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HARVESTI NG ARRAYSJonat han S. Lindsey and Gerald J. MeyerThis In

made with Governnment support under Grant No: DE- FQ02-96ER14632 fromt he

. Department of Energy and Grant No. GVB6238 fromtheNational Insti tutes of.
. Heal th. The Governnent has certain lights to this invention. “15Field of

. the InventionThe present .invention.concerns sol ar-cell's, partl cularly
regeneratl ve solarcells, and |light harvesting arrays useful i.n-such sol ar

- cel'l s. Backsround of the Invention20Ml ecul ar approaches. for converting

sunl i'ght to electrical energy have a.-richhistory w th neasurable

: "phot oef fect's" zeported as early as 1887 in Vienna (Mses, J.Mntash. Chem
1887, 8, .373.).. The nost promsing designs were expl ored i hconsi-der abl e

- detail i he 1970 s (Gerischer, H:. Photochem  Photobiol. 1972,16, 243; .

~ Gerischer; H Pure Appl. Chem 1980, 52, 2649; Gerischer, H.;-Wllig, F.

Top. Curs.25C| aern: 1976, GSOIBMRCEMJS&NE\QRPGMHM% are shown in

; Figure |, both of whichincor ectively absorb
~sunl i-ght-; termed phot osensi t@gﬁfﬁﬁgﬁﬁ&m‘@%rs (S), covalently

" bound to conductive el ectrodes. Light absorptionby the sensitizes creates

.an excited state; S* that injects an electron into the electrodeand then

~ oxidizes a species in sol utlopathaf el indggytand Legaldijdblepeni ct s a :
sinplifigd30photoel ect nosyntheti.c cell. This cell produces both el ect rical
power - an1 cheni cal products. Many "of t he nol ecul ar appr oaches over: the past

- few decades were Tiﬁ§t@6ﬂ%@w§§%ﬁé@éﬁrﬁ@o&r%ﬂéﬁﬂ§@&aoﬁ%&&@aﬁﬁé*]E-Qom of .
",&EI itting water into hydrogen andoxygen. Shown on the left hand side is a

generati vé&'@&- ?63 drrethePanagment oftlinergy and-Grantie GhB4238 fremabe 25 10

the. oxi dat | daiaelBsds ro es%?ﬁ&‘?%L%‘hep%‘éem%fmﬁ%S %ﬁ%r &ﬁ%ﬁé@%@?@wgf sed at

the dark" cathode

15 IR o Freld of the Inventwn o -
The present mventron concerns solar cells partlcularly recreneratlve solar -

- cells, and hght harvestmg arrays useful in such solar cells

Bacl_gground of the Inventlon

200 i Molecular approaches for convertmg sunhght to electrrcal energy have a nch
| hrstory with measurable “photoeffects” reported as early as 1887 in Vienna (Moser,
L Montash Chem 1887, 8, 373.). The most promrsmg desrgns were. explored m _
o . considerable detail in the 1970°s (Gerischer, H. szorochem. Photobiol. 1972, 16, 243;
" Gerischer, H. Pure Appl. Chem. 1980, 52, 2649; Gerischer, H.; Willig, F. Top. Curr.
25 Chem. 1976, 61, 31). Two common approaches are shown in Figure 1, both of which
incorporate molecules that seiectively _absorbl sunlight, termed photoser_rsit_izers or.
simply- sensitizers (8), covalently bound to conductive electrodes. Light absorption
by the sensitizér creates an excited state, S*, that injects an electron into the electrode
and then oxidizes a species in solution. The right hand side depicts a simplified
30 - photoelectrosynthetic cell. This cell produces both electrical power and chemical
. products. Many of the molecular approaches over the past few decades were designed
to operate in the manner shown with the goal of splitting water into hjdro genand

- Oxygen. Shown on the left hand side is a regenerdtz've cell that converts light into




The principal difficulty with these solar cell designs i s{iﬂaﬂE@ ?ol ayer
of a nolecular sensitizer on a flat surface does not absorb a significant
fraction of incident visible light. As a consequence, even if the quantum

..yields of electron transfer are high on an absorbed photon basis, the solar

-..conversion afficie \érg{ wi Il be inpractically | ow because so I|ttIe light is
~ absorbed: EavFSFiFiEs h @paet cheaisigni Indbe regererptivhiodancell shawn, dlit exddationcumvent-

it by utilioz rs, Thi.:s,.strate f enpl oying
-t hi ck- absor bl:eﬁ(gl ngfe‘alrftsaﬁde 3%2&%?%{0%1‘%&5? f%?@?%%@?@?g‘? caodft ed-state -
‘quenching in the mmmmmwmmmaww%s@smm&ﬂm £oFhON

- injection into tlﬁe el ectrode. .One class of thick | msensitizers 1's

pi ovi ded'  bymPleuiasepsifiparonys Jatwusfaearioss n@’é@ngrb( asigyificant fiactiemaf iAtidericht |
A G J 3. 5 |yn thick film
~typicall fd;gﬁn%l?rr;@t %‘8‘71 Dﬁ%&)‘%@%ﬁ?@ig? 5}1?“ e‘fgdgi‘;ﬂ{L *’8? 4 P Ir(aire rme

- porphyrins, lnghnmmmahmb&&;dioaﬁbash@t}ﬂ%@l@ﬁb&ﬁférs%ﬁéﬁ%ﬂ:n@)l'%lﬁé)de surface and
is enpl oyed in %F@Pﬁf}'ﬂ ar, cell s 'I'i ke those shown, or as solid-state devices

where a secdH®¥* oy breguss sodiftle Heglitapaksorhede Eaﬂga‘meerchcﬂs mccoghme«bﬂganl c

| ayer i's conshgl F%E{ﬁj m,cendu ther n- or .
~ p-type.phot g%on%%dw?@% gh%l?ggqgﬁgniﬁﬂ?ﬁgﬂgs%‘{sgﬁl t?lf‘f’;ll ﬁé‘ff gy,
. conversion rﬁ@b@l}njam@tmdcﬂfspﬂimg Bryers ®vak QRS RO QY dtéﬂ&é&lm%ﬁﬂ%—%@
rd the el ectrode surface where interfacial

plgrrent |nthef|Im

‘el ectr o 0  ficrcking ‘5‘15@% Vt'@?%é%m%@%#ecr@md theyydeld aff electoon injestion fnto fhesed
“mechani sti c g3dc@lgel S nNot clear. Increased efficiencies that resul't from
vectori al . ‘ener gy transfer anong the pigments have: not been convincingly
denonst rat ed. Fu@ltﬂecrlmroef thlckH&nrsemmﬂieﬁisgmaﬁ%ﬁhélséfcﬂﬁd%}g&ﬁ@gélﬁﬁ are )

~short -rel at f the | Accordingly, nost of -
the 1ignt 1 olnbGpeeG: 735 tpech Anbrd e B g9 Tacombts Bol Harenat od {0
th T i di hed by
impuriti 22”3?'@‘%%?o?%{%?%%*?dms@’f’ven?%@@ﬁs 5 PR RRAL LSS T 0L

~repr odudpbi Iqhicyolzhy&lsfpmphﬁmsg ormixtires thefdof-i9 HepdiRed@bhto@h @hir6dS QlrpiceCe! | S
are nultil ayer,.organic hetergéé %ﬁ\kqth filnms or doped organic |ayers that
P

‘- yield -- 20 cPfitTHpeyedinaget e KFhaaeor %@Plldﬁ@tfedefm@ﬁmye @Irops
-mar kedl y as stfdirhdtadi S t

A Appﬁ. B SRR A Ry Ak M "B R bonie 55,

©408). 19 bcg@:smpbban@gmwsnnmmaonmmmmwm phagpesh@eioatu@plitysmar e t he

"~ so- caIIed p were the hallinark npl ecular |evel solar
ener.gy convrelg ésﬁrgﬁ&c/?g %gg écﬁﬁ%@yswn’i@%’@nén?ch%émﬁ mncorgoraje ex@ionichem -
Res. 198D, lenGigyabsfelhesag ool digmaied] it g 4behednt LRE AL Jhkssed

. .abové-in that the excited sensitizes does not '5Sundergo 1 nterfacial -

el ectron .t r dK&Hegial W%@f%t&kéﬁpb%tﬁﬁwcwr&smmeenﬁﬁﬁshapi'opﬁad

menbrane th [ er ge transfer: the rrerrbrane -

physi cal | ysgngcg?gu%sttéﬁlahoﬁ‘&%& E‘Ef’g&'@?eﬁ tﬁ?ﬁ‘ﬂ @5%8?%‘? eP‘é’i%x

equival ent's traﬂfegmm ﬂ:leq:@hélﬁlﬁ@mﬂt b ER R &ﬁﬁ&nsﬁ"é t?ﬁrtﬁé

“electron tr sfer machr nophore to.or fromt eelectr
" internol ecul IeBﬁ% Efll%ﬁll basthg e shatt relative 'Etﬂl@lpﬂ@tlatldndﬁptﬂlofl ng

‘equi val est s g fifsg t t interfaci ectron
transfer takes acgE&gﬂ%ré%% Fh\a@{g%hﬁgﬁggorga:i gfonc‘ﬁﬁerﬁgﬁ&?ﬁ?géﬁ ed by
phot.odri ven cemmbe tandlatad 6 dre sentaontdidier sufatd e’IH@éﬁUit%ﬂ@are also readily

| nphot oel ect ros égetl c galvanic cells, chemcal -fuel snay be formed as

wel | . Thi sg@H@? Y FRPUes Wrineprrorsied splvpnialendimg do sighificentokeBenges ibeen

enpl oyed i N réfbYuctili MEBE t.he absol ute ffl CI cies
remain very [ow AIb|t coﬁca[tfog (’j[!ﬁ{@%i;a ibtg%iaftc(fé y ?’@flcally
coul d be ac med‘hettreynnanmé’dﬂmmgepwrca anl€1a eﬂqhgg,aélaam% eﬁmixénclééomever

i Ci ies rnealized,to d yplcalylessthan 2% In 1991, a

efficie te ar
br eakt h?gugﬁng\ﬁ O diradipnce, g ncy depporRakedly eotirdyadiane, amrcaacm;s J.
355 20757) %8?2%@53’5@ %ﬁ%? 4 Pgef P08 thps, NriBtt 3, do g,

col | oi dal séiﬂ!@@ﬁﬂ&&;té(ﬂé’f#ﬂ)&?m the surface area for sensitizes. binding

i ncreased by over 1000-fold. Gratzel and ', 0O Regan denponstrated that a
monol ayer of sensitizes coating the.sem conduct or "particles resulted in
absorption of essentially all of the incident light, and

i nci de~at phot on-t o-el ectron energy conve%si on efficiencies were unity at

i ndi vi dual 25wavel engths of light in regefierative solar cells. Furthernore,
a gl obal efficiency of ~5% was realized under air-nmass 1:5 illum nafion
condi ti ons; this efficiency has risento a confi rrred 10. 69% t oday (G at zel,
M in Fut ure Cener at| on Phot ovoI ta| oTechnoI og| es" NtConneI |, R D AI P

H

R
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Summary of the Invention Accordingly, the present invention Q’B\ﬂg[e?ﬂ €rmng
other things, a light harvesting array useful for the manufacture o Q | ar
cells. The light harvesting array conprises: 15 (a) a first substrate
--conprising a first electrode; and (b) a layer of |ight harvesting rods
~electrically. coupled to_ the first el ectrode, -each of the light harvesting
rods ‘conprising a®REhsrrbass of mplncrlar-hased sular eelis aetheeaomaﬂedﬁhbmgaltmnm | east

1, and may b, t0.?0, or frore i s,a, cha
separation g%d%%%egﬁl@%cﬁ{m%&g%ralﬂéeld?laéﬁ%qr%c@dﬁ?lmtle’vtﬁes Pff) r than
~that of XZ; HMO’OAISOSEAderY W+ 426.6CHH. RERPIusRess, 1uD). ek ceidhnest i ng rods
..of Formul a ldlsqql el ge Xl preferably conprises a 25 porphyrl ni ¢ macrocycle,

~ which may be Clg'Pﬁtsteefh%Eﬁ?Fl@bMéhatsthmmtcﬂt sensiizeudaks nbur t her, XZ

t hr ough or, I ni.c Jracrocycles. In.one -

preferre dg} nt olt’ E{%thﬁm% @%‘gﬁlﬁﬁﬁﬂdgmﬁ’f’l Eot r%embedgp%;nn at

.l east one ofa fnembyrane thao allows imnraesﬁt Btﬁcﬁéhal'%’e ®dnstdriBe FRintridept9ticaly al | of)
X ~ through 30 X' "+ is/are selected fromthe group consisting of chI orins,

“.bacteri ochl o?cpﬂ?tes E‘H@dw&m rﬁ@dph@tosrneratedredpaeqapokents Jaet i cul ar

-enbodi nment oV ovi des for the‘f
nmovement of eglﬁrgtsﬁl n-t gﬁ%%}gés&gjggg'{rrg%tc%&dﬁ?%% Eeflq'?%%agﬁﬁfé IBﬁergy along -
sone or al | diforhéphoretogirifront telubeckio@dy, Hakstetdrneldcals eha&@@se?@ﬂiﬁbﬂt ses: (a)

~a first ubstrategg} npri sin first el ectrode; and-5 (6 ayer of Ilght =

“harvestimg rSgesEr 1edugin @%@gteamr@lenwréfﬁlwlteeleme@esvdmeh .
o ht h ~ ~ V\/n
O A B WL WS el

ﬂ3~ at I east 1 (typicall
_ generated by photodrtven electron transfer ocourrmg in the membrane. In
j photoelectrosynthetlc galvanic cells, chemical fuels may be formed as well Thrs
' general strategy for dye sensitization of electrodes has been employed in many gmses o
15 | over the years, but the absolute efﬁelencres remam very low. Albery concluded that
~an efﬁcrency of ~13% theoretrcally could be aohleved in'an aqueous regeneratlve
-photogalvamc cell. However efﬁcrencres realrzed to date are typically less than 2%
- In 1991 a breakthrough was reported by Gratzel and O’Regan (O’Regan, B. et
.- al J. Phys. Chem. 1990, 94, 8720; O’Regan, B.and Gritzel, M. Narure 1991, 353
200 737). By replacmg the planar electrodes with a thlck porous colloidal semleonductor
film, the surface area for sensrtrzer bmdmg mcreased by over lOOO—fold Gratzel and
_ O Regan demonstrated that 2 monolayer of sensitizer coatmg the semlconductor o
) | ‘ ~ particles resulted in absorptron of essentially all of the mordent light, and incident -
o ' photon~to électron energy conversion efficiencies were umty at individual '
25 _wavelengths of light in regenerattve solar cells. Furthermore a global efﬁclency of
~5% was realized under air-mass 1.5 illumination condmons, this efﬁcrency has risen
toa conﬁrmed 10.69% today (Gratzel, M. in “Future Generatron Photovoltalc
', Technologies” McConnell, R.D.; AIP Conference Proceedmgs 404, 1997, page 119).
- These "Gratzel" solar cells have already found niche markets and are commercially
-30 avatlable in Europe.
_ These high surface area colloidal semrconductor films (Gratzel cells) achieve a
: high level of absorption but also have the following significant drawbacks. (I} A
liquid junction is required for high efficiency (because the highly irregular surface

structure makes deposition of a solid-state conductive layer es_sent:ially‘impossible).
, _ _ , 3




. used as conponents of |owlevel

10 . X is a charge separation group having an excited-stat e‘!gfngge?ﬂﬁﬁ
equal to or lower than that of XZ;, XZ through X' +i are chronophores; and
Xl through X "+r are selected so that, upon injection of either an el ectron
or hole fromXl into the first electrode, the corresponding hole or
electron fraqg i, 15.transferred.to ut legst X2 , and optionally to X3,
X4; and aI'I-'ct?}]ﬁ%@](’f%-Bf@‘l’ou_ UCIQF. TEq%its g fampeptur anpealing stepo ment , . X
through X " tediakente@iPRERENSS. IRh hidPR Eﬂn’% i'n&);gb L L8 ffom X
into the first el ectrode, the"corres"bonglﬁng_ g%e rsgke‘%% i'S ﬁoglg_g%fri_er ed to
at | east Xz typesed copductvasubstrates thaykan®e uded. Fogbtaniple wobimeis sabsttaiss provi de
- intense abs @ti (i{;l?]é?f lttfﬁqgr%t and deljver the 20 resulting excited state to a
" desi gnat ed- 1"0CALT o W IHRE Ficalng wrPsraturgs caprat e wsed. £3)\Mgnifiesnt of

~appl i cat 5ongoss ik ablocBaakeEk h@ﬂﬁpgg&t@/@%{ggﬁ}pgﬁﬂﬁ{evtp& J 00 AL BAXS: @3{‘5 be

systens, - especi al Wwhere
- control is ddwhsleasesdemot tpprocistly degehsedhe phabturtdngbut Bavead lhge tetdct on

~-Li ght - harvest i ng..arrays, can.be used as input el enents, in.optoelectronic -
- devi ces, an‘gﬁ% g0 %Hfal?fﬂ 5&?&%#@‘?@@9@?%51 3y Hagieldiphecul ar - based
signal i ng sYG#iesE M. Qrena kel DR5| 95 405, ' | g&ﬂ&s .9 5l

mol ecul ar - based fl uorescence sensor@ %Egorl%%?ggﬁqeg% ase --fsf%ﬁéf%{heé”nm oys a
set of probérejeailgrappidackds thithecmstractinydfaplantdlisched to a nol ecul ar

backbonggyt hat under goes excited-state energy transfer. The binding of a
-single analyte to any orie of the probe groups yields:a complex that can -

quench ‘the excited state that fsgﬂﬂaﬁ&*f@ggﬁ%ﬁoﬁl ong the backbone (i.e., -
exciton). The quenchi ng phenonenon T esu . ni shed fluorescence from
the ol ecul ar badiaseriinglBabe praseririnyention phovides, emang ovtherthingszlsghtt he

TReTch e ARt e PV AR ek e,

such nol eculcamphiassed f | uor escence sensors have-enpl oyed UV or near-LTV:
absor bi Hg chronmophores in the nolecul ar backbone.: The |ight-harvesting :
“arrays déscri bed (@t Brsh suhsiratefomprising 6 finstielagradenprhent s forya new cl ass of -

Th the visiole atd Haapant S ERat el AbPubiotalddlt sis B3I EARgeT e

" 1i ght - har vesaélnef the liglyshatessting batt dosipisthai apdlymecdiForGfith §: A sol ar cel | as

- described herein typically conprises: (a) a first substrate conprising a

- first electrode; 10 (~) a second substrate conprising a second el ectrode,
~wi-th the first and second substrate bging.positioned to forma space '
‘therebetween, and with at |east one 76%){"9' j)t he f@st substrate and the
.first electrode and (ii) the second substraie and the second el ectrode

- bei ng transpdicesi; (c) a layer of light harvesting rods electrically

- coupled to the first electrode, 15 each of the light harvesting. rods
conpri sRg a pol ywisrat dfasirhand may be fontivoyiheseairfourko M0ics nadre] east 1 (and
typically two, t'Ij{lqg Or._nor e ' charge separation,

‘group having an -éxci ?31(’331%?%%133%%*&%5{1 Bavé%%ﬁ e)%c'g)te%(-:stalé%o | BREEY Ot%at of |
X2 XZ thr ougdwefriin taseof X% @g@phores; and e
o - X? through X™"! are chromophores. 7 ,
| ] In light harvesting rods of Formula I hérein, X! preférably comprisesa
25 porphyrinic 'macrqcycle, which may be in the form of a doublé-decker sandwich
‘compound. Further, X through X™"! also preferably comprise porphyrinic
-macrocycles. _ '
In one preferred embodiment of the light harvesting rods of Formula I herein,
-~ at least one of (e. &, two, three, a plurality of, the majority of or all of) X' through
30 X™! is/are selected from the gtoup consisting of chlorins, bacteriochlorins, and

isobacteriochlorins.




Xl is electrically coupled to the first el ectrode; the solar ﬁg b éurther
conprising (d) an electrolyte in the space between the first dJk
substrates. A 25 nobile charge carrier can optionally be included in the
el'ectrolyte. In a particular enbodinent of the foregoing (sonetines :
referred to as "design. |1" herein), the solar cell conprises: (a) a first -
‘substrate corrprr sﬁmﬁlgﬁulﬁfﬁmboéw ﬂ%ﬁhght@b;vealwcﬁsmmfoe&abveonprr sing a

d el ect nd. d 30 t d
el Ml A S R R
substrate” aruloﬁgtﬁmiedsﬁuﬁ‘tﬁ@w gﬂﬁ;f@ﬁ@h%ﬁ%&%ﬁﬁ?ﬁ%ﬂ@@ﬁd%b@?ﬁdeﬂie and the.

. second el ectrode bein transparent : 04 (c) a layer of | i ght
harvesting rods efaadEstsst aqate@nmrmea)ﬁtshdew aml ectrode, each of flee

- light hargesti ng orrru 5,wher ei n: |

- mis at Iseast 1 (& 2g§ 5&3?@% W ﬁggle%@’?l ?O“Pi?%ttﬂﬂ?ﬁ%@e%?%) X is

-+ a charge Sepﬁcﬁbfm@hﬂhﬁv&iﬂ ﬁﬁdzﬁdbn@fﬁiﬂg%o‘i beofdforaiifa By equal- to or
| ower than that of X2, XZ through X "+~ are chronophores; 10 X' is -

el ectrlcally coupl ed to the first electrode; and X through X'' +~ are

. selected so that, upon injection of either, anel ectron or hol e fromX “into
“the first-electrode, the correspondr)(]&}ti’i’lﬂ'l1 or e(Iectron fromX is o
- transferred to XZ (and optionally to X3; Xmand i.n-somme oases all the way
Cto XU+i); taﬁe{éﬁlar cell further conprising 15 (d) an electrolyte in the

' space betvieen the first and-second substrates; and . (e) optionally; but -

preferably, a rmhmlmaﬁhaatge{typmaﬂyemlthreEbef(ﬁirth@ﬂtybﬁnoﬂeD; a-currently:
~preferred enbodi ‘t hrough X'' +~ ar.e sel ected so that, upon I nj ection

60 an ol Bhiron T B CHprReGepHALeY FokD BFURE PR e oh e OROl o
“fromXl is- tr0%§{]ﬁﬁlﬂ§a@0f§{2-xz t hr ough X +1. 20 Another particul ar - :
~ enbodi nent (sonetiges referred to as " desi gn 111" herein) ) of a solar cell
-as described abov¥® ﬂmmgth § are(d)mraophqree; asd,rbst rate conprising a first
- eI ectrode; | X! through X™! are selected so that, upon m_] ection of exther an electron or
~ holefrom X' into the first electrode, the corre5pondmg hole or electron from X'is
15 R transferred to af least Xz and Opuonally to 35, X4 and all the way through X" Ina ,‘
- currently preferred embod1ment, x! through X™! are selected so that, upon mJectlon '
. ofan electron from }xl into the ﬁrst electrode, the correspondmg hole ﬁom X' is -
' transferred to at least X2 and optronally through X™. S
nght-harvesnng arrays. prov1de mtense absorption of light and deliver the | _
| : 20 resultmg excited state to a desxgnated locatlon within the molecular array. There are a
¥ - - . vanety of applications of ltght-harvestmg aJ:rays nght-ha.rvestmg arrays can be used |
| as components of low—level light detection systems especially where control is -
-~ desired over the Wavelength of light that is collected. Ltght—harvestmg arrays can be
used as mput elements in optoeleetromc de\uces, and as an input it and energy relay
23 systemin mclecular—based 31gna11ng systems. One apphcauon of the latter mciudes
use in molecular-based fluorescence sensors. The molecular-based sensor employs a
set of probe groups (which bind an analyte) attached to a molecular backbone that
undergoes excited-state energy transfer. The binding of a single analyte to any one of
~ the probe groups yields a complex that can quench the excited state that freely
30  migrates along the backbone (1 e., exciton). The quenchmg phenomenon results in
-diminished fluorescence from: the molecular backbone. Because only one bound
analyte can cause the quenching phenomenon,' the sensitivity is much higher than if
5




(b) a second substrate conprising a second el ectrode, with the fli?rﬂE[hQﬂ4
second substrate being positioned to forma space therebetween, and with at
| east one of (i) 25 the first substrate and the first electrode and (ii)
-the second substrate and t he second el ectrode being transparent; (c) a .

- layer of harve el ectrically coupled to the flrst el ectrode,
each of the%gﬁhWa% ﬁfgprphegroe Bh#nd Sndrescangecgrovps: Pemmﬁlmuehl 7T

- DEC 2004 5 IhokeXarb sedtl W‘f@.&ﬁi - three
or four to twenty orarrorel) c?geﬂ;bfcsh%gﬁggh?%?éwgﬂ%g#imgﬁgg :

_excited- stat@r@ﬂmﬂlﬁm‘ﬁglptbqu‘a)lecularbacldbomrﬂéﬁghttﬁwtesﬁﬁg aiiaysﬁzsdrm@@ugh X"+

- are chrormpllol_ aliyel egtrl calqlqé coupled to the first el ectrode; and

X'+l is eleC (%ﬁ R? OTPCE &S £yp Dﬁbﬂ&eﬁl%ﬁ ebmelecuigebassdar cel |

furt her oorrpﬂmeseen&eds)e first and
P QUERLERL e (LB RIS P RADESRT

. second substrates. -Again, X -throu upon .
~injection ofmﬁ‘ﬁreélré@tbnon or hole (preferably an electron) -from X~ into the

first electrode he .cofrespon holeo el ectron fromX .is transferred
_to X2, or optlona‘{*lpﬂﬁl 8‘% &9. gfthé llghl FVemipe@Emess descbediberginsin ety of
Cditferent elsbircklial AQGM 68BaC R o2lsh iAokl a5 descr| bed above

“having circuits (t}/pl cally resistive y coupled theteto
" can be produced v# hﬁtrﬁéu cwmﬂsmgﬁﬁtshelecmmlon as discussed in
greater %et ail expl ained in_greater detail

bﬁ@) invention i
- in the raW| ngs 35“0 ﬁd&t’sﬁr@ SPTETS AR FegA™ %I?C"F‘Eflet Wit dreofirst a1l secmd ef
Descr i ption sabstidtebéha phsitondd 8 $5ien 4 spdce BHraBwOn, LhEWNGt EQ&PEBQ ofB) ecul ar,

_.approaches for light to electrical energy conversron:
, - the ﬁrst Substrate and the ﬁrst electrode and (rv the second substrate and the second

electrode being transparent;

(c)a layer of light harvestmg rods electncally coupled to the first electrode
15" each of the light harvestmg rods compnsmg a polymer of Formula I:

X1_€Xm+1) o (I)
V'Wherem : , .
‘misat least 1 (and typwall},r two, three or four to twenty or more),

o X is a charge separatron group havmg an exclted-state of energy equal to or
20 lower than that of X% |

X2 through X™ 1 are chromophores and - .
O oxlis electncally coupled to the first electrode, the solar cell further
compnsmg , , , '
(d) an electrolyte in the space between the ﬁrst and second substrates. A
25 mobile charge carrier can optionally be mcluded in the electrolyte
Ina parttcular embodlment of the foregomg (sometlmes referred to as “design
II” herein), the solar cell comprises: . ‘
| (a) a first substrate comprising a first electrode
(b) a second substrate comprising a second electrode, with the ﬁrst and second
30 substrate being positioned to form a space therebetween, and with at least one of (i)

. the first substrate and the first electrode and (ii) the second substrate and the second
electrode being transparent; - '




Figure 2. General diagramof |inear chronophore arrays (li gf:t? BECvgmgi ng
rods). 25 Figure 3: Energy mgration along the light harvesting ro nd use
of a nobile charge carrier to regenerate the charge separation unit
“following electron injection (Design I). Figure 4. Energy mgration and

hol e hopping in opposite directions (Design 30 Figure 5. Energy migration
‘and hol e hoppi ng (g/ﬁa fﬁé@b@ﬁi@t Bavestinggpds elpatricallyeconplgtito therfirgeldctrgde,od

sandwi ched hg o 0 ec (Design L'ln..d 8 t ~ EC zoos 5 -
Figure 6. Dob%% e- gg@g’éﬁ‘%ﬁ% \%\1? gids(r%gfﬂz’éléggsa Ft%i’.%?eﬁ%}* ormlalias sensitizers:
Figure 7. Sensitization mechani snms for an n-type semiconductor by a -

. sensitizes S.- Here EcB and E~ are the seni conductor conduction band and

val ence band edge, respectively. Efs is the Ferm -level of the . :
~sem conductor.’ E(S+~~ and E(S~ ~)X#dre t)e,for MRl reduction potentials of

t he ground and excited state, respectivehy. Gerischer's distributions of
.sensitizes donor and acceptor levels are also shown. - Figure 8. Sinplified
“representation of the sensitization mechani smof Ti02 by a sensitizes S.--
" Light exeit WMBHOf the sensitizes forms an excited state S*, which 10

~injects an electr [ [ntg the sem copductor with rate constant; _'k;-
1. The oxi di zed: sngn%s%t?%agsgisl(&gﬁmfsélﬁw& 8%%1@%@&8’38&%9 %’er nal electron
donor (e. g.; i odi @&)is awhtige sejzeatinss@ havins aﬂ&&iﬂdkﬁaté&?en@%?@qﬁél&&& t :
‘phot ovol t-ag«i, whi ch_represents the nmaxi num G bbs free enerdgy that can be
_abstracted FPUFRIBMEREEPT Xnder conditions of constant illum nation. - :

- Conpeting with pews.d 3t angi S Gharge reconbi natioa, 1~ 15 that can
- ogcur (fromthe sem cog{_ ggg?o%@%%&f‘_ e%%e%i di zed sensitizes or the oxidized
»pjo'duct- 16f t he moB{'lis elbaioglly cauplédn thefig elebtrbdeddhdle): Fiwre 9. A :
_regenerative:sol %l&ﬁ-}?l |. ggﬁi gqrq\ed ‘to_function |ike that described for Figure
8, except that a-sdffeBrat eTaplecied selthat.aipondnipetivacticifber aplattronor i odi de
redoxact i ve hofd 86k 56 vt ehe 265t Bl : Elgg%! h. bui-Lding. bl ogks ‘that -
. can be assenbled into" hrgrmpjhoergg&gef #%ycs?.ﬁ)é- ggrﬁ%%ﬁ Q@%}%ﬁ%"&gﬁ.%’ng‘g&oach for -
- preparing | itmasferredhtasKd (rudoptionaliyyte X°FK{Qand ih BomRedseonid khesy 1005 te &
- porphyrin dinmerig, buil di ng block for preparing chronophore arrays. 25
Figure 13. §_8afﬁeﬁjp Tase & _ R s usinng Suzuki coupling to prepare
~ pphenyl age i nk_e(?'d)p@f &Bédfdlﬁe%?ﬂfe%béﬁeﬂﬁt@éernatﬁé first and second substrates; and -
o (e} optionally, but pre_ferably, a mobile charge carrier in the eIecﬁolyfe.
~ Inacurrently prgfefred‘ embodiment, X' through X™! are selected so that, upon - -
injection of an electron from X' into the first electrode, the corresponding hole from
X! is transferred to X? through X™, | o .
20 | Another partiqulai‘ embodiment (sometimes referred to as “design III” herein) |
_ -of asolar cell as described above comprises: ' ' |
() a first substratfla‘comprisihg a first electrode; _
0 a secgind' substrate comprising a second eIéctrode; with the first and second
substrate being positioned to form a space therebetween, and with at least one of (i)

25 the first substrate and the first electrode and (ii) the second substrate and the second
electrode being transparent; | ' o
(¢) a layer of light harvesting rods electrically coupled to the first electrode,

“each of the light harvesting rods comprising a polymer of Formula I:




Figure 14. Solid-phase synthesis using Suzuki coupling to pr eﬁ% Qﬁﬁhm[w ene
| i nked chlorin.containing arrays: Figure 15. Bifunctional building bl ocks
for use in Suzuki polynerizations. 30 Fibure 16. Rational synthesis of a

- bifunctional porphyrin building block.:for use in Suzuki polynerizafions.

Figure 17. Sol i d- phase synthesis of mneso, meso- | i nked porghyrin cont ai ni ng
arrays wi-t h an attached carboxy: han Q1 ~— a ~~c Zoos Fi gure 18. '

. Sol i d-phase synthesi s of neao, neso-| %25 orphy n containing arrays with
. an attached et hyne handl e. Figure 19. AttadRnment of a neso, neso-linked .
“array to a. ZVPEBHE um doubl e decker sandwi ch nol ecule. 5 Figure 20. Exanple

- of eneigy migrati e m iQ chromophore -array. Figure. "
.21. Exanpl e of en’giasgglﬁﬁ?%?a th?ﬁﬂyﬁm éﬂ‘ﬁ"FﬁFg?t‘-Fé?\t‘?’W%ﬁ'b‘égﬁﬂe ~re~yonsin a

- chromophor e arr ayx! fsieHage2ep a:@r&{@loapﬁévﬁ GRSCAMA. %Itegf'%eg%@'eéﬂalﬁfﬁtdron and

hole mgration in v 10 pp05|te dlrectlosmac rray. Hole
- nugration odewesthey drat af ¥&5 i ned region of ‘the array. ‘Figure 23. Anot her '

.exanpl e f sol i-d-ph d1esi u5| Suzuki coupling to ,
pr epar ep- phenyl eng ﬁ?ﬂg@ chlalbe‘f é?sm ng arrays with an ethyne handle.

Figure 24.. At achibittelefricyR ¥dﬁﬂﬁe'ﬁ!ré%'&f‘é3tr6@é g containing affray to a -

15 zi.rconi um doub] e .decker. san ch nol ecu I'gure 25. Exanpl e of
reversi bl e ener gme d¢ d@'i?faﬁalhhwuplﬂdévﬂmsaebd}mi ¢lettende] the sblaneell further -
chrom)phore ;}ﬁ mgzl gure 26. A diphenyl et hyne-1inked bactériochlorin -
containing arr gure 27: Chlorin building blocks that. have.substituents
-(functl onal handl In 2Rctadlyten 18f spabebdrRe at the (3
posi ti oq Fi gure(géS q?]yteor phyrpran havi %ﬁg?rgﬂ&a%\%a%ﬁ has el ectron
density ir edofAL X mﬁﬁé)@ sabsfﬁd so Het,apdnlinjettion cftanteleetros or hole -

| it t th | t th :
y IrogtS Ihelr_o'? f}‘;n (%ge?pos {a?‘oﬁi"u%ﬁlgﬂ‘%gk tlkgr&'%t&?efc%gi\:{% é’\%}ﬁeﬁP‘!? ﬁﬁ?lgpﬁg © r_res‘o

bl ocks, - and eltttonifron Bienirmfred 35X 2shoptAalRAG 6B & A0kk irofigh
Fi gure 30. hgntat’ion of the transition dipole nonment of thm

| ongwavel en h absoiption band in free base chlorin and netal | ochlorin.
A variety of different electrical devices comprised of a solar cell as describéd‘ _

| 15 above havmg circuits (typzcally resmtlve Ioads) electncally coupled thereto canbe
. produced with the solar cells of the invention, as dlscussed in greater detail below.

~The present invention is explamed in greater detail in the dramngs herein and
the specxﬁcauon set forth below | '

2000 . Brief Descrlptmn of the Drawmos o ,
Flgure 1 D1agrams of the two common molecular approaches for light to
electrlcal energy conversion. | '

) Figure 2. General dlagram of lmear chromophore arrays (light harvestmg
rods). | '

25 Figuare 3. Energy migratioa along the light harvesting rod and use of a inobile
charge carrier to regenerate the charge séparation unit following electron injection
(DesignD). | |

Figure 4. Energy migration and hole hopping in opposite directions (Design
1D). _ .
30 Figure 5. Energy migration and hole hopping in opposite directions with the

light 'hmesting rod sandwiched betwe_en the two electrodes (Design III).

R




Figure 31. Pairwi se interaction of chlorin building bl ocks ugo% DEC 2004

i ncorporation in covalently linked arrays. 30 Figure 32. The highest
occupi ed nol ecular orbital of a chlorin is an az orbital, which places

-~ electron density at each of the nmeso and non-reduoed (3 S|tes Figure 33.
“il'lustrates the synthesis of a traps-chlorin building block with two ~i

_ substituents. 10 wurﬁ ®E®1®Gﬁ9dec§eﬂ.@ndﬁrcﬁﬁncie&ﬁesuhhtsma3t sereglassbhsiiidenss Fi gure

34A: The synt| he5| ,t% 3-'subst.i ed. Eastern half fo_é chlorin
. synt hesis. Figur 1§‘A‘|’5‘;’ 851%5)?‘?@%‘? RANIP3 SEMISERAYCIAT &Y 2East ei n hal f

. forchlorin sgéﬂglﬁmlss,Haé%Q%@BvM%tﬁ@ééhﬁcgiaﬁ%rbéhdfuggst Band 4 vAlefY © S5

. tllustrates the synthesis of the new-(3-substitute
~chlorin bui Itandgdgs, seskectivielurks iste lﬁ'rhe}eveltdfcbhe senhmcﬂdﬁcmg. BY® R and hat are

: bl h h dth h
Subet ant ial 153 neoR e TERpL el ion et dnd il apied e y ot heel <. of
-the trans ngggestiNegy.i Gﬂﬁﬁﬁeﬁs‘t}ﬁﬁilﬁ‘m@ﬂs c@eﬁﬂhﬂr%ﬁ& énh%@eﬂtcrlléve&yaré‘

extension of the route for preparing chlorins bearing adjacent (CIS F| gure -
-38: A seconcdhp®nie to trans meso- substituted chlorin building bllocks Figure

- 39: ' Various ne d, chl ori,n. bui bl ocks: t ccessed .
in the syntheti c%ﬁgﬁgtﬁ drEaTestRidion ‘f\—tlltg 1“56 Onﬂﬁ’é‘r’}?‘aétsﬁ‘tq Jgéh P oof -
antenna Ccon RugeizB TiERCHcRMGEITRS schitizb BrmP Lo BkiGlh Qe+ hakigs and

" electrons fromexcitation .energy flow ng fromthe antenna. Figure 41.
Li_ght - hdiOv e dnieels 2a elestyen iiegtionhntorthe $qngmnda1nt¢r mﬂhaatgacaﬁtﬁmtdn@ nThe

f' ntr amol ec U'ﬁmﬁé&%ﬂéﬁuﬁras‘s i$fhen regenerated by an external electron. donor(e.g., 1od1de), _
) R ' wrth rate’ constant km; The Vg is the Open-crrcult photovoltage, which represents the

- maximum Gibbs free energy that can be abstracted from the cell under condlttons of _
‘constant ﬂlumlnatron Ccmpetmg wrth power productron is charge recombmatrcn k‘_-r ,

D15 ' that can occur (from the semiconductor) to the omchzed sensmzer or the cx1dlzed N

- product of the mobile charge carrier (e.g., triiodide). _ ' ,
Frcrure 9.A regeneratwe solar cell desrgned to ﬁ.mctrcn like that descnbed for

| F1gure 8, except that a sohd-state holé conductor replaces the 1od1de/truod1de redox- |

o active electrolyte . , .

o 20 0 Fl«rure 10. Examples of burldmg blocks that can be assembled into

o chromophore arrays.

Frgure 11 Synthetlc approach for preparmg hnear chromcphore arrays.

SOV

Figure 12. Rational synthesrs ofa porphynn dunenc burldmg block for '
'preparmg chromophore arrays. ‘
o 25 Figure 13. Sohd—phase synthesis using Suzukr couphng to prepare -
phenylene linked porphyrm containing arrays. ‘
- Figure 14. Sohd—phase synthesrs using Suzukr couplmg to prepare P
“phenylene linked chlorin conta.mmg arrays. ‘
Figure 15. Bifunctional building blocks for use in Suzuki pclymerizations
30 * Figure 16. Rational synthesis cf a bifunctional porphyrin building block for
use in Suzuki polymerizations.
' Frgure 17. Solid-phase synthesis of meso,meso-linked porphyrin containing
arrays with an attached carboxy handle, '




Figure 42. Here a novel neans of noving the oxidizing equi valfe}ntﬂﬁeﬁ% from

the charge-separation unit is designed. Energy flows along the 04

| i ght-harvesting ariay to the charge=separation unit; while the oxidizing

equi val ent -(hol e). flovvs in the reverse direction fromthe CSU to-a site in

. the antenna wher subs ef ﬁl ectron 25 transfer..reactions can take place)
Figure 43. The d R é@ asepynthasis phpesd yies-liakask porpiin containng . (1)
Only two acca@ﬁ%m%%ﬁcﬁagtﬁﬁg%%&g at the CSU. one.for ‘emanation of the
el ectrons, . and” one where exci-tati-on €nergyffows in and oxi di zi ng :

“equi val ent s (hol diiyurd B Agiathmentgdmende, rhdsbiliikedbgay & dmﬁ‘@ﬁfun@ﬂéﬁﬁle of zinc

- porphyrins. ;b;le rin glflfer?nt meso 30 substituents. Figure 45 illustrates a
“l'inear arra ﬁgﬂ hyrles bearing different nmeso substituents.

11 QL75DEC ~. ~ Fib@h 2, Sia:hi%?{eh i YrsPlaiR R4 | ochl orins
bearing different- rreso subst teuentgltﬁ 13?20%59@%]? %r gpgssl?% | i near array
of porphyri m:brcmmphotdmayns beari ng di fferent meso substituents.. 5 Figure 48
illustrates a |l | ai substituted chlorins and nesosubstituted -

chlorins. Figure 5“7"! lugiéﬁlgplgsofgnpqgﬁ@ggragpp@ d geleppigrripniin oppasiter i n, and

 pht hal ocyanighec{&1¥Ra 428ictno a;ﬁb 20 illustrates a cataract linear:array

. enpl oyi ng domai ns_conprise rrul tiple.isoenergetic pigments. Fi gure 51
i |l ustrat es reactﬂlgm 2 Exabple dfmcamadeafemgjrnﬂ@ﬁnmmmw Aggatoold goner s.
Fi gure !iﬁ os{euddﬁo nmer i cﬁg{on i el di ng{&g ght-harvesting raod on a- -

surface é’PP A MQRFHOre YZYy Iy ERAtign OFFiEs Qwirardediaed

. el ectrodes. r@gofbgﬂfegnag} i | lustrates the synthesis.of meso-substituted

chlorins by previously di scl.osed t echni ques. Figure 54 illustrates the

synt hesi's of (3- ﬁ!ﬂ;ﬂtqZijﬂ@dthehbmpieeﬁsal@phdsebynthﬁﬁ)usmmmukm plifig gur e 55)

~further ill e he ;synt he 3-substitute chI rlne tern half 20
precursors: Lf)%ép%}e P- pi:\enyle ALREEL ormcgntammgarrays gl |

~ Figure 24. Attachment ofa p-phenylene hnked chlonn contammg at:ray toa

15 zrconium double decker sandwich molecule.

Flgure 25. Example of reversﬂale energy mi graﬁon and u-revers1b1e hole _

- _ 'm1grat10n ina chromophore array. - . :
Figure 26. A dlphenylethyne-hnked bactenochlonn conta:mng array.
| Figure 27 Chlorin building blocks that have subsutuents (flmc‘aonal handles)
20 at two of the meso positions, and none at the B posmons _
Flgure 28.Ina poxphyrm having an a;, HOMO (Wthh has electron den51ty
. ‘predominantly at the meso positions and httle at the B posmons), faster rates (2 5-10-
| fold) are observed with lmkers at the meso rather than B posmons '

_ Figure 29. Four dlfferent chlorin bmldmg blocks, and chlorin nomenclature
25 showmg TUPAC-IUB ring 1abels A-D.
Figure 30. Orientation of the transition dipole rﬁoment‘of the long-
 wavelength absorption band in free base chlorin and metallochlorin. |
o Figure 31. Pairwise interaction of chlorin building blocks upon incorporation
- in covalently linked arrays. ' ‘
30 Figure 32. The highest occupied molecular orbital of a chiorin is an a, orbital,
~ which places electron density at each of the meso and non-reduced-[.’) sites.

Figure 33 illustrates the synthesis of a trans-chlorin building block with two p
substituents.
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Figure 56 illustrates the synthesis of a [3-substituted chloffifh B&S?mén
half Figure 57 illustrates the synthesis of a [3-substituted chlori.
Figure 58 illustrates the synthesis of a.trans ~3-substituted chlorin.

-Detailed Descriution of the Preferred Enbodi nents The sol ar cells .descri bed

- herein entail the use of |inear chronmophore arrays (light harvesting rods) -

that provide st rdfiguetodbh-ptheciyndesis pfthe newnB-aehstituteshEastam helfién chlesinr ed, t he'

- solar cells Eﬁfégi. bed herein provide for energy migration and charge 30

~mgration in“opposite directions. Thus the chronmophore arrays absorb |ight
~and may. exhi bit Fichrd 34B ST SRt | | et e j PR, £ 1 ow of
. excited-state ,e_nergg and %und--gﬁg?ﬂﬁﬁg?ﬁ Sl%l%ﬁﬁﬁ%dgﬁggg%gjﬁhwﬁ%out '

Wi shing.to bnthesistaxtepdofg theeotestervd imFigire 344. not ed t hat some potential -
~advant.ages of the,sol a'arrﬁlgxlﬁl s described herein include the follow ng: thin

 (e.g., rods not BOZFESSI HENTrEgingsywiess obihe naw Snabstinted Wesier balf for a
i ght wei ght ; LRI i bl e, good efficiency;solid-state: (in one

errbOdi-ma,nt)‘,c ease@%@ga]{’nl?%ati on, . and rational 5 nolecul ar design. |ndeed; -
it i-s contenpl at Figuted6. t Gthel oMerih boildidg btockbtdt hemetddsiviel via Biysdine . Where -

desired, quantjtative conversion of incident photons to electrons at . :
" i ndivi dual M@F@%ﬂfﬂ@ﬁ%owvﬁﬁad@%bﬂe gbstaptiadlycthe samsphysicaer sol ar .
i 11 uni nat i-ofyropditidEF! NI TIONS. " 10 "The fol l'owing terns and phrases are used
herein: A subs?rate as used herein is preferably a solid material -(which
‘may be fl0exi bl e dfiguireggdHTheuytthedieof the tahematd-adiatiridd diortrigridingroddcks .
nol ecul es. bstyates can he fornmed of materjals_including, but not limted
ti gl ass; or%ég’ﬁi&@?bgla?/ﬁ%‘rﬂ&?m’b P_g irpute foq Rimﬂgﬁf%}?&ﬂaﬂﬁgar% agjacepiAeie) )
“sem conduct irhgobsithRdShigRkgam cs; netals, etc. The substrate 15 may be in
~any suitabl e shape,. including flat, planar, curved, rod-shaped, etc. The
~substrate may be Fignee 3htA secondichnte fovteansmaespenbstitited ehlbrin buikdingblocks ode; or -
..an 'el'ectrrode(t}g)'%yiggerf orned on or connected to the substrate by any suitable
means (e:g:; -deposition of .a gold |ayer or a conductive oxide |ayer). :
- .Either dz bot h ofFijghiee 391084t aistiesolbubfifuealcalornutidindlodRs itk af¥sRar ent
(that is, wavel engths of light that excite the 20 chronophores can pass
t hrough t he a86g5sech ianthe syheti mannsodescrijedakayer ode; even if they are

vi sual | y opaque) .gikied 4 |+ 1 rrays, the substrate and el ectrode _
‘may. be of .any suiqlggﬁe‘-“?%%&%@%ﬁ%ﬁm tg ﬁ%ﬁgﬁa%asdtopf?eé‘gsﬁﬁ Ieﬂ%“db%?&%ﬁ%%% -
“respect to thredwtvrlofhglehandélettraistirdndakci@non beeri dofiHo0REA ey @fennfne of =

t he substrates . be Jeh{'igﬁt.iqve or provided with a reflective_coating so:
“that light that L rlightyhavesting mrrgys thakabserly light and undergaeffigigntyack ¢ o

~the arrays. qﬁuwggcmmeggmtect rode" refers to any nedi um capabl-e of-
transporting charge (e.g €lectrons) to and/or froma |ight harvesting rod.
Preferred el ect r digared Heet ahsvdlenagns gbindyinglthedidizing cooivatent abvay fremg,

conducti ve i des, carbides, .sulfide, l'inides, tel]lurides, phosphides,;
-and. ar senid&geg%%e'ﬁ?%mmléﬂ?sFW& %t%ﬁ%fg}ws’oﬂéo‘% : Fﬁ:‘gmd]éa” HRgeTsh
- di'sel ini de, 158 dhargcopeiatioR un kit RRRBARL BfhivALE (ol ARGt i ve
~organi ¢ nol ecul es. heeﬁel ect Flg%es' can be man ?ﬁ%‘{ure T Vi rﬁ}a .y any.
~2di mensi on a|re‘¢ﬁrsq>,d;mc§tgn &roontie GHApea site in the antenna where subsequent electron- ’
B 25 transfer reactions can take place. ' I '

Figuré 43. The design of Figure 42 has two significant ramifications. (1)
o Only two access channels are required at the CSU: one for emanation of the electrons,
 and one where excitation energy flows in and oxidizing equivalents (holes) flow out. |
_ | Figure 44 illustrates a linear érray of zine porphyrins beéring different meso
30 substituents. _ - .
Figure 45 illustrates a linear array of Mg and Zn porphyrins bearing different
meso substituents. '
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. conductivity: Th

The term "conductive oxide" as used herein refers to any suitdlpEL ?@%
conductive oxide including binary nmetal oxides such as tin oxide, ind
oxi de, titanium oxide, 13 17 DEC 2004 copper oxide, and zinc oxide, or
ternary netal oxides such as strontiumtitanate and bariumtitanate. Q her
exanpl es of suitahl e conductive axides inglude but .are not [imted to
i ndi umti',n.oxi'de,aﬁgﬁf%ﬂ oo 4 ?NEFHYBEW Lloghlprips, braring differentierso zi nc
. oxide; and zgubgithérds,um oxi de. The netal ‘oxide sem conductors may be
‘intrinsic or JSd&p_ed,' wth trace anounts.  of materials, to control
_ igaredt 7 Hluseates y bhear afray afipdrpagrinsand dhéorivs begrinpadiffetent :

- refers to a cycli.c nol ecul e consisting of carbon atons. containing

at | east. oné%ega&%ﬁa‘g%)tﬁé%/‘u ‘ably a plurality of, .hetero atoms (e.g., N, -0, S,

Se, Te); swhich herignfe 48 DRBABYa Rfed: a?@frﬁ- Qbs %a%ﬁlﬁﬂhs aftifledill €N
- nmolecule is capablé of formng a . sandwth Os coordrnation conpound with
~anot her het eubgtitsteiehlogimsd (whi ch maybe the sane or ‘different) and a netal.
- Such heterocyclic,liga are typically macrocycles, particularly . o
. tetrapyrrol e der ﬁ}&?ﬁ@@ﬁ@ﬂﬂeﬁéﬁﬁ%aﬁﬁwﬁp@@m@, oring eirdophihaleeyanined |
~“por phyr azi negmbgedtgr M " por phyrini c aiacrocycle" refers to a porphyrin or -
- ‘porphyrin-15-derivative: Such derivatives include porphyries with exfra
rings ort ho--f,useCEigDI'CSﬁ_ ﬂhetpﬁes & cerdct lireai iamyp&mlﬂbyihgrdoﬁiaﬁisQUﬁ]pn@éH@I\yrl €s
havi ng o epl ne. or nore carbon atoms .of the porphyrin ring by . -

ement  of
‘an at omof éﬂ@ﬁﬁgﬁsﬁn@ﬁ?ﬁfpwﬁat al replacenent), .derivatives having a

repl acement of A FihFOSENuEAER RhcddS Yo dating 1N Rhvedl ~anot her
el enment (skeletal" ggpl acenent of %‘i t rggfeeﬁr@y%g??é/ag?g\l} I;{t %V%Q%"SJ : L
- ‘substituent $ligomers. t han hydrogen | ocated at tfie peripheral (mesa-; [3-~ or )
~ core atons of thepor rin, derivatives wih saturation of one or _nore -
‘bonds of the por%g&#ﬁ%h@lﬁ%%’iyﬁ%ﬂ%‘}Wéﬁ%@gagﬂﬁW%g%%Wori ns,
“i sobact eri oqblegrAwer, TidsY By HHIPRVOAYIre bT the SRl fectrBidsr 0COr phi ns,” etc.) ;.
“derivatives obt ai rledmlg%/ coordi nation of one or nore netals to one or nore
~porphyrilr at ons ZBgwraddiliuspaenitg synibssis ofmescanibstitmtedahliorys byeroviousty e -

atom i ncl ugji %Sgg&{?ﬁ{ﬂ' e nd pyi xonet henyl units, inserted in the porphyrin
ring (expanded porp _yrlqes§,_ deri vatives having one or- nore groups renoved
f.rom the por phyriFiginre®1 {leetiteatt 8ntRQIPEE- S tinRedlehlofPEdstdin hOP(ER) ©) and
conbi nations ofthe foregoing derivatives (‘e:g. phthalocyanines, o
por phyr azi n@SSCUR®BHRt hal ocyani nes, subpht.hal ocyani nes,. and 30 porphyrin

I somers). Preferngd Do i ni.c_NAcr.ocyol.es. canprise a -hea.st one 5penbered
‘ring. The term polfﬁ bﬁ%#i%@r@s@fsé&c%heﬁm& Bptﬁdlbﬁﬁtétehf opgiepsiemdiRbbsed of
- four pyr20ol eréduf@ss.t oget her with four nitrogen atonms and two repl aceabl e
hydrogens for 14 -'7 .DEC 2004 which various metal atons can readily be

‘substituted. A tyfigerd Sodluintes the sgnthesioofa B-substituted chlorin western half
Figure 57 illustrates the synthesis of a B-substituted chlorin. . ' . )

| - Figure 58 illustrates the synthesis of a trans ﬁésubstimted chlorin.
|  Detailed Description of the Preferred Eﬁjbodiments |
R | The sblar_cells described herein entail the use of linear chromophore arrays
~(light harvesting i-ods) that provide strong absorption of light. In addition, and when
desired, the solar cells described herein provide for energy migration and charge
30  migration in opposite directions. Thus the chromophore arrays absorb light and may

| exhibit an intrinsic molecular level rectification in the flow of excited-state energy
- and ground-state holes.
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A "chlorin" is essentially the same as a porphyrin; but diffaer
porphyrin . in having one partially saturated pyrrole ring. ?r@ﬂ&@%ﬁ

chronmophore of chl orophyll; the green pignment of plant photosynthesis, is a
~chlorin. 5 A "bacteriochlorin"” is essentially the sane as a porphyrin;  but
;dlffers from a porphyriri_in havi ng two partially saturated non-adj acent _

- (i.e., traus) pyrwaheur MlﬁtgagtOAbf:hmsmeafﬂermwmm;msmmthmmlmtdngat he

t
STt DR ol LU RO P RN 1 AT B B 1Y
--coor di nat i omot grpetithdh 500 of SAADI0GANGAGEH A HrighH), 1éhtSOiRY, g&naﬂl@ffﬁﬁlbﬁé’ a
. corrpound of - the fornula. LM 1, where each L iS a heterocyc

" I'i gand- such 28ed affisisneksolidistaterie pae gabedimeni reant pEfabrication) andmationa or m)r e,

nost .. prefer si.tioned Jbet. r
" 1'i gands gnd Dgrme%ﬂ% @%lggnlga%(ra ﬁﬁ%@@ﬁgdﬁ% WOy P \ge‘;ﬂ ‘ﬂ‘:ual ity of
heter o at ongersit,gwher deshed Aquablitatife et BrsidrIFiAciE4RPRACHLIED dIRARdnS E‘te
oxi dation staf.e, of. the rreta .~ Thus sandwi ch |5 coordi-nation conpounds are

“not - or ganondrdiridual % %t?}f‘@@ﬁé@ lightrand glabal eficisneies PHlowmmidetsofdrdllmsination. s
bonded to carbon atons. .The l'igands in the sandw ch coordination conpound
~are generally arranged .in-a stacked orientation (i.e:; are generally .
oof aci al | y dr DEFINTTEDNSaxi al ly al'i gned with one anotlier; although they .
.'mayor maﬁs not “be ot a ed about that "axis with respect to one another). See;
e.g. Ng and Jthe; dermeisad phrases arRased t@eem433 442 (1997) .- Sandwi ch

' COOI’dI nati oyg {:ggﬁ hel: al| ands Lure
./t e’ sane) or ELEQQ er%%e tic &? rein %g?eas. :)ne ht%‘a%%kéﬁgmgegferent B
ffom the ot m@d)lsugabietforhhe attathmediief ohebmnoﬁ@mbleeulégcshbsu:z&mw&ffomed -

coordi nation .co refers to..a sgndwl ch coordination_ cgnpound as

“described ab§ye 15‘ ]Hdtng 1t noh HeitRd A &lgss; ereanis pebmpas, Plastic.-sicony V\/nerel n
each of LI Midetals EmORE gggiet aL, -
-J. Por phyrl es t%ht h@?ocyahl Ees 3, %22’%%&&%%%8@&%15@3{1%?% Jrnlﬁlsjtll por phyr| n . -
array" réfe liBa.Ythﬁ in agy Smit@ﬂeeshapmludzﬁg flaty phmammereat,aud-lsha]ieﬂyetb iTHeed |

por phyri ni Cg The,,mul t n.arr be 1i near cyclic,

or branched® ‘¥‘%”§? ihere Byﬁoﬁ"ﬁgﬁef%ﬂe\'eﬂtse% elegodss oy fRye legrdener ei n
~are 30 pref miameyfofmédmp@fmeaadms%bsﬁaeﬂyaﬂpkzﬂwy&%&m ods or .

mul ti porphyrin-arrays be linear. (that is hyri ni macrocycles

"~ may be |'i nk&§position %fp?sgolélaynwr a:mmatrtwemxedednymb Eeﬂlbremuimﬂmofthh |snbe$rate6f or

~ ‘exanpl e, . by L8y | .. near aﬁer I, N .8 I | harvestl ng
_ rod, or by |1£r11c éé%gg%ne o?é mﬁ%@?xgﬁ@&a’c t“l’atﬁlF %ﬁﬁw ‘?ocycl es-in -
. the ligho h&hmﬁphngsrcadpas‘sm@ ﬁehﬁbﬂt@temmrdoﬁe?oh&ng efecﬁ'o&e‘@vé’x@§‘4
. macr.ocycl es urt gg I ncl u e additional |igan parti cul ar | y

&
(D

por phyri ni c OPHHBe htﬁwssnsmem@aubmtemmeaw :
d ibed f d
SE T sy i s BRI B 1,

. blbstantlal l'y per pen I cu
rst and se?tao'nbngtheof Hgltdlsat exctte the chromophores One of the substrates may be

: reﬂec‘ave or promded w1th a reﬂectlve coating so that hght that passes through the
25 arrays or rods is reflected back to the atrays orrods.
: - The term “electrode” refers to any medmm capable of transporting charge
(e. g electrons) to and/or from a light harvestmg rod. Preferred electrodes are metals
(e.g., gold, alummum) non-metals (e.g., conductive oxides, carbides, sulfide,
| selinides, tellurides, phosphides, and arsenides such as cadmium sulfide, cadmium
30 telluride, tungsten diselinide, gallium arsenide, gallium phosphide, etc.), and
conductive organic molecules The electrodes can be manufactured to virtually any 2-
dimensional or 3-dimensional shape.
The term “conductive oxide” as used herein refers to any suitable conductive

oxide mcludmg binary metal 0x1des such as tin oxide, indium ox1de titanium oxide,
: ' 13




5 "Chronophore" neans a |ight-absorbing unit which can be a uhyt]] gﬁ@p a
nol ecul e or can conprise the- entire nolecule. Typically a chronop is a
conj ugat ed system (alternating double and single bonds which can include

- nonbonded el ectrons but is not restricted to alternating double and single .
“bonds since triple _and single bonds, si-nce mixtures of alternating '

~tri pl é/ doubl WPRHPX6 Gnd ZisG paride] or temavy ol toxides euchhas stropthon éitnatd addubl e or
~triple bond @l.opes; tdy S, 8. 1CNIO] are. Heteroatoms can be included in
" a chronophore. ; . E%a%%]_%{shg%%%ﬁ%%sﬁg%ﬁ CPH%‘{E‘?}H%O?ﬁES ’6‘9]@&"' gutlzge BPl el ectron

conj ugat ed Smiteinotindiun tipaxids, thaioh dixide! AOYiIL) SIREAR ol  near-
~..systemof alternating doybl e and single bontg{s%ﬁgatgﬁle Vi sua leug?fen d
~retinal, or =E’a‘?‘Eﬁ'ﬁﬂdlbm(ﬂ}ﬁiﬁ-ﬁ&@@i&imidelﬁﬁmi&dm@@msmabedhmmgﬁoup" o
- and. . " char 961038 Ak Lo Hhl e Sefer=to:. molecul ar-entities that upon -
©excitati gn ?(})o?g?ﬁ r ect’rga %@?%‘ﬁ%‘ﬁ%‘?%%e@ﬁﬁ?ﬁ%&?ﬁ%m anot her absor ber)

“di splace an el ectTetetm “BeterobpaliclpehdOhs hE AR oS8 laniyr ansfer an
-electron to-a-different nplecule, sem conductor, gor n&t%g%?‘s{i}h?g&"charge .

- separat i on JIEIRFYCHRMoleqs epnsistipgphearben atoits contining at least saqmage of sone.
fraction of 4L J tai e ener Ui | splacenent .or transfer of an
el ectron. .Tﬁ%ﬁgﬁgé Pﬁgalﬁgﬁgrh g%e?%gtf?ﬁjﬁ%goﬁg?&%%’ 'g‘%d‘%’fﬁé’re&éo OpRrBaN on '
unit" is | odettbdsate ddifferntiand svhadh BoldcitibAipABRIdrHonAhE BafwibRd: frOM
“whi ch_'eX@i ted-state energy i's,received: The "charge sepafation group” and
"char ge epaff’ﬁfdls%’i‘ OfFemPoRad Mithepeibsr eterwandindigaod (which oraydfe theeame or

~ ‘excited-stat £ i, At Q.18 \ o6k egtran _and hal e or an e'I-ect‘ron-hoIe'_:.'
. pair. The 25 eleciron can be Injected Ihn ne _ . ‘the "charge
¢ H tﬁﬁ’@rgﬁﬂll ) Gid h'ﬂﬂé?alb Sﬁ@i?ﬁét@{o%&&c ﬁ%a.n?lﬁ ate C@b’nﬂﬁ@?@fcl?ﬁ h h )
" separ at i on getisplarhyrictraharojedabtives Sueh as fid phthdlbcyafint€ doiftvBnt Al the )
“"charge separ agi on.group" and "charge separ aIt}'i‘on uYni t" %gﬁ#ld_ eXtract an
—~electron fr / f%r ent nol ecul'e or sem conductor, thereby creating a
“negative charge ohelthgy & HiSH LR " _and ".char ge, separation
unit" agg aégo_‘l_ e nSt he B ﬂeﬁﬁunnmgg{ﬁ% ,agr r%%%”@%ﬁﬁﬂ%{ﬂa??? by ction 30
center balerieativel Spdtoderbyptivdsanclade porphprigyivith egt@iigsortHo-Rised BabARo- |
' separation gr " .Qr ., charge. se ?r ation unit".. S_yntﬁg%i c por phyri n-qui none
or - por phyr i %Pﬁﬁ‘?ﬁ%& el%?d?&fm'a@ P RPTPRYIRS heNing raplaearpent iof AR oxvmonst i | i ze
the resul ti rgrbenafdiys. éfhe 6 rie B A8 atok § ' t" as used in
t he fornul az@rller ein, ﬁar_tigﬁlhgﬁ:y gegi-lgnaa?%g)?%%&hépﬁ%ﬁﬁg%%g% by S or S -
where nis Rogmegdz detivativephasfieg » explavciit ofx hitwedeatomfehepsrphyrid i ch or
el ectron- def ib?%a%rg%@%&ﬁé{-b ni%ﬁ) thattélr' cg]g be -used, to adjust the redox
potentials) of the subjec con‘%%ﬁ (edetal repigeamint of witrogew), demavatives but are

aky1 L o: DErT o aal 1 o gorel YEHGEeSket sl Yooty SR B e o

vitro, ani nafondldéythepbiphyri Q&Hvaﬂéls'fvﬁﬂa}’éamﬁ#é' S or MH Ak garbamoyl .
In preferred enbqdi nenr?s),@g subsfituted ary %r‘ouﬁ%@mégtgg%%e%gt@% a .
por phyrin oPOPhpER fexdroparehyrins: o gy ehlorinaihicteniochoding, isobanésocbioridag ar yi

.group are $ m- jheoup._consi st.ing.of .aryl, enyl . .cycl oal'kyl, !
allcyl, "hal gg%%,&gpé@%ghﬁgl%ﬁ%hﬁ#f Byn?)?rr?sl%ﬂﬂ% i Q?‘I‘{at’b%;)‘.?jbt@é@%??yl . pyridyl;
cyanb, thi ocyarimation of dicoor rBbienfstalt Go Bh& ¥t AB Worp ato,%k”f oxyl, sul fonyl, .
am do, ?gd arb rmgllz Addi tional substituents.ncl'ude, but are not limted
to, Mh roE‘H@ﬂ@ﬂ? TRRYS):| dgEVBiNeS gYipe e lor maneiatamss inchudimgeryylolic Baéf er red

subst.i.t uent i ' : ilal range of |ess.than gbqut 5 volts, -
preferably ?%ﬂggﬁgﬁgﬁﬂ;hﬁotg’gﬂ% r@gﬁ‘?g‘i p%ﬁ?’@’rﬁf@ge{ﬁﬁﬁ ed Bg@%ﬂ’ﬂ%}%’ éﬁb‘@f“’q’s vol t.
15 The t er mhivinybtie oemeresgroupsrenovpd froth MBQEHLTRL SmBl(EmthaNE

OEneresgro , ?ﬁ%‘( rgoﬁﬁlgﬁhﬂg |
structure characteristic, of. benzene, naphthal'ene, phenanthrene,” antfitacene,
etc. (i. e:%8eftHED cPﬂ%le?S@%da‘Foé&Hﬂ@ti%@fth%@mmdmvaﬁlmsc{e)gdensed 6- car bon

rings of thgn@hib %%ﬁ% ' . Far exanple, an.aryl group may be
o e sk e R
whi | e ag® i nporpbyrim g erred po idR¥Ero ist uent s
(e_g. the su-bﬁ{bi tgents. provided for S in the varsi ou Ts%rnﬁﬁg;sihgrei n). The -
term "al | cyfP®MPEEG & 0 a par af &ii ¢ 'hydrocarbon group which nay be derived

frog an al kane b i 0, fromthe fornula. Ex l.es are
et hyl (G- o R R e Bkt apgss gt rout
((CHI 3) zCH- pyrrditeinge togethenivithdotir iebgebatbms ARG v reﬁath%eﬂ@ﬁ&cﬁ%@@&%} ve
el ements of group 25 VIIA of the periodic table (fluorine;” chForine,

brom ne; iodine, astatine). The term "perfluoroalkyl" refers to an al kyl
group where every hydrogen atomis replaced with a fluorine atom :




f
The term "perfluoroaryl™ refers to an aryl group where every'ihzlﬁ%%gﬂﬂ%tom
Is replaced with a fluorine atom 30 The term"pyridyl" refers to an aryl
group where one CRunit is replaced with a nitrogen atom The term
"sulfo~.yl™ refers to a group of conposition RS(O.- where R is sone alkyl,

- aryl, cycloalkyl, perfluqroallryl, ‘or peifluorqaryl group. Exanples

" include, butwé\é}évﬁgquslm {3LQPE @P)-{H??‘lﬁlﬂ U aubgiitped. HERIGHOrBhyRY s heggin. 17
SEC 2004 The term % ; lagqe ; § URHOfin GRRRERI £8R ReHruhere R
is some allyl, a;%/l %H!é%gr%gﬁe.{elf/i%l?}r%g%ﬁgggégwgﬁm’or pe%%%%gﬁﬁﬁ%r%p,
Exanpl es i ndhddeng bu¢ partielly satulated fyemld dng. Mid hdskuwhiamyphorpéfhidrspiiyiiony | ;

p-tol uenesul fonyl, etc. The term "carbamyl" refers to-the. group of -
composi tion %eﬁz&wmfﬂ?@t@omsmﬁaﬁmsaﬂ@omm sone al kyl, aryl,
cycl oal kgl , perffaeg fr: 0 0 I QU lgpfﬁ_ Seel , but
- are not linmted _t% %%ﬁ%ﬁbé%&%ﬂmwﬁﬁrﬁ%%%@g ( anb(@llltg?%#gﬁgl erm
- "am do" r ef grsphtynintihdaying tywo phrtiaipsateratddamnRHOMRT k. ; trahrpgrble tingsl Rz are H -
- or sone alkyl, aryl..cycloalkyl. . perfluoroalkyl, or pertluaroaryl group. 10
- “Exanpl es’ i ncl ude, dtsglgﬁ‘.’?nﬁ HOFIR i SEeFIpat %&S&W&éam@ﬁﬁw%ﬁﬁmﬁﬁm etc. -
The term " aGyporpliiifinthal: o ELET | 4 =1 \Whh e »OH of the
~car boxyl grouﬂi)onl)s repﬁlggglgaﬁ;%om&g’?%@%ﬁ%éﬁﬁ'gﬁ%?g@lg..ﬁg%gr:pl es.
~include, but are Tetteimsfserdivich caoingtion bempoydd?” oet‘sandivichpwefdinatied -
enbodi nent's; . when..a al is designated by ‘M or, "M": where 15 n is an
it eger 10 ¢ sEHEE IgiRT boheRRR I rcloanidy Ve, HaeBepd ke spasioarie”
~count.erion. iyah# B asl aSpoipKRAEC HlabrobH@sl ehéh ROMRIBthR 161 bf RbRNmogD! ecul es,
A subunits of a nolecule;” or a nol'ecul'e to a substrate. .VWen all are
wcoval ent 'y |nrafkesdly 2 pes. andreactumietad isgfosiioned hetweemh painlofligaride andbonded
"el ectricall

rod and el ed r°§§§£‘|ﬁ§?‘;?e\é@fg%F°g‘ﬁ§%“}%%§?5Y§%§fﬂgﬂgﬁf8ﬁ¢§?: a‘é‘ﬂ%ﬂ?ﬁ%@é%ﬁﬁ g 20 :

el ectrodes, inehe kgind (&épeﬂa'ﬁagaiﬁahiﬂ&rb:@@tm%&tédspdm gHe@dl) ThuskiBid®aEth e and the
- coupl edr}gr oup -or. el ectrode such - that elections nmove fromthe storage
medi um 8l ecqpeElinationcempopads asg aobrrzaosmatallie cempeunds guch as femecenslivcul e and

coupl 1 hg. can TEARdR AT bOELE St iR, TEURAR R e il

- medi unt nol ecusingpoand atefgenedatly arracged inndiackel ofanvaloa(iccavpehaglfe. g. via a
“linker), direct, i .ndi reect ioni c bondi ng between the staqrage - -
medi unt ol e '&ft%&ﬁdané@fqa@aé}l ?ddm%epe%ﬁlaqrn@ ghy thep AT B A ¢
- bondi ng) . | mAYthRN abitd R YA ) Je tHePd Web 6y 2pAINE BB K1 ght
- harvesting rod may. si #pl y be corﬁi}éﬂg{%%&g\}t Ht%gﬂ.{eepe(lﬁ??’geg%ﬁg%%gg%# There-
- al so neé® noliange€bema¥od Ren@6aA33-46h(1867). Setdwich codrdirdifion ebrepdundsmagind t he

light h ti, d..wh ‘the.electrode is syfficiently. cl L0, the |ight
narvest ng. 10 TPBCEHR, (T ERAIH BU RS fes B Phertrai (BPSER o and

(=]

v,

the el ect r odg leastoned Hoaeld $1i8 UET@BR M HerfiRd Yighfid tigreB)er gy stored in the
~.chronophore in a netastable state follow ng absorption of |ight (or
tFansfer of ener gihetenm “denbierydenkse sandwich coondingtion cppappund” referstoa
. sandwibh_ coordination cc’ampbundas described abave where n is 2,'-thus hé.ving the -
25 | fbrmula LI~M1;L2, wherein each of L' and L,zrm.ay be the same or different. Seé, eg,
J. Jiang et al., J. Porphyrins Phthalocyanines 3,322-328 (1999).

o  The term “multiporphyrin array” tefers to a discrete number of two or more
covalently-linked porphyrinic macrocycles. The multiporphyrin arrays can be linear,
cyclic, or branched, but are preferably linear herein. Light harvesting rods herein are

30 preferably multiporphyrin arrays. The light harvésting rods or multiporphyrin arrays
‘ niay be linear (that is, all pérphyrinic macrocycles may be linked in trans) or may
" _contain one or more bends or “kinks” (for example, by including one or more non-
linear linkers in 2 light-harvesting rod, or by including one or more cis-substituted

_ porphjrrinic macrocycles in the light harvesting rod) Some of the porphyrinic
15 : '




. .chronophore arrays is Shown I Nkl gur e

. fashi.on.,Jl n so doing, the _Jinear rod-I|ike archi

For an excited singlet (triplet) state, the nagnitude of the ?(?k@ 2ﬂlﬁtate
energy" isestimted by energy of the shortest wavel ength fl uor escenc
(phosphorescence) band. The nagnitude of the "excited-state energy” is
" greater than or equal to the energy ofthe: separ ated el ectron and hol e

follow ng chagge el SRS LB SR R SR Rl e bresent

i nventi-on may ueoug or. non-agueou - pol yrer

.electrolytes maﬁwy@lee ¢¢ fortysandwithi cooriiiatisg c@fn@@&@dssak defcrided Alriher bdlgwWWhi ch
can be produced devoi d of |iquidthe space _

S latt
bet Wg(ra n : ? ?\2 &ng‘fd% 89!2}0&33(}’&?\3& P@éﬁé’? v &reeerienebsubsiantiallyl parpendimbilyts eithierpr
, corrprr ses aafiRsk taﬂgﬁe ga% Wtﬁ@ﬁfs%aﬁc{?csgfcllc 1._|F(?(;c%iscconduct| vity of a

carrier medi um 10MDSt ro ytes are s3] compounds. - Exanpl es

i ncl ude sbdi um chl'@uotephade! enceal ta) lightidbbbrbid @8t Shictd karP 8L %.StﬁttJWitBIrPH‘ de
in water; tet rabu yl ammoni umyhexaf f uor ophosphat e or tetraethyl ammoni um

~perchlor at e TIQIS5EIst Bhi AR FosmRsSq; WAl @F’é@relt‘lﬁ]&n@e orfyanaﬂy)m chrsuiophere isnaa

—gel."Mobile g S £ r othe peC|es
~capabl e of 15t%ﬁ%ﬁe§f?§r’%&% a%téesﬁi I"e rons Slpgﬁ’o*) ‘# B’Btc%e dg \gpo-

el ectrodes i homiedcdlmm [bhat B(ﬁdsmieemcteﬂctbuﬂ%rﬁﬁﬁn@%&ﬁld E!nd'\@ihglfe,boﬁiﬁi Sfifde
salt's, and i odi de4 ol yrrer gel ,such aspol yacryl onitril el Exanples of

mobi | e char g%R& AR single; bondgsincemixtures of 6 temamg @‘@Plcfdo‘iihid ievkk sinpledrrinde,
tetrametiyl - Qﬁﬁﬁtﬁﬁ teyr | nedi am
. p- benzoqtutrynoérggé1 k@%ﬁﬁgﬁggeesne K %tgnﬁtgymaf u]Ip é %QH%IZ??HEQ%H a

~ viologen.li. ClSG]uAﬂl@ELLHemthldN@ Ihd Gcﬂudéﬂ%@ﬂlﬁ@neﬁﬁlﬁéﬁs-_ Examples of
I'ntroducti on_The’ olt&)(}ectl rté \ikclom an ultrathin solar cell W|thhgh
absor pt i on25S58RPP IS%PI Pieeleadronogonjygeiedr syslepothaipimpars soloays | )

“that seine agp pirghiridie piesdnkd) 9hd fihear sggé‘nll of i gene 'd%tlgl@sanggm%i éonraear

chr onophor e- B6visirlpiggentietinall exthe em‘bomjdlgmq:cmmbtbﬂél y via linkers to.
“create t 1ineary ac,hrtect,u‘e At _pne e of the array. jissituated the
sensitizés or char% EIR% PST1COSaRP T 2pdSelaresisepanagion Y| seleniia moknsylar

to30t he el ecéntiide tittuzon extkefiorP by HHBG I8 iod" YanbthePt _the
~di'stal end ofthe I| ht - harvestl ngwsrod 1s a- ppldr%;éhgirj%s ﬁgnﬁt egﬂ:b -

‘The cappi ng s Alaees fe elegtrom te iangther paﬂky)lftbaf sang/lmcﬁcdum; iok wxaﬁsfer Gn can
conprise a | Q&ﬁr 0 0a s.urf or: co gctrode.
~attachnent - oJf‘1 { i %é%érf é@ﬁ%%khl& 5‘??&’10% gqrhgr &t tﬁ“e ALEeATP ﬁ’ént

FLo8p Voo s e o A b of QAR
u S il ay

stack of2%i gidifitee ePE’DeQ@Hlaﬁ?fa‘?ﬁirﬂf transferr ofdan cldstpa. aFpicallfyrthen "tharge
: hb nt i Th K
and dist ;ﬂgeiypﬂ‘?tﬁ%?‘*‘f#} 8 285 Smtlod il S lpedieg Shofe SRR BEBF e

pi'gment s. Gehwwsuaglayrayrmsmdafremr ﬁrhfchr@;dﬂédlsﬁtea@nerghi@f&&h@d € TRe"@NArpe &
term used |ntech ea h |l inear light-harvesting rods (both terms ,

i ndi cat e "a 1 T*REEHO %ﬁqﬁpt SBY (Fhargs sqparakien Uity faciitatcs e causes eatyersiaphof the }
efficiently apded-yanet BEETRY al &Sdon r.Ql te

that the terns sensrtrnzes or ghsgpgg@géelpar gt#gﬁhdgggtéeé&e%ﬁﬁgp Q'I l}lﬁ

inter cha?rﬁgeaﬁiﬁgtfontm Yeainjestedeinfshtisi eadedndactbady thd&dhatdiesep Et@ﬁoegfdub%ragent '
(sensiti zes).,c agF |n45ects tpe el eI.c n.into the 10 sem conductor can be
h | easbtg

conpri sed of (& ¢ e then"changs sepRration spvm aadn sharge
bact eri ochl odehirah SCr

chr onophore ae? r aygwﬁbe{iedu}%?rﬂagcg& gpe?&dﬂ]ﬁamgae%@hﬁ{&e gger °§ﬁb‘§§ﬁ§“§§°§"rr
that fact tHherebyereatingys nﬂgatlve hdzanmbn dhe Aclgrgd sepirativh gfou F'handie‘ﬁhargel ar

i rradiation. trat,e rrpI0|n a mgnol ayer- of 15 nol ecul ar
sensitizers oy’}gn%f é"c]E é‘lﬂﬁgﬂhr%tsﬁﬂic@aﬂ‘l‘?mbem reagtion

. becausgof delifer 8fBadte IR I
The descri bed ~vent|donﬂdgg§§:ﬂggjﬁgsrlézlgg a ne Fgr&aa%%@ﬁega%n&?%%ﬁl?el n
t he prefabr |Q§'at°ééfg§h$&9mphormnﬁrr5ymhmd h)oi;!hyﬁﬁgpthtohedow 1Bhyrl-Bedkiybsige
surface. i arrays endicular to the el ectrode surface,
nonol ayer co’@§‘§§‘§§ a@ﬁ ﬁ“?“«?&u‘iot Hl%zg i Filzg e yesulingareEgy 9 senarate
absor ption. dhafgeexanpl e, phthal ocyani nes typically have extinction
coefficients of250 000 M~cni 1 in the red part of the visible region
(600700 nxn depenﬂlmmﬁsubét@h@ﬁ’rasnsﬂmtth@ fordulie hetefry @artivhlasly dsignated

pht hal ocyani nes on a fiat surface corresppnds to -10'1 nol/cn2 and wl|
absorb about 5.6%of the incident . light. An array of 20 phthal ocyani nes
with additive absorption (i.e., no new 25 absorption bands due to
aggregation and/or electronic interactions) spatially arranged to occupy
the ‘sane surface area wouI d absorb 68% of the |ncr dent Iight If the

Y

S o Y o o




15 In Design Il, the LHCSU rods are attached to one el ectrod@?vﬁEC 004
attachnment group Y (Figure 4): The cell includes nobile (i.e., diffusive)
charge carriers. Al features are the sane as in:Design | with the
exception that the hole forned in the CSU (upon electron-injection into the
- el ectrode) g R gF i ek i:0€3] * Fhi.s J W ERNsarsences,
~ (1) The I,'i-fgts’jgsn”e&gf tﬁrgng g?gggggg’ﬁg??f%fﬁ&?{a go%?eﬁtn%ﬁgége%ctgd giving a -
- comensur at esledmmededieienhgohps Gebunisy thabéandieiwend fr aljes degeddx pdiential(s) of -
CSUel-ectrode. i nterface. (2)_The npbile charge carriers ¢can access the hole -
at-sites di stpﬁﬁPbJe‘ftl"BWPP\&%ig F%‘E‘Fﬁr’%ﬂ@s'éwif‘é&& uqe?%fttai&n‘?}i%ﬂlﬁaﬁo’flﬂw,khe o
~surface are Fﬁ{gn o oL it snbe ' - 'SAI-.]HL gal=le <o) a@ggi 'ﬁ,ﬂéria&].' gy hole
transfer an m_gfa??%ﬁg)(ffn a_dlhél?%%fg%aﬁ’o; t-%gmgf Eﬁ?@%{% c’tﬂreo e.b%gl’l n o
Desi gn |13, pyriyl, ly@sy) thiockmnato enieby mhfndalkﬂamlﬁm,atﬁmﬂibﬁlﬁ, silfongl, amdduyent
group Y (Figur . The ‘opposite end of each rod is attached {o.the. LT
- count er el ectmaﬁ?yﬂﬁﬂip?%erﬁ‘f@?pdgﬁﬁ% Spbstititediapd sEonn s attached 0 Hr esent -
in the cell {d:BRHeor FOTMYy -8 ‘ « ARBR i li'ght,
energy- nmgra ion.armlﬁgpﬁj ment S,,.'a(l’:l él%gﬁ)%%%%%ﬁégﬁgtﬁlg%goccur ,
“identical |y selectedfims chqgrovesasisting oDeyi, phenitl, ayetballdyl, alty] Helwweny slkdatye hol e

in the CSU resulting fromeglectron inject, into . the el ectrode .mgrates. by y

- hol e- hoppi ngﬁgﬁgﬂ& P%Féﬁ‘?éﬂﬂgylr p]erflﬂ 0 lsrmdﬁﬂaywermﬁ%#t%r%ﬁ%&%% -

~. count er eject ARGMBmInD)BER, ABxFEMALRN 2aRad, | ' {10 AdHi Sibfents 1) N0
di ffizsive: c?g?l%e ‘c_ar_rilﬂe_rs_ grﬁg p-roglg%_r?tﬁmilé”n a%%g&?e |o§.rl é%‘ﬂl%ﬁ%m 'eltéti nct

access  channigchiderbat aqt Hodted to, dhchl@sphenyh &-ridluomineathylpirenyl, andfler to t he.

trode, and.one.provided by , T DED 2004 the LH.rod,for t fo
(eXcitation RERgSTRAIY PGt pReEastivt yat etes phER MR ast
- Desiign | 1 eqabidues vbig, peefarebessahal bRt 2 9bltd, Bﬁxgﬁéferﬂf@ 145 than b8 -

mgration of energy, one .for outward transfer of an.electron, and one for- .
the nobile-c¥Rikge carrieu to gain access to the hol é. The absence -of nobile

7.-,charec riers-i siams LEL_ T € in. olid-state solar cell. .In
oror s B es of | TaielEhAT efds S b Sonkl shhoR rolecRle S hiva Rt Bhe Shidiel Coq
~of " por phyr i nehagauteristit bibaeyad) nostshdlavs pharnthedRairatdsde, é_at&.- (el bifitgeys  J. . S. .

J. Og. Cheip. 1999, -6 9101-9108; Li, J et _al.; J. Og: dzem 1999, 64, -
©.9090-9100; L$-cafbon ging g benzgne prthe Fondgnasd 6-garhen rings afthsothesmpmatic c| ust er of

“boron-di pyrrjg; Sy SEH-LOLN NG, ' By LR (Lice s et als ] ~A enz. -
Soc. 1008 TGRS rRuIer b o Sofp KR e pheit Gty oF bl Cofly SN0
one bor on- di isyecagnizéd/deay therarylRrovg] whilkiantiiseas, substitGent 2an fself hathedditiodc:

- 1994, 116,, 9759-9760) ;. and cyclic arrays (Li.,J. et al.. ~J. Anz.- Chenz. Soc..

. 1999, 1210 89?9})-5'%@3@%‘ .(e‘&ﬁge %%E@F%“@F"‘%&?df%?'én’c“‘h“é%’%lfﬁ%lsifﬂmﬁé%s;relﬁa&Xphyri ns

i n. nodul ati ng-t heTheen® . ; AR %?&ﬂ) Wdied foHascoat , -
P. et al., | no[g";eﬂ%S- Che&]?p%%gﬂbsa?ﬁi%%gq{@g%) D A SO, ‘tﬁ%gﬂg%?éf&s of =
“different | i¢iceied fiom amalkane by dbppingogy hydrage from(t fimola. Bxagplestreal ., J.

.Am - d aenz. 6y 1 1-11193:.. Ya 1. et : Pl ;. Ch
1408, ?ng SN ) ehﬂﬁ%ﬁ‘?%#%cws'?@%@%ﬁzﬁa@ﬂgﬁfﬂﬁw Bal 03, Anz.
. Chem S’ oc. 1997THdrm¥hdi9dent¥eRid 1o cHedf (el @ohbdMRe gfexﬂAe%%fig%hpof the

“Am-

I'i nker on_the_por.phyrinic glhg&ent (Yang, S. L et _a%. . Am  Chiem’ Soc..
1999, 12125 - ¥ e perisiic whledflvedne. ¢ gthspminsdiodBlenadtetiiedns of erergy:

mgration in |ineg,  chteipp s | s0..have been perfo d to eval uate

t he performance o?ﬁe\‘/éﬁf _oggﬁﬁg@é%? a1%¥e§3r%'m %%ﬂﬁ?“%‘é@ rgﬁger(@gﬁro,ggﬁi%m P. -
G et al., JisrBfiysed vddenfluodhelf98, 102, 4209-4216). These synthetic

l'i ght - harvesting nol ecul es absorh strongly in the visible ) region and
under go hi ghly ef iReiesRt Pedepprily miemde an &3] geowp wierq ¢ wiroghnaiomis

exaniinafio - 4.1 f the oxidizéd conpl exes reveal ed rapi d-
hol e- hoppi n&@%&%@tﬁg%%%ﬁén s (Seth, J. et al., J. Anz. Chem Soc:

1994, 11630 | 0578- 1Ub&RymSeiidylJd referds tabn aty grobfwhepesie CRamikt 39&plated with
11194-11207). The features herein proposed to elicit in the designof the
"linear chron®BHEWER2®M:ays described in this invention are supported, but

not at all antici «d; i i - 0 thet

met hods for. pr epa1ri)|&%nge i S té}ﬁ%rsrx?gég .Y"n%é’é’ﬁ? gjgéor\gﬁéeslﬁéou I??%@éﬁﬂ%&?i%ﬁ&ne
skill ed i n-takyhetyltaycloakyh perfluoeoaliol ferpefBucleaor ¢-oasl HxeapidR . indlide, but
particul ar, there are ex'tensi\éﬁ mit hods_ far preparing porphyrin building

bl ocks (a) LPisdebljmited togmetbyisylioxylphenylsuldomdeic.1004, 50, 8941-8968. (b)
Li ndsey, J. 'S. In The-Porphyrin Handbookl7Kadi sh, K. M; Snith, K M;
Guilard, R, Eds.; Academ c Press, San Di ego, CA 22 ~~ g ~ I =pE.»; ti.i;
..=a ~"~-a 2000, Vol. 1, pp 45-128; Cho, VJ: S, et al., J. Og: Chem 1999,
64, 789Q 7901; o




Wagner, R Wet al.; J. Anz Chem Soc. 1996; 118, 1l I66-11]ﬁ?;
Bal asubramani an, T.; Lindsey, J. S. Tetrahedron 1999, 55, 677 GQ%Q)QM%
chlorin building blocks(Strachan; J. P. et ai. J. Org. Chem 2000, 65,
3160-3172), phthal ocyanines (Yang, S.51. et aI -Mater. Chenz. 2000; 10,

“‘28?éhezﬁ97Le;r'? rmilgss 3135‘%’8 P’% mhe%%%%gﬁ%ﬂéﬁa?ﬁ‘g@%ﬁﬁﬁ g 2
Li ndsey; J. aB.’yl,I%zy\IEC}ﬁqiqlﬁﬂcyIQmﬂnoroi&@Ii or ﬁ&fﬂu& @ar?z@ P@fﬂ?@gﬁﬂﬁd E&tnl ng .
i ng

i grent) | ocks into the

the ch h t .
-'Ilﬁegr 21??35 PG ﬁﬁgnﬁrgbéiggfwl,. grodsutinayhar-tolwngsulnylapre, J. Org: Chem
1995, 60, 105266-

5983- 5993; gnefﬁég r\?\?et SHioy! Efc% t‘fg‘t gf°%é5°°%ﬁ’sﬂ’8§mﬁa&’mﬁ%‘ﬁ

i ncl ude- ﬁut raed Rard HmEmﬂeh&derMcﬁaﬁ@lcp&tﬂhka?ﬁb@@iﬂuoﬂw el abor at e

‘architectures conpri s 43 ght harvesting arrays and a charge-separation
uni t have b@é?}lps ?IHB n Bt 2580 Liraited torVgrhy aﬁ‘baém%MN( Kuci auskas, D.

et al. ? P?p .. 1999; 121; $604- 8614) . B. Conponents. The key
requi rerrents for I ght - hdrvesting pignents are intense absorption inthe

"vi sible region, e’t"hnacmm%nﬁde’f reférstto tie gebueaRs@hmssiton RICONERE)-vadrsr bt e
. (mar ked bysha Rg ti Onf‘&é’ fI uorescence bands an excited '
si ngl et - st af¥ St ordulasstygrogl shof perflperpayb atonp. a f ew

- nanosecqpds Exaaf ;iesqm@@é 'bﬁt%#:h%tﬁﬁaﬁ@d (i BB AL AOMd A BRo B0k 20D 0ach

gi ving rlsetoallnea architecture: RNt o et or usein
the 1inear LH r oddedem éhtal/\hefelrmanrmgmdﬁ adslylrgrmnp:mf\ﬂhﬁblhthe -OH of the

: "(tetrapyrrole croc cl ei‘éﬁb‘ es | e por phyries, chlorins -
bact eri oehl 8?% ylt% B%P? %‘HE tr@éo )-pivemples dychienbat )
- napht. hal ocyafamsmwaqggg&w ¥ato XF%thf these conpounds. The por phyrinic. '
pi.gments can ‘be suppl emented ‘wit haccessory pi gments such as nembers of the

peryl ene, | ycopedeprefemeceneodiments] when ometah éndesignatediby M TireMDswhatki on

s ectray f s are wel,l wn thoeskllledj the art and can'-

: bg Iookeg u%qighgng“atgéggﬂg F&?"éil&?ééhﬂggl{ﬁleg eﬁss"@iaa‘? W“Q’F

* Pl zot obi oL 1998, Aﬁﬁnﬂalsaﬁﬁaecaem@dwm@@mo &ﬁﬂ:&ﬂn”tﬁgﬁ{b 1‘9’3 hﬁ&ﬂs'dfkers |
i d:excl -

- joining-the pi rrents are as follows. (1) Support rap state
" ener gy- t r angfigple %@é@%@%&lhmwmiﬁdwtdl ailercougemtiplinde,, thé¢Pormuppor t

" ground- st at ¢,ho Ri cesses in some cases(besigns Il and )| '], and
(3) afford corrplafl %ﬁgll tlﬂi/&\?\n i the synthetic building bl ockapproach giving

‘rise to a linear T&neltemg‘éﬂmmcablfyd@hglﬁ&ﬂ%enﬁﬁéﬂ%itﬂlﬁﬁﬁﬁnéﬁmlfﬂh%lﬁﬁﬂ%ng 1~

.o~~~ 2f h he | LH d
4,4 -di éh %?%F%%éﬁoilepl rregmqts 0} ’E’%ﬁ? Ine%mﬂﬂlnlogrﬂms I;gd electrpdshieny| ene,
4, 4" -sti | bengrersto 4n R %hBﬁ‘BE%%n titht érou@%??ﬁ@é%ﬂ%m%ﬁwg)coﬁﬁ%& Lggpeani line,

. 4,4"-terphenyl, and no er (1
Thepp' - di pheleptredaguch Mdlﬁcnbmlmbwﬁoiu thi sfosagdeavedit@anolef v the eﬁcﬁéﬁﬁ)ort

rapi d excitedss aﬁle fner ans r.an round- st ate hol e- hopp| ng processes.
- anong por phyt f.rgmc friest CH“}Srﬂng re]p)é Frrtaprewdation statmef the )
~ char ge- sepakg riné!@bﬁ'le @&t‘hcél%oﬁ lﬁﬂu&é(ﬁir{eﬁ%ﬁlﬁﬁt eecfyta\{r tﬁgual to

or lower than that of the adjacen I.n arra (rn o :

wor ds, aﬁ)somraﬁegmdlmfmelﬂeﬂeagiﬂsm& tindiogct ovdet cbdn;&mgt(hg;twefa the .10
i t . F t b d Sol lls th

Bl ted: st atRE gl b finid ORdicE Befiregh i Srmaer e mimelsadand B band

edge. Addi t ieleaabdd, ofbiheEPEMiSy {5, hﬂfﬂl%pﬁ%fc gpﬁ%ilﬁng%liﬁ!%&ﬂg%f@%ﬁal boqdm%

excited-state el ectron transfer, have™) su t ener o'l njec

el ection i nfgytheaeguradraditbn lﬂadmrwmgwdahepsmw aordacéd witdtte st abl e

di cal t h f th U al d f | Sth
por phyr i i c AP Cher 0 B et BecesSREiY B R COBAE CEPTSE Aior  ms,
t et r aazapor pleyfrbdiSardnhe HENl REVRERY rod’wk}hé}élﬂ‘ih‘:%’l@@ﬂr&%%s mimei%h{grf&IBEeYt%%é‘es and

derivatives of these co ounds. articular attractrve

deri vati vesligh ofperhis eéh&ttbhauntelmkgbemﬂ\theahedlmnﬁmlémﬂe whd h a
central net ?é;mdgs zirconium (Kim K et al., Inorg. Chem 1991; 30,
2652- 2656; G S. et al:, 30 Inorg. Chem 1994, 33, 626-627,

Grolam, G - S eEx@{edvstAQ%Efgy@h‘@fé}s {cmh? &%gﬁgglégd ézg% cﬁ%m@éﬁ&% ih28°;

Collinan, J. P, et al., lnorg. anples  of
doubl e- deck&tetasiahisstet Tolowing |absoram@1 ehlight (ortrisferef énerSy Gomcm diiserbdacker s
can be fornmed fromany of the ligands a1ghe family of tetrapyrrole
macrocycles. ‘25 In the porphyrinic famly the el ectrochem cal potential of
a given porphyrin can be uned over quite a w de range by incorporation of .
el ectron-wi t hdrawi ng or electron-rel easing substituents (Yang, S. |. et
aI J. Por phyr| m PI zt haI 001 ran| nes. 1999 3 117 147) Exarrpl es of such

_‘.:‘..._,_‘.'_ o o o




'JCOﬂdUCtIVG naten

17 DEC 2p04 porphyrins. Those netals that are photochenicaldy B’E@Q{]ﬂ{x
include zn, My, Al, Sn, Cd, Au, Pd, and Pt:. It is understood that sone
nmetals carry a counterion. Pbrphyrins generally formvery stabl e radi cal
rations (Felton, R _H In The Porpl Zyrr ~as; Dol phin, D., Ed.; Academc
Press: New York; 1978; Vol. V, pp '53-126).- S The I|nkers j.oi ni ng - the CSU to
" the el ectrocﬁorwﬁwédpsmhtd@lﬁeﬁ) istiéearthe @kﬁguﬁ@dﬂmﬁthes'@fz;p@dtmthﬁwgh &pace

. and/.or throu e nd .have a f a itable
For it e hreRE g o SR E ey SRRt e Bonr L o Pres R et

. include esteThe ﬁagﬁﬁﬂxIdf@h@cex@nedl%er&ﬁérg}mﬁigréa’fyrthan dhepal totmé@f@ of
hydr oxy, sul fonic acid, phosphoric acid; alkylthiol, etc. The | inkers can

" consist of 1libeacperated elheiron andhpketolly “mgdlapmwmwadl yne, 4, 4'-biphenyl,

e T e R RE Do R LRSS B Sy e AR oo 1 e
3, 4" -diphe nyéqmuémlmm@s %dtﬂi]ﬂé’lﬁcb]ﬁmr Sledtrollek. mﬁael,eetro’iyté m@%ﬂ%ﬁi@ﬁ@

-3, 4' -benzylideneaniline, 3,4"-terphenyl, etc: 15°C. Materials

i nnovat ron ofonsishefrsolid »mgwblﬁhdﬂmbﬁasmthe splarpll care be greducadsioyeidod Hraid) y
translate engrgy paalggb%%%gﬁ]evﬂgpaug ‘l?jggf dleg e?ﬁé 51%8?01 'cgﬁ?s%of‘%rlrl _a' low.

e use or SO ar ener gy

conver si on. devtinies aEﬁbssandemmcteasésfthaaIeBﬂﬁcall @nahdtbney of arcatrfeemdivel. oprent
of designer solar cells foi 20 specific .applications, sone of which are.

descri beP abMpst elesirobiies are splés @ripaic sompaunds| Fxampias dycldsrspdiug @#ﬁ?@cham sms
-(-De I -1 t fi
(BRST0re 1 g 04t 4 s o
ﬁot ocurr enth@«aﬂaﬁmph@sphms ot'ltmram'lannnmmn mrﬂﬂmﬁfamlaemmmiebzam sm bywhi ch

- sol ar energy. ég 5 harvested-at sem conductors w'th nolecul ar
-chrom)phoresdlf’ F‘?’% ; O PN YORIS RATIBRHR 2 8hot obi ol . 1972, 16, 243;

. Gerischer, H Purey ha%&e 498 % S \%AHIQ £F.
Top. Curr. Chern. 1976 61, %EB‘ S%rfr?rgonﬁctlngﬁ%rrgltee |aeISEEmeS aié TIO

(rutile t§" aummg chages (e&'cﬁloﬁQpr 18116 betwkeh tzdBvapelecttddes impusplraceltal |y

t abl d d thin fil [ bst.r at '
ol o.edZ{‘ oo B PR AfeRSs et aln ofy Y80 KLl hASHARBHTERY, cncy

in the visi b*;ﬁg; oﬁﬂnleﬂﬁcah@l@%flﬁ?dvﬂe%ﬂgé am%ees\éhcﬁaé BuesrehBAimibd R -
excitation o he sem conductor will be minimal for terrestrial

appl i cat i onsiodids; breande. fetramethylsl .4 pbendencdinming teranhemidrict-al | y available on-

B e Dt S S

Figure 7200rnﬁﬂm)immgear sensitizer, S For t he case shown the - .
: eXC|ted state reduction potentlal Iles above the conductlon band edge by an N
~-anount greater than the reorganization energy [E(S+~rt) - =~ >, EcB]. This

energetic 5 o1 %Sét%\ﬁlgéﬂqﬁm ‘f‘&k M sitizer :
excited-stat gp?bnogﬁf evé‘F‘s an e sem conguc or conduction band conti nuum

”.\/\chhinturlzkg]nVnﬂucﬁmetothe maxummelectrontransfer rate, 'i.e. : -

activationless inferfacial n.transf The, exc n of ‘t.he
injected el ectrontrgg ‘&"’s‘é‘n"ﬁa‘? e‘f PRI A qaﬁ%’é Wﬁrﬁeﬁf%@ @;&ﬂ APHORS the

el ectrongt hephahiigRSist fet REHE ARAUE bpwangusgﬁ Bhore UrRR AR Qbvd thgﬂt

electron therefore is irrevetsible, and In xepopulatlon of -the excited
"state has nehweﬁmﬂéﬁ%d&eﬂhe Ehneﬁcad@gmroﬁlﬁmeax phmatophiore| azays mhpsm in
expect ed to g.e end,on .t he bias condition of the semcond

i nj ection oc €ufren e PEENTRLD it t SFOPEPHOZSFORAIRIRG Jpo0 B“&'?ﬁf) c’ﬁﬁd’f’ﬂe&n (a
in Figure nco@él@iﬂyrﬂﬁ'iﬁlk"eﬁcmﬁlétthé”hnw fchifRna¥! Wesie ePof theCatRGCEsed

situated the sensitizer or charge-separation unit (CSU) The CSU is also attached to
30 . the electrode via a linker and functional group designated by Y. At the distal end of
the light-harvesting rod is a capping group designated by Z. The capping group can

consist of a simple alkyl or aryl substifuent, or can comprise a linker for attachment to
a surface or counterelectrode. Upon attachment of the linear LE/CSU molecules to

the electrode via attachment group Y, the rods will orient in a moré or less vertical



15 because there is no electric field region to assist the spasj
separation of the injected electron and oxidi zed hole. If the%s%m%ﬂﬂﬂktor
i s under depletion conditions, then the injected electron is swept'toward

the bul k- by the surface electric field and reconbination is inhibited (b in

. Figure 7). Therefore, the current on i n photocurrent-vol tage neasurenent '
can be t hkerf U6, I g0 ki the EPeR BR iR PR A5 pORUHETE Sadne
‘enhanced |i f@finB®s Whetd & i ApLecwl arseni ct or
~interfaces upr%%%jr d_epl?fe_t'i gﬁfﬁg%rgﬁn;tfn? gﬁé@gﬁﬁéﬁaﬁ%ﬁg@@eﬁghﬁ%@%g % eeﬁg%
" regener at ed thy sameard sriadinket £ct The pddang atierna pmidi disttsices hetweenegdnarat i ve

~solar cells. A simplifi er at i 'ar cel | based on a nol ecul
Senai i zer - STRRIRE S EHeBO AR 1 DS CHRIFCH AR R PG @ 5. An

" excited gensist¥hedmordore 2Ratd?l ' l: 'gfa,o‘ﬁ-,ﬁg. - s -ﬁﬂH{e&ﬂE wi th
rat e .const ant k;I.m%@gr%ﬁg*gglegg%%%nﬁé%ﬁ{% _ége ts agmggglég@on ronma .
“donor (i.e. rodoihatk terr ipdicater m dinparparckitatture roftlivkeé Ipigrhentd yae abkorkdight odi de

- i's the donor_.sho i n,the [Fiqure. i.odi de oxj.dation prqQducts are reduced

at the dark sanRDe et hERRa i Tad ol coamolr breiteh e ke eampe

generat ed wigdehsitiz QMR : SEMERL ‘ M th no
30 net cheni st rly.é}rgrhg%%érecoﬁﬁﬁ&aﬂ{sgﬁﬁﬁ’%%&g%%ﬁ%%g@?ﬂ#gﬁﬁg X1 %’?éz%e -
- sensitizer, faut that tn photdéxcitdd dageot (sqeitizes). thbheinjtotsothes klvatron Sintwdhele,

whi ¢ch ¢ be _di.spersed in,water.. o ni ¢.sol vent , . or | ynerjc. gels..

Al ter 'natal i%ve ¥ 81&%031%3%?{9@ BF@SW&F?F{ agn?qitéﬁﬁﬁd@ﬂﬁ%r(eﬁv i’?%ﬁh@ﬂ?y&@&&r none,
- and- i nor gani gl BichMdcRIbris iR 5. 26~ ~E~ 2004 Solid-state cells. '
can be used that would replace the.iredox active electrolyte by"hole" .
‘conduct ors, " p- typBirse fistioeidlesicos ere describedh fpysthershronwophdiecarfays {vide infra).” | )

“twoal t ernat i - e ecedence ;and hol e conduyctors such gs. TPD (N, N
i phenyl - n; MR HE RS AERAE SR 38 e TBRCHE M el Wil s Tavee

- [2,2',7, T- t efractivh SdfNndMeht sdlar mdmnphqnul'ﬁf%?eafaﬁ oyitpl 4 eRidoldyer epe are
. known (Sal beclc, J.- et al:, S,~ntlzMet. 1997, 5 209).° p-Type

- seni conddct dpalesila sepsitizgNCen haplangs shectiode ogstace dlahifé,swlé@?é%'db?@. fayedh, B.;

. Schwartz, D: ) - 415 . h.-.casest he teerial s nust
be ther mdyn%ﬁla%gﬁﬁéh %/g%g{%lﬁéa%g’?épé Sé‘feg‘g%élfﬁr idg]? ‘ﬁﬁ%%telé 4 g%’ﬁ%%%eﬁﬁ%#efcﬁ‘ eé
- . chr onpphor e iaveripn Amceptmlites af nbwwidleehlap grbachi Gihkrehdrike Whrctabsicked e
. 10conductor .i s a}g}cwm i nFi g}glil;eg By .enpl oyi neg%cc_hr onophori ¢ arrays, rat her
- then a si ngl PTHBARIIES aFayy tqra@dzedoon @n| dlactrgde suraced By s Emlizedbenent
~in efficienc 1 ‘ | § ' : I Der DRtk -he. qLtizes
~Sis replaced %S%%m%#?mﬁgﬁc%ﬁa?gﬁ%g%{é@n% g?{r onop 8% g{}slni %eﬁP% : _
coval ent20y |signiichntlylincreased dightbabrsayptiont divd examplepphthaiodsaaines typically have

el ectrodel5syrface.: The .advapt age . hi s, approach i s.that .the actual a
~surface ar eae%t?ﬁ B EFHIHT ﬁ@gf“gg(ﬁ?@éjﬁﬁﬁlf% e.'%“fEmﬁ&’Qb’Fséblféeglﬂ%kjﬁao& ‘a
si-ngl'e sensitiozes cﬁperﬂﬁkﬁ% bh endtalgiidn Sia).H IdAEh{LCHEREY phfhallc9MibdLCANE! Y
- larger. 'Inthe solar cells described the incident photoﬁ-to-c ~ent - - .
effici ency (flaemfagescorteaponds deicl0 G molmbandewitsabsBrhationts.6% of the@cident | i E x )

v R BETRE R il B RS S T B o
of |1 gh2sabsbsbigtiof bads diclio akencn dnd/er dIBSrdui T AN Gl Brifem ~ " 1

is the quantumyield of interfacial 25el ectron injection i'nto the el ectrode.
The term ri 1sOSCHBY dhestne suefary ater| werldfabsoibef®p; ofhthe ineidentnlighitr alftthon of

Dbt | RIS S bBAcE SRR IR GBS B, SR loioe KRB RRRO R LS
hi gher sol arelesuvdervsdsorwd, D0hef eheo friidrp Gighe doukPBé Ybddehdade sy diéctiodet he

 sensitized senjconductor electrode is expected to 30 provide increased .
sol ar converStigpeseneiigheraaty soush s thaya monelayemel 20ghwmaphpie fmaysr Gas! at ed

toward t t ' NOF & i he,arr and_a from.the CS d the
-sem c_onc? ll?ﬁt O@fa?ﬁ g%%]% g%égﬁ%% cgfg%lcgro °§P§’t‘elsﬁﬁ’°\%ﬁd¥esWé/EWH?%E'OW%Sn of
the el ectr orlight abitepticair T8 gitsjéctionWokdpated SrerihilvBrablywith theCut-RBD PR Sss o
array. 27 1 ? DEC_2004 Furthernore,.since the regeneration step wll

“occur furt hetaclor 8k PRO reeessarpder efficieat ighttbarvestingdas is comshilpemployedtih t he

donor oxi datg, d .S expected. Both of these kinetic inprovenents
will i ncreasﬂggﬁt%ﬂg&g‘% gec Ston col l ection efficienc in Equation 1 5 10

' 20




15 20 25 30 y~ and a hi gher photocurrent is expected. Furthernore, the open
circuit photovoltage, V~, is expected to increase. In regehdr EECVmg@' ar
cells the maxi num G bbs free energy that can be obtained corresponds to the
-~ energetic difference between the Ferm |evel of the sem conductor and the
redox potential qf the electr e, -\Jo~. | n preventing reconbinat,ion of the
inject ed‘el‘ec'tr'oa'g Hen rtﬁ‘? I’I‘?'*jésﬁir §3F%F§¥£B‘§ﬁ%°%§ Gﬁe&e‘é@&t@hﬁﬂ?‘&
effect can he,ueqyFHianees) File QIeHBlAes IBbid 6. bhShe) MR eCRitiers. Th -
reconbi nat i ol P Bigisd Dt ST es i dfeé’gr Gduct o)tnly Account for the
1 oss of nandmspsLEfrogd; genzally eoropmding 5-20 g0ents, absorp-light. EscitatioheaekgySi nce :
. power ‘i s the prpduct of current.a vol tage, .this represents_.a significant
“Toss. 1t m grESEL RS LR ot dhe s PE Rongipe APASE IROHEIEON G ¢
. conduct ogs,’ zﬁéch@ﬁi%%&%eﬁﬂ’@iﬁ@ﬂi&i‘%‘ﬁ}é%hihg C_S’Us{i]ﬁl@ﬁlatéd ﬂpétéb UF{hFES). The o
~ chronophoric array to shuttl-e The "hore" directly to a nmetal™ . .~
counter el ectaxoies! @8Usthewinjéats Beslegmon into the camidactenh pandoddhe electzods Stepned to
-occur in'the." ani £. sem condquctor' . fil descri hed ahove.and is. highly
desirable, 0cdHeEHERR IRl o e Gl end iR EE e B bR DR ays
wast.es. pot enhé dxidR6H PhtenCMERCNOST s 1PReCtah RE & &E%ﬂﬁedid?ﬁ? Calagaeewhor e
arrays by netallic surfaces is an anticipated problem (vide infra). .
- However; si rpigmenteincthe ddbyodo Diffusionpf & mobile ghargacader inrcdosgproximitsiod ther ent
- sem conduct or_.and array i i ghly .absprbing; very. f xgited states
w1 be 107 SdBRLER0 Rl le ReRbdBol FRRH cefimiBe i CHHHE b5pa IR
~avail abilit yhddé oh itheRoblld ERFEP BAkTeE Thé R¥ke 1HBY nfﬁ%@bkv/éim 6f theliobile _
- fabricate efficient cells using netallic surfaces. 2Metal-Chronrhoric :
LAfrays. Therdaggee caryigr sadsr bsubsequent d@lestranséeri prosedsetiamong| sebieonchargensfer -

resesses oo uhift L AR SR AR ot R

“the netal domatkss@n el ectron to S* to form S-. ‘Neither of these processes = |
- has been directly observed. The two processes woul d be: conpetitive and

“unl éss tiRere i s dankesignelle thenbB/CHY rRdt argiatieghed jo) necelerdmde yia pfachpente. IH n

order to_obtabih & hEafyal 2 BOPLARRC ATk aiAANARRG: dit 0] 2

pr oduct s  nusfeatatesard ¢hectamd amineDesifiné vgth theaexsémionf thetribarhotexfrirtoed in the

sensitizer t e netal also i.s ther nanj cal | y .favorabl.e .and all owed. by " .
bath For st er CSdSgk e grrodiestiva o i g le g EHERITROLE |BPEl Rt and
28 . ~7 ~e~ THeRaLHRFEIERMEAdes dehariamedht ol the cARGE G¥pdritBd $thR1s iftrBshi Ng -
of nol ecul'ar- excited states by netals. However, these studies involve

_phot ol urdthesgigingea romsnansuraiet decarase tinechatgeusdconphiatinh ragogestsh st asCSU-

- involving el gctraon.or .ener ransf.er, - remai.n specul at i,ve: ver i h S,

 comet it ove. Breds ifbsREr (3 ThE RBRIE brarES BRHBR SRR aiek i L 6 BRGET S
the | ow phot figmrihebleceddd sirfaBei SHedBigtHt RmAthe $6#Tadel dré Qtidipited td Be more -

- dnterfaces. However, there are many reasons to predict poor sensitization .
yiel ds $om neacessitde dberelnt dacilitating diohee trangfer pRdt wigretinn Oz (liffssien) tade 16,

. 243; Cerischer, ure- Appl . Chem 1980;. 52, 2649; GCerischer, H; WIlig, -
F. Top. Cur r?gu&egglﬁmfg'?& 61 '31),- 10 The chronophore arrays described = -
herein are desi gnkdDtsigs B tHee BIGSW yodsQire blachbé tobad clectestz iadithdinesit avay -
from the phot oangde (Designs Il and )l lo%' ' Thiisinterpal rectificat |q%g
“shoul d al | owBisHE etfdgrea)- iTiif@ew%w e3¢l of prehapd dt tichedhioghe poRRISTPICEROGRAL ed
hetheorer | SRodrileRe st caBf@ afe HE: (5L 841 (i0GGn Ablddhofig ase,

-the depl etion r ‘assi sted ‘chargye separ at'i 6n ?ﬁa@éoccgrs at sem conduct or
surfaces ' 1bamimyprasent)beAbsermionarfilicht) @nergy eniiation @hming \piomentts andfeleciron
interfacial charge injection and, rgcgonbination will give rise to effjcient
_energy conveF ke ééﬁi PesF dd BIWilE those Progesses %P@@g%ﬁ ilrdfah'sfer

. dynam csyhas |0 @%gz Sggm? PLiaGE-Cak V&L S,
schene, ?'E(ﬂe Ié]P igél’ré#(% %Oslgﬁggléfte ?iére v rga?o%aﬁ({nh&b%cg%%tp rclgﬁtegéﬁ%ﬂr?aghe
nanoanp r angmigéee by, hobe-hdpping-amonlypigmentBan ¢the BH 1bd shdRbgs trafiifern to 11860,

94, 20 1586). If successful, the use of metals would_allow C uctive
snbstrat e~ t SOPREIRIEERP o&g@ﬁeﬁ‘rﬁfeé’%‘i%- Atlons 1R s gesigtet ﬁﬂnﬁ" Qiffusive
"transpar ent Serionl arl. j- 3 i C h Eshes - 'ﬁaﬁanélé; , or
Pt on transpglg%%‘?kéggrsst ar%t%é%?é%ﬁ#%bﬁ@%%?s apgf?"?:égtgélqgn. 5 a[r)é'
Synt het i ¢ Appaguiredesthe TR dirst fon elecappnasfhet theelatait,andent gropidebbyi ng
the linear LH CSU rods. One approach invgives a stepw se synthesis and the
ot her approach involves a polynerization process. Both approaches enpl oy

pi gnent buil di ng bl ocks bearing at | east one and typically two synthetic
handl es. 30 One exanpl e of the stepw se synthetic approach enpl oys ethyne

- (E) and iodosubstituted pignent building blocks (Figure 10). The

-
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17 DEC 204 tetrabutyl ammoni um fl uori de nmakes possible a sec%nﬂcﬂ%}- %ﬂ at ed
coupling ieaction. In this manner the linear architecture i ed,
starting fromthe distal end and proceeding toward the proxi nal end. The

. final -reaction involves attachment of the CSU conponent:. The CSU buil ding
~block bears the:attachnent group Y.5 required for attachment to the N
el ectrode s JL? i@&odfﬁr_@%%%n,ﬁﬁ&ilmemamdMSW@m obthg regylting holes. ‘
~ethyne-1'inkeg. b V¥ i IS escribhed.~. el sewhere . herein: A -
“wide vari et ;jﬂ of pi Jﬁe@r%[ﬁ%u%r Irﬁi%g_%g k%zﬁsgna@@bgg%tstgﬁe@ggn%é?reﬂlmd

el sewher e hanigrationl of emerhiyl oo formautivhiietarfdp| IRl cdton] Shdend ¥R ThemaBile be .

. enpl oyed. - 10 _One exanpl e includes a porphyrin_ dinmer bearing a p-iodophenyl
group”and a $HAISS CEHSTIRIENA 399e5s icctheyhele-] dhe mbpenge @fpnobileTthargeccamians iy

Ti ght - ha“jve%és%ﬂffeéﬂgéi’nﬁ%bﬁ?—%es?o‘farogel p- phenyl ene- i nked porphyrin diners
by pp €

~ that ace’joi'ne I'pheny yne groups: Dinmers for this building block
~approach can be (dnegpiet stiidies oflliglithadnsating PRaRmeas, sifiCMapédlarkdyddb@pased 15 The
“pol yneri zat.ion approach_is illustrated rn Figure 13 using the Suzuki- ,
coupl i ng netqf@efﬁ%w%mﬁp%#ﬁwwmmmee@mw@iaA@ Kjindsey, b VdPrgy bl ock:

ool d-phase TR N9 MEOREo R TN ol L1 Bt R T 5

simlar residal, JiMaparChen 18977, d045-a261)y € cludle oM b10n dy$irAn destubosding i nked
pol ystyr.ene resin fhat énables facile attachnent of 20 conpounds bearri ng
car boxylli%c a?d?%l?yrﬁlrﬁ‘l’oéte&éfhﬁéﬂi- Ghemy Spe. 4928, 130, 190U HAG1T),wnd B Lijeard " acid in

i Punot i onal i Guy IGIMPAES ST, p0Ss ot (RRRE KWL 47 P e )
o, S Sl e R ot G Mgt Ot )
bl ock béar'selgfﬁgﬁﬁ}nﬁgi—gg?@ﬁ't e%@fsd?f e hRsE ,.m\mﬁ@@m&%@aﬁiﬂ ng unit
bears onl y afod b of HRrBPHIR AR 8 ReLSRACA PR P il AbRSence

of. the solid phase.” The averagé | engt stributi-on ineal r is
-cont r ol 118d Hyhenhd 99%t3804849-4853)biMlsm che effemts qfidifferatit lnkietschmidye biteok and t he

~ capping unit: in.generak .a ratio of ,10:1 or i ] i.. Fo] lLowing -
_ Suzuki coupl FREY %?8%5 g‘:{flﬂlc-”dﬁ'gs%t aﬁ_)‘e"s"i‘%”'i gg%gc‘%@dfgpgﬁﬁjgshﬁfﬁéeyéﬂg o
starting natRl alal ANP/HeUWhdnn 4988, AVDAXEIoLTs), &8R4 croﬁﬁ)o_ &oh (ShcRaQQUPL TS
. obtained by cl eavage fromthe resin under standard conditions. Wth .
" por phyri ni o-¢t abiJgdenenndoad987.cl 19, thlPgkl 26d) dnd itenpositibemdtledation ofithef  t he

met al | opor pRy.fL0. . nd ¢ be Ir essed; by .subs, et al ation.
The i xtur o ikeEon BeRERREEN: ABheRr e S Mg A e B T

~~~ 2004£0c hr4D(8+40¢ 8 pipdvy. bebio tearhdierizedh SiaMatibeSs Send iyt BRAtawad liass pr oceeded
-~ fromthe CSWunit. Qutward to the distal end, affording the. linear LH CSU-

- rod with at tXEMReRIRR 2T RsAlsoaya heer periaagd ity evainate theerformancgtof yamersnt t o
the el ectrode; ; &H}? ’ t akgn~W,t h rin, buid digad,bd ocks
as illustr a?g%l-glaﬁ%%lﬁig?% e | é;l%%\ggggg%@gatﬁfr?] ttﬁgt‘?;}%@ﬁg@%ét%ﬁérﬂpﬁla g@r‘lt , o
bui I di ng bl ct208-42ii6}. Tiese SymBetitlkght-batvebtintomblcaloowhsorb Stratigheinkbe vikie =~ !
not abl e exanpl.es include a. djnmeri cpi gment buil di ng bl ock, and_a mononeric.

t abl gpl 'Eléld g}gﬂﬂ i cpi bui | di bl ock d [
por phyri n be&@PRGE RBAHEP B¢ teshersEshkansies Asmast ofdhess smdisfr r onet hene
dyes absmr b ShARbY of thel REepdtites 25 84 ; PRACH and

transmt energy very e~ci%n¥%uf%ﬁbﬁ§%&%\ggﬁglﬁﬁkﬁé %ﬁt@gﬂga(&‘%g‘?‘%ﬁﬁ Re An
~exanpl e of tﬁwmhc barpenents (Seﬂnoi.pfhgal.j@Aneﬂﬁengﬁ'ﬂe_m%,ougf; 00§V 8ar0soRne
boront ¢ et Ce ¥ et 1o Crim ¥02 1996, 1741910811307 thBiakreSnireld | "
proposed to-elicit in the design of the lincar chromophoric arrays described in this
invention are supported, but not at all énticipate’d, in this body of prior work. The
30 synthetic methods for preparing light-harvesting arrays are sufficient for someone
- skilled in the art to prepare the molecules described herein. In partic’:ular, there are
 extensive methods for preparing porphyrin building blocks (a) Lindsey, J. S. et al,
Tetrahedron 1994, 50, 8941-8968. (b) Lindsey, J. S. In The Porphyrin Handbook;

Kadish, K. M.; Smith, K. M.; Guilard, R., Eds.; Academic Press, San Diego, CA
' ' 22
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2000, Vol.. 1, pp 45-118; ‘Ch‘o, W.-S. etal., J. Org: Chem. 1999, 64, 7890_-7901;'
Wagner, R. Weetal,, J. Am. Chem. Soc. 1996, 118, 11166-11180; Balasubramanian, =

T.; Lindsey, J. S. Tetrahedron 1999 35, 6771-6784) chlorin building blocks
(Strachan, J. P.etal, J Org. C'hem 2000, 65 3160—3172), phthalocyanmes (Y ang, S

I etal J Maz‘er Chem 2000 10 283 297 Tomoda, H etal, Chem. Lett 1980

1277-1280; Tomoda, H.etal., Chem Lett. 1983, 313—316) and related ch.romophores

(W agner, R.. W Lmdsey, J. S. Pure Appl.. Chem. 1996, 68, 1373 1380) Methods for
- joining the chromophore«contammg (e, p1gment) buﬂdmg blocks into the lmear
arrays also have bee_n established (Wagner, R. W etal.,J Org. Chem. 1995, 60,

5266-5273; DiMagno, S. G. et al., . Org. Chem. 1993, 56, 5983-5993 ; Wagner, R.W.

. . etal., Chem. Mater. 1999, 11, 2974—’)983) which include but are not limited to Pd-
medlated coupling methods More elaborate archltectures compnsed of light-
'harvestmg arrays and a charge—separauon unit have_been synﬂ_:esmed that show very'- .

high efficiency (Kuciatiskas, D. et al., J. 4m. Chem. Soc. 1999, 121, 8604-8614).

B. Components o _

- The key requn:ements for hght«harvestmg plgments are mtense absorptlon i
the vxslble region, a narrow dlStI’lbllthll of energies of the excited state (marked by
sharp absorpton and ﬂuorescence bands), an exclted smglet—state lifetime sufficient

for energy transfer (typloally a few nanoseoonds), and companbﬂlty w:th the synthetic

buﬂdmg block approach giving rise to a linear archlteotme The plgments of chome N

R for use in the linear LH rods are drawn from the porphyrinic famﬁy (tetrapyrrole

_ macrocyoles) Examples include porphynns chiorins, bactenoehlorms,

tetraazaporphyrms (porphyrazmes) phthalocyanines, naphthalocyanmes and
denvanves of these compounds The porphynmc pigments can be supplemented w1th

accessory pigments such as members of the perylene, lycopene, xanthene, and

dipyrromethene families. The absorption spectra of such pigments are well known to

“those skilled in the art and can be looked up in various reference eouices (Du, H. et

al., Photochem. Photobiol. 1998, 68, 141-142).

The important requirements for the linkers joining the pigments are as follows.
(1) Support rapid excited-state energy-transfer processes (through-bond and/or
through-space), (2) support g;roﬁnd—stafe hole-hopping processes in some cases

(Designs I and 1), and (3) afford compatibility with the synthetic building block

approach giving rise to a linear arrangement of pigments. The linkers of choice for
23 '




ormg pyr ethanes; cy ating t e d pyrtonet anesel ectively at ,‘ﬂﬁe 9
il
positions, 'reducing the resulting diketone to the
di pyrronet hane-di carbi nol, and condensi ng the di pyrtonet hane-di carbi nol and
a di pyrronet hane #0l15f orm the correspondi ng porphyrin (Cho, W-S. et al.,
©J. . Og. Chem .1999, 64, 7890:7901) . _Subsequent iodination at the |one free
“meso-posi ti offTHRE J’égl?%sﬁ’e@'f’g@ﬁ%l}i}fm dnelnde &.4sdiphemylethymss 4,40z uki ‘
coupl i ng. Pol ipR&y Ik dPne, k3B s{pl (Sl ZAHK L o RNslch /ép exanpl-e
of neso, neso- 'clgﬁfbl I ng cﬁghei’ﬂ. us rgré3g’c'if’?. | S%léé)‘f}%%ﬁ'lﬁk%eg?gﬁ%ﬁk AWM T one
. & e20( unsubs¢#tarobetizens ot besiylidencaniinet 4 dthaghényl, tahé ns dinket (hb.as diredthen
. treated tonmeso sR-coupli condi-tions_(AgPFb or simlar_oxidant) in the
presence. of é?ﬁg‘g‘%ﬂge F%&Hﬁ%ﬁﬁﬁ@@ﬁ@é@%@ﬂ@%ﬁh&@ebm ﬂ_hHWFlziﬂ (Csaka, -
“A.; '8hi mdzu ey 1} ‘Efigl: 1997 35-137: Yoshida; N.
et al " ChontorPat PR o Bart Bloref andRly b b sl fpitebboib ool 8y
1998, 37; 30aBempbéphypatigmoldiules) ; 25Feng, X Tetrahedron Lett. 1999, 40,
4165-4168). ‘The p@rphyr i n.under goig&pol ynerization_has two free neso
~positions, and thenpBRRATIARE FPquiemendpy the chargetrepuptitmienis(§sdi)ds thkaveanl y one

free nmeso pogickib@Bimte dten = ol i gosrer shave, strongl.y .spldt and

br oadened So%é:?érggtﬁ?s, aﬁ&i% F@? iog%%?égﬁﬁ%agﬁ}ﬁea% ?%%Wfﬁﬁ%dﬁ&% I

across the saray(irspthet words, B8orblight seweveled shPdquabibiop TordpPihaR gt 6fthebe - -
to yield a reso, mesol i nked ol i goner” bearing an ethyne at the

'~ carried gut : [ . ]
terni nusl%( Fi jgments &y thedfl aray)n os sersicondusser tasedeplarseHy the eneited-statenker t o

attach the hy L A hd . - | ey the '
- et hyne- subs%?%{%%%@n%g%ﬁe%%% [) gh%rﬁ%?&?z%r?n;%%}é%g%' s‘%gj ec Elied toa .
. stepwi se coumhhimmpntmﬁndihﬂ@SUrafr@tod&rdetgm @pidaead&itac}]-@au.ela%ﬁoﬁml fEkbChdde ~ ~~ )
+.-2004 illustratjng attachment of zi r gconi um por phyri n- pht hal.ocyanine is '
- shown in Fi gﬂ%ﬁECI 1 enafeyep HPThAR Sectop P th epndhetiondand o thepleckioRedndi o
Stepw se cougiia sBbACRAERSBET Rifcddtdb ol 6 FEESURY HRIAAM F5nmC"
~choice include chlorins, bacteriochlorins, phthal ocyanines, R
-napht hal By aliie pexphydnicAamipninahrdihg porghylins ke orimnbastariochloninkecul es. This

sane synthetjc approach is particularly attractive for use with o o
“chlorin-I ink%ﬁa#ES%_ (%’9“1% E\Zfﬁeﬁ)a?i] B{?EP%H@%"%WPH%@PQ appr oaches

has: advant agégivafivesifIReiy 20inpe@sds. WSartit@RMY 38rRRR 836D oPHGL Rl |
.-ol'igoneric product of defined |ength and enables incorporation of different
pi.gments_at ererprised of thedioublacioskensandwish selpelesewitipp centu it suahepsi r es
Sanerant s 2 SR il P FibY Theh" 1991 500265410658 Eurbini®G. 8lerar,
: ) _"20  Inorg. Chem. 1994, 33, 626-627; Girolami, G. S. et al., Angew.‘ Chem. Int. Ed. Engl.

o 1996, 35, 1223-1225; Collman, J. P. et al., Jnorg. Chem. 1997, 36, 5603-5608).

Examples of double-decker sandwich mqleéules are shown in Figure 6. Such double

. deckers can be formed from any of the ligands in the family of tetrapyrrole
- macrocycles. _ ' '
25 Inthe porphyrinic family the electrochemical potential of a given porphyrin
" can be tuned over quite a wide range by incorporation of electron-withdrawing or
- electron-releasing substituents (Y ang, 8. I et al., J. Porphyrins Phthalocyanines 1999,
3, 117—147). Exan_lples of such substituents include aryl, phenyl, cycloalkyl, alkyl,
halogen, alkoxy, alkylthio, perfluoroalkyl, perﬂuoroaryl., pyridyl, cyano, thiocyanato,
30 niﬁ'o, amino, N~a.lkylamino, acyl, sulfoxyl, sulfonyl, imido, amido, and carbamoyl.
 'With monomeric porphyrins variation in electrochemical potential can also be ‘
achieved with different central metals (Fuhrhop, J.-H.; Mauzerall, D.. J. Am. Chem.
~ Soc. 1969, 91, 4174-4181). A wide variety of metals can be incorporated in’
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15 20 25 30 and coupling, to obtain the desired product. Ttﬁ?pﬁﬂﬁf P04 zati on
approach rapidly affords linear oligonmers of substantial |ength: However,

he ol i gonmers are pol ydi sperse and the synthesis does not afford control
over pl'acerrent of different pi gmants in an array. These features cause the.

Fdent T car pRBRNELs P Rests B e BBk Ao R ot B b M InShi AL | on

" approach cam@@demlmyc%uEeérst@soﬁﬁBsdmém\éﬁfsrc%ﬂyfhecohhﬁQ%H yiged to be

- of defined and uniformlength for placenent between el ectrod and

_count er el ec@ﬁ@ﬂéﬂymmﬁﬁabbea@%mwsﬂd‘mm BaHhImﬂ?sEthwhpmm, E;aharlhn,The |
“onl t l.d ffect d d
Penth el GRS RRE e RN GR AN BB R v are fesi red:

. in whichscase polThetikemtibiameaBoCBE SR Q%afbde 5oifadeRbARS a line. and |1 |
- where different pignents are to be incorporated in.the LH rod, the stepw se

~ approach nugichifectarepsunpert. thoughispereiandior thiroygbyanslralecion dransfer asd bgywiss e

o eoyer o MRSt Ak ARGR e e BRI s BESERNE Thoention
i ncl ude COn‘lfQLUﬁdﬁal%froz.\F?%ﬁﬁblhée é%terF@u‘rmsiyﬁc&ld, el 8idXitiel, BB sdank! | |

: Formula ~V, Formula > For mul a and Fornmula XYB bel ow (vmth forrrul as

Xl I through hX‘l@P‘Y:r%‘EP@@e@WL @Qospéamc@gldcdkﬂthmls etci. fdiediskery chraeansist o hl or i ns
and i sohact gr EC.2004, = p$g $3
~ 1 1 qgél %4 %%Lm%le{%?é% 433 I@B}] Wlb B 4‘4%31@eny§gl,4¥hen¥ e’vﬁ*fgr ei n:

o sulbene 1,4-bicyclooctane, 4 ;4"-azobenzene, 4 4'—bcnzyhdeneaml1ne, 4"-terphcny1

' ) o 13-phcny1 3 4’-dlpheny1ethyne, 3 4‘-d1pheny1butad1yne 3, 4’-b1pheny1 3 A'-stilbene,.

o 3 4-azobenzene 3 4' benzyhdeneamlmc 3 4"—tc1phcny1 étc.

15 G Matenals , _

7 . The mnovatlon of synthesmng chromophonc arrays de31gned to vectonally '

: __translate energy and charge when assembled on electrode surfaces will  allow

conductlve materials to be used as the substratcs for solar cncrgy convcrsmn dev:ces

o This dlversxty of materials allows for the devclopmcnt of de31gner solar cells for '.
-20 specific apphcatmns, some of which are described abovc Below the materials and -
| - 'solar energy conversion mechmsms (Designs I-III) that arc cxpected to yield
1mprovcd conversion efﬁcxenmcs are described. _ - o

' 1. Sen'uconductor-Chromophonc An'ay Junctions. Anodic photocurrent
generation is the most common and efficient mechanism by which solar c'nergy canbe

25 harvested at semiconductors with molecular chroﬁophores' (Gerischer, H. Photockem. _

Photobiol, 1972, 16, 243; Gcrischcr, H. Pufe Appl. Che}n. 1980, 52, 2649; Gerischer,

H.; Willig, F. Top. Curr. Chem. 1976, 61, 31). Semiconducting materials such as TiO,
(rutile or anatase), ZnO, SrTiOs, SnO; and n,0; are thcrmodynamically stable and

can be processcd as thin films, polycrystalline substrates, colloidal par_ticlc thin films,

30 or single crystcls with high transparency in the visible region. The large band gap (>

3 eV) assures that direct excitation of the scrmconductor will be minimal for

terrestrial applications. Fm“thcr materials such as SnO; are commercially avaﬂable

on flexible polymeric substrates.-
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33 AT DEC 2pp4 Mis a netal, suchas a netal select eﬁ?fBE&

group consisting of Zn, My, Pt, Pd; Sn and Al, or Mis absent (in |ch

case the ring hetero atoriis hl through K4 are substituted with H H as
‘required to satisfy neutral val ency) Kh Kz, K3> K4, K5, K6, K?, and K$ are

- hetero atons, such at one ependent | sele e fromthe
- group consisting of ﬁolﬁg %@% ?ld{"] ﬁ Y ogdhecommonty. gy~

Sio Sy Siz SicBeptedmStianisid 1@1@e@ﬁﬁﬁoﬂﬁléﬁ%f-‘§%&¥mﬁﬁl s%ﬁ§1ﬁ Sgbsﬁtoi rtl{éedetsi that

~preferably provide a redox potentla of [ess than about even
vol t.. Exarrpls@“é’ﬂﬁhﬁ exciisfstatetedusion &ntigh iesatiave ¢he domtnetion bant eligeby el t o,

- 'H, aryl e clo al l.cyl, .hal oge xy al kyl thi o, 10
per.t'1 uor oal 1?%‘%@? gtﬂghﬂ?l Hﬁﬁzﬁmn e’&% (BE{%kl a>n§lcal Vhis regergatie no,

al kyl am go, ﬁﬁﬁﬁ ax%HJnf; gﬂgip i,

addition’? eacoﬁ tgalnr 1??'1'11 {Ssloﬁgﬂr?d %g&llarl?db %%mlm ns%?éla {}eg%

i ndependent lapdf cmmoaMmtmxduan&nnbanchmnﬁmdﬂﬁd&tzmmrg@\%tﬁgalt@@e or

ant hracene, whi.ch i ur n %rl%% be unsubsfituted of substituted one or nore
“times with f%”&mé%@fi?ff‘?}’eﬁ dete, bPetdivatingless tarireial slecte frapterenThel  of

~less than alé&@éss%ne?gf’rofeﬂ?é" ec‘!t@dtele 1§"Sd1§,1a?afkﬁ&?’ | b Egnpg{ﬁceax@a%l Lkyl,

- al kyl, hal bgen, -al koXy, all,~ylthio, "'uoro | 'Uu6ro
~pyridyl, oye(nbonomﬁ] @ﬁ:ﬂnamdbron\themmhzeﬁmnme cehﬂwoﬂoarban@ edp€y Injeciohl oDl .

sulfonyl and _car hano npl es of .such annul ated arenes '
~ include 10but %F?"é’na‘@?“fq%lf éﬁe‘feaslglg X‘@ @ée,a, @pPPula‘Fm’sof th&emtedﬁtaee 81 S S

. never been observed,

The fate of the mJected eIectron is expected to depend on the bias condmon of 8 ) i

the semzconductor I injection occurs when the sexmconductor is near the flat band
| condltlon (ain Flgure 7, then rapld recombination with the omd1zed dye is expected
- 15 because there is no electnc ﬁeld region to assist the spatlal separation of the mjected
| electron and ex1d:lzed bole. If the sexmconduetor is under depletlon condmons then
the mjected electron is swept’ toward the bulk by the surface electne ﬁeld and
| recombmahon is inhibited (b in F:wure 7). - Therefore, the current onset in
photocunent~voltage measurement can be taken as a crude esumatzon of the flat band
' | 2Q potent:lal The enhanced hfetnne of the charge-separated state at molecular-
' . semiconductor interfaces under depletlon condmons allows the sensmzer to be

regenerated by an external electron denor for appheanons in regenerative solar cells

S

A s:mphﬁed regenerative solar cell based ona moleeula: sens1t1zer on an n-

type semiconductor is shown schemaucally in Floure 8 An exc1tec1 sensmzer S*,
25 injects an electron irto the semiconductor, with rate constant Fij. The oxidized dye
P molecule accepts an electron from a donor (i.e., mobile charge carrier) present in the
electrolyte, ke Iod1de is the donor shown in the Figure. The iodide oxidation
products are reduced at the dark cathode. The net process allows an electrical current
to be generated with light of lower energy than the semiconductor bandgap with no
30  net chemistry. Charge recombination, k., can occur to the oxidized sensitizer, ‘S-+, or
- an oxidized donor species. The donor shown is iodide, which can be dispersed in
- water, ofganic solvent, or polymeric gels. Alternative redox active electrolytes

include Br/Br,, quinone/hydroquinone, and inorganic coordination compounds.
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(I't being understood that the rings are appropriately conjidab68 2004r et ai n
aromaticity of the fused rings); and wherein each substituent S 1is

i ndependent |y sel ected and preferably provides a redox potential of |ess
-than about 5, 2 or even 1l volt. Exanples 25 of such substituents.include,

~ but. are not |inmi tR il Qate Ebl1sAa be uggﬁaﬂﬁét oﬁ]?ﬁclje *;é(ﬁale’rec?o‘é;k%éhve Eﬁ@&@cﬂ?ﬂ% by

- al koxy, al kylthio, perfluoroal Kyl uoro cyano
"t hi ocyanat o, “helel’r oondaxtons), p-ayﬁecybmn:bnductc&s,y lor pd:rhipsxyﬂetamul fIhayﬁzst i tsiod 0,

anid d carb | les. of ed ab .
Contal ning JRERY S tark dhesOsed i SRIH peniudiony B I CACKRMAND B 34
M~~~ 2004 1

?(;val ently | |Iégﬁbg%§dﬁggg%ﬁ%§g?ﬁl)m %@?‘?ﬁ% 32 % tg%gﬁgﬁ

. -O;rb adl i nldi nd)lgfpﬂnqih@whb@rﬂahyndr]:%?degﬁbhﬂsa}rede trer lgtovel («Se.tbedcjé hetlalt . Speh,

. t t .
orocyele det B ;bﬁggbq)npﬁygggemtcg@fg@g el8s st e o Yyl snt | on,

' .one or nore tHErr@%‘bi‘cﬂ (O'FeghRE. Osatﬁt ﬁ)[dt%}kiﬂ% gbomﬁ bt Ses

_orientedincis To one another so at ‘t arves ing ro
“cont ai n bendbe owetddaliaypstde thérmoﬂymﬂmcalh,t mlableltﬁ' remmﬂgl aneatidieed dehp(mﬂﬂt

oecri bed asbyRe HHforitborut Sy A RRrpE Ay ik HoRbRS kA Se%ptq es of
" For rrul ap;p comctmgshminlplgﬂg%xl V bel ow S 5-1". ... ~s g9 S §5
- l > | By employing chromophoric arrays rather then a smgle monolayer of '
) - ._ sensitizer molecules S, considerable nnprovement in efficiencies will be realized. For
example, i in Design I the sensitizer § is replaced by the CSU to which a ng1d array of
‘ chrdmbpltores is covalently hnked The entire array extends normal to the electrode
15 surface. The ad\tantage of this approach is that the actual surface area t)dcupied on the
o électrode surface is comparaBle to that ofa singlé- sensitizer S, but the light Mesting -
o efficiency i is 51gmﬁcant1y 1arger In the solar cells described the incident photon—to-
. current efﬁcmncy (IPCE) is the product of three terms Bquatlon 1 '

200 ;mcE=LHEx¢wxn ¢ I

‘The term _LHE stands for light-harvesting efficiency and is equivalent -tctthe IUPAC
) . tma (absorptancé)-, which is equal to the fraction of light absorbed (ie' (1-T) |
' where T is the transmittance). The term Oy is the quantum yleld of interfacial -
25 electron injection into the electrode. The term 1} is the electron collectlon efﬁc1ency,-
| that 1s the fraction of electrons injected that reach the electrical circuit. - The
chromophore arrays in De31gn I will increase the LHE ‘without lowermg the other
_termsand a hlgher solar conversion is therefore expected.
- Applying Design.II to the sensitized semiconductor electrode is expected to
. 30 provide increased solar conversion efficiency over Design I, as the ‘hole’ will be
translated toward the terminal chromophore in the array and away from the CSU and
the semiconductor electrode. This hole migration will prevent recombination of the

electron in the semiconductor with the ‘hole’ in the chromophoric array.
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wherein each substituant S is independently selected and pic?f BE@b
provi des a redox potential of |ess than about 5, 2 or even 1 volt. @ﬁarrpl es
of such substituents include, 35 17 f1 E~ 2004 but are not Ilmted to, H,
aryl; -phenyl, cycloal kyl ;- al'kyl, hal ogen, al koxy, allrylthio, :

per | i uor oal kwnhembfel HREORME L enE

al kyl'am no, acyl, sulf o xyl; g %%??HB&EP vﬁg%eam dogp&&gﬁﬁ?l éﬂotcfé%urf% ai

~to link the %F@ﬁ%@#eﬁﬁmbm’mmwmtb danoa osidation pdodpciois e‘x@eaémtbaﬂn o@ﬁ{gg@und

" such as anot e or {I‘I ni C‘Oﬁﬁ macroc .cl e in the manners described above,

't he porphyri? ‘%&2:398 } jne itéeék’ﬁ?ﬁ‘ﬂ ﬁOIéftCUPJéaﬁCI@ﬁE mlﬂﬂgﬂﬁqmbnt

: and preferabén\aé Wibher BRdthouy re a linker a ularly a
l'inker. containing a rgact?l ve té?%% %%Qere nu%?%l’ ghel OWe%ugpgl @UB@?&% uted:. .
‘on the |idgan¥y, ishexpectedapsinamysebe I megeaenaﬁv@rsolaﬂcienﬁﬂ@%hkﬁmﬁe@%seﬁke Such

- linkers are as de cri b%F goove 10 Particul ar exampl es of sandw ch -

“coor di nat i on*% PRtaingd gosresaonds totheanesgetic tilffem;lcp betsan therﬂﬁem i on

- have the For V ?@‘QJ Q-
wherein: 15 %ﬁlﬁgﬁgleng@éﬁb% E?dj%@%am eggieglfllﬁg SPEE elcﬁ-glgge W"“‘Zr }n
and Bi, -and preventiegactimbiktionest the ifjectad dlddirbh tieoPdini Yavek iseamal %n&quh as

Pm are general I | es e{ni 3;‘ L' and LZ are independently sel ect ed
| L ganfls ﬁ.ﬁ % % @?’frﬁ 4 Eyﬁiéé?rgezo‘r“@ exaa?df,@kﬂnﬁﬁézebn@sewﬂl or
. -absent a SEmPIheS&N e e nkers

" above (the linker pref eorsgétflgld I nc 5 2 15&'1d§§%r8&% ?aonlcr‘? it t?oerc&lgzlgﬁseggt ive
group such a@npﬁnps of phaseaurrent tdiileur EO(gnﬁOpi'VoPmi&ﬁﬂ&%cN Siate pewetisane of

It b ted that h | dL b
- Subeti cut eq MPERTAr oty Bhd kofteR R P Rbtntes Senicam sy subor ]t ut efm th)
linkers Q as eXFﬂt@hEﬁdevbﬂ lﬂrﬁﬁ&lﬁfe tgealv@icﬂ reB6% QWhive %!Harolﬁg dbs& ctﬂdﬁ%t Is

Formul a XXV may be covalently I'tnked to an electro y at

| east one ofr@-tyee semicopdudion j“gah@bSLandm}mpbf taer the ehromuiphibiit utregl tosliigert
- departi fr »S 1 he ounds_ of, Fornula XI_ahove.  For exanple,
: o) B égﬁ difeg ‘?K g{’ %98 |Eoggiere setrpde @S HEWnHB| Besien | afdelFd be

“and as_expl ained I'n gre

- coval ently jmbeesslis emadiaidden debmpinyhi "fbf‘% | n@eﬂﬁ&cﬁ{dﬁctof]oﬁﬁasl ek dUhod ot her

sandwi ch coor %]{1 corrpound et.e. k t'he porphyrinic nmacrocyc
- (which may o nﬁ;a/]“ y frsirgbleo %tm@ﬂafmgshﬁdmmdodhmwbummeMImdﬂd) to

' a substrate, =Tl as.5 another_ po rinic .
~macrocycl e |ar11Q§ S;Qnann%&%mgesc béﬁl%g%%% fg? ?’écétggs@ﬁ% fﬁ%aﬁ#&omﬁ’i’bﬁ‘ﬁ% |
por phyrinic am&ys bgymﬂtdhwsll!rlfad&amaﬂ mmip&taallﬁo'skrd CRElinAEE BHFeREShfeaht y two
' whi ch is | i nker, partlcularlyallnker

substitugnts h S
cont ayi :‘]@ Cthéod%?f? Ee 8‘? ated threughy @trapma@ng S@m@%@@ﬁnm@ﬂb@m&yt he
1igand, the ik 'ﬁléﬁ&saﬁfﬁi@@ {r&? ﬁ&?%x@fted %@&e%ﬁnﬂé >‘.:rc-:sa‘%'e:cle %%éardlhe metallic |

“Ilnkers are desrghated a
S counterelectrode. Accordmgly, the availability of linear chromophonc arrays may

o make it possible to fabricate efﬁclent cells using metallic surfaces.

(e

2. Metal—-Chromophonc Arravs There are two possible exclted-state
| 25 mterfaclal electron—transfer processes that can occur from 3 molecular excited state,r
- %, created at a metal surface: (a) The metal accepts an electron from S* to form s%;
or (b) the metal donates an electron to §* to form S°. Neither of these processes has
been directly observed. The two processes woul_d be competitive and unless there is
some preference, no net chérge will cross the interface. In order to obtain a steady-
- -30  state photoelectrochemical _r_ésponse, interfacial back electron-transfer reactions of §*
(or §7) to yield ground—state. products must also be eliminated. Energy transfer from
an excited sensitizer to the metal also is thermodynamically favorable and allowed by

both Forster and Dexter mechanisms. There exist theoretical predictions and
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10 where: Qis alinker, and Y is a substrate, a reactive z@iﬁ QE@FZMOUD

that can covalently couple to a substrate, or a reactive site or group that
can ionically couple to a substrate: Q may be a linear |inker or an oblique
“li.nker, with'linear linkers currently preferred. Exarrpl es of obli queI i nkers

include but are not limted fo, 4,3 15 |phe
S O Do At Yesabige s aadso-transfat eyh% o Malogular pxqiigd states

4,3 azobengjj,r}ﬁetaﬂ :ﬂov&’%&z YelsE SRARALIL 1{1| o t%mgluﬂmzlasc&fcé ROGEHEmeRX Q{@hfés of

Iinear link i ncl ude,. bdt are not -dlphenyletllyne

4, 4' -di phenydctnat aqile;aciaug 4méthanisnive nmlvpm peﬂecm_;dneme emargy Eausfdn,e menain '

- 1, 4- bi.cycl ooct ane benzene, . 4, 4' benz)y enean hen I.
3 ooyt boRer e ke RS E  dporey s fes Ao egie pr pkel By
3-(3- mer gaptopsHRYs ) R TWY g h@&gﬁgnyfﬁe&haebe&% %&yﬂykeneﬁﬁéwlmetamc

- 3- car boxyphenyl .,  3-carboxy etc e a protected or _
unpr ot ect ed interfateisy dlasvever, tirerg aeipamnreedms|to mk@luctgmohseaﬂtlaattdm yeelds &bano or

e OB D PR B b e Bl hoaky s 2 oo W o or
f'orm HS( CHZ) pyre ‘#P?l @H}m 188€052, ‘15@9 boerygRhEn ¥ ; WFb?’&y f@;IrPyém?rmhs | '

4- ( 2-car boxyeth . an wal kyl’car boxyli ¢ fform HOZ
~where n = | -@&0314- (2- (4car boxyphenyl )et hynyl.) phenyl ,

4-(2- 4 b h th
4- EZ(EI ( aga?i;g%ey en %; %%Eﬁéné H%Anglﬁrem are designed to shuttle energy

-~ 4-(2-(4-rer hPihe I SHoRd I
4}Elydgosel eﬁgﬁhen I %&%hb%ﬂ%%ggggﬁg%gﬁgﬁlyff?et hy nE&IHBé m&ﬁ?ﬁnﬂ and IID..

hydr ot el | u%@ﬁéﬁ‘}lﬂl reahﬂcamopzh(md mmme&remmnm)@ftthqﬁgﬁ:pmgﬁgrthe 37

17 DEC 2 I k; f
37 (2 (anot c AT BIRISE oS AN af DO SnBF sttt B sy, o this cose,
- 3-hydrosel endap Idelﬁlﬂlon By2r éﬁldﬁaﬂjﬂﬁﬁ &) espanaiov! thet Sueasd dtnkensdnductor surfaces
- 3-hydrotell urophenyl, and 3- 4hydr ot el | urophenyl ) et hynyl ) phenyl ; etc. 5

- O her suit abPey PPhRe NECSSHEY. Lkréauqs eaﬁlétlmtratps af interfacgal charge mjection and
~ 2- (4mer capt : t o
2-(4hydrot el gcrﬁ%%lh%%nh*ﬂy% %ISQ&I'E g‘gg%g{)%\%@nwéal%ﬁp%}% }9:FI ni c
- macrocycl es interfacial alebirgm:raha’ewdmamgs lhasi ;proviousdt heanswggpﬂeqalayral mactical

macrocycl e and an el ectr re typicall 10 t hose that ,per -
s oxchan GRS SOBR Ok eierien e EBBbFRpPESd Erpcieeuloog v dpbprens in
communi cat i ofe hgh rﬁ@é bopes, - Vlﬂ:b@'M gr Bdd Lr1.8t| Pﬂj’)ﬁ Gt Fl%tﬁt e

energy transfer and/ or eéxchange of ‘el et¢trons and/or hol €s). Exanpl-és of
- sui t-abl €0 i nkx#63 IﬁﬁW@éngbrﬁhﬂ atd of mepale semdddlloy aLnMe:ohqutmrb aubsgate thtre Q

may be a d| rect, .cova bond or, a.kinkin I, of the For.mu . R3n
mﬁr o 20 T SO ogveitiop A Sige Tictpef ufnfens mtalit iy in |
(yielding a ﬂlnise@rtmgshughmtasb&fﬁmmeatms é:ﬁrkhbﬁfh@esrhré aveﬁﬁableamelﬂﬁls Rz,

?d Rs. are each independently selected from he. group consi sting of ethene,
hyne, arylappligdficet er oar yl groups (e.g., phenyl and -derivatives of

“pyridine, thiophene, pyrrole, phenyl, etc whi ch aryl and het eroaryl .
groups. may be unsubstituted or substltuted one or nore times with the sane _
substi tqut spl Sy&itﬁdﬁﬁh@pﬁoaches :

Two distinet approaches are available for preparing the linear LE/CSU rods _ |
One approach involves a stepwise synthesis and the other approach involves a
-polymerization process. Both approaches employ p1gment buﬂdmg blocks bearing at

| least one and typically two synthetic handles.

30 One example of the stepwise synthetic approach employs ethyne (E) and iodo-
 substituted pigment building blocks (Figure 10). The Pd-mediated coupling of an
iodo-substituted pigment and a bifunctional pigment building block bearing an iodo
group and a'trimethylsilybprotected ethyne (TMSE) affords the covalently-linked

pigment dimer (Figure 11). Cleavage of the mmethylsﬂyl-protected ethyne using
29




with respect to porphyrinic macrocycles): 25 The geonmetry of ‘?t?]@ﬂ'[f %s
Wi th respectto the various chronophores and charge separation groups t he
light harvesting rods can vary. In one enbodinent, at |east one of XZ
through X "+1 conprises a nmeso-|inked porphyrinic’ nmacr.ocycl e. I n-anot her

porphyrin ¢ EkabdgninAbRnA Sl AURK: ordhle” SRR iirnRRe Bomime or

meso. 30 | i nkesdctim plmynhxsmmafeqeneaf %hnédh@ﬁ@&&%&u@t@@%@drﬁﬁ@ﬁon?%ah?&ﬁ”gh

X "+1 consi st | i nked por phyrinic macrocycles.  I'n ano :
-enbodi ment’, do?'“@é\EIPB‘Eﬁﬁ'g‘s fowasd theprggmat pod Tkiﬁnﬂrmacgiwnmvdvescmmzdlm&ﬁs a
“(3-1inked po r I east one of Xz
through X" +§Péﬁoén%fspgg§ﬁ &[e}igps E‘éllgﬂelﬁ%ﬁjm% Pfeng-‘H Btill
- anot her eﬁb@qumﬂ fox)(atttad:hmnmhoﬁh#ale@@@ﬁ §1§rf£8‘e [ 3nig @ﬁéj Iﬂ%&b ”‘ée%g
t o ~S

-macrocycl es. ﬂf’ anot her. embodi ment, XZ t hrough X +u consis

R ~ed por phyf® %rIB'ER?é‘F gthyng-linfsed I@ﬂﬁmmlksarrafsgaaspﬂmnbéd spewhérec
m)l ecul es t hgdrejgan achi eve the-various designs are shown in the follow ng
schenes. An ‘exanpl e of Design | is shown in Figure 20: The 10 Zn por phyr| es

- constitute the LHAr mkiawdneﬂyeoﬁ@lmemhuﬁﬂdjng:ms&ﬁ b@een%%edznﬁr H¥ted
transfer occyrs req\g ng the Zn . porphyries but occursirreversibly -

(downhi | 1) - t BT 31‘651- Friom,-Eudtsmeric pigment hiilding blackgcandesnmplogQ@do, -

38, -4849UB53Dne k he,.Zn. and yries h

i denti cal nonﬂ?lﬁalglﬁr}b%r}gggésﬁ S@ﬁ?mgdt]& ¢ a(ﬂ?gc %@E&Lﬂ?‘%ﬂ)@&‘ﬁ’epﬁol e
~ resides ‘on tﬂ%mﬂ@)’bdybb&wﬁ]phﬁﬁyﬁ@oml e TRNRbuliA@NEHRhalRsillE Afy

- por phyri es because t%e %hg%e phyrin_ lies at | ower potential than the Zn

por phyri es ' (SREGPEFd n&rlmkeé Pagphytn e dimerSothat i 88 6joiddB, by pp-'

3996-399'i. J %ﬁﬁe ot CS n_be ‘tune throu
“alteration O;Eﬁ%ﬁg i uc#auv% (ﬁ%ﬁorgﬂlf ﬁfgﬁii%lg?ﬁ?% APPIORET cpar dma
" substi t-uent gah@;almmng:asghbw:anmmgurelmng meso substituents on the zn

porphyrllf\?s as wel inthe hole is forced to 20 remain on the My '
~ porphyrin (the - AT appropsds isy Hiustrated innbignre r13Fmsglg 2 Suzikii s

deSI gn is.Sidsy bﬁi%_lﬁ@tﬂoﬂ% ﬁﬂl\/gi’gﬁ:én@ﬁﬁill&iﬂé%h]cﬁs dﬂfﬁl%rﬁe tnq@&ﬂﬁc&%agnegs g-_

substituents on the Zn and phyries "are

el ect r on- wi tqqéhom grgue @bd tai barenicsester egrpm e attRbed &ﬁa"dbh@-?h%ﬁehﬁ I( ; ‘but
an el ectron

h |
ot The o1 SRBERBNH ShnattE BF Wik rediof R bt lparisal azlyq%aopmrifhs n
‘the LH arraWaJkg)lr&sm r1§%ﬁ:ﬁfss-‘lﬁk§@‘b@fﬁﬂmaﬁc§'{-§ate I?eenéﬂe (g_t}’y %}g r{s Io? |
SiQ

| ower ptentlal than the My potphyrin exarrp
shown i OFi FOEpounds b@f@gtqﬁ@qw eamds.,l-hndodbtadmmtrw achieved fbyarG@nb@swizh m

eryl ene co S rles 30,and the CSU is
EOH‘[%I’I sed O?ﬁ‘?&‘%}l %?FMS% é%gﬁﬁ%%é‘gﬁ? ?lmm?%mﬂpgﬁ%“@é? obg -
peryl enes  t bifuhetictal pigny butising blédkearda cﬁﬂhgé uft, FlilObEt: £ergal b the
e mgrat e : !

CSU upon el ectgﬂ% njection into_the. electro es to ower
pot enti al ﬁﬂpﬁﬁegss%wmw cafrlyststandiligands that pifordl Iegle turnowys adidi s

-array. is SY'hE@'Pﬁtﬁr‘ﬁg ?fér@@ne%lﬁﬁ%%fﬂ&gm&nt building block bears a boromc ester and .

25 ‘an iodo group, whﬂe the capping unit bears only an iodo group. The polymenzauon
1s performed in the presence of the solid-phase. The average length distribution of the
linear rod is controlled by the ratio of the bifimetional pigment building biock and the

- capping unit;‘ in general a ratio of 10:1 or so is employed. Following Suzuki coupling,

the solid-phase resin is washed to remove unreacted starting material and coupliilg
.30 byproducts, then the desired product is obtained by rcleavage from .the Tesin undef
standard conditions. With porphyrinic: pigments and acidic cleavage conditions,
demétalation of the metallopofphyﬁn is expected and can be redressed by subséquent

metalation. The mixture of oligomers is then fractionated by size exclusion
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~ Fi gure

17 DEC ppO~ ~25 building bl ock bearing an ethyne and an dod?}g[gglgpgqﬂﬁ
anal ogous to porphyrin building blocks. An additional exanple I ating
Designs | and ILis shown in Figures 23 and 24. Here (3,(3 -substituted
~chlorins are enployed in the LH.rod, and a zirconi um doubl e-decker

Do PSRRI NGB B0 TRREGY F RBLYEE Al o SR

- phot ocheni cality odedatd/ @0 tIE@eilﬁMnEﬁtﬁsaﬁoruﬂl\goth\éeﬁne‘éuMycwtt@tilxﬁﬂataqaétﬁamthe

pphenyt ene |jinked:chlorin LH rod, which enploys a |linker for attaching an -

~ ethyne to tHendig ?]cgfﬁ%@érm@ﬁé‘hﬂ%ﬂ @é@)a’géaﬁacbmenhte thotlpeirgsisase and -

- deprotection, the Y d d t.

“ zirconi um doubl e gc %%’lrg a&? ﬁ#lgg%kggv@% ?%cﬁ%%ggs&sﬂgﬁmg%ﬁlem _
- zi-rconi ug d@ige tRckerbrosdn Hsmm!mtxa Gty ginawn tEldiedBlekD kb fdrhe
desired traps-substi tut ed or phyrin. hﬂg} ch005| the types of substituents .

in the por pt%HZF]ﬁ envalipg dn 8 %@'aﬁthﬁﬂl’@ &th@f e expanples.isich dd@cﬁlélcmt he,
" oxidation. pg)tl&?% albuﬁ b%ktclﬁnegnc?s dgls&ngﬁlngth e%gctro e |ng
£ QOTER 't"?

substi t uent e OXI |on ot.en |aI orfrred

" upon el ectr cdjtpyrfunmltanerdye@.t Q‘Hehﬁr@i—&tp@h@ﬂﬁﬂleh@ﬂlydﬁﬁbsﬁfb ElfeneGEtA ﬂi@ﬂﬂtﬁgn 1] .
Wth eI ectronw t hdrawi n substl tuents- %_ R = F or pertl|uoroal kyI ArI o
) .

Arz = perfl EB¢Barsgion of ftt’é%pneﬁw AFRItORIE VERY B

- I
et e o Gt o Bk AL i o 07
const it ut ed omietibda grompi 2l @fe boedwik lssehldefivatize i BRovwn bk Fig tfrerl(iatl‘hﬁqhment t o

‘The electrode is oi dderlvtlve and t he . Ilnk or attachnent
" 12 t he count“éf"se? %@“@S oiferping Hnogiﬂhﬁnssaé@ pwrapethanc,| s

00 o AR e Y ORIk eI g‘ﬁ%ﬁ‘%"@lﬁ‘w% ‘5’0‘“5 Whphae
| %9?2 m64r a?fiﬁﬁar;ﬁrﬁzlzn )afﬁ'eﬁ‘loadd_ﬂﬂtwtﬂie C&zyrmmgbamndtsarhnml dﬁd;lag:ltpyhmmeﬁlami foi trrgéi g :
tg t he 3(§untfo ?Wﬁ@o(ﬁ% i‘ g@ﬁ‘bf pggﬁ‘e‘%ﬁﬂi @éﬁ‘?’l}gggsr%?%igggt hese

- designs is 6179041)3'[S)il:iséﬁﬁiéht)Eédinatﬁﬁchteﬂieoﬁﬁkoﬁé@%égsﬁfsﬁo‘ﬁt 555 Whé MebilQ bl ue,
i ke -porphyrins, but also absorb strongbé 30 in the near-infrared and .

across the \h@ldt_eﬂgéﬂ@quﬂwbleéorg%zube@rua nyl bacteriochl orin, s3~% ~", =

180:000 14, gt it B, RRA By Spuptng, A3, 000 611
structure ofmesolmhéseanupling dsl xtmme@ad Pigupaci®r i achloasliveis ksths bﬁuvrﬁéeﬁ

C 2004 Conmpari sons. of. Archi tect ures and Intrinsic

" 'Rectifi JHHSI%&S%W&E a?PF?Oaé’PFWénfEataH?@e@f topdhg gelid| phased them tiegted it t he
irevers BT AT Cobdiibiy RAEPESLE Winfife oRBHAF Su b bE Y.

th?t such ermu@;reg:fq:ehrpit}trmspnomdetetoaeldbmtthe EHQbéié)euka;lh AhShqmdm,hH]
ohar ge- separEBn I I (kAo Sop1 SIS B Y egtide, B Brgle Crefrodet d9%80s,

102, “4209- 42 falpESy | t med at
the CSin fl O§m5256| ﬁgﬁ gt@cb&)?f v{ég‘éﬁdoqzh_epgg%tgﬂd H9§m§7,h3;@ggd2? §«9{g§ M9

count er Sectiange X. Tfi'e‘rqi@d}‘mﬁ|I@ﬂod§9§,el4€;:t4|1651-4®68)p| %npsmmnsumw@ e the
irreversible fl ow: 0 er oesutopo edlrectl in the LH rod.

Li near i ods Rigpe éﬁ?gla@%f’gﬁeeaﬁﬁs%é’loé@ ! ‘itﬁ WF%@? s are
i deal |y sui t@@ping spédiGHARQnaE bﬁmﬁeaniestepbﬂlﬁaﬁt PhOel &@s&@édptemﬁg%e?sed |
“herein. The phenonena described above all ows these de5|gns fo provide

intrinsic 154vectionglyagplisrend |hreadened Soresduands, cant atbmctiventeatwe foradhigvinge
~irreversible 0 XC, state energy or electrons along sone or all of
the |l ength Oq,bs{::igﬁlo Lc §§s tﬁs?@%%tﬂeﬁ od, (ii) the irreversible flow of holes

al ong s@ge or al |Ttﬁ§ séﬂi@ pbB#REkRatdin iﬂiﬂoddhgﬁh Heaanest dutGo YRId aQhesbinhdsy- POt h

(i) and (ii)_ above, with hoI es and energy or electrons noving in opp05|te

" directions. lmkeg@ligpmer bewingpe eﬂwaﬁ@}z @mmwn@(iglmerl&im This exynihtsis g i on
f l,i.ght t d

Chat (i § RePRELE RSk e b Al of SR H G Eopttie S5 IRy of

the exci ted sfiat lcabadehehd &th}ﬁiaﬁsﬂﬁﬁﬁﬁﬁﬂem@w&tﬁﬂﬁkéé oligomer can then be -

subjected to a stepwise coupling procedure in order to attach a CSU. An example
31
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For irreversible ' hole. hopping (intrinsic rectification of’dat?olﬂgg) ZU%e

| i ght 25 harvesting rod should be structured so that Ela(Xl) > E~(X2Z2) >

Eln(X3) ... >Em(X~)> where ECMis the el ectrocheni cal mni dpoint oxidation

~ potential of the.i~" chronophore conponent X While the chronophores of the
| i ght har vestillustratingl attadhimest bﬁaimsﬁﬁwﬁé ' Hyn';{.BE%,QI | LWL T DSLC

rectification_as described above is pre elJPred.. : ﬁ\%@%ﬁt%ﬁg% Fi}gﬂe

" rectificati oft?ncaltFrABIveds qther ignents hen berkitachetl ivghstepwiseastplivg prodeduney

~-even be provi ﬁ’% WG Cts?{t char separati.on unit. For exanple, one
or nore isoequgir%ge 1 C Bﬁé%rmp o¢§gn&@ﬁ‘%g“&gp P’&Gi‘%ﬁg e el padigsiachorisar ge
* separ ati on uphthalogariinds; i N@bEthAREVAnines Al bPN AlcoRRIRES A er vi ded
el sewhere_wi t hi n'i he Light- Earv'es%i_ng: rod, Such as -i-r@gﬁk?%tdgégne%%g .ec%Or-

di st al se@rreﬁ%‘?.le_. s tHhES sErensyntheti¢ approach iis pantEBlRB0 atteetive faratiseowithof
exci t ed- st at I3 : ngd/ or. el ectrons by a light-harvesting rod:

refers-'to i n?l?llsﬁgllg%%g}géﬁﬁ%rﬁ 'Wg ”ﬁﬂi’t is carried out: along any segnment or
portion of said | Batlt ohthiewedtsyRthesi® nproadhes FaLid et 4 solar wel | .

'~ . The deposition of the |inear LH CSL 'prml ecul es ﬁ@%g&gg&%@gﬁ&é@ ﬁ%

. performed bySFRHEE FRPreash afferds ravd eligimerica pswtunt iofndefined hiengthy &Uenables

nol ecul es, f d: hy =l Lo r te. any .unbound species. Honbgeneous L.
~or hetei oge_nieH(‘):'E)%Es{yle _e‘%oosi. . or?sgglgﬂle §r5g§?fi¥?ﬁrﬁéﬁs%&m%%waﬂm%m@ |
- popul at i.bh ‘ofequnhsemmsmaﬁalasyn&ﬁﬁ@maﬂmﬁﬁbhﬁ%cl@din? 'niﬁt tlié;?l@%y&ﬁgs %ﬂ%‘g}dﬂééﬁ%# o
at: p ur a

ol ecul es can pe eriggo ed, One advantage of the oce ISt
mol ecul es hafh§OH e I Abtai Hisodrsied produche Thel mflymenjzatian dpproasie dagidlycover.
-the solar spggifadMineat NELVAELQUSs LY RES,OF LH arrays include byt are.not - .
limted to the #oﬂ%ﬁ}_nghggﬁlﬁc% o%ﬁlg%,gm‘r?gc{éggt?‘()ch PHCHeTs pﬁ‘Ppﬂ §AmeTs are )
~~pht hal ocy apélydisperes endabe syrithistyl dasr VRS coRREY bRA pldcRREP BY rdiﬁa?r th ays.
" Mxtures 15 of %Shese types i_g LH arrays' can be used i'n a.solar cell to
provi de eff eEFESSH ap %‘g‘y er A featurasi epuge e twoi appreaches toebgentlistinctt hat
- each LHBESU s@icaiangl de conpl ete coverage of the solar spectrum
Phot ogal vani-c-1i ke solar cells can. be fabricated by positioning a charge
-separation unit alielyDesigns { laed 81 edtredidentival bressts TrCerhPOPsPRERIdHOG:. Ble 2
~driving forcfHZI% , ofor .el ectron-t'ransLer to the anode and a driving force.
for hole transf efl"#ﬁa’ PWXF’@&FW&?&@RH“P%C 1588 et eploged.i diog Adesigelyvhere the
conver si on.  PHICRIENodRIne3d 828 dfinddbid RPLAACTR LS gt Jharvesting
and intranol ecul ar .charge separation w Hﬁd o-ccﬁ)r&ﬁ I g%%nfor}%%&b%g% (lﬂgg)gqeflode
- surfaces t het'&Bipdsi andneormirgelecteidst thei stiepsviss sytehestaapproash it hee@pbivtdd

states &j; K: rade, exci ted-state quenching, -111. CHLORI N -
- BUI LDI NC BLO%S%@%%E%W ‘ ”EF“Gfﬁ‘Fﬁ‘%h&S‘EBﬂaN@ redplength -

| nt r oduct i onunifivindtyj as nfighteoddar SfheAGHRABE JGURF o efe ‘Q‘!eE af W‘H H gasséf or

tion Egm iPed
use i n solar 3‘0 collection and utilization. (1 Ch@ﬁrso-r-l ns lg‘:bﬂgorb s% rongly -
both in the PRIVBeRERHOBFaRAE smpleYed. Moy Designoh 16f artdid] wheiehliffererypigmetiflsence

t hei etall L€ er ) h aof th I trur 1|
por phyti o5 aeapre PRSaed T E AF rhd Do il ePomane anisk ey SR or ).

" (2)' The tr a@embinetiont qfgloymairation akd §t&]ﬁﬁkﬁ?ﬂ>c&@tﬁ€é 59t k@N in a
- chlorinjs linearly pglarized along one N-N axis, affording enhanced 42 -~
7 DEC 2104 - ar examples of porphyrinic macrooycles that may be used as ligands to
' ' ~ carry out the present invention include compounds of Formula X, Formnla'XI,
| Formula X1I, Formula X111, Formula XTIV, Formula XV, Formula XVI, and
- Formula XVII below (with formulas XTI through XVII representing various chlorins,

including bacteriochlorins and isobacteriochlorins).

-~
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directionality of through-space energy transfer wth nei ghb pi gnent s.
In contrast, in a netall oporphyriri the transition dipole nﬂ%%nﬁE ﬂnhe
1 ong mavelength absorption band lies in the plane of the macntycle
“.effectively localized al ong both NN axes ‘(planar' oscillator), and
- therefore less directionality of -energy transfer is 5 observed (3) ,
~Chlorins are nore easily oxidized than porphyries and therefore are better
photoreductants 10 30 A synthetic route that provides access to a new set.
of "chlorin building blocks has: recently been described (Strachan, J. P. et
al., J. Og. Cheaaz. 2080, -118, %11603172) ~The chézorr n bui Igbr ng bl ocks -
-‘ethbLt-typrcaI chl.orin -bSO'ptltn and flueorescenc spegtr ~The chIorrn
buil di ng bl ocks havegl sub _ : ' @t . the neso
positions, and:-none af™{ '-9sv'|ons (Frgure /
energy transfer |n nult»-Erphy' arrays, .several th
] rncomporatrs- glh bgght hgﬁvestng arr&ys @gﬁprised
of covalently Irnked pl\nﬁ STy & made: (I) The 1t Egy‘%ga 5f er process
- involves bofh througp- T9) meghaypi sns, and the
observed rate of enérg ‘- : (Hsiao, J::
S.; et al.; J. Anz. Che °%6 118 11181-11193). ( The rate of
. TB ener gy transfer is aff ectéé 'by8’t he nature of thRe nnleculér orbitals in
- the .energy donor, "’ energy acceptor and |inker j oi ni-ng the donor and
acceptor (Strachan, J: ;et @b J. Am - Chem . So .sm997 1165 1 |
191-11201; Yang; S: S J jAaazJ Chen1 » 2/1:
L)? particular, nore 8 ﬁster rate
transfer) occur$‘ of the | i nker\ at,1si the donor and
‘acceptor -where the fror -ﬁ%u np e{l ar- orbitals Q e~hi ) Iectron
.-density versus sites trgdh gapsi ty K xpl.i t,(xm)a
~porphyrin having an a2 “has ‘el ectron Tty (domi nant |y at
the meso posrtrons he (3 posifi:
5-1 B 'n-§rs at ‘theé
posrtrons (Frgure 28) “Qonvelsel in. a porphyrin avrng ansar,, HOMO :
(which has el ectron den%rty ﬁredéhtnantly at the 53 posi tions ‘and little if
- any.at the neso posrtronsz faster rates are observegd with Linkers at the
" (3 rather than neso: prtrrrons S¥h a rate diffgsefftial is Fncurred with

each pignent -t o- pi gmsit Jyt nsfer -step |nﬁ r JAR| gngnt arrays,
. which is mani fest a83:.8 , the ovérat{ rdfe a d el d of energy
‘transfer: (Van.Patten, Pi-@ et ga Phys. Chen=H 1996402, 4209-4216).
. 43 t r D— zoossﬂh aaffect TSygergyartran %r orster.
nechanrsn) are wel | er@Pant s a #e “esgi | at strength
- of the excited-state dofokK : %g n -t he. radi dtive raye Ror ﬁhe | owest
~energy-transition). ghd{he : st rengt hg® te acceptor

(?eflected in the nolar ¥# E; ®ef fi ci ent of

‘transition). Chlorins age ids fcafidi dates for TSSénergy Sransfer due to

t hei r sfxong osci | | at or strength of the | ong-wavel ength absorption band,

‘especial Iy conpared mrth gorphyrres due to their wegk oscrllgtor strength

(i:e., weak absorptrons Bn tie redl: Another key e{er m nant |nvoIves t he

‘orientation of the rexpestive tr.nsrtupn drpolq,' bnor and

- acceptor. The orieng@t+ 10. For st &r \IS yfansfer takes
(col linear) dependi R_Q Olg ue@*@éron Kt
nonents. The nost effic ‘tran ~occur

~arrangenents such tILat 3 and acceptoriir Yi [ Ie nmonent s

@: e ens’ occurs%mg entations

(Van Patter, P. G 158° % P7zys. Chem- BS 102; 42Q0- 4216) The
predi ction of the energy SVanﬁ er sproperti-es of ¢ Icﬁrn cont%rnrng arrays
.can be sunmarized In di phenyl et hyne |inked nul ti porphyrin arrays '
porphyrin to a free base porphyrin.was found to be (24 ps)-I W th
contribu%ron of. (720 ps)'I for TS transfer 20 and (25 ps)'1 for TB
transfer: EﬂPorrns the radiative rate constant is increased by ~4-fold
Consi dering the incorporation of chlorimgin an ideal geometry for Forstei
transfer with the sane intervening di phenyl ethyne |inker, he orientation
term (x2) would be ' up to ~2 vs. 1.i25 for porphyries. The net result is:

on values-of O (orthego g kpaal l el but not ¢ \and 4

are collinear, and 8

(meso-linked, az' HOMO; the observed rate of ‘energy transfer froma zi nc
and the nDIar absorptivity is increased by > 10-fold vs, porphyries.

an expected increase of up to 100 25 fold inrate of TS energy transfer

.wth chlorins vs, porphyries.




The TB transfer rate with chlorins is difficult to estimatei,g%t EEOUld fall
into the range observed with the poi phyrins, which ranged fr& B WP 1 to
(360 ps)'1l for depending on orbital density at the site of I|inker

- connection. The TS transfer for chlorins should be 40-100 fold faster than

of ~(10 ps) Pt Soand 20, grl'it absent (iwhivh chieofie SinpMerRYd by REthioBKER? are
©mul tipor phy‘rlg ar rgﬁmﬁ henyl ene |i nked arrays the observed energy
transfer ratSEO§HiEP equired e satisfy peytpal yeleney); 44 17 DEC 2004 Upon

- goi ng to ap-phenytle 3 swid b-7cC ins, the sharter:djistance should
pause ani ncr easex%f‘K;g’ %fggf’e;(o’},%’lkn’ %Hndcek'r%gé‘gﬁﬁ?“d ¥ s&xﬁﬁ%ﬁ%ﬁgao&gse__ In this
ca'ts,e,, ]Ehé Tﬁrlﬁapsﬁmﬂmsg?ahﬁmmbfgm&lﬁ&o?&tﬁﬂ HEN000S IRH Te, @ﬁ@}gy;_trans{e(rj 3

rates fromchlori ochl arisn._d n, pxphenyl ene-Linked,arrays axe anticipate

to be in the sub® ié@gec%r§55$de f:r%smﬁ%bs{]hs r%e@orgarﬁig@tsi%lgb@ti tuted
chlorins.. : ' il at e that chl orins. ar
nti ol pat ed T ERy IRl b B o gk OB B e e
process in rhdntabouh$,¢r érevenraypdt. Easpisabbtitiaites & &0t melude ausheinod t h
~chlorins ys.. por,phyries 'hn SaOnj unction w th thesuperior spectral

. properties (t.e-," bl Ita g, Dagd Zcahtleseih 00,

Eﬁﬂﬁaﬂd tobqtla_l%'yéi’? e rysloabopallonhaigseanaliser sllylht
- porphyr iigs, LRERW j f cq ing chlorip-containing -
| i ght - har ves%)ti ngyiﬁy%g%%@*gglbggﬁoﬂﬁg@é}{:aﬁ%téﬁ%obaﬂiﬁaiaF]:l&ﬁ s and’

_E)g-subs'ciil:)'lt_lglaeﬂ, ﬁwl,mgﬂq?ﬂpﬁui@%lanﬁﬁs, aade_arﬂﬁu@dm,. WB. _I\/b:c ]?-Cu! ar '

. Design. r-e chlbiin . .bui n cks, designed, to give-e cient energy . -
transfer inchl oriI’ﬁ-aé‘Er}HPﬁ’iniﬂﬁ%F ngt@Wagzvgisﬁ%gé?%%f&ﬁ‘és%%@si}n% T

D) oot 1ves aipbiichit) oeRRLRAMO! e lied I LURE S RDBRE! €3 such t ha

the chlorins can be readily incorporat'edinto ['i near ) design the

f hyries (i DS). (7 30.05)" 1) dingly, fhe
ant i 01 pat el rat & Yoy * Bk & P ksl sulotph rof ul Mol conEl R MR T ange

" -chlorin bui Pathmsent, ovhieh infummey bh ensibglimstd qraabitinited umed oremodk tinhs with

connect dupoasEr MR PE I RS TRE Hsto BRennil v Bmenen, 20rahn e

process. \Whatvolf Suchhe B8 skyls b1, @PclbRRyC HIkQL, iHldelh, HQRYE of the
~ I'inker? Four possible traps?s%gst'?_t uflgéc%r’ins_gg%e i spl aye 0’.i n Figure 29. -
- Two (3, ~i-' . PeithorealicH ceprinereatyh oysidsl, sy thiecyanate nitro.cduhino; allsylemirto, bear i ng

two nmeso su i : Sval.uat e .the chlorin i.]l di.ngblocks. one: must
consi der - ( _1;35% %‘#@%&EF P%%%Bg %‘#‘H‘%@ g?ftﬁlﬁ |c?%8ﬁ‘P§PLﬁ%’5mﬁ%e°f%P5fé?ﬂ“é’$artg¥ '

~of 25t he t r ansdnks moludiepltareoEibitddab: t he 1 ong wavel ength transition, and-
(3)-theconposition of the frontier nolecular orbitals. Exam nation of the
-four chlorin bgilding $loclss in Fiwe 29 rgveal s stegic hiindr@nce in
chlorin IV due|to the interjactign of the neso Substitiluent| fl apking the

gemni nal neth PSFO gD, The ot e chlbeonp e no

such steric 30 ijpteractif and ar e {sup to IVin-{ d. The

‘transition dippre~goiept™ ¢ d.2 oe~{ Lansif i . - %, o
. polarized alonfjf thé N-N axils perpendi qul ar|to tHe reduced-ring (ri°-ng D), -

transecting rihgs A an¥l 455 1 ? SEC 3004 € not ring$§ B #d D¥(Figure 30). )
Eval uat pon of the four possible traps-chlorins shown in-Figure 29 requires

. consideration of the geometrijes obtained upon incorporation in covalently
* lipked arrays. The pairwi se interactions are displayed in Figure 31, where
a di phenyl e | i i ed to join the chlorins (qther 5 |inkers,

i ncl udi ng agﬁ%%ﬁw Qﬁg{"é’fig%%@ou & Ay @IB%“EE%I"S%E?"@ F%‘fﬁ&}“%m Wi nked
chlorins, xoftheKesedatds); Hntivitgroia bS8 ed B &!@% '- n. .

ori éntation. Assum ng#f)ree rotation duri nget he@?ﬁ%ﬁ% f It% gagﬁgi ted

state (dynabrefemblypeevigenyyedox peteatial afgessthdn sboof 5, 20@ dven 1 vdR5 Exbimbiest hat

- &ee rotationg] X ted ab the cylindrical)y synpetric ethype but the
‘rate of-%rot gf%l%k%&g%ﬁﬁ%ﬂs B’é’?“’tsatﬁfl?”f @feegﬂt lingrted =¥65K gH%ml, Gysloakyl.adlilo

expl ore al | hglepén allYik O H]&ib,i ﬁé}ga]jcgyv y I Q@ Je]! st at e.
‘thus; those, mg)l ecul eg ?]%y_an oﬁ%nt at ﬁpgﬁlgl%c{: é?@e@’ﬁ?@’%gga@g&

near - zer o v&ittfe awino allgdarninacacylisubfoxyl smlfonyk irhido) anidoTMdcaebapyoyls ansf er .
The (3, (f-s tituted chlorins have |imt.j x2 values of ~1.6 and the

val ue reni ﬁgﬁ lg‘lfﬂ?g’é@alﬁﬁggéc%}lpcmnﬁ%aq%qsc% 3boxXp SoRtaNIRg BnRaied ATeneR @Fe |
(Not e t hat bﬁeﬂl%iﬁemspoﬁﬁﬁlaggmm gater 15 distance changes slightly
upon rotation about the ethyne Iinker.§1 Thus, the (3,[fsubstituted chlorins
give slightly better collinearity of the4 transition dipole nonent with the
axis of substitution (to be the linear axis of the nmufti-chlorin array)

than is obtained with the neso-substituted chlorins. Taken together, :

chlorin building blocks I and Il are slightly preferred over 11l and IV fo
- TS energy transfer: 20 The highest occupied nmol ecular orbital of a chlorin

S IR o o I DR Ly Y b1 e o




25 any event, as the distance of separation of the rings becqﬁsﬁﬁﬁizmq.
short, the TS nechanismw || dom nate and the TB nechanismw || becone a
relatively mnor contribufor to the observed rate. The chief disadvantage

" of the meso-substituted traps chl orrns stems from. possr bl e rufflrng of the

“macrocycl e due.toys ngest i.aswi th t he a |ng The
‘traps confi guratl%nné‘cg(ﬁa*%onbg Pyl dWﬁWﬂﬁ%@%&%@P?ﬁé 18y and C.

- Conpari ng t hinlfeds apedptdtt pofphiRsicGcASdyER GTHOWArdu iy energy
- transfer, it is.seen that ?he neso- substrtuted chlglrlrns 11T I%rgr"?)

~ inferior to. tdvalepty dinkedivssaid fiasteleattoder i[menf(d:mbddu)aentztﬁ' the inveRntiQn;th@004 1 n -
: th |l ocks | [ 11 ful f ' -
Sonstr et | ngufaP bRk Llhitrity AR Snderocysie BF Ceae B Gt BAIBBFRL . chi or i n
- bui I di ng DI oexbddiinenef the Iveflidny oA 6EESIYFpi PR hbcrDOfcfs!cBatbink BaiiREeVi ous

- set of chlorin building blocks that- were ‘prepared provided typical ¢€hlorin
- absor pti on pgEpes bhrkaresuentsd il td Wﬂm smmt%ﬁmhgphmn@ngrer arrays

havi ng synth ace rreso ositions rather than
two traps. rre‘g%dteglrl@?@ p‘%@‘i"fﬁ% b%vﬂf% xls)no e@%ﬂ‘i?@@? chlorins | and I
- are ideal conponcBkangibs obpupinpiskc ot AN h 8ot RS arered asNOU! d g ve
fast rates of tiansfer. C. Synt hesrs 10 The synthesis of the -

[ 3-subst i t ut descEbadatove felude; b o g Hignitedytpeparphyiristi wasroeeiespé Formula out e
- previousi %ils@&ﬁ ‘?ﬁﬂ meso-substituted chlorins, as

- di scusseéyabové A ATS Tou %jﬁgstern hal f and a Wsst ern haIf under go
- condensation foll owed by oxidative cyclization: to give the .chlorin. The
,\‘s me- approach is used herewith a new Eastern half and a new R?estem hal f,

ch bearing 1 S one 13_subst|tuenf (Frgure 33). , The synthesi's of the new
~-subst|tuted East -rn E is shpwn in Figures 34A . and 34By This _
synt hesi s, mh|§: e ! wogk in devel ppir L -
[ 3substituted po ocks {( hdsey,'J' )
.S, Tetrahedron 1 ¢ , 1s. descrr) 0 RXan bel ow. 20 The
synt hesi's of tI8 3 3t 1 Jut ed' st er n,Aark”i ; iggur e 35,
- This ibute begln TR crftlcal |n R .~ed |n the
- Eastern hal f, - 3- By FolgaﬁFlguxe ﬁiA) . The half is-
t hen prepared foIIo K —\ sane sequence of rﬁactrgns/enployed for the
unsubst i tuted \Abs : . ter rouge i ¢ under @xaNi natsion. 25 The'
~chlorin building ploc _ ¥ gure 33" beay {) -7 T\ nyl ) phenyl
~group and one #&-T% Up. TR s partro buildinu g shoul d
enable the synthesjs oﬁ'drph~nyl-thyne li nked’ rrn cQp [ arrays in

~a-linear: architecSure. Q her chl 8rin bui | di nggq 3
‘via this same synthetic strategy, and that have the sane desr rabl e physi cal-
prooperkies, are shovvn in 38\Fi g ' 8~ SEC 2004 The syﬁt hesi s of

an tmo‘mays." rput s . NSTe trm@routg re
establishéed for [
chlorins (Fig
3160). Treat nen

G et al. - 198° , “i s \anghi ci pgat el t 0Sgi ve
sel ecti ve brom . Altgrnatively ) Qdi Eﬁmn can
be -perforned using idi - B / OH Lett.

rflanklng rlng D'a Ri_ gt y”
(Wodward, R B.;

. position betvve%n MYFO _ : ldred by t
substi tuents, whrculd be. sukficsent- tg e rgacti®
t he et bi ne posB"r OR ‘ 8ubsequent Pd- prew:
. €Z0SS- coupl ing (Di gnoS SSG et al., J. O Chém 1993, 5%;

t hen gives the desi¥ ed traps substltuted (A ', 15 Ar3) chlorin Building
-bl ock.

wherein each substituent 8' is independently selected and preferably provides a redox
potential of less than about 5, 2 or even 1 volt. Examples of such substituents include,
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A second route to traps neso-substituted .chlorin building glgobﬁ éﬁﬁge [1n
is shown in Figure 38. A new Western half is prepared that abs. ched
to the partially saturated ring,, the substituent destined to be the
.correspondi ng neso substituent. 20 Various neso-substituted' .chlorin

- bui | di ng bl opiSard Rat 1iRRLH a i S.q1 and that are. useful i
for i-ncor_pora"ﬁ%giﬁiaﬁ] synttﬁgﬁﬁﬁigﬁﬁlh&%%lmﬁﬂ 0, ARXY) th}on' Figure
39.. Not e t hapsrilsatestkyl,perfiwroarybpyrdm) auped, hfocyhitdmitto, Whiiho, GAfylarias, be,

- used to tune thegffl eﬂe_r' he{’n.cal. otential, for solubility purposes, or to

~control packi il YR STHogRL imigoy waidonand perhgmoyln Agsitt, tokiglethslpotphyrinic

“structures. Zac , : I ui | di hl,ocks. .a w de variety of

‘metal s can be .eﬂrépeﬁ)lsgf gg:isﬁlrg‘ﬁ’ ﬁ”}tgt% ?tﬁgp‘?ruér%lg(}@%ﬁﬁg} Wtbﬁéaﬂﬁpﬁlmﬁt of -

af f or di ng a whavopdein thamamerstdesceibed absay tisd PirghyrifichaibeskiewPRivaegt s of

such netals are.zZn, I'{\l/ég[ Pd, Sn,- and A, The free base chlorin-(M=H, |~ ,

can al so be %%%PB%]& |95 SpRstitient andnrefesahly dye sybstiventsty’ evhich i or ateng |

" reaction yief; t.he. zi i which is.easily denetgl ated with mld
acid to give tﬁg’éﬁéﬂ%%%ﬁ%%gg?tﬁ{m%aem&ggﬁ%‘&“ﬁ@ r?&ﬁ?ﬁ?? EaACt hen be

prepared vi asubstifutddnonhe iigiral, die Ikefsaasd bORR safhd orin?de‘é'hﬂe%@%%qﬂz FLOW
- OF .EXCI TED- Alg &NERGY AND GROUND- STATE HOLES IN ODP%SI T F CITONS I'N - :
LI GHT HARVE as descripgdabg¥et i on. Sunlight is dilate and therein

lies on f the mppag I.nidevel opi.ng. S efficient nmeans of
utilizi ﬁlgg)sunl i ght asculéa'?é%%u?@%?@%éa%% _r°5‘>ﬁ°°, DLPMRO ‘hﬁdl‘@iln_@‘b“sﬁéﬂ??
phot osynt het ¢agryoury dlme nesent inventidasions s IRbidfila mfdﬂdohbﬂéi&%&tsaﬁdﬁi@ﬁ na
conpl exes and then. funnel the resulting excited-state energy anong the .
pi gnents suctPBRPEPPhe excitation reaches a reaction center (i.e., a charge)
separation-unit): In the reaction center a charge separation reaction

occurs, giving a reducing equivalent (gtectron) and 10 an oxidizing

equi valent. (hole). In plants, the reduging and oxi-dizing equivalents are"

ultimately used to reduce carbon di oxi (for (AXY) car bohydrates) and
oxi di ze water. (liberating oxygen)Ql_r'_ p_e@fti vely. Thus, electrons flow both
fromthe reaction center. .and to the reaction center (filling the hole

- created by charge separation}. The reaction center therefore nust have

" three channeyggreid: Channel for the flow of excitation energy IS fromthe
‘antenna, a channel for the emanation of. electrons follow ng. char ge
~ separatilén, ‘and aMClimmmetal dhihetldrshaniie derieh, R vatl 50N Yr! B R0 FIe4ALR e

- reaction center.fall.ow.ng- rge separation (Figure 40). Note that the .
“inward fl own%ﬁ‘?’éﬁé@??sq w?{ﬁ@aﬁﬁ‘{p‘i@F@eﬁﬁS&%M@&e georwdlydess equi val ent
. processes andlefeRegp terns are.used synonymously. 20 In terns of size, the
~antenna conpl exes dwarf, the reaction centers. -\Wile chlorophyll nolecules .
are contained both 204 kteze independantiyosahéatebligands (4. 9, porphyrtrde inderocoaad)er .- the
bul k of the | orophyll is located in the antenna conpl exes:. For. exanple,
about si.x.chlor ophil-l.l s (or chlorophyll derivatives) typically reside in a- -
bacteri &0 phot osyQt ket QTmapde bidReht©eab&int aﬁ@%@@@ré t bR 58 ;ﬁéh htﬂ“ndred )
..chl orophyl | s .can Be . 25 present in . the antenna tonpl exes. “The antenna ,
conpl exes séflpgteddinkersias descaibedialovethiei litker paficiailp énclwting o protectet @f s
initiate th : ' ! ited-.state ener. iinto chemicgl fuel via
the inter nedi ?g@&ggﬂ-‘{;&a g%b@ﬁ?éé%hgﬁgpaesﬁ %)ﬁaﬂrz?l%o SHOYPY B 'F%%fa@&%hj@ﬂ on of
st abl e sepamb@cﬂqfkm@éspjegeﬂthe reacti on center involves a series of

el ectron transfer '%tﬂfps among a series of electron acceptors. Wth each
step 30 the over at Wil alsepe eppreciated thas eastbligandilompy basebstinftedvithtarsingle

t ransf emsbe S ' ste the rate differential of the

initial sz‘5 orvvarg gi é@ﬁﬁiP § ﬁ%@lg%@{sﬁﬁ%& ﬁé#@gﬁﬁgﬁﬁﬁ%ﬁmﬁ@%%ﬁw 8‘7‘ gi ven

by k~k, ~~o rrtbe]lc@ﬁ. Thineths erolexsleodt Forfiula W mthy! BeAR%EIBRSy fifked 6 ah 4004
or substrate by at least one of Q' or Q% o |

Each ligand I may be further substituted without departing from the scope of

- the compounds of qumpla XTI above. For example, and as explained in greater detail
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~general the 6‘%%\

and slow reverse transfers affords rapid and efficient sepa[p}?iﬁnmag %he

el ectron and hole over a long distance. A large effort has been Ded to
t he devel opment of synthetic antenna nol ecul es and synthetic
charge-separation units (i.e:, he equivalent of the reaction 5 center). In
of 10-or fewer pignents -

as.prepared:to date are conprised :
(Li, J.; Lindséy, gf%dg?ﬁ;%e @@ﬁég’ﬁemegi@wthmprﬁlm@mmwc@weaf

mol ecul es - hali@mdeeanehasdhdwicR CobiitatiBh ¥ Surfl Bl antennas attached toa
Kuci et al.; =

- charge-separation-unit (CSU) - (Kuciauskas, D.-ef al.; J. Am Ctzenz Soc.

1999, 121, '8604- BEﬁykﬂlﬁmminicemmresydlm@dﬁdémyﬂ-nﬁyeﬂtbéib@n’dﬁnknid;ﬂ;ht.

har vesti ng. (é

e .. Liaht .. tion.and 10. ene i.grati fficient |
" charge separa angw.l‘:h;‘—cgprqlﬁ%soér 8@‘%@?"3 at%ﬁ@%—_{o%? ?@%%tclé’%%)a@n@as :’sl(r:lhe_n L
i ntegrat &d amiotd BolpAyHaN WA yERVER ﬂﬁ%ﬁ%&%‘%&s@ﬁb&ﬁﬁﬂ%%E}e‘&%l‘onz?ﬂg?ncfﬂium €s

- can. , provi de_deep_insight into nechanisns

properti€s ‘rarély address.

i ssues for dJhgRAPRYHECanastIdyelstwitlrhaé td ¢apitein htleustont agd arfesbiaswand CSUs;, -
‘as nust -be dome.for. gPAStruchi ng,a practjcal systemfor utilizing ‘ g
sunl i ght . 153(2@6&9%11%% %‘@’r@ﬁﬁ&eﬁ%sé IngSrs Paigylagy dinken qoglainiagie under go

- synt hesi zed: Exanpl es of such | |
-di pheny! et hybethe pamheer indépendently slectadyr Sycht limkess e désignated Aoy QBRI N t o

efficient i nesanel @&héﬁé&ﬁﬁﬂ%}j ARG &6 PRAEDF GH ,th%e_]%agﬁ' e Mpey, ,

ecules are s ure

.ap- phenyl ene linker, the rate of

“flee b rphyri =1: Wth g
_ _ehgregyatsl(r%’aﬁg‘g’g?rx‘gq?-gﬁﬁ ,2=4 "’&gf‘%m%? Flws’{f@esr gecthigsite 96 gptvprthat camequalepdy' 1. I1n

S

’t'iﬁansf.er anong t he porphyries, exam ne
1

order L0t chmpcatgbane of SOt A LaoBARN Sipgie CT0)

ese nul'ti pBPOFFARi n arrays was exam ned.- The el ectrochemni cal potentials of

t he individual pi t.s. are pmintained, upon. incor.porat i into the arrays. - s
However, the hol e@gagat{eea e_nﬁw&err?ﬁf’?PBfg‘flﬁ {pker, v ]évafgﬂl‘éf‘é?ﬁ-ﬁﬁﬂa,‘éed as

‘det er ni ned ptefeRBIABAMSIeS of JHIREMRerR indh S BRPRE RS 1%&5@13~@§T4phyr-i ns..in

“the array in fluid solution is Taster.than can be resolve

*BY "t he. EPR.

- techni qué, idiphepyisghymer 4BediphaylbwadiyfeSdi3hbiphengd] 1 3lphenjlendz-s€ihamn Soc.
- 1994, 116, 10;;,‘8[3% 592; Seth, J.. et , m Chenz. Soc. 1996, 118, .

et al,, J. A
11194- 11207)* HZERS, p%@em@an@&uw%a

réerphonyl. Exagepled ofdimear

~ ground- stat g; ' [ G . j0Rs i,n,the nul tiporphyrin arrays and t'h-"t
- Phe Tt or actiae maa bt B HP A G5 b 1o BB SO e R pRyr o

I n-summary, 44lebiphaniyl, 1o4-pheniyicne o4, 4astHbdiaY B4 Rt U heBbHGEs

o 41 oht
absorption and excited-state energy mgrationthat are essentl a]-[i for

ef ficient |iRgnEvlidencendlinend.d demphenyl abtdietdaptophimyle3-nrecapianqieydpleayf, gat ur e of

_ char ge- separatip ﬁé&o

el ectromtr

 facile g - |.e~hoppi s es formtion of the oxidized
coml exa gt ElTectR SR s R bt Ry S ne of the chal | enges

i n_ desi gni ngnéc en§Béthyi eNIS3d Hel t o opents, which .
i ncl ude an ant eﬁjri:dz:il;ﬂ;r C%I?J ﬁsg}ﬁ%atﬁm%ﬁ%? %’r’lﬂfglh,ﬁengt?’_r%ﬁm%\ﬁ ﬁﬁo?r%abl& ‘0 the CSU.
HEr e a novel neanb gy hermpigeied or onprdteziedgeantive sitd engroapay tierlimkbt fieh .
€ .rscelﬂﬁﬁ%?osed' I n essence, the antenna is designed
such thatenergy f1ows al ong eqpl'ght-har.vesti ng array, to the = o
char ge- separ at i orThus] dxampis|of Hhb@AkikeisZbNY - @Otk VA ERlerédpRiety] i_.n the
reverse _ di ricti onfromthe CSU to a site.i n.’theanténna V\a/*niberg)%)%%ésyéz’fent
AdRErantenrepyinhenylann maalkylfticlns formn B EH4R) whtre s =db20gh has two

ha csU; o RRHRBYL Sty ebintep il R bomp bR o

1621 SRS R OO MO L) 1L

(Figure 43). Theexistence of two ch ree eases the

s onnmens oETpiLlebRIReny s (B nbommigightafliehan henia-@at chnas

' u i -$ i or
unit result 247(%“%§b8§¥?£?&q68ﬂg%gmﬂgﬁﬁ?’ér%‘Q'@é@ﬁ@éﬁ@ﬂnﬂi%@%ﬂh@ghast

~ maj ori t goof @ﬁ@fcgﬂ@m&ﬂﬂﬂhﬂr’ qqlafdg(;nsetﬁh@ﬂ& 'Zgg%@a@pe charge-separated state

in synthetic systens has focuse St series of :

el ect r onaccdydmselenephenyitgnylphenyd) £hydrotellavmphefylpand £l e. The conver se
approach. (d (WeTs er e enppl o a series of hole acceptors to nove the
hol e far fr%&a{qﬁggﬁ%@}e% %Wrﬂ)phi’@\?/ by give a stable charge-separated
st at e: 20Por phyri ni ¢ nol ecul es are central to this design. Porphyries
strongly absorblight, and. give stable iadical cations upon oxidation:: A
characteristic feature ofporphyries is t3dyat changes in the nature of -

el ectron-wi t hdrawi ng or el ectron-rel easi ngsubstituents attached to a

por phyrin cause conmensurate changes in theel ectrochem cal potentials of

t he porphyrin, but do not significantly alter the25absorption spectrum of
the porphyrin (Seth, J.; Palaniappan, V.; Wagner, R W Johnson, T. E. ;

o . o A NSNS e A N - A A A PN A A A NN\




(1) A linear away of zinc porphyries bearing different neso &g?sﬂ tumtgs
(Figure 44). The four porphyries have essentially identical abSo g i

spectra, hence 10 energy migration occurs anong four isoenergetic
por phyries. The transfer 'of energy occurs reversibly anong the four

por phyries. The ehp-ﬁg#: i cal ..potentials are arranged in a cascade, with
~ the highest: potentral 5%%%2?1%@&%13&?’??33@3%‘ ‘I@"@‘owe_st potential distal
- to the CSU. henmptdphbeylatigmat)phehyd Cetiefcab 1S aly ' Jogmhrgh to
e A sy ot e L R,
- different nmeso\: FROPERY! ey}, 3-Njpdrps esd, ) slightly
-l onger wavel ﬁ?@)ﬂ:ﬂ(ﬁ h%%,qyﬂ Baﬂ. {_n é)'orphyri es ‘and are xXriore easily
~oxidized (i:e’lower "0330 n |-a?lu>' PHANEAY ‘porphyries (Li, F.: et al.,:J. -
Mater. Cienz 19970tier siidfle linkets iddRfie OBt arfnotdimitda 1o, 2.0Rr 9- Chenz 1999, 38,
4849-4853). The sequence of Zn, Zn: My, _I\E}Igéaji’l?\. go?érﬁigto’[io.\ggr d the 20 CSU
resul ts in rEERRIOphensdlcsigyl, 2r@nhsideoselenopieryliethyugl, ambBosr geti ¢ Zn

‘porphyries, j i i m-gration fromzZn to My porphyries, and _

reversible eh%&rrg%ﬁﬁ%gﬁéﬁelﬁﬁg@%%g ‘the two isoenergetic My porphyries. Though-

My . por phyries ar ¥hus)liakers betweeR st PoihgRnk i85 ( Wity i denti cal
. substituent s%, t he pl acenent of -stjri'ong?’y el ect roﬁ&ém%}%rvg%#\é\hgﬁl}bst ituents

| ‘on My por phyPESUR0G|08 beivinen agiomhyirinis Racrouyrd¢ and mrélactaxde Zoe piallyr i es
. causes rgyersggal ' : L f.the oxidatign, potentials (Yang; S. 1. .
~et.al., ﬁ)'/I' IﬁDlgEep_ytr# ér%%lﬁu?%}‘%gﬁpﬁtgfeﬂ%g%,g cﬁlpf?‘loPg‘?lje.s(m atf-'ﬁg linear
array vof poelpttyomiesominanication E&t@ﬁé@clﬂrémo})&ﬁ-e@{vhﬁﬂﬁgﬁﬁﬁiﬁ Oﬁ' am%s%g a&&u_t y
r e o

- substituents causes a cascade from hi gh &(étenti al oxl mal ‘to 't
€

- I ow pot ent i af24icR¢Lgy Fagsienandien sxcipnge of elsicrony/andéon huldshr Branaplemofisuitable ) |

cascade for RREIOMa?Be Thodh-at epwi se, cascade for hole migration
'in the opposite di ?gc%%n@%%gﬁéﬁﬁgﬁh%fﬁgg?&%@ew ?fr-‘éﬁma&gf? Pré]_JIB%ari ng

- different neeyaleabbend erentinkiftdggup of ¢fe)For@MLr i ns absorb strongly both in
the blue and in the red regions, 52 7 aE~ zoos effectively covering nuch

~-of the solar spectrum -Chlori Zs are (renbers of theporphyrinic (i.e., cyclic '

tetrapyrrole) famly. As wt Fphenips: t he el ectrochem cal potential s of

. chlorine aie altered in a rathonal apd predictabl e manner by. the presenceof

~-el.ectron-wi thdrawi-ng or el ectron-rel eRsi ng substituents. However, the _

- -absorpti‘dnbspectra. are essentially unaffected by the inductive effects of

. Substituent swherBis, thearrangenent of chlorins in the linear array results =

~inreversible energy m %r.ati onanong ‘i-soenergetic pignments but irreversible
hol e transfer in Wiviony DamdytofSraamly heCSU. (4) A l'inear. array of porphyrins

~and-chlorins bear ifferent sol0suhstituents (Figure; 47).,The

| ong-wavel engt h a%js}glP gk’? 8&?"55‘@;?&%5%5?&89@3@%@ ‘gﬁ‘ét F%@&ﬁ’gb@ﬂd‘é’heﬂﬁaélw_héﬂm ed
'singl et st atamil i 0% ai@t al | opor phyrin falls at shorter wavel engt h(hi gher
e’ne-rgy)"@toha” ‘that_pof ,the corresponding netallochlorin. On the other hand;

~achlori®% s note Re&:’lq’E!-tsdIéxarélﬁ%‘dﬂn@méﬁntbmmwd&wmﬂiw@oﬁ@eonsiéﬁng of -
correspondi g ornAYLiN. .. Al er cascade and a hol e cascade can be
~created as s_%ovxk?éidﬁ%%riend}f[ r@%@ﬁ% @15%'0'& _B}ﬁl: #hd SIPAY SPLPYEIORL uent s
ar e enpl oy edhisphénes pjrosle ystrnsi, et@%mmmé&@&&&%@%& Hﬁ?tbé -are enpl oyed-
I “pof

~with the porphyrins, shifting thechlorins to hig entral- .than the
por phyri es. ‘%émtfﬁ%"%%béﬁl drqng ez mare Hoea vy trtbe sarvdsubstifuents tised abdwe | es,

i rreversi bl g : 0 yrin to chlorin,and reversible
transfer oc?ﬁ%%ﬁ&ﬁﬁ@%?%@ﬁﬁ%& ns. Reversible hole
t ransf e2d0occur s Brgegrichs ofde likersoitB tdspsat té ﬂie'x%%g%gﬁi—o{nb?ﬁ‘d{@ﬁdﬁ' e hol e

transfer. froEBn chlorinto porphyrin and again from porphyrin to porphyrin:(5)
A linear ar“4§t8eSFPAIfiQN Forps lﬁttb@_llghflk@ﬂﬂﬁ‘sn@mﬂsmnaryuhmﬂetemh@diment, at

ehl ori ns(Fi sy e~ tituted chlgring that are currently

avai | abl e dgégrﬁg?ﬁ%%fajr{ %??ui‘oﬁlhr Ssu%‘s’ F ‘53?&’"?58?“1}'@%%53 yH-BlcéP%‘«'E?"rYSQE’héHi cal

potential, asother ¢thbodirwnt, atileastions beM2 HabheH KPS coﬁ;r#dsgs a &g{% é{,e?k:?ﬁmﬁ%ai tut ed
| . Thi's

chlorins can be i.ncorporated fnzitfully as sho FIgur e

ar r angenment P&Mm&re? %l@@ﬁ&egymgv@mt, throagh X045 eomsist of hesoe
transfengpr : : ins can be agpranged with the

parti al F’gsa?%rR gcfggrpﬁl%@p%%&gcﬁ%%ﬁ? 'o@a%gﬁ%? e’ﬁﬁ% F%%r ttﬁ'@ggﬁﬁl;%lrﬁ?nﬁfﬁ? ¥er ences
in perfor narm_aamsa-hnkembrbhyﬂﬂienﬂbfo@ﬂ@ﬂtm%b%&eﬁb@ eflt, 3PleANGHle bP Figure
48. 30 (~ A linear array of porphyrin, chlorin, and phthatocyanine
conponents- (Figure 49). Phthal ocyani nes e characterized by very strong
absorption in the red (e 250,000 Mcrri ﬁ and hi gh oxidation potentials
(Li, J. et al., J. O-g. Chenz 1999, 53 ~ 7 DED 2~0 64, 9090-9100; . Yang,
S. I: et al., J. Mater. O xem 2000,10, 283). The array shown in Figure 49
exhibits a prod essive energy cascade from Zn porphyrin to My porphyrin to

pd




- -transfer oc

10 Chem 1999, 64, 7890-7901), corrole; and various expandeq grz'jJELcontract ed
porphyries (Van Patten, P. G et al., J Phys. Chenx. B 1998,°10Z% 2004
4209-4216). In general; a wide variety of substituents are available for

~ tuning el ectrochem cal potentials; including diverse aryl and al kyl groups.,
Hal ogenated gyl groupg are particularly attractive for fine tuning the

el ectrocheni aﬁ“@‘éﬁ'%%%;&P@Pﬂiﬂaﬂﬁrénlaﬂdmhyﬂrg@maymcbdmI:F'mgnha's 44-49 all

. enpl-oy diphe et.hyne_ or henyl.epne i S. The energy-transfer rate in
goi ng’ from aé%if%%@ﬁ@‘r %ﬁﬁ?ﬁﬁﬁm‘r? _e&“‘?’%?@plﬁﬂ@ﬁ?ﬁ%ﬁé‘@? ﬁﬂmke@ POPBHEES by
-about 10-ti : Yila arturedi S A F ) Rat i pes far,.chlorins™ - = .

. (sub:-pi cose%rg%cl%%ﬁgnt.gégﬂ??é éJ?l gﬁ%r’%%?&ékat tcpgég%io&_g:hng‘?ﬂer | i nkers

. al so can be prephiyrifi@mBeroydies. el gnsher Bhtboaitadnt, 3 thicuvh XY @Rkigt of -

‘ ener_'gy-trézns‘f'er ﬁor_oce'ss'es- (i,e., wth p-phenyl ene Linked chkorins -or o
por phyri &s) s -h%l@#@&mhmmw@m:for t he design of |ightharvesting
arrays. Sinulations of the effects of energy-transfer rates on the quantum
"yield for energy transfer to the trap positioned at the end of a linear :
~affray showeH. DéstgiBxdmplesyi ng (Van Patten, P. G et al., J. Phys. Cxena:

- B 1998, 102; -4209-4216):  ‘W-.th reversible transfer -anong i soenergetic -
pigments, the quaB¥amRlys of dpedific gneleenlos that seanepdhievei the vaoiohe desifnpagnent s. - -

| However, the an i Snal.so ry. sensi.tijve to the-rate of .fransfer.

“ An i ncrease h?g?gf,l @v%ﬁ%%ugl Sﬁg%gsgl%fqun?@ﬁgk @FSIEWE)WQS%P%% teyEe Fé the

pi gnent s10 ni Zn getwyrinh eohaithef the | TH qudriddmte MpWphftin B6MmeaAssNge tBDEr S 30
of pignents._Wth rates.in the few ps to sub-ps regine, linear arrays of a

sr'gasonabl e RBEY Ugpsters BesEs Fyersiblp iaginngt the (Zn gorphyrinst it xgpws Hoevasibhf or d
“accept abl e ' i § 0 Lt Lon. reaching t he 4r Lo €0 e CS>J).
 Conversely, oD %‘ﬁ?%%?’é‘?“ i @l E 0 Arla?’é‘ss"g( fcg’ﬁ’?P6$§9p?é9c)4,§$%-. hi g_)h

“quantum yi el4B53) dn idesigy eacl of the Aaamdavigaorsiaminddebidnted allinds using -
an energy cascade (_{i.e; o -'r‘ev&%rg?i bl e energy transfer steps). |Insummary, a -

1inear array conirulsntss [i@?e £9 SRPATANORY thei hple svisdey oni by Mg prmbyen. ~
- wi | Faff orsd -effd dl6 BinrR0 & 3 idhyiiS | ST Yer
- rapi d. 5An exanpl e_of .anhlgﬁﬂat?%éérr%ﬁ ;?.fﬁr]? rrﬁlbé?d%%eﬂ%g&o%ﬁéﬁ ggﬂt;ﬂl géspéég%%rt S

" i'sillustrat epteniiaFthap sheZn priphyring (WygiarcRy Portsles] Mime ChameSan 1996, 10y i n,

R R PR B SR LR M o6 5,

~ por phyri es, tthefnduncties effict of M ®R MG naRd stiheReane ﬁ;ﬂé&dﬁgﬁgj tHe nég-ef 9y
n nb of a given set, but :

cand. bol e transferlOoccur reversibly among nmenbers.' of givé
3&@%‘13 Piees, ebstimepiscrswie £ pormbiysioe as swllsagafinihe bole dnfeosnto of

. pi gnent Hr es .giigjne&‘ ' Aarchitecture. This design illustrates -
‘'the co‘n?gi)t Slftéhat - ﬁ??@:@?&%}éﬁé@%?&ﬁo have adownhill energy transfer step.
~occur at each pi gheatampie of Desigh @l Behb®ven Fidure 2¢N TRRETEYnt¢ dhShefo haOm t he
site of light absorption jo.the CSU:.]I,SFQr rapid energy. transfer, ideal :
‘choi ces are Y8Vis¥ l%féréﬁ &HE the Dearlinkipg mesp onibstimenss ophthei Ay and" MaOVDs -

. and |inker ' i td ‘ Soplo. A Ch Soc.
Tooo. 157 - JmiARSARSANRRAL [ SRAly LA w i B iracins gl 00
posi ti ons)h_., Mg porpipt 'hici (Eﬁlbﬂqbppi qngﬂletZtedephms. dsmb@eh'ﬂy’qur?nqﬁ%%%ﬁvfh al :
“site on epl [ _havi 1 gnificant, el ectron_densjity i.n the ) 1le
__energy tzﬁangﬁng?agm&o ‘ﬁ?&fﬁégad%itge g@leaﬂf’d , Sﬁé“ﬁ%ﬁfﬁé%‘? &ipsZn gephydnsinat e

not & NoPP! naheriae sedsexFbles il 1 AvdrolyIE0ARl:STh (Rl ARS8 ord Of 10006 T AP

rates observed). The factorsthat affect TB energy m I"on are simlar to
t hose that d&ofeidiel hewthedgparphyhiol e- hoppi ng. Thus, those arrays with fast

. TB energy mgrati heul d als ive.rapidrates; of hol e-hopping. For
efficient hole- ho%B?l%S? GW@Fng%?gﬁJf Isébg‘é‘ﬁl”i‘ Fguf’ﬁ)zfraﬁérea@%lémﬂiﬂ yod

~ hol e-hoppi nds SHRPriECH a SirieS BFn PeIEH cd ’ ¥ i

effici enttransfgrp fro_m?he CsuU t%'ea Si tce g?@ﬁ%%%gﬁ% ?ﬁngnporphyrms,

| i ght - hatlvendise &5U6is samprisechoflay Anichlarine sEnetigss flgws iresveisitdyl fivtinthe senef gy

and gr ound- ‘ r roed. ip the sane ray, givep the rapid
Gynam cs o PerORs G 20 et o e Biinan 3he Bffsicdebunhe G0 wove
~ probability dl&tatiiect@vinfcothe elRrsidH éﬁ}ﬁ bied
state and a hol e. AJ\ccor_di ngly, excite -s?g?%&gﬁgﬁc 'nglt yzg%(ggé]hgﬁg%g‘%te
hol es i s antGBRganigate dntpdhe peryiéncearmaynt Thiscaurayeis cgnthEdized usiffy DEErAaR4 V.
I N SI TU SYNTHESI S OF LI GHT- HARVESTI NG POLYMERS ON ELECTROACTI VE SURFACES.
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The synthesis of oligoners of pignment building blocks (BB), fo? DEQ 2
| i ght harvesting rods, can proceed via several different types of reg%i ons.
A general issue 5 is that the reaction used to join the pignent building
" blocks into a dyad architecture also creates the.linker that provides

“electronic q I Galkd et the two. pi gments.  Accordingly, a nore
limted set" o¥ rga @talé%ﬁgar?% %ﬁgﬁ&%ﬁ ﬁ#%‘xﬂ%@ﬁ%‘ﬂ’ TRIQEONR 29 PPRhy TR building e

~cofpus of orlgacisc chem stry. The nethods for synthesis "of polyneric arrays

of  pignment ‘building blaocks include but are not restricted to use of 10-: -

_the following typesagditipea example illmitgting Desiens I ScE dés shown BRHigures?3 and

~ coupling: of mard,cpigment . buil di ng bl ocks, (generating a butadiyne

" I'i nker) mﬁoﬁ@%@vﬁ e%B%‘g“tE‘ELPHP‘?% YF smRjovads inefenkH rad gndat zimoniuh ng.

"~ bl ocks (genedcabietdtcRed Bk iyﬁ‘ﬂ% ' .01 DLAG: & cqQpolyner) 1
Sonogashira 'c‘_oup?! i.r?g 0 bf}gﬁn di PFier e %n%?g%ebﬁ%%uﬂog%ﬁﬁge g?&&if‘s(%‘gn‘éﬁyﬂ ng

“an et hyne | i4ikeniymei douide-dedlen cromphprihiy meaddwitie CholicuMé | bienGnbRACE: OBs Of

~two. differe i gnent . bui l.di ng, bl ocks (generating. an al kene |inker .jolning

a bl ock: cop(rﬁh?{r)%g?m.méw Lﬁ&ﬁvﬁ'ogﬁ i%h’ﬁﬁl_gt%‘ﬂm”r Fope: cpmdizanto Huinl theng-

bl ocks ( genqibehyled BlRiaclbM) EE2RA WHMIPHEHNY: b KE! o il gub TS

copol ynmer) . Polyneri zation of pignment building, _-ocf<s € - EUBEY M uent s

such as two the stfist phashi dfpmsndeayage fion{ densiidtphage arl ﬂéﬂrg&bﬂm@mbeaﬁ%ﬂh ker).
e .

©or two Qh. rreke aroups (geneyating, a polypyrrole linker). . T

" _synt hes fig %ﬁ%@ﬁ ﬁ%ﬁ@‘?ﬂg’&&g‘%&%ﬁ"f% %é@%@ﬁdQUElﬁéﬁokgglmPﬁMﬁcd 25

~usi ng pol ynethyhelition regdtheds: e ofBIHD e LY. Requs. L. eactive -
groups att ache%gt o the pi ner?:thggéulfbl di ngqgﬁggk&%rﬁ%@o%%rb%t %ﬁérﬁg%a eﬁéovt%l yner.
where the pBEhedsennloyias tes dssted Sans-aubistituieat prpinain B bhsoshiy thdgpeobymer )
backbone. (. : tipve. l.ess atfracti desi ield dant I

whore the piranaeh il ¥horgR3, Bid pRHor oo dradhsns o BRAGEDE kS

- pol ymer backborexidatibhepsoteaiali 661 B trredi gssggsﬁg&_hocw%%&@% aélgd&oﬁﬁgg%?gé t he |

- use of protec i.|111c' groups ‘to mask.one reactive site, ne cyc

reactions t SERSHYRAE b Jess Oxidatinn prientinl lis gaite boyv dud thet lede i(fonmed npdrhelectron

~pol yner i zat i th i Q. grou ar oyed .and_t he pol ynmer i's
~ prepared. in .lg_@g{r%- ?ﬁgsﬁﬁprg%g{gg@ jpe%}oc%s 9&%‘1@3@8&3%% Isol | i Bhs- can
‘take place iwithsidwing cubstituentsn(elpe, Rer F of paduddaliyl;ne’ @Al’z@ﬁerﬂﬁ LA ffoma

surface. The _polynerjzafion can be perfornmed beginniing with a solid support
as in soli dPﬁﬁ'&béﬁﬁB{bﬁ‘Wbﬁs P".%RBAO%W%%@ iisincrensnd andfowbale ngratesite the Zmd R
el'abor ated fcmoﬁhggnﬂl@m};wegi%nq@pljcati ons. The polynerization with the 5

- nascent ‘go-lyrre‘r attached to an-el €ctroactive surface generates the desired -

" light h~88~g mat edima¢xample of Desighill kahown inFnaeds. i ThekHaRl idoststivhted = .
- attractive in.elim.nating the need f handl i ng of the polynmers. The , '
Cability to rg’@t&- SREFFde ﬁ'ge'%#@#émﬁm %%r‘@ﬂ%ﬁgsafﬁa%@m Ev thseclesgtrndnasias of
conmpounds t beiizoftd aciat deppvaiitd, tandUhE | IGIRP oS Hrdthideht ¥ B IRshergolivents for
convenient- handl i ngpé\ﬁlirssol ution, -puri ?lgf?:a_'tl on, e%_yop.lp{c%cess&eﬁ%?é%oglgdf’iac)n §
char act er i z &np¥giate. ety amotseted thinlsachdetpat cleavege opqoegdsat to gesxid cal -/

its, of ‘dissidmatyn; in bl ock coppl yr andom . | :
 Wtornati very® BRb bl A ol mbRe Siehsn eolf Ao deti surlar ar r ay

wher e tB& cGrpoShen oo, i B685-8647DI THIENH ol CIUNBIPRCKS drs dRLGAN Z6d -
.|nagrad|e?t..Th|s | ai't ei, - approach - , -
_ o actlitate hole migration om the CSU to the distal end where the attachment is made
- to the counterelectrode. - o
Another type of pigment that can be used in these glesigns isa Eacteriochlorin.
| Bacteriochlorins absorb strongly in the blue, like porphyrins, but also absorb strongly
30 inthe near-infrared and across the visible region (e.g., tetraphenylbacteriochlorin, 37
m = 160,000 Mem™, €50 um = 160,000 Memn™, €740y = 130,000 Mreml)(
~ Whitlock, H. W. et al. J. 4m. Chem. Soc. 1969, 91, 7485). The structure of a linear
' LH rod comprised of bacteriochlorins is shown in Figure 26.
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- to.radios, televisions, uters

15 affords the possibility of creating an energy cascade f ol & BEC PB4 of
excited-state energy and/or the reverse flow of ground-state holes in a
systemati c manner along the length of the array as described el sewhere in
~this application. The follow ng describes the in situ synthesis-of the
cascade pol yners on an el ectroactive surface such as gold or TiQz: A

pol ynerizabl e unit (pi gnent “bui | ding 20 . bl: ock or Ii nker) is attached to

" the surface F.(CempAtisors dfhirohitaitins i TutahayRebsficiaRg, for Y ; for TiGz, a
carboxylic acid attachnent, group i's used for YZ). The first p| ment -

_ buil di ng bl ock ( BBIYTY atracthedeatig afifeestama il eat@eﬁheseanenq; etgmamts)r der

bo pert orm URCHROLNRR R Rl A Coflnes B EL0°6 98BN, TAGR BRGIRULE A0
the G asér cahspiptiog)toathd @FY. 2Sinwlatent SibvBRlat sTlBEQ:nEﬂg? g@@eﬂe ﬁaeni

-bui | di ng bl o %ﬁméiBBZ i s added followed by coupling. reagents and the ,
‘pol ynerizati ¢ CFQ%%@ 6QW@CIBWJOSM'EW&%Ppﬁpgjb@@@hm&theﬁquﬂt orned -

~‘again and thgp =1 d by

- .coupling reagents and th %eoéeg Té??{'zﬁgtd{#g?a?e C}f ?g‘t’ojﬁ'ﬁ‘f H{itis %Ipi?%eu tion -
of this pr OCHIS 420U 156). Ahedéedsfe&ﬂm oﬂDeﬂQﬁm limﬁhlaﬂllle%ler’:(fdrhi%ﬂ&t th%rGSU) of 30
“pi gment  bui lfgmgg bl ock gbfﬁraded energy levels for the fl owof - :

~exci ted- st at STEFR erhapnieg o dhe G4 tpathe qepntsFRiectigfe.achead |
bears a ﬂ-”gb&cfcﬁ@%le\éﬁo éﬂ kb E@ceé‘ agmb@ﬂwt he.ak Cﬂ%néf &{e? alis
used for subsequent coup 0 an op |ng surface. aracteriz a% of - . -
t he .sW f ace-lhakesolni drippsite Mcﬁmm&ei&hr@i{eﬂméﬁ' rods-that Bnabl@aﬁﬂgjbyn@hﬂeg ption
- “Spect r oscopy, ect.rosc refle nce,s ctroscopy and_| aser_.desorption
1Re of . f||gﬁ9ﬂ?é% %RP@E{I‘?%%EWHFH ?ﬁi]éf rdNCORRRARNqs Bhe-nlggthin soler * £ o
a surface ofcefll destribBd Reredt t achment. group (~ is used, creating the self .
‘assenbl ed nmonol ayer on gold. Such self.5 assenbl ed nnnolayers are known for
thi ol - deri vat i zedTopbénomiens desyrjbied, atipve Tallosts thesg désignsr tp pAivitn inh9as:, - 64,

 8635-86f fa ed af Ti.0 | d
© at t achient grgli%gaﬁgg Wl{g ?ﬁﬁ ag’tc’fqg%?} QIV? I(b %?H%e%gélgﬁeﬁ?‘%?ﬂfﬁegcﬁ?doups

.can be any aftatt bge EEeﬂmlahﬁés@ﬁﬁ\tﬁau?df'ﬂ%Feﬁ \‘ﬁ'ﬂi t B Estin \@ns
(d aser, Sonogashlrrgg Cadi ot - Chodki ewi ¢z, Qh ﬂq'lrg‘hSuzukl EZ?%(%?P The

L i nalj 10 Elm theramreversiblediay of bol@eebmwmeoqsr a;lbnﬁthetdemgﬂ: ofi¢he ightdusvestingrent
' APPL. ONS. OF. SOLAR '
CELLS OF Treted AR ) mad G pb SRR ESRY andlehes@R U SFR B a1 n

a variety ofoqunﬁﬁeadmﬁoﬂé el ectrical devices. Such devices typically ‘
conprise.a solar cell, as Lgscrl bed- ahove, and a circuit (e.g., a resisti ve
load) elctrical I5Pcdapyadble 0 SBHEY EBgIRHOR ofipiripgicy fecu@@%”oﬁfdﬁﬁ%fgﬁ PI rst
el ectri cal t f ¥ and
~.a -second el ;%E:I%H?fdgg}la t@%&ul Hf]%%l"% hrghgﬁh(ragﬁll ?é ?ﬁﬁ§tﬁgao¥htgrapgl i %g f th

sol ar cell ) ET6 soKkak (X8, | whary B1(x&Di Bethehensgy eof theuexitedf stponell tHeo it he
Cihrcuit, hlge a sug | erent 20 source, may be incorporated to charge a
“battery, et KR ]B)F BB ¢~ of different el ectrical ‘devioes may-

i ncorporate a SO|Edr &?éders‘iﬁleﬂﬂﬁe' Pﬁﬁig{h mﬂsbe'%Br%ia@QuéﬂJtof“H&le%) hd Ght

as _pers conput er sy,  processors,

cal cul at®r s hareqsepgnmfbsho %M@@mﬁhﬁ@a& 80> Fap(Ee s Btk )as>ﬁm(§l’)s,
tch t t hi cl
bnlTos: S pohBO R (R R obRr e dBaRR oo B G g R 1 G R

devi ces, noniokfonegt Xlevi ces, inspection deV| ces, radiation.detectors,
i magi ng devices, optical coupl i-ng devices. The fol I ow ng exanples are
provi ded to il usWhieéheewempphasepelthe light hameesting eodsiconld wrisoeacxgetiatthe o be

. constr.ued: asprla{ugioﬁl' c{fg_nﬁfﬁ?lc?géﬁﬁcgﬁm as described above is preferred However, intrinsic

30 reetlﬁcatlon need not occur along the entire light harvesting rod, nor even be provided

p;

adjacent to the charge separa‘aon unit. For example, one or more 1soenergeuc
chromophores could be provided adjacent to the charge separation unit and intrinsic
rectification of holes and/or energy provided elsewhere within the light-harvesting

rod, such as in an intermediate or distal segnient.' Thus the term “intrinsic
' 41 -




58 7 n~~ ~no~ ., EpLES Rational Synthesis of -Substituted Dgr izg4

Bui | di ng Bl ocks Synthesis of the Eastern Half (EH): The synthesis ﬂ t he

-substituted EH begins in the sane manner as the prior synthesis of

-substituted dipyrronethanes (Bal asubramani an, T.; Lindsey, J.S.

~ Teb- ahedrozz 9,. 6771-6784) but enpl oys a_nunber of_significant

i nprovenent s °&HP§’5 gﬁsz}gcnﬁ-éta?eo eh?&gs%@éqfieﬂmﬁs By 2 light-hayesting rpd
‘readily prepgfeesho mest leOEIRRGIRE A : Mydy B £ orBh: :

. tosylinethylisocyanide. The et E%%ag?%onﬁgg{%ﬁﬁ;& s%’%@é&%@%?%ﬁ?%nt

wi th NaOH i light h§avestinggbg.col at 160 C-to give the 3-(4-iodophenyl)pyrrole -

+(4) in 91%yield as pale. brown crystals: It is noteworthy that this o

si ngl'e- st ep- decar boxyl afi-on i s superior to he two-step transformation on

siq-milar gyr r@| Bascativm g thé BaF be. N R ;- 25 Trudell, M L. J.. Org. Chem
1997;" 62, 2649-2651). Vilsnel er-Haack fornylation of 4 yielded a mxture of
two regioi soners The depositian obhevifricehLHECSU macldinlys o thiei eligtiodd echepfprmmbi NVR

- tro, _ . Experi tal Section). T the desired
e PRI 358l AT Al i

yield. Protegishitg ab tdioveYahd! | bl QUER. Wtk group,..LTi . L.
F.; 30 Kettschau, G ; Heit mng,'b%wggngggdg?sé 13%0%5&@5 -85 g%t\g}%;g%e?’r le 6

.in ﬂuaht i t atdepesitiond ean tRepruforined. {Thatisc ahomogenmss @oblhleﬁ@ﬂﬁbmdercem kB
- with Li J.ow.t enperature (o} actiqn time or higher tenperature
Ted to e BB Rtebiaranbslf Eolmdnem be cmpioye “One sdvantage "

“2- met hyll - 3- (ofthoBaphpRYkdwE [OMS) moibhaiRS ARihe | dothpoRedd les the.
- synt-hesis of. -substi tpﬂl?t ed chl_pril?lmbui | di ng %Igfoﬂ‘c%%ﬁvlctgﬁl ?g%%ﬁﬁg§?%ngw e
Eastern hal @8 bgaised kneqves thestolarspeatrion. The oariewsctypéseal SH emeatys ciuds Hak t uent J

"~ and one (non:f! gnking: 0 ,substituent, and one .new Western half has ',

. been prepar er%éétﬁé}r ] ea?ds’rg%netﬁgsz%gW%erﬁlﬁéﬁ?ﬁ%e W@Wn\é\&ge%d?@l}ﬁ@e “beern

used in' conghthmabddyaning raésolAesodinked pY@sHyshs 1énd ) hGhdyd NIB&urREW

~‘chl ori n‘a eacq?éﬁeari ng oge and one rI:eso sgbs#téi%t unenf ?oiﬁgﬁlor,i nSI bear |,ng,one
meso subst i tAAESCATRES ohH] arrEmean be used i asolari@liptos proviresefiictive valar been
prepared.  Syglehsd |l ] S: ' tof o een.avaj |l abl e and in

. conj uncti onlb\?vi' %lﬁg% hg:l ﬂn%s%%%ﬁ’tt i}{)ﬁ?}ég‘%ﬁﬂﬁaﬁg&%m&}gmf{] O soEplcte

~ (synthesi s soweragé abtlieisolaFsmgutram53) ;. shoul d enabl e a variety of fundanental
studi es, incl udi..g%loio?%\éfstj gi’orle‘gf he effects of -site of |inker _ o

- connection on el é&f V@“’@'ﬁﬂrﬁlﬁ? Foh R bayfalyicstedh by r positioning) 2 charge ,

~ar chi t ect ur @epardtorRastewS d Mol ' .€ss _pYRA e
under- aci di c.pcondi ti onsﬁq‘%%glg#&%ﬁ%ﬂffg?%ul%éﬁ?%?é&?ﬁﬁﬂgg%&%%g%%

di pyr r oRBt hdarelectron Gawfsriteltie atbdeend piriving doics forclials sanyfet o fik Rhfibde t he

- formation of_ .the ri ronet hane, whil.e protection _of the rrolie pitrogen
'i's necessar >yv1@l grg?gﬁqpﬁﬁ&egﬁ%g SATErDOR AvBTEn Iafi"%%_&fe?ﬂ‘g S @preadh ial | ow
~ the subs equeliat:]jght har\(esting and ir;traxnolecular éharg’e separation will occur distant from the

- electrode surfaces tbe;eBy‘ minimizing deleterious side reactions of the excited states )
_and the electrode, such as excited-state quenching; : o | o
" I CHLORIN BUILDING BLOCKS FOR THE CONSTRUCTION OF :
LIGHT-HARVESTING ARRAYS.
A, Intrqducti_dn. o |
| Chlorins have three advantages compared with pdrphyrins for use in solar -
30  collection and wutilization. (1) Chlorins absorb strongly both in the blue region and in
' the red region of the visible region (hence their green color), effectively covering
much of the solar spectrum, while porphyrins absorb strongly only in the blue region
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absorption in a chlorin is linearly polarized along one N-N axis, affording enhanced
: | 42 ‘




- (Figure 55).
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~‘Pht hal ocyani nes 1999, 3,. 283-291). Pyrrole vvagh %rﬁﬁtefiadar tzg gﬂe%ﬂ'%
" pressure $onvauef m} §vs niss taeHiaiknt FS eﬁéxgsi transfeﬁdqtlﬁr[iﬁiﬁﬁﬁﬁ‘tﬁ@d\’\ﬁs ) |
obt ai ned from,Karl ;| ndus rlesz All other -1 reagents and starting materials
were . obtai B“'f‘ﬁ' iR K 3B o] ”bﬁr%t@rgﬁlﬂméﬁm@nﬂglnm,gardless of

~absor pt i on cagak el ds (d~f

det er ni ned ‘as péﬂg\pn ouilsd)? @escr ﬁ%ﬁlgsm%[é {hg{n]%hméf’asgl '%e %nteb{"gcen@ﬂenz
2000, 655 31@8€aﬁcleﬁhang€':hrshm;;p@phman&ﬂ aga,gtaﬂjevahﬁ{ggﬁ@é grlqﬂgy B
~performed usin ég (Baker) .or al um na (Fisher ‘A540; 80-200 mesh)" and

eluting sol v%“l?gg OTdhs #% alehtl beter sollimeatitieohihe. wmmtmneilpmle(ﬁﬂﬁ]aﬁ 20.
~ Solvents.. . T as re I e

- CH3CN (Fi sh:ja1 Cer%?foﬁgh%%&k{gﬂ)%éﬂg %%Pag‘% ”&éﬁlf%éﬁw g]l&a'“o\?er

powder ed -n| @vained muhehemcsd\lsuhsnma&d’niﬂt&mmsr&te@t@@ﬁﬁy Q:hlo%%ﬂl&r@ﬁ&k% was
distilled fro Iga gﬁ? repared as follaows. Magnesium oo
turmi ngs (5 9 edﬂﬁg R %03 Wn s $renesgy wersieol wer e -war ned ,
cuntilt i odi ne g@l ared and aII ‘the 25 igne5| um was converted to the
met hoxi de. Up to CHERRHRIST %§01&@'d@'@ltahd hechiesil & am ef lorbitd, owhigh :

f Qb | d d.
oo B Rn ahdiSh L% o B Gles 200 RS M bGrs S Lot s ang
3 (‘Bal asubr adiffiguitrio ektimatel méiﬁdia&:véﬁoo&esg%?m%q;e (?95?1%5 o? %nkeqjazt]acl%gﬁ) |

were 30 . prepared according to l'iterature procedu

3- (4- |odopheﬁeyp§ﬁy;nma15eer(engytrwemmn@e gacheeof hiseemedss, (HB31- &%&Eﬁﬁﬁﬁm an,
a m Xt ure o

T.;. Lindsey, rahed 55, 6771-6784)
3- et hoxycar b(!;‘i ﬁﬂ?gﬁ i eins e bplieved tha‘ie ma}a‘tdﬁdﬁbtyhﬂnene
| gl y_coI @6 any event, as the d15tance of separation of the rings becomes quite short, the TS

1
pi

mechanism will dominate and the TB mechanism will become a relatively minor

- contributor to the observed rate. The chief diSédvantage of the meso-substituted trans
chlorins stems from possible ruffling of the macrocycle due.to sterie congestion with

- the parﬁaﬂy saturated ring. The traris donﬁguraﬁon can be achieved with connection

- 30 torings A and C. Comparing the four possible trans-chloﬁns shown in Scheme 4 for

TB energy transfer, it is seen that the meso-substituted chlorins (III IV) are inferior to
‘the B,f'-substituted chiorins (I, II)
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17 QEC 2p04 (55 nL) in a 100-nL Caiser; flask was flushed \ﬁhﬂﬁ}%ﬂ%for
10 mn and powdered NaOH (2.2 g, 55 nmol) was then added. The fl as

placed in an oil bath at 120 G and the oil bath tenperature was raised to
- 160 C: After 2.5 h; the‘flask was cooled to roomterrperature and treated

"i'}chEahorlgoaA)n?g :\l:f/:lar lbgr ﬂ%ﬁlﬁggfﬁgue\?\ﬁé@’&ésﬁer 0/ )(;atl{qgg[ed ot G[Eé‘%ééa) ;- B
- concent r at edgonstrakt cmgm.qlgfvleg@@dmgysetMIa %h{ﬂé{lglsﬁggﬁd‘%ptchgmmhﬁﬁt al's

. (5.18 g,: f1% . np 164 H NVR B 6. 51 8 (s,
“1H), T.27 (obloglelssmmiz re@%y acresdble dthan 3. 8 Notéizhat Xhe- prevdssNeR off chfhri,

o | bsd led
10 208, 8707 bk ﬂi&%‘&ﬁﬁ%?ﬁé?@%&ﬁdiﬁ’ Bpideq e plogin phociptien pOPRAGRAN ¢
44. 7 H, 3 0;wite Mmapprophigte Sfb'i‘}\ﬁh?drﬁ: gSliakdr Bayjs’ AMifls | HHABEH Zh%]:&i@@égetvéo?’S g)

, .rmnoet hyl inal onate, and Tos has been perforned with [ near scale up of
-the establi sﬁﬂé@epfr @c@mnsesoosmmmmmghmm trand méso or P positions (Figure 27).

2- For nyl - 3- (4- oph yrr(ﬁ (. A solutio 5,15 g; .19.1 muol)
15 in DVF (62 H*% ‘éﬁg‘dﬂ? c}g%?é)comaﬁmap Wthﬁél%ﬁlé%hws%g ereysand
‘then POC13 (@ﬂ]sﬁoﬁmg“%%a&rmbfﬁ@&radded droopwi se:."After 1°h; the flask -
“was war nmed: o roomterrperature and stirred overnight. The reactl on. was

-quenched at S;yd% 2.5 M NaOH (100 nL). The m xture was: poured into water
- (500 ), “extrdct th CHZCIz and the conbi ned organic |layers were -

Vasuo. 1 Méﬁé@ee?“ %Wpigh%pgmﬁ@g%&' s I)“%fp%?”ﬂ%iid "
\srf:)nor | SOMer gea%hi bdot:@d;; %ﬂyseﬁblﬁhgdzf& gu @mubﬁ 9%)3%1 5 5 gnai |

gnal s "at- 8642 and for the major iI's Pre Nost
- (7.39 ppm |@S<a1§sﬁdgﬁhayeto Inh‘éllsplrmton andFagtemt halﬁ mfmrwgtegmamﬁ umi&rgch

. occurs int tute ystal lization from -
~ ethyl 25 acgvl%ﬁ @ﬁllfé@%l Ve bgrgﬁ%@ 19 cﬁi"%f’ Sﬁ’&&’ﬁ chlotipe The; Hme

~al dehyde (2.&¥praakh 1§|'ﬁ&drﬁété1ﬁrith|aﬂWEa%@:§xw é%?@es?é}ﬂhﬂﬁréaf:h%gaﬂﬂi/,f'%h |
“.colum chromat ography [silica, hexanes/ethyl acetate (3:1 The firs :

~ fracti ontocorene el%tdthﬂé’eﬁﬂ or al dehyde (1.25 g). The tot al yield of
~the tltle conpound was 3.50 g- (62% mp 153-154 C, IH NVR 8 6.42 (m 1H),

7.14 (m.lH, 7. zzle(syn&eki)s of Therfievt B-stittitufdIhastesn hdlkls shb%mn/id FiBureh34A1H) |

- ~3C NMR b 93.5,.104.3, 11l.4, 125.8, 128.6, 130.8,- 133.1, 137. 8, 179.4;
FAB- M5 obsd @@é‘%aé’h&:msmwh@@sbmlmam prica vk fio de@lapisg |a|\1©uteo;o B4, 5;

H. 2.7; N, 74N 6, 67 . 7

“tert- Butoxycar%ony?-% 0 rryl- r(hgg %’&%ﬁfﬁe@‘ﬁ?%ﬂ%ﬂ%‘@“@? %‘ﬁs H g
standar d pr dfsecihedron 1089 755, 6171- ﬁsagtﬂsaemedm:xhﬁgkmwa Synt heSI s
1996, 851857), - sanple of NaH (70 ng; 1:75-mmol di sperS| on in-m neral

oi ) i n.og roundbotgeo &BT%h IR rous

. pentane- (~5 rrL) 5 Aﬁ%}%e%igus Tﬂ%gﬁﬁgﬁr%a&tww%ﬁedﬁ%g ﬁ@?%g
‘1435 mol ). ecrut@bﬁglm wighfthy sa@ge mmcahintemmaem)ﬁedﬁmlﬂﬁ: Ez(s&ﬁ@hil@iBfZS ng,
175 nmol) Jin S nued, f.Qr another .2 h, The -

reaction vvamgf%ﬂﬂgl%@ Q?%hé’ E%?i @EFNQ& {1@8 ?_I)Prel’ﬁfédrf?g&"ﬁﬂé%s

extract ed Wgahheak 3P eealcHEnsCRRR g

~ brine, dried (ISIaZ é?)ce anc? filter egy?gfﬁltgiﬁﬁ%egtgﬁggﬁg%& h\%%sacet ate

(4 1)] to yﬂé}l@l&undegémngmn(SsS ng, quantitative). IHNVR 8 1.64 (s,

9H), 6.33 (d, J=.3.0 Hz,1H), 7:30 (d, J=8.1 Hz, 2H), 7.46 (d, J= 3.0 Hz;

1H), 7. 22 (d, J =Tig: bhlem',n MIdeObRﬁk('shov&ﬂ-l)m FieaVB3 Sheaks 7oneBA-@M84 . 2,

1132, 126.7 28, 137.0, 137.4, 148.3, 181:6; FAB- NS obsd
397. 0176, caﬂﬂ&ﬁl gﬁgé”di %@QPW?SO%HN group. This particular building block

_tert-Butoxy o] ution
of 6 (400 ngcﬁﬁbﬁ!f&réﬂabl% ﬂ¥§%ﬂgﬁ%§g?o$h§qﬂémﬁgﬁ%§d%ﬂ%ﬁg %ﬁ%%%a}‘?olgl Aed to
-20 to -25 GlmnnalghBtMSwﬂgr c]ﬂoﬁnrhmld)ng/\b]@claﬂdﬁdaﬂem&ﬁsibi@mﬁ thishsame '
Teaction was tor d- by a&%ém l i ca; h%anes/ et hyI acetate (4:1)),  and
when no st arscyfqﬁ’ﬁ ?gya|an ayethesamedsspable physical propertiescire shOWR in
quenchedqgwi tm,ﬁ,cggg water (30 20 nlL). . The aqueous |ayer was extracted with
CHzC 2 and the organic layer was dried (Na2SOa), concentrated, and purified
by flash colum -chromatography [silica, hexanes/ et hyl acetate containing
1% Et 3N (3:1)] yielding a gum (330 ng, 82%: '"HNWR b 1:62 s, 9H), 3.61 (
(br, 1H, 4.66 (d, J= 7.2 Hz, 2H), 6.25 (d, J= 3.6 Hz; 1H), 7.18 (d, J= 8.1 "
Hz, 2H), . 7.22 (d, J= 3.6 Hz, 1H), 7:71 (47 J=8:1 Hz, 2H); 13C NMR 25 8 . -
27.8, 55.3, 84.7, 92.4, 111.2, 121.3, 127.9, 130.0, 130.4, 134.1, 137.5,
149. 8; FAB :




. acetate (4

M5 obsd 399. 0336, cal cd 399.0331 (C-6H1slI NO3). 3-(4-1odoph f% é &
(tert-butoxycarbonyl)di pyrronethane (8). A solution of 7 (1 £ 2084 nr nol )
‘and pyrrole (3.36 nm.; 48 mol) in 1,4-dioxane (36 nL) at roomtenperature
was treated with 10% aq HO (6.0 xnL). The reacti on was 30 nonitored by

T okt o8 eRSRBL Y rRSEhA b Bl bulna dueted by H i
. The conbi nedotsaigediic thay sags. WeOte WVREHRE thwivel é&?'feﬁfens@ﬁ'dfethedfdu?éj ré&?ﬁ?od')

- concentrated upified by flash chromatography [silica, hexan hyl
“acetate 68 sﬂ%ﬂ&g@ é’éCPTFPFnPﬁ]C W%bﬂm%ndjpwmdms) mo-mhﬂtlmte:ﬂ chlorifgs nor -

ol :Jgt(BSBCW%?{’W@?@W%@%@ L) ?P%?i@d dehfofa s
2H), 5. 87F (mesotdpstithtefChlorin ith NESZ{Z)JI({Idgn H):G% J"@ ﬁz (1?_33 Jﬁ_{)

7.16(d, J= - "J= 3.6
8.78 (br, 1%9?3 %8%@%@%@@ to 7gige %bc@ve @zormnauamas &hoM?mQFxgure 37.

bnsagap. oose ety ol o e phdfots AR Bt B A idndoRodh ) >

. 4.7;; N 6.3 Mddroﬁ L. 1998H,394 528919492, Woodward demonstrated that the two -
.5.9.3-(4-10do 3&5% g net yI benzoy I%;
" (test-10but &% é}g“é?F W@%Qﬂ'@‘% Ehl}’A'eQ@ﬁVmﬂOwd)éleStr@h&ﬂ& mggeﬂtso

 Enghr ??”&W‘%”ﬁ?ﬂﬁ o skagle, VAL R $o dopt el io R Thapodigsn' "
.~ mnutes at (beGyeephrimgs A- aml Doidl steﬁd:alry Hﬂdér%@%yptﬁe 3 chiRalHRIHy] WESsHAtHAed
ere

acti on was quehched

© stowy and sti.rri s coptinued forl h at '
with satd. gt E‘%”lﬁla‘ae &&P&?&f&ﬂ give Hi@f@pnz@ftectrwe a ot metdiner pesitianss ayer.s )

wer e washed ime the
product was Bém(éi%ﬁ%{c%grb?/ a?éliad;hsgﬁge ﬁn’iéwl]gfgdgl?rla o%)ria% Ss'cﬁgﬁﬂ%gg'&@%’;\gg; éfhyl '
)/ Ongo Gher 1993, i85 SRR 599R) dharsginpeie i Prran) st 1#475 |

E 6699 : 120 ssible rotamers the ' HNVR and 13C NM are not -
~very clean) ‘”ﬂjﬁﬁ%}r}?‘?ﬁm@ @Ogg . 2.42 (s' 3, 4. 29 (s 202H) 595 (m -
“1H), - 6.26 (m 1H), 812‘8 7.09(m 2H). 1H),7.25 (m2~ 7.31

(m 1H), 7.71 (dAéecf’n “tEIIB tal?S Pespgubgiitutgd phlemn bzru)imggblgacs((mpe Ih)is -

08 ton St in gk 58 by gty M bl vt R, sl R0,

183. 8! Anal PattiailydsateratedBHzs) KR 3ubitudA . destibbd 40 Se Me @o&esﬂaaamg nfeso 09. 4; -
H  4:6; N %Pésﬁ_g (4- 1 odophenyl) - 9- (4- net hyl benzoyl ) di pyrronet hane (10).
 Fol | owi ng as r’il rret hod for the" depr otection of BOC-protected pyrroles
(Hasan, b et al Chew, 1981; ~6, .157-164), a solution of 9 (328
 ng, 0.58%mml) in a&?ﬁ? %Wﬂﬁt‘(tﬁd @T@rﬁ@]ﬂm@odﬁaﬁha&mmd mmedmmﬁas vias

TN i 15 U A Y A

a mxture osh%manEmndi’wdﬁcde ﬂ@a?@ubéixtuéhtdﬂanexﬁ ?&Fé@ﬂm"&r&ﬂhﬂt o
W't hwat er,” brine, drled 5

e R B ok R P e gy soden tosononl o hy!
' 3 Bl anneb 185-186 69  ~

?,:DtE?:?pg%E i%&ljl?i:{lo%gilgg 43 (s?nES%;S gﬂfﬁgéﬁ@ﬁﬁn%ﬁ%ég(zmmlm 776 56 (m

7.8 He. Q%H) LT Z‘ifﬂ@ %ﬁt@gm&%c ) iR é‘r’p%ti’ EQ %31% cagob% )

108. 6, -110. Emplloﬁd,zlgwamaﬂmemaaﬂ mdet $aPreqlitémbht &%ﬁoﬁén%gghgtocﬂéﬁ%c i
135.5, 136.2,,.137.4, 139.4; 142.6; 185.2; FAB—MS obsd 5 0561, cal®cd

466. 0542; ARGHVE siedisipls: Reshiyred) swbodiments of suct-ettlsiare n, 81g). Pd-Gnpdnd C,
59.3; H 4. 2]

1- Br ono- 3- (4- |odopﬁgnyqa§e h'(°£mn%Y[hy|%’ef%§P)ad%°p9?PBwé?¥?Qnehtilﬂsmﬂaﬁfsr%w ng
earlier procegloyed, {st chlehadonﬂmgpreaeﬁoralymldd thézthe SRR, 2¢Hich 1§%as11 |
3160317% é g’%‘z n‘ﬁ’é’é ﬁf was di $sol ved in anhydrous THF ( r‘d{_) and
cool ed aged, yrith mi AR t° E@@rtﬁgfﬁﬁp lbeseechlpiBS '(1'116 dng:ed(]n@lﬁllmiﬂoﬁn was
added and t tirre for 1 h -78 C) and then
guenched w téﬁl a%?nsiij gfggﬁ%gggﬁgwgr%e% T, 1 1) and allowed to
warmto O C. The aqueous portion was extract ed w th reagent-grade ether and
the conbined organic layers were dried over KzC03. The sol vent was

evapor at ed. under vacuum at room tenperature. 15 Purification by flash

col uimm chromat ography [silica, hexanes/efgfier (2:1)] afforded a yellow
solid (120 ng, 85% . The bronodi pyrronethane is unstable but can be stored
for several weeks at 0 C. np 160 C (deconp); iH NVIR 8-2.44 (s, 3H); 4.09
(s, 2H); 6.12 (d, J= 3.0 Hz, 1H, 6.16 (m 1H); 6.89 (m 1H), 7.14 (d; J=
7.8 Hz, 2H), 7.30 (d J— 7 8 Hz; 2H), 7 71 (d J—8 1 He, 2H) 7.80 (d, J=

‘A~~~ CRKCIR AN O N A




3-[4-(Trimethylsilylethynyl)phenyl]-9-(4-nethyl benzoyl )d| r7 ggﬁt e 25
(12). Sanples of 10 (279 ng, 0.599 mmol), Pdz(dba)3 (42 ng? {0

Ph3As (113 ng, 0.369 mmol ); and Cul (9 ng, 0.047 mmol) Were added to a
25-nL -Schl enk flask. The flask was- evacuated and purged with argon faor

0l Poue oy T EAERGW ORCREMRIRST SR ERERG VO0h GrbipIR ] and
~ seal ed, i MMEAGEES IN OPPISITR DIRECTIONSIN 1AGHT FARVESTINGWRRANS.red

overni ght ‘Thep CHzCl 2 (20 n) was added and the mxture was filtered
t hrough a pa%l- ttrediction. ashed several times W|th CH~Cl z, concentrated, =

R %, 0 SR I 0 L GO AR i

' ?uant IH; atsi vefficief meahs df DEH‘zﬂg@dnlﬁght 32 656&3& of endr@ﬂNRI'he &ﬁfgy(mﬂ@jd):l by(2 43
(s, 3 4.1 6. 16 (m 1 m .
S H) 7.28 (P ogosy@t% gpr galzzp.ga 157t SE’% sumplighy ‘Y‘W‘ﬂtﬂpﬁm@? anty 00@2133337 Hz,;

(2 77T (Gpudsefpimbacdihyods Bltinad ) Sl O iy il 1501,

'5 127.6, 1293&:@1tatﬂ(ﬁ‘19reiche§i3’0reict1dn3261ﬁer (£35. a5chai@7se(ibara118ﬂ ‘umjt). llhiﬂfe red&or?: -

. FAB-'MS obsd 436. 1972, cal cd. 436.1971; Anal... Calcd for Cz8 2 N20Si ;. C, 77 0;
"H 6.5 N, gzegter ES ge S@araf@ngeaql}on@cgms,l\g\n@gg reducing equivale ectron) and -
- 1- Br omo-13r [ 4 Lamethan
TR | gkRbaRaleA, A RREYE sy E%P“f‘fﬂﬁ%‘%*‘i%%aﬁ*ﬁf %
(150 my, O. 311t1matchl )lsedntbhetNBté c(aﬂfbnmypxﬂe f{fbrmmg Jarbdtfydraties) and paidezeywatbnw S

- swlid (160 140 HN b ,0.

\3 ! 4( 12 (Q?ﬁberzﬁ‘y%@oyé@%(rrﬁpespé’ﬁ qlr?““fPﬁNEO‘V bﬁ‘%?rmgn Theyre 3@%&%1(
CJ=.9.0 Hz, 2o thdRadtibn chiited (ﬁﬂi‘ﬁg,the?]!fﬁle cﬁe@te@@ir( Eyfejskﬂlaratidh)‘l?hé macum
-13CNI\/R&00 21.5, 25.0, 120. 4; 123.

125.5, | 27. 756111192 Qnezefomust hayezhrge c@n@lssa qhannelsfomheliﬁm of excitation eneggy 9
- FAB- M5 oBsd 7 | c 14, 0 6 Anal | c B Br Nz
65.2: H 15, 31%‘1% ll.bg %ﬁte aa, % %&nn C&a egectro '%leomng%ge

- 3-(4- Iodoph%pbxhﬂmyaruammélefo(rlﬁem prf el\éttﬁﬁastthfi‘e 208 getretioplcesedur e
used to prepare 10, a sanple of ,.~0.50. Mo in anh drous THF (4

ey under arGUAWE e EMBH R (BiEbr AL . LNeigitoat thf Friard AN 0] A RBERRE (0.6
20 n, pr Epaﬂlg%utﬂ)éaﬁ'xﬁ%éﬂ/d ngfﬁgﬁs@e %&@‘ﬁ% 1o esl‘esoaﬂﬂ‘ 5 Ii@'g_bareﬁ?&fr 15

mn, the reacti on was enc ed Wth mXture of exanes an
1: 1) ext r acdyadnymoushet hyl acetate, and the conbi ned organi c |ayers were
gwashed with water, brine, then dried over Na2S04, The residue was passed
“through 2o filtr atlnoﬂ&nﬁﬁﬂoﬂmel they bgtbshatcdriflBtestivain tiotdactidnl 6&iterg, WRES . _
Anal yti cal data are in accord with .the literature 25 (Bal asubramani.an;. T.;
Li ndsey, J. ghlorppkylbmelecnlgs g@g@ntagyzd botlyin thy gatprna complexes and in the reaction _

3-(4-1o0do he - dha Gan Bt a I |

'gfl(’ler al rrgnoacirﬁ)x tEEWCQ))n pr otté%gur e@@%#&?ﬁ?ecte lnf)lé:crg%l e? %ngwe?%@]e’P D. -

' - Qitghut Ghe chloRhells Gbr ch%eﬂph@ﬂQ&eﬂ\?anﬁd)/gﬁjsggﬂly Mesidd it iaobackerial HF,
ution o

,, 2.2 ) dde ol )
Aniyr oug 2 Pagimifelc T&ihap @nttc, heteRy o gp SrFrih paad Rl Rl ek I bt Bl e
to -78 G&a (:E:ﬁ?él?llﬁ'tﬂl@ Qnt@ﬁnd’%ﬁin?}@xﬁ; h'mse{/ggém&%&@&emm% th dHIRLY) dﬂuﬂ%at .

E anhydrous T m.) was added ter a few mn the cooling
was renpved, suight; an@thnasammaenteeﬂnﬁm ﬂlehrauscﬁlmuonhéemﬁedwtm e gyjugoched

w t;.h sﬂat_d'_ éqchl\leg%?{l fuel e the u'?tglgmé acy oefx stab tee c ertgg-s%_la%a%ec% state

The generation of Stable separated charges in the reaction center involves a

series of electron transfer steps among a series of electron acceptors. With each step
30 the overall reverse (ie., recombinaﬁon) rate of electron transfer becomes slower.
After three steps' the rate differential of the initial forward step (k) and the rate of

recombination (Keecomp) is given by kekrecoms ~10°. The series of fast forward transfers
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- 8. 2. Found

.~ 7 dEC Z00 The conbi ned organic layers 'were washed with v@?e@ﬁ'{;lgmge
dried (Na2S04),. and concentrated. The two regioisoners fornmed were
purified by tvvo successi ve flash colums [silica, hexanes/ethyl acetate
(3:1)], affo t he m nor r. 16 (130 259 and the -mj.or isoner 10
(270 ny, 530/§‘gci %ﬁ o gre F&“S derani "?ﬁmm sepaxpiRngothe Blotron Jidy,
4,15 (s, 2|‘Dhol@o@é:z(l'6h aiaanc@ 13 (m 1H) 6 58 (m 1M, 694 (m 1), 7.19
(d, J= 8.7 Hz, % J="8."1 Hz, 7.73 (d, .J= 8.7 Hz, 2H)

- (d, J= 8.1 Hz, 1 r | H): 13C NVR 21. 6, 25 2
91.8, 106:8, 1%2 la?gf%zg‘&tﬂ 195 ﬁgehlé"zt"’g‘%g e, %e%@nieﬂt Pglgsyzthew nfent@o. 2,
©134.6, 135. 4moBeulds ahd Eyfithetld 2ha e-b&ardion B MB 0 ﬂﬁ@a] 7

" 466. 0542; s Anal : Cal.cd for 10 C23Hi INZOmn C, 535';@2(-: %%je Q[%‘%thg% %oﬁd C,

59.1; H, %4: 2cen[t§r) -5 Ig general the antennas prepared to date are compnsed of 10 or fewer

'grgéé’gﬁrﬁ(ﬁigﬁﬁe syﬁ?’{%é’tc;ss@éff?tb’yiﬂ ?%ﬁfﬁ?ﬁ%% Oberpoicamisn
. Wi th NBS. (72havg,ben déifstrovibd gl providesphal aftéthed't ep 140
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,.orange red p |tat The reacti on was _nonitored TLC and after’ -
| th5 pe e or

~-stirring for Eeﬂma?YlEraQBcaéﬁbﬁ%Fﬂé‘%‘éll@mgaﬁunbghtconponent and
~the dis pearancelr&{%tS (A longer reaction tine-(10 h) led to formation of -
“the M C addi t g arrays that absorb llght and undergo efficient mtra_molecular

2-(1, 3-di ni lered P h&vfb{@eﬂd%%ﬁ@@ﬁ&% Pttt Eidteas of siof maotdouler e |

reactl on was quenc rrne
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R %150 S P i A SRR Wi B Sty ShOmognole
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“the mi xt ur e Weld© Sy Fegbmings, impiving & wémelor ofSotls J. Fhal,rkatin.i OhemSai € Was

| d h 1 dded d
o God 1061y 30 G4 e, R ﬁyﬁpahc%rf{? Chg &(nﬁ?%ﬁ"h}%vﬁiﬁﬁdlﬁ%ﬂ' s
wer e washed lihesd”st\mmerevealbdi itlie thed leRidt 61%%@ ﬁi{&/&% e?’éc cﬁﬂ%(%ﬁﬁ‘)ﬁ ied

exanes/ et hyl a e

by passage throu Igh a short colum [silica
gi ve a pal e il Bultipormiyrin prays agdghat th@naeaagomuma\miﬁtea Byl tte, linker 6. 8

o115y 205, e Gbing 15 Bofpniins 2 sy e oSl i Sevadd hine ered 75, o,
91.1, 100. SfeaturW of llgB.’Qébsﬂ) tib224nd, eﬁ&@d@taté&%rm@%u@ @%@%@9@5 for |

341. 9877, Ca EGS fat Cal cd for ClzHI11
egting, aqd in addition, have the unexpected feature of fac11e

8.1.1-[3-(4 nitro-3 t hy).- 5- hexanone

(20) : Fol | ovvlgir.ldgigt8 ﬁgﬁ @%fé)%ﬂ%géiﬁg% ré’degse%élp%gwp{18¥% Eii)/f‘?figlcé’_ ¥&chan, J.
P. et al.; J. Og. ZOChenz 2000, 65, 316(503172) a mxture of 19 (1.03 g,
3:0 rmDI), CsF (2.28 g, 15.0mmol); and resityl oxide (1.72 nL, 15.0 xnnol)
in anhydrous acetonitrile (22.5 nm.)was heated at-80. C for 2.5 h to 3 h,
during which the mxture turned fromcol orl ess tobrown and then dark red..
,:. TLC analysis confirmed the absence of starting material.The sol vent was
- evaporat ed under vabuum the re5| due was. taken up |n et hyI acet at e25and

Y .




~ ? DEC 2Q-~ 440.0597; Anal. Calcd for O $HzZZIN-03: C, 49. 1% 7HDES. ﬂ]ﬂlg'\'
6.4. Found: C, 49.1; H 4.7; N, 6.3:

1,3,3-Trinethyl-7-(4- |odophenyl) 2, 3-di hydrodi pyrrin (21). Follow ng the
procedure for a ~i-unsubstituted pyrrole (Strachan, J. P. et at., J. Og.
- Chem 2000; .65; 5 3160-3172), a solution of 20 (220 ng, 0.50 mml) in
anhydr ous THB. D&lgxnf_linmchra;argon was treated with NaOwe (135 ny, 2:5
‘mvol ) and the mixiWa was atirred foor 1-h at room:tenperature (flrst

~flask). In a secobe bf Blchallingkin(@siSnty 2% oiGhe 13- Brifls. 25
mol, 5.0 nol. equival ent) ngb 51 DH%L %\{%%ﬁ%\%ﬁgg\k NlI%OAC 6--15 No) I

was- added t oCOFUHODERLS, Wblcbdndﬂd@nntautepna,at , anddpatheaysTHE o &tron YflobOframs

. added. The nof 20forrre |nth first.flask tra sferred "
~wvia a cannul%&dttgq‘?%%sgf 8rr¢ S a%soq JPPBRe | @Z&D& EX\B“&§W33'

Addi tionadl  THE ch@guRéparativhSurdtgfofRed. "B SisbdcRi th%t&te%ﬂh d e&dﬁs e
supernatant. was- gl scb)ptransferrggolg oethe befered Tid 3%5% SE?’E

resulting niSAerEellowus alopg rtheehlglathamsmg wrpycioghechargoseBrationnuit; whilgde Then

T hvers war o YBSEE GACRRN oI Bl RSl ol B BTRATA Lo B ©
(MyS04) . Thearﬁ@inuewhcmlaﬁlbéﬁﬁﬁemede&tfﬁeﬁ'aﬂs%ﬂ UeRdidpk Qah U Re qﬂacefmgure 42).
tenperature._The, cr ude product  was passed through a short column [al tm na,

"hexanes/ et hyFhigdepign hasotwp) Figridicantf mmificetight (4) &y dwbi @c@smmanaigme -

| 45-509 N 22 2.52

5,89 (/OS g éﬂ%%‘% fe ¢ ﬁ)’ B%S%%{“iﬂ °§E} ﬁeﬁnfg?ﬂdzﬁﬁhg WHEEsoRR ﬁ"éﬁ)
1j 09 (br 1¢riberg)1 SIGWSII\IB 8n@ ®xidizidg . éqm\%&-_}n?s (Hcles), 16w aut @gﬁre 48%. 3Thel 08. 6,

8:5;.122.2, .127.5, .130:4, 136.8; 137. ,' 161.9, 177. M5 o Sd

390, 0595; ca‘?’%ﬁe%c@oc'ﬁé@@ -chgupglso rather; than n-tigeq tf@ﬁ%ﬁerﬂé? %@@wn@en@mg

; d f of :
'%?F% ur1<7a 18- D| ro 18&%%{%? argesenﬂg an%eﬁn? 8%%/4 3C§y ((3) dmﬁetmﬁ ) por p
chyrin (Zn-22f thFﬁbllemaNq‘Imnﬂft c@:ar@mparmmmﬂweeul(tﬁnrmﬁﬂﬁmﬁ of fhe chbrgad ., J.

Og. O 2000; 3160-3 | f 1 , .0.20 |
B e e L R R M Rt o O AR AR T eéhérég-m K
excess .of - I afelO0fRat8ln YnfhefBRYdterhd h%cluséapﬁﬁ 't?é‘%.ss %:F"i R8E bi e

“moni tored by TLC [al umina, hexanes/ et hyl acetate upon conpl etion -
.he mixture vﬁ@eﬂg@n@meﬂmwmg hthe oflebtinat awvay( fot the holeheﬂ"hexctonaﬂtseappnombh 30

distilled ' The_co or ga er.s vmth'
" brine (50 ﬂ_@gcﬁrb%ge?e@wbﬁ?s?eénﬁhﬁ? %??8&8 %‘%f‘%@dhq ‘Fl%f\g%i% room
~ tenperat ure électionad thidreby givelh isiabl dhaxfgelsepdratéés&‘é ' n~-2n of CHZQz.. The
- WH.1 (45 ng, 0:24 mmol )  was dissolved in a few nL of anhydrous CH3CN and_ -

 conbinedoi th 11- Eplyihic nfol&%ﬁs%@@c&ﬁﬂl%j%}r bengl. 2BhdriAYS:

~added to glveatotal CN. The sol uti tirre room'-rr
t enper at ur e %ﬂchlglj/@ns’tabid radaAal(Q@mm upOn 2&idatioh)  Wachaadenistic Heaturesafit i on

1900 O Sl b R, BARHRRL L e OBl e Bl

*'“brl ght spot subsituliel owttadhed Wb Zh@or@gshi QRnsdi %Hfﬁeﬂéﬁ&téluﬁﬁﬁ i the 10%
- aq ‘NaHC03 and extracted with distilled CHZClz (3 x 25-nl). conbi ned '
“organic | ayeﬁ" ?%h@%ﬁ%l?@@ﬂﬂﬁ]ﬁhoﬁ\éb%rporﬁlm budr d@dnf(tl\lalgmyntahcﬂtehéhe

sol vent gﬂg} { u .The Si

di ssol ve bﬁ?ﬁﬁﬂ’q QPQ 3)r ous ene(%ﬁjdgf” g%@%ﬁppatnhe Rg %43\[@
© 3.0 mol ), pJoﬂmsondi’Ih@(Bﬂﬂsey,lJ 83 Ebcl’mPD. F. J Am. Chem. Soc. 1996 118, 11194—

' 11207). Hence, the. electrochemical potentials of porphyrins can be tuned without

changing the energy levels that play a role in energy migration. Said differently, the
substituents shift the energy levels of both the HOMO and LUMO, causing changes in
30 the oxidation and reduction poteﬁtials, respectively. The absorption spectrum
depends on the difference between the energy of the HOMO and LUMO; if both
HOMO and LUMO are shifted identically, no difference in the HOMO-LUMO gap is

observed, and therefore the absorption spectrum remains unchanged. The ability to
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10 and zZn(QAc)z (550 ng; 3.0 nmmol) were added. The resultin S
heated at 80 C for 2.5 h. The reaction was nonitored by TLC g??$$gaﬁﬂ%\ﬂ
hexanesl CHzZCl z, (1:1); showing a single green spot)] and absorption

- spectroscopy (bands .at 410 nmand ...610 nnm. The color change of the .
reaction m xture erm red to green |nd| cates the formation of chloiin. The

reaction mi ¢ thepgd %@@IR@@M visheuttafiepdng therabsomption spes trpmsmakbstposdbigh a
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' ields of chlori.n bt e DEC 2004 Ceneral conditions for
é enet al at'i orP ? uaf dibtal fo tQh (%I? quen ce hole mlgratlon occurs irreversibly in moving from

17, 18 Di hydrlg 1;1,&,153tgﬁ;alpyl 5- (4net hyl phenyl) -1 2- (4- |odophenyl ) por phyrin

: ,(22) To a solution of Zn- 22 (10 ng, 14. 4 xmol) in anhydrous cCH2A Z (5 m_)

~concentrat e

“was addqd TFA (5§apL, A0y nng_for. 30 m.n a
“t enper at (ére (m)ng(tzzrl ng. I%Jj fplg\e/ g@fh % ere{mnéneso

reaction \Na§uhmma+‘1\gurdn4ﬂ)0%¢g@ohﬁiylﬁm abéi:@b ﬁtihg‘ﬁﬂ? mgef %&aén%mt(hs §bizCl Z.
The conbi ned r an:félr a ﬁrs were washed w th wat er dried (Na2504 and
?ﬁé yens.ad 3R ote e3eidn o5idizeyl (hes lowsinotengiaBythan Zn

h t /
Sffording. 2““”%‘% find (BN b AUk St Ao AP SHE itk 408 )
(b, 1h, 2@ §99-g_,||) 3, 4560 4823)691'1@@seqmce dfm 45 Mg if ihe(idadt . S
8 85 (A@ qu%‘gg&“ﬁ ’%Vﬁéblgfpﬁfgyéf%fe( r‘ﬂn‘@ﬂ)ﬂm 8“’@930(3%3!8{1‘4_‘5211@0;315'{1%5 1H):
LD- M5 obsd Ggdvepsible- Rbest 3 %ﬁ#\"%
(toI ue(rjle;S/ m 414 (| OSB%M 5.13 @%o#f‘_%:?)}l&%dp&-éﬁyﬁé ﬁq%g g)gy

646, - dEpsigrpmoeng the two isoenergetic Mg porphyrins. Though Mg porphynns are more )

| (Z{‘ﬁ.”n)et i o e SR R A BVt (A By e, g]ﬂet%cﬁ%?%ﬂél

procedur e f atrongllyasledirdnowihdra®in Mb@umeﬁ@,tdzp e?é%?i}] 3,
(130 ng,..0.25 n’%gl)] and 1 (57 ngy g . nmol %Mg;j;:% gg?éaéﬂgﬁlgéﬁs&ﬁ d

229 .~ 1BSNMSuBstiuests o Zorp orphm @susea Heversalo of (the @dgringd of 4h¢ sqxuiaﬂ)an 7 50

d, J=28.1 6a2 96

th6 (a0 3- Tl CGplcs f’f&%?ﬂpﬁy s %'??ffow%(%? S PahE T

2H), 8. 73 (dhe Jinedr Trtdy, of HorplBuits Slownl Hh, Fud® 43, thd eiﬂ%nt del)sucﬁ 63
(s, 1H); LD obsd 665.74; FAB-MS obsd 664.2007; Ccal cd

( CQOH361 N4SiSERStituents gausest &|9gasads / fomahigh( pofgntial proxizal ﬁowl:hm ESthdw 618

(1;1 U hyd%ﬁﬁlgﬁ’?ﬁ tr%?sgj ?I%%t‘ﬁ{ﬂ %’%@H&Pﬁf"@f a il easeafs: $p enprey) ) et h

ynyl ] phély| Jmigraioyrand a(2shwisd@lstaaeifoehdlb enigRmsh & tHé bﬁ{eadxteeﬁoapr ocedure,

sanple of Zn-23 (10 ng, 15 prnol) gave a green solid 0 ng, 89%. IH NI\/R

8 -2.15 (br, 1 1.

4.64 (s, (2|r—|) H)é?a) é@ qglﬁgga%%f ’Qﬁ%ﬁ &}ﬁ%'f%% “%‘30 g’%?%%gﬁgukgaﬁéﬁ?d J=
8.1 Hz, (quzvr . ( Ehlarinsgabronty str@idly 1:&»1164n(tﬂe blee 4nd ihizthe el reffiofidh ( AB

quartet, J—45Hz 2H) 8.89 (m 2H), 8.93 (s, 1H), 8.99 (s, 1H), 9.86 (s,
~1H); LD M5 obsd 604. 31; FAB- IVB obsd 602wﬁ§8 cal cd 602. 2866 (CQOH3sI N4Si ) ;
7~ab5 (toluene)/nm 415 (log a = 4.97 = 36 nm, 506 (3.96), 647
(4.49); a,em 648, 685, 715 nm (fit= 0.25). 76
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Zn(In-17, 18- Di hydro-i 8, 18- di met hyl - 5- (4- net hyl phenyl ) - 8- (4?3&%}@@94)p0rph

yrin (Zn-24). . Follow ng the general procedure for chlorinformation, the

reacti-on of 17-A1i [prepared from 17 (110 ng, 0.20 nmol)] and 1 (45rrg 0.24

- mmol ). yielded a .blue solid (30 ng;.24% . | H NVR 8 2.03 (s, 6H);. 2.67

" (s, 53H), 4. sffectvelgHyovering onych, of the sdlastpeczi-d)n 7CHi6rifgd are) mefhblersHaf 2H) ;
7.97 (d, J= 8. 8.02 (d,  J=.8.1 4(,s,

1 8.69 (m 4mP°'é’1W§%g f‘)& CySC tetrppyrole) fméle Y chm)la%w ﬂl@%@@cg%msfg
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7 LDNB g} 631. 58; FAB- M5 0bsd632. 1454,  cal'cd 632. 1437 (C35Hz9I Na) ; -

f‘_~ abs (t ol.ueriey’ nm 410 (log a _ 5. 11 fwhm =32 .ni n)‘ ‘50‘4{4 01), 638 (4.48),

"7~m 639, 679, 702 :
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_Teaction of a8 ﬁ%ﬂhepacmﬂ finglen ﬁﬁe} 403 nmagalldorphyrinthlly atashOrt@Iwiaength 0. 22

| Id b d (4 49 | H b, :0..36 6 o
g YLel o e e i AP iR ot
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. ~and electron-releasing substituents are employed w1th the porph _
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2-(trimet hyl q'ryilS) tot Hghsri n9fential thapothp praliyrins s eVFr;sn I@ﬁmgymésfer occurs

Save a areor e b FRRIREES, ASRTNERElE ddp polliyilo (bl
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164 aFEl%ms

properties offigireas). n&@ﬁ@h&é&%@&éﬁoﬁnﬁ&eﬁt&@%ﬁ SafabB o bbb ket / Q
intensity rati0244096374. 3224146433. 0234166453. 1254226552. 5Pheo hytin o

a4086672: 1pr@b§my@ntnfor tuning the electrochemical potential, as do the meso-substituted ,
- b4346555,:1Zn-,244 y4 .6Zn-234126173. SZ 54176282, 6Chloro h-
11 a430 ?’éﬂ”& ggtﬁc‘ﬁ @R%Jé ]t%*z?éf TIF £ap J1e B R Pagat F3eSBPR &1 b n
- diet hyl et hq‘wﬁms h Tlﬂs Efr&gerﬂ%ﬁﬂ hﬁ&%ls réreélﬂle'\éﬁ@%ﬁ&fién@% Eécﬁﬁé of

Anal ysi s; Paech,. K. ; Tr acey, ringer I n 1955,
Vol . IV, pp. hoiem:ans?e:) Protasses.t eNotatthatethamhlurmsmaInobec bﬂrmgedswﬂﬂhalie partinlln

geni nal di net ock 0 f.I anki.n bstl t yent and can '
be used in rﬁ?ﬁ%’fﬁ éﬁg&?@tﬁ%gowﬁ{@@r@g&y%@&?]i‘%ﬁggi STERGES A BETACHRATE wi t h
a i rol e figpahblosEhy e Montforts, F.-P.;
Kultoélkl O A>zg e%v Chyet% qllfg?émséjgﬁﬁ%ggﬁaémgéw?Q%qu@%%e( and I\/bntforts

B I i 46 e oo M. SR ool ol REERLL S,

i nvention, afffigirs 49: Phthabeyanines dreeflaastetized by &ErytiﬁQh?Qﬁ)sorfm@l ihgentaon is
- defi ned byt e faoll \ﬁl/rng glainms, wth 20 equivalents of the clainms to be
i ncl uded th éi2|§0’09§ } and high ox1dat1on potentlals (Li, J. et al., J. Org. Chem. 1999,
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'”,ls el ectric

~ z OEC aoo~ W Claim 1. A solar cell, conprising: (a) a??rﬂ%@@@@rate
conprising a first electrode; (b) a second substrate conprising a second
electrode, with said first and 5 second substrate being posifioned to form
~a space therebetween; and with at |east one of (i) said first substrate and

-said first electro and (iL) said second substrate and said econd
el ectrode béﬁaég?(?‘g Qs a¥amgs S. I eyala J) Mgtar. Gheri 2060, Ha298s t Thegrray @bown in

Toas conpr | RARAS SABSRPGLLRL SR 08 A2 Sopth b MIMRRBIE 110

, _XI is a char‘tgecl:dmi:ﬁltatphd{al@yaﬂﬁe havhmﬁolanm@gfﬁﬁdrﬁﬁro%bs%t Scchfs mﬁmegoppeeﬂel to.
: 'l ower thap that of X2, .. . ~.ough Xm1l are chronophores; and Xl
hreptin, s oing of b ohbaciroae

~conprising (d) anelectrolyte in said space between said first and. second -
subst r at 8s. QQOther Campesifios. | ‘according to claim 1, wherein Xl through
X"'+1 conprise porphyrinic macrocycles. 3. A solar ceII ‘according to claim

1, further conpriEhengomhyrihicl familyaingiidea diversd Bich®int, eh Bt 60WHicR. cath bé
sol ar cell accqrding to claiml, wherein said electrol yte conpri'ses an

- aqueous el eCTRRIPYATCIR ineaparehiteruirewfor cnergy e dgle Bigatiarin Opposie diteations: d
el ect roI yte I@&@RB&E? “mémBas 3Qcraay etQﬁ’aSazgﬁoq'ﬁﬁﬁ;r%syth%terga%om-modlﬁed porphyrms

(¢.g., N3O- or N;S- instead of the standard N4—porphyrms) (Cho, W.-S. etal, J. Org.
i 10° Chem. 1999, 64, 7890-7901), corrole and various expanded and contracted
R _"porphynns (Van Patten, P. G. etal J. Phys. Chem B 1998, 102, 4209-4216)

7 In general, a mde vanety of subst:ltuents are ava11ab1e for tumng
B electrochemzcal potentials, mcludmg dlverse aryl and alkyl groups, Halogenated aryl
o groups are parncularly attrachve for ﬁne tumng the electrochem:cal potentlals

o | 15 B 'I‘he arrays dlsplayed in Flgures 44-49 all employ mphenyleﬁxyne or p-
o phenylene linkers. The energy-n'ansfer rate m gomg from a d1phenylethyne linker to B
a p-phenylene linker i increases by about 10-times for porphyrms (~(2 ps)‘l) and 100-
times for chlonns (sub-p1coseconds) Whﬂe these hnkers are quite attractive, other
Imkers also can be used.

20 D. Other Desxgns :

The avaﬂabﬂlty of rapld energy—transfer processes (ie., thh p—phenylene .
linked chlorins or porphyrms) has nnportant consequences for the design of light-
harvesting arrays. Slmulanons of the effects of energy-transfer yates on the quantum

AR yield for energy transfer to the trap posmoned at the end of a linear array showed the |

25 . following (Van Patten,. P. G. et al, J Phys. Chem. B ,199_8,7102, 4209-4216): With
o _ reversible transfer among isoenergetic pigments, the quantum yield falls off very
steeply with number of pigments. However, the quaﬁtum yieldis also very sensitive
to the rate of transfer. An increased rate, even for reversible transfer among
- isoenergetic pigments, mitigates the falloff in quantum yield with increasing numbers
30  of pigments. With rates in the few ps to sub-ps regime, linear arrays of a reasonable
number of isoenergetic pigments (e.g., up to 20) should afford acceptable quantum
yields for excitation reaching the trap (i.e; the CSU). Conversely, with 'slow transfer
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- electrical device accor

17 DEC QQU04 6. A solar cell according to claim1, wherein ga?cB@ 2804 ol yte
conprises a polder electrolyte. 7: A solar cell according to claiml1,
wherein said electrolyte conprises a 5 solid: 8 A solar cell according to
- claim1; wherein said solar cell is devoid of liquid in said space between.
sai.d first -and second substrates.. 10 9. A solar cell accor di ng.to claiml,
wherei'n sai dratRake feRad)akiKgh Qﬁﬂktﬁmxhel“cp{ﬁf’ﬁ'n&&ﬁs@y %@hﬁeﬁ%@%aﬁ%dw ch
“compound. 10.. A'solar cel [ “accordi ng. to-claim1; wherein said |Iight -
harvesti ng reaned enlgbyasinaprsensazyasnasradel (e parqversihle anesgy yranserswgps). sbrond

~electrode. 1_ cel l wher ei aid

harvestl ng rsd‘%‘é“’%?e :hﬁ%ag aylr:%%ﬁ)%rsgc%Pgeevgéqﬁilg%p&e%lr@?s%neg%e%?gllgmef gwt'perel n

- said l.ight haffor@efficiént eRsgy @ansf@Of BRiral cTatafitfei R3@rHAGIdNaNONEt ers in

<length: 13. An electrical device, conprising:- (a).a solar cell according to

claim1l; sand (b) anc tah-gffll I S r 4. An
4 A éﬁaﬁﬁglh%]g&t gﬁc | al mé13p18%gr gﬁ%ﬁ@gl %bmr @ P‘%ﬂﬁ%rsl ises a

-resistive | ollustragd iv\ Bighee 50el [Thic anpy i mcampora% fhe) sand |ZmpomhjmmrM§

© conprising a f| st electr ( econd e Co -a.second -
- _electrode, "WIR gﬁ’r’dmﬁ i‘% ﬂﬁ’ﬁ’& E’)&D&H% TP F i‘ﬁ@r"p D %rm a
- space’ t her ebgichReR] g éﬂé buhs€ | ?ll%% ;3&5 and
~ said first electro eﬁ-gn%ﬁyl )és%l% dagltéec%lral t& sta%Il Sq : lggiﬁ sec 8
el ect rode be‘ihng atsetin pdﬂemorplomma, and~thzn©ae mocm()m)x £ﬂesgeandolﬁole itghsfer
harvestlﬁg ds._el ectrl caII cou o said f rst ele trode each sai d
es

l'i-ght h SN TP gD go%? rspgffﬁg}vegfse oFYhransier yoogs qizre Mei n: 5m

Qs at -l east (HowWnhill bRtvRRATSR. smea@aﬂ Fheflf MisEseRtblEXE eef%a@faet of
{ jEI gy equal @too orllgower tﬁan t hat "of % © ig,)ifgﬁ@ou th +i Jgﬁje

chr onophor esalkhltchrél ddy design. yﬂltsoewse,tbe tconcsﬁ@t that ut st nas| necessenyeto bave 10X

- through X'+ p JeCtI n._of her,.an e on-
oror 2t Fom SR SELES! F4heRS, S0P bood D el BEhaR N lrdBl K B S5

el ectron froenei@yuraisfeamﬁfmeeﬁebﬂughﬂa@a@pnagfotﬁacgusol at~ cell.further
'corrprl sing(d) an electrolyte in sald space between said. first and second

- substratgs; and(el)‘oraraﬂﬁbéﬂe?g)cﬁ%ﬁ@r Gl 'cﬁémé@a:%%%s@'ﬁﬁﬁéh?leﬁé%nk&@ wifh SOl ar :
cell-according to claim15; wherein X throu Xmt~ are sel ectedso- that o
_upon i nj ect | B¥PYTing{havieg e7.JROMQmand hmkmaats emersvmgsltlelu@ﬂ’nwé Letal,:

- thecorrespongi pg @}9411? Sfocol?ﬁv\ﬁl'er,el ﬁ@%ﬁig} %zor a$t ‘ ;s he élegOl ar

cell according to craim’l

secondel ect r ad®pdsitiond). SRératipidHole-Réppai mdlidi@r gioemel&mnw&ed & d%it¥lonthé OUg h
X"' +1 conpri seporphyrinic .macr ocycl es.- .19.- A solar cell accordi. n? to claim
er

- 15, V\/nerelnB@MD@W%WﬁMGWﬁDBd@%WaqM@WeMW pemolar
cel | oqd'ﬁq,cééa W18 TR0/ Of! edflnfhatd CGboh MR GRAPLIZRS, GRGLeA0 S

electro

“exclusively via a TB. mechamsm (at least for the rapld Iates observed) The factors "
} - that affect TB energy mlgratlon are . snmlar to those that affect ground«state hole- -
o hoppmg Thus, those arrays with fast TB energy m.lgratlon should also give rapid
rates of hole-hopping, For efficient hole-hoppmg, it also i is not essential to have a
' 25  downhill hole-hoppmg step occur ai each plgment in order to achieve efﬁclent
) | transfer from the CSU to a site far removed in the hght-harvesnng antenna,

Although in these designs excﬂed-state energy and ground—state holes are
formed in the same array, given the rapid dynamics of energy migration and the low
_ flux of ambient sunlight, the probability is qoite low for the siniultaneous presence of
30  an excited state and a hole. Accordmgly, exc1ted—state quenchmg by ground-state

_ holes is ant1c:1pated to be an mfrequent occurrence
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81 17 DEC 2004 21: A solar cell according to claim 15, wheyegin said

el ectrolyte conprises a polyner electrolyte. 5 22. A solar ¢ ?Iﬂ%ﬁ I ng
to claim 15, wherein said electrolyte conprises a solid. 23. A solar cell
according to claim15, wherein said solar cell is devoid of Iiquidin said

- space between said first arid second substrates: 24. A solar cel I according

to claim 15, VMeSH&'stQﬁrEIGHT—BMMEXHNG POLYMERSe ONr
sandwi ch co according to.claim 15, wherein said
Ii ght harves #ﬁ%@é@%&ﬁw&éﬁ%ed substantially per pendl cularly to

- sai d second el ect d ‘ eﬁ ar cell ~according. to claim15,  wherein said
. i ght harvesting Sl%l oligemors of piggnent b‘éilldm&c@%]@l @BY, oot llightn 15,

" wherein sai dgddah fg@,{sva@{ g{ea,geécp&a s@{f&af‘cﬁ“ffe%{a@fg?é gf P:% ﬁ%?@ 3%1%”9 to

l ength. 28. An el eet Tl 6 vice S0 ar c

¢l aim 15;5 anid th& théyeastion usad fo jelretherpigmbntybuiiding Bdcksointih dysd hdhitecthde.  29.
-~ An el ectri-cal, device %cc rding to.cl.aim28, wherein said circuit corrprl ses
a resistive Hygreasss the, %@bg:r% des ekceouarw@@wmcomp ¢iaieery thg dyoq

,f irst subst rﬁ%ﬁleﬁ@”pziec%i‘ﬂﬂgl?f E'Iﬁ&le 16hf6 Q4 reactlons is generally env1saged than

_ that in the entire corpus of organic chem15try The methods for synthe31s ‘of
_ _ polymenc a.rrays of plgment building blocks include but are not restncted to use of
10 the following types of reactions (Figure 51): ' _ |
' -0‘ Glaser (or Eghnton) couplmg of a monomenc plgment bulldmg blocks'
o (generatmg abutadlyne ]mker) | , - |
. Cadlot-Chodklewmz couplmg of two dlﬁ'erent plgment buﬂdmg blocks '
" {(generatinga butadlyne linker j jommg a block copolymer) _
15 e Sonogashlra couplmg of two dlfferent p1gment buﬂdmg blocks (generatmg an
| -ethyne lmker _]ommg a block copolymer) o AR
e "Heckor W1tt1ng reactlons of two different p1gment bmldmg blocks (generanng an
~ alkene linkerj Jommg a block copolymer) R ' _ o
_ B . - Suzuki couplmg of two d]ﬁ'erent p1gment buﬂdmg blocks (generaﬁng a phenylene
.20 -  or bipheny! linker j joining a block copolymer) '
e ‘Polymenzanon of pigment bmldmg blocks beormg substlments such as two or )
more thmphene groups (generating an ohgothlophene lmker) or two or more
o pyrrole groups (generatmg a poiypyrrole linker). -
The synthe51s of the oligomers can be perfonned usmg stepwise methods or
25 _ usmg polymenzatlon methods. Both methods generally requ]xe two reactive groups |
attached to the pigment bulldmg block in order to prepare a polymer where the
pigment building blocks are integral components of the polyme_r_backbone. (An
| alternative, less _aﬂ:acﬁve design yields pendant polymers where the pigment building
blocks are attached via one linkage to the polymer backbone.) The stepwisé synthetic
30 method generally requires the use of protecting groups to mask one reactive site, and
one cycle of reactions then involves coiipling followed by deprot'ectio.n In the
polymerization method no protectmo groups are employed and the polymer is
prepared in a one-flask process.
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(6) a second substrate conprising a second el ectrode, mﬁthﬁ§h@@£fgﬂ t and
second substrate being positioned to forma space therebetween, and wth at
| east one 5 of (i) said firsf substrate and said first electrode and (ii)
~said second substrate and said second el ectrode being transparent; (c) a -
--layer of- Ilght harvestlng rods electrically coupled to said first,

‘el ectrode, each ofhespq nnprll@aonﬁaawse PiRFe118 IUEBRF F3l hepsrfssteerfsﬁhse S
- F la | ' tion ..
roup. havi ng e eroyhih B8 E'Badl PuC bolyRifopdon thn b0 pRTHIRIIRARRARL 211 o0

- Xz through Xithh aﬂnﬂ e:lprponDasmI eehd-ﬁxﬁas}ﬁl pepsldeloecDNnc ajrﬂthestsouhémcbmcored,

~ saidfirst electr and Xm+' i.s electrlcally coupl.ed t ajd seco
el ectrode; e drelahorateq firthee for sBeRIHP ap ah@gs S 108 W‘}?Ibw’rtggbeal d

- space betgne f&t% %ﬁe { o B 50 I ﬁeuhéa;]caga Sefadd odleratfh 30 BEsifef ot

_accordlng to C erern rou coffpri se por phyrini :
maecr ocycl es:haddstidg sahtarialc &l Is1ta.ccdlhch ﬂl@ttetroapplrmc];n B0exoshiommlly attrattirveongh :

- X +~ are sel cted so_that, _.upon j.njegtion of an electron fror Lnto sa|dl. :
“first el ect rud slee%fsrehaséhss éth?ovféymeem o ghuli lity g qye rhaeél%O& .
-~ 33. A solar 13 | ses
an aqueous e e‘cjt E%gk%gj gﬁbfé/@és ggshgﬁgﬁlgaor |tﬁa§%t°§£’<&:%‘§%tt ef\)gmﬁfarel n
-sai d el ect roso}uhehtgommrmeﬁs salvats - ﬂmuemn&lmechandhng e(diBalutiod,7 p%ﬁb@@ﬁﬂf 35.-
. A solar gell accordin %IalmBO ereln said electrolyte corrprlses a
‘pol ymer €l ecdlPESHRE. S aragisrizati accordi'ng to cl.aim 30, wherein said.

el ectrol yte CO”prPo‘iﬁﬁeﬁ éaﬂ' b credt %dotﬁatsalel q&fpg,kéd eP?déhﬁédI%nhe & sdfindifr -

: ,\Atsuerel n:said solar .tell 1s devoid in sai d space between said
first and sewvisd asulist blatkes copolymers or random copolymers Altemanvely, the ,

,polymenzatlon can be performed to create a linear array where the composmon of

- ‘jdlﬁerent pigment building blocks is orgamzed ina gradlent. This latter approach |
15  affords the poss1b1]1ty of creatmg an energy cascade for the ﬂow of exc1ted—state
o B energy and/or the reverse flow of ground-state holes ina systematlc manner along the

o length of the array as described elsewhere in thJs apphcanon o _

The following descnbes the in situ synthesm of the cascade polymers on_an
_ electroactrve surface such as gold or T102 A polymenzable unit (p1gment building

- 20 ) block or linker) is attached to the surface (for Au, a thiol attachment group is used for .

Y for T102, a carboxyhc a01d attachment group is used for Y ) The first plgment o

N building block (BBI) is added and the couphng reagents are added i in order to perform

f_—

. the polymenzanon {e.g, a Glaser couphng) Then the surface is Washed to remove '
‘the coupling reagents (copper reagents in the case of the Glaser couphng) and any
25 unreacted BB1 “Then the second plgmcnt bu11d1ng block (BBz) is added followed by
| 'couplmg reagents and the polymenzatlon is allowed to continue. The same wash
| procedure is performed again and then the thnd_prgment building block (BB3) is
added followed by coupling reagents and the pc&lfmerization is allowed to continne.
Repetition of this process enables the systernatic construc_tion of a linear array of
30 pigment building blocks with graded energy levels for the flow of excited-state energy
and ground-state holes. The last monomer attached bears a single reactive site (J-L-
(BB)-L-Y) and the attachment group Y is used for subsequent coupling to an

opposing surface, Characterization of the surface-immobilized polymer is achieved
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38. A solar cell according to claim 30, wherein said charge separation

group Xl is a doubl e-deckei sandw ch: conpound. 39: A solar & ¥y E&%@{dl ng

to claim30, wherein said |light harvesting rods are 15 oriented

- substantially perpendicularly to said second el ectrode: 40. A solar cell
-according to claim30, wherein said |ight harvesting rods are |inear. 20

41.. A sol ar Eeﬂhsomurmen‘goacopnl R rep8€tyosebysy, ereflestancd bpegﬁbscbpy gt {8 r ods -

“aré not. grﬁ toer thta gajg@g noneters in l.ength. 42. An electrical device,
conpri sing:- fjon e b P’Iassa’tl’éﬁtF?lP f&to claim30; and 25. (b) a circuit

el ectrically coumggé QIO%I %ﬁ'e Sf)?’fofél‘svﬁl'a% %?5 ﬁﬁ@l"%‘éﬁord' ng

to claim42, wherein sal CII’CUI r1-ses areS|s ive
sol ar ..cel | E@G‘Qr@i)ngﬁ tused; | a'canng ﬂﬁﬁseif—a%mblddemolaﬁr bhirguldh Sich+seigach

e eI S RO L BB s Sorbenies (b, Efu“g
XLV, For mJ' a Bve. Eﬁérmll%S}X\&f 863‘5185@9”“?& &l (}theIBéJrface c\gm\%E%dZQP gﬁjz(z IaE

"SIaS|083813~~.- |
. carboxyhc ac1d attachment group. is used for the attachment (Y). The polymerlzable

| groups- can be any of the type described above using the various name reactions

_ '(Glaser Sonogas]nra, Cadlot-Chodkremcz ‘Heck, Wrttlg, Suzulq etc) The ﬁnal
10 polymenc plOdl.lGl‘. is- compnsed of domams of the vanous plgment bulldmg blocks ‘

- [(BB )n] in a linear array. | ' o ‘

VL. APPLICATIONS OF SOLAR CELLs OF THE 1NVENTION
Solar cells of the present mventlon can be used ina vanety of drfferent
' 15  electrical dev1ces Such devrces typrcally comprise a solar cell as described above |
' and a circnit (e. g ., @ res1st1ve load) electrically coupled to said solar cell (e g, by
| " providing a first electrical coupling of the .c1rc1nt to one electrode of the solar cell, and
a second electrical coupling of the circuit to the otlrer electrode of the solar cell). The
_ solar cell may prov1de the sole source of power to the clrcuzt may bea supplemental
20 source, may be mcorporated to charge a battery, etc. Any of a variety of d1fferent
S electrical devices may mcorporate a solar cell of the mvennon mcludmg but not
|  limited to radios, televrs1ons, computers (such as personal computers) processors
calculators telephones ereless commumcatron devices such as pagers, Watches
o emergency location devrces electric vehrcles, emergency power supplies, power
25 ' generators, hghts or lamps and other ﬂlunnnatmg devrces momtonng devices,
| inspection devrces, radiation detectors, nnag;mg devices, optical coupling dcvrces
The followmg examples are provided to ilTustrate certain aspects of the
invention, and are not to be construed as limiting thereof. '

30.
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S3 Sa 1 S5 wherein: Mis selected fromthe group consisti n%a,?fgép, %/49 Pd
Sn and Al, or Mis 5 absent; 17 aEG 200 KI > KZ> Ki

K', and K$ are independently selected fromthe group consisting of N, O S,
. Se, Te, and CH S, S2, S3> $4 55, S6> S, Sa, S9, Sio, Sil, S12; SI3 and
- S16- are each. mdependently sel ect ed fromthe group consi sting of H aryl ,.

_phepyl , - cycl oal | cyl, alkyl; hal ogen, EMEES al’kyl t hi o, - perfl uoroal kyI
. perfi uoroaryI - pyri dyI cyano; thiocyanato, vitro; amno, al~ylanino, acyl
“sul foxyl,  sul fonyl , Katipua] Symthesis ot “b&iﬁbbﬂd{ﬁhlﬂrmrﬁhﬁd’mg Blotkeach pair of

S S5 52 S S e P A o oo el
~ substi tut ed p?és%nﬂﬂ Woenetvt Eﬁs?efﬂ' | Hallye? hﬁ%)ﬁéén cloﬁgﬁucte%l 13%1:9&1 I:zlcﬁ@ebr@ %ne B
S .5 - substituent and one (non-ﬂankmg) meso- substrtuent and one new Western half has
. been prepared that bears one B subsutuent These new precursors have been used in"-
co_n]unctlon vuth the _prror Westem half (1) to yield tbree new chlorms each bea:rmg
one B and one meso substituent A chlorin bearmg one meso substltuent and
o substltuents at the 2 and 12 posu:lons also has been’ prepared Such bmldmg blocks
10 have heretofore not been avaﬂable and in GOII]UIthlOIl with the meso-substltuted
N o ‘."'chlorms previously disclosed (synthesis summanzed in Frgure 53) should enable a
S ) ' vanety of f(mdamental studres, mcludmg mvestlgahon of the eﬁects of 31te of hnker

' connectron on electromc commumcatron in various chlonn-based arch1tectures

-1_5 ' 7 Results and Dlscussmn

' ‘Synthesis of the Eastern Half (EH) The synthes1s of the B-substltuted EH -
" begins in the same manner as the pnor synthesrs of B-subsututed dlpyrromethanes h
'(Balasubramaman, T Lmdsey, 1.S. Terr ahedf o 1999 55,6771~ 6784) but employs a
number of sugmﬂcant rmprovements (Fxgure 54). The 1odopheny1 substltuted pyrrole
o _' 20 ' (3) is readrly prepared from 4-1odobenzaldehyde monoethyl malonate and _
7. o tosylmethyhsocyamde The ethoxycarbonyl group ‘was removed by treatment Wlﬂl |
;' ) ' " | _ .NaOH in ethylene glycol at 160° C to give the 3- (4-1odopheny1)pyrrole (4) in 91% -
o yield as pale brown crystals It is noteworthy that this smgle»step decarboxylation is
| supenor to the two -step transformahon on sumlar pyrrole compounds (Pavri, N. R.;
25 Trudell, M. L.J. Org Chem. 1997 62 2649-2651) Vilsmeier-Haack formylatron of
| _4 ylelded a mixture of two regrozsomers (~6:1 ratio) wh1ch were readﬂy distinguished
by 1H NMR spectroscopy (See Experimental Section). The major isomer was the
desired compound (5) and was obtained in pure form by recrystallization in 62%
yield. Protection of the pyrro]ic nitrogen with the BOC group (Tietze, L. F.;
30 Kettschan, G,; Hemnann K. Synthesis 1996, 851- -857) gave pyrrole 6 in quantitative
yield. Reduction to alcohol 7 was achieved by treatment with LiBH; at low
temperature (longer reaction time or higher temperature led to the over-reduced and .

deprotected compound 2-methyl-3-(4-iodophenyl)pyrrole). Treatment of 7 with
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10 group consisting of H, aryl, phenyl, cycloal kyl, alkyl, rgl o) al koxy,
al kylthio, perfluoroallcyl, perfluoroaryl, pyridyl, cyano, cﬁ/&rﬁ
vitro, amno, alkylamno, acyl, sulfoxyl, sulfonyl, ixnido, am do, and

.. -carbanoyl; and wherein. S through SI6 may conprise a |inking group .

~ coval ently linked to an adjacent porphyrinic racrocycle of X through X "+
~or a linki ngpxgﬁssmrmahém a0jdi¢ Feohditions! tfornsshied the Pssubstitatet] aac-pidtectdd sol ar
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building blocks into linear architectures. The availability of a family of synthetic

chlorins beanng chverse substituents at defined locations should facilitate thel
65 '




% & ()- S)-10%8#& ()-)ddkekfl f{ff|[: NA4A1010 Yp$l0%W V& (
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93-99; Snmvasan, N. et ., Parphyrzns Phthalocyamnes 1999, 3 283-291)
| g Pyrrole was distilled at atmosphenc pressure from. CaHz Meltmg points are
“ uncon'ected p-Iodobenzaldehyde was obtained: from Karl Industnes - All other
reagents and. starting materials were obtamed from Aldnch Spectral parameters
| -mcludmg molar absorptlon coefﬁc:1ents and ﬂuorescence quantum ylelds (d)f) were
15 'determmed as prevlously descnbed (Strachan J. P et al., J. Org Chem. 2000 65,
’,--3160 -3172). ' | o
| | Chromatography Preparatlve chromatography was performed usmg silica
-7 ) _(Baker) or alumma (Flsher A540, 80-200 mesh) and elutmg solvents based on
R hexanes admxxed with ethyl acetate or CHZCIz -
200 Solvents THF was dlstﬂled from sodlum benzophenone ketyI as requlred
o .CH3CN (Flsher certified A.C.S ) was dlstﬂled from CaH, and stored over powdered
' moIecular sieves. N1tromethane was stored over CaClz CH2C12 was dxstxlled from
CaH,. Dry methanol was prepared as follows. Magnesmm tummgs (5 g) and iodine - )
(0. 5 g2) w1th 75 mL of methanol were warmed uniil the 1odme dlsappeared and all the
25 magnesium was converted to the methoxide. Upto 1L of methanol was added and
heated at reflux for 2 minimum of 2 h before collectmg Other solvents were used as
recelved ' - '
Compoundsl(Strachau,J P.etal,J Org Chem 2000 65,3160-3172) and 3
(Balasubramanian, T.; Lindsey, .I. S. Tetrahedron 1999, 35, 6771-6784) were
30 prepared according to literature procedures.
3-(4-TodophenyDpyrrole  (4). Foﬂowing eartlier  procedures
(Balasubramanian, T.; Lindsey, 1. 8. Tetrahedron 1999, 55, 6771-6784), a mixture of
3-ethoxycarbonyl-4-(4-iodophenyl)pyrrole (7.20' g, 21.1 mmol) and ethylene gl};col
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: %2‘2/?65}(9‘ e ?f%@%f%%%%éﬁwé%&vlﬁﬁ -wcfa)phel?'ifpy@* °B
Fc(10%+&' ( );alaui‘ni 4566460 g, 1.6a4h0PAi & fhrousbﬁ—lf ¢11R%9 t&dér)ar n was cooled

Fc (1096 +& Lb(. Fc(10%+& % +& ()-=.6 SW: 10 Fc( 1096 +&
- Fgﬁlo%«i& 80 = - C‘(l‘é%dgzl 1§14E55 mg(ééwngl)(wasﬂdggd ptpq;gms:r&'iqlgg seastion | P

X@10 b( F
Ee(Love ﬁ%%f%‘? 17 G et SRE (30, o Gyhen mo stating
EC( iggjg +& ( )naienaFcﬂ(e(B(I!a@eﬂ%d( ?‘O;%bm(m@?htﬁgl%ﬁﬁ quenc_l1edFmﬂ11 gcg/ldc\i water (30
Fe( Tov6ad (JiL: T AR epoptsggordh (Pl and the organtc layer was died
 Fe(10%+&" ! o8,
Fgg 106 I& EINarngF)'L é%l%ﬁgﬁ%&’ fﬁ@F % _ll?g %1%9‘1 ctfﬁrﬁﬂ c‘h‘roxﬁ%é&ﬁﬁy &[s l)ca,
Fc(10% +& ( hexanss/ dBlthQmNrﬂmgkl%FExéMQBﬂ}]&yﬁMmg a Bofl@30 &, (82%). 'H

| Eﬁ%iSEﬁ?Iﬁ Oadr BRI AN mﬁfﬁeéé@&éﬁ & b3 apy6.2s eI =
- Fe10%+& (y1m iFs LN, 7o (L %b&pﬁ%%%/z (@)= 8.1 Ha, O SCNMR

| Fo(10%2& (P-27.8,B5(38%71824) 15l 2,F1:1113}%2‘f& 130.6,1304, 134.1, 1375, 149.8; FAB-
Fc( 109% +& () - qﬂlﬁlf! L KIS, B Po( 109648 5z Fc(10%\+& () = b(
Fo( 1006 +& (MS0 ﬁ&caéf)d 31160 d@NO)=. 1 1 9"

JacErsvae -t on C?"(“F‘ﬁv@f{%‘iﬁ'@%"gf e @bﬂ?ﬁiﬁﬁ A +53)() A
. Fc(10% +& ()selatlolFof TOH2+-8&, 3.9 zman dnd (P& 14 nil. %Xﬁﬁ%ﬂﬁ‘ﬁ#ﬁlﬁ@}ﬁﬁe (36

Fc( 109 +& 1096 +&' () - 1098 +&
FgE10%‘+& 8’1@ 966 = L %Fé éow@uk@%ga?qﬁs t (68 mlays M yepction was

Fo( 1006 ( JiomitBfed B 3?3%[5?3@ bRl s 1) SSRPRAAS W g,
Fc( 109 +&' ( IS&H%M@W@&&QS&@D weey ddaid +8d (e mixtine (VAP clell -vith CH;CI;

Fc(10% +& ()r 1098 +& gg =. b( 8&9&&&&&A(D( pO. : RO3" 109202&' () -
n03" 1094V N& P? com ined organi¢ layers were washed with water, brine, dried (Na;SO,),

concentrated, agld purified by flash chromatography [silica, hexanes/ethyl acetate
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n03" 1098 N& (

= Fc(10%+& ()-=.b( Fc(10%+& ()-=.
Fc(109%+& ( D( E( FEG(Q))*’Q/M R\ "10%0' ?& ()-n \ ' 10‘7?/[3&55(:-2\0%

) -
) =.
@' 10%' & ()-F @' 10%" & () -
#10% o', & () -1102021020210202* X+[ +"+a+d+, | [: vU4 R- |l(1)O%I'o T& ()-M
- 1410%0' T& 6, 10%T&T& 0$10%0' T& ()- " 10%" & ()-& \
1 10%' g () - %A«l)]ooédmrmﬂm&du@#{@m leted (ip-TRiroT SmpYDtrThaerized). The

L ;égga 113 uedg?%xi:?ﬁg/d i{t%&(e%f&a E?%’W Wgollcfmgb i, 63901 (hip 198120

[/ 10% (t & °c=i RMR%) 1.87 (9, 9Fmy, 4. 18 .8 €9 BMHH), 6.10 (m, 1H), 622 (d,J=3.0
= 10f(ml 45&) rrIngll 11‘?11\/\1\/%1?3 ﬁchS?%f%% @g_l)_ V 1(16%’/6 Ht)& ()E s9Y
10% (t & () - H2o 1H)ok-04 @y H)7.16(d10948 Hz(3 (sﬂo%@t@H(z; 1), 771, J=

prLovL D)- rhamh AR os;;’wé“ﬁ%&ﬁ 5 gohp OB 1058, 19896 i ) - <
S 116.3, 121.0, 126.8, 1285 1304, 130.8, 135.0, 1374, 150.0; FAB-MS obsd '
- 448, 0659 caled 448. 0648; Anal. Caled for ConmNzOz G, : 53.6_;H.; 4.7; N, 6.3.
'Foundcs41H49N59 o -
-(4—Iodophenyl)-9-(4-méthy1behzoyl)-lO—N—(teft- :
10 butoxycarbony])dxpyrromethane 9). A solutlon of 8§ (448 mg, 10 mmol}) 1n
: anhydrous THF (1 5 mL) under argon at 0 °C was treated slowly with EtMgBr (I1Min
] ) THF, 2.5 mL, 2.5 mmc_;l). The nuxturc was stlrred for 30 minutes at 0 °C, then, p-
o - toluoyl chloride (200 pL, 1.5 mmol) waé_.added slowiy and stirring was continued 'for
1 hat0°C. The reaction was quenched with satd. aq NH4’C1}an.d extracted with
15 ) CHzClz. The cbmbined organic léyéfs were washed with water, 'brin_e, dried -
, (NaéSQ;), c_onéentrated, " and the product was purified by ﬂash_ column
chrbmat_ogfaphy [silica,,hexanes/ethjd acetate (4:1)]. The product was obta-:inéd as a
pale white solid (375 mg,' 66%): mp 120-121 °C; (due to pos'sible rotamers the 'H
" NMR and C NMR are no't very clean) 'H NMR & 1.56 (s, 9H), 2 42 (s, 3H), 4.29 (s,
- 20 | 2H), 5.95 (m 1H), 6.26 (m 1H), 6.76 (m, 1H), 7.09 (m, 2H), 7. 16 (m 1H), 725 (m,
28, 7.31 (m, 1H),771 (d, 8.7 Hz, 2H), 7.77 (d,J 8.1 Hz, 2H),995 (br, 1H); Bc
NMR 8 25.2, 27.8, 31.7, 84.8,92.3, 1093, 111. 5 119.6, 121.5, 125.8, 126.3, 128.9,
129.0, 130.2, 1306 134.7, 135. 8,137.5, 138 6, 1420 149.7,°183.8; Anal. Caled for
- CagHy7IN2O4: C, 59.4; H, 4.8; N, 5.0. Found: C, 59.4; H,4.6;N,5.1. -
25 | 3-(4-Iod_ophehyl)-Q-@-méthylbenzoyl)dii)yrromethane (10). Following a
' ~standard method for the deprotection of BOC—protected pytroles "(Hasan, Letal, J
- Org. Chem. 1981, 46, 157-164), a solution of 9 (328 mg, 0.58 mmol) in anhydrous
THF (4‘ mL) under argon at room temperature was treated with methanolic NaOMe
(0.7 mL, prepared by dissolving 200 mg of NaOMe in 1.0 mL of MeOH). After 20-
30 25 min, the reaction was quenched with a mixture of hexanes and water (20 mL, 1:1)

- :\‘_':v/.

and extracted with ethyl acetate. The combined organic layers were washed with
. water, brine, dried (Na;SOy), and purified by flash column chromatography [silica,
hexanes/ethyl acetate (3:1)] to yield a pale brown solid (216 mg, 80%): mp 185-186
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X22/ 445. 777 [: 2] 10% hyF 10%& ()-*(( yF 10%!%& ()-*(( y ()-*(
yF' 10%/6%/&" E)-*l( HyF' 10% S% & ()-*() %F 109%#& () - *(77J7X§ngﬁ’?

109% *f#109&& ()-Z( :109&& ()-( n. 7#109&& ()- @ u. TH1098& () -

a' yF 1098 ()-*() GXyF 109&' ()-*(999999999~]<| 10%  s&L0% & ()

#1094 & ()-#10"10" (10" % 1096 & ()-i @MAO% & ()-M 0<10% & ()-94; $<<<<<|[ <]
10%  #&| 109€C8 K)NMRG 2948064 T, B- 7 (S) 2%:0%9(1& IBI) 636 CAOVEYGHS (6, -

109 e ())C &#ﬁ/{%%%&ﬂéﬁ%k T D, Lol avas de 2t é@maﬁp Al

o6 A0okr Bk i v IKBES A U AL oo d e, e A2 Sy 1

 6# 10% & () 1129 01029.0; 130 0.<1313, & 36)5, 1@#@643@%% Ié)Z@ﬁSﬁ@@A@%@oﬁQd ps
1 #C8, 10%1& 561# ngHHaI K v, 109% & & ()- -

(v, 109 &5() 0)@14@@%269%@1 {ided: &ar(%sH@g w01®1&592 H, Ei)l N, 60
110" 10'  '0<10% & ()-- -v, 109m&"

gv()locygﬁ’lgl&wlﬁm%%fwﬁ "V, 10%& () - 6nNsz(C])3PR)'R|[ NAg| 110‘ -

@Y0% 1 : & ()- ) MBIHbIR-@iodop a& 4-hmeth) 1%&2%3&}011@11%%9%0#?&)()

9 R | RRSTU| [ : NAd| 11 #1058 10%
,ﬁ.!i?{%?}ﬁi E) i gagf}@rlgg[: ped u'rgg b, g P. et( J. Org. Chem. 2000 65, 3160-

1085, N b ATt B o
)°/<100/&&1()) fto yy&mmem(gbﬂ/ Repfb0iiked IBS (48@%%()&6&11(1)01}{ waddi4] and the
. reactlon mlxture was stirred for 1 h (=78 °C) and then quenched with a mixture of |
hexanes and water (20 mL, 1:1) and allowed to warm to 0 °C. The aqueous portion
was extracted with reagent-grade ether and the combmed orgamc Iayers were dried
"over K2COs.  The solvent was evaporated under vacuum at room temperatu:e
o 15 Punﬁcatlon by ﬂash column chromatography [sﬂlca, hexanes/ether (2: 1)] afforded a
" | .yellow sohd (120 mg, 5%) The bromod1pyrromethane is unstable but can be stored
for several weeks at 0 °C. mp 160 °C (decomp); IH NMR 5.2.44 (s, 3H), 4.09 (s,
- 2H),6.12(d, J= 30Hz 1H), 616(m, 1H), 689(111 1H), 714(d J=17.8 Hz, 2H),
o "--'730(d J=7.8Hz, 2H),771 (d,J= 81Hz,2H),780(d J= SII-Iz,'?H), 10.33 (br
20 1H), 1159 (br, 1H); BCNMR § 21.6, 24.9, 91.1, 97.9, 1102, 110.5, 122.8, 123.5,
' 1254, 1292, 1302, 130. 0 130.8, 135. 2, 135.4,137.5, 139.9, 142.8, 186.1; FAB-MS
: ‘obsd 543.9642, caled 543 .9647; Anal. Caled for C23H13Br]NzO C, 50.7; H 3.3; N,
5.1.Found: C, 51.3; H,3.5; N, 5.2.
3-]4- (I'nmethyls1lylethynyl)phenyl]-9-(4?methylbenzoyi)dipyrromethane '
25  (12). Samples of_' 10 (279 mg, 0.599 mmol), sz(dba)g. (42 mg, 0.046 mmol), Ph;As
(113 mg, 0.369 mmol), and Cul (9 me, 0.047 minol) were added to a 25-mL Schlenk
flask. The flask was evacuated and purged with argon for three times. Then
‘deaerated anhydrous lTHF/Eth (6 mL,. 1:1) was added aﬁd - followed by
trimethylsilylacetylene (127 pL, 0.90 mmol). The flask was sealed, immersed in an
30  oil bath (37 °C), and the mixture was stirted overnight. Then CH,Cl, (20 mL) was
| added and the mixture was filtered through a pad of Celite, washed several times with
CH:Cl,, concentrated, and the residue was purified by flash column chromatography
[silica, hexanes/ethy! acetate (3:1)] to afford a yellow solid (262 mg, quantitative):
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& & ()-1 :)YO0%R<& ()-/] @" vu4| 1 p, 10% & ()- 17 DE
HS#10% & () - y10&&&10&&&10&&& 39A0YR&&& ()- NN3YAOIRE () - C 2004
1)940%&& ()-1_Z eghii|[:vU4| 1  <10%& ()- FLl#10%& ()- F1#10% (& ()

- H#3"10W" &

&) 1098& () -
" H#109F0" T&

(-7 *3"10%& ()-, y3"10% & ()-,iiiiiiijkyX7] 1 & 10%& ()-$

B i T T WA Ve DI 0-

- XF, )" 109%& ()( tm)l@ﬁ@f&n )1H§$ 68 éﬁ%ﬁb&?i@ (@lraﬂ&)ﬂﬁ%#ﬁ%gﬁs @, J=81Hz,

© X&) 10%#& ()
"10% & ()-1

rssssszttv

AL 8|7F11$QIW‘7((91;J1=£$11 O\51 Geatitp §0.96 (e v

- @c(10% #& (ﬁc Moéﬁ @‘V%%&g%r 105. ﬁgi%g,f/ ‘iﬁ&ﬁo}é@ 4 &11§(91015§‘% %3104,

- 6#<10% §c5( ) Fweo%%e%%%%@h 3§ 5.5 ﬁ‘ﬂ@%% 5142, 61%9%&}(&3-1\43 obsd

ve(109R&' () -

3|V

10

Bi M 10%
436.1972, caled 436.1971; Anal. Caled for ngstNgOSI C, 770 B, 6.5; N 6.4,

FoundC763H63N63 ‘ .
-Bromo-3-[4—(tr1methyls1lylethynyl)phenyl]-9-(4-
methylbenzoyl)dlpyrromethane (13) Following the procedure for the synthesis of

" 11, treatment of 12 (150 mg, 0.34 mmol) with NBS (60 mg, 0.34 mmol) afforded a

pale yellow solid (160 mg, 91%): mp 140 °C (decomp); 'H NMR 8 0.26 (s, OH), 2.44
(s, 3H), 4.12 (s, 2H), 6.17 (m, 2H), 6.89 (m, 1H), 7.31 (m, 4H), 7.50 (4, /=90 Hz,

" 2H), 7.80 (&, J = 8.1 Hz, 2H), 10.16 (br, 1H),1142(br, 1H); 13CNMR500 21.5,
©25.0,94.1,97.9, 1052, 1103, 110.5, 1204, 1233, 125.5,127.7, 1292, 130.7, 132.1,

135 4, 135 9, 1397 142.8, 185.9; FAB- MS obsd 514 1079, calcd 514.1076; Anal.

| .CalcdfonggHﬂBrNgOSl C,652;H,53; N, 5.4. Found: C, 65.1; H,5.2; N, 5.3,

15
20
)
25
30

-(4-10dophenyl)dlpyrromethane (14). Follomng ‘the deprotectlon
procedure used to prepare 10, a sample of 8 (225 mg, 0. 50 mmol) in- anhydrous THF

‘(4 mL) under argon at room temperature was treated with ‘methanolic NaOMe (0.6

mL., prepared by dissolving 200 mg of NaOMe in 1.0 mL of MeOH). After 15 min,

the reaction was quenched with mixture of hexanes and -water (14 mL,_ 1:1), extracted

- with ethyl acetate and the combined organio layers were washed with watei' | brine,

then dried over NaZSO4 The reszdue was passed through a filtration column to yield a
light ‘brown sohd (160 mg, 92%) Analytical data are in accord with the literature
(Balasubramaman, T.; Lindsey, J. S. Tetrahedron 1999, 55, 6771-6734).
3-(4-Iodo_phenyl)-1-(4-methylbenzoyl)dipyrromethane (16). Followiﬁg a
general monoacylation- procedure for unprotected dipynomethanes (Rao, P. D. et al,,
J. Org. Chem. 2000, 63, 1084-1092.), EtMgBr (1 M solution in THF, 2.2 mL,.2.2
mmol) was added to a solution of 14 (385 mg, 1.1 rﬁmol) in anhydrous THF (14 mL).
After stm'mg for 10 min, the flask was cooled to =78 °C and a solution of pyridyl

thioester 15 (255 mg, 1.1 mmol) in anhydrous THF (3 mL) was added slowly. Aftera

few min the cooling bath was removed, stirring was continued for 1 h, then the

- mixture was quenched with satd aq NH4CI, water, and then extracted with CHyCly.
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& ()-* 510% & ()-1 yvi0%( Y& 4%4.0% &) & () - ! #$UR3~' }\
g) T( )10% $ & (§ Z(7))T %%ﬁoé ()()27 S#10% (t & ()-v10(10( 10(@?#%@«@06)
SP1O% & ()-0';7*|[:}\;| 1 L)T, 10%& ()-277 )T, 10% & ()-Z77 )T, 109%& ()-27
)T, 10988 ()-27 HT, 109& ()-27) )T, 1098& ()-Z7*{| obU4| 1

#10% (t & ()10t (110t (110t (17 ~<10% (t& ()- )T, 10%$& ()-27 )T, L0%& ()-27) -

)T, 10988 () 8% m]nhmequrgamc layers were washed with water, brine, dried (Na;SO;), and

| EHZT/& (1t & (%oncjemgatég S'ﬁxfo} re%ﬁﬁ%o%gérg e)d v?&'?;%t?n@e(dtl% Qlo -gllfct%s%g/vae ﬁ& (=%
| Fgg)(gl |( t fc ();om&naqgﬂléa, &e{(anemﬁlﬂgc@t&&@s 4)1; AfreHNg eSathdr fg&ﬁé&?&%b%ﬁ) *

< .
+F+10% (t & 2§%)mad gmmajer ispmen 10-(F0hnig, &§309). -Vatd 666 (6: &g 196-9C Rgpotng); "B

e ipa (8 Q52094 S8 13 Tor bR 0650 e 6 PG, B ol + 7

. tF ;ig;f@gf &1( eSO, (-85 Q)Hi“zﬁl‘f% LR RLRY 0 Q)77 0% 5 +] A
T +F+10% (t & (9, J-I=F$.]1C1% (2R, 9)17{bﬂ:tm%(18 )mﬂa@?@@g 1.6 W?E)8<ﬂ¢6 g
| 5323\;@“‘5‘ ()10++F+1 le&l( 24+3F +1272 12;&1§b§r 125+2F+1%209/$ (1t3%2( )13:{?%?5/%(53% g) .

F+10% (t& ()1375”1%4‘9( ks W) -FREM sk aéd 0575 Qlid ko 6.)542”*511&10(@4&&&9 +VM

*+xX@| 1
+F+10% 108 CoEhRLOUY S&Q(H, 44N 0% Fm&lcx): SOA1O0M(% &, 6)8. +++, ~pX<4|

F+10%.(t & () - ++Fy] AL Q) 3109 t& () - ++F+10% t&().-+F+10%(t&() +) %+

[\]PsX74] 1 ° ronio- -mdophenyl)- -(4-methylbenzoyl)dipyrromethane (17).

SisBvbal 1 E“?‘}%‘%‘é‘%‘é@%§ﬁ°@%§% P hef T MR TS T2

HO#1090&' () nivholRfithNBS (12 nig, DOMSMnRI] baveba ;ﬁEI’éb&%Jw s&h(l)(i 8Pm@, 87%): mp
T S whose (%og%:{)ﬁg ' N5 23516 510, 406G, 495, %04 (m, 120, 6.00 G, 1B,
g 15 6.96(d,J=2.1Hz, 11—1),718(d J 8.7 Hz, 2H),729(d J= 8.1 Hz, 2H), 7.74 (d, J
= 8.7 Hz, 2H), 7.80 (d, J = Sle, 2H), 9.80(br, 1H), 11.53 (br, 1H); "CNMR was ~
. attempted i in CDCl; but the compound decomposed upon Iengﬂ:ly data acquxsmom o
- 'FAB-MS obsd 543. 9628 calcd 543. 9647 Anal. Calcd for ngngﬂ'Jgo C,507; H,
©33;N, 5.1 Found: C, 512, H, 3.4; N, 5.0.

20 S 2- (2-trans—N1tr0vmyI)—3 (4-1odophenyl)pyrrole (18). A mixture of 5 (1 485

- g, 5.00 mmol), KOAc (492 mg, 5.01 mmol) methylamme-hydrochlonde (402 mg, .
~'5.95 ramol), and nitromethane (45 mL) under argon was stirred at room temperatw:e
~ The mixture slowly became orange and yielded an orange-red prec1p1tate The
reaction was monitored by TLC and after stirring for 2 h, the TLC showed the
25  appearance of a new component and the disappearance of 5. (A longer reaction time
) (10 h) led to formation of the Michael addition product, 2-(1,3 -dinitro-2-propy1)—3~(4-
iodophenyl)pyrrole, in ~30% vield.) The reaction was quenched with bﬁne,”extra_cted
wﬁh ethyl acetate, and the organic layers v?ere dried (Na;SQ4) and concentrated. The
residue was treated with hot ethyl acetate and filtered, then concenirated and
30 dissolved in hot CH,Cl,, followed .by precipitation upon adding cold hexanes,
' affording an orange solid (1.52 g, 89%): mp 217-218 °C ( decomp); 'H NMR
(acetone~dg) & 6.56 (d, J=2.1 Hz, 1H), 7.32 (d, J = 8.2 Hz, 2H), 7.35 (m, 1H), 7.81
(4, J=13.5 Hz, 1H), 7.90 (4, J = 8.3 Hz, 2H), 7.99 (d, J= 13.4 Hz, 1H); °C NMR
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e Ohadple o8 %6% oo Refn Gnd Sadsbivkd i acifyarout T Mdots Qe RtT 4 O }- |
..cp, g)i%*& () 919 Ra&0HES &) 0 PEO Ndamoféb&lﬁg i@@cpmia&b%*&aé Ld&e%qn%rtﬂ&gfdaﬁd() yoL
_ o cp, 10%& @mm}mamslqu)ﬂnwd;mm%ﬂmeg)thqwgwmwd @ozmpxeorp :
%Bs\l/\g(yT& .(_) ?rgtgle O’I/ﬁ-e re(azztlé nﬁﬁtﬁ%%& Qeu&a%ze&p OS/g-e c(a%ld}(%lc-loi"jﬁ(y%& 0- }9@

cp, 10%*&2 0) v&a@e@qsé%ﬁw& 2H884 Gt iﬂéo/ﬁéxtﬁ}e kv%ﬁléx&%&wﬁfh e}tﬁﬁ a‘o%taié)%r&e() }9K |

- LMKX@
o%cp 11)%& (cympmeé ot (Ipygroowers, m%b&d( )vu}hgc\patm%s&nq ) dpgé (R2524),| 1?'

1096-8" () b 28nilhed Q6P pah QB a0 i RO foicd HBkad BRI O - 1 92

[ sSW: |

cp,. 10%& ()a}:&@t@ iﬁgit& w)s& ﬂe@ﬂn&%%&(ﬁ)z%%@% YERE.:: @818)3\"?29@1{%%’/@&1() yor
01XyzXX@| [ 1096 & /ol-& 109%6+& (1) }90,
stupX<:| 1- (t,J 6p6I-Iz 2H), J= 6.6 Hz, 2 626(3 1H),674(s 1 87(d,J-

iy 1 L4 508 A RS A 1.0 190
: 117.8, 122.1, 122.2, 129 8, 135.7, 137.7; FAB-MS obsd 341 9877 calcd 341 9865
 Anal Caled for C1zHuIN,Oy: C, 42.1; H, 3.2; N, 8.2. Found: C,42.3;H,3.3;N,8.1.
. [3-(4-1odophenyl)pyrro-z-yl]-2-mtro-3,3-d1met_hyl_—5—hexanone, - (20).
 Following the prb@edﬁre for a B-unsubstituted pyrrole (Su'achan, LP. et al,, J. Org.:
20 Chem. 2000, 65, 3160-3172), 2 mixture of 19 (103 g, 3.0 mmol), CsF (228 g, 150
 mmol), and mesityl oxide (1.72 mL, 15.0 mmol) in anhydrous acetonitrile (22.5 mL)
o ) o waes heated at 80 °C for2.5h t03 h, dunng Whiéh the mixture turned from colorless to .-
- brown and then dark red. ' TLC analysis confirmed the absence of starting material.
~ The solvent was evaporated under vacuum, the residue Was taken up m ethyl acetate
25  and filtered through 2 pad .o_f silica using ethyl acetate as eluant. ‘The solvent was '
eviporated under vacunm and the product was purified by a gravity column [alumina,
hexanes/ethyl acetéte-(zzl)] followed by recrystallization from CH,Cl,/hexanes to
 afford brown crystals (550 mg, 42%): mp 124125 °C; ‘HNMR & 1.08 (s, 3H), 1.19
(s, 3H), 2.11 (s, 3H), 2.37 (d, J = 17.4 Hz, 1H), 2.56 (d,J = 17.4 Hz, 1H), 3.15 (m,
30 1H), 339 (m, 1H), 520 (m, 1H), 621 (m, 1H), 6.68 (m, 1H), 7.10 (m, 2H), 7.70 (m,
© 2H), 822 (br, 1H); PC NMR 5 23.9, 24.2, 24.8, 31.6, 36.8, 512, 91.1, 94.2, 100.1,
| 117.8, 1222, 1224, 130.1, 135.9, 137.5, 206.7; FAB-MS obsd 440.0605, caled
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10) igé(mg ()31%& %’1)12 %Oso/ ution 0%20 (Zgolz?ng,ib%o(n)lmglj)'manl‘%y%rousTI&%(SC 0 II)]L) under o
)10, & () fidn)hieedied itk Naontd 0845 g 3%hmbid Ve s bl ohis) % £ ) - €1

yz"#xX@| 1
'y)z )10%{ & (b)amdemlaea@er&me) Eﬁl‘it ﬂas)c].OMasec(ohdcﬂhsk,lﬁ%{g,(&ﬁ(h%lmﬂ%*mpX<4I

)10% & () %HGL PRl &1 ypal Pl sapivalend)anfidg (0 ph)orer wowbimed) - o1t -
"#sSW 4| 1

) 10% . & () o456 }(5 g Vs c‘_iLdeSd t)"1'36’3;2er e ?"mic’”) ?Pog)i[ 6> (‘"‘}“‘cﬂ_‘f”) Tﬂ:o@oim@ ()-c1

 H#SWy z{ x)I@| vias added. The nitronate anion of 20 formed in the first flask was transferred via a

10 & O Qe&n“? Ja ot T sogionie e sepod ook deyicoat 1G98 wld) “c1p
IT00k & () SRR Beyongts auign feskymd the supoment ag alsa tnsfeed oghe, g )

I SUVWX X@H| buffered TiCl soluuon The resulting mixture was stlrregl at room temperature for 6 h -
3 12)%/?‘@ O S i mida e %ﬁ%q%%}é%i%x%é%q Wi vk e 26 e oot 10
S0, & ( ) amcld%}m&%e)re ST To% 5% 32 R o #9189 46°Y) - 1z

(M xx@| 1 (MeS0ai  Te(solvent Mivpmeved undsr) relia@a pr&Ss@e aﬂr@oﬁﬂ Wnigrdyrec1, )

N pX<4l ~ Thecmde product was.passed_ through a short column [alumina, hexanes/ethyl acetate
© (2:1)] to afford a light green solid (80-92 mg, 45-50%): mp 140-142 °C; 'H NMR 5
C 1.18 (s, 6H) 22.(3 3H), 2.52 (s, 2H), 5.89 (5, le), 6.26 (m, 1H), 6.85 (m, 1H), 7. 19-
20 (m, 2H), 7.69 (m, 2H), 11. 09(br 1H); ‘3CNMRazo7 29.1,29.7, 412, 53.7,90.3,
1102.3, 108 6, 118 5, 122.2, 127.5, 1304, 136. 8, 137.4, 161 9 1772 FAB-MS obsd
390.0595, calcd 390. 0593 (C;gH;glNz) Aaps (toluene) 352 nm. . _
" General procedure for chlorm formatlon Zn(11)-17,18-Dihydro-18, 18—‘ S
' dnnethyl—s (4-methylpheny1) 12~(4-1odophenyl)porphyrm (Zn-22) Following a
25 general procedure (Strachan, J. P. et al., J. Org Chem. 2000, 65 -3160-3172), to a -~
'- solutlon of 11 (110 mg, 0.20 mmol) { in 7 5 mL of an.hydrous THF/MeOH (4:1) at
room temperature was added excess of NaBH; (1 00 mg, 2.6 mmol) in small portions.
The reaction was monitored by TLC [alumina, hexanes/ethyl acetate (3:1)] and upon
~ completion the mixture was quenched with cold water (~10 mL), then extracted w1th_
30 distilled CHCl; (3 x 25 mL). The combined organic layers were washed with brine
- (50 mL), dried (K2CO;) for 2-3 min, and concentrated in vacuo at room temperature
to leave the resulting carbinol 11-OH in ~1-2 mL of CH,Cl,. The WH 1 (45 mg, 0.24
mmol) was dissolved in a few mL of anhydrous CH3CN and combined with 11-OH,
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| j iig%g 8 1lh¥éf%g~@lg\%sﬁn)ed “htp]\g% éx&b%]% cfnpl} ggl/%gj& Qd t;hJe ;.%%gﬁt‘%v%s%remﬁ
U i*j*10% & ( )va,cpd ht)%t&h(t)smpef‘apﬁéﬂ%'& (részdue*\if%’/tﬁ&sél)fcd !1ﬁ mmﬁ%<ﬁ' adh d:rous -
T *10%{& 0- 10% & ( *10(@@@&@ i ] * 100 & () -, *10% dex70 1

" BO19A 0%y #( y&ObIFn? /@@0@ e # lpgra ?ﬂmoo}@,@lmndm&ﬁ §L0(r;1m0{bu4| 1
(10%& ( ﬁ}g? o &6““}
0208 ool o TR LEGAP: 30 o Mgl Yo ged Drhe Bk st ys peaed o
=( 10%7&7& ()80 °C for 2.5 h. The reaction was monitored by TLC [3111ca, hexanes/CHZCb, (1)
) ' ) _‘ 'showmg a smgle green spot)] and absorptlon spectroscopy (bands at ~410 nm and |
" - ~610 nm) The color change of the reaction mxxture from red to green indicates the

. formation of chlorm The reactlon mixture was cooled to room temperature ‘then |
15 passed through a short column (sﬂlca, CHgClz) The ma]or fractlon was conccntrated -
| and again’ chromatographed [sﬂlca, hexanes/CH2C12 (2:1 then 1: 1)] The greemsh _
| blue solid obtamed was dissolved i in a mmmum of CH2C12 and prec1p1tated by adding "
" hexanes, affording a greenish blue solid (25 mg, 18%). H NMR & 2.01 (s, 6H), 2.67
7 (s, 3H), 4.48 (5,21-1),750 4 J= 72I—Iz 2H), 7.91 d,J= 7‘7Hz,'9H) 795 (d J=
20 8.1 Hz, 2H), 8.09 d,J= 8.1 Hz, 2 2H), 8.51 @, J =42 Hz, 1H), 8.67 (m, 5H), 8.78 (d, -
- J=42Hz, 1H), 9.56 (s, 1H); LD-MS obsd 693'78 FAB—MS obsd 694.0580, caled
' _694 0572 (CasHorINGZn); Asps (toluene)/nm 411 (log g= 5 33 fwhm = 18 nm), 616 g
(4.76), Aem 619, 674 nm. | - | |

Notes about chlorm formatmn (1) The complete reduction of the carbonyl

R

25 in the EH precursor to the correspondmg carbmol sometimes requires. addltlonalr '
| NaBH,. The reduction must be complete pnor to perfor;mng the chlorin forming
reaction. (2) Upon workup of the EH the orgénic layers were dried in K>CO; (the
carbinol decomposes quickly upon dfying over Nazsog or.ng'SOQ;). It is important to
not take the EH solution to dryness, as the EH in dried form is quite labile. (3) The
30 EH upon workup, and the condensation solution giving the dihydrobﬂene-a, generally
were either yellow or light red; these solutions led to chlorins in good yield. In some
. instances, further darkening was obSeﬁe& in which bas_e low yields of chlorins were

obtained.
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1’7,1S-Dihydro—l8,18-dimethy1—2-(4-iodophe_hyl)-s-(tl-methylphenyl)—lz-{4—

* [2-(trimethylsilylethynyl|phenyDporphyrin  (25). Following the general

30  demetalation procedure, a sample of Zn-25.(11.0 mg, 13.7 pmol) gave a green solid
(8.0 mg, 78%). 'H NMR & -1.95 (br, 1H), -1.70 (br, 1H), 0.36 (s, 9H), 2.0 (s, 6H),
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wherem _ ‘ o :
' mlsatleastl

X1 isa charge separation group havmg an exclted-state of energy equal toor

- lower than that of X2

20

25

30

- X? through X™ " are chromophores and -
Xis electncally coupled to said ﬁrst electrode, said solar ccll further -

) CO]J.lPI‘lS]Ilg

(d) an, electrolyte in Sald space between said ﬁrst and second substrates

2 A solar cell accordmg to clarm 1, wherem Xl through X“‘Jrl compnse

' porphyrmc macrocycles

3. A solar cell accordmg to clzum 1, further compnsmg amobile charge -

carrier in said electrolyte

4 A solar cell accordmg to claim 1, wherein sald electrolyte comprises an

aqueous electrolyte

5. Asolarcell eccording to claim 1, wherein said electrolyte comprises 2 non-
aqueous electrolyte.
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7.A solar cell accordmg to clarm 1, Wherem sard electrolyte compnses a
5 sohd '

8 A solar eell according to clann 1, wherein said solar cell is devo1d of liquid

in sard space between sard first and second substrates.

1 9 A solar cell accordmg to claim 1, wherein said charge separation group XI '

compnses a double-decker sandwich compound

10 A solar cell accordmg to claim 1, Wherem said hght harvestmg rods are .
oriented substantlally perpendlcularly to sald second electrode B N

'_ N 11, A -sola_r cell accor_ding to claimr 1, wherein said light harvesting rods are

"~ linear.

. A solar cell accordrng to clann 1, Wherem said 11ght harvestmg rods are
20 not greater than 500 nanometers in length, '

13, An 'electrical device, comprising:
(@) a solar cell according to claim 1; and
_ , (b) a circuit electncally coupled to said solar ce]l
25 | o o
14. An elec’mcal device according to claim 13 wherein said c1rcu1t comprises
. aresistive load.

15. A solar cell, comprising: _
30 : (a)-a first substrate comprising a first electrode;
{b) a second substrate comprising a second electrode, with said first and
second substrate being positioned to form a space _therebetween, and with at least one

of (i) said first substrate and said first electrode and (71) said second substrate and said

second electrode being transparent;
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wherein:
5 o mlsatleastl
_ - X'isa charge separatlon group ha,vmg an excrted-state of ¢ energy equal to or -
: lower than that of X% '
X? through X™! are chromophores _
e o X is electncally coupled to sa1d first electrode and o _
e \\) o 10 x! through X“+ ! are selected so that, upon injection of either an electron or
‘. | ~ hole from X! into said first electrode, the corre3pond1ng hole or electron from X1 1s
transferred to at least X2 sa1d solar cell frther ¢ comprising -
(d) an electrolyte in said space between said first ancl second substrates and
(e) a mobrle charge ca.tner in saxd electrolyte
16. A solar cell according to clairo 15, wherein X! ‘through X are selected
50 that upcn IIl_]BCtIOll of an electron from X! into said ﬁrst electrode, the B

'correspondmg hole ﬁ'om X'is transferred to at least X2

o 20 . 17. A solar cell accordmg to claim 15 wherein X’“+1 is bonded to said second
» ) - relectrode

18. A solar oell_ according to claim 15, Whereln X! through X™! comprise

porphyrinic macrocycles.

19. A solar cell according to claim 15, wherein said electrolyte comprises an
agueous electrolyte. o

30 20. A solar cell according to claim 15, wherein said electrolyte comprises a

non-aqueous electrolyte.
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24. A solar cell accord.mg to clann 15, wherein sa1d charge separaﬁon group
- Xlisa double-decker sa.ndmch compound

25. A sola.r cell aceordmg to claim 15, Wherem said hght harvestmg rods are
15 onented substannally perpendmularly to said second electrode |

26. A solar cell aecording to claim 15, Wﬁefein said light harvesting rods .are_
linear. S IR - '

- 20 : 27. A solar cell accordmg to claim 15, Wherem said light harvestmg rods are
not greater than 500 nanometers in length ' )

~ 28.An elect'rioal'de\}ice,' comprising:
(@) asolar cell according to claim 15; and

25 (B) a circuit electrically coupled to said solar cell.

29. An electrical dewce aocordlng to claim 28, wherem said circuit compnses ‘
" aresistive load. '

82




| " #SY&' () *+, - ./ 0123456789 ;
<=>? @\BCDEFGH JKLMNOPQRSTUVWMKYZ[ \ ] A

_ " abcdef ghi j kI mopagr st umﬁ??}m%

I H#$UR' () *+,-./0123456789: ;

10
15
20

, porphynmc macrocycles

25

wherein:
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30. - A solar cell, compnsrng
(a) a ﬁrst substrate compnsmg a first electrode, '

(b) a second substrate comprising a second electrode, Wlth sard first and

o second substrate being pos1t10ned to form a space therebetween and with at least one .

of (i) said first substrate and sa1d first electrode and (zz) sald second substrate and sard

second electrode being transparent; -

(c) a layer of llght harvestmg rods electncally coupled to said ﬁrst electrode

each of said hght harvestmg rods compnsmg a polymer of Formula I

m1sat1eastl

 X'isa charge separatlon group havmg an exc1ted—state of energy equal to or

- -T lower than that of X2

X2 through X" are chromophores _
X'is electncally coupled to said first electrode and
X“‘Jrl is electncally coupled to said second electrode, satd solar cell further

_ compnsmg

(d) an electrolyte in sald space between sard ﬁrst and second substrates

31LA solar cell accordmg to clann 30, wherem Xl through X"1+1 compnse

- 32, A solar cell according to claim 30, wherein X! through X™ are _'selected

S0 that upon injection of an electron from X into said first electrode the

: correspondmg hole from X' is transferred to X™*,

33. A solar cell according to claim 30, Wherem sa1d electrolyte comprises an

'aqueous electrolyte.

34. A solar cell according to clairn 30; wherein ‘said_ electrolyte comiprises a

non-aqueous electrolyte.
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35. A solar cell accordlng to clalm 30 wherem sard electrolyte compnses a

. polymer electrolyte

36. A solar cell according to claim 30, wherein'.s-aid electrolyte comprises a

137 A solar cell accordmg to clann 30 wherem sa1d solar cell is devoid of

‘ hqmd in sald space between said ﬁrst and second substrates

_‘ 38. A solar cell according to clann 30 Wherem said charge separatron group o

X'is a double-decker sandwich compound

39.A solar cell accordmg to claim 30 wherem sa1d hght harvestmg rods are

- oriented substannally perpendlcularly to sald second electtode _

40. A solar cell accor_diog to claim 30, wherein said light her:vesﬁng rods are
41. A solar cell. accordmg 1o clalm 30 Wherem sald hght harvestmg rods are'
not greater than 5 00 nanometers in lengﬂ:t.
| , 42 An -ele'ctrical device, comprising
(a} a solar cell accordmg to claim 30; and

(b) a circuit electncally coupled to sa1d solar cell

43. An electncal dev1ce accordmg to claun 42, wherem sard cu:cmt comprises

a re51stlve load.

44. A solar cell according to claim 1,15 or 30, wherein X' through X™" each
independently comprise a porphyrinic macrocycle selected from the group consisting: -
of Formula X, Formula XI, Formula XII Formula XIII Formula XTIV, Formula
XV, Formula XVI, and Formula XVIL
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wherein:

M is selected from the group consisting of Zn, Mg, Pd, Sn and Al, or M is
absent; ' '
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Kl K2 K, K4 K3, K‘S K7 and Kgare mdependently selected ﬁ:om the group
consisting of N, O, S, Se, Te, and CH | ;

s, 8, %, 5%8%, 89, 87, 8%, &, sY, 81, 2 §B ang 816 ére each independenﬂy
selected from the group cons1stmg of H, aryl, phenyl cycloalkyl alkyl, halogen

-a}koxy, a]kylthlo, perﬂuoroa]kyl perfluoroaryl, pyndyl cyano ﬂnocymato, nitro, N
‘ammo alkylamino, acyl, sulfoxyl sulfonyl, imido, amido, and carbamoyl

 and wherein each pair of ' and §%, §° and §*, §° and %, and §7 and §%, may

mdependently form an annulated arene, whxch annulaied arene may in turn be

: 'unsubstltuted or substxtuted one or more times with a substxtuent selected ﬁ'om the |
group consxstmg of H, aryl, phenyl cycloa]kyl a]kyl halogen, alkoxy, alkylthlo
. _ perﬂuoroalkyl perﬂuoroaryl pyndyl cyano, thiocyanato, mtro amino, a]kylammo
| acyl sulfoxyl sulfonyl, imido, amido, and carbamoyl Ny .
- and Wherem s! through Sk may comprise a hnkmg group covalently lmked to
'an adj acent porphynmc macrocycle of X1 through X'“ *1or a lmklng group covalently
| linked to said first electrode

45 A solar cell accordmg to cIaJm 1,15 or 30, Wherem said hght—harvestmg

rods are intrinsic: rectlﬁers of excited-state energy.

46 A solar cell accordmg fo clann 1,15, or 30, wherem said hght—harvestmg

-rods a.re mmnsm rectlfers of holes
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