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Abstract: Previous spectroscopic work® on a doubly linked cofacial diporphyrin, Mg—H,(5), comprised of magnesium porphyrin
and free-base porphyrin subunits provided optical evidence consonant with rapid (>10!! s71) light-driven electron transfer (ET)
between the subunits in CH,Cl, and !(7,7*) excited state formation in tetrahydrofuran (THF). We report here that the spectral
and kinetic results due to quenching the excited states of Mg—H,(5) in these two solvents by the addition of iodobenzene and
p-benzoquinone confirm the excited state assignments suggested earlier. We also propose a working model of excited state
couplings for Mg—H,(5) in CH,Cl, to account for the rapidity (>10'! s7!) of the forward ET reaction and the slowness (5
x 107 s71) of the reverse one. Finally, the rates and thermodynamic efficiencies of these in vitro ET reactions are shown to
compare favorably with those of the primary charge separations found in natural photosystems.

Numerous studies of natural photosystems'~* (e.g., reaction
centers (RC’s) of photosynthetic bacteria and photosystem I (PSI)
and photosystem II (PSII) of green plants) have shown that the
earliest detectable chemical reactions are light-driven electron
transfers. These electron transfers occur between chlorophyll or
bacteriochlorophyll (BChl) electron donors and chlorophyll,
pheophytin (a Mg-free chlorophyll), or bacteriopheophytin
(BPheo) electron acceptors in the subnanosecond time domain.
An earlier paper® reported optical evidence consonant with a <6
ps light-driven electron transfer between a magnesium porphyrin
and a metal-free porphyrin in a doubly linked cofacial diporphyrin,
Mg-H,(5). The photoproduct [Mg*.-H,™(5)], a magnesium
porphyrin cation and a free-base porphyrin anion, is stable for
hundreds of picoseconds. This result contrasts sharply with those
found when photoexcited porphyrins and chlorophylls are quenched
under bimolecular conditions by the addition of uncharged electron
acceptors (e.g., quinones or nitroaromatics).”® Stable electron-
transfer (ET) products (cations and anions) are detected only when
the quenching reaction proceeds from a triplet excited state (T;),’
but not when the reaction proceeds from a singlet excited state
(S)). These results were rationalized”'®%!! by postulating that both
singlet and triplet states were quenched by the production of
radical pair ET products. However, the product of singlet state
quenching would be a singlet radical pair which presumably
re-forms the singlet ground states of the reactants in much less
time than is required for the cation and anion fragments to sep-
arate. In contrast, triplet state quenching would form a triplet
radical pair. In this case the reduction of the cation by the anion
is spin forbidden and evidently slow enough so that the ions can
separate. The extreme rapidity of the first ETs in natural pho-
tosystems®* (>10!! s7') demands that they proceed from singlet
states. Yet the reverse ET is slow enough (~10® s7! in photo-
synthetic bacteria'?) that the quantum yield of secondary ETs is
near 100%. This apparent paradox focuses attention on the
molecular properties of the electron acceptor. Indeed, the available
optical data on diporphyrins suggest that a detectable singlet
biradical ET product can be formed if the electron acceptor is
a free-base porphyrin.t

The initial study of the photochemistry of the Mg-H,(5) di-
porphyrin noted that the change-in-absorbance (AA4) spectra and
kinetics in tetrahydrofuran (THF) were different from those in
CH,Cl,. (Mg-H,(5) has the same structure!® as diporphyrin (I),
labeled H,~H,(5), except that the central two H atoms on one
porphyrin subunit have been replaced with a Mg atom; R; =
n-octyl; R, = -CH,C(=0)N(n-Bu)CH,CH,-. Mg-Mg(5) also

tBrookhaven National Laboratory.
tMichigan State University.
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has the same structure as I, except both porphyrin subunits have
central Mg atoms.) In THF, the AA4 spectra were similar to those
due to excited singlet state formation in the symmetric di-
porphyrins Mg-Mg(5) and H,-H,(5). In CH,Cl,, the AA4 spectra
showed a strong, broad absorption feature in the 660-nm region
where both magnesium porphyrin cations and free-base porphyrin
anions are known to absorb.!* These results were also consistent
with electrochemical estimates® of the likelihood of forming ET
products from the S, state of Mg—H,(5) in the two solvents. In
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THF such a reaction was endergonic by 0.080 eV, while in CH,Cl,
it was exergonic by 0.150 eV. If the above interpretation of !(w,7*)
formation in THF and ET product, Mg*—H,™(5), formation in
CH,Cl, is correct, it is reasonable to expect these states to have
different physical and chemical properties.

Here we report the effects of perturbing these excited states
by the addition of a heavy-atom solvent (iodobenzene) and
quenching them with p-benzoquinone (BQ). In addition a
quantitative comparison of their A4 spectra is provided along with
a kinetic analysis of their lifetimes. The results confirm the
assignments suggested earlier® and justify describing a working
model of the forward and reverse ET processes for Mg—H,(5) in

Experimental Procedures

The Nd-glass laser apparatus described previously!* was improved to
more accurately measure change-in-absorbance (AA) spectra. The most
significant improvement concerned the relative cross-sections of the
photolysis and probe pulses. In the past a ground glass plate was used
to diffuse the white probe pulse, but it was difficult to image this light
to a spot much smaller than the photolysis cross-section (~1.5 mm in
diameter). More accurate AA spectra could be produced if the probe
light could be made ~0.4 mm in diameter. To this end, the glass diffuser
was masked so only a | mm diameter spot was illuminated. Nexta0.15
m focal length lens formed an enlarged image of this spot 0.68 m from
the diffuser. A second | mm diameter aperature reduced the size of this
image which was relayed 2.5 m to the sample via a 0.5 m focal length
lens positioned 0.67 m before the sample. Although probe light was lost
in the above procedure, the apparatus now had a probe pulse cross-section
in the sample cell significantly smaller than that of the photolysis pulse.
Other improvements included (a) automation of the data acquisition
cycle (including charging and firing the laser, stirring the sample, op-
erating the photolysis shutter, monitoring the photolysis energy, and
checking the probe beam intensity) and (b) computerization of the data
analysis procedure (including statistical analysis of the ratios of the
intensities of the sample and reference beams).

Samples ((2.5-3) X 10™* M) were held in 0.2 cm path length optical
cells. The cells were flame sealed on a vacuum line after 3 freeze-
pump—thaw cycles. Benzoquinone (Aldrich) was purified by vacuum
sublimation. Tetrahydrofuran and CH,Cl, (Aldrich Reagent Grade)
were used without further purification. Iodobenzene (Aldrich) was re-
distilled prior to use and stored in the dark. All samples were photolyzed
at 527 nm with 6 ps (fwhm) pulses of 1-2 mJ energy. Energy-dependent
studies of the A4 immediately after photolysis showed that the samples
were completely photolyzed throughout this energy range.

Results

AA Spectra in THF and CH,Cl,. The AA4 spectra of Mg-H,(5)
in THF /iodobenzene (1:1) and CH,Cl, at O ps are shown in Figure
1. The differences between the two spectra are most likely due
to two different electronic excited states. However, an alternative
explanation, a single electronic excited state with the differences
being induced by changing solvents, cannot be ruled out a priori.
It is worth noting, though, that the ground state absorption
spectrum of Mg—H,(5) is only mildly affected by changing the
solvent. Kinetic plots of A4 vs. time for Mg—H,(5) in neat THF
and CH,Cl, are given in the upper portion of Figures 2 and 3,
respectively. For Mg-H,(5) in THF, the decay of the initial
photoproduct (S,) is not described by a single exponential rate.
This indicates the presence of a second, longer-lived transient
(presumably T)), but lack of data beyond 5 ns prevents the de-
termination of either the S, or T, lifetimes. However, the upper
and lower limits of the lifetime of the initial state (S,) are 1.5
and 4.0 ns (asymptote of the initial decay equal to A4 at 5 ns
[AA(z = 5 ns)] and zero, respectively). In fact the data for
Mg-H,(5) in both CH,Cl, and THF are described by

AA(1) = [AA(t = 0) - 8 Je ™) + Be () (1)

where A; and A, are rate constants and 8 is the product of the
quantum yield of the final long-lived state, the initial sample
concentration, and the difference in molar absorbtivity between
the long-lived and ground states. However in this work, 8 is an

(15) Creutz, C.; Chou, M.; Netzel, T. L.; Okumura, M.; Sutin, N. J. Am.
Chem. Soc. 1980, 102, 1309.
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Figure 1. Change-in-absorbance (A4) spectra for 1.9 X 10™* M Mg—
H,(5): in CH,Cl, immediately after excitation, r = 0 ps; in THF/
iodobenzene (1:1), # = 0 ps; and in THF /iodobenzene (1:1), z = 5 ns.
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Flgure 2. Kinetic plots of A4 data for 2.2 X 10~ M Mg—H,(5) in THF
at 630 nm (top) and in THF /iodobenzene (1:1) at 660 nm (bottom). The
solid lines are caluclated results based on eq | with the rate constants
specified in Table .
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Figure 3. Kinetic plots of A4 data for 1.9 X 10™* M Mg-H,(5) in
CH,Cl, at 660 nm (top) and of 2.1 X 10™* M Mg-H,(5) in CH,Cl,/
iodobenzene (1:1) at 660 nm (bottom). The solid lines are calculated
results based on eq | with the rate constants specified in Table I.

empirical parameter as the first and last values in this product
are unknown. The best fit rate constants for the decay of pho-
toexcited Mg—H,(5) in THF and CH,Cl,, as well as other solvents,
are given in Table I.
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Table I. Mg-H,(5) Excited State Lifetimes

solution 7, =1/A,ps T, =1/A,,n8
CH,Cl, 200 £ 15 6 (*3)
CH,Cl, /iodobenzene? 200 + 20 13 (%)
THF ~2000%
THF/iodobenzene? 650 + 60 >15
THF + 0.25 M BQ 25 + 5¢ 0.47 £ 0.07
CH,Cl, + 0.25 M BQ 905 >15

21:1 by volume. b See the text for a discussion of the error
limits. ¢ The instrumental response of the laser system (due to
the convolution of excitation and probe pulses) to an optical tran-
sient of <3 ps duration can be described by a Gaussian function
with a fwhm of 11 ps. Equation 1 does not deconvolute this in-
strumental response. Thus the true 7, may be somewhat less than
25 ps.
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Figure 4. Change-in-absorbance spectra for 2.1 X 10 M Mg-H,(5) in
CH,Cl,/iodobenzene (1:1) at 1 = 0 ps and 5 ns.

Iodobenzene Perturbation. If the S, state of Mg-H,(5) in THF
[a '(x,7x*) state] is decaying to both Sy and 3(«,7*) states,
changing the solvent to THF /iodobenzene (1:1) should increase
the intersystem crossing rate, S; — T,.” The kinetics for the decay
of the S, state of Mg—H,(5) in this solvent system are shown in
the lower portion of Figure 2. In this case the decay of the initial
state to a second, longer-lived state is clear and the rate constants
for eq 1 which describe the data are given in Table I. The expected
increase in the rate of intersystem crossing is reflected in the
decreased singlet lifetime (650 ps vs. ~2 ns in neat THF). The
lowest curve in Figure 1 shows the A4 spectrum in this solvent
mixture 5 ns after excitation. The T, — S, difference spectrum
is seen to be flatter than the S| — S, difference spectrum shown
by the middle curve of Figure 1.

A kinetic comparison of the decay of the photoproduct of
Mg-H,(5) in CH,Cl, and CH,Cl,/iodobenzene is shown in Figure
3 and the rate constants in eq | which best describe the data are
given in Table I. These data show that the decay of the first
transient [presumably Mg*-—H,™(5)] is unaffected by switching
from one solvent to the other. Also, the second transient decays
in both solvents, but may be longer-lived in CH,Cl,/iodobenzene.
Figure 4 shows the AA spectra at O ps and 5 ns for Mg—H,(5)
in the mixed solvent. The identity of the second transient is
unclear. However, the two most likely possibilities are: one, a
3(w,m*) state of Mg—H,(5), and two, a triplet biradical state,
3(Mg*.—H,™). The fact that it decays more rapidly than the T,
state of Mg—H,(5) found in THF /iodobenzene suggests that it
is not a 3(w,m*) state. Comparison of the lowest curve in Figure
1 (T,) and the 5 ns curve in Figure 4 also suggests that they are
different states. To account for differences between the ground
state absorption spectra in the two solvents, we numerically added
various amounts of the corresponding ground state spectra (sim-
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Figure 5. Change-in-absorbance spectra for 1.9 x 10~ M Mg-H,(5) in
two solvents at + = 0 ps. For each solvent three concentrations of added
p-benzoquinone were studied: A, 0.0 M; B, 0.25 M; and C, 0.50 M.

ulating different quantum yields of the second transient) to these
AA curves. No choice of quantum yields could make the resulting
transient absorbance spectra for these two long-lived transients
agree. Although the above results are consistent with the sug-
gestion that the long-lived transients observed in THF /iodobenzene
and CH,Cl,/iodobenzene are different states, more experiments
(especially at times >5 ns) are necessary to prove this.

p-Benzoquinone Quenching in THF. The general conclusion
of studies of the quenching of the !(r,7*) states of porphyrins and
chlorophylls by quinones is that the quenching reaction returns
the excited molecule to the ground state with very high efficiency
(>0.95). However, recent work!6 has shown that when sufficient
(>0.2 M) p-benzoquinone (BQ) is added to meso-tetraphenyl-
porphine (TPP) to form ground state pairs between TPP and BQ,
high yields (¥) of triplet states (¥ = 0.5) can be achieved. The
high triplet yields are possible, even with low quantum yields (&)
for triplet formation ($7 < 0.05), because of the extremely short
S, state lifetime of the paired TPP molecules (0.3 ps < 7 < 3 ps).
Thus paired TPP molecules can be excited many times during a
6 ps (fwhm) photolysis pulse. As a first approximation, it is
reasonable to expect BQ quenching of the S, state of Mg—Hy(5)
to follow a similar pattern.

Curves A, B, and C in Figure 5 show the effects on the A4
spectrum at 0 ps of adding respectively 0.0, 0.25, and 0.50 M BQ
to Mg-H,(5). The addition of BQ in both THF (top panel) and
CH,CI, (bottom panel) decreases the observed A4 signal. This
is not due to absorption of the photolysis light by BQ, because
even with 0.5 M BQ less than 10% of the 527-nm light is absorbed
by BQ. Rather, this is evidence of <<6 ps deactivation of some
of the excited states through static quenching. Indeed, for 0.5

(16) Bergkamp, M. A,; Dalton, J.; Netzel, T. L. J. Am. Chem. Soc. 1982,
104, 253,
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Figure 6. Change-in-absorbance spectra for 2.2 X 10™* M Mg-H,(5) in
THF with 0.25 M p-benzoquinone added. The times after excitation are
indicated. See Figure 7 for kinetic plots of these data.

M BQ additions, A4 spectra taken during photolysis (-8 ps to
0 ps) show a transient of <6 ps duration. While the occurrence
of static quenching in both THF and CH,Cl, should be noted,
the important observations concern the kinetic processes due to
dynamic quenching in the two solvents.

Kinetic spectra for the quenching of Mg—H,(5) by 0.25 M BQ
in THF are shown in Figure 6 and plots of these data versus time
at two wavelengths are shown in Figure 7. Two spectral results
are worth emphasizing. First, a growth of ground state bleaching
at 608 nm until 50 ps after photolysis shows that at least two
excited states are kinetically important. This behavior has been
reproduced in a 25% more concentrated sample with a corre-
sponding increase in the amount of bleaching at 608 nm. Second,
the A4 spectrum taken 5 ns after excitation is zero within our
error limits. This means that less than 2% of the sample is
converted to a photoproduct with a molar absorptivity (e) of |
X 10* M~ cm™ in the 650-nm region (a typical value of molar
absorptivity for porphyrin cations in the 600~700-nm region'7).
The kinetic analyses at 630 nm and 665 nm also indicate two
distinct deactivation processes with lifetimes of 25 and 500 ps (see
Table I). The most straightforward interpretation of these life-
times is that the first corresponds to S; quenching and the second
T, quenching. The appreciable yield of T, states could result from
static quenching during the time of photolysis (vide supra) or from
dynamic quenching of the S, states. However, it is unusual for
dynamic quenching of the singlet states of monomeric prophyrins
to yield large amounts of triplet states.”® For comparison it is
worth noting that a sample of TPP (6 X 10™* M) in CH,Cl, with
0.3 M BQ exhibited the following quenching dynamics:' (a) very
rapid quenching (r < 6 ps) of some of the S, states, (b) a slower
S, state quenching (= = 20 £ 10 ps), and (¢) T, state quenching

(17) Borg, D. C.; Fajer, J.; Felton, R. H. Ann. N.Y. Acad. Sci. 1973, 206,
177.
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Figure 8. Change-in-absarbance spectra for 2.2 X 10™* M Mg-H,(5) in
CH,Cl, with 0.25 M p-benzoquinone added. The times after excitation
are indicated. See Figure 9 for kinetic plots of these data.

(7 =860 £ 30 ps). The rates of S, and T, deactivation for TPP
by BQ are therefore similar to the rates observed for the quenching
of the excited states of Mg—H,(5) by BQ. Similarly, the quantum
yield of the long-lived (r > 5 ns) tetraphenylporphine cation
(TPP*.) was much less than 5%.

p-Benzoquinone Quenching in CH,Cl,. Kinetic spectra for the
quenching of Mg-H,(5) in CH,Cl, with 0.25 M BQ are shown
in Figure 8. There is an abrupt spectral change between 0 ps
and 4 ps. This could reflect either the end of the static quenching
process with 7 < 6 ps or a medium reorganization about the newly
formed photoproduct. The kinetic data between 4 ps and 5 ns
are plotted in Figure 9 at 635 and 665 nm. Two deactivation times
are seen: 90 £ 5 ps and >15 ns (see Table I). Neither of these
times is similar to the times found for BQ quenching of Mg—H,(5)
in THF or TPP in CH,Cl,. One of the most striking results is
that an easily detectable amount of a long-lived (r > 15 ns)
photoproduct is formed. This photoproduct cannot be a singlet
or triplet (w,7*) state of the diporphyrin because it reacts too
slowly with BQ. The most reasonable assignment of this state
is Mg*.—H,(5) + BQ-. A lifetime of >50 ns is expected for these
ions because they are both present at less than millimolar con-
centrations and cannot recombine at a faster than diffusion-
controlled rate. While the spectrum of Mg*-—H,(5) is currently
unobtainable due to the instability of the oxidized diporphyrin,
the spectrum of (magnesium octaethylporphine)*- (MgOEP*.)
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Figure 9. Kinetic plots of the A4 data shown in Figure 8 at two wave-
lengths. The solid lines are calculated results based on eq 1 with the rate
constants specified in Table L.

is known to have an absorption maximum at ~660 nm with e of
1.2 X 10* M em™!.'4!% If Mg*.—H,(5) has this molar ab-
sorptivity at ~675 nm, its yield is ~12%. (BQ™ does not absorb
beyond 500 nm.'®) The spectrum of Mg*.—H,™ (5) is likely to
have increased absorption at 630 and 690 nm (on either side of
the 660 nm (magnesium porphyrin)*. peak) relative to that of
Mg+ —H,(5) as well as an absorption band at 820 nm (e ~ 8 X
10° M~ em™).1418 Unfortunately our SIT-vidicon detector is not
sensitive beyond 775 nm. Thus the chief difference between the
spectrum of Mg*.—H,(5) and Mg*-—H,(5) in the range 600~775
nm is likely to be that the former has a higher molar absorptivity
and is somewhat broader than the latter. This description is
consistent with assigning the O ps spectrum in Figure 8 to
Mg*.—H,™(5) and the spectra from 250 ps to 5 ns to Mg+ —H,(5).
Note that we do not known the quantum yield of either species,
so their molar absorptivities cannot be compared.

Only ~60% of the Mg*-—H,™ (5) formed in neat CH,Cl, is
present 4 ps after excitation in CH,Cl, with 0.25 M BQ and its
lifetime is reduced to 90 ps from 200 ps in neat CH,Cl,. If each
quenching encounter produced Mg*.—H,(5), we would expect
~33% yield of this species. The ~12% yield observed implies
that ~2/, of the quenching encounters “short-circuit” Mg*- -
H,™(5) and re-form the starting material. Presumably these
“short-circuiting” reactions represent encounters near the interface
of the porphyrin subunits.

It is interesting to compare the 250-ps spectrum of Figure 8
and the 5-ns spectrum of Figure 4. The two are similar with the
latter being somewhat broader than the former. This is how the
AA spectra for Mg+ —H,(5) would be expected to differ from that
of Mg*-—H,™ (5) and suggest that the 5-ns spectrum in Figure
4 could be a *(Mg*-—H,™) species. Kinetic studies beyond 5 ns
are necessary to determine whether or not this is actually the case.

Discussion and Conclusion

Time-resolved excited-state absorption spectra of Mg—H,(5)
in THF and in THF/iodobenzene (1:1) show an increase in the
intersystem crossing rate (S; — T,) in the later solvent (S, lifetime
reduced to 650 ps from ~2 ns). By way of comparison, the short
time (= = 200 ps) decay kinetics of photoexcited Mg-H,(5) in
CH,Cl, are unaffected by changing to CH,Cl,/iodobenzene as
the solvent and the lifetime of the second transient may be in-
creased slightly (from ~6 ns to ~13 ns) upon the addition of
iodobenzene. But even this longer lifetime (~13 ns) in
CH,Cl,/iodobenzene is inconsistent with it being a (=, 7*) state,

(18) Netzel, T. L. In “Primary events in Biology Probed by Ultrafast Laser
Spectroscopy”, R. R. Alfano, Ed., Academic Press: New York, in press.

(19) Bridge, N. K.; Porter, G. R. Soc. London, Ser. A 1958, 244, 259;
1958, 244, 276.
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as these states in magnesium and free-base porphyrins do not decay
in <50 ns.2® The BQ quenching of the Mg—H,(5) excited states
in THF showed two distinct relaxation processes, similar to the
S, and T, quenching reaction observed for TPP.!¢ The T, state
lifetime was ~0.5 ns and less than 2% of a Mg*-—H, species was
present 5 ns after excitation. In contrast, BQ quenching of
Mg-H,(5) in CH,Cl, produced an easily observable photoproduct
with a lifetime >15 ns. The quenching reaction to form this species
shortened the primary photoproduct’s lifetime to 90 ps. The most
reasonable assignment of the second species is Mg*-—H, + BQ™.
Comparison of its spectrum with that of MgOEP*. suggests that
its yield is ~12%. The differences in the above kinetic processes
for Mg—H,(5) in CH,Cl, and THF are easily explained if the first
observed photoproduct is Mg* -H,™ in CH,Cl, and a (r,7%)
singlet state in THF. It is difficult to ascribe these differences
to solvent perturbations of a single type of excited state.

The nature of the second state formed by the decay of
'[Mg*—H,™] in CH,Cl, is an open question. The fact that its
difference spectrum is similar to that of Mg*-—H, and not to that
of the T, state of Mg—H,(5) suggests that it may be a triplet
biradical, *[Mg*.—H,™]. That it decays in the 5-15 ns time
domain supports this suggestion.

The important result of these studies is the confirmation of the
previous® assignment of a rapid (<6 ps) electron transfer after
photoexciting Mg—H,(5) in CH,Cl,. In view of this, it is worth
suggesting a model to account for the rapid S; — ET reaction
(k> 2 x 10" s7") and slow reverse ET (k = 5 X 10°s7!) to re-form
the ground state. The specific point that we wish to address is
the slow rate of the reverse ET. Therefore the small portion of
the initial ET product, '[Mg*.-—H,™ ], which decays to another
state [perhaps *(Mg*.—H,™)] will be neglected in the following
discussion. Presumably the lifetime of ![Mg*-—H,™ ] would be
even longer than 200 ps if its only decay route were reverse ET
to Sp. The novelty of this result for in vitro systems (although
expected on the basis of in vivo studies on photosynthetic systems)
can be emphasized by noting that previous attempts”® to quench
the singlet states of porphyrins and chlorophylls with quinones
and nitroaromatics failed to produce detectable ET photoproducts.
Indeed, study of meso-triphenyl(p-benzoquinone)porphine!®
showed that while its S| state was shortened to <6 ps, only T,
and not ET products were produced by S, quenching.

The rapid rate of ET in the forward direction, to form
Mg*.—H,~, demonstrates that the electronic coupling, ¥, for this
process is large. There is no reason to assume that it is significantly
smaller for the reverse ET, yet that process is much slower. What
is the nature of the barrier which slows the reverse reaction?
Resonance Raman data on porphyrins and their ions?! show that
they have similar vibrational frequencies. Also, the X-ray crystal
structure of the zine tetraphenylporphine cation?? shows that its
bond distances and angles are similar to those of other metallo-
porphyrins. These facts suggest that the energy requirements for
internal nuclear reorganization accompanying ET in either di-
rection for Mg-H,(5) are small.?*?* Similarly, the large size of
the diporphyrin implies that the solvent reorganization energy will
not be large.2** Consequently the minium of the potential energy
surface for Mg*.—H,™ is probably only slightly displaced relative
to the minima of the S; and ground states of Mg-H,(5) (A;and
A, respectively).

If a critical nuclear displacement coordinate or an effective
displacement coordinate can be defined such that motions along
it govern the observed ET reactions, only this dimension of the
relevant potential energy surfaces need be explicitly discussed.?*?’
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Figure 10. Potential energy vs. nuclear displacement curves for the
ground state of Mg-H,(5), (Mg-H,)$!, and Mg*-H,™. AG{ and AG,°
are, respectively, the differences in free energy in CH,Cl, for the (Mg—
H,)$' — Mg*.—H,~ and Mg*—H; — Mg-H, reactions. E, is the
energy of the avoided crossing region above the minimum of the Mg*-
—H,™ curve. A, is the nuclear displacement between the minima of the
Mg*.-H,™ and Mg-H, curves.

One objective of work on unimolecular complexes such as Mg—
H,(5) is to assess the appropriateness of this approximation. With
this in mind, we can discuss the ET paths for Mg—H,(5) in terms
of the potential curves shown in Figure 10. The free-energy
difference, AG,°, was obtained from previously reporteds elec-
trochemical measurements for Mg—H,(5) in CH,Cl,. Note that
the energy of the S, state is an enthalpy change. Comparing this
quantity to AG,° is appropriate only if the entropy changes as-
sociated with excited state formation are small.

The curves in Figure 10 show that the reverse ET is nonadia-
batic due to an avoided crossing at height E, above the minium
of the Mg*.—H,™ potential energy curve. For this type of ET,
the rate is governed by both an electronic factor reflecting the
nonadiabatic character of the ET and Franck—Condon overlap
integrals which determine the frequency of nuclear tunneling from
the reactant potential energy surface to that of the product.?’?
This kinetic bottleneck is caused by both a large AG,°, ca. -1.8
eV, and weak electron-vibration coupling (a small 4;). By contrast,
the forward ET

>10M 57

(Mg-H,)% Mg*-H,™

is likely to be nearly activationless, because although the dis-
placement between the two potential energy curves (4y) is small,
AG¢ is also small. Jortner? has recently emphasized the following
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characteristics of an activationless ET: (1) the low-temperature
rate “essentially provides a determination of the electronic coupling
V", and (2) at high temperatures there is an apparent negative
activation energy because the ET rate is proportional to (1/7)'/2.

If the reverse ET is governed by the location of an avoided
crossing between two steeply rising functions, it may be sensitive
to changes of solvent or altered diporphyrin geometries. At the
same time, changes in AG® or in the amount of nuclear dis-
placement (A;) are less likely to affect the forward ET, since the
curves for the S, and Mg*.—H,™ states cross near the minimum
of the S, potential energy function. Whether increasing the solvent
reorganization energy can dominate electronic factors and
Franck-Condon overlap integrals and speed up the reverse ET
is difficult to predict in advance of the experiment. Current work
is examining the effects of variations in solvent and diporphyrin
structure on the forward and reverse ET processes.

It is interesting to compare the properties of the Mg—H,(5)
diporphyrin in CH,Cl, to those of the electron donor—acceptor
components in reaction centers of photosynthetic bacteria. In Rps.
Sphaeroides RCs, the oxidation of the primary electron donor,
(BChl),, proceeds at a rate >10!! 5714530 In Mg-H,(5), the rate
of the S; — ET reaction is similarly fast, >10'! s™". In RCs the
apparent difference in energy between the S, state of the electron
donor and the free energy of formation of the ET product,
(BChl),*BPheo™, is 50-130 meV'%3132 vs, 150 meV for Mg-
H,(5).° Consequently, both this diporphyrin and bacterial RCs
store >90% of the incident photon’s energy in their ET products.
A recent estimate?? of the edge-to-edge distance of the primary
charge separation to form (BChl),*-BChl™ [a possible precursor
of (BChl),*-BPheo™] is ~3.1 A. In contrast, the edges of the
porphyrin subunits in Mg—H,(5) are less than | A apart.’* Finally,
although the primary electron donor in purple photosynthetic
bacteria is a dimer, work on Mg—-H,(5) shows that a dimeric
electron donor is not obligatory. Indeed, Mg-H,(5) is a good
model of the primary electron donor—acceptor pair of PSII in green
plants. In this case a ligated chlorophyll monomer is the postulated
electron donor® and pheophytin the acceptor.®3*
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