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Two closely related, rigidly linked porphyrin-naphthoquinone dyads have been prepared and studied using
time-resolved fluorescence and absorption methods. Dyad1, whose quinone carbonyl groups are relatively
close to the porphyrin macrocycle, exhibits photoinduced electron-transfer rate constants that are virtually
independent of solvent dielectric constant and temperature within the range 77-295 K. Dyad2, which has
a similar donor-acceptor linkage but whose quinone carbonyl groups are∼2 Å farther from the porphyrin,
features photoinduced electron-transfer rate constants that decrease with decreasing solvent dielectric constant.
Electron transfer in this molecule ceases at low temperatures. Photoinduced electron transfer in dyad2 exhibits
the usual dependence on free energy change and solvent reorganization observed in many similar porphyrin-
quinone systems. The behavior of1 may be attributed at least in part to the smaller separation of the porphyrin
radical cation and the quinone radical anion, which leads to nearly barrierless electron transfer and makes
transfer less susceptible to effects due to changes in solvent dielectric properties and temperature. Charge
recombination rates in the dyads are substantially slower than charge separation rates, unlike those of many
porphyrin-quinone systems. This suggests that these molecules might be useful as components of more
complex molecular devices.

Introduction

In contrast to photosynthetic reaction centers, which dem-
onstrate photoinduced electron-transfer behavior that is relatively
insensitive to temperature and thermodynamic driving force,1-5

most synthetic reaction center models display electron-transfer
rates that are strongly dependent upon free energy change and
environmental factors. The most thoroughly studied class of
artificial reaction centers features porphyrin moieties covalently
linked to quinone acceptors.1,6-10 In most of these molecules
(but not all7,11-16), photoinduced electron transfer is rapid in
reasonably polar solvents at ambient temperatures but is not
observable at low temperatures. In addition, electron transfer
usually slows significantly as solvent polarity is decreased.

We recently reported the preparation and spectroscopic study
of rigidly linked porphyrin-quinone dyad1.17 Photoinduced
electron transfer from the porphyrin first excited singlet state
to the quinone occurs with rate constants of∼1012 s-1 in
solvents ranging in dielectric constant from∼2.0 to 25.6 and
at temperatures from 77 to 295 K. The transfer rate is also
relatively insensitive to changes in thermodynamic driving force
of up to 0.4 eV. The behavior of this molecule is phenomeno-
logically more similar to photosynthetic electron transfer than
is that of the majority of model systems. To better define the
structural features that give rise to this, we have now prepared
and studied dyad2. Although the structural relationship of2
to 1 is quite close, the two molecules show very different
photoinduced electron-transfer characteristics.

Results

Synthesis. The dyads were prepared by the Diels-Alder
reaction of appropriate quinones and porphyrin diene precursors.

The syntheses of1 and model porphyrin3 have been previously
reported.17,18 The preparation of2 and model porphyrin4 is
described in the Experimental Section.

Molecular Conformation. Dyads1 and2 share the same
bicyclic bridge linking the porphyrin and quinone moieties, and
this bridge precludes any large-scale molecular motions that
could modulate interchromophore separations, angles, or elec-
tronic coupling interactions. Molecular modeling allows esti-
mation of the distance from the center of the porphyrin ring of
2 to the center of the six-membered ring bearing the quinone
moiety as 8.8 Å. The corresponding distance in1 is 6.7 Å.17

In both molecules, the dihedral angle between the plane of the
porphyrin and that of the quinone is∼120°.
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Electrochemistry. Cyclic voltammetric studies of2 in
benzonitrile solution yielded a quasireversible first oxidation
potential for the porphyrin of+0.393 V vs a ferrocene internal
reference redox system. The first reduction of the quinone
moiety was reversible, at-1.116 V. The corresponding first
oxidation and reduction potentials for dyad1 are+0.422 and
-1.148 V, respectively.17

Steady-State Absorption Spectra.The absorption spectra
of 1, 2, and4 in 2-methyltetrahydrofuran are shown in Figure
1. Model porphyrin4 has a Soret maximum at 409 nm and
Q-bands at 510, 546, 580, and 634 nm. The Soret band of2 at
411 nm is similar to that of4, but the Q-bands at 513, 550
(shoulder), 586, and 640 nm are broadened significantly and
the maxima are shifted to longer wavelengths. A slightly greater
degree of broadening of the Q-bands is observed for dyad1,
whose absorption maxima are found at 409, 507, 589, and 646
nm. The absorption spectra of2 in benzonitrile, dichlo-
romethane, 2-methyltetrahydrofuran, toluene, and benzene are
essentially identical.

Steady-State Fluorescence Spectra.In 2-methyltetrahy-
drofuran, porphyrin4 has fluorescence emission maxima at 638
and 705 nm (Figure 2). The quantum yield is 0.065, as
determined by the comparative method usingmeso-tetraphe-
nylporphyrin as the standard.19 Solutions of2 in 2-methyltet-
rahydrofuran at 298, 190, 181, or 159 K show very weak
emission (Figure 2), most of which is due to minor impurities.
When the sample is cooled to 91 K, strong emission is observed
(Φ ) 0.055). The emission maxima occur at 634, 668, 687,
and 705 nm. The fluorescence quenching of2 at ambient
temperature is indicative of photoinduced electron transfer to
form the P•+-Q•- charge-separated state. At 91 K, significant
electron transfer no longer occurs, as evidenced by the large
increase in fluorescence quantum yield.

Time-Resolved Fluorescence Studies.A 2-methyltetrahy-
drofuran solution of4 was excited with 9 ps laser pulses at 590
nm, and its fluorescence decay was measured using the time-
correlated single photon counting technique. The fluorescence,
detected at 663 nm, decayed as a single exponential with a
lifetime of 10.1 ns (ø2 ) 1.08). A similar solution of dyad2
was excited, and fluorescence was detected at six wavelengths
in the 640-730 nm region. The decays were analyzed globally
as three exponentially decaying components with lifetimes of

0.005, 0.036, and 9.98 ns (Figure 3). The major component,
with a lifetime of 5 ps, is assigned to the decay of2, and the
two minor components are assigned to impurities. Thus, the
first excited singlet state of the porphyrin of2 is quenched by
photoinduced electron transfer to the attached quinone, as also
shown by the steady-state experiments.

Similar experiments were carried out in benzonitrile, dichlo-
romethane, toluene, and benzene, where the major component
of the fluorescence decay had lifetimes of 0.001, 0.001, 0.015,
and 0.008 ns, respectively. The lack of solubility in aliphatic
hydrocarbons precluded studies in such media. All of the
fluorescence lifetimes measured for2 are well within the
instrument response function of 0.035 ns, decreasing the
accuracy of the measurement. The very short lifetimes in
benzonitrile and dichloromethane are especially vulnerable. We
turned to time-resolved absorption spectroscopy in order to
obtain more accurate estimates of the singlet-state lifetimes and
to detect the products of electron transfer.

Figure 1. Absorption spectra of model porphyrin4 (‚‚‚) and dyads1
(- - -) and2 (s) in 2-methyltetrahydrofuran solution. The spectra have
been normalized at the Soret band in the 410 nm region, and the inset
is a 10-fold expansion.

Figure 2. Fluorescence emission spectra of∼1 × 10-5 M 2-meth-
yltetrahydrofuran solutions of model porphyrin4 at 298 K (s) and of
dyad2 at 298 K (-‚-), 190 K (-‚‚-), 181 K (‚‚‚), 159 K (- -), and 91
K (- - -). Excitation was at 590 nm.

Figure 3. Decay-associated spectra showing components of the decay
of the first excited singlet state of dyad2 following 590 nm excitation
of a∼1 × 10-5 M solution in 2-methyltetrahydrofuran. Global analysis
at the indicated wavelengths (ø2 ) 1.12) gave exponential decays with
lifetimes of 0.005 (b), 0.036 (9), and 9.98 ns (2).
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Time-Resolved Absorption Studies. Excitation of ∼5 ×
10-4 M 2-methyltetrahydrofuran solutions of porphyrin3 with
150-200 fs, 590 nm laser pulses resulted in the immediate
appearance of the transient absorption spectrum of the porphyrin
first excited singlet state.17 In the 625-760 nm region, this
spectrum is characterized by stimulated emission bands at 630
and 700 nm superimposed upon the broad, featureless absorption
of the excited state. The spectrum rises with a time constant
of 0.26 ps, which is close to the excitation pulse width, and
does not decay appreciably on the time scale of several hundred
picoseconds.

At early times, the transient spectrum of dyad2 in the 625-
765 nm region is similar to that for3, with stimulated emission
at 640 and 710 nm superimposed on a broad absorption (Figure
4). At later times the stimulated emission, the signature of the
porphyrin first excited singlet state, disappears, and only a broad,
relatively featureless absorption is observed (Figure 5). This
absorption is characteristic of the porphyrin radical cation of
the P•+-Q•- state. The time dependence of the spectrum at
690( 10 nm is shown in Figure 6. The prompt rise of1P-Q
with the laser pulse is followed by the exponential growth of
the P•+-Q•- state with a time constant of 5.9 ps (Figure 6a),
which is consistent with the measured fluorescence lifetime for
1P-Q of 5 ps. The charge-separated state decays exponentially
with a lifetime of 29 ps (Figure 6b).

Similar experiments were carried out in benzonitrile, dichlo-
romethane, toluene, and benzene. The results are reported in
Table 1. The precision of the rate constants>1 × 1012 s-1 is
less than that of the smaller rate constants due to convolution
with the excitation pulse and rise of the porphyrin first excited
singlet state.

Photoinduced Electron Transfer. The results for dyad2
can be interpreted in terms of Figure 7. The energetics shown
are based on the electrochemical measurements in benzonitrile,
which allow estimation of the energy of the P•+-Q•- charge-
separated state as 1.51 eV above the ground state. In this
estimate, no correction is made for any Coulombic effects. The
energy of the corresponding state in1 is 1.57 eV.

The porphyrin first excited singlet state of2 decays by the
usual photophysical pathways of internal conversion, intersystem
crossing, and fluorescence. Assuming that linking the quinone
to the porphyrin does not greatly perturb these pathways, the
sum of the rate constants for these processes (k1, the rate constant
for step 1 in Figure 7) may be estimated as the reciprocal of
the singlet lifetime of model porphyrin4. In 2-methyltetrahy-
drofuran, the time-resolved fluorescence studies give a value
for k1 of 9.9 × 107 s-1. The 1P-Q state also decays by
photoinduced electron transfer to yield P•+-Q•-. The rate
constant for photoinduced electron transfer,k2, is given by eq
1, wherekrise is the reciprocal of the time constant for formation
of P•+-Q•- and decay of1P-Q (Table 1).

In all of the solvents investigated here,krise is much larger than
k1, and k2 equalskrise within experimental error. In 2-meth-
yltetrahydrofuran, for example,k2 for 2 equals 2× 1011 s-1.
The P•+-Q•- state decays to the ground state by charge
recombination step 3;k3 equals the experimentally observed
kdecayvalue in Table 1. The table also listskrise ()k2) andkdecay

()k3) values for1.17

Discussion

Comparison of Results for Dyads 1 and 2.Although dyads
1 and 2 are very similar in structure, their electron-transfer
behavior is quite different. Photoinduced electron-transfer rates
in 1 are large and essentially independent of solvent. Photo-
induced electron transfer is also essentially independent of
temperature, with no observable change in rate constant over
the range 77-295 K.17 In dyad 2, the rate constant for
photoinduced electron transfer in benzonitrile is slightly larger
than that for1. However, the rate constant decreases by about
1 order of magnitude in going from polar to nonpolar solvents.
In addition, the photoinduced electron-transfer rate in2 is
strongly temperature dependent. The steady-state fluorescence
results show that transfer is very fast down to at least 159 K
but that by 91 K electron transfer has slowed dramatically or

Figure 4. Representative transient absorption spectra at early times
after excitation of a∼5 × 10-4 M solution of dyad2 in 2-methyltet-
rahydrofuran with a∼150 fs laser pulse at 590 nm. Spectra were
obtained at-0.6 (s), 0.8 (- - -), 1.6 (‚‚‚), 3.2 (-‚-), 6.4 (-‚‚-), and 12.8
ps (- -) ps after excitation.

Figure 5. Representative transient absorption spectra at later times
after excitation of a∼5 × 10-4 M solution of dyad2 in 2-methyltet-
rahydrofuran with a∼150 fs laser pulse at 590 nm. Spectra were
obtained at-1.0 (s), 13.0 (- - -), 20.0 (‚‚‚), 30.0 (-‚-), 40.0 (-‚‚-), and
50.0 ps (- -) after excitation.

k2 ) krise - k1 (1)
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ceased, and the quantum yield of fluorescence from the dyad
approaches that of the model porphyrin. Why do two dyads
that are so closely related structurally have such different
photoinduced electron-transfer behavior? Several aspects of this
question will be addressed below.

Optical Electron Transfer. Electron transfer sometimes
occurs by an optical transition from the ground state directly

into an absorption band of a charge-transfer state. The very
rapid photoinduced electron transfer observed for1 and the
perturbation of the absorption spectrum upon linking the donor
and acceptor might be indicative of such behavior. The transient
absorption of the P•+-Q•- state in1 rises only slightly more
slowly than the excitation pulse width in all solvents, and no
clear-cut spectral signature for the local excited state was
observed.

The transient absorption results for2 clarify the situation.
The perturbation of the ground-state absorption in the Q-band
region is present in2 to only a slightly lesser extent than in1
(Figure 1). Thus, if this perturbation is due to charge-transfer
absorption, both molecules should demonstrate optical electron
transfer. However, the transient absorption spectra for2
(Figures 4 and 5) clearly show the initial formation of the local
excited state1P-Q and the slower conversion of this state into
P•+-Q•-. On this basis, charge-transfer absorption can be ruled
out.

Electronic Coupling. Differences in electronic coupling
might contribute to the divergent behavior of1 and2. The effect
of coupling may be conveniently discussed in terms of eq 220-22

and similar equations23,24 that have been developed for nona-
diabatic electron-transfer reactions. The electron-transfer rate
constant isket.

The preexponential factor includes the electronic matrix element
V that describes the coupling of the reactant state with that of
the product. In addition to Planck’s constant, Boltzmann’s
constantkB, and the absolute temperatureT, this factor also
includes the reorganization energy for the reaction,λ. It is
convenient to expressλ as the sum of an internal energy,λi,
and the solvent reorganization energy,λs. The exponential term
also includes the standard free energy change for the reaction,
∆G°. Equation 2 predicts an increase in rate with thermody-
namic driving force (the “normal” region) up to a maximum
when -∆G° ) λ and a decrease in rate as the standard free
energy change becomes more negative in the “inverted” region.

The electronic matrix elementV defines an upper limit to
the electron-transfer rate when-∆G° equalsλ. In the dyadsV
is related to the electronic coupling between the porphyrin and
the quinone, which occurs across the bicyclic bridge joining
the two moieties. Even though the bridging carbons are

Figure 6. (a) Rise of the transient absorption at 690( 10 nm after
excitation of a∼5 × 10-4 M solution of dyad2 in 2-methyltetrahy-
drofuran with a∼150 fs laser pulse at 590 nm. The smooth line is a
least-squares fit of the slow part of the rise and the decay to exponential
functions. The time constant for the rise is 5.9 ps. (b) Rise and decay
of the transient absorption in the same spectral region measured on a
longer time scale. The smooth line is a least-squares fit of the rise and
decay to exponential functions and yields a decay time constant of 29
ps.

TABLE 1: Rate Constants for the Rise and Decay of the
Charge-Separated State in Porphyrin-Quinone Dyads 1 and
2 as a Function of Solvent

dyad1 dyad2

solvent ε krise (s-1) kdecay(s-1) krise (s-1) kdecay(s-1)

benzonitrile 25.60 8× 1011 2 × 1011 1 × 1012 2 × 1011

dichloromethane 9.08 3× 1012 5 × 1011 1 × 1012 5 × 1011

2-methyltetra-
hydrofuran

7.60 1× 1012 7.7× 1010 2 × 1011 4.9× 1010

toluene 2.38 1× 1012 4.4× 1010 8.0× 1010 9.0× 109

benzene 2.28 7× 1012 4.2× 1010 2 × 1011 1.2× 1010

Figure 7. Relevant high-energy states of dyad2 and their intercon-
version pathways. The energetics were derived from spectroscopic and
cyclic voltammetric measurements. The dashed line represents the P•+-
Q•- state for dyad1.

ket ) x(π/p2λkBT) |V|2 exp[-(∆G° + λ)2/4λkBT] (2)
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saturated, the interaction through bridges of this type may be
relatively strong.25-27 The coupling in 1 and 2 might be
expected to be comparable, as the bridge and porphyrin
macrocycles are identical. However, some differences still arise
because the interaction involves different naphthoquinone
π-orbitals in the two molecules. To investigate the magnitude
of this effect, AM1 calculations were performed on quinone
models6 and7. To a first approximation,V depends on the
square of the LUMO wave function at the quinone carbon atoms
bearing the bridge. This value for the corresponding carbon
atoms in6 and7 is 0.107 and 0.054, respectively. This suggests
thatV2, and thereforeket, is about 4 times larger for1 than for
2.

The experimental data suggest that the electronic interactions
are comparable for the two dyads. The photoinduced electron-
transfer rate constants in polar solvents (dichloromethane or
benzonitrile) are nearly identical in the two species (∼1012 s-1).
The nominal∆G° values, estimated from the absorbance spectra
and electrochemical measurements, are similar for the two dyads
in polar solvents. If we assume thatλ is also similar for the
two molecules in polar solvents (but vide infra), then eq 2
suggests that the values ofV for 1 and2 must be roughly the
same as well. Although some differences in electronic coupling
must exist, the explanation for the strongly divergent behavior
of the two molecules seems to lie elsewhere.

Thermodynamic Driving Force, Reorganization Energy,
and Solvent Effects. The spectroscopic and electrochemical
data indicate that in polar solvents∆G° for charge separation
is similar in both dyads (-0.35 eV in1 and-0.42 eV in2).
Equation 2 predicts that, on the basis of∆G° alone, photoin-
duced electron transfer should be slightly more rapid in2 than
in 1. This is the case in benzonitrile, but in less polar solvents,
transfer in1 is much more rapid than it is in2. Solvent affects
both driving force and reorganization energy. The effect on
the free energy change is often discussed in terms of eq 3, which
treats the charge-separated state as two spherical ions with radii
RP andRQ separated by a distanceRPQand immersed in a solvent
of dielectric constantεs.28-30

The quantitiesEP andEQ are the first oxidation and reduction
potentials of the porphyrin and quinone, respectively, as
measured electrochemically in a reference solvent of dielectric
constantεs

r, ε0 is the permittivity of free space,E1P is the
energy of the porphyrin first excited singlet state, ande is the
electronic charge. Equation 3 has been used successfully to
correlate solvent effects on electron transfer in some porphyrin-
quinone30 and porphyrin-porphyrin31 dyads, but its quantitative
applicability to some other porphyrin-quinone systems has been
questioned.29 In addition, the ions in the charge-separated states
of the dyads are not spherical, and are separated in part by the
bridge, rather than solvent. Despite these limitations, eq 3
provides a useful theoretical framework for discussion of
electron transfer in1 and2.

The reorganization energyλ is also solvent-dependent. The
internal reorganization energyλi for porphyrin-quinone systems
has been estimated as∼0.3 eV.11,15,32 Marcus has proposed
thatλs depends on the static (εs) and high-frequency (εop ) n2)
dielectric constants of the solvent as shown in eq 4.29,33,34

The dependence of∆G° andλs on the separation of the ions
predicted by eqs 3 and 4 suggests a partial explanation for the
dichotomous behavior of1 and2. We have chosen to use an
RP value of 6 Å and anRQ value of 4 Å. The center-to-center
distances between the porphyrin and quinone are 6.7 Å in1
and 8.8 Å in2 based on molecular modeling, but the actual
separation of the charges will be less than this because the ions
are very polarizable, and the centers of charge will tend to
migrate toward one another. This effect will be especially
important in1, as the ionic separation is smaller.

Figure 8 shows plots of∆G° vs εs (eq 3) for a variety ofRPQ

values using theEP, EQ, andE1P values appropriate for1. For
large donor-acceptor separations,∆G° increases considerably
at low dielectric constant due to loss of solvent dielectric
stabilization of the individual ions. As the ionic separation
decreases, the driving force becomes less sensitive to decreasing
dielectric constant because increased stabilization due to mutual
Coulombic attraction of the ions counterbalances this loss of
solvent stabilization. The solvent reorganization energy shows
similar behavior, becoming small for all values ofεs whenRPQ

is ∼5 Å.
As mentioned above, the internal reorganization energy for

porphyrin-quinone systems has been estimated as∼0.3 eV,
and in nonpolar solvents, eq 4 yields a solvent reorganization
energy for 2 of ∼0.1-0.2 eV. In more polar solvents,λs

increases considerably. The∆G° value for2 in polar solvents
is ∼-0.4 eV. Thus, electron transfer in2 occurs in the normal
region of eq 2, and the predicted decrease in driving force with
decreasing solvent dielectric constant should result in a decrease
in electron-transfer rate, as is observed.

In the case of dyad1, however, the separation of charges
must be less than 6.7 Å and possibly considerably less in
nonpolar solvents where Coulombic attraction is most important.
Figure 8 shows that, atRPQ values of 5-6 Å, ∆G° for
photoinduced electron transfer increases only very slightly with
decreasing solvent dielectric constant. The value ofλs is small
at this ionic separation and nearly invariant with solvent
dielectric constant. Thus, in the 5-6 Å range of distances, the
very weak dependence of∆G° and λ on solvent can lead to
photoinduced electron-transfer rates that are essentially inde-
pendent of solvent dielectric constant. Photoinduced electron
transfer in dyad1 is therefore expected to be relatively immune
from solvent influences, whereas dyad2, with a larger ionic
separation, is subject to solvent effects in the same way as the
majority of other porphyrin-quinone systems. Solvent effects
on ∆G° can also be evaluated by treating the charge-separated
state as a single dipole in a cavity surrounded by solvent.35-37

This model is also qualitatively in agreement with the conclu-
sions discussed above.

Temperature Effects. In dyad2, electron transfer is very
rapid down to at least 159 K and ceases at 91 K and below.
This behavior is also consistent with the interpretation outlined
above. Figure 2 shows that the increase in fluorescence
quantum yield is not uniform with temperature, but occurs rather
abruptly between 159 and 91 K. The 2-methyltetrahydrofuran
is a liquid at 159 K but a rigid glass at 91 K.38 Upon freezing,
the solvent is converted from a relatively polar mobile medium
with a dielectric constant of 7.60 to a rigid glass where the
dielectric constant is small (∼2.6039). A decrease of this
magnitude in solvent dielectric constant would decrease|∆G°|
for 2 considerably and possibly even make the reaction

λs ) e2

4πε0
( 1
2RP

+ 1
2RQ

- 1
RPQ

)( 1
εop

- 1
εs

) (4)

∆G° ) e(EP - EQ)r + e2

4πε0εs[ 1
2RP

+ 1
2RQ

- 1
RPQ] -

e2

4πε0εs
r[ 1

2RP
+ 1

2RQ] - E1P
(3)
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endergonic. This explains the lack of significant photoinduced
electron transfer in2 at low temperatures.

In 1, the rate of photoinduced electron transfer is independent
of temperature in the range 77-295 K.17 At 77 K, λs is expected
to be close to 0 andλi remains at∼0.3 eV. If, as discussed
above, ∆G° for 1 is approximately independent of solvent
dielectric constant at the electrochemically determined value
of -0.35 eV, then-∆G° ∼ λ. If one assumes that this near
equivalence of-∆G° and λ persists as the effective solvent
dielectric constant changes with the transition to the fluid state,
as suggested by eqs 3 and 4 whenRPQ is small, then the
photoinduced electron-transfer rate constant will be nearly
temperature invariant, as observed.

These relationships among eqs 2, 3, and 4 have been nicely
integrated by Verhoeven, Paddon-Row, and co-workers.40

Assuming the condition of-∆G° ) λ, they have derived eq 5
for Popt, which is, for a given system, the free energy change
(as measured spectro- and electrochemically in polar solvents)
that will make electron transfer optimally rapid and virtually
barrierless in all solvents. The distancer is the

average ionic radius andRCC is the center-to-center distance
between the donor and acceptor (RPQ in the present case). We
may apply eq 5 to dyad1 by first assuming thatPopt ) -0.35
eV. That is, we assume that in dyad1 structural and driving
force conditions are already optimal for barrierless electron
transfer in all solvents, as suggested by the spectroscopic results.
We can then setλi ) 0.3 eV, RCC ) 6.7 Å, andεop ) 2 (an
average value for typical organic solvents) and evaluate eq 5
for the average ionic radiusr. The value obtained, 6.5 Å, may
then be used to calculatePopt for dyad2, whereRCC ) 8.8 Å.
The equation yields aPopt value of-0.59 eV. The actual value
for the driving force in polar solvents is-0.42 eV. Thus, with
2, photoinduced charge separation occurs in the normal region
of the Marcus relationship and shows the expected dependence
on temperature and solvent.

The close proximity of the ions in1 relative to2 helps explain
the differences in behavior of the two molecules. However,
this may not be the whole story. The photoinduced electron-
transfer rate constants for1 and its zinc analogue are nearly
the same, even though the driving force is larger in the zinc
compound by∼0.4 eV. It is difficult to rationalize this
observation solely on the basis of eqs 3 and 4. In fact,
phenomenologically, photoinduced electron transfer in1 re-
sembles an internal relaxation process that is independent of
solvent, temperature, and driving force.17

Charge Recombination. In both dyads, charge recombina-
tion is slower than charge separation. The recombination rate
increases as the dielectric constant of the solvent increases. This
behavior is typical of electron transfer in the inverted region of
eq 2. As the dielectric constant of the solvent increases, the
P•+-Q•- state is stabilized, the reorganization energy increases
as per eq 4, and therefore the rate in the inverted region
increases. In dyad2, the rate of charge recombination varies
by a factor of 55 over the range of solvents studied (Table 1).
In dyad1, however, the range is only a factor of 12. This is
consistent with the idea that electron transfer in1 is less sensitive
to solvent properties than in2 because of the reduced separation
of the ions and their insulation from solvent, as discussed above.
The details of the charge recombination processes will differ
from those of charge separation because charge recombination
involves a different set of molecular orbitals, electronic states
and energies, and time scales.17

Conclusions

Dyads1 and2 are very similar in structure, in ground-state
absorption properties, and in electrochemical properties as
determined by cyclic voltammetry. However, they show quite
different electron-transfer behavior. Photoinduced electron
transfer in2 slows with decreasing solvent dielectric constant
and ceases in a glass at low temperatures. Charge recombination
also slows with decreasing solvent dielectric constant. All of
this behavior is consistent with the predictions of eqs 2-4, and
similar behavior has been observed for a large number of
porphyrin-quinone and other donor-acceptor systems. Pho-
toinduced electron-transfer rates in dyad1, on the other hand,
are essentially invariant with solvent dielectric constant and
temperature. Charge recombination in1 slows with decreasing
solvent dielectric, but the sensitivity of the rate toεs is less than
that observed for2.

The behavior of1 can be rationalized in part by the smaller
separation of the ions in the P•+-Q•- state relative to2. When
the ions are very close together, mutual Coulombic stabilization
becomes very important, and stabilization of the ions by solvent
becomes less significant. The solvent reorganization energy also
becomes small and nearly invariant with solvent dielectric
constant. Thus, at the ionic separation in1, electron-transfer
rates can become essentially independent of solvent properties.
The temperature independence of photoinduced electron transfer
in 1 is also consistent with this effect, as electron transfer may
occur in a regime where-∆G° equalsλ at all temperatures
investigated. The ionic separation may not be the only factor
giving rise to the behavior of1, as the photoinduced electron-
transfer rate constant does not change appreciably when the
driving force is increased by∼0.4 eV through introduction of
zinc into the porphyrin.17 The discussion above suggests that
photoinduced electron transfer in the zinc molecule occurs in
the inverted region of eq 2 and should therefore be slower than
that for1. On the other hand, very rapid photoinduced electron
transfer has been observed in other zinc-containing porphyrin-

Figure 8. Plot of the dependence of∆G° on solvent dielectric constant
as per eq 3. The curves represent separations of the porphyrin radical
cation and quinone radical anion of 9.0 (s), 8.0 (‚‚‚), 7.0 (- - -), 6.0
(-‚‚-), 5.0 (- -), and 4.0 Å (-‚-). The other parameters are as described
in the text.

Popt ≈ -λi - e2

εop
(1r - 1

RCC
) (5)
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quinone systems,15,41and photoinduced electron transfer in zinc-
containing porphyrin dyads has been found to lie on a somewhat
different rate-vs-free energy change curve than that in their free
base analogues.42 The lack of sensitivity to environmental
factors suggests that photoinduced electron transfer in1 is
controlled mainly by intramolecular vibrations. Vibrational
overlap terms may play a role either in the context of
radiationless transition theory or as limiting factors in the
conversion of reactant to product on a quasi-adiabatic potential
surface.17,43

In both1 and2, charge separation is extremely rapid even in
nonpolar solvents, and charge recombination is substantially
slower. This is not the case in many porphyrin-quinone
systems, where rates of charge recombination exceed those of
charge separation, especially in polar solvents.44 This may be
due in part to the rigidity of the porphyrin-quinone linkage,
which prevents the molecules from sampling conformations
conducive to rapid recombination, and in part to the smaller
value of λ in these molecules, relative to dyads with larger
separations. Thus, molecules such as these might serve as useful
components of more complex molecular devices for conversion
of light energy to chemical potential.

Experimental Section

Synthesis. The preparation of dyad17 1 and model porphy-
rin18 3 has been previously described.

Porphyrin 4 was prepared as described for a closely related
compound.18 1H NMR (300 MHz, CDCl3) δ -2.3 (2H, br m,
NH), 0.12 (3H, t,J ) 7 Hz, -OCH2CH3), 1.14 (3H, t,J ) 7
Hz, 8-CH2CH3 or 12-CH2CH3), 1.16 (3H, t, J ) 7 Hz,
12-CH2CH3 or 8-CH2CH3), 1.46 (3H, t,J ) 7 Hz,-OCH2CH3),
2.59 (2H, m,-OCH2CH3), 2.72 (3H, s, Ar-CH3), 2.73 (2H,
q, J ) 7 Hz, 12-CH2CH3), 2.84 (2H, q,J ) y Hz, 8-CH2CH3),
3.11 (2H, m,-OCH2CH3), 3.48 (3H, s, 13-CH3), 3.57 (3H, s,
7-CH3), 3.67 (3H, s, 17-CH3), 3.67 (3H, s, 3-CH3), 3.83 (3H,
s, 18-CH3), 4.17 (1H, m,-CHCOOEt), 4.40 (2H, q,J ) 7 Hz,
-OCH2CH3), 4.45 (1H, m,-CHCOOEt), 5.37 (1H, m, 21-H),
7.05 (2H, m, 22-H, 24-H), 7.35 (1H, m, 23-H), 7.46 (2H, m,
10Ar3,5-H), 7.94 (1H, dd,J ) 7, 1 Hz, 10Ar2-H or 10Ar6-
H), 8.11 (1H, dd,J ) 7, 1 Hz, 10Ar6-H or 10Ar2-H), 10.14
(2H, s, 5-H, 15-H); MSm/z 748 (M+); UV/vis (CH2Cl2) 410,
512, 550, 580, 632 nm.

Porphyrin 5 was synthesized from4 as previously described
for a closely related compound.45 1H NMR (300 MHz, CDCl3)
δ -2.30 (1H, s, NH),-2.21 (1H, s, NH), 1.13 (3H, t,J ) 7
Hz, 12- CH2CH3), 1.16 (3H, t,J ) 7 Hz, 8- CH2CH3), 2.70
(3H, s, 10Ar4-CH3), 2.72 (2H, q,J ) 7 Hz, 12- CH2CH3),
2.81 (2H, q,J ) 7 Hz, 8 - CH2CH3), 3.47 (3H, s,-CH3),
3.53 (3H, s,-CH3), 3.63 (3H, s,-CH3), 3.66 (3H, s,-CH3),
3.82 (3H, s,-CH3), 5.29 (1H, s,dCH2), 5.38 (1H, s,dCH2),
5.40 (1H, m, 21-H), 5.53 (1H, s,dCH2), 5.61 (1H, s,dCH2),
7.13 (2H, m, 22-H, 24-H), 7.31 (1H, m, 23-H), 7.45 (2H, m,
10Ar3,5-H), 7.97 (1H, d,J ) 7 Hz, 10Ar2-H or 10Ar6-H),
8.06 (1H, d,J ) 7 Hz, 10Ar6-H or 10Ar2-H), 10.09 (1H, s,
5-H or 15-H), 10.11 (1H, s, 15-H or 5-H); MSm/z 628 (M+);
UV/vis (CH2Cl2) 412, 514, 550, 582, 634 nm.

Dyad 2. To a 50 mL round-bottomed flask equipped with a
stir bar and condenser was added 40 mg (0.064 mmol) of
porphyrin diene5, 10 mL of toluene, and 69 mg (0.64 mmol)
of benzoquinone. The flask was flushed with dry nitrogen, and
the contents were refluxed for 3 h. The solvent was distilled at
reduced pressure, and the excess benzoquinone was removed
under high vacuum. The resulting mixture was metalated by
dissolving the crude product in 20 mL of dichloromethane and

stirring the resulting solution with 3 mL of saturated methanolic
zinc acetate. After 30 min, the mixture was diluted with
dichloromethane, washed with water, dried over anhydrous
sodium sulfate, and filtered. Evaporation of the solvent yielded
a mixture of zinc porphyrins, which were dissolved in 6 mL of
dimethylformamide. An excess of sodium hydride (10 mg) was
added, and the mixture was stirred under a nitrogen atmosphere
for 24 h. The resulting pink mixture was diluted with 80 mL
of diethyl ether, and the solution washed four times with 50
mL portions of water and then with 50 mL of 2 M hydrochloric
acid to remove the zinc. The green reaction mixture was
neutralized with aqueous sodium bicarbonate and dried over
sodium sulfate, and the solvent was distilled at reduced pressure.
The residue was dissolved in 30 mL of dichloromethane and
stirred with a 15 mg portion of 2,3-dichloro-5,6-dicyanoben-
zoquinone. After stirring for 10 min, the reaction mixture was
diluted with 50 mL of dichloromethane, washed with aqueous
sodium bicarbonate, dried over anhydrous sodium sulfate, and
filtered. The solvent was evaporated, and the residue was
chromatographed (silica gel, 2% ethyl acetate in toluene) to give
14 mg of2 (30% yield). 1H NMR (300 MHz, CDCl3) δ -2.29
(1H, s, NH),-2.12 (1H, s, NH), 1.11 (3H, t,J ) 7 Hz, 12-
CH2CH3), 1.13 (3H, t,J ) 7 Hz, 8- CH2CH3), 2.67 (2H, q,J
) 7 Hz, 12- CH2CH3), 2.69 (3H, s, 10Ar4-CH3), 2.78 (2H,
q, J ) 7 Hz, 8- CH2CH3), 3.44 (3H, s,-CH3), 3.50 (3H, s,
-CH3), 3.66 (3H, s,-CH3), 3.69 (3H, s,-CH3), 3.98 (3H, s,
-CH3), 5.92 (1H, d,J ) 6 Hz, 21-H), 6.73 (1H, d,J ) 10 Hz,
Q-H), 6.78 (1H, d,J ) 10 Hz, Q-H), 7.40-7.70 (5H, m, 22-
H, 23-H, 24-H, 10Ar3,5-H), 7.90-8.05 (2H, m, 10Ar2,6-H), 8.24
(1H, s, Q-H), 8.28 (1H, s, Q-H), 10.00 (1H, s, 5-H or 15-H),
10.08 (1H, s, 15-H or 5-H); MS (FAB)m/z 733.3514 (calcd
for (M+H)+, 733.3543).

Instrumental Techniques. The 1H NMR spectra were
recorded on Varian Unity spectrometers at 300 or 500 MHz.
Unless otherwise specified, samples were dissolved in deute-
riochloroform with tetramethylsilane as an internal reference.
High-resolution mass spectra were obtained on a Kratos MS
50 mass spectrometer operating at 8 eV in FAB mode.
Ultraviolet-visible spectra were measured on a Shimadzu
UV2100U UV-vis spectrometer, and fluorescence spectra were
measured on a SPEX Fluorolog using optically dilute samples
and corrected. Cyclic voltammetric measurements were carried
out with a Pine Instrument company model AFRDE4 poten-
tiostat. The electrochemical measurements were performed in
benzonitrile at ambient temperatures with a glassy carbon
working electrode, a Ag/Ag+ reference electrode, and a platinum
wire counter electrode. The electrolyte was 0.1 M tetra-n-
butylammonium hexafluorophosphate, and ferrocene was em-
ployed as an internal reference redox system.

Fluorescence decay measurements were performed on∼1 ×
10-5 M solutions by the time-correlated single photon counting
method. The excitation source was a frequency-doubled Coher-
ent Antares 76s Nd:YAG laser routed through a variable beam
splitter to pump a cavity dumped dye laser.46 The instrument
response function was 35 ps, as measured at the excitation
wavelength for each decay experiment with Ludox AS-40.

Transient absorption measurements on the subpicosecond time
scale were made using the pump-probe technique. The sample
was dissolved in purified solvent, and the resulting solution was
circulated by magnetic stirring in a cuvette having a 2 mmpath
length in the beam area. Excitation was at 590 nm with 150-
200 fs, 8µJ pulses at a repetition rate of 540 Hz. The signals
from the pump and continuum-generated white-light probe beam
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were collected by an optical spectrometric multichannel analyzer
with a dual diode array detector head.47
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