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Photoinduced electronic energy transfer (EET) and electron transfer (PET) have been investigated in a
multichromophoric system2, that comprises zinc porphyrin (ZnP), dimethoxynaphthalene, and [60]fullerene
(C60) chromophores separated by norbornylogous bridge sections of six and five bond lengths, respectively.
In toluene as solvent, EET from ZnP to C60 occurs in folded and extended conformations of the molecule
with rate constants of 1.3× 1010 and 8.1× 108 s-1, respectively. Evidence is presented for the existence of
a third collapsed conformation of2 which can undergo PET with a rate constant of 1.1× 1012 s-1. In
benzonitrile solvent, PET can also occur in the folded and extended geometries leading to a charge separated
lifetime of 460 ns. The mechanisms for the unusually complex solvent and conformationally dependent excited-
state processes in this molecule are discussed.

Introduction

Organic molecules containing electron donating and accepting
chromophores have been studied extensively over the past few
decades to model and mimic the photoinduced electron-transfer
processes of natural photosynthesis.1-6 Recently, [60]fullerene
(C60) has been incorporated in a number of such systems, and
the use of C60 as a component in future molecular photovoltaic
devices is an area of intense current research activity.7-22 The
C60 chromophore has many desirable properties: it can accept
a number of electrons (up to six)23 with an associated low
reorganization energy,24,25 it can act as an energy trap,26 it is
highly symmetrical, and it can be readily functionalized and
incorporated into larger molecular structures.27-38 As a com-
ponent of donor-bridge-acceptor molecules, C60 has been
successfully used in achieving one of the key requirements for
artificial photosynthesis, namely, that of generating long-lived
charge separated (CS) states.26,39-51

We have reported previously26 on the photophysics of the
ZnP-C60 dyad1, in which the two chromophores are separated
by a nine bond norbornylogous bridge.52 In this previous study,
rapid photoinduced electron transfer (PET) was observed upon
excitation in benzonitrile (kcs ) 1 × 1010 s-1). The resultant
CS state,•+ZnP-C60

•- exhibited a lifetime of 420( 20 ns. In
the nonpolar solvent toluene, the CS state is of too high an
energy to be generated from photoexcited ZnP. However,
steady-state fluorescence emission from1 was still quenched
substantially with respect to a ZnP model compound. The
observation of sensitized C60 fluorescence emission indicated
that electronic energy transfer (EET) was operative in this
solvent.26

In light of the interesting results for1, multichromophoric
systems comprising the same respective terminal chromophores

with the addition of a dimethoxynaphthalene (DMN) chromo-
phore as part of the linking bridge were synthesized.53 The
spectroscopic and redox properties of DMN preclude it from
participating as either an energy or electron relay intermediary
from electronically excited porphyrin. However, DMN can
facilitate electronic coupling between the donor and acceptor
terminals through superexchange54 and modify the relative
structural arrangement of the porphyrin and C60 chromophores.
Our strategy in this work is to characterize and compare the
photophysical behavior of1 and2 in polar and nonpolar solvents
to elucidate the role of such structural modification. The
structures of these two molecules and of model mono-
chromophoric compounds3 and4 are shown in Figure 1.

AM1 gas-phase calculations26,53 suggest that there are two
conformations available to1 and 2 due to flipping of the
cyclohexene ring which forms the first bridge unit immediately
adjacent to the C60 chromophore. These conformations are
referred to as “folded” and “extended” and are shown in Figure
2 for both1 and2. The center-to-center distances between the
ZnP and C60 chromophores in the folded and extended arrange-
ments of the two molecules are 15.3 and 20.4 Å for1 and 13.5
and 19.4 Å for2. The shortest distances between the surface of
the C60 unit and the base of the porphyrin ring in the folded
and extended conformations of these molecules are 9.0 and 13.6
Å, for 1, and 8.0 and 14.3 Å, for2. The two conformers of
each molecule are almost degenerate with the extended arrange-
ment being favored in both compounds, by 0.2 kcal/mol for1
and 0.14 kcal/mol for2.

Calculation of the kinetic barrier between the folded and
extended arrangements has not been attempted for these
molecules. However, barriers calculated for such a ring-flipping
process in a series of similar C60 containing dyads are of the
order of 8-10 kcal/mol.28,55 It was also found that the calcu-
lated barrier was largely independent of the bridge length or
the nature of the other chromophore. For example, the energy
barrier separating the two arrangements calculated for a C60-
naphthoquinone(NQ) dyad with an 11 bond bridge is 9.8 kcal/
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mol.55 Barriers of comparable magnitude are expected for1 and
2, and they would therefore make interconversion between the
two conformers of each slow with respect to the time frame of
singlet excited-state processes of the ZnP chromophore. It is
demonstrated in this work that such conformational complexity
is a major factor in determining the efficiency and dynamics of
energy and electron-transfer processes in these molecules.

Experimental Section

Synthesis of all compounds has been reported previously.53,56

Solvents were spectroscopic grade, and solutions were degassed
by multiple freeze-pump-thaw cycles before measurements.
Absorption spectra were recorded on a Varian Cary 50 absorp-
tion spectrophotometer, and steady-state fluorescence emission
spectra were recorded on a Varian Eclipse spectrofluorimeter.
Fluorescence decay profiles were obtained by the time correlated
single photon counting technique (TCSPC) using a mode-locked
and cavity-dumped dye laser (Spectra-Physics 3500) as the
excitation source. The total instrument response function is ca.
80 ps fwhm, and fluorescence decay profiles were analyzed
using reconvolution routines based on the Marquardt algo-
rithm.57 Fitted functions were assessed by the magnitude of the
reduced chi-square (ø2) and Durban-Watson (DW) fitting
parameters and by inspection of weighted residuals. Transient
absorption measurements utilized a flash photolysis apparatus
incorporating a Nd:YAG laser pumping an optical parametric
oscillator (Continuum NY61/Cassix OPO BBO-3B) providing
7 ns pulses at 570 nm for excitation of the samples and a xenon
lamp analyzing source. Excitation energies were kept below 5
mJ to minimize second-order effects. Transient spectra (and
time-gated fluorescence emission spectra) were obtained using
a spectrograph (Acton Research Corporation SpectraPro-300i)
and intensified CCD camera (Princeton Instruments ICCD-
MAX). Transient decays were recorded using a photomultiplier
tube/digital oscilloscope (Hamamatsu R928/Tektronix TDS-520)
and analyzed as outlined elsewhere.26,58The HF/3-21G geometry

optimization of the folded conformation of2 was carried out
using Gaussian 98.59

Results

The absorption spectrum of the ZnP chromophore is char-
acterized by a strong Soret band absorption (ε ∼ 104 mol-1

m-2) in the wavelength region 400-480 nm and a series of
weaker (ε ∼ 103 mol-1 m-2) Q-band absorptions located in the
range 520-640 nm. C60 absorption is predominantly in the UV
region, although absorption does tail through the whole visible
spectrum, but it is very weak (ε < 102 mol-1 m-2). The spectrum
of 1 is well represented as the sum of the component model
compounds3 and4. The spectrum of2 is somewhat different.
Both the Soret and Q-bands show significant broadening, and
the absorption maxima are red-shifted by 3 nm. Absorption
spectra of all compounds in toluene are shown in Figure 3.

Steady-state fluorescence spectra of1, 2, and3 in toluene
(see Figure 4) show a large degree of quenching for both1 and
2 with respect to the model porphyrin3 (75% and 92%,
respectively). Time-gated fluorescence emission spectra are
shown in Figure 5 parts a and b. These spectra are recorded at
a time delay such that the majority of the ZnP fluorescence has
decayed away thus highlighting the longer-lived emitting
components. The spectra reveal the presence of additional
emissions in the near infrared (NIR) region of the spectrum for
compounds1 and2 compared to the ZnP model3. In Figure
5a, which shows the fluorescence spectra for the dyad1 and
the ZnP model3 overlaid, additional bands with maxima at
approximately 715 and 800 nm for1 are clearly evident. The
fluorescence emission spectrum of the C60 model4 is included
for reference, and it features a main peak near 715 nm and a
smaller peak near 800 nm, which is consistent with spectra
reported for the parent C60 molecule.23 Thus, the fluorescence
bands at 715 and 800 nm from1 are assigned to C60 emission.
Very similar characteristic C60 emission was seen by Imahori
et al.60 for another ZnP-C60 dyad in toluene. Figure 5b shows

Figure 1. Structures of ZnP-C60 (1), ZnP-DMN-C60 (2), and the ZnP and C60 model compounds, (3 and4).
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a late gated fluorescence emission spectrum of2 in toluene with
the spectra of1 and3 included for comparison. A band due to
emission from the C60 moiety is present as noted for1; however,
there is a further broad emission band centered at 840 nm. A
similar fluorescence band has been observed in some other ZnP
and C60 containing systems and assigned to charge transfer (CT)

fluorescence arising from a close contact pair of ZnP and C60

in the ground state.61,62

Time-resolved fluorescence decay profiles of the model
compounds3 and 4 recorded by the TCSPC technique were
fitted by single-exponential functions with decay lifetimes of
1.20 and 1.46 ns, respectively. The extracted lifetime of 1.46
ns for 4 agrees with values reported for similar functionalized
C60 model compounds in toluene.27,48,60 Compounds1 and 2

Figure 2. Profiles of the AM1 optimized structures of the extended and folded conformations of1 (left) and 2 (right) in which Ar ) H. The
extended and folded conformations arise from “flipping” of the cyclohexene ring adjacent to the C60 chromophore in each molecule. The extended
conformer is favored by 0.20 kcal/mol for1 and by 0.14 kcal/mol for2. The center-to-center distances are 20.4 and 15.3 Å for the conformers of
1 and 19.4 and 13.5 Å for the conformers of2.

Figure 3. Absorption spectra of1 (‚‚‚), 2 (-), and3 (- - -) and the
C60 model4 (‚-‚) in toluene. The inset shows the Q-band region of1,
2, and 3 enlarged. The spectrum of4 was recorded for a solution
approximately seven times as concentrated as those of1, 2, and3.

Figure 4. Steady-state fluorescence emission of1, 2, and3, in toluene.
Excitation was at 570 nm, and the spectra are uncorrected.
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required triple exponential functions for adequate fits. The fitted
lifetimes, percentage contributions of each component, and
“goodness-of-fit” parameters,ø2 and DW, are presented in Table
1. The rate constants for the competing nonradiative processes
derived from the two shortened fitted lifetimes are 1.3× 1010

and 8.1× 108 s-1 for 2 and 5.6× 109 and 1.2× 109 s-1 for 1.
The third, longer lifetime component contributes only a small
proportion of the total fluorescence counts and has a lifetime
similar to the model compounds3 and4. It is attributed to weak
C60 fluorescence and possibly to a trace amount of molecules
containing a ZnP chromophore but lacking the C60 acceptor.

Transient absorption spectra of the model compounds3 and
4 (not shown) show absorptions that result from the formation
of triplet states via intersystem crossing (ISC) after excitation.

The triplet state of the ZnP containing model system3 absorbs
with a maximum at 500 nm and weakly throughout the longer
wavelength region of the visible spectrum. The triplet state of
the cyclohexyl-fused C60 moiety,4, has a characteristic absorp-
tion band centered at 700 nm.27,39,48These triplet absorptions
(denoted3ZnP and 3C60, respectively) have relatively long
lifetimes: 270µs for 3ZnP and 20µs for 3C60. The transient
absorption spectra of1 and2 in toluene show the same spectral
features with two absorption bands centered at 500 and 700
nm. By comparison with the transient spectra of the model
compounds3 and4, the 500 nm band can be assigned to3ZnP
and the 700 nm band to3C60. However, the temporal behavior
of the transient species is very different for the two compounds.
The surfaces shown in Figure 6 parts a and b each comprise 30
transient absorption spectra of1 and2 in toluene, respectively,
with each spectrum successively delayed by 2µs from the
excitation pulse. Visual inspection of parts a and b of Figure 6
shows that the transient species of2 decay much more rapidly
than for1. Also noteworthy is the difference in the magnitudes
of the transient absorbance of1 and2. The spectra were recorded
under similar conditions (same solution absorbance and excita-
tion pulse power) yet the transient absorbance for2 is only about
half that of1.

In the polar solvent benzonitrile, the absorption spectrum of
2 is again broadened through the Q-band region of the spectrum
and red-shifted with respect to the absorption spectra of1 and
3. Steady-state fluorescence emission from2 is quenched by

Figure 5. a. Time-gated (12 ns gate delay, 2ns gate width) fluorescence emission spectra in toluene of the model compounds3 and4 and the dyad
1. Emission from1 and3 are normalized at 675 nm. Emission from4 has been magnified many times. Excitation of4 was at 490 nm and1 and
3 at 570 nm. Sensitized C60 emission is clearly evident in the spectrum of1. b. Time-gated (10 ns gate delay, 2ns gate width) fluorescence emission
spectrum of2 in toluene following excitation at 570 nm. The spectra of1 and3 from Figure 5a are included for comparison. For2, sensitized C60

fluorescence and an additional band, attributed to charge-transfer fluorescence and centered at 840 nm, are also present.

TABLE 1: Fitted Lifetimes ( τ), Percentage Contributions of
Each Lifetime (%τ), and Goodness-of-Fit Parameters (ø2 and
DW) for Time Correlated Single Photon Counting (TCSPC)
Fluorescence Decay Profile Analysis of Compounds 1-4 in
Toluene

τ1

(ns)
τ2

(ns)
τ3

(ns)
%
τ1

%
τ2

%
τ3 ø2 DW

PZn model (3)a 1.20 100 1.18 1.92
C60 model (4)b 1.46 100 1.25 1.79
ZnP-C60 (1)a 0.156 0.486 1.42 63 32 5 0.93 1.81
ZnP-DMN-C60 (2)a 0.070 0.607 1.63 41 48 11 0.93 2.02

a Fluorescence emission monitored at 675 nm.b Fluorescence emis-
sion monitored at 720 nm.
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97% with respect to3. Time-gated fluorescence emission spectra
did not reveal any sensitized C60 emission or any CT emission
from 2 for wavelengths out to 900 nm. The dyad1 also does
not show any sensitized C60 emission in benzonitrile where PET
is known to be an efficient deactivation process.26 The TCSPC
fluorescence decay profile of2 in benzonitrile could be fitted
by a triple exponential decay function with lifetimes of 0.149,
0.582, and 1.56 ns with each component contributing 49%, 35%,
and 16% of the initial intensity, respectively. Using the
previously determined63 lifetime of 1.35 ns for3 in benzonitrile,
the two shorter components correspond to competing non-
radiative quenching processes for two species with rate constants
of 6.0 × 109 and 9.8× 108 s-1.

It has been previously shown for1 in benzonitrile that
efficient through bond (TB) PET from ZnP to C60 is the
dominant fluorescence quenching process leading to the obser-
vation of ZnP•+ in the transient absorption spectrum.26 The
transient absorption spectrum for2 recorded in benzonitrile is
shown in Figure 7a and for1 in Figure 7b for comparison.64

The broad absorption in the 600-700 nm region is characteristic
of ZnP•+ in agreement with previous assignments.26,48,60Such

an absorption band is not observed for the ZnP model3. A
significant observation is the reduced yield of the ZnP•+ transient
in 2 compared to1. The transient decay profile of2 recorded
at 670 nm could be best fitted by three decay components with
lifetimes (and initial contributions to the transient absorbance)
of 460 ns (58%), 6µs (15%), and 87µs (27%).

Discussion

In toluene, the observations of sensitized C60 fluorescence
emission and the formation of3C60 upon excitation of1 and2
at 570 nm where the ZnP chromophore absorption strongly
dominates demonstrates that efficient transfer of the excitation
energy from the ZnP chromophore to C60 is taking place. For
an equimolar solution of the two model compounds3 and 4,
excitation at 570 nm leads to no detectable emission from C60.
This is expected as the extinction coefficient for the ZnP
chromophore at this wavelength is 16 times higher than that
for C60, and the fluorescence quantum yield of C60 is ap-
proximately 2 orders of magnitude lower than for ZnP.23

However, for the bridged compounds1 and2, a band arising
from C60 fluorescence, though weak, is readily observable (cf.

Figure 6. Three-dimensional plots of 30 transient absorption spectra of1 (Figure 6a) and2 (Figure 6b) in toluene. The time interval between each
spectrum is 2µs. Excitation was at 570 nm, and the gate width for each spectrum was 1µs.
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parts a and b of Figure 5). Further evidence that efficient EET
occurs from ZnP to C60 in 1 and2 is provided by fluorescence
excitation spectra. Excitation spectra for C60 fluorescence
monitored at 720 nm show a close correspondence with the ZnP
absorption spectrum indicating that light absorbed by the
porphyrin is emitted from the C60 chromophore.

The existence of two conformers for1 and2, the folded and
extended geometries predicted by the AM1 calculations il-
lustrated in Figure 2, can explain the result that two shortened
fluorescence lifetime components are required to obtain a
satisfactory fit of the fluorescence decays in toluene. These
conformers must interconvert on a time-scale that is slow
compared to the fluorescence process. Because the donor-
acceptor (ZnP-C60) separations are different for the two
conformations of1 and2, the conformers can be expected to
exhibit different rate constants for through-space dipole-
dipole EET. The EET rate constants derived from the lifetime
data are 1.3× 1010 and 8.1× 108 s-1 for 2 and 5.6× 109 and
1.2 × 109 s-1 for 1. For each molecule, the smaller of the two
rate constants is assigned to EET in the extended confor-
mation and the larger rate constant to EET in the folded
conformation.

In addition to EET being a quenching mechanism for2 in
toluene, the experimental evidence indicates that an ultrafast
PET process is operative in2 but not in 1. The fluorescence
emission band in the NIR centered at 840 nm for2 is
characteristic of CT fluorescence and indicates the presence of
a fast CS process. In addition, the degree of quenching implied
by the fluorescence emission decay data and steady-state
fluorescence measurements are consistent for1 but not for2.
The degree of quenching can be determined by comparison of
the integrated areas under steady-state spectra (for solutions of
the same absorbance) and by comparison of the integrals of
the fitting functions derived from time-resolved fluorescence
emission decay profiles. For1 with respect to the model
porphyrin 3, the extent of quenching implied by the two
estimates is approximately the same. However, for2 compared
to 3, the steady-state emission is reduced by 92%, but the
integral of the fitting function extracted for2 from its fluores-
cence decay profile is 40% that of3. This indicates the presence
of a quenching mechanism that is operating on a time scale too
rapid to be detected by the TCSPC time-resolved apparatus (<20
ps). The observation that the magnitude of the transient
absorptions of2 are considerably lower than those observed
for 1 for solutions having the same absorbance provides further
evidence that there is an additional ultrafast process taking place
which quenches a significant proportion of the excited ZnP
chromophores of2.

Recent femtosecond fluorescence upconversion experiments65

on 2 in toluene recorded over a 50 picosecond time range have
revealed an ultrafast component with a lifetime of 880 fs (kcs

) 1.1× 1012 s-1) which contributes 42% of the initial intensity.
The very short-lived component of the fluorescence emission
of 2, in addition to the two components recorded using the lower
time-resolution TCSPC technique (assigned to the folded and
extended conformations of2), is evidence for the existence of
a third, slowly interconverting conformation of2. This confor-
mation must have a much more compact structure than the
folded and extended conformations in order to account for the
subpicosecond PET process. Such a geometry is not accessible
for dyad1 as there are no indications of an additional ultrafast
process present in this molecule. The longer-lived lifetime
obtained from a two exponential fit of the fluorescence
upconversion data agrees well with the shortest lived component
from the TCSPC measurements.

The main structural difference between1 and2 is the presence
of the DMN component centrally placed in the linking bridge
of 2. An additional conformation of2, not available to1, which
would lead to the ZnP-C60 separation being reduced consider-
ably, could arise from a structural distortion involving the DMN
component of the bridge in which the DMN aromatic ring bends
in an out-of-plane fashion, together with small distortions of
the bridges, particularly at the cyclohexene group. As the ZnP
and C60 groups are attached onto the end of fairly long molecular
arms, a small bend in the DMN ring would lead to considerable
movement of the terminal chromophores relative to each other.
A similar geometry has been observed in a giant U-shaped ZnP-
DMN-NQ-methyl viologen (MV2+) containing tetrad.58 In this
case, two ground state conformations are present: one where
the bridge is in a relaxed state and the other where it has
distorted (primarily through bending of the DMN and NQ
groups) such that the terminal ZnP and MV2+ chromophores
are much closer.63,66 A similar process has been identified as
leading to considerably shortened CS lifetimes in some other
trichromophoric donor-acceptor molecules where harpooning
occurs to bring the charged ends closer.67,68 Although there is

Figure 7. Transient absorption spectra of2 (Figure 7a) and1 (Figure
7b) in benzonitrile recorded at 100 and 900 ns after excitation at 575
nm with a gate width of 100 ns. The solutions of2 and 1 were of
similar optical densities yet the magnitude of the transient absorption
of 2 is much less than that of1. The break in the early gated spectra
is due to omission of scattered laser light.
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no formal electrostatic force between the chromophore com-
ponents of2, there may be an electronic attraction between the
C60 and ZnP groups which is not picked up by the AM1
calculations.53 In fact, a number of recent experimental studies
have confirmed that porphyrins and fullerenes are able to form
intermolecular and intramolecular complexes, some with inter-
component separations less than the sum of the van der Waals
radii of the individual components.61,69-75 Ideally, this problem
should be investigated by a quantum chemical method which
includes electron correlation. However, the size of2 puts such
calculations beyond our computational resources. Nevertheless,
the folded geometry of2 in the gas phase was optimized using
the ab initio HF/3-21G level.76 Interestingly, the HF/3-21G
folded geometry of2 is substantially more compact than the
corresponding AM1 relaxed geometry, predicting the smallest
distance between the C60 and porphyrin moieties to be only 4.0
Å, compared to 9.0 Å in the AM1 relaxed structure. This close
distance is, indeed, achieved mainly by out-of-plane bending
of the naphthalene ring system (see Figure 8). Only one folded
conformation could be located at the HF/3-21G level. Presum-
ably, an HF/3-21G extended conformation also exists, but this
was not calculated because the HF/3-21G and AM1 geometries
for this conformation are expected to be very similar to each
other.

In summary, both HF/3-21G and AM1 theoretical models
predict the existence of a single folded conformation in the gas
phase. However, the two geometries are very different. The HF/
3-21G relaxed geometry, hereafter referred to as the collapsed
conformation, is much more compact than that predicted by the
AM1 method. Indeed, the C60 and zinc porphyrin groups are
nearly in van der Waals contact of each other. This edge-to-
edge interchromophore separation of 4.0 Å is certainly small
enough to permit significant through space electronic coupling
to occur between the two chromophores.77,78

The presence of a collapsed conformation is consistent with
the experimental results and can explain the broadening observed
in the ground-state absorption spectrum of2 because of ground
state interactions between the closely associated ZnP and C60

chromophores. It was not possible, however, to resolve any
identifiable CT absorption band. To exclude the alternate
possibility that an intermolecular aggregate might be the source
of the experimental observations, a solution of2 in toluene was
diluted through almost 2 orders of magnitude from 18µM to
200 nM, and absorption spectra were recorded. All spectra were
completely superimposable, indicating that intermolecular ground-
state aggregation was not occurring.

Many of the experimental observations can be explained
through the existence of a collapsed conformation of2.
However, to account fully for all of the experimental results
for this molecule, a model that comprises three distinct
conformations of2 is required. The three conformations are
necessary to explain the existence of the two shortened lifetime
components in the TCSPC fluorescence decay profiles of2,
which arise from two EET processes, and the ultrafast sub-
picosecond decay component, which can be assigned to the PET
process leading to CT emission. Although both AM1 and HF/
3-21G theoretical models each appear to find only 1-folded
conformer of2, the AM1 and HF/3-21G structures are signifi-
cantly different, and it is possible that they represent distinct
distorted and relaxed versions of the folded conformation of2.
A more thorough ab initio MO search of the conformational
space associated with the folded conformation of2 will be
undertaken in the hope of locating a second, less compact folded
conformation akin to that predicted by the AM1 method. It is
possible that solvent (toluene) plays an important role in
stabilizing both folded conformations. So far, attempts to
calculate solvation effects using continuum solvation models
have been unsuccessful, because of failure of SCF convergence.

The experimental and computational evidence indicate that
ultrafast PET between ZnP and C60 is occurring in toluene in a
collapsed conformation of2 (i.e., an HF/3-21 folded geometry),
whereas EET is the operative quenching mechanism in two other
conformations of2 (i.e., relaxed folded and extended conforma-
tions). Only the EET process is observed in both conformations
of 1. These conclusions can be reconciled by comparing the
magnitude of the free energy change for charge separation,∆Gcs,
for the various conformations. The free energy change may be
estimated using the equation of Rehm and Weller:79

where

TheX term takes into account finite donor-acceptor separation,
Rc, ionic radii, r+ and r-, and solvent dielectric constant,εs.
The oxidation potential of the ZnP donor,Eox(D), and the
reduction potential of the C60 acceptor,Ered(A), were determined
from electrochemical measurements in a 4:1 toluene/acetonitrile
solution (εref ) 9.4) to be+1.11 and-0.58 V, respectively.

Figure 8. Profiles of the AM1 (left) and HF/3-21G (center and right) optimized structure of2. In this conformation, the ZnP and C60 chromophores
are only 4.0 Å apart at their closest separation. The space-filling representation of the HF/3-21G structure for2 (right) reveals almost van der Waals
contact between the C60 and porphyrin groups.

∆Gcs ) e(Eox(D) - Ered(A)) - E00 - X (1a)

X ) e2

4πεoεsRc
+ e2

8πεo
( 1

r+ + 1

r-)( 1
εref

- 1
εs

) (1b)
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Eoo, the lowest excited-state energy of ZnP, was obtained from
the first absorption band of3 (2.01 eV in benzonitrile and 2.03
eV in toluene). The AM1 (gas phase) center-to-center distances
were used forRc, and values forr+ of 4.8 Å80 and r- of 5.6
Å26 were used.

Equation 1 predicts that PET is thermodynamically unfavor-
able (∆Gcs > 0) in toluene at the distances calculated for the
separation of the ZnP and C60 chromophores in the AM1-folded
and extended conformations of1 and2. Specifically,∆Gcs )
0.30 eV at 20 Å, 0.2 eV at 15 Å, and 0.14 eV at 13.5 Å.
However, the driving force for PET does become favorable
(∆Gcs < 0) in toluene at chromophore separations of less than
approximately 10 Å. At 8.5 Å (the center-to-center gas-phase
separation for the HF/3-21G structure), the calculated driving
force is -0.15 eV. Thus, at the close ZnP-C60 separation of
the collapsed conformation, direct through space PET becomes
a favored deactivation pathway. Although the limitations in the
application of eq 1b are known and absolute values for∆Gcs

are problematic, the trends indicated from these calculations
for the effect of separation on the driving force for PET are
consistent with the experimental observations. Of further interest
are the shortened ZnP and C60 triplet state lifetimes observed
for 2 compared to1 in toluene. This result suggests that, during
the triplet state lifetime, the geometry of2 is able to sample
the collapsed conformation thus leading to an efficient charge-
transfer process, to give the triplet CS state.81

In benzonitrile, the Rehm-Weller equation (eq 1) predicts
an exergonic PET process for all conformations of2. The
presence of a transient absorption that is characteristic of the
ZnP•+ radical ion provides confirmation that PET is the
dominant fluorescence quenching process. The rate constants
for 2 in benzonitrile extracted from fluorescence lifetime data
are 6.0× 109 and 9.8× 108 s-1. Interestingly, the PET rate
constant for the folded conformer is less than the EET rate
constant found for this conformer in toluene (1.3× 1010 s-1).
An increase in the end-to-end separation because of solvation
of the chromophore in the polar solvent could make EET less
competitive compared to superexchange mediated PET leading
to this result. Although steady-state fluorescence quenching for
2 in benzonitrile indicates a quantum efficiency for the overall
relaxation processes of 0.97, the rate constants extracted from
TCSPC fluorescence lifetimes provide an estimated yield of 0.4.
This discrepancy can again be attributed to the presence of the

collapsed conformation providing an additional ultrafast (<20
ps) relaxation pathway. The reduced yield of the ZnP•+ transient
at delayed times for2 compared to1 (cf. parts a and b of Figure
7) confirms that PET in the collapsed conformation must lead
to ultrafast charge recombination. Thus, only the more extended
conformations will lead to ZnP•+ with a lifetime detected by
the nanosecond flash photolysis experiment. The major decay
component of the transient absorption of2 at 675 nm of 460(
50 ns is attributed to the ZnP•+ lifetime, whereas the minor long-
lived contributions of 6 and 87µs are assigned to the decay of
some residual3ZnP which also absorbs weakly at this wave-
length. The two components can be assigned to the folded and
extended conformations which have reduced lifetimes compared
to the triplet lifetime of the ZnP model3 (270 µs), because of
different rates of conversion to the collapsed conformation and
subsequent quenching by electron transfer.

Conclusion

The excited-state processes occurring in2 in toluene are
summarized in the energy level diagram shown in Figure 9.
The photophysical properties can be best explained if there are
three conformations available to the molecule assigned as
extended, folded, and collapsed. In toluene, the folded and
extended conformers undergo EET with rate constants of 1.3
× 1010 and 8.1 × 108 s-1, respectively. In the collapsed
conformer, PET occurs on a subpicosecond time scale to form
a CS state characterized by CT fluorescence at 840 nm. In
benzonitrile, PET is the dominant excited-state deactivation
process for all conformations of2. For the extended conforma-
tions, PET leads to a CS state with a lifetime of 460 ns which
is similar to that observed for1. However, the yield of the long-
lived CS state of2 is substantially reduced (∼30%) compared
to 1. This decreased yield can be attributed to the presence of
the additional collapsed conformer in2 which provides a rapid
relaxation pathway for a proportion of excited molecules. The
novel and unusually complex photophysics exhibited in this
work highlight the crucial role of molecular structure and
conformation in influencing energy and electron-transfer proc-
esses in bridged donor-acceptor systems of this type.
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