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Abstract: Functional mimics of a photosynthetic antenna-reaction center complex comprising five bis-
(phenylethynyl)anthracene antenna moieties and a porphyrin-fullerene dyad organized by a central
hexaphenylbenzene core have been prepared and studied spectroscopically. The molecules successfully
integrate singlet-singlet energy transfer and photoinduced electron transfer. Energy transfer from the five
antennas to the porphyrin occurs on the picosecond time scale with a quantum yield of 1.0. Comparisons
with model compounds and theory suggest that the Förster mechanism plays a major role in the extremely
rapid energy transfer, which occurs at rates comparable to those seen in some photosynthetic antenna
systems. A through-bond, electron exchange mechanism also contributes. The porphyrin first excited singlet
state donates an electron to the attached fullerene to yield a P•+-C60

•- charge-separated state, which has
a lifetime of several nanoseconds. The quantum yield of charge separation based on light absorbed by the
antenna chromophores is 80% for the free base molecule and 96% for the zinc analogue.

Introduction

Photosynthetic organisms convert excitation energy from
sunlight into electrochemical potential in reaction center pig-
ment-protein complexes. However, most of the light used by
an organism is absorbed by antenna systems, and the resulting
singlet excitation energy is transferred to the reaction centers.
The use of antennas allows organisms to achieve broad coverage
of the useful solar spectrum, synthesize fewer reaction centers
that can each function at optimal rates, tune the nature and
amount of antenna chromophores to adjust to ambient light
conditions, and control the amount of light reaching the reaction
center in order to reduce harmful photochemical reactions. It is
possible to design and synthesize artificial photosynthetic
reaction centers that efficiently convert excitation energy into
electrochemical potential energy in the form of long-lived charge
separation.1-4 In addition, a variety of antenna mimics based
on porphyrins and related chromophores have been studied.5-23

We have recently reported examples of artificial antenna-
reaction center hybrids in which porphyrin antenna chro-
mophores absorb light and transfer the resulting excitation to
covalently attached artificial reaction centers that carry out
photoinduced electron transfer.5,6

Several natural antenna systems consist of cyclic arrays of
chromophores such as chlorophylls and carotenoids.24-27 We
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recently reported some initial steps toward the design of artificial
cyclic antenna-reaction center complexes based on hexaphe-
nylbenzene as a core that provides structural organization and
rigidity.28 We now report the synthesis and spectroscopic
characterization of heptads1 and 2, which feature five bis-
(phenylethynyl)anthracene (BPEA) antennas surrounding a
central hexaphenylbenzene core that also bears a porphyrin-
fullerene electron donor-acceptor unit (Chart 1). The BPEA
antenna chromophore was chosen because it absorbs strongly
in the 430 to 475 nm region, where the extinction coefficients
of porphyrins and chlorophylls are generally low. In photosyn-
thetic organisms, carotenoid polyenes often serve as antenna
chromophores that harvest light in this spectral region. Porphy-
rin-fullerene systems have been shown to efficiently carry out
photoinduced electron transfer to yield charge-separated states
with usefully long lifetimes for charge recombination.29-36 The
key to designing a functional antenna-reaction center complex
using these building blocks is choosing a molecular architecture
that achieves rapid and efficient singlet energy transfer from
all of the BPEA antenna moieties to the porphyrin while
precluding electronic coupling, energy transfer, or electron-
transfer phenomena that interfere with charge separation and
recombination within the porphyrin-fullerene unit.

Results

Synthesis.The study required synthesis of not only heptads
1 and 2 but also antenna models3-5 and porphyrin-antenna
models6-13 (Charts 2 and 3). The key to the rational synthesis
of such unsymmetrical structures based on an inherently
symmetric hexaphenylbenzene core was to build up the hexaphe-
nylbenzene using the well-known Diels Alder reaction of
tetraphenylcyclopentadienones with diphenylacetylenes. The
tetraphenylcyclopentadienones were in turn synthesized by the
base-catalyzed reaction of benzils with dibenzyl ketones. We
have used this strategy in the past to prepare unsymmetrically
substituted hexaphenylbenzenes of well-defined structure.28,37-39

A hexaphenylbenzene core bearing a porphyrin and five bromine
atoms, one at the para position of each of five peripheral phenyl
rings, was prepared, and the BPEA antennas were coupled to
the core using a palladium catalyst. The fullerene was added in
the final steps. The details of the synthetic procedures and
characterization of the compounds are reported elsewhere.40
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Chart 1. Antenna-Reaction Center Heptads Chart 2. Model Compounds
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2-methyltetrahydrofuran are shown in Figure 1a. BPEA3
features maxima at 311, 439, and 457 nm. Attachment to the
hexaphenylbenzene core (molecule4) results in the appearance
of two bands in the UV region at 309 and 319 nm and a ca. 10
nm shift of the visible bands to longer wavelengths (445 and
469 nm). Thus, the hexaphenylbenzene core influences the
electronic structure of the BPEA, even thoughπ-π interactions
between the BPEA and the central benzene ring are limited due
to the 65°-90° dihedral angle between the two directly bonded
rings.41-43 Addition of a second BPEA to the hexaphenylben-
zene core at an ortho position, as in the case of5, increases the
extinction coefficient of the bands in the visible and changes
the relative band intensities slightly but does not significantly
shift the positions of the band maxima, which appear at 309,
319, 444, and 468 nm (Figure 1a). Thus, the BPEA chro-
mophores do not interact strongly by excitonic or other
mechanisms. The long-wavelength absorption band of hexaphe-
nylbenzene itself is observed at ca. 275 nm.

Figure 1b shows the fluorescence emission spectra of3-5
obtained with excitation at 400 nm. The emission band positions
of 4 and5 are nearly identical (483, 515, and ca. 547 (sh.) nm)
and are shifted about 10 nm to longer wavelengths than those
of 3 (474, 505, and ca. 536 (sh.) nm). Thus, the emission spectral
changes parallel those noted in absorption and show no evidence
for strong electronic interactions between adjacent BPEA
moieties on the central core. The fluorescence quantum yield
of 4 was determined to be 0.94, using the comparative method
with Rhodamine 6G as the standard (Φ ) 0.90 in water44). The
energy of the BPEA excited state in4 is calculated to be 2.61
eV from the wavenumber average of the long-wavelength
absorption maximum and the short-wavelength emission maxi-
mum.

Time-resolved fluorescence studies of4 and5 were under-
taken using the single photon timing method. Excitation was at

300 nm in 2-methyltetrahydrofuran. Emission from compound
4 was measured at 480 nm and found to decay as a single-
exponential process with a lifetime of 2.80 ns (ø2 ) 1.19). A
similar experiment with5 gave a lifetime of 2.83 ns (ø2 ) 1.06).

Given the close spatial arrangement of the BPEA chro-
mophores in1 and2, singlet-singlet energy transfer between
them is a reasonable possibility. To investigate this question,
the decay of the polarization anisotropy of fluorescence and
stimulated emission were studied in model antennas4 and5.
In this experiment, the sample is excited with a plane-polarized
laser pulse, and fluorescence intensities parallel (IVV) and
perpendicular (IVH) to the pulse polarization are measured as a
function of time. At a given time, the fluorescence polarization
anisotropyr is given by eq 1, whereG is an instrumental
correction factor. The value ofr will be maximal if the absorbing
and emitting transition dipoles are parallel.

The anisotropy can decay as a function of time after the pulse
due to rotation of the transition dipole (via tumbling of the
molecule in solution or internal motions) or due to energy
transfer to a second chromophore (whose transition dipole is
not parallel to that of the donor), which then emits.

The fluorescence anisotropy decay at 510 nm for antenna4
following excitation at 300 nm was measured in 2-methyltet-
rahydrofuran solution using the single photon timing method.
The result was a single exponential with a time constant of 440
ps. Because intermolecular singlet energy transfer between
molecules of4 is slow in the dilute solution employed, and
internal motions are limited, this time constant is associated with
the rotation of4 in solution. Equation 2, wherer0 is the initial
value ofr andφ is the orientational relaxation time, describes
this situation.45

Thus, the reorientation time of4 is 440 ps. The reorientation
time of a spherical rotor molecule may be estimated using the
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Chart 3. Model Hexad Antenna System

Figure 1. Absorption (a) and emission (b) spectra of model antennas3
(s), 4 (- -), and5 (- - -).

r(t) )
IVV(t) - GIVH

IVV(t) + 2GIVH(t)
(1)

r(t) ) r0e
-t/φ (2)
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Debye-Stokes-Einstein equation46 (eq 3), whereη is the
viscosity of the solvent,kB is the Boltzmann constant, andV is
the volume of the sphere.

Using the crude approximation that4 is a sphere with a radius
of 12.5 Å (based on molecular models), eq 3 yields a value of
φ ) 970 ps, which is in reasonable agreement with the measured
reorientation time, given the approximations involved. Although
internal motions of4 that would affectφ are expected to be
slow, given the rigidity of the framework, the molecule is
certainly not an isotropic rotor.

Turning now to dyad5, the fluorescence anisotropy decay
was found to be biexponential, with time constants of 560 and
40 ps. The 560 ps lifetime is ascribed to overall tumbling of
the molecule. We also employed transient absorption methods
in order to increase the time resolution of the anisotropy
measurements. Figure 2a shows the stimulated emission ani-
sotropy decay of4 at 500 nm following laser pulse excitation
at 450 nm. The data were fitted with a time constant of 440 ps.
Figure 2b gives the stimulated emission anisotropy decay of5
at 500 nm. Exponential fitting of the data yielded three
components with lifetimes of 0.20 (58%), 30 (15%), and 560
(27%) ps. The longest lifetime is not well defined in the time
window available and was, therefore, fixed at the same value
as that obtained in the single photon timing experiments. For
each molecule, the long component, 440 or 560 ps, is assigned
to rotational diffusion. The short component for5 is associated
with degenerate singlet-singlet energy transfer between the two
BPEA moieties. Given that the anisotropy decays with a rate
constant twice that of energy transfer, the time constant for
excitation exchange between adjacent BPEA moieties is 0.40
ps. A minor component (30 ps) makes up 15% of the decay. It
is likely that this component is due to the presence of rotational

isomers of BPEA that differ in the orientation of the anthracene
ring system relative to the appended phenyl rings. Calculations
and spectroscopic studies on BPEA itself reveal that although
the conformation with all three ring systems coplanar is most
stable, a conformation with the anthracene ring perpendicular
to the other two is also populated.47 The oscillator strength of
the minor conformer is 35% smaller than that for the major
conformer. To the extent that a similar conformational hetero-
geneity also appears in5, the minor conformation would be a
less effective energy acceptor and donor by the Fo¨rster mech-
anism (vide infra), and the energy transfer time constant would
be larger. Alternatively, the minor component could be ascribed
to an impurity, but none was detected by the usual chromato-
graphic, NMR, and mass spectral analyses.

BPEA-Porphyrin Dyads 6-11. Having obtained the rate
constant for singlet-singlet energy transfer between adjacent
BPEA moieties, we next determined energy transfer rates from
a BPEA directly to a free base or zinc porphyrin located ortho,
meta, or para to it on the central ring of the hexaphenylbenzene.
This information was obtained from dyads6-11. Figure 3
shows the absorption spectra of these dyads, those of hexads
12 and13, and those of model porphyrins 5-(4-carbomethoxy-
phenyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (14) and
zinc 5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrin (15).
The spectra have been normalized in the porphyrin Q-band
region where the BPEA does not absorb. The spectra of8 and
9 are virtually identical to those of6 and7, respectively, and
have not been shown. The spectral shapes and absorption
maxima of the bands in the dyads are essentially identical to a
linear combination of those of the corresponding model BPEA
and porphyrins. No large shifts or perturbations occur as a result
of covalently linking the chromophores. The amplitude of the
BPEA absorption (430-500 nm region) in ortho-linked10 and
11 is slightly reduced, compared to those in the dyads in which
the chromophores are in the meta and para relationships. Overall,
these results indicate that any electronic interaction between

(45) Gustavsson, T.; Cassara, L.; Marguet, S.; Gurzadyan, G.; van der Meulen,
P.; Pommeret, S.; Mialocq, J.-C.Photochem. Photobiol. Sci.2003, 2, 329-
341.
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8637.

Figure 2. (a) Stimulated emission anisotropy decay of4 measured at 500
nm with excitation at 450 nm. The solid line is an exponential fit with
τ ) 440 ps. (b) Stimulated emission anisotropy decay of5 measured at
500 nm with excitation at 450 nm. The solid line is a three-exponential fit
with τ ) 0.2, 30, and 560 ps.

φ ) ηV/kBT (3)

Figure 3. Absorption spectra of (a)12 (s), 6 (- - -), 10 (- - -), and
model free base porphyrin14 (- - - - -) and (b)13 (s), 7 (- - -), 11
(- - -), and model zinc porphyrin15 (- - - - -) in 2-methyltetrahy-
drofuran.
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BPEA and porphyrin moieties is weak enough that the various
chromophores may be considered as individual but interacting
chromophores, rather than a single extended chromophore or a
strongly excitonically coupled system.

Excitation of either the BPEA or the free base porphyrin
moieties of dyads6, 8, and 10 results in typical porphyrin
fluorescence with maxima at 651 and 720 nm. This suggests
significant singlet-singlet energy transfer from the BPEA to
the porphyrin. A very small amount of residual fluorescence
from the BPEA is also observed. From the absorption and
emission data, the first excited singlet state of the porphyrin in
the free base dyads is estimated to lie 1.91 eV above the ground
state. For zinc dyads7, 9, and11, fluorescence maxima are at
603 and 655 nm, as is typical for zinc porphyrins. In this case,
the porphyrin excited-state energy is 2.07 eV.

The fact that excitation of the BPEA moieties of the dyads
results in fluorescence emission almost exclusively from the
porphyrin suggests that the efficiencies of singlet-singlet energy
transfer are high in all of the compounds. Transient absorption
pump-probe experiments were undertaken in order to learn
more about this process. The BPEA moieties of the various
molecules in 2-methyltetrahydrofuran were excited with 100 fs
laser pulses at 480 nm, and the decay of the transient absorbance
was monitored over the 490-760 nm spectral region. The
complete data set was fitted by a global analysis procedure.
This procedure is described in the Supporting Information.
Random errors associated with the reported lifetimes obtained
from fluorescence and transient absorption measurements were
typically <10%. The results are illustrated in Figure 4, along
with some representative decays. For free base dyad6, with
the para relationship between the chromophores, the decay was
best fitted with two exponential components with time constants
of 4.0 ps and 10 ns (solid line in Figure 4a). The solution of
dyad8, with the meta relationship, contained 25% of6, as the
two materials could not be completely separated. The decay
was fitted by analysis at several wavelengths with three time
constants: 4.0 ps (fixed using the results from6), 8.0 ps, and
10 ns. For dyad10, in which the chromophores are in the ortho
relationship, the time constants from global analysis were 0.9

ps and 10 ns. In each case, the 10-ns component is taken as the
time constant for decay of the porphyrin first excited singlet
state and is essentially the same as that for the relevant porphyrin
model system.

The pattern of decays was similar for the zinc analogues
(Figure 4b). Two-exponential fits were required. The longer
component for dyads7, 9, and11 was 2.4 ns, which is similar
to the lifetime of the excited state of the zinc porphyrin model
system. The shorter components were 5.7 ps, 7.0 ps (obtained
from a three-exponential fit as described for8), and 1.2 ps for
the para (7), meta (9), and ortho (11) isomers.

Because the lifetime of the first excited singlet state of BPEA
in 4 and5 is 2.8 ns, the very rapid decays of the transient absorb-
ance attributed to these moieties are taken to reflect singlet-
singlet energy transfer to the porphyrin. This is verified by the
fact that transient absorption features characteristic of the por-
phyrin first excited singlet states grew in with the same time
constants. Another conceivable quenching mechanism, photo-
induced electron transfer, is thermodynamically precluded for
these compounds (vide infra). This being the case, the rate
constant for singlet-singlet energy transfer,kent, is given by eq
4,

whereτ is the experimentally observed decay time for BPEA
fluorescence andks is the rate constant for decay of the BPEA
excited state by all processes other than energy transfer. Taking
ks as 3.6× 108 s-1 (from the 2.80 ns lifetime of4) and theτ
values listed above, singlet-singlet energy transfer rate constants
of 2.5 × 1011, 1.3× 1011, and 1.1× 1012 s-1 were calculated
for free base dyads6, 8, and10, respectively. For the zinc series,
the rate constants were 1.8× 1011, 1.4× 1011, and 8.3× 1011

s-1, respectively. Energy transfer is faster in the free base series
than in the zinc series. Transfer from BPEA to an ortho
porphyrin is faster than transfer to a para porphyrin in each
series, and transfer to a porphyrin with a meta relationship is
slowest in both series.

Hexads 12 and 13.The absorption spectrum of free base
hexad12 is shown in Figure 3a. The bands associated with the
porphyrin moiety are essentially unchanged from their positions
in the model porphyrin14 and the various dyads. The BPEA
portion of the spectrum has maxima at 445 and 469 nm, in
common with the dyads. The extinction coefficient at 469 nm
is approximately the sum of those of two ortho, two meta, and
one para BPEA in the model compounds. Thus, introducing
five BPEA moieties on the hexaphenylbenzene core does not
significantly perturb the spectra of the individual chromophores.
The fluorescence spectrum of the hexad has porphyrin maxima
at 652 and 721 nm, which are similar to those for dyads6, 8,
and10. A small amount of BPEA emission is observed as well.
Time-resolved fluorescence studies of12using the single photon
timing method with excitation at 300 nm yielded a decay at
720 nm that was fitted by a single exponential (ø2 ) 1.10) with
a time constant of 10.3 ns, which is essentially identical to that
of the model porphyrin. Emission from BPEA at 510 nm
following excitation at 300 nm had a lifetime of<10 ps (ø2 )
1.20), which is near the time resolution limit of the spectrometer.
This is consistent with rapid energy transfer from all of the
BPEA moieties to the porphyrin.

Figure 4. (a) Transient absorption kinetics of free base compounds at 650
nm with 480 nm excitation:6 (b), 8 (4), 10 (9), 12 (]). (b) Transient
absorption kinetics of zinc compounds at 600 nm with 480 nm excitation:
7 (b), 9 (4), 11 (9), 13 (]).

kent ) (1/τ) - ks (4)
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Increased time resolution was achieved using the pump-
probe transient absorption technique. Figure 5a shows the decay-
associated spectra obtained after excitation of the BPEA moieties
of 12 at 480 nm with a 100 fs laser pulse. Two kinetic
components, ca. 2.2 ps and nondecaying on this time scale, were
observed. The long-lived component shows characteristic por-
phyrin transient absorption, ground-state bleaching, and stimu-
lated emission bands and is ascribed to the decay of the
porphyrin first excited singlet state (10.3 ns based on the
fluorescence results). The short component features decay of
BPEA stimulated emission below 530 nm and decay of BPEA
induced absorption and grow-in of porphyrin stimulated emis-
sion at longer wavelengths. Thus, this component is associated
with singlet-singlet energy transfer from the BPEA to porphy-
rin. Figure 4a shows the kinetic trace at 650 nm and a fit with
two exponential components of 2.2 ps and 10 ns. These results
indicate that all of the energy transfer processes are complete
with time constants of about 2 ps. Given that the BPEA model
chromophore has an excited state lifetime of 2.8 ns, the rapid
decay of the BPEA excited states in the hexad suggests that
the energy transfer quantum yield should be essentially unity.

Energy transfer was also investigated in zinc hexad13. The
absorption spectrum of13 is shown in Figure 3b. The bands
associated with the porphyrin moiety are essentially unchanged
from their positions in the model porphyrin15 and the dyads.
The BPEA portion of the spectrum has maxima at 445 and 469
nm, in common with those of the dyads, and the extinction
coefficient at 469 nm is approximately the sum of those of two
ortho, two meta, and one para BPEA in the model compounds.
The fluorescence spectrum of the hexad has porphyrin maxima
at 605 and 656 nm, which are similar to those for7, 9, and11.
Time-resolved fluorescence studies of13with excitation at 300
nm yielded a single-exponential decay at 650 nm (ø2 ) 1.14)
with a time constant of 2.35 ns, which is essentially identical
to that of the model zinc porphyrin. Emission from BPEA at
510 nm following excitation at 300 nm had a lifetime of<10
ps (ø2 ) 1.19), as was observed for the free base analogue.

The pump-probe transient absorption technique was again
employed to achieve increased time resolution. Figure 4b shows

the transient absorbance decay at 600 nm obtained after
excitation of the BPEA moieties. Two kinetic components of
∼3.2 ps and 2.4 ns were observed. The first is the decay of
BPEA excitation due to energy transfer to the porphyrin, and
the second is due to decay of the zinc porphyrin first excited
singlet state by the usual photophysical pathways (see Figure
5b). Thus, singlet-singlet energy transfer occurs in13 with an
efficiency close to 100%, as was the case with the free base
hexad.

Singlet-singlet energy transfer in12 and 13 was also
evaluated using steady-state fluorescence excitation spectros-
copy. In this experiment, the porphyrin fluorescence was
monitored as a function of the wavelength of the exciting light.
The excitation spectrum was corrected for variations in excita-
tion light intensity with wavelength. The results for13are shown
in Figure 6. It is clear that the excitation and absorption spectra,
normalized in a region where only the porphyrin absorbs, are
nearly identical. This is even true in the 440-490 nm region
where absorption is due to the BPEA moiety. This experiment
verifies that singlet-singlet energy transfer in13has a quantum
yield of nearly 100%. Similar results, with a transfer efficiency
of 100%, were obtained for hexad12.

Heptad Reaction Center Models 1 and 2.The absorption
spectrum of free base heptad1 is shown in Figure 7a, along
with those of BPEA model5 and a model for the porphyrin-
fullerene portion of the molecule.48 The fullerene has very weak

Figure 5. (a) Transient absorption decay-associated spectra of hexad12
with excitation at 480 nm. Two components with time constants of 2.2 ps
(- - -) and nondecaying (s) were observed. (b) Similar decay-associated
spectra for zinc analogue13. The two components have time constants of
3.2 ps (- - -) and 2.4 ns (s).

Figure 6. Steady-state absorption (s) and corrected fluorescence excitation
(O) spectra of zinc hexad13. Fluorescence was monitored at 650 nm.

Figure 7. Absorption spectra of (a)1 (s), 5 (- - - -), and a model
porphyrin-fullerene dyad (- - -) and of (b)2 (s), 5 (- - - -), and a model
porphyrin15 (- - -) in 2-methyltetrahydrofuran.
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absorption throughout the visible and a small maximum at 704
nm. As was the case with the model compounds, the spectrum
of the heptad is essentially a linear combination of the spectra
of the individual model chromophores. The heptad has porphyrin
fluorescence maxima at 652 and 720 nm, as is the case with
the other free base porphyrins studied here, but the fluorescence
is quenched relative to that of hexad12. The absorption
spectrum of zinc porphyrin heptad2 is shown in Figure 7b,
along with those of BPEA model5 and a model porphyrin15.
The spectrum of the heptad is essentially a linear combination
of the spectra of the individual model chromophores. The heptad
has porphyrin fluorescence maxima at 605 and 655 nm, as is
the case with the other zinc porphyrins studied here, but the
fluorescence is quenched relative to that of hexad13.

The nature of the porphyrin quenching was investigated using
transient absorption techniques (Figure 8). Excitation was into
the BPEA moieties at 480 nm using a 100 fs laser pulse. A
spectrum taken 3.0 ns after excitation (inset, Figure 8a) shows
an absorbance at ca. 1015 nm that is characteristic of the
fullerene radical anion.48 The kinetic trace at 1000 nm shows
that this species forms with a time constant of 2.0 ns and has a
long lifetime on the time scale of the experiment. The formation
of the fullerene radical anion is ascribed to photoinduced
electron transfer from the porphyrin first excited singlet state
to yield the porphyrin radical cation and the fullerene radical
anion. The formation time is identical to that observed for the
P•+-C60

•- state from a porphyrin-fullerene dyad having a very
similar structure.48 For zinc heptad2, a kinetic trace taken at
650 nm (see Figure 8b) shows very fast decay of the excited
states of the antenna chromophores and at later times a rise of
transient absorbance whose spectrum is characteristic of the zinc
porphyrin radical cation. This species forms with a time constant

of 80 ps and has a long lifetime on the time scale of the
experiment. The formation of the zinc porphyrin radical cation
is ascribed to photoinduced electron transfer from the porphyrin
first excited singlet state to the fullerene to yield the corre-
sponding charge-separated state. Single-photon-timing fluores-
cence measurements confirmed an 80-ps lifetime for the zinc
porphyrin first excited singlet state in2.

Figure 8 verifies the formation of P•+-C60
•- charge-separated

states in1 and2, but we turned to nanosecond time-resolved
spectroscopy in order to determine the lifetimes of those states.
Figure 9 shows the transient absorption kinetics at 1000 nm,
which reflect the fullerene radical anion. After deconvolution
from the instrument response, the data for1 could be fitted as
two decays, one with a time constant of 8.9 ns and one that did
not decay on the time scale shown. The first lifetime is
associated with decay of P•+-C60

•- (and the band at 1015 nm),
and the second with triplet states. The decay was monitored
for a total of 2µs, and the decay time constant for the long
component was found to be reduced when oxygen was admitted
to the sample, thus verifying the assignment of this component
to triplet states. Consistent with this assignment, the spectra in
the 900-1010 nm region were essentially structureless. The
triplet forms at least in part by intersystem crossing from the
porphyrin first excited singlet state, as the time constant for
decay of the singlet is relatively long. For heptad2, the charge-
separated state decayed with a lifetime of 15.3 ns. In this case,
a smaller amount of long-lived transient absorbance, ascribed
to triplet states, was observed. Although spectroscopic evidence
for generation of triplet in1 and 2 by charge recombination
was not observed, at least some triplet formation by this pathway
cannot be excluded.

Discussion

It is clear from the results that excitation of any of the BPEA
antenna moieties of heptads1 or 2 results in transfer of singlet
excitation energy to the porphyrin with a quantum yield near
unity and that this excitation drives photoinduced electron
transfer to produce a charge-separated state. By comparing the
spectroscopic results for the heptads with those for the various
model compounds, it is possible to derive rate constants and
quantum yields for the various processes of interest, as described
below. The processes of interest are indicated in Figure 10, and
the results are reported in Table 1.

(48) Straight, S. D.; Andre´asson, J.; Kodis, G.; Moore, A. L.; Moore, T. A.;
Gust, D.J. Am. Chem. Soc.2005, 127, 2717-2724.

Figure 8. Transient absorption data for heptads1 and2 with excitation at
480 nm. (a) Kinetics at 1000 nm for free base heptad1. The solid line is
a fit to exponentials with time constants of 2.2 ps, 2.0 ns, and 8 ns. The
inset shows the transient absorption spectrum 3.0 ns after excitation. (b)
Kinetics at 650 nm for zinc heptad2. The solid line is a fit to exponentials
with time constants of 3.2 ps, 80 ps, and 15 ns. The inset shows the transient
absorption spectrum 500 ps after excitation.

Figure 9. Nanosecond transient absorption kinetics at 1000 nm for heptads
1 (9) and2 (O) with excitation at 480 nm. By reconvolution with the 4.8
ns instrument response function (- - -) the data for each molecule were
fitted with two exponential decays (s). For free base1, a time constant of
8.9 ns and a component that did not decay in this time window were
obtained. For2, a time constant of 15.3 ns and a nondecaying component
were detected.
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Antenna Function. The steady-state spectroscopic results for
all of the compounds and the time-resolved studies on the
models show that although the seven chromophores are co-
valently linked in the heptads, they retain their individual
photophysical properties and are not strongly perturbed by their
neighbors. The absorption and emission spectra are little
changed, and the excited-state lifetimes of the BPEA moieties
in 5 and of the porphyrins in6-13 are the same as those in
monomeric model chromophores. Strong excitonic interactions
are not observed, even though the chromophores are in close
proximity. Given this situation, we first make the assumption
that energy transfer rate constants in the heptads are, within
experimental error, identical to those measured for the corre-
sponding processes in the various model compounds. Using this
assumption, the rate constants shown for the various processes
in Figure 10 have been estimated as those in Table 1. To test
this assumption, we have simulated the decay of the BPEA
excited-state transient absorption (rise of the porphyrin transient)
expected after random excitation of the five BPEA antennas of
12 and13, using the Chemical Kinetics Simulator from IBM
Corporation. Processes represented byke, ko, km, andkp were
employed. The results are shown in Figure 11. The simulated
decays (smooth curves) agree reasonably well with the experi-

mental data, although the simulated curves decay slightly more
rapidly than the data. This deviation may reflect small confor-
mational or electronic effects in the hexads that are not well
represented by the model compounds. For example, it was noted
above that the extinction coefficient of a BPEA unit ortho to
the porphyrin is reduced (by∼25%, Figure 3), relative to that
of the other BPEA units, presumably including those in model
dyad5. If singlet energy transfer in the heptads from a BPEA
meta to the porphyrin to one ortho to the porphyrin occurs by
the Förster mechanism (vide infra), such a reduction would
decrease the rate of energy transfer between these BPEA units
proportionately, and this would help explain the discrepancy.
In addition, the fact that the refractive index for some transfer
processes (eq 5) differs for the hexad and the model compounds
may play a role.49

In the simplest theoretical formalism, there are two compo-
nents to the singlet-singlet energy transfer process. At one
extreme, transfer is described by the Fo¨rster dipole-dipole
mechanism50,51 which is Coulombic in nature, and at the other
extreme, transfer occurs by the Dexter electron-exchange
mechanism,52 which requires significant orbital overlap.

In most cases, the Fo¨rster mechanism dominates singlet-
singlet energy transfer. The theoretical transfer rate,kDD, may
be calculated using Fo¨rster’s eq 5,

where κ is an orientation factor,Φf(D) is the fluorescence
quantum yield of the donor chromophore,n is the index of
refraction of the medium,N is Avogadro’s number,τD is the
lifetime of the donor first excited singlet state in the absence of
energy transfer,R is the separation of the dipoles, andν is the
frequency. The integral is the overlap of the normalized donor
fluorescence emission spectrum with the absorbance spectrum

(49) Knox, R. S.; van Amerongen, H.J. Phys. Chem. B2002, 106, 5289-
5293.

(50) Förster, T.Annalen der Physik1948, 2, 55-75.
(51) Förster, T.Discuss. Faraday Soc.1959, 27, 7-17.
(52) Dexter, D. L.J. Chem. Phys.1953, 21, 836-850.

Figure 10. Diagram identifying rate constants for the various energy and
electron-transfer processes in the heptads.

Table 1. Energy and Electron Transfer Rate Constants

heptad 1 heptad 2

rate
constant (s-1) expt calcd expt calcd

ke 2.5× 1012 1.9× 1012 2.5× 1012 1.9× 1012

ko 1.1× 1012 3.8× 1012a 8.3× 1011 2.3× 1012

1.3× 1012a

km 1.3× 1011 1.9× 1011a 1.4× 1011 1.3× 1011

8.8× 1010a

kp 2.5× 1011 7.4× 1010 1.8× 1011 6.7× 1010

kcs 4.0× 108 1.2× 1010

kcr 1.1× 108 6.5× 107

a Values are reported for the two isomers that differ in the disposition
of hydrogen atoms on the porphyrin nitrogen atoms, as discussed in the
text.

Figure 11. Experimental transient absorption decay of the BPEA moieties
of free base hexad12 (a) and zinc hexad13 (b) measured at 650 and 600
nm, respectively. Decays simulated using the rate constants in Table 1 appear
as smooth curves.

kDD )
0.529κ2Φf(D)

n4NτDR6 ∫fD(ν)εA(ν)ν-4 dν (5)
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of the acceptor. Hexads12 and 13 are conformationally
restricted due to the aromatic rings and the steric interactions
between them. The most stable conformation was estimated
using molecular mechanics methods (MM2), and relevant
distances and angles taken from the results were used to estimate
R andκ. The relevant spectroscopic parameters were estimated
from those of model compounds, and the Fo¨rster energy transfer
rate constants were calculated. They are listed in Table 1.

The lowest-energy transition for BPEA is polarized along the
long axis of the chromophore.47 The porphyrin Q-band region,
which is associated with the energy-accepting transitions for
transfer from BPEA, consists of two transition moments, each
lying along an axis passing through two opposite nitrogen atoms.
The molecular mechanics calculations for the heptads indicate
that the porphyrin plane is essentially coplanar with the plane
of the central benzene ring of the hexaphenylbenzene core. This
geometry is enforced by the steric interactions between the
porphyrin meso aromatic ring attached to the core and the
â-pyrrole hydrogens on one hand and the ortho-aryl rings of
the hexaphenylbenzene core on the other. Rotations about the
bonds joining this meso ring to the porphyrin macrocycle and
the core are very slow on the time scale of energy trans-
fer.37,40,53,54Thus, each Q-band transition will have a different
value forκ. To obtain each BPEA-porphyrin energy transfer
rate constant in Table 1, the rate constants calculated for the
two orthogonal Q-band transitions have been summed.

Exchange of the central nitrogen-bound protons in free base
porphyrins is slow on the time scale of singlet energy transfer.55

Therefore, for the free base ortho and meta model compounds,
there are actually two essentially isoenergetic populations of
molecules that differ in the orientation of the protonated nitrogen
atoms of the porphyrin and, therefore, in the orientation of the
Qx and Qy transition dipoles relative to the BPEA antenna. The
two populations have different values ofκ for each transition
and, therefore, different energy transfer rate constants. Both
calculated rate constants are reported in Table 1.

For excitation exchange between adjacent BPEA groups, the
calculated rate constant is comparable to the experimental
number for model compound5. Förster type transfer thus
appears to be a viable mechanism for this exchange, although
the simple theory is not strictly applicable to systems such as
these where chromophore dimensions and separations are
comparable.56 Calculated rate constants for energy transfer from
BPEA units to zinc or free base porphyrin moieties at ortho,
meta, or para positions on the hexaphenylbenzene core are also
in reasonable agreement with experimental values for the model
dyads (within a factor of∼3 in all cases). Although two
populations of porphyrins with different orientations of the
central protons are expected in the ortho and meta compounds,
as discussed above, the rate constants calculated for both
populations are similar and would not be distinguished experi-
mentally, given the signal-to-noise level in the data.

Given the relatively good agreement between the experimental
and calculated rate constants for energy transfer, we used the
Förster theory to calculate rate constants for energy transfer

between BPEA units meta or para to one another on the
hexaphenylbenzene core. The rates obtained were much too slow
to compete with the other energy transfer processes discussed
above, and we conclude that such transfers do not contribute
significantly to the photochemistry of the hexads.

Despite the relatively good agreement between experimental
results and Fo¨rster theory, the Dexter mechanism involving
electronic coupling between chromophores via the central aryl
ring of the hexaphenylbenzene core evidently also contributes
to the energy transfer process. Transfer from a BPEA meta to
the porphyrin was found to be slower than transfer from a BPEA
para to the porphyrin, even though Fo¨rster theory predicts meta
transfer to be faster, due to the shorter interchromophore
separation and comparable orientation factors. This may be
ascribed to electron exchange transfer mediated by the chemical
bonds joining the chromophores.

Electron Transfer. The free base porphyrin first excited
singlet state, which has a lifetime of 10.3 ns in hexad12, lives
only 2.0 ns in heptad1 in 2-methyltetrahydrofuran. The
quenching is due to formation of the P•+-C60

•- charge-separated
state, as demonstrated by the spectral data discussed above. The
electron-transfer rate constantkCS may be calculated according
to eq 6, wereτ is 2.0 ns andks is taken as the reciprocal of the
10.3 ns lifetime of the porphyrin first excited singlet state in
12; kCS equals 4.0× 108 s-1.

This rate constant is identical to that reported for a porphyrin-
fullerene dyad with a structure similar to that of the porphyrin-
fullerene portion of1.48 The quantum yield of photoinduced
electron transfer is 80%, whether light is absorbed in the antenna
system or directly by the porphyrin moiety.

The lifetime of the charge separated state is 8.9 ns, giving a
value for the rate constant for charge recombination,kCR, of
1.1 × 108 s-1. This rate constant is slightly smaller than that
measured for the porphyrin-fullerene model system, 2.5× 108

s-1. The similarity of the two rate constants suggests that the
radical cation of1 in the charge-separated state most likely
remains on the porphyrin, rather than migrating to the BPEA
antenna moieties. This is reasonable on energetic grounds. The
first oxidation potential of model BPEA system4 was deter-
mined by cyclic voltammetry in benzonitrile solution containing
0.1 M tetra-n-butylammonium hexafluorophosphate, using a
glassy carbon working electrode, platinum counter electrode,
and Ag/AgNO3 pseudo-reference electrode. Ferrocene was used
as an internal standard. The oxidation potential for the model
BPEA was 1.17 V vs SCE. That for a model for the porphyrin
component of1 is 1.03 V vs SCE.57 Thus, migration of the
positive charge into the antenna array would be endergonic.

The rate constant for photoinduced electron transfer in zinc
heptad2 is 1.2 × 1010 s-1, and the lifetime of the charge-
separated state is 15.3 ns. The quantum yield of charge
separation is 96%. The zinc porphyrin moiety of2 has a lower
oxidation potential (0.76 V vs SCE)57 than does the free base
of 1 and a more energetic excited singlet state, leading to a
larger thermodynamic driving force for photoinduced electron
transfer and, therefore, a larger rate constant. The driving force(53) Dirks, J. W.; Underwood, G.; Matheson, J. C.; Gust, D.J. Org. Chem.

1979, 44, 2551-2555.
(54) Gust, D.; Patton, A.J. Am. Chem. Soc.1978, 100, 8175-8181.
(55) Braun, J.; Schlabach, M.; Wehrle, B.; Ko¨cher, M.; Vogel, E.; Limbach, H.

H. J. Am. Chem. Soc.1994, 116, 6593-6604.
(56) Scholes, G. D.Annu. ReV. Phys. Chem.2003, 54, 57-87.

(57) Gould, S. L.; Kodis, G.; Palacios, R. E.; de la Garza, L.; Brune, A.; Gust,
D.; Moore, T. A.; Moore, A. L.J. Phys. Chem. B2004, 108, 10566-
10580.

kCS )(1/τ) - ks (6)
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for recombination of the charge-separated state of2 to the
ground state (1.35 eV) is consequently less than that for the
corresponding state in1 (1.62 eV). These recombination
reactions are expected to occur in the Marcus inverted re-
gion,58,59where an increase in driving force leads to a decrease
in rate. The opposite behavior is observed for1 and 2. This
suggests that in one (or both) of the compounds, charge
recombination in the normal Marcus region to yield triplet states
may be occurring. Triplet states are indeed formed with1 and,
to a lesser extent,2, but we were not able to obtain definitive
evidence for formation of triplets by charge recombination,
rather than normal intersystem crossing.

Conclusions

Heptads1 and 2 demonstrate efficient light harvesting by
the five BPEA antenna moieties in the 430-480 nm spectral
region. Solar irradiance is maximal in this spectral region, where
porphyrins and chlorophylls are not very effective absorbers.
The BPEA moieties of1 and 2 fill the role of carotenoid
polyenes, one of nature’s primary antenna chromophores in this
spectral region. Singlet energy transfer from the BPEA moieties
to the porphyrin occurs on a surprisingly rapid time scale, a
few picoseconds, and with a quantum yield of essentially unity.
Hopping of excitation around the ring, between adjacent BPEA

moieties, is the most rapid energy transfer process, although
energy transfer from any of the BPEA units directly to the
porphyrin also contributes to the overall process. The Fo¨rster
dipole-dipole theory provides reasonable agreement with the
experimental data. Once the excitation energy reaches the
porphyrin moiety of1 or 2, photoinduced electron transfer
occurs to produce a P•+-C60

•- charge-separated state. The
relatively slow electron transfer in free base1 limits the quantum
yield of charge separation to 80%. In the zinc analogue2, which
features an increased thermodynamic driving force, the yield is
96%. Charge recombination occurs in 8.9 ns for1 and 15.3 ns
for 2. The hexaphenylbenzene scaffold provides a rigid and
versatile core for organizing antenna chromophores and coupling
them efficiently to electron donor-acceptor systems, yielding
functional analogues of natural photosynthetic antenna-reaction
center complexes.
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