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svﬁiisx- The striking difference in fractions of fast versus slow conponents of
electron transfer of the porphyrin mono- and bis-quinone cyclophanes are at-
tributed to an. orbital symmetry effect between the porphyrin and the quinone.

Introduction- The efficiency of the primary reactions of the photosynthetic
process has prompted nany attenpts to duplicate these electron transfer
reactions1 .The determination of the structure of the bacterial reaction
center2 has fueled this effort hy . showing several of the characteristics
responsible for the rapid and efficient primary electron transfers which lead
to charge separation across the photosynthetic membrane.v Outstanding among
these characteristicskare the,separatlon, and orientation, of the reacting
molecules well beyond their van der Waals radii. The occurrence of an optimal
distance of a few Angstroms on the yield-lifetime product,asua function of ais-
tance ©of electron transfer by tunneling had been pointed out befqre3. Many
molecules have been synthesized in which a porphyrin and a quinone are held
together by a single flexible chainl. . This tether usually allows conaiderable
conformational and orientational freedom. The cyclophane molecules considered
in this. paper have far more restricted motions: essentially the quinone can
only rotate around the bridging axes above the plane of the porphyrin (Fig. 1).
Their 'electron transfer rates.can be compared with those of a polymacrocyclic
co-planar porphyrin-quinone where the four bridges prevent this motion from
occurring4. As expected, the electron transfer from the photoexcited porphyrin
to the quinone in I and IT is very rapid (1 ns to 50 ps). The electron must
tunnel from the porphyrin to the quinone. The reaction is only weakly tempera-

ture dependent except at the glass point of the solvents. This is explained as
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Figure 1. Structures of PQ2 (1) and OMPQ (II).

slowing of the rotational motion of the quinone and thus as an orientation
_requirement for electron tunneling. The solvent dependent fraction of slow and
fast electron transfer times of the monequinone porphyrin cyelophane (II) ‘ in
contrest to’ the single fast time constent of the bisquinone cyclophene (I) ’
expleined by an orbital symmetry requirement ‘for electron transfer.’ !

Materials and Methods: The porphyrin' 'i;uin’ones T and II (Fig. 1) wére syn-
'thésized by methods reported elsewhere “The structure of :’t,"'he‘fs" been ‘deter-
mined by x~-ray crystallogrephy . The 'synthesis of the mixed quinone-
dimethoxypheh?l e.nalogue of I will be published elsewhere’.

Fluorescence lifetimes were determined by ‘a short pulse (-300 ps) Nz laser,
a microchannel plate phetomultiplier and a scan converter ‘digitizer. The ap-
'peratus is described elsewhere®:4. The ‘rapidity of the measurements (20 sec
‘per lifetime) allows large numbers of experiments to be run, including study
over extensive temperature ranges.’ These were carrjed out in an Oxford dewar
with homemade temperatura control accurate to 1K. Hysteresis was determined
by measuring both descetiding and -asc¢ending temperatures with a’ 10-min wait at
each’ temperature for equilibration. Data -analysis: was by iterative
‘deconvolution®+?. Goodness-of-fit was by least-squares values and by inspedtion
of residuals?. Solvents were of HPLC grade and solutions were flushed with N,
before measurenent. :
Results: As expected the fluorescence lifetimes of the quinone porphyrins were
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nuch 'shortened by electron transfer: However, we -have:no measure of the
lifetime of the putative ion: pair, Comparison of the lifetimes of thse methoxy
derivatives with those of: the guinones provides the evidence: for electron
transfer, (Table I). - The bis-dimethoxyphenyl -porphyrin, P(¢40Me), and the
dimethoxyphenyl octamethyl. porphyrin, OMP§OMe, have mono-exponential. lifetimes
in the range,ofesFLs ns, the same as simple free~base porphyrins. The
lifetimes are not solvent dependent te any great extent.. In contrast, the

TABLE I
Eluotescence Lifetimes of Porphyrin-Quinone Cyclophanes : -

sélvent ; 1 P(¢0xp52 _ éQ@bue,>A_ - PRgy 'onﬁﬁﬁéé‘. ouﬁq

L] L] (Xq1) L] (Xq) L5} 1 (Xq)
Heptane . . - o 1.4 (.81), . - - - .
Toluene \ S 13.3. 0.64 (.83) 0.30 (.99) . 9.8 0.5 (.93)
Methyl Tetrahydro— 9.5. 0.31 (.66) 0.13 (.99) . - -

furan L . C : o »

Ethyl Acetate . . 9.1  0.42 (.47) 0.12 (.99) . . -~ -
Methylene Chloride 9.0 0.31 (.31) 0.26 (.84) - -
Propylene Carbonate . . 9.7 0,73 (.15)  0.27 (.86) - -
Ethangl:Methanol,4:1 9.1 0.36 (.14) 0.095(.95). . = 0.46 (.60)
Dimethyl Acetamide = 13.0 . 0.40 (.10) 0.055(.99) 16.6 0.55 (.87)

,The.lifetimes>ate&;n.ns«and}the.value in parenthesis is the fractional
amplitude of that component. The measurements were made near 25° and fit with
twvo exponentials. The lifetimes of the longlived components were in the range
of, 2 - 7 ns for PQy, 9 -~ 11 ns for PQJOMe, and 3.5 - 4.5 ng for OMPQ. The
lifetimes of P(¢OMe), and OMP4OMe were fit to > 99% single exponential by
amplitude.

lifetime ot the bia-quinone, P02 (Fig 1 I) is 30 to 200 times shorter (Table
I). with the excqption of two solvents, methylene chloride and propylene car-
bonate, these litetimes are > 95%‘singlg exponential by anplitudg. The‘fast
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IifetimevéffP02<ieythefhajéf arid ‘'often the only component.: It is slightly sol-
vent dependent,: décteasing over fivefold between toluene and -dimethylacetamide
(Table I). 'The lifetimés of the mixed guinone-dimethoxyphényl porphyrin;
PQ$OMe,’ also wvary over & fivefold rangeé: but' with an  appreciablei and:oftena
majority of 'a ‘Iong lifetime ‘component. This coliponent lifetime is’'in the trange
10t 1 ns,- i@, close to that of P(¢OMe) 5+- Since these Iifetimes were all
measured with ‘the same ‘purified samplée of ‘porphyrin- in freshly: preépared,
purified solvents, the wide variation in the percentage of the long lifetime
component (20-90%) cannot be caused by contamination of PQ4OMe with P(¢OMe), or
with PQH,¢OMe. The short lifetimes of OMPQ (Fig.l,II) were similar to those of
PQ4OMe with a greater percentage of the longer lived component in the polar
solvents. This effect may ‘be caused by’ an  undetected ‘very dhort=lived  com*
ponent since there is a correlation with solvent polarity. The very low
fluorescerice quantum ‘yielad of the compound «& 5'x 10‘5, suggests that this is
the case. - :

The fluorescence yield of the Zn and Mg derivatives of OMPQ could be
measured but the short lifetimes of these metallo-porphyrin quinones were
longer than those of the free-base ‘derivatives. Thus again the measured
fluorescence was mostly impurities. ' It is expected that the filled shell
metallo-porphyrins are more readily photooxidized than ' the “free ‘base
porphyrins In fact for the tetra-bridqed—porphyrin-tetramethoxyquiﬁdﬁeTéom-
pound, reaction is observed only with the zinc chelate, not with the free—base
derivative? ‘ ‘ ‘

Because of the possibility of varying quinone orientation and thus of rate
constants, the data were also fit with a square distribution of time constants
together with'a single time cohstant. The least squares residue’ were about the
same with this procedure. The reference' compounds with essentially one
lifetime were unchanged. The short single lifetimes of PQ, were in the narrow
range 0.3 - 0.08 ns with > 90% contribution. " The wide distributions of the
longer lifetimes all overlap one another: 0.3 to» 10 ns.”’Theisihéleliifetiies
of PQ¢OMe were in the 0.6 - 1.3 ns range but with amplitude of < 10%. ‘THus the
data will be interpreted with two exponential’ s, “but it nmust be remembered that
each of these is most likely a distributioni}! ‘

The effect of temperature on the short lifetime of PQ, is small fdr’fiuid
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 nearly the extrapolated lifetime.
However, warming shows strong hysterisis in the glaSs. It is possible that
since excitation was at 377 nm, photoexcited Quinone could be rediced by sol-
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vent, leading to formation of PQ4(OH), and a longer porphyrin lifetime in the
glass. In : 2-methyltetrahydrofuran, the activation energy is about 0.8
kcal/mole.  The data could also be interpreted as a constant lifetime to 120K,
followed by a rapid increase at ¢ 120K. Howevexr, the 300K data point has a
second convolution.fit ¢(of smaller least sguares error but 2~fold larger than
average time shift) at -~ 25 ps, belgw our error of 40 ps. This second 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 'glass point. . (Fig. 2, top). The slaw 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 Klz and methyltetrahydrofuran
at 100 K13,‘ it seems that a parameter determ:.n:.ng‘ the fracpqu of fast component
is viscosity. Note that the lifetimes (1 ns) are independent of solvent in the

glass. . L .
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Figure 2. Lawer. section. The fast electron transfar timse. con-~
stant ry of PQ, is plott&d versus the rcciprocal temperature in
4rY ethandlemethardl, "EN' {+},  and- 2-Methyltetrahydrofuran, MF
{%).. - The points followirng the arrows in the former are data on
warninq tral 83 K, lhowing hysterqsi- _Upper section. The frac-
tion of th:ls fast component, Xy, is plotted for the sime
.solvents:EN (b).and MP {+}. - The glass transition temperatures
points of the solvem:s‘ EM12 and MF1? are indicated by bars.
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Conclusions: : The weak dependence on solvent and the "independence of tempera-
ture of the electron-transfer times inferred from the shortened “fluorescence
lifetimes of these porphyrin~quinones are in agreement with ‘thé view that the
process ‘is oné of simple non-adiabatic -electron tunneling. ' By this we mean
that during the lifetime of the porphyrin excited state the eleéctron tunnels to
the polarizable quinone where it is trapped by relaxation to the final quinone
anion. The reorgahization energy for the P* to P* transition” is very small?
but that of Q to Q" is larger; it has been estimated td. be about 0.2 evld,
Since we ‘claim the reorganization change follows tunneling®:¢ ‘the activation
energy will be zero proviged“sufficient free energy of reaction is'available to
form P*Q from the P* state, as it is in the present case. - 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 compatible’ with
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 of PQz in two solvents differing w1de1y 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-quinone4'16. ‘

The difference in the fraction of rapidly reacting‘oomponents of PQ, and
PQ4OMe in various solvents is striking (Table 1). The rapid reaction of PQ,
averages 94 + 6% in all solvents whereas that of PQ4OMe decreases from 83% to
10% with increasing solvent polarity. The limited data on OMPQ are similar to
those on PQ¢OMe. It is likely that these data reflect the effect of orbital
symmetry on the electron-transfer reaction. The N-H protons of the porphyrin
define a symmetry axis and reduce the D,h symmetry of the dianion or metallo-
porphyrin to (ideally) D,h. 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 occurs from the half oc-
cupied "LUMO" of the excited porphyrin to the LUMO of the quinone. This
quinone orbital is symmetric along the C=0 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 axisl7/18, Thus
electron transfer from' excited state of the porphyrin ‘to the- quinone will be
allowed for one orientation of the quinone c=o axis parallel (or perpendicular)
to the porphyrin N-H axis and forbidden for the other.: ‘Because of its electron
density on the nitrogens, the "egx" orbitalJis ekpeoteo‘to be lower in energy
and thus the allowed transition will be. with C=0O and N-H axis aligned. The
situation is quite analagous to that in cofacial chlorin-quinones discussed
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previously?. Since the N-H...N exchange requires 1074s at>300,K19, the orien-
tation in a particular configuration will be frozen during the 1 - 10 ns
lifetime of the singlet state. It is also assumed that the quinone cannot
rotate on the few ns time scale. This assumption is supported by the lack of
activation energy in methyltetrahydrofuran until the glass point is reached.

Thus if the two NH-CO 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-quinone molecule, whereas PQ, would have a
single fast lifetime.  The inevitable wobble in the angle of the porphyrin and
quinone 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‘qf the PQ¢OMe molecule in its two con-
figurations. An estimate,ot this energy via the observed solvent effect (Table
I) on dipoles in an Onsager cavity?® produced a value of 1 kcal/mole. This is
a reasonable value for the difference in energy of the N-H configuration with
respect to the CO axis and supports the hypothesis.

The limited data on OMPQ (Table I) show some decrease of the rapid com-
ponent with‘increasingly polar solvents but less than that of PQ¢OMe. The lack
of symmetry 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 PQ4OMe 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.

Acknowledgment: We thank Professor M. Gouterman for helpful discussions on the
symmetry of porphyrin orbitals and the NSF (DMB 87-18078) for financial sup-
port.

REFERENCES

1. For an extensive listing of porphyrin-quinones and their photochemical
properties, see: Connolly, J.S.; Bolton, J.R. in "Photoinduced
Electron Transfer," Fox, M.A.; Chanon, M., Eds., Elsevier, Amsterdam,
Part D, Chap. 6.2. (1988).

2. Deisenhofer, J.; Epp, O.; Miki, K.; Huber, R.; Michel, H. Nature, 318,



618-624 (1985) .

3. Mauzerall, D. Brookhaven Symposia in Biology, 28, 64-73  (1976):

‘4. Lindsey, J.S.; Delaney, J.K.;’ Hauzerall D.; Linschitz, H., 3. ll. chcna
800., 110, 3610-3621 (1988). - ) - = e E

5. Weiser, J.; Staab, ‘H.A., Angew. Cheni. , ‘Int. Ed. Engl., 23, 623 (1984),
ibid., Tetrahedron Lett., 26, 6059-6062 (1985).

6. Kriéger, C.; Weiser, J; staab, H.," Tctrlh‘dzch Lett., 26, 6055-6058"
(1985) .

7. Staab: H.A. ét al. to be published. '

8. Mauzeérall, D., Biochim. Biophys. Acta, 809, 11-16 (1985,

9. Demas, J.N., "Excited State 'Lifetime Heasurements," Acadenic Preua, ~
" New ‘York, (1983). - : c

10. 'Mauzeérall, D: in "The Porphyrins," Vol. 2, Part C, Dolphin, D" Ed.,
Academic Press, New York, 1978, pp. 29=52, ' :

11. Janes, ‘Di R.3 Ware, W.R., Chem. Phys. fett. 126, 7-11, (1986).

12. Ferguson, J.; Krausz, ‘E., Chem. Phys. Lett., 127, 551-556, '(1984).13.

13. Greenspan, H.; Fischer, E. J. Phys. Ches. 69, 2466-2469, (1965).

14. Joran, ‘A.D.; Leland; BL,RM&,Pm,hmm Am,mxum,Jm,
Dervan, P.B., Nature (ILondon), 327, 508-511, (1987). B

15. Marcus, R.A.; Sutin, N. Biochim. Biophys. Acta, 811, 265-322, (1985).

16. Delaney, 'J.; -Mauzerall, D.; J. Lindsey, (Submitted‘to*S;'Am Chem’
Soc., 1988). C ‘ -

17. Spellane, P.J.; Gouterman, H., Antipas, A.; Kim, S.r Lin Y. c., Iﬁorg.’
Chem., 19, 389-391, (1980). ‘

'18. Goldbeck, R.A., Acot. Cheim. Res., 21, 95-100, (1988).

19. Limbach, H.H.; Henning, J.: Gerritzen, 'D.: Rumpel H., !araday Ditcu--.
Chem. Boc., 74, 229, (1982). ‘ :

20. Onsager, L. J. Am. Chem. 80c. 1936, 58, 1486-1493.



