc)Eu(Por).
The first band collected was redissolved in THF and loaded onto a SEC
20 _column.' Elition with the same solvent afforded (Por)Eu(Pc)Eu(Por) as the first band
(greenish-brown), which after removal of the solvent afforded a brownish-black solid.
The dark green band (third) collected was redlssolved in toluene and loaded onto a
_ - silica gel column packed with the same solvent Elution with toluene afforded the
 datk greenish-blue band containing (Pc)Eu(Pc)Eu(Por), which after removal of the
25  solvent afforded a dark green solid. Final punﬁcatlon of each compound will be
descnbed spemﬁcally '

" (T-Por)Eu(CsOPe)Eu(T-Por) {4a). The reaction of (T-Por) (12 mg, 0. 017
mmol) and Liy[(m-OCgH7)sPc] (40 mg) was performed as described above.
Chromato graphy (silica, CHCl;) then SEC of the first band gave a greemish-brown

30 solid. The gi'éeniéh—brom 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 (CDCL) & 1.25 (t, J=172Hz, 24H), 1 7-
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(CSOPc)Eu(CSOPc)Eu(T-Por) (4¢). Chromatography {of the third band) on
_ silica eluted with a mixture of hexanes and THF (gradually from 0% to 20% THF)
. afforded pure compound (8 mg, 11%). 'H NMR (CDCl3) 8 1.01 (t, J= 6.9 Hz, 24H),
L15(t, J="7.1 Hz, 24H), 1.27 (s, 24H), 1.4 -1.6 (m, 32H), 1.6 - 1.9 (m, 72H), 1.9 -
10 . 2.3 (m, 48H), 2.5 - 2.8 (m, 32H), 3.09 (s, 12H), 3.31 (brs, 12H), 4.95 (Brs, 8H), 5.17
- {(m, 4H), 5.7 - 6.1 (m, 12H), 6.43 (m, 8H), 6.70 (d; J= 6.6 Hz, 4H), 9.31 (m, 4H),
_ 13.12 (s, 4H); LD-MS obsd 4047.3; FAB-MS obsd 4048.3, caléd exact mass 4048.4
- (CaaoHa2aN20O16Ety); Ay 373, 423, 540, 631, 737 nm.
| (T-Por)Eu(fBuPc)Eu(T-Por) (6a). The reaction of (T-Por) (31 mg, 0.046
15 . mmol) and Liy(zBuyPc) (45 mg, 0.060 mmol) was performed as described above.
. Chromatography (silica, CHCl;) then SEC gave a greenish-brown solid. The
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, §H), 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, éa]cd exact mass 2378.83 (Cs4H120N16E12); Aaps 362, 421, 493, 608 nm. |
(B Pc)Eu(fBuPc)Eu(T-Por) (6¢). The dark greenish-black solid obtained
- from chromato graphy (tbluene-, as described above) was further purified by
25  chromato gréphy (silica, _toluéne) (19 mg, 17%). 'H NMR (CDClg) was cql]ecte'd
though interpretation was precluded as the compound was isolated as a mixture of
inseparable reglmsomers LD-MS obsd 2449.5; FAB-MS obsd 2447. 05, caled exact
mass 2446.94 (C44H12:N0Bu,); Aans 346, 417, 526, 620, 727 nm. '
(Pn-Por)Eu(thPc)Eu(Pn—Por) {9a). The reaction of (Pn—Por) (40 mg,
30 O 068 mmol) and Lix(Bu,Pc) (58 mg, 0.077 mmol) was performed as described
' above. Chromatography (silica, CHCls) then SEC gave a g:ree_msh—bro\m solid. The
- greenish-brown solid was finally puriﬂéd by chromato_graphjr (silica, hekanes:_ethyl
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110%1 & ( % ] (3?6%@/%% O@&(Wé 6-8 4 ¢, 16m), 10.6270.9 ¢, 4 0F 12.5 (m, BH);
- LD-MS obsd 2218.82, 2162.0, 2149.0; FAB-MS obsd 2217. 97, calcd exact mass
5 2218.07 (Ci28H;5:N16Euy); Anal, Caled: C, 69.30; H, 6.91; N, 10. 10. Found: C,
N 69.04; H, 6.86; N, 9.82; Ay 357, 427, 502, 566, 626 nm. |
((BuPc)En(@BusPc)Eu(Pn-Por) (9¢). The dark greenish-black solid obtained
~ from chromatography (toluene, as described above) was further purified by
chromatography (silica, 'tolueﬁe) followed by again chromatography (silica,
10  hexanes:ethyl acetate (gfadually from 10% to 30% ethyl acetate)) (first band, 11 mg,
17%). "H NMR (CDCl;) was collected though interpretation was precluded as the
*‘compound was isolated as omixmre of inseparable regioisomers. LD-MS obsd
2374.0; FAB-MS obsd 2366 11, calcd exact mass 2366 05 (CI3GH147N20E112), Aabs 345,
413, 527, 583, 629, 736 nm. _
15 (BuwPc)EuBuPc)Eu(Bu.Pc) (9d). The dark greenish-black solid obtained
‘from chromatography (toluene, as described abovo) was further puriﬁod by |
E chiomatography (silica, toluene) followed bj( chromatography again (silica,
" . hexanes: ethyl acetate (gradua]ly from. 10% to 30% ethyl acetate)) {second band 11
mg, 17%). The'H N1\£R spectrum (CDCls) was collected though mterpretauon was
20 precluded as the compound was isolated as a mixture of inseparable regioisomers.
" LD-MS obsd 2523.1; FAB-MS obsd 2514.96, calcd exact mass 25 15.04
(CraliadNpBm); Ay 341, 649 1m, |
(Pn-Por)Eu(Mech)Eu(Pn-Por) (10a). The reaction of (Pn-Por) (50 mg,
0.085 mmol) and Li;(MegPc) (250 mg (compound used without punﬁcauon), 0.39
25 - pmmol) was performed as described above Chromatography (sﬂlca, CHCls) then SEC
 pgave a greenish-brown solid. The greemsh—brown solid was ﬁna]ly pun_ﬁed by
- chromatography (silica, hexanes:toluene (gradually from 50% to 100% tfoluene)) and
- chromatography (si]ica, hexaneS'CH2C12 (gradually from 10% to 20% CH,Cly) (7 mg,
'8%), which slowly decomposes during purification. "H NMR (CDCL) 3 0.6 - 0.8 (m,
30 16H), 0.90 (t,J= 69Hz 241—1) 12- 1.5 (m, 32H), 3.8 - 3 9(m 16H) 424(3 24H),
5.41 (s, 16H), 12.27 (s, 8H); LD-MS obsd 2109. 2, 2051.5, 2037.6; FA.'B-MS obsd
2106. 98, calcd exact mass 2106.96 (C]20H135N16E112), Aabs 362, 428, 502, 567 625 nm.,
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2B2253vT2 11 gmé%é% (tﬁe éoﬁ%nﬁ slowly decomposed during purification. The 'HNMR
5  (CDCly) spectrum was collected but the amount of material was insufficient to obtain
a good spectrum. LD-MS obsd 2143.3, 1401.7; FAB-MS obsd 2142.79, caled exact
- mass 2142.81 (Ciz0H116N20Bu2); Aaps 351, 417, 631, 652, 684 nm.
'4 | (Pn-Por)Ce(Mech)Ce(Pn-Por) (11a). A mixiure of meso-
totrapentytporphyrin (75 mg, 0.13 mmol) and Ce(acac)ynH;0 (140 mg) in 1,2,4-
10 trichlorobenzene (11 mL) was refluxed under a slow stream of argon for24 h. After
- | coolmg, a solid sample of Liz(MegPc) (610 mg, 0.95 mmol, 1mpure) was added and
| the mixture was again refluxed under argon for 10 h. Evaporation under vacuum gave
a dark green sohd The residue was dissolved in CHCI3 and loaded onto a silica gel
column packed with the same solvent. Elution with CHCl; aﬁ‘orded three main
15 - bands. The first band (green-brown) contained mainly the title compound and
o unreat_:ted_porphynn start]ng material. The dark green band contained mainly the
tdple—dedker complex (MesPc)Ce(Pn-Por).  The first band collected was redissolved -
in 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 greemsh-
20 brown sohd was finally purified by washing with MeOH (23 mg, 17%). "HNMR
- (CDCI;;) 3 -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,
2032.7, 2019.3 1963.6, 1949.4, 1904.0, 1890.1; FAB-MS obsd 2106.98, calcd exact |
mass 2106.96 (CraoHlissNigBio); hese 363, 427, 498, 565, 615 om.
25 | - Preparation of trlple deckers apon reaction of mesa-tetrapentylporphyrm
. and dilithium 2 3-naphthalocyanme (12a). A mixture of Pn-Por (66 mg, 0.1
mmol) and Eu(acac); nE,O (140 mg, 0. 28 mmol) in 1,2,4-trichlorobenzene (21 mL)
Was.reﬂuxed under a slow stream of argon for 4 h. After cooling, a solid sample of
LizNc (100 mg, 0.14 mmol) was added and the mixture was again refluxed under
30 argonfor5 Vh. Evaporation under vacuum gave a dark gfeen solid. The residue was
o dissolved in CI-_ICI;; 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
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10

15

the first band (greenish-brown). The greenish-brown solid was finally purified by

: chromatography (silica, CH;Cly/hexanes, 3:1), (4 mg, 3%). LD-MS obsd 2203.5,
2146.9,2132.9; FAB-MS obsd 2194.89, caled exact mass 2194.89 (Ci2sH;2sNi6Euy);
Aavs 330, 429, 543, 612 mm.

4-(3-methyl-3-hydroxy-1-butyn-1-yl)benzaldehyde (17). 4- '

- Bromobenzaldehyde (3.0 g; 16 mmol), PdCPPh3)zclz (110 mg, 0.170 mmol) and Cul
| (16 mg, 0.07 mmol) were placed in a Schlenk flask. The flask was then evacuated

and purged w1th argon (3 times) on the Schienk line. Then freshly distilled and
degassed TEA (32 mL) was added, and after purging with argon, 2-methyl-3-butyn-2-
01 (1.90 mL, 19.4 mmol) was added. The reaction mixture was stlrred forZhat 40

°C. (The progress of the reaction was momtored by GC-MS). The reaction mixture _

was evaporated fo dryness and then chromatographed (s1hca, CH,CL). Bulb-to-bulb
distiltation (93-95 °C, 0. 001 mm Hg) gave a pale ye]lomsh oil (2.90 g, 95%). B
NMR (CDCl;) 8 1.61 (s, 6H), 2.23 (brs, 1H), 7.52 (AB/2, J= 8.1 Hz, 2H), 7.79
(AB/2,J=38.1 Hz, 2H), 9.02 (s, 1H); C NMR § 31.9, 66.1, 81.9, 98.8, 129.8, 130.1,

©132.7,°35.9, 192.3; IR (film) v (cm™) 790.4, 830.1, 906.3, 963.4, 1014.3, 1046.1,

20

25

30

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%),
159 (10%); BI-MS obsd 188.0835, caled exact mass 188.0837 (CoHizOp).
5-[4-(3-methyl-3-hyd’roxy—Lbutyn—l-yl)phenyl]dipyrrometh:me (18).
Following a standard procedure, a solutlon of aldehyde 17 (2 5 g, 13 mmol) in pyrrcle

'(23.0mL, 330 mmofl) was treated with TFA (72 pL, 1.3 mmol). Column

chromatography (slhca, CH,Cl, gradually to CH,Cly:MeOH (7 .5%)) followed by

-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, 2K), 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

§32.2, 44.4,66.3, 82.7,94.5,108.1, 109.1, 118.2, 122.0, 1291 132.5,132.8, 143.1;
AnaI Caled for ConzoNzO C, 78 92 H 662 N, 9.20. Found C 79. 03 H,669 N,

929

5—[4-(3-niethyl—S-hydroxy-l'—butyn-l ~yDphenyl]-10,15,20-tri-n-

pentylporphyrin (20). Following a standard procedure, dipyrromethane 18 (530 mg, »
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10h‘V<iOh%/\7((tEEZZﬂEJ}0}lEd € 75086,23%8). (H-NMR(CIDTh: )G ~X68 Xbrs, 25D} 0%5-X). 1 gn()-Z pl+,
10 & O 1R B 1 TR e B 0.
5.0 (m, 6H), 7.84 (d, J= 8.1 Hz, 2H), 8.14 (d, /= 7.8 Hz, 2H), 8.78 (d, J=5.1 Hz,
© 2H),9.37 (4, J=5.1 Hz, 2H), 9.49 (dd, J= 9.6, 5.1 Hz, 4H); LD-MS obsd 680.6,
10  623.1; FAB-MS obsd 678.4310, caled exact mass 678.4298 (CssHsN4O); Ass
 (CHyCl) 422, 520, 554, 600, 658 5m; Aem (hexe 520 1) 661, 731 nrm.
Zn(0)-5-[4-(3-methy}-3-hydroxy-1-butyn-1-y)phenyl]-10,15,20-tri-1~
pentylporphyrin (23). Porphyrin 20 (50 mg, 0.07 mmol) was treated with
Zn(0AC)2ZH20 (1.5 g, 5.0 mmol) in CH,CL:MeOH (10:1, 66 mL). The traditional
15 workup gave a purple solid (50 mg, 91%). “HNMR (CDCl;) § 1.01 (m, 9H), 1.5 -
1.6 (m, 7H), 1.7 - 1.8 (m, 6H), 1.8 (s, 6H), 2.2 - 2.3 (m, 2EL), 2.3 - 2.5 (m, 4H), 4.29
(t, /= 8.6 Hz, 2H), 4.48 (t, /= 8.0 Hz, 4H), 7.86 (AB/2, /= 8.1 Hz, 2H), 8.3 (AB/2,
J=1.8 Hz, 2H), 8.74 (AB/2, J = 5.1 Fiz, 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 (CasHsyNOZa); huss (CHCLy) -
421, 553, 593 nm; Aem (Aexe 570 nm) 560, 601, 651 nm.
 Zn(l)-5-(4-ethynylphenyl)-10,15,20-tri-n-pentylporphyrin (24).
~ Porphyrin 23 (50 mg, 0.074 mmol) was dissolved in toluene (5 mL) and powdered
NaOH (100 mg) was added. The feaction mixture was refluxed for 2 h. After cooling
25 fo rt; the mixture was placéd on 2 silica column (CHzCly:hexanes, 3:2), affording 45
 mg of a purple solid (98%). "HNMR (CDCls) 5 1.0 - 1.1 (m, 9H), 1.4 1.9 (m, 12E),
21-22(w, 2H), 2.3 - 2.5 (m, 4H), 3.43 (5, 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=42Hz,
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 exact mass
. 682.3014 (CazHasNaZn); Aaps (CHzCLy) 421, 553, 593 nmm; Aern (Aexe 570 nm) 560, 601,
651 nm.
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-"10% & () - “trichlorobenzene (13 mL) gave three main products afier column chromatography
~(silica, chloroform). The first band collected was redissolved in THF and loaded onto
15 a SEC column. Elution with the same solvent afforded .(E-PnPor)Eu(thPc)Eu(E-
PrPor) (25a) as the first band (greenish-brown), which after removal of the solvent
. afforded a gréenish—black solid (14 mg, 22%). 'H NMR (CDCls) & 0.85 (brs, 4H),
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 - 4.6 (m, 4M),4.7-4.9 (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 (d, J=6.6 Hz, 2H), 9.66
- (4, J=35.7 Hz, 2H), 10.96 (m, 4H), 12.68 (m, SH); LD-MS obsd 2284.9, 2227.2; :
2215.8; FAB-MS obsd 2278.99, caled exact mass 2278.99 (C1siHiaoN;cEiiz): Auss 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) confaining
- (tBwPc)En(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 (C139H142N20E112) Aahs 345, 419, 530, 583, 627, 733 nm. . |
Preparatmn of triple deckers apon reaction of (I-PnPor). Reaction .of 5-(4—
- iodophenyl)-10,15,20-tri-n-pentylporphyrin (100 mg, 0.14 mmol), Eu(acac); nH,0
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\10%1( t} d“@‘ﬁ %31 FHLE% ﬁ‘%‘E’i‘{éé’Pf‘? @%7(3) erled e’iaé%ﬂ&ss(f%‘isz- 6-J 10% & ()-
CLovi & ()~ 165 1YY s 350, ARSL S ol HACUAH R (G ey
% 09K IKE& () cozli_bq;eﬁ W&dlﬁsoﬁmﬂdﬁ‘d@u@e andAd4lkd bak 4 dilics =] $ORMmE farke with
PAV6#1O%' a ﬁﬁle(s?aﬁae %gl%#n Ooﬁgﬁo‘gﬁ \Q’tfl tglﬁené afforded the main band (dark greenish-blue)
15  containing ({BwPc)Eu(tBuyPc)Eu(I-PuPor) (26¢), which after removal of the solvent
afforded a dark green solid (40 mg, 12%). 'H NMR (CDCls) was collected though
interpretation was precluded as the compound was isolated as a mixture of inseparable
| : reg101somers LD-MS obsd 2508.2, 2381.7; FAB-MS obsd 2498.92, calcd exact mass
249891 (CrsHuaNaolBus); Aass 345, 416, 529, 583, 627, 732 nm.
20 | Prepara_tlon of triple deckers npon reaction of EB-Por (27¢). Reaction of
| 5,10,15-t1'is[4-tert—buty1pheny1]-20—[4-(2-(tzimethylsilyl)ethynyl)phenyl]porphyrin‘(88
mg, 0.10 mmol), Eu(acac); nHO (150 mg, 0.3 mmol) and Li,Pc (80 mg, 0.15 mmol)
in 1,2,4-trichlorobenzene (20 mL) resulted in four bands after columm
chromatography (silica, CHCls). The first band (olive-brown) collected was
25 fedissolﬁred in THF and loaded onto a SEC column. Elution with the same solvent
afforded (EB_—Por)Eu(Pc)Eu(EB-qu) (27a) as the first band (greenish-brown), which
after removal of the solvent and washing with CH;OH afforded a greenish-black solid
| (34 mg, 26%). 'H NMR (CDCls) § 0.62 (s, 18 H), 1.89 (s, 54 H), 3.83-4.03 (in, 16
H), 4.76 (s, 9 H), 6.71 (m, 6 H), 6.84 (m, 2 H), 9.00 (brs, 6 H), 9.19 (m,'Z'H), 10.65
30 (brs, 8 H), 11.46 - 11.60 (m, 8 H), 12.73 (brs, 8 H); LD-MS obsd 2574.1; FAB-MS
~ obsd 2570.90, caled exact mass 2570. 91 (CisdHy 36N15812Eu2), Aabs 355 421, 493, 559
- 606nm.
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\S, 10%$& () (m,3H) 6.91 (m, 1 H), 8.72 (brs, 8 H), 9.08 - -9.16 (m, 3 H), 9.41 (m, 1 H),
15 10.10 (brs, 8 H), 11.10 (brs, 8 H), 11.69 (m, 2 H), 11.88 (m, 1 H), 12.16 (m, 1 H),
© 12.97 (brs, 8 H); LD-MS obsd 2117.1 (M), 1181.4 [M* - (EB-Por)Eu), 9193 (M -
(Pc)En(Pc); FAB-MS obsd 2206.60, caled exact mass 2206.60 (C125Ho,NzoSiEu);
Aats 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
| standard procedure. Column chromatography (silica, CH.CI3) afforded a black soid
(18 mg, 94%). 'H NMR (CDCls) § 1.96 (a, 27 H), 3.30 - 3,38 (m, 8 H), 3.71 (s, 1
H), 477 (4,J="7.2 Hz, 3 H), 5.00 (d, J = 6.6 Hz, 1 H), 6.70 (m, 3 H), 6.95 (d, J="7.2
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, § H); LD-MS
 obsd 2136.5 (M"); FAB-MS obsd 213456, calcd exact mass 2134.56
(Ciz2HgiNaoBus); Aaps 343, 415, 522, 552, 618, 722 nm. |
S-Acetylthio-derivatized triple decker (13). Route 1: Samples of .
 (tBuPo)Eu(tBusPc)Eu(E-PaPor) (25¢) (39 mg, 16 pmol), 4-iodo-1-(S- |
30 acetylthlo)benzene (44.5 mg, 0.16 mmol), Pd(PPh3)2C12 (1.7 mg, 2.4 umol) and Cul
~ (0.22 mg, 1.1 pmol) were added to Schlenk flask. The flask was evacuated and
o purged with argon three t].mes_ ‘Then deaerated THF (6.0 mL) and deaerated DIEA
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Electrochemistry. The solution and SAM electrochemical studies were _
conducted using standard instrumentation, techniques, and preparation sirategies. The
15  solvent was CH;Cly; tetrabutylammonium hexaflaorophosphate (TBAH, 0.1 M)
(Aldrich, recrystallized three times from methanol and dried under vacuum at 110 °C)
served as supporting electrolyte. The potennals reported are vs Ag/Ag 5
E (FeCpy/FeCp,")=0.19 V. -
_ . The foregoing is 111usi:aﬁve of" the preseut invention, and is not to be construed
20 as limiting thereof. The invention is defined by the fo]lowmg cIalms with
' eqmvalents of the clalms to be included therein.
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_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
4e : +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 +0457- | +0.272 | -1.115 | -1.444 | -1.810
6c : +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 | -1514
Sd , +0.955 +0.431 +0.136 | -0.944 | -1410 | -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




"4 7P"10%u) & ()-Zo S4 10% (“& ()- y"109%& ()- y" 10%) & () - JUL 2004
| 5y"109&& () - XYZhSbA410u) ~ 6- 109A&& ()- , "10%1&c& ()- "10%. %& (1)
«"109%€18&c& ()- &YL1094&& ()-10u) 10u)] E|[: A410u) .| "#10% %& ()- ')#1096#& ()-

. DH1098& 1 i 3"10%4.&& (Yo 10%4&& ()- 9)L|[: A410u)
<2P"10% (()/«)& (?’h“?lsl&)geé)ls 6, #1098&' () - <6, #109$& ()- ' 9A0%N & ()-0

ﬁé&)?/((igooﬁtm«(&m(e} <§) $({01&10§%’%1& %&%ﬁ%@é&%ﬁ @%@’O ‘%’3/ _ OP{ ZOvUA10 -‘

#0! 1090hME () - <' alﬁmd&la(c)mﬂe KISABAIRY Cqupled 180’ & ()-t! @) (10% f & () - -
9 0%.8 ()- 4 10% & + 1004 & ()- ' +"10%" & ()-
Dt 20008 1)~ &gl el bamin iy ahaiffyrent andisighishsble pyidat G&. () -

:yg#igto);f &&( % )Stagg@;/ﬁﬁé%g(ﬁ};{gt;&@(l% st%%d %%c%;d%@w &&T& @@50% (r%’r Svithdrawal of

' 5 - | kBwor pfore elg frcﬁ#ﬂéiﬂ/ xaZe Medidm SR8 %It RNy cdvpled

120/#1&/8{ X ] Fr[sor#lo%g‘ () - |_+(2{t$00/;3 & ()-  S)p#IO% (d)wP-A_ ngf bA410x ( X
. UBVIL0YB! %I%Q ¥040%:& ()- LGLOYS5 n& ()-Y i 10%5 & ()- \&10%5' & ()- 0
10x(10K(x1 O - M Fon A Sl TN Sl cbIP 8RB0 © 10%
=% (] -
% 100/59%\@@& (from: ﬂ@@ommsmnﬁdwbléddbﬁ%ﬁn@&ch)cﬂwdlﬁhbﬁ ¥e:BSounks ¥od

d. $10988&' 0 o bUA10  cp#10%86%& () - p#LOMEL () -G
$p#10% % f&)( ipl 0‘%%&“&2&"&&%?0%@%%%@ S|p10%99& ()-1.,0u | [:bU410
yS5" 10°/<9N&9& ()- '2"1090&& ()- PHLOYBE ()- pHIOYNEE ()- p#10%t& ()- p#10%

% () - -~ yT510 i 109%& ()-l&&lo‘V#(#(& ()-2109$9109$9109%9 6;
.& ocy<9$9& ()- y8[AdunMpartys)ac gagirngcmb&na) whess1] said Sibfaige B Coniprishs -

PSosr | e s R T (e ().

OFBRE ()-- - FV$10% & ()-- FVS10M/&& ()-- kwz | [:NA41010
fivfég@/&@ 8 108 & () (§) Yer1006 & () 110% U & ()< 10%@X @ ()-
0L 0% @ () - YA, [ﬁﬂ cardingdo chaim 1, gwa?@ftﬁage m:fﬂilmli%%jgsﬁ: _
o or @éﬁa Z&a dofl %@%%ék%%%@{@&@h%‘m&‘%%?& ()-S T |&$10%K & ()-
| 851098 ()-!!!!!! CHDA4L10" 0 #100@&' ()-. 1096& ()- i3" 10UGRGE ()-Z

% 10" 10 C#$. & (O * AALD" RALOVES ()-. ~#10%& () -
ﬁgi/%f}&é) ()%.#10 %&g“( §5(“% 2 % gIpin sayd,storape medipmaamprises
K" 10% %08 ( h-hetedd] & oy fV(iO%V& ()-v10$10$10$
'D#lOO/fas& ()()EL //eggo%%[ %ﬁ%g%@gﬁlo%@% "()-0a i!3"109%84& ()-R

5i13"100004 & ()- ' P"109NSN& ()- H P"10%GE () -

9 R"']3" 10%\|
;l&l(();/@ & ()-22 2§%4a%§£1[am3%%90§£§g ?0 %10 %30{ ﬁgrem sa.ld3 st%r%ﬁlt\alg‘iug compnlses

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 Jjuxtaposed in the

35  proximity of said electrode such that electrons can pass from said storage medium to
said electrode.
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12. The apparatus of claim 1, wherein said storage medium is electronically
coupled to a second elecirode that is a reference electrode.
10 |
13. The apparatus of claim 1, wherein said storage medium is preseﬁt ona '~ )

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 iwo
electrodes.
19. The apparatus of clai::_l 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
ntegrated circuit.
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P ) - transform of the output signal from said electrode.
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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
ox1dat10n states of said storage medium can be set by a voltage difference no greater
than about 2 volts.

20 o
| .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—neufral oxidation states;
| wherein said storage medium comprises a sandwich coordination compound
25  selected from the group consisting of double-decker sandwich coordmanon

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.
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46. The method of claim 45, wherein said detecting compnses performmg a
Fourier transform on said readout signal. -
" 20

) . 47, The method of claim 42, wherein said detec’nng utzhzes a voltammetric
‘ method.

48. Ina computer system, a memory device, sa1d 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 comprising a display. -
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.- one or more electrons from said storage medium via the electrically coupled

electrode; - | |
said storage medium comprising a polymer; ‘
, said polymer comprising a plurality of covalently joined monomeric units,
each of said monomeric units comprising an independently _sélected sandwich
coordination compound,; |

and wherein said storage medium comprises a plurality of double-decker or

triple-decker sandwich coordination compounds.

52. . An apparatis according to claim 51, wherein said storage medium

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.

54. An apparatus according to claim 51, wherein said storage medium

comprises a piurality of heteroleptic sandwich coordination compounds.

55. An apparatus according to claim 51, wherein said storage medium

: cdniprises a plurality of homoleptic sandwich coordination compounds.

56. The apparafus 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

linked to said electrode.

- 58. The apparatus of claim 51, wherein said storage medium is covalently
linked to said electrode by thiol linkers,

“abcdef gh‘i j kI mopqgr st uvwxyz{ | }g~3 J
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39. The apparatus of claim 51, wherein said storage medium is juxtaposed in
the proximity of said electrode such that electrons can pass from said storage medium
to said electrode, '

60 The apparatus of claim 51, wherein said storage meduun is Juxtaposed to
a dielectric material embedded with counterions.

61. The apparatus of claim 51, wherein said storage medmm and said -

electrode are fully encapsulated in an mtegrated circuit,

62. The apparatus of claim 51, wherein said storage medium is electronically A‘

coupled to a second electrode that is a reference elecirode.

63. The apparatus of claim 51, wherein said storage medium is presentona

single plane in said device.

64. The apparatus of claim 51 wherein said storage medium is present at a

_ muluphclty of storage locahons

. 65. The apparatus of claim 64, wherein said apparatus comprises mtﬂtlple

planes and Sald storage locations are present on multiple planes of said apparatus.

66. The apparatus of claim 64, wherein said storage locations range from
about 1024 to about 4096 different locations.

67. The apparatus of cla:u:n 66, wherein each location is addressed by a single

electrode.

68. The apparatus of claim 66, wherein each location is addressed by two
electrodes. ‘

69. The apparatus of claim 51, wherein said electrode is connected to a

voltage source.

i
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70. The apparatus of claim 69, wherein said iroltage source is the output of an

 integrated circuit.

71. The apparatus of claim 51, wherein said electrode is connected to a device

to read the oxidation state of said storage medium.
72. The appératus of claim 71, wherein said device is selected from the group
consisting of a voltammetric device, an amperometric device, and a potentiometric

device.

73. The apparatus of claim 72, wheitein said device is a sinusoidal

. voltammeter.

74. The apparatus of claim 71, wherein said cieirice provides a Fourier _

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.

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
one storage molecule such that said storage medium has at Ieast two different and
distinguishable non-neutral oxidation states;

| wherein said storage molecule comprises a polymer;

said polymer comprising a phirality of covalently joined monomeric units,
each of said monomeric units comprising an independently selected sandwich
coordination compound ‘

and wherein said storage molecule comprises a plurality of double-decker or

triple-decker sandwich coordination compounds.




