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SlDD&Y: The'striking,.difference' in‘fradtions of fast versus slow components of ,I 8 :’ 
electron,,transfer of the porphyrin mono: and bis-@none cycl~ophanes~are at- 

tributed to':Pn..orbital symmetry effect' between the,porphyrin and the $I$&' 

Iq+r~d~uaWon l !, ,The efficiency of tQe prJmary reactions of the photoFyn+tic . . 
process:has prompted,many attempts to duplicate.these electron. tri$ns.fer . . 
reactionsI. 

'2 

The determination of the structure of the'bacterial.regction 

center h'as fueled this effort by.showing several.of the .characteristics 

responsible for the rapid and ,efficienf primary ,electron trans<fers, which lead 

to c$arge -separation across the .photosynthetiC membrane. ~. outstanding among 

these characteristics are the separation, and orientation, of the reacting ..I 
molecules well beyond their van der Waals radii. ?. .., ‘ The occurrence of an opt+mal 

diatance,of a few Angstroms on the yield-lifetime product as a function of dis- 

tance ,o.f electron transfer by tunneling had been pointed out befqre3. Wany 
molecules have been synthesized in which a porphyrin,and a guinone are held 

together by a single flexible chain'. This tether usually allows. considerable 

c.onformational and orientational freedom. The cyclophane molecules considered 

in this. paper have far more restri*ed motions: essentially the guinone can 

only rotate around the bridging axes above the plane of the porphyrin (Pig. 1). 

Their electron transfer rates.can'be compared with those of a polymaorocyclic 

co-planar porphyrin-&none where the four bridges prevent this motion from 

occurring4. As expected, the electron transfer from the photoexcited porphyrin 

to the guinone in I and II is very rapid (1 ns to 50 ps). The electron must 

tunnel from the porphyrin to the @none. The reaction is only weakly tempera- 

ture dependent except at the glass point of the solvents. This is explained as 
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II 

Figure 1. Structures of PQ2 (1) and OMPQ (II). 

slowing of the rotational'motion of the qufnohe and thus as an orientation 

reguiryyt for electron tunneling. The solvent dependent fraction,of slow and 

fast ,ele&ron~transfer times of the monoguinone'porphyrin cyalophane ‘(ll), I in 

oontrast to'the'singie fast time constant of the bisguinone &zlophane (I), is 

e&l’airicid 'by an 'orbital symnie~try re&remant .‘for ele&ron tranirfer: 
E ~. .’ 

M&s~i-tilti and R&odd: The porphyrin &nones 'I and II ‘iFig, 1)"were "syn- 

thesized by'methodsreported elsewhere5. -The~zstructure of k,~‘l& been'detir- 

mined by x-ray crystallography6; The 'synthesis of the mixed "quinone- 

dimethoxyphenyl analogue of I will be published elsewhereT. ( ’ ’ 

Flu&esdincki lifetimes Mere datemined by a short pulse'(-306 ps) N2 laser, 

a mi&channel plate'phbtomultiplier' and a &an cbnverter ‘dfgibiier: ” The‘hp- 

par&us is described eisewhere8r4. The rapidity of the measurements (20 set 

per lifetime) allows large numbers of experiments to be run, including study 

over e&en&e temperature ranges. Those were carrted out in an Oxford dewar 

with hdmemade temperature control accurate to 1K. Hysteresis was determined 

by measuring both descending and as&ending temperatures with a 1OFmin wait Bt 

each' temperature ior 'equilibration. Data analysis was by iterative 

deOonvolutibn8'9. Goodness-of-fit was by least-squares values and by .inspeot'ion 

of residuals': Solvents were of HPLC grade and solutions were flushed With N2 

before measurement. 

Results: AS expected the fluorescence lifetimes of,the guinone,porphyrins were 
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mu& shoztanad by eleotmm ,transferi However, we havedno measure of the 

lifetime .of thWputativa.ian: pa&x. .Ccmpariscm of the Lffet&w3'H $h+ methow 

C3erivatiws ~nit.h;.3i.m~ ob the guinones provides the evidense,for electron 

hransfsri~ pcblq x),, <The b&s-dimethoxyphenyl-porphyrin., P(#CHe)2 and the 

d~thoxypbexW 6mtam$byl: kxmphyrin, OMP&Nle, have mono-expowntial lifetimes 

in the range of! Q-l,6 ng,. the- same,.aa simple free-baoe porphyrins. The 

lifetimes are not solvent dependent.to any great extent. In caoutxast, the 

Fluorescence Lifefws of Po~rin-QUinOne Cyclophanes % 

Solvent 
>’ .5; : , 
P(WW2 me" ,- PQ2 o&p OEIW 

‘1 '1 (Xl) r1 (Xl) . '1 '1 (Xl) 

* ‘,’ 

, , .. 
Heptane 1.44(,81), - - 

Toluene. 

Methyl Tetrahydio- 

j 13.3 ,0.64 .,(.83) 6.30 (.QQ) 9.8 0.5 (.93) 

9.5% ,:0131 (.66) 0.13 (.99) - - 

furan , 

Why1 Acetate ,, 9.1. 0.42 (.47) 0.12 (.9Q), > - - 

Methylene Chloride 9.0 0.31 (.31) 0.26 (.84) - - 

Propylene Carbopate 9.7 .0.73 C.15) 0.27 (.86) T - 

EthanQl:Methanol,4:1 9.1 
pimethyl Acetamide 

0.,36 (.14) 0.095(.95) - 6.46 (.60) 

,13.0. O.?O ,(..lO) 0.055(.99) 16.6 '9.55 (.87) 

! ,’ 
The .lifetimes aye. in ns~ and,the value in parenthesis iq the fractional 

wlitude of that component. The measurements were made near 25' and fit,with 

two exponential?. : The .lLfetkaes of the longlived components were in the range 

of,2 - 7 ns for PQz, 9 - 11 ns for.PQ#CMe, and 3.5 - 4.5,nq for CMPQ. The 
lifetimes of P(#CMe)2 and OMP&s were fit to > 99% single exponential by 

amplitude. . ,’ 

. 

8 
lifet+pe of the bia-Wnope, pb;'(P,ig;.l,I) is 30 to 200,.tixaes shorter (Table 

I). with the eXcerE)tiou Of 

bonate, these lifetflnes are 

two'~olv~nts,,'plathvlene chloride and propylene car- 

> 95%.,?ing.le exponential by a&litude. The fast 
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lifetime &+ PQs. i& theiiieajtii- arW‘,d5Wn th& anljv-‘compm¶enk: It is wl~ght2.y sol- 

Vent depe&&&t,~'d&&e&&q 6&r ,f ivefold between toluene,.and d&~ethyl@eeta~e 

(Table I) i' ~TlWlY.fetiaajbs of the'mixed qU~noke-d'imeth~yp~~~ porphyrin; 

PQ@Me, also‘+rery oVer"h.:~fivef&d' range. but‘wlth an appfec~~~~~,,and~'~ften ‘a 

maj-ority of a"XMg lifetime component. This ~odibpbhent. lif&&e ~e'intbe'range 

lo* 1 ns,~.i;;eL.'close to'that of P(#Me)22- Since these XYfetiYes Werr all 

measured wrifh.'tbe same -purified -sample 09 'pbrphyrin. in ,freshly preparedi 

purified solvents, the wide variation in the percentage of the long lifetime 

component (20-90%) cannot be caused by contamination of PQ$OMe with P(#CMe)2 or 

with PQH2+0Me. The short lifetimes of"OkPQ (Fig.l,IL) were similar to those of 

PQWMe with a greater percentage of the longer lived component in the polar 

solvents. This effect maysbe caused by 'airr iuidet&&d'very' $horlGli"tred co& 

ponent since there is a correlation with solvent polarity. The very low 

fluorescence qu&tm$~yield of the compound:*+ 5 x .10'5,' suggests that this is 

the case. / 

The fluorescence yield of the Zn and Mg derivatives of OWPQ could be 

measured but the short lifetimes of these metallo-porphyrin quinones were 

longer than those of the free-base*.'derivat"ives. Thus again the measured 

fluoresdence was mostly impurities; it is expected that the filled shell 
. 

metallo-porphyrtns ati more readily photooxidized tha-n thu, ‘$ltee %a& 

porphyrins". In fact for the tetra-bridged-porphyrin-tetramethoxyquinone'oom- 
I 

pound, reaction Xs obser&d only with the zinc chelate, not with the free"base 

derivative4. 

Because of the posskbility of varying quinone orientation and thns of rate 

constants, the data were also fit with a square distribution of time constants 

together with'a single timo constant. The 'lea& squares residue'W& about the 

same with this procedure. The referenbe' compounds with essentially'one 

lifetime were unchanged. The short single lifetimes of PQ2 were in the narrow 

range 0.3 - 0.06 ns'with > 90% contribution. " The wkde' distributions of the 

longer lifetimes all overlap one another: 0..3 to& 1y) ns." The'single lifetimes 

of PQ&Me Were in the 0.6 - 1.3 ns range'but vith amplitude of i:’ 10%. “titik the 

data will be interpreted with two exponentiai's, but it must be remembered that 

each of these is most iikely a distributionll! 1, 

The effect of temperature on the short lifetime of PQ2 is small for" fluid 

solvents. In ethanol-methanol, 4~1, the lifetime shows a very small 

activation energy of 0.5 kcal/mole over the range 300-150 K (Fig.2). Rapid 

transition through the glass-transition temperature or glass point (120 K) to 
liquid nitrogen temperature produces "neariy the ~extrapolated! lifetime. 

However, warming shows strong hysterisis- in the .glh&s:' it is -possible that 

since excitation was at 377 nm, photoexcited-quinone. could be reduced by Sol- 
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vent, leading to, formation of pad(OH)2 and a longer porphyrin lifetime in the 

glass-. Tn a-aatbyltetra&ydxofuran, the activatiog energy is about 0.8 

kcal/maole., The data could also be interpreted as a constant lifetime to 120X, 

followed by a rapid $ncim@se at ( X2OK. EioIfever, the, ?_OOK data point has a 

second convobution.E-it (of? smaller least sguareg error but 2-fol,d +arger than 

average time shift) at b 25 ps, below our error of. 40.~~. This secand fit 

falls on the extrapolated line and thus may be the correct number, The frac- 

tion of fast component in both solvents breaks. away from 97% to much smaller 

values at the .glasspoint. (Pig. 2, top). The slow lifetimes also increase 

from 3.7 to 10 .ns as one passes through the glass point. since 4~1 

ethanol:methanol has a, glass transition near 120 K12 and methyltetrahydrofuran 

at 100 K13 it seems that a parameter determining the fraction of fast component 

is viscosity. Note that the l$fetimes (1 ns) are independent of solvent in the 

glass. 
l 25 '-50-80 -120 -150 -170 -190 c 
300 223193 153 125 103 83 K 

Ffguro a. Lower mctfon. The fast elaotron Sranmfer tiaw oon- 

stant '1 of Pa2 ia plotted v*rmu* the r~oiprooal temperature in 
4:); OtbanLlatUlalibl,' EN (O),' and, 2-Bfethyltetrahydrofuran, UF 
w . T)w.'point~ golZow+!g~, the arrow in the foyer are data on 

warring from 83 K, showing hystarasis. ,tIppar eection. Tha frac- 

tion of tiG fast ‘coipo”&, x1, is plotted for the sari 

.s&antm:!!lN (u) and # (+). The glass trenaition temparatuws 

points ol the solvents En" and MF1' are indicated by bars. 
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Conolus~olls: TheWeak dependence on solvent aniU the -hdependewe of! tempera- 

ture of the eleatron-tranlfer times inferred from the shortened -fluoresaehoe 

lifetimes of, these porphyrin-quinones. are in agreement with 'the view that .the 

process is ant4 of simple non-adiabatic .electron tunneling. By this! we mean 

that'during'the lifetime of the' porphyrin, exaited state'the eleatron tunnels to 

the polarizable quinone where it is trapped by' relaxation to the final quinone 

anion. The' reorganization energy for the P* to P+ transition is very small4 

but that of Q to Q' is larger.; it has been estimated to be -6' 0c2 ,eV14. 

Since we' claim the reorganization change follows taitneling3r4 the a&iVatiOn 

energy will'be zero provided sufficient free bnergy of'reaction iir'available to 

form -P+Q'from the P* state, a8 ‘it is in the 'presentbase.' Similarly, solvent 

effects will be minimal, but will be more significant as the trapping'time it- 

self becomes limiting. In contrast, these results are less comphtible'vtith 

adiabatic transition-state theory 15. In that view a zero activation energy 

requires a balance between the total reorganization energy and the energy 

available for the reaction. This is incompatible with the observation of near 

zero activation energy'qf PQ2 in two solvents differing widely in polarity and 

hydrogen bonding. The small solvent effects (Table I) would also be difficult 

to explain with that model. The same conclusion was reached in studies on the 

tetracyclic porphyrin-quinone4r16. 

The difference in the fraction of rapidly reacting components of PQ2 and 

PQ#OMe in various solvents is striking (Table 1). The rapid reaction of PQ2 

averages 

10% with 

those on 

symmetry 
define a 

94 f 6% in all solvents whereas that of PQ#OMe decreases from 83% to 

increasing solvent polarity. The limited data on OMPQ are similar to 

PQ@Me. It is likely that'these data reflect the effect of orbital 

on the electron-transfer reaction. The N-H protons of the porphyrin 

symmetry axis and reduce the D4h symmetry of the dianion or metallo- 

porphyrin to (ideally) D2h. This causes a splitting of previously degenerate 

energy levels as evidenced by a doubling of the weak visible bands and broaden- 

ing of the allowed Soret band. The electron transfer ocours from the half oc- 

cupied "LUMO" of the excited porphyrin to the LUMO of the quinone. This 

quinone orbital is symmetric along the C-O axis and antisymmetric perpendicular 

to this axis. The lifting of the degeneracy of the porphyrin LUMO by the N-H 

bonds makes the orbitals symmetric/antisymmetric about the N-H axis17118. ThUS 

electron transfer from'excited state of the porphyrin to the- quinone will be 

allowed for one orientation of the quinone C-0 axis parallal~ (or perpendicular) 

to the porphyrin N-H axis and forbidden for the other.. ,'Because of its electron 

density on the nitrogens, the negx'* orbital ,is expected to be lower in energy 

and thus the allowed transition will be. with CPO and N-H axis aligned. The 

situation is quite analagous to that in cofacial chlorin-quinones discussed 
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previously4. Since the N-H . ..N exchange requires 10s4s at 300 K1', the Orien- 

tation in a particular configuration will be fro8en during the 1 - 10 ns 

lifetime of the 8inglet state. It is also assumed that the guinone aannot 

rotate on the few ns time scale. This assumption is supported, by the lack of 

activation energy in methyltetrahydrofuran until the,gl,ano point is reached. 

Thus if the two NH-CQ.,configurations were of equal energy, the prediction 

is that PQ$OMe would have a fast lifetime of one-half amplitude and the other 

half at the slow lifetime of the non-guinone molecule, whereas PO3 would have a 

single fast lifetime. The,inevitable wobble in, the angle of the porphyrin and 

&none axes because of the flexible alkane bridges would cause the forbidden 

configuration to become somewhat allowed and thus decrease the normal .lifetime. 

To a good approximation this can be observed in Table 1. The variation in the 

fraction of fast reacting conformer in PQ#OMe with solvent can be explained as 

a solvent effect on the total energy of the WOMe molecule in its two con- 

figurations. An estimate of this energy via the observed solvent effect (Table 

I) on dipoles in an Onsager 'cavity20 produced a value of 1 koal/mole. This is 

a reasonable value for the difference, in energy of the N-R configuration with 

respect to the CO axis and supports the hypothesis. 

The limited data on XlMpQ (Table I) show some decrease of the rapid com- 

ponent with increasingly polar solvents but less than that of PQ$OMe. The lack 

of SYmWtry of this molecule with one side of the porphyrin open to direct sol- 

VatiOn may account for the weaker effect. The tunneling rate constants for 

OMPQ are almost the same as for PQ@Me as expected. 

It is worth noting how misleading,can be comparisons of rate constants at 

a single ,temperature. Figure 2 shows a dramatic example of quite different 

temperature behaviour of quenching constants which are almost identical at 

300 K. 
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