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Abstract: We report @e sy&hesis & pmp@ies?if three men&s of a new &ss of photochemical model _/ 
c~~scontainingawv~~~~gaih)rinandacyaninedye. IncompoU&l&d2thedy~&Mrbsin 

the 4%570 nm&jj@ &&@?~$ti&?$$r a, tkizh 80% ef&iencyfroni tkc’dyc la tifrle &&@&@@n. In 

compound’3 the dye din @ 65+780 &region and ener& tra&f& occnrs witli 80% &flt%i~$fronr th 

free base porphyrin to rhe dye. The zinc-porphyrin-dyes exhibit both donor and acceptor quenching with only 

mcdemteyields&e&gy~. T%is&rJsisafirststeptowaPdth&d&ek@&tof~artlMal@iye0bi&ome. 
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Introdttcti~a: Light-harvesting by titenna boaiplexek is & Me& fiotosynthetic process. ,Both the 

&km&hyll light-harvestin& &i@leM M.the~ phyc&llMmes am c~m#iSea’of hun& ti,pignien& which 

function in a cocper&ve%ann& tc+ f&X51 photo& energy td tlil react& bnters.1 Givin th& iinportance of 

photosynthetic light-harvesting it is surp&ing that few synthetic mcdel systems have been prepared for absorption 

bf visible light followed by erkrgy &an&r. 24 The?t@cr synthttic challeng& is to&eate a strnctU&pool of 

chmmophores that together pe+f& &f&i&t vect&rial ehergy transfer. Id de phycobilisome, ‘for example. 

sttiked arrays of bilin pigmeW abs&b in’ the +X&-650 I@ rrgionand deafcam a multWp cncTgjr cascade with 

high quantum efficiency, nlt%atHy sensitMn~ chi&$h~ll:Btid &&by extending the spectml Fge for light- 

htiesting.5. The liilin pigMents sre rigidly-witioned in pro&ink &ich self-dssemble to give a fundtiorial 

phy&&ii&me unit. In cre&dng Bil artificial phycobillsomc it is dc&it%ble to preserve the *g&&of&e natural 

system (high fluorescence qu~hatum yields, ii@ 3dimenslonall organization of pigments, ra$id energy transfer, 

self-assembly of the component parts, etc.), but from a functional standpoint there are no compelling tisons tc 

limit the selection of pigments to bilin chromophoms. 

One especially intriguing class of photochemically-active abiotic molecules consists of the cyanine dyes.6 The 

cyanines have an intense long wavelength absorption band (E -50-200.000 M-lcm-1). moderate fluorescence 

quantum yields, and negligible yields of triplet state formation. 7 The long wavelength absorption band can be 
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tuned with precision ikom the near-UV to the nesr-IR by synthetic design Each additional vinyl group in the 

polyene chain shifts the absorption about 100 nm to the red, and alteration of the tern&al gtoups provides finer 

tuning (FQum 1). Wavelength tunabllity is unique to the cyanines and in conjunction with their absorption, 

fluorescence, and photochemical proper& has led to diverse applications such as laser dyes,899 fluorescent bio- 

probes,19 and visible sensitixers in photography.11 

4: x=0, n t, (I 2 C3(I_oj 

5: X = C(CH&, n = 0 C3(I-I) ’ 

6: X = C(C!H&, n = 2 C7(I-i) 
,’ .) *l 1, 

: bvheq 3 and7,refer tothc nlunber. 
ce=bw$hintheGhain). o.a.m., <, ., . -, 8, .-..: . . 

FigureI. Wavelengthtun&illtyincyanined~. 4&l ‘Mb I’ 600 
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.~Thericb.pho~h~~thcaaphyrins.sndcy~:~shss~~~~~.~~~thcnewclassof 

compounds containing a porphyrin and a cyanine dye. To our kuowledge this is the first example of the covalent 

incorporation bf &nine dyes into a synthetic photochemical model system. The elucidation of the photcchemical 

properties of thtk’biehrcmophoric molecules provides a foundation for the more ambitious long-term goal of 

constructing synthetic mu$ichtomophore assemblies for harvesting of visible light. . 
‘~ “ 

: ‘, 

Synthesti ‘The’a&mmetric dyes are synthesized by reactionof two indolenines withr polyene dlanil.1~ lf 

both indohxtines show, equal reactivity toward the anil, a simultaneous condensation withstokhiometric quantities 

will give the asymmetric dye as SO?G of the three dye products. Because the carboxy indolenine 7 is the most 

valuable component, ‘ihe synthesis was performed by sequentisl additions of the two indolenines rather than by a 

simultaneous condensation. By addition of the second indoleniue (11 or 12) after consumption of the carboxy 

indolenine to give the in@mediate 9 (but prior to extensiveformation of the syrmacrric d@boxy dye lo), the 

isolated yield ofasymmetric dye,@%, 14, or 15) was increased ,with respect to the carboxy indolenine. 

‘. 

This apmoach gave. good yieldp~of the) ~.asypunetric dyes (13,14), but the&purification by column 

chromatography posedsevere problems. Losses of up to 50% of total dye due to inreversible adsorption and band 

,taihng.with little selta&onwete common on-reverse phase HPLC.(C% aqueous acet+trik ortetrahydrofurau). 

Silica gel &omatography,(me$hylene cvol). gave,reasonable sepsrations with much less itreversible 

binding. The synthesis ofthe C7 dye @l>;,was perkwmed analogously with facik reaction occurring at room 

temperature under base catalysis. The chmmatogmphic separations were easier for the C7 dye and gave greater 

isolated yields. The G3 and C7 dyes have high solubiitles in solvents such as dichlorqmethane (>o.Ol M), 

acetone, and methanol. 9 



Covalcntly-linked porphyrin-cyanine dyes 4841 

'7 Etz 1 
+nqf ,8bin'=2 

, ..“ 

1 1 
Et (R- AC. or H) t&t; Mb 

9a: n'= 0 9b: n = 2 

13:X=0, n=O 
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We required a facile method for coupling the carboxy dyes 13,14, and 15 with the ammo-porphyrin 17. 

Though aromatic amides are formed readily from aniline and the acid chloride, #tempts to form the dye acid 

chloride for reaction with 17 failed. The phosphorous reagent 1813 was compatible with the dyes, afforded SO- 

75% yields in the reaction of the C7 dye with p-substituted anilines, and gave straightforward chromatographic 

separations. The amino-porphyrin generally coupled poorly with the dy+ though the-coupling efficiency was 

much greater for the C7 dye than for the C3 dyes. No impmvement was obtained using the zinc chelate of the 

amino-porphyrin. The coupling reaction was &ry mild* but fqeqoorc$&ing yield was further complicated by 

the rearrangement of the carboxy dye-phosphorous,anhy&ide to give tbe,dye-anibde.14 With the amino- 

porphyrin the yields of porphyrindye and dye-anilide were roughly e&a& resulting in extremely difficult 

chroma~graphic separations. 
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Given the diffkulties in chtwnatography and low yield of mh+dye coupling, we sougju a direct synthetic 

pathway of condensing a prt$wtiona.liz~ t&v&&o~W~‘W pjrrrole and benzaM&yde~~~ Chiiikion 

experiments showed that n&I) was stable to 0.02 k triflu&tic aeid in dic&rome&~e, but++ it nacted 

immediately with DDQ(O.CikM) i:the prycnceor absepce of a@. m dye also reacted+& WQ (j~chloranil) 

in the presence of @d,,but was stable to TiJQ in the abseke of acid. khe addition of etha&l (lO%“v/v) prior to 

adding ‘IkQ &ffcaW the a&d, gi&ng po&yrinogen oxidation conditions to vrihich the dye was stable. These 

reaction c&~di&ons’~$re wy e#ained by c&sidering t& electrochemical potentials of the dye and the quinone 

species. The one c^$cpx)n K&X@ potential of DDQ is +O.Sl V whIle,that of TCQ is +O.Of V (inacctonitrile vs 

saturated caromed ele&o&).16 The oxidation pot&G & C?(M) is +0.46 ~,17 m.the dv& potentials 

for oxidation of the dye am +0.05 V for Dw and: -0A5 $ &$kQ. In neutial solution DDQ i& s&ently potent 

to oxidize C7(I-I) but TCQ is not. In the presence &f ac&*h&vever, botbquinones will ox&e the dye, which is 

not unexpected since the quinone oxidant strength increases with increasing acid conqent+on., ;. L 

The aminoacetall9 provided a convenient bSunctio~+ building bloc& for wg the dye with the 

porphyrin, and$e @de coupling reaction pmce&ki in Sk yield to give tlii C!7@I)-acetal20. The hybrid 

porphyrin condensation was performed by co@en@on ofC7(I-I)-carboxaldehyde 21 at,Fm temperature for 

lh. The acidic solution was then neuualixed by addition of ethanol, followed by addition oip-chlomil to initiate 

the 0-y ~ss. Thk polarity imparted by the dye resulted in facile purification by chromatogmphy, giving 

an overall eew ckt 13% based on pyrrole. Though the overall $eld was higher via the amiuc+porp~yrin carboxy- 

dye coupling ‘oufe ,&e direct condensation of the prefunctiotMizba dye-carboxakkhyde wils superior because of . . . . 
the simpler chromatographic purification. 

NH? +15 
18 

- C7(I-I)-acetal 
CH&l#FGkH20, 1o:l:l 

19 

9 
V-C 

1. 0I-K +Q +TFA r H 

I ;I., 

2. EtOH 3. p&branil’ 

Direct condensation of prefunctionalized dye-carboxaldehyde 
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Table 1. Dye Substituent Effects (in P&N). c Fl$sue 3. Absorption @ecinun df PCZO.. , 

a=. comngupd, ‘&&_&&&& 

i 0.98 

c7g-y :I ;g 771 

c7Q-I)-c62H / 750 
777 

;;;b 
0.78 

783 0:27 
c7gI)-a&i& 755 

- AcP 

pcJg& ;j 756 77:: 
0.31 
0.26 

: 0.58 

756 787 0.07 : *38 

c!3&0) i ‘I 512 

W-W&H ‘E 
z: 

0.046 : 
0.046 0.18 

awI 571 
CWWO$I t 553 E;: 572 . -0.l72 

a) Ip methanol.‘~.Sec ref. 18; b) Ref. 19. 
250 350 450 550 650 750 

” ?hdengtb(nm) 
.‘I ; ., . 

. 
tie emis& spe&r&t&d&:t porphyrins aud the dyes & shift only &htly in’& ii&cd c.&r$oi+, but 

the integrated em’@? ~t$@ties c&ge considerably (Tables 2 and 3). 

band of the dye overlaps the vi&e absopion pands of the porphyrin. 

In @e, -&in-q dyes the emission 

Illumi&tion tithe &et band in FC3(I-0) 

results in wy& k&scence with a quantum yield within 15% that of AcP. Illumi&on of the d& (490 nm) 

resdts in weaic’flkk’esccnce from the dye and @ong pcnphyrin &&cence. The dye fluorescence is quenched to 

0.05 times that of C3(1-0) alone in solutkm. The exkitatiod spectrum (&, = 720 nm) shows a very close match 

with the dye and porphyrin absorption bands, from which the energy transfer efficiency from dye to porphyrin can 

be estimated to l&80% (ske experimental &ion for methods). The closely-related PC!3(I-I) exhigts nearly 

idehtical features. The p6rphyrin shows nopal ouuorescence but the dye fluorescence yield in w3(IkI) is 

quenched to 0.07 tim+s th& ~f~C3(I-I) alone k solubon. Energy transfer from dye to porphyrin also &curs with 

80% efficiency, as shown by the excitakm spectrum (Figure 4). 

The absorption l&d of C7(I-I) is sbifte+l about 200 nm to the red of&at of (13(1-I), and in Pk’(I-I) the 

porphyrin emission ban+ (650,720 nm) overlkp M$I the absorption band of.@,dya, Ilhupi&iidon of ke dye 

(700 I@ in PQ(&$) @blis & dye &&cence with quantum fieId@f 5 0.2$, &iit$ yr$eS k$ with,c!7(I- 

&ataiMe (cBf+ 0.3l)and q(H) (f = 0.35) (Table’l). Illunrination.ofFC7(I-I) at 417~np! results &only a small 

amount of porphyrin fknuscence (0.09 times that of AcP) and a large amount of dye emission @igum 5). The 
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Figure 4. Energy tmnsfer fr&‘djW+rphyrhL . 

350’ 450 i ,550 ‘650 750 
Wwwwp @!I 

Figure 5. Ehergy transfer fmm poi$hyrin to dye. 

350 450 55q 650 750 850, 
Wavelesgth~(iliim)~ 

The zinc-porphyrindyes were studied in a shnilar manner (Table 3). Ill~on of the Somt band (424 run) in 

ZnPC!3(I-I) gave porphyrin fluorescence, but the yield .was mduoed-to 0.14 times that of ZnAcP. Illumination of 

the dye (520 nm) resulted in both dye and porphyrin fluorescence, with &he dye fluorescence intensity reduced to 

0.07 times that of C3(I-I) (Figure 6). ‘I’& emission spectrum upon $lumination of the dye was shown by 

deconvolution to consist of 8085% dye em$d$n and 15+% porphyrhkemission, with total dye plus porphyrin 
emission equal to only 0.08 tit&s that of C!3(I-I) alone. Though the ex&tatioi spectrum (km 660 nm) at first 

glance would appear to indicate: -7O%, energy transfer, two complicatlon$ arise. First, the fluorescence quantum 

yields are approximately equal for t+ porphyrin (O.p4S x 0.14) and the dye (9.057 x 0.07) in ZnPC!3(I-I), and 

second, the dye emission band tails #nto the 660 nm r&n (Figure 2). &uttrol experiments with’C!3(I~I) showed 

that over one-third of the emission detected’fiom the excitation scan thro$h the dye absorption band in ZnPC3(I-I) 

could be accounted for by the residual emission occur&g directly fmm $.$ dye in ZnPC3(I-I). Based on the S-69 

ratio of dye to porphyrin emission following excitatiou of the dye, we e&nag the yield of energy transfer to he 

-10%. It must be emphasized &at the use of 
i :_’ \ I 1, b 

excikion spectmmopy to qua&ate energy transfer in a system 

where the acceptor is highly quenched;ap in ZnPC3(I-I), is fktught with pitfalls. 

In ZnPC3(I-0) illumination of the Soret band gave porphyrin fluorescence with intensity 0.56 times that of 

ZnAcP. Illumination of&e dye (490 raoi) resulted in dye fluorescence w&l~Wensity 0.02 times that& C3(I-0). as 

well aspo@yiin flukescence, v&b the total emissiorifrom dye plus porphyria equal to O.Wthks thatof W-Q) 

alone (F@ure 7). ,In ZnPC3&0) the dye emission band was well-separated from the porphyrin emissiou bands, 

and compatison of the excitation and absorption specttum of &PC3(I-0) showed the efMmcyofenergyuansfer 

tobeN%. ~o~~~tatIo~cEyeto~h~~bsionis-l:16,~ttre~dofen~~(5~)isstiHkss 

than the extent of dye quenching ‘@8%). In ZsiPC3(I-O) ‘the decrea& pixphyrin fly doesnotresultfrom 
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sekctive BWate quettclriag: siW&dentical porphyrin CauissiQR @e&ties were &jqvqdqQ~ ,&JtQiuatiott of 

=(I-0) at 424 nm (B-state) and 598 nm (Q-state). 

Figure 6. ZnPCXl-I). 9 a Figure 7. / WfC3(I-O). 

. ,I . . 

350 450 550 &O 350 f 450 550 650 
Wavebf$l~ (nm) Wtwk&$h (nm) ‘. 

‘. 

Figure 8. ZnFCV-I). 

II 
ZtiC7(H) 

L Absorption 

/ Excitdtion ’ 

350 450 550 650 750 . 
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The unusual que+nchhg of the accep~and only partial energy transfqz &senqi in the porphyrbq ,dyes also 

occurred with ZnPCT&E). ~Illutnbation of the dye in ZuPCWI) resulted :in the characteristic 4ye fluorescence 

specttkun but the in&q&y was decreased to 0.0.times that of C7(I-I). Illumination of the zinc porplqkin gave 

porphyrin fluorescence with intensity 0.05 times that of ZnAcP, as well as 8, small amount of dye fjuorescence. 

The bxcitation spectrum;sh~ed the efficiency of energy transfer in ZSC7(I-I) was only GO-30% (Figure 8). 

The extent of dye quenching in ZnPC7(I-I) was nearly identical to m qf GuPC7(1-I). Thegie pub were obtained 
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with 8 ffeshly prep&d sohnion d r2lnPm(I-I). m! phaQchc!iDlccp1 stabuy e7@-I) a5 a hser dyelms 

iepoibtd’&lJequl~~;~~~~~fotmd~rrhe~comgoands sluwly~dil*sobrtion,withthe 
l&t a&&y”sbsirfi bym_I).Pl 

‘( /. ,, 

In’ summary; in the &e base por&rin-dyes ,the extent of donor quenching mrtched the extent of energy 

transfer as measumd by cc&&son *of the, absorpthm and excitation spccua. In the x&-porphyrin-dyes, the. 

extent of donor querkhing was greaterthan the yield of energy tranafer~ and most uowtpecdtdly, the acwptor 

flumm was quenched by 2-7 fold (Tahle3). This can be contrasted with the $ne base paphyrjn dyes, vvhcre 

the acceptor (the porphyrin in the PC3 compounds, the dye in PC7(I-I)) exhibited flu oresww~thatwere 

relatively insensitive to the presence of the donor. The energy transfer efficiencies in the zinc-porphyrin-dyes are 

low, and the net photochemical efllcienfziea are further dweascd after taking into account the quenching of the 

acceptor. 
I. 

Table 2. F1 +ce Quantuq Yields (in PrCN). 

f%U2&ur. f&f.. ” E&B& 9f 

EL 
:0.12 TPPa 0.10 (I& 22) 
0.045 ZnTppa 

Cw-0) 
!% 

Rb6Gb 
.o.q4 (ref. 22) 
0.95 (Rf. 23) 

c30 uwb 0.95 (ref. 23) 
ww 0.35 (zwe 0.28 (ref. 19) 

a) In toluene or PrCN. b) In &OH. c) hi MeOH. 

Tabi; 3. E&y Transfer Pqerties of Porphyrin-Dyes. 

Relative 

*, pnnap AcceDtap9b. 

EJ$) 
0.05 1.14 

::g 
‘0.90 
‘0.75 

E 

=3-;) 
od: 

0.56 50 

=+I 0:os it:: . ii 

a) Yields am relative to unity for each of C3(LO), C!3(I-I), C!7(I-I), 
AcP, and ZnAcP. See Table 2 for conversion to absolute quantum 
yields. b) ‘lhe C3 dyes are donors;‘& C7 dye is an accepmr. The 
porphyrins am awepuns with C3 dyes and donors with the C7 dye. 

Discussion: Two possible interpretations of the photochemicai data are 1) energy transfer pmcecds via the . . 
Forster mechanism and the non-energy transfer quenching is due to competing electron transfer reactions, or 2) 

energy transfu pmceeds via the$kxter mcchanismof electron exchange a$ recombination of radical intermediates 

leads to quenching. This discussion focusses on mechanisms of energy transfer and the feasibility of electron 

transfer in the porphyrin-cyanine dyes. 
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We make several assumptions. First, the relative, orientation of the dye and .porphyrinS not&town, but 

mokcular models show that rotation at the pheayl-amine or dye-uubonyl linkages enables the dye to sweep out the 

surface of a cone with a half-angle of +P with respect to the cone&is (defined by the porphyrin meso-position 

and the p-amino phenyl group) (Figure 9). We assume the co&mationally~avera#&amic limit’ where each 

and every donor-acceptor pair sampks all otiemations by pivoting at the&a&r &i~%ecotkd+ in some cases a 

single substituent conjugated with the porphyrin ring can rotate the pokrization Of the transition momen& but We 

ignore any pemubadon due to the Rat&k &@uet~t. ~‘Third,aco&c~oninexpect&rateisnecessarywhen 
the donor-acceptor distance is comparable to the size Qf the donor-acceptor ~~sy%t&s. For chlorophyll- 

. 3 
chlomphyll energy tmnsfer at 2O A sepamdon the rate modification can reach * 3096 d&&ding on orkntation, but 

weneglect anycormctions to thepointdipok approximatkn.27 

The value of the orientation factor ~~ can be cah+ed,using rhe above assum@ions. The transition dipole of 

the dye lies along its longitudinal ds. 
i 

In free base t@ra&nylporphyrin the i and y m&ion dipok moments are 
polarized along the N-N axes, (450 with respect to the~coni axis, as shown in Figum 9).28 The Qx state is of 

lowest energy and is considered a single-dipole o&ator. As the dye sweeps out the cone surface tc2 takes on 

values from 0.40 to 2.37, and in the dynamic limit each porphyd$dye has an average ic2 value of 1.28. In zinc 

tetraphenylporphyrin the & and Qy states are degenerate. This gives a planar osctllat&; which can be treated as a 

combination of two linear orthogonal in-plane oscillators. 28 ~n,the dynamic knit the tc2 value for each zinc 

porphyrin-dye is also 1.28. (The,participation of two oscillators~in the energy transfer process in the zinc 

porphyrin is cancelkd by their equal contribution to the fluorescence quautum ykld) ’ 
. 

Figure 9. Stmctural model for Forster calculations. 
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6.9x lo-i4 31 95% 5O 
7.6 x lo-14 33 96% 10 
8.9x lo-13 48 99% 25 

The observed energy transfer efficiencies fall witjdn the range ee by Feaster theory &ble 5): It & 
/I 

interesting.%atC3(I-0) and C3(J-I) have very similar spectml over$p &h AcP (J diffti by < 1.5). The dyes 
,. 

have peak &&ion bands at 535 and 570 nm, respectively, but the ,four dsible bands of A& ?@ spread over a 

range of 150 tmr and thus overlap well with the emission bands of both dyes (l&u& 2)* The overlaj~ teain is -sb’ 
timeslargerf~~etTansferfrom~h~~odye,Ijartlydue~odri:e~coefficienttdthe 

C7(I-I). The zinc-porphyrindyes have predicted transfer efkiencies in the same range as ihk corresponding free 

base compoum& but other quenching modes must be operative. 

Electron transfer is one quenching mechanism that in principle can compete with energy transfer. For 
electron transfer to be a viable quenching mechanism, it must be both thermodyuamically feasible and 

kmetkally competitive.’ Porphyrins participate in a tic! varie;j: 0f elecp u&G *tins,22,3O +d 

cyanine dyes,$mcti~n as knsitizers in,,the ‘&& halide photo&aphic p&&j by a &&anis~’ of 

phot@htce&el_ectron tram&r from the dy+ll*31 Unfortunately vet$ lit& t+iam&y mh has been 

published cop&g electron transfer r&ti&s of cyanine dyes, at leasi &np@d w$th’ the exteisive 

l$erz& of-&e porphyrins. The cyan&e dyes cau be oxidized elect&hemi&llyl~~~2 adil’ & dye &cited’ s , 
s&e $ie quenched with electro&cceptors .33 We &wed by Stem-Voti t&&is tl& && fl&scence 

quenching of C7(I-I) by hen&quinone in either butyronkle or N,N-dimethyla&mide at,room t&pen&e 

occurs with rate constant of -2 x 1019 M-k1 (assuming z = 1 n&). Tetraphenylporphyrin (I’@) and its 

qinc chelate (ZnTPP) react with benxoquinone with similar rate constants.22 The fluorescence quenching 

experiment is cousisteut *th a diffu$on-contkG3 electron transferi&cti& from the ,excited state of C7(I-I), ’ 

in anal- with the reactivity pattern of the porphyrins. ‘22 

The, feasibility of photoinduced electron transfer among the porphyrins aud dyes can be assessed using the 

formula y ,= H(hv) - E@+) + E(A-) and the appmp&e ,, 
10). T@i ex@+ion must be used with caution. 

tllcrgy values obtained flinn moild caxilpok (l3@ 

35 Jn‘Zk3(J-I) ‘the dye HCM6’hes at over 0.23 v iower 

energy than ,me HOMO of the, xinc$rphyrin. Upon excitation the half-occupied HOMO of the dye can oxidize the 

porphyrin (AE = +0.44 V) which could explain the non-energy transfer quenching of the ‘dye fluorescence. 



4856 J. S. Lmosav et al. 

~l~.the~c~~porpbysidlcaDTcducethedyt~hB~+a~~. ~aot4~ek4@yl~~~arc,nrore 
exotbnic. with the dnc hait arith-. the ihe bes@ porphyrin (AE = +0.24 Y and. -0.1.1; V; respecdvely). A 

comparison between C3(I-I) and C3(I_o)‘cannot be made because the electrochemical potenti&~ofthe latter were 

not found. However it is intriguing that of the ,vo ,?‘nBC3 ,compmm$ZnPC3(I$) .shows both the higher degree I’ ,., 
of acceptor quenching and the lower yield of energy transfer. In the porphyrin& compounds the dye HOMO and 

LUMO are sandwiched between the UCMCYand LIMO of the pophyrin In ZPC7(I-I) the excited porphyrin can 
either mduce’(AB = +().67 ‘V) or oxi& (ae’= &Jo.31 v) ilie dye, a&m pCr&r) the ,&&&,mac&&ave 

AB = +0.29 and +0.38 V; respectively. In neither porphyrin47 compound, however, doestbis thermodynamic 

analysis provide a clear means for electron transfer media& que&ing’ofthe excited CT-dye b@re porph@n., 

Figure 10. The electrochemical potentials 

are used to approximate the HOMO and 

LUMO energy levels.35 The porphyrin 
’ 

electrochemical potentials are versus the 

saturated d0d el&rode~22 The cyanine 

dye potentials17 iere corrected by 20 mV 

from the Ag/AgCl electrode to the SCB ‘ 
standard. a) A value of 1.0’ V is used for 

’ E@+) of d&I) in the calculations. 

i 
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The k@etics of e&non transfer are dif&ult to predict. A structurally-related porphyrinquinone separated by a 

single Rhenyl group u&&es electron transfer quenching with quantum yield 0.98’(free base) and 0965 
(xinc).36 Using ki/k2 =exJ$-c&d$ tith a’equal to 1.0 A-1; d defined as the edgeto-e&‘&stance (6t5 A in 

the porphy&dye. b A in the’ porphyrktquinone). and porphyrin singlet state hfetimes of r’b (f&e base) and 2 

(zinc) ns, the~expect&‘quan~ yields at 6.5 A would be 71% and 77%. respectiv&.22~3~O”&&h eiet&n ” 
transfer to ‘benzOquinone may m&em a,best-case scenario, this kinetic analysis indi&es e&r&i ttatG& can 

compete with’energy transfer at 6.5 A if the acceptor can play the dual role of a Foster energy t&&r ‘acceptor as -. .,,‘ ,‘). 
wellasane1ecmmacceptor. ,’ 

,’ “i 

An altemative’mechanism for energytransfer is the Dexter mechanism of electron exchange.37 The’mte of 
transfer is k’=‘koexR(-2R/L)J’,‘wh’m R is the donor-acceptor edgetoedge distance ofs&~&tion, E is sn effective 

average Bohr radius, and J’ is the specnal overlap term. Some major differences .from Forster theory are ‘that a) the 

distance dependence falls off exponentially rather than as the inverse sixth power, b) the donor fluorescence 

quantum yield is not a factor, aud c) the spectral overlap term J’ is normali&i with respect to “the acceptor 

absorption intensity. &&on exchange can occur in either a concerted process or via steJ&e e&ctron $ansfer 

reactions invoJving radical intermediates’@+A’ or D-A+). Recombiiation of the radicals to give the ground state 

rather than the excited state is one mechanism for quenching the electron exchange energy tra&er pmcess.38*39 



Covalently-linked porphyrin-cyanine dyes 4857 

The ilsr&id@ cbndts of electron exchange are not well-dcv~ expetW&talIy. Ifneither electron 

transfer step can occur to an orbital at a higher energy level, then the HOMO and LUMO of the ac&ptcr mustelther 

be isoenergetic with. or sandwiched between the levels of the HOMO and LUMO ,of the, donor., In t&s view 

electron exchange’energy tra+er from, excited C3(I-I) ,m Z$IPP is precluded(~~thcrmodynamic grounds, far 

example, but transfer from ZnTPP to CD&I) is allo& Figure 10). ‘Ihe presence of ouly one accessibie orbital 

results in :mc electron transfer quenching processes ,described previously. Ibis, simple concept can be tested 

through the synthesis of a family of porphyrin-dyes with similar &ctral over&$ (I’) but wh& the redox levels of 

the dyes are systema&cally vat&d 

Few covalently-linked porphyrin model compounds have been pmpa&l that undergo energy transfer. One 

compound contains anthmcenc (Jabs 256 mu) and a potphyrln withau intervening ooajugated polyene chain. A 

broadened absorpGon spectrmn is observed and iIlmnination .of amhracene results iu both anthmcene and 

porphyrin&ke emission.3 A more cloaely4atedgroup ofcompou& am the camtum&porphyGns.~ Energy 

~fromc~oidtoporpbyrinhas~ban~inyieMeafupto8o9b. Thecamtenolds@weverylow 
fluorescence quantum yields (Qf 4 10-3X and the energy tmnsfer efficiency depends critically .on the relative 

orientation of .the donor (carotenoid) and the acceptor (porphyrin). It is noteworthy that in somecarotenoid- 

porphyrin systems the porphyrin fluansccnce was quen&e&by 75% by the polyene group.4 

Summary and Future Directions: The free base porphyrin dyes show high yields of energy transfer and 

thedirection of energy &an&r;&om dye-to-porphyrin or from porphyrin-to-dye, canbe aelected based on the 

choice of dye., Thus the porphyrin can function as either an energy donor or an energy acceptor. In 

photosynthesis a reaction center cblomphyll is the tamiual acceptor Of the photonic energy from the antenna 

complexes. l&w transfer from a cyanine dye to a porphyrin mimics in a primitive fashion theantenna function 

of the phycobilisome. Energy trWsferfmm aporphyrin to a cyanine dye illustrates the photochemkal vematlhtyof 

this family of compounds Efficient energy transfer occurs despite the f&t that in each case the donor has a low 

fluomscence quantum yield (e 12%). Furthermore, thefreebasegotphyrinfunctionswellasauaccepmrinspite 

of its weak extinction coeffgients in the visible region. Energy transfer is the predominant pathway for 

depopulating the donor excited state in the free base porphyrin-cyaninc dyes. In the zinc chelates electron uan&r 

may partSly account forthe discrepancy between the high amount of doncr quenching audthe low yield of energy 

transfer. Experlmenes using uansient spectroseapy are required to elucidate thecontribution of electron transfer 

reactions to the observed msults. ‘The energy transfer efficiencies for both the fme base and xinc compounds fall 
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_ 1 

&et&et!tpl:, 
General. Methykne chloride, chloroform, pyrrole. and uiethylamine v&e distilled frotn c$@@I @ydr@e. 

Trifh~omacedc acid, acetic anhydride, and pyridiue were distilled and used within two weeks: B&aldehyde WBS 

distilled un+ reducsd mse +nd:swred at Ooc. ,, 
rea~t$~~uscdas~~ 

Butyr@rile. was distilled from P20+ I Fpr cotpwn5al /’ ,..i ‘.’ ,, 

The identity of&e benmterIod in each isolate&dye is not kn&n. Par yield cakulatiot~s w&w a&un&e&the 

counmion.fPi~~~of;itshighmass~shonldprovideacon~ativee~ostheactllrrl~.yielrl~,The 

lH NMR ~sigt& lin the aromatio and olefinic regions-of the pixphyrindyes mu heavily ovi&appp&causiug 

difficukyiua#pmm. ThealiplilticsignalrandtheN~Hpealrinthe.anride~~conld~‘aesiigasd, 

thbligH We&a&n $# &m@icatrxl in some cases dne to broad overlatig signals. DeEnitiveptwfbf stru& 

was base&on abaorpdon s-y and 252Cf fission fragment maSs spectnxuetry. Th&tter ‘@we intense 

parent ion peaks (M- counterio~~) fq the dy& and the porphyrin-dyes. The zinc chelates of pphyni~ and 

porphyrin-dyes were mared at room tempen~ture.~ 

l.-ethyl-2,~~trlmetbyl-5~carbolry-3-H-indolium iodide (7). ModiM uer@ns of prcwdures 
develop&l by Southwick and Cltzywinski wee used for the mtion of 7 from p-hydrar&ohen&& acid41 

1.55 g ofph@a&obenzoic acid and 3 mL fmethyl-2-butanone were refhxd in 15 mL 95% ethanol,fw 3Omin 
to ,give the hydrawne upon cooling (1.97 g, 94%). mp 191-193oC. Abs (CH2C12:~0~, 31) 314 tl~. 

Subsequent reacdou in 15.mL mfluxing glacial acetic acid under N2 for 3.5.h follwved by removalofsolvent gayc 

a nd oil whi&.+rystaUized on cooling from 8 mL ethyl acetaWpetrokum ethci (3:1), giving 2,3,3@in1ethy&J- 

carboxy-3.H&d.ole in 71% yield mp 210-212°C: 1H NMR 6 1.30 (s, 6H, c(cH3)2), U&(s, 3H+ CH3). 

7.58 (d, J k.8 Hz, lH, Ar-H ;[7)), 7.99 (d, 1 = 2 Hz, lH, Ar-H[43), 8.07 (dd, 1 = 8,2 Hzj IH; Ar-H[6)); IR 

(XBr) 1685 (g sh, C=O); Abs (CH2Cl2:EtOH, 3: 1) 274.~1. Reaction of the 3-H indole (1.3.g. 6,4 rmool) with 

ethyl i&i& (E mZ, 25 ,nunol) in &luxing -nitrile (15 mL) for20 h proceeded with diffi~tdty,~ givh@736 mg 

of 7 (32%) as &abla, crystalliue, non-hygmscopic solid upon precipitation with ether.. The starting 3-H indole 

was me& in 40% yield from the mother liquor. mp 233-2349<: (dec); 1H NMR 6 1.64i(t, I.= 8 Hz, 3H, 
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aim), 1.69 (a 81, C(CH3&), 314 (s, 3& CH$, 4.77 (q, J = 8 Hz, 2& GEWWY.77 (d, J = 8 Hz, 19 

A+X-Im), 8.26 (d+ J t ZHz, l~R,~~~Ar~4]), 8.31’ (dd, 3 = 8.2 ,fIe, Hi, Ar-k!@jj~:IR (KBr) 1725 em-1 (s, sh, 

C+ ~A~~@I2t?l~lW3I-i+3:1)232,33Qmn. ThE~raacti~oP1.14mL~~~e~1mL3- 

methyl-2-butanone afforded 1.12 g of 2,3,3-trimetbyl-3; as a tlea ffqufd~rdterdi$tiMiow(‘75K!, 3’inm 

Hg). Alkylation of 0.5 g 2.33-trimethyl-3-H-i with 1 mL ethyl iodide in 2 mL CH3CN gave 0.965 g (97%) 

of 12 as awhitegrIullJlalY#3~. 

3,It’-Dietbyl-3J’-ldfmctbylE-S’~r~~~i~~~~rb~yanine iodide (13). Swiqles of 7 ‘(100 m8, 

0.279 mmol, 1 eqtiv) and & (54.3 a, a35 mmol; : 1.25 equiv) were ,added to a 15 mF. reund-botmm flask 

comaini!ig 2,mL acetib anhydride, 1 :mLgla@WW acid and sodiui~acetate (110 mg, 13mmo1). The solution 

was refluxed under N2 fa: 1.5 h. By aeionlmscopy 7 had been oonsumed &ex F 330 mu) qnd the 

symmetric dicasboxylfc acid dye was mnt in.-4%,~yiekl&& - 518 nm, assuming,& ‘- 105 ~-1-l). After 

cooling to room temperature @2 (124 mg, 0.42 mmol, 1.5 equiv) was added as a solid in one:purtion: After.1 h 

under reflux the total dye #Id n-46% (assuming .E = 10s M-lcm*l forW thrcr: dyes) theu the volatile 

compomts wee removed (2~5 mm Hg; 6OoC). The viscous arange prod@cr,w~ -graphed (Si (io, 70. 

230 mesh, 3 x 15 cm, 560% gradientof MeOH in CHCl3) affording 38 mg of B e green soIid.(26%). 

C25H27NzO31, 403.2 calcd mass, (M-I-), 403.2,obsd; 1H NMR d 1~47 (t. J = ,8 m -3I-Q CEI-3). 1.61 (t, J 

= 8 Hz, 3H, CHa3), 1.72 (s, 6H, C(CH3)2), 4.16 (q. J = 8 Hz, 2H, q[l2CH3), 4.56 (q. J =.8 Hz, 2H, 

CfIZCH3). 5.70 (s, br, CH=CH), 6.02 (s, br, CH=CH), 7.01-7.51 (m, 5H, AFH), 8.01 (s, lH, Ar-H), 8.10 (d, 

J = 8 Hz, Ar-H), 8.44 (t, J = ~-HZ); Abs X in nm (log E), 512 (4.97.54 nm fwhm). 
,. ., 

l,l’-D~tbyf-3,3,3’~‘-tctra~tb~f-S=car~x~~~ar~ya~ne iodide (14). Samples of 7 (100 

mg,‘O.279 mmol, I cqui+) and 8a f54 mg, 0.348 mmol. 1.25 equiv) wac~added to a 15 mL mund-mom flask 

containing 2 mL acetic tiydride, 1 mL glacial acetic kid,-and sodium acetate (100 mg, 1.22 mmol,,4 aptiv). 
The solution w&s refluxed under N2 and after 1 h 7 (Amax = 330 nm) bad been c0nsumed. The solution was 

cooled to roomtemperati and 11(132 mg, 0.417 mmol, 1.5 equiv) was added.& a powdir. The mixture wils 

refluxed and after 1.5.h the total dye yitld reached -4096 (hmax = 558 nm, assuming E = 105 M-lcm-1 for ttll 

three dyes). Then the volatile components were removed (1.5 mm Hg, 6OoC) and the dark viscous residue was 

chrom@graphed (Si 60,70-23omesh, 3 x 15 cm, 5-45% gradient of MeOH in CHCl3)-giving 55.6 mg (36%)‘of 

a metallic green solid. C28H33N2021V 429.3 calcd mass (M-I’), 429.3 obsd, 1H NMR 6 1.41, (t, 6H,. 

CH2SZ3), 1.70,(s, 12H. 1.72, C-3)2), 3.04 (s, br), 4.16-4.38 (m, 4H, mCH3). 6.51-6.54 (m, br), 

7.01-7.39 (m). 7.98-8.38 (m); AbsX in nti (log &), 555 (5.06.55 mn fwhm). 

1,1’-DiMbyf-3,3,3’,b’-teframethyl-5-carbexyindotricarboegarnine iodide (U). ‘Samples of 7 

(100 mg, 0.279 lamol; I~qtiV) aad 8b (95 mg, 0.351 mmol, 1.25 equiv) wclr~ added to a 15 mL round-bottom 

m,coWning 3. ml, acetic hydride and 1 mL pyridine. After stining at room tompaatun for 1 b.~ a* 

specmmi showed only a tiace of 7 (I. msx = 330 nm). A solid s@nple of 12 (130 mg, 0.42 mmaf, 1.5 equiv) was 

added in one portion, and the red solution turned deep blue within 5 min. After 1 h tbe total dye yield had leveled 

off at approximately 81% &ma = 756 NXI, assuming E = 200.000 M-lcm-I).12 The volatile components were 

removed (2.0 mm Hg, 75oC) then the dark residue was chrocuatographed (Si 60 70-230 mesh, 3 x 15 cm, 5-5096 
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Fc$(I)-@X ~ef~pns~~g~o~.far~~~arith~26.1mgof14 

and 59.0:mgW@.l7 SBWlng 5:6 mg (119) of 2; c!72I-&N701, 1040.5 calal mass (M+),. WI.,4 @b&Y& 1H 

NM& 8 -2.77’(& 4Jm w-f.9 (Wnplex.&nlltipl@s), 4.16-4.26 (ia, CH2CH3). 7.0+9;0:@& IR (KBr)3500 

(br,O-IQ), ‘m (w, W); &a k in,nm (log R), 417 (5.45, 16 run fwlmi). 556 (5.14): 

PC7(I-I) (3), Sykbesia of 3 was @onned acux&g to the pmcedw for 1 amrting with 35.3 mg of 15 

(0.058 mmol) and 73 mg of 17. After coupling for 1.5 h analysis by Ttc (h&OHXX2Cl& k4),show@d two 

new dye components and no stattlng mate&. The crude reaction mixture was then purified by centrifugal 

chronkuography (lmm. sl&a gel ~WP, MO% @exit of h&OH&in CQGl2) togive 15 mg (20%) of 3. 

C76H6&N7OI. 1092.5 calcd im9ss, (M-I-), 1093.4 ob& 1H lWB(600 MHz) 6 -2.8~ (Br s, NH), 1.25-1.8 

(complex m), 4.23. (m, J = 5.5 Ha, G&CH3), 6.05 @r d). 6.2 (k&6.5 (br t). 6.6 (br s), 6.95 (d, 3 = 10.9 

Hz), 7108e(d; 3 a’lO.9 Hz), 7.18 (t, J = 812 Hz), 7.25 @i, J =,812 I-k), 7.3 (t, J = 8.2 Hz), 7.75 (I&, 8.29 {d, J = 

10.9 Ha), 8.42 (d, J = 10.9 Hz), g.64 .(br ml. 8.82 (d, J = 5.5 Ha, B_py&e), 8.85 (8, B-pynole). 8.92 (d, J = 

5.5 Hz, p-pyrrole), 9.55 (s, NH); Abs x in nm (log e), 417 (5.40, 16 nm fwhm), 756 (5.13). 

2-(4-slmi~o~benjl)-b~-~imetgiilrt-f~~diaxme (19). p-Bminobenzaldehyde ,(3,7 g, 20 mmol) and 

potas&m phthallkk (3.7 g, 20 mmol) wem added- a~Baskcmoaiaing 200 mL N,Ndimethy&eta&de. CuI 

(3.81g,20nnnol)wcsaddedandtbe~wasrcfluxcaEor24h,underN2aedshieldedfiranambient~~~. 

After~gtd~~~~,~~waspoundonto800goficeylcldinga~htaanLe~~. 

8OmLof1ONHClwasadded~a&themixturewasfWred. Thepmclpitatewassuspu&jinCH2Cl2~andheated 

on 8 steam bath to d&solve p-phth&Mobenzal&hyde (sol&i&y 4gjlOO mL CH2Cl2). Fib&on gave a filaate 

containing p-phthaWdobenzaldehyde43 (homogeneous by silica TLC, CH2Cl2:EtOAc, 1: 1). 2.2 .g (44%); 1H 

NMR (60 MHz) 6 7.5-8.0 (IW~IS), 10.1 (s, II-I). 

p-Phthalimidobenmldehyde (1.5 g, 6 mmol) and 2&dimethyl-1,3-propanediol(624 mg, 6 mmol) were added 

to 60 mL CH3CN. Upon dissolution, p-tol&~esulfoxGc acid tiydrate (23 ~lagc 0.12 mmol) was added and 

then the solvent was removal by dlstillktion tmtll a dry solid Ilcsldne was obtsined. The crude, product was 

re~ystalilkl fkom C!H3CN to give L573 g (78% yield) of the acetaL mp 195-UIOC, ~HJGAR 6 0.8’ (s, 3H, 

CH3). 1.3 (s, 3H, CH3). 3.6 (d, J = 10 HG 2H. CH2X 3.8 (d, J = 10 Hz., 2I.Q CIW, 5.5 (s, lH, CH), 7.5-8;O 

(m, 8H). l.2 mL of.0.2 M N2H4 in MeOH (2.4 mmol N2H4) was added to 396 mg (1.18 mmol) of the 

phthalimide acetal with stirring at room temperature. The initial bright yellow slurry changed to a pale yellow 

solution within 5 min. TLC at 1 h (CH2Cl2:EtOAc. 2&l) showed a new comp9wntaf = 0.2) and,no remaining 

phthalimide acetal (EQ = 0.6). ~,edditiao bfCH2Cl2 &ave a yellow mixtme. which upon filtration through Celite 

gave a white precipitate (phtbalhydrazide) and a ye¶low filtrate. The filuate was evapora@d to give a yellow solid 

which was washed with pet ether and colkcttd on a fluted filter. 152 mg (62%); mp 89-93?C, 1H F 6 0.8 (s, 

3H, W), 1.3. (s, 3H, CH3), 3.6 (d, J = 1Q Hz, w, CH2). 3.7 (d, J = 10 Hz, 2H, CHZ), 5.3 (s, lH, CH), 6.6 

(d, J = 10 Hz< 2H), 7.3 (d, J = 10 Hz, 2H). 

C7(1-I)-acetal (20). 45 mg (0.074 mmol, 1 quiv) of 15 was added to a 1 mL Kontes micrc+ware vial. 

300 @.L ofa2Cl2 ti20 & (0.15 mmol, 2 qulv) of ttiethylsminewere added to give a homogeneous solution. 

30 ing (0.15 mmol, 2 qulv) of aminoacetall9 followed by 22 mg ( 0.082 mmol) of 18 WQ* then added and the 
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nktiot~wassWetiatlaom&npkmt~for2.5h. TLC(CH2Cl2:Md)tG lO,l),showed~yatrae~ofX?~f= 

0.l)andaIkw~d*~ cartlponcnt-‘(RfaO.3). Tke‘#oduetwas.~hIMWo@phe4j$?i’6& 23&4OOm& 1Jx 3 m 

s-10% jjradiekt oWieoH’iii cpr2cla) giving 35 mg d,the aeetal whish $&ioW&ae@u&by!&G (58% yield); 

lH NMR 6 0.8 (s, CH3), 1.35 (s,1cH3), 1.4 (w t, CH2,Bi3).~ L.5 (brk CH2SB3). ,1;7@, ,C@R3)2)&4#, 

J = 10 Hz, OCHz), 3.6 (d, J = 10 Ha, 0CH2). 4.0 fbr m, mCH3), 4.2 (br m, L’I;I2CH3), 5.4 (s, OZCH), 6.0- 

7.0 (m); 7.15’(& Jqh’ IO Hz),~7.25 (Irp-); 7.4’(m), 7.5 I&-J = 10 Hz), 7.75,(m), 7:85 (tt& &U(d, J +; 10 H&&l 

(s), 8.2 fs), %~.(s).)i’9,@(s,‘NH); Ab+ X max 756 mn. 

Direet condenbation to preppie’ PC7@I) (3). Prior tl’~formi0g:the porphy?in; th~Gi&x@~2O;w~s 

hydrolyzed to,the aldehyde 21 l& diss&in@W mg (0.05 nimol) of a&&l dye (2@).in 2bmL CH2Clr& ~‘cbtn 2OQ 

& of TFA:Hid (lil,$$ v&) waji added and the macti&t was stirM.ar room tempemtmrfd 1, h.. ‘Ibwbjutia 

was .xakim tqfh CH2C12, washed with’5 mL each of satur&ted NaHC03 apd brine, tt&d mw I’@$lC&a@ 

evaporati ‘to’give 35 ‘mg of dye carbox&&$de. Thii was ,not ~hracterized but was used &&My In’ the 

poxphyrin reaction. 

Samples of 21 (35 mg, 0.05 mmol), benzaldehyde (15 I.LL, 0.15 mmol), and pyrmle (14 &, 0.2 mmol) were 

added. so 20 mL CH2C& under N2. Trifluofoacetic acid (31& 0.4 mt@,, ,wcl~ :added aztd +a .x$#tion ,vas 

sti&dfOrlhatroomtem@amm Ybe soWon was then b&a& by addition of .2 mL etham&then.* &&ion 

was~~~b)laBditibnofpchlaraniI(37~~,0.15~tnnuol). AfterI-hatmom&mpkMmethe&rude~r&nwas 

chromatographed ,(Si 60,70-230 mesh, 10 t 2 cm), eluting .TPP:and excess quinone.with CH2Cl& f@?wed by 

dye c&ponems with CH2Cl2 contai&g MO% MeQH. ~Tl~desirekpmduct was contained itr th@ AtsLfiWdS 

mL &a&&s. Fur&k jmrikation by centrffiigal&omato8rapb.~#mm silica rotor; 15% Md3H~inCH2Gl2) gave 

corisiderabk ‘Ming. Era&ions containing the porphyrin+dye* w&re co&ined and evaporak& aff@n@i 8 lmg 

(12%) of 3 which was identical by absorption spectmsu@y and TLC with ab authentic sample. 

C7(I+anilide (22j. ‘Aniline (10 pL, 0.100 mmol) and 15 (20 mg, 0.033 mmol) were coupl&atxo&g 

to the procedure fa; 20 to yield 14.3 mg (64%) of 22. C3@+42M3UJ,: 556.3 cakd mass (M-l-), 55643,obsd; 

1H NMR b lW(t, ‘J = 5. Hz, CH2Q$3), 1.45 (t, J =’ 5 Ha, W-2 1.7 (Pair s, C(CH3)2), 4.0 (m$ ,T 5 

Hz, mCH3), 4.3 (t&J 3 5 Hz, G&CH3), 6.0-6.7 f(m)). :7.1-7,85 (m). 8.0 (& J = 10,Hz). 8;2 (d, J’ = 10 Hz), 

8.35*(s), 9.3 (s; NH); Abs X max 755 nm. 

Ruoreseen~e &asu~tnent&. Fluorestxnce yield. ~~MIIZWW were pehmcd with a SPEX FluoroIog 

21i flutimctek. .The insbiunental tin@uatioa employedr Rhodan& 6G quantum counter for excit&tknx(Ml0 

nm) an&a Hamamatsu: R928 photomuitipl& cookd to bl5 Qfor.emiasior~ Both excitation aad emisd~ 

~o&o&to&~t&ed’r&d gratings (1200 Pn&in~) blaz&at ,500 nltl. Spectra wer+eoUcted at m&n 

tem+ature using etitatkm and emission slit Widths go.5 min (giving -1 nnj @e&l ksolution). The @iW W&e 

collected in the single photon counting mode. Peak atxxs were integrated after conecting for pbotomu!tipkrdark 

cunent and converting the raw data to the wavenumber scale. 

~ht fluorescence expe&nents were perfonned at -0.25 @kl (A -0.1) for &et illuminations. Excitation ~PW the 

Soret region was done reliably in spite of its very narrow absorption band. Pluoresceace yields With s ,12% 
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of. the donor-acceptor 

absarption and excitation spe&ra. Theex&u of douor quenching pmvides an upper estimate On the exteut of 

energy transfer, assuming constancy of the rate constants for fluorescence, intersystem crctssing; and internal 

conversion in the free donor ‘and the donor in the donor-acceptor compkx.~. Ihe excitation spectra are used to 

assess whether energy transfer can account for the full compkmeut of donor quenching. A shortfall between the 

degmeofdouor quenching and the ykld 0feuergy implies tumenergy 

mode(s) of quenching. One in using spectra was the instruun?ntally-cormcted 

excitation of a porphyrin did precisely mirrorthe absotptiouspectnun: When 

corrected excitation (Spex Pluorolog) of AcP or ZuAcP was overlaid with the cormsponding 

absorption spectrum (HP 8452), a p&&se match of the Soret bands resulted in the excitation spectrum 

overshooting the absorption spectmm in the visible regkn (5OO-6OOm.u) by2O-3O%. This ,may be due in part to 

baseline problems and limitations in Mstrumeutal dynamic range.. Uutil motrpreoise measurements are availabk 

wehaveccmsetvative1yscakdaIltheexcitatiouapectmbytbis couec&m factor. Thus we interpret the -perfect 

absorption-excitation match Seen with PC3(1-I), for example (pigum ,4), (ts an energy tram& effickucy of -80%. 

This value is in reasonable agreement with the 93% yield of donor quett&itlg. The porphyrin-G’7 compouuds are 

analyzed similarly, though the preseut iiistnmrutaIaMgtuadonempk@s a&damiue 6G quamum counter which 

does not permit excitation scans beyond 600 mu. The spectral overlap terms were computed by numerical 

integmtion. 
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