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Abstract: The first example of a working model of the photosynthetic antenna-reaction center complex,
constructed via self-assembled supramolecular methodology, is reported. For this, a supramolecular triad
is assembled by axially coordinating imidazole-appended fulleropyrrolidine to the zinc center of a covalently
linked zinc porphyrin-boron dipyrrin dyad. Selective excitation of the boron dipyrrin moiety in the boron
dipyrrin-zinc porphyrin dyad resulted in efficient energy transfer (kENT

singlet ) 9.2 × 109 s-1; ΦENT
singlet )

0.83) creating singlet excited zinc porphyrin. Upon forming the supramolecular triad, the excited zinc
porphyrin resulted in efficient electron transfer to the coordinated fullerenes, resulting in a charge-separated
state (kcs

singlet ) 4.7 × 109 s-1; ΦCS
singlet ) 0.9). The observed energy transfer followed by electron transfer

in the present supramolecular triad mimics the events of natural photosynthesis. Here, the boron dipyrrin
acts as antenna chlorophyll that absorbs light energy and transports spatially to the photosynthetic reaction
center, while the electron transfer from the excited zinc porphyrin to fullerene mimics the primary events
of the reaction center where conversion of the electronic excitation energy to chemical energy in the form
of charge separation takes place. The important feature of the present model system is its relative “simplicity”
because of the utilized supramolecular approach to mimic rather complex “combined antenna-reaction
center” events of photosynthesis.

Introduction

Photosynthesis, the process of converting light energy into
chemical energy, involves two major steps, absorption and
transportation of light energy of appropriate wavelength by the
antenna light harvesting molecules to the reaction center, and
photoinduced electron transfer (PET) to generate charge-
separated entities by using the electronic excitation energy.1 The
light energy harvesting antenna system consists of chromophore
arrays which transport energy via a mechanism of singlet-
singlet energy transfer among the chromophores. These antenna
chromophores vary from organism to organism and are opti-
mized for the quality of light in a particular environment and
are effectively coupled to the reaction center. The reaction center
absorbs the excitation energy and converts it to chemical energy
in the form of transmembrane charge separation via a multistep
electron-transfer reaction. The stored energy in the form of

charge-separated species (electrochemical energy) is later
converted into other forms of biologically useful energy such
as proton motive force.1

Mimicking the photosynthetic functions by using synthetic
model compounds is important to further our understanding of
the process of bioenergetics. Research in this area also holds
promise for technological advances in solar energy conversion,
and building molecular optoelectronics such as photonic wires
and switches. In this regard, several studies on artificial
photosynthesis focused on PET, and many reaction center
mimicking compounds have been synthesized and studied.2-9
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The majority of these compounds are based on porphyrin
chromophores linked to one or more electron donor or acceptor
molecules. The efficiency and quantum yield of charge separa-
tion in some of these systems were comparable to those found
in natural reaction centers. To mimic the antenna function,
singlet energy transfer between two or more covalently linked
or self-assembled porphyrins, or other chromophores, has been
studied extensively.10-16 Some of these molecular/supramo-
lecular systems have revealed potential for constructing pho-
tonic, electronic, and optoelectronic devices.17,18

Developing an artificial light harvesting system with a
reaction center mimic to produce a complex capable of
absorbing light, transferring the resulting excitation to an energy
sink, and using the captured energy to initiate PET is one of
the major advancements in this area of research. A few elegantly
designed molecular systems involving covalently linked zinc
porphyrin(s), free-base porphyrin(s), and fullerene have been

synthesized and studied.13,19-21 Our aim here is to employ a
supramolecular approach to develop such a combined antenna-
reaction center model system (Scheme 1) and to study sequential
energy- and electron-transfer events. In Scheme 1, boron
dipyrrin (BDP) acts as an energy absorbing and transferring
antenna, and zinc porphyrin (ZnP) acts as an energy acceptor
from the antenna and promotes electron transfer to the fullerene
moiety by using the excitation energy, with the fullerene (C60-
Im) being the electron acceptor. We have selected the BDP-
ZnP dyad for the initial energy transfer because of (i) the
excitation wavelength selectivity; that is, when the molecule is
excited either at 388 or at 480-505 nm light, only the BDP of
the dyad is excited, leaving the ZnP in the ground state;22 and
(ii) the ZnP can bind an electron acceptor entity via metal-
ligand coordination to form a supramolecular triad.23aFullerene,
C60, is the choice of electron acceptor because of its low
reorganization energy in electron-transfer reactions.23b-d We
have selected an imidazole-appended fulleropyrrolidine, C60-
Im, as a ligand bearing electron acceptor to axially coordinate
to ZnP, because our recent studies have shown that the C60Im
binds to ZnP better than C60 bearing other coordinating ligand
such as pyridine.24 Because of the higher stability of the self-
assembled ZnP-C60Im dyad, the magnitude of the rate and
quantum yield of PET was comparable to that observed for
covalently linked ZnP-C60 dyads.24

Results and Discussion

Ground-State Properties of the Boron Dipyrrin-Zinc
Porphyrin Dyad. The synthesis of boron dipyrrin-zinc por-
phyrin dyad employed in the present study involved first
preparation of dipyrromethane using pyrrole and 4-bromo-
ethoxybenzaldehyde followed by conversion of the dipyr-
romethane to boron dipyrrin. The functionalized boron dipyrrin
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Photosynthetic Antenna-Reaction Center Complex A R T I C L E S
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was linked to 4-hydroxyphenyl-derivatized free-base porphyrin
which was subsequently converted into its zinc derivative. Figure
1 shows the optical absorption spectrum of the boron dipyrrin-
zinc porphyrin dyad along with reference compounds,meso-
phenyl boron dipyrrin, and zinc tetraphenylporphyrin (ZnP) in
o-dichlorobenzene. The absorption bands of the dyad located
at 425, 502, 552, and 593 nm were shifted by 1-2 nm as
compared to those of the pristine ZnP and phenyl boron dipyrrin,
indicating some ground-state interactions between the two
chromophores. Importantly, the weak absorption of boron
dipyrrin at 360 nm and the stronger absorption at 502 nm had
no overlap with the ZnP absorption at these wavelengths. Hence,
irradiation of the dyad at either of these wavelengths is expected
to selectively excite the boron dipyrrin moiety of the dyad.

Electrochemical studies using the cyclic voltammetric tech-
nique were performed to arrive at the redox potentials of the
investigated compounds. Boron dipyrrin exhibited a reversible
one-electron reduction atE1/2 ) -1.33 V vs Fc/Fc+ in
o-dichlorobenzene. Additional irreversible redox waves atEpc

) -2.38 V andEpa ) 1.48 V vs Fc/Fc+ were also observed
under the experimental conditions (Figure 2a). In the dyad, the
first reduction of boron dipyrrin was located atE1/2 ) -1.35 V
vs Fc/Fc+ along with another reduction wave corresponding to
the reduction of the zinc porphyrin moiety atE1/2 ) -1.95 V
vs Fc/Fc+. Two one-electron reversible processes atE1/2 ) 0.26
and 0.57 V vs Fc/Fc+ were also observed, corresponding to the
oxidations of the zinc porphyrin moiety (Figure 2b). Scanning
the potential to more negative and positive potentials revealed
additional irreversible waves of boron dipyrrin reduction and
oxidations, similar to those observed for the reference com-
pound. Under similar solution conditions, the imidazole bearing
fulleropyrrolidine revealed three reductions atE1/2 ) -1.13,
-1.51, and -2.05 V vs Fc/Fc+ (Figure 2c). From these
electrochemical data on adding the excited energies and
distances between the chromophores (vide infra), the free
energies of charge separation (∆GCS) and charge recombination
(∆GCR) were calculated using the Weller equation25 as listed in
Table 1.

An examination of the reduction potentials of the different
moieties in the present study reveals that the boron dipyrrin is
more difficult to reduce by 220 mV as compared to the first
reduction of fulleropyrrolidine. That is, fulleropyrrolidine is a
better electron acceptor than boron dipyrrin. However, the
reduction potential of boron dipyrrin is comparable to those of
methyl naphthaquinone or duroquinone, which are good electron
acceptors from the singlet excited zinc porphyrin.26 These results
suggest that the boron dipyrrin could be an electron acceptor
from the singlet excited zinc porphyrin in the dyad. To visualize
this property, computational studies were performed using
density functional methods (DFT) at the B3LYP/3-21G(*)
level.27 The DFT method over the Hartree-Fock or semiem-
pirical approaches is chosen because recent studies have shown
that the DFT-B3LYP methods at the 3-21G(*) level predict the
geometry and electronic structure more accurately.28 For this
study, the dyad was fully optimized to a stationary point on the
Born-Oppenheimer potential energy surface (Figure 3), and
an ultrafine integration grid was used.

(25) Weller, A. Z.Phys. Chem.1982, 132, 93.

(26) D’Souza, F.J. Am. Chem. Soc. 1996, 118, 923.
(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98, revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(28) (a) Brown, S. T.; Rienstra-Kiracofe, J. C.; Schaefer, H. F.J. Phys. Chem.
A 1999, 103, 4065-4077. (b) Rienstra-Kiracofe, J. C.; Barden, C. J.; Brown,
S. T.; Schaefer, H. F.J. Phys. Chem. A2001, 105, 524-528. (c) Hay, P.
J. J. Phys. Chem. A2002, 106, 1634-1641. (d) D’Souza, F.; Zandler, M.
E.; Smith, P. M.; Deviprasad, G. R.; Arkady, K.; Fujitsuka, M.; Ito, O.J.
Phys. Chem. A2002, 106, 649. (e) Zandler, M. E.; Smith, P. M.; Fujitsuka,
M.; Ito, O.; D’Souza, F. J. Org. Chem. 2002, 67, 9122. (f) Marczak, R.;
Hoang, V. T.; Noworyta, K.; Zandler, M. E.; Kutner, W.; D’Souza, F.J.
Mater. Chem. 2002, 12, 2123. (g) D’Souza, F.; Deviprasad, G. R.; Zandler,
M. E.; El-Khouly, M. E.; Fujitsuka, M.; Ito, O.J. Phys. Chem. A2003,
107, 4801.

Figure 1. Steady-state absorption spectra of (i) zinc tetraphenylporphyrin
(ZnP), (ii) ZnP-BDP dyad, and (iii)meso-phenyl boron dipyrrin (BDP) in
o-dichlorobenzene. The concentrations were held at 0.4µM.

Figure 2. Cyclic voltammograms of (a) BDP, (b) ZnP-BDP dyad, and
(c) imidazole-appended fulleropyrrolidine (C60Im) in o-dichlorobenzene,
0.1 M (TBA)ClO4. Scan rate) 100 mV/s.
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As shown in Figure 3a, in the optimized structure of the boron
dipyrrin-zinc porphyrin dyad, the center-to-center distance (zinc
to boron) was found to be∼12 Å with no steric constraint
between the two moieties. Both the porphyrin ring and the
dipyrrin ring are planar without significant structural distortions.
The computed HOMO and LUMO are bothπ-orbitals; the
former is located on the porphyrin ring, while the latter is located
on boron dipyrrin (Figure 3b and c). The location of the LUMO
on the boron dipyrrin moiety is consistent with the electro-
chemical results where the possibility of boron dipyrrin as an
electron acceptor is revealed. Because of these observations, in
the present study, we have explored the possibilities of boron
dipyrrin acting as an electron acceptor from the singlet excited
zinc porphyrin in addition to being an excited-state energy donor
to the zinc porphyrin, as shown in Scheme 2. The present dyad
is especially suitable to probe such events, because of the
wavelength selectivity; that is, the ZnP can be selectively excited
at 550 nm in the dyad, while the boron dipyrrin can be
selectively excited at 388 or 500 nm.

Table 1. Free-Energy Changes (in eV) for Singlet Energy Transfer (∆GENT
singlet), Charge Separation (∆GCS

singlet), and Charge
Recombination (∆GCR) for the Dyad and Supramolecular Triad in o-Dichlorobenzene

compound ∆GENT
singlet,a (ZnP−BDP*) ∆GCS

singlet,b (ZnP*−BDP) ∆GCR
c (ZnP‚+−BDP‚-) ∆GCS

singlet,b (C60Im−ZnP*−BDP) ∆GCR
c (C60Im‚-−ZnP‚+−BDP)

ZnP-BDPd -0.34 -0.50 -1.50
C60Im-ZnP-B DPe

expanded -0.34 -0.57 -1.51 -0.80 -1.28
closed -0.34 -0.60 -1.48 -0.81 -1.27

a The∆GENT
singletvalue is the energy difference between the excited singlet state of boron dipyrrin (abbreviated as1BDP*) and that of1ZnP* as evaluated

from the fluorescence peaks.b The∆GCS
S values are calculated from the Weller equation (ref 25) (∆GCS

S ) Eox(ZnP)- Ered(A) - E0 - Ec), employing the
E0-energy level of1ZnP* ()2.08 eV) andEox (ZnP) shown in the text.Ered(A) are the reduction potentials of the electron acceptors.Ec(Coulomb energy)
was calculated by (e2/(4πε0))[(1/(2R+) + 1/(2R-) - 1/Rcc)/εS], whereR+ and R- and Rcc are the radii of the cation and anion, and the center-to-center
distance between the donor and acceptor, respectively.εS is the dielectric constant of solvents used for photophysical studies and for measuring the redox
potentials.c -∆GCR ) -Eox + Ered - Ec. d Represents the covalently linked ZnP-BDP dyad.e Represents the supramolecular triad formed by the addition
of 5 equiv of imidazole-appended fulleropyrrolidine (C60Im) to the solution of ZnP-BDP dyad.

Figure 3. B3LYP/3-21G(*) calculated structure and molecular orbitals for the ZnP-BDP dyad: (a) optimized structure, (b) HOMO, and (c) LUMO.

Scheme 2
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Energy Transfer from Singlet Excited Boron Dipyrrin to
Zinc Porphyrin in the Dyad. Figure 4 shows the steady-state
fluorescence emission spectrum of the dyad along with the
control experiments performed to prove the occurrence of energy
transfer. At the excitation wavelength of 502 nm, the dyad
revealed emission bands at 522 nm corresponding to the
emission of the boron dipyrrin moiety, and at 600 and 649 nm
corresponding to the emission of the zinc porphyrin moiety
(spectrum iii). The emission intensity of the 520 nm band is
found to be quenched over 60% as compared to free boron
dipyrrin in a control experiment (spectrum i). The presence of
equimolar amounts of ZnP in the boron dipyrrin solution had
no effect on the emission intensity of boron dipyrrin (spectrum
ii), and extending the emission scan to the porphyrin emission
region revealed no emission corresponding to ZnP, suggesting
no energy transfer from the excited boron dipyrrin under
intermolecular conditions. In a separate experiment, when only
ZnP was excited at 502 nm, very weak emission of ZnP at 600
and 650 nm (spectrum iv) was observed. This suggests that
irradiation of the dyad at 500 nm would not excite the ZnP
simultaneously; this observation agrees with earlier reported
studies.22 These control experiments and the diminished emis-
sion intensity of the boron dipyrrin moiety and the occurrence
of new emission bands corresponding to the zinc porphyrin
emission in the dyad clearly indicate the occurrence of photo-
induced energy transfer.

Further, the excitation spectrum of the dyad was recorded
by monitoring the emission at 650 nm corresponding to ZnP.
The spectrum thus recorded was similar to the absorption
spectrum of the dyad (see Supporting Information). Control
experiments involving ZnP, and equimolar ZnP and boron
dipyrrin, revealed an excitation spectrum corresponding to only
ZnP. These results provide further evidence for the energy
transfer, and the similarity between the absorption and excitation
spectrum of the dyad also suggests the occurrence of efficient
energy transfer.

To probe the kinetics of energy transfer from excited boron
dipyrrin to zinc porphyrin, time-resolved emission spectral
studies were performed. When the boron dipyrrin moiety of the

dyad was excited at a wavelength of 388 nm, the time-profiles
for the decay of the boron dipyrrin moiety at 522 nm and the
rise of the zinc porphyrin moiety at 600 nm were observed as
shown in Figure 5. The data shown in Figure 5 clearly
demonstrate the occurrence of the photoinduced energy-transfer
process. Ino-dichlorobenzene, both free boron dipyrrin and ZnP
moieties revealed monoexponential decay. The calculated
lifetimes were found to be 530 and 1920 ps, respectively, for
the free boron dipyrrin and ZnP moieties (Table 2). In the dyad,
the decay of the excited boron dipyrrin could also be fitted
satisfactorily to monoexponential decay. The decay is attributed
to the energy-transfer process, and the calculated rate of energy
transfer and quantum yield are listed in Table 3. The rate
constant (9.2× 109 s-1) and quantum yield (0.83) indicate
efficient energy transfer from the excited boron dipyrrin to zinc
porphyrin in the dyad; this observation readily parallels that of
the steady-state emission and excitation spectral behavior of the
dyad. The energy transfer was also monitored by picosecond
transient absorption methods (see Supporting Information),
which revealed the emission of ZnP upon excitation of the boron
dipyrrin moiety of the dyad.

Electron Transfer from Singlet Excited Zinc Porphyrin
to Boron Dipyrrin in the Dyad. As revealed by the electro-
chemical and computational studies, upon excitation of the zinc
porphyrin moiety, electron transfer to the appended boron
dipyrrin entity is expected to occur. Steady-state fluorescence
results shown in Figure 6 revealed quenching of zinc porphyrin
in the dyad over 40% as compared to that of free ZnP at equal
concentrations. Time-resolved emission studies also revealed
quenching; that is, the decay of excited zinc porphyrin followed
a monoexponential decay with a lifetime of 1200 ps (Table 2).
The calculated rate of electron transfer and the quantum yield
were found to be 3.1× 108 s-1 and 0.38, respectively (Table
3). The relatively low rate and quantum yield are expected

Figure 4. Steady-state fluorescence spectra of (i) BDP, (ii) equimolar
amounts of ZnP and BDP, (iii) ZnP-BDP dyad, and (iv) ZnP in
o-dichlorobenzene. The concentrations were held constant to 0.4µM for
all of the species.λex ) 502 nm.

Figure 5. Time resolved fluorescence rise time-profile at 600 nm and decay
time-profile at 522 nm, respectively, for ZnP and BDP of the ZnP-BDP
dyad in o-dichlorobenzene. The sample was excited at 388 nm, and the
hatched area shows the pulse profile.

Table 2. Time-Resolved Fluorescence Lifetimes of Investigated
Compounds in o-Dichlorobenzene

emission lifetime, τF/ps (fraction %)

compound BDPa ZnPb

ZnP 1920 (100%)
BDP 530 (100%)
ZnP-BDP 90 (90%) 1200 (100%)
C60Im-ZnP-BDP 95 (91%) 1300 (66%), 190 (34%)

a λex for BDP ) 388 nm.b λex for ZnP ) 532 nm.
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because of the low∆GCS (-0.57 to-0.60 eV) associated with
the electron transfer via1ZnP* in the dyad.

Further transient absorption studies were performed to
characterize the electron-transfer products. Spectroelectrochemi-
cal studies were also performed to characterize the one-electron
reduced product of boron dipyrrin. During the electrolysis, no
new absorption bands corresponding to the boron dipyrrin anion
radical were observed in the wavelength region scanned until
1000 nm; however, the 500 nm band of neutral boron dipyrrin
revealed a considerable decrease in intensity (see Supporting
Information). The nanosecond transient absorption spectra using
550 nm laser light recorded for the dyad are shown in Figure
7. Intense absorption at 460 nm and a band at 700-850 nm
corresponding to the triplet state of zinc porphyrin (3ZnP*) were
observed. In a control experiment, the transient absorption
spectrum recorded for boron dipyrrin revealed no specific peak
corresponding to its triplet state (see Supporting Information).
In the absence of characteristic bands for the boron dipyrrin
anion radical, it was, however, difficult to spectrally characterize
the electron-transfer products. It may be noted here that in the
transient absorption spectrum of the dyad, the absorption
intensity at 625 nm relative to that of 850 nm seems to be larger
than that of ZnP alone (see Supporting Information), suggesting
the 625 nm band can be attributed to the cation radical of the
ZnP moiety (ZnP‚+) in the dyad, which may be overlapping
with the absorption tail of the3ZnP* moiety at 850 nm. The

time-profile at 625 nm shown in the inset of Figure 7 revealed
that the ZnP‚+ moiety rises relatively quickly, although the initial
rise profile is hidden by the depletion or fluorescence of the
ZnP moiety. The decay at 625 nm is slow without showing a
rapid decay component, which suggests the generation of a
relatively long-lived charge-separated state ino-dichlorobenzene.
However, we could not perform further analysis of the data due
to the overlapping of the ZnP+. band with the3ZnP* absorption
band in this wavelength region.

Formation of the Boron Dipyrrin -Zinc Porphyrin -
Fullerene Supramolecular Triad. The formation of the su-
pramolecular triad was followed by optical absorption spectral
methods. Figure 8 shows the spectral changes observed during
the addition of imidazole-appended fulleropyrrolidine to the
ZnP-BDP dyad ino-dichlorobenzene. The Soret band at 425
nm first decreased in intensity and then increased with a red
shift to 432 nm. Isosbestic points at 418 and 429 nm were
observed, indicating the occurrence of an equilibrium process
in solution. It may be mentioned here that the band at 502 nm
corresponding to the boron dipyrrin moiety revealed no peak
shift during the course of the titration, indicating no significant
interactions with the fullerene; the increase in the absorbance
at 502 nm is attributed to the absorption of added imidazole
bearing fulleropyrrolidine. Independent control experiments
performed in the presence of boron dipyrrin and imidazole
functionalized fullerene also revealed no spectral changes. These
results suggest that only the zinc porphyrin is involved in axial
coordination and not the boron dipyrrin of the dyad.

The binding constant was evaluated by employing the
Scatchard method29 (Figure 8, inset). The calculated binding
constant was found to be 16 500 M-1, which was comparable

Table 3. Singlet Energy-Transfer Rate Constants (kENT
singlet), Energy-Transfer Efficiency (ΦENT

singlet), Charge-Separation Rate Constants
(kCS

singlet), and Charge-Separation Quantum Yields (ΦCS
singlet) for the Dyad and Supramolecular Triad in o-Dichlorobenzene

(ZnP−B DP*)a (ZnP*−B DP)b (C60Im−Z nP*)c

compound kENT
singlet s-1,a ΦENT

singlet,a kCS
singlet s-1,b ΦCS

singlet,b kCS
singlet s-1,c ΦCS

singlet,c kCR s-1,d

ZnP-BDP 9.2× 109 0.83 3.1× 108e 0.38e

C60Im-ZnP-BDP 8.6× 109 0.82 2.5× 108f (0.21)f 4.7× 109g (0.34)g 2.0× 108

a Energy transfer from BDP* to ZnP. Calculated by the following equations:kENT
singlet ) τF,ZnP-BDP*

-1 - τF,BDP*
-1 andΦENT

singlet ) (τF,ZnP-BDP*
-1 -

τF,BDP*
-1)/τF,ZnP-BDP*

-1. b Charge separation between ZnP* and BDP.c Charge separation between ZnP* and C60Im. d From the fast decay part at 1000 nm
in the nanosecond transient absorption measurement.e Calculated by the following equations:kCS

singlet) τF,ZnP*-BDP
-1 - τF,ZnP*

-1 andΦCS
singlet) (τF,ZnP*-BDP

-1

- τF,ZnP*
-1)/τF,ZnP*-BDP

-1. f Calculated from the slow decay part of ZnP* by the following equations:kCS
singlet) τF,C60Im-ZnP*-BDP

-1 - τF,ZnP*
-1 andΦCS

singlet

) (τF,C60Im-ZnP*-BDP
-1 - τF,ZnP*

-1)/τF,ZnP*-BDP
-1 after multiplying the fraction.g Calculated from fast decay part of ZnP* by equations in footnote f.

Figure 6. Steady-state fluorescence spectra of (i) ZnP (2.4µM) and (ii)
ZnP-BDP dyad (2.4µM) in o-dichlorobenzene.λex ) 550 nm.

Figure 7. Transient absorption spectra of the ZnP-BDP dyad (0.05 mM)
at 100 ns (b) and 500 ns (O) after the 550 nm laser irradiation in Ar-
saturatedo-dichlorobenzene. Inset: Absorption-time-profiles at 625 nm
in Ar-saturatedo-dichlorobenzene.
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to a binding constant of 16 100 M-1 for the same fullerene
compound binding to ZnP ino-dichlorobenzene. These results
indicate stable supramolecular triad formation by the axial
ligation approach. The geometric and electronic structure of the
triad was also visualized by performing computational studies.
Figure 9 shows the optimized structures of the triad in its
“closed” and “extended” forms with respect to the boron dipyrrin
and C60 moieties, at two local minima. It may be mentioned
here that due to the flexibility of the supramolecular triad, other
intermediate structures were possible; however, the two struc-
tures shown in Figure 9a and b can be considered to be the two
extreme “closed” and “extended” conformers with little or no
steric hindrance between the different moieties. The center-to-
center distances between the zinc center of ZnP and the center
of C60 were found to vary between 12.3 and 13.0 Å, that is, an
almost similar distance between the donor and acceptor entities
irrespective of their overall geometry. The calculated HOMO
and LUMO for the closed and extended structures are shown
in Figure 9c, d, e, and f. As predicted from the electrochemical
studies, the HOMO was found to be located on the ZnP moiety,
while the LUMO was found to be on the fullerene moiety for
both of the structures. That is, upon forming the triad, the
LUMO moved to the fullerene entity from its original location
on the boron dipyrrin moiety in the dyad (see Figure 3).

Energy Transfer Followed by Electron Transfer in the
Supramolecular Triad. Figure 10 shows the fluorescence
spectra of the ZnP-boron dipyrrin dyad in the presence of
increasing amounts of imidazole-appended fulleropyrrolidine at
the excitation wavelength of 502 nm corresponding to the
excitation of the boron dipyrrin of the dyad. The emission bands
corresponding to both boron dipyrrin and zinc porphyrin
revealed quenching, without changing the ratio of fluorescence
intensity of boron dipyrrin to that of ZnP. The quenching of
zinc porphyrin emission in the boron dipyrrin-zinc porphyrin-
fullerene triad upon exciting the boron dipyrrin moiety clearly
indicates the occurrence of energy transfer from boron dipyrrin
to the zinc porphyrin followed by electron-transfer quenching
from the singlet excited zinc porphyrin to the coordinated

fulleropyrrolidine. Further time-resolved emission and transient
absorption spectral studies were performed to arrive at the
kinetics and characterization of the electron-transfer products.

Figure 11 shows the fluorescence decay profiles for pristine
ZnP, the ZnP-BDP dyad, and the supramolecular triad formed
by the addition of 5 equiv of imidazole-appended fulleropyr-
rolidine to the dyad by the excitation of the ZnP moiety. Upon
forming the triad, the fluorescence lifetime of the singlet excited
zinc porphyrin revealed a biexponential decay with additional
quenching as compared to that observed for the dyad alone
(Figure 11). Assuming that the additional decay of the excited
zinc porphyrin is due to the electron-transfer process to the
coordinated fullerene, the rate of electron transfer and quantum
yield were calculated. The magnitudes ofkCS

singletandΦCS
singlet

in Table 3 reveal efficient electron transfer. The possibility of
a competing direct electron transfer from the singlet excited
boron dipyrrin to the fulleropyrrolidine was considered to be a
minor route even though one of the optimized geometries in
Figure 9 showed close proximity of boron dipyrrin and C60.
This is because the calculated free-energy change for this process
was found to be weakly exothermic (∆G ) ∼ -0.17 eV) as
compared to the highly exothermic electron transfer from the
singlet excited ZnP to the coordinated C60 (Table 1). Moreover,
we did not observe additional quenching of the excited lifetime
of the boron dipyrrin in ZnP-BDP on addition of imidazole-
appended fulleropyrrolidine to form the triad (Tables 2 and 3).
To further substantiate this, intermolecular quenching experi-
ments involving phenyl boron dipyrrin (50µM) and 2-phenyl
fulleropyrrolidine were performed. In the presence of excess
amounts of fulleropyrrolidine (0.5 mM), the quenching of the
boron dipyrrin singlet emission was found to be less than 5%.
These observations clearly suggest the occurrence of little or
no intramolecular electron transfer from the excited boron
dipyrrin to the fullerene in the supramolecular triad.

Nanosecond transient absorption spectra of the supramolecular
triad were recorded to obtain evidence for the energy-transfer
followed by electron-transfer mechanism. Figure 12 shows the
transient absorption spectra, upon forming the triad by the
addition of 5 equiv of imidazole-appended fulleropyrrolidine
to the dyad ino-dichlorobenzene, after the 500 nm laser
irradiation to generate1BDP*. Transient absorption bands
corresponding to the triplet excited zinc porphyrin and fullerene
were observed at 850 and 700 nm. In addition, a band at 1000
nm was observed corresponding to the fulleropyrrolidine anion
radical formation. The inset figure shows the time-profile of
this peak which exhibits an immediate rise and decay, indicating
that the signal arises from the charge-separation process, via
the singlet excited zinc porphyrin, which is produced by energy
transfer from the singlet excited state of the boron dipyrrin
entity. From the decay rate, the charge-recombination rate
constant (kCR) was evaluated to be 2.0× 108 s-1 in o-
dichlorobenzene as seen in the inset time-profile of Figure 12.
The slower decay part could be attributed either to the absorption
tail of the3ZnP* moiety at 860 nm or to the possible occurrence
of bimolecular back electron transfer between free radical ions
produced by the dissociation of the charge-separated state, under
the conditions when the dissociation of the charge-separated
state competes with intramolecular charge recombination.

Energy Level Diagram.The results of the present investiga-
tion along with all of the control experiments clearly show the(29) Scatchard, G.Ann. N.Y. Acad. Sci. 1949, 51, 661.

Figure 8. Optical absorption spectral changes observed during the titration
of C60Im (3.57 µM each addition) with the ZnP-BDP dyad (2.3µM) in
o-dichlorobenzene. The inset figure shows the Scatchard plot of the change
of absorbance at 425 nm.
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occurrence of efficient energy transfer followed by electron
transfer in the studied supramolecular triad, although the
photochemistry of the multichromophoric triad seems to be fairly
complex. The combination of optical absorption, steady-state
fluorescence emission, molecular modeling, electrochemistry,
and time-resolved emission and transient absorption studies has
permitted the extraction of the needed energetic and kinetic
information. The different photochemical events observed in

the triad are depicted in Figure 13 in the energy level diagram.
Energies of the excited states of the different entities were
calculated from the fluorescence peaks, while the triplet state
energy of ZnP was cited from the literature.31 The driving forces
for the occurrence of electron transfer from the different excited
chromophores of the triad are cited from Table 1. In the energy
level diagram, the thick arrows indicate the major process, and
the dotted arrows are the minor process. In the case of the dyad,
although charge separation occurs from1ZnP*, generating ZnP‚+

and BDP‚-, this process seems to be incompetent in the triad.
That is, upon excitation of BDP in the triad, the major process

(30) D’Souza, F.; Deviprasad, G. R.; El-Khouly, M. E.; Fujitsuka, M.; Ito, O.
J. Am. Chem. Soc. 2001, 123, 5277.

(31) Smith, K. M. Porphyrins and Metalloporphyrins; Elsevier: New York,
1977.

Figure 9. B3LYP/3-21G(*) optimized structure at local minima for the supramolecular triad formed by coordinating C60Im to ZnP-BDP in (a) “closed”
and (b) “extended” forms. The corresponding HOMO and LUMO are shown in parts c, d, e, and f.

Figure 10. Steady-state fluorescence spectrum of the ZnP-BDP dyad (1.75
µM) in the presence of increasing amounts of C60Im (2.0µM each addition)
in o-dichlorobenzene.λex ) 502 nm.

Figure 11. Fluorescence decay time-profiles at 600 nm of (a) ZnP, (b)
ZnP-BDP dyad, and (c) the supramolecular triad formed by coordinating
C60Im to the ZnP-BDP dyad ino-dichlorobenzene. The samples were
excited at 550 nm, and the hatched area shows the pulse profile.
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involves charge separation to form C60Im‚--ZnP‚+-BDP
because of the appropriate exothermic conditions.

Conclusions

A supramolecular triad constructed via axially coordinating
imidazole-appended fulleropyrrolidine to the zinc center of a
covalently linked zinc porphyrin-boron dipyrrin dyad was
successfully shown to be a model of the photosynthetic antenna-
reaction center complex. Efficient energy transfer from the
singlet excited boron dipyrrin to the zinc porphyrin as well as
electron transfer from the singlet excited zinc porphyrin to the
boron dipyrrin entity was observed in the dyad. As revealed by
the steady-state and time-resolved emission as well as transient
absorption spectral studies, in the supramolecular triad, the boron
dipyrrin absorbs light energy and transfers it to the zinc
porphyrin to create the singlet excited zinc porphyrin. Electron
transfer from the excited zinc porphyrin to fullerene subse-
quently follows, resulting in the formation of the charge-
separated state. The observed energy transfer followed by
electron transfer in the studied supramolecular triad mimics
successfully the “combined antenna-reaction center” events of
natural photosynthesis.

Experimental Section

Chemicals.Buckminsterfullerene, C60 (+99.95%), was from SES
Research (Houston, TX).o-Dichlorobenzene in a sure seal bottle,
sarcosine, pyrrole, trifluoroacetic acid (TFA), dichlorodicyanobenzo-
quinone (DDQ), triethylamine, and benzaldehyde derivatives (benzal-
dehyde, 4-bromoethoxybenzaldehyde, 4-imidazolyl benzaldehyde, and
o- and p-hydroxy benzaldehyde) were from Aldrich Chemicals
(Milwaukee, WI). Tetra-n-butylammonium perchlorate, (TBA)ClO4,
was from Fluka Chemicals. All of the chromatographic materials and
solvents were procured from Fisher Scientific and were used as received.
Syntheses and purification of imidazole-appended fulleropyrrolidine,24

5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin, free-base and zinc
porphyrins, H2P and ZnP, andmeso-phenyl boron dipyrrin were carried
out according to the literature procedures.30-32

meso-[4-(Bromoethoxy)phenyl]dipyrromethane (1). This was
synthesized according to the general procedure developed by Lindsey
for boron dipyrrin synthesis.32 To a solution of argon-purged bromo-
ethoxybenzaldehyde (300 mg, 1.0 mmol) and pyrrole (3.63 mL, 52.4
mmol) was added TFA (10µL, 0.01 mmol), and the mixture was stirred
for 15 min. The reaction mixture was diluted with CH2Cl2 and quenched
with 0.1 M NaOH (50 mL), and then washed with water and dried
over sodium sulfate. The solvent and excess pyrrole were then vacuum
distilled at room temperature. The compound was purified over silica
gel flash column using cyclohexane/ethyl acetate (70:30 v/v) as eluent.
Yield 250 mg.1H NMR (CDCl3): δ ppm, 7.79 (s br, 2H), 7.08 (d,
2H), 6.82 (d, 2H), 6.60 (m, 2H), 6.12 (m, 2H), 5.85 (s, 2H), 5.33 (s,
1H), 4.21 (t, 2H), 3.57 (t, 2H). ESI mass in CH2Cl2 calcd, 329.3; found,
329.5.

N,N′-Difluoroboryl-5-[4-(bromoethoxy)phenyl]dipyrrin (2). To a
solution of 1 (500 mg, 1.5 mmol) dissolved in dry toluene (30 mL)
was added DDQ (345 mg, 1.5 mmol), and the mixture was stirred for
15 min. Triethylamine (1.48 mL, 10.6 mmol) was then added, followed
immediately by BF3-etherate (1.34 mL, 10.6 mmol), and the mixture
was stirred for another 30 min. The reaction mixture was washed with
water and dried over sodium sulfate. The compound was purified over
silica gel column using CH2Cl2/hexanes (2:1 v/v) as eluent. The solvent
was evaporated under reduced pressure, and the resulting orange solid
was washed repeatedly with hexanes. Yield 190 mg.1H NMR
(CDCl3): δ ppm, 7.93 (s, 2H), 7.56 (d, 2H), 7.07 (d, 2H), 6.96 (m,
2H), 6.56 (m, 2H), 4.40 (t, 2H), 3.71 (t, 2H). UV-vis in o-
dichlorobenzene,λmax nm, 502. ESI mass in CH2Cl2 calcd, 391.0; found,
392.1.

5-[4-Phenoxyethyl(N,N′-difluoroboryl-5-(4-oxyphenyl)dipyrrin)]-
10,15,20-triphenylporphyrin (3). To a solution of2 (74 mg, 0.19
mmol) and 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin (40 mg,
0.06 mmol) dissolved in DMF (30 mL) was added an excess of
potassium carbonate, and the mixture was stirred for 18 h. The mixture
was suction filtrated, and the solvent was evaporated under reduced
pressure. The product was purified over silica gel column using CHCl3/
hexanes (40:60 v/v) as eluent. Yield 25 mg.1H NMR (CDCl3): δ ppm,
8.83-8.89 (m, 8H), 8.20-8.24 (m, 6H), 8.16 (d, 2H), 7.95 (s, 2H),
7.73-7.79 (m, 9H), 7.63 (d, 2H), 7.36 (d, 2H), 7.23 (d, 2H), 7.03 (m,
2H), 6.57 (m, 2H), 4.68 (m, 2H), 4.62 (m, 2H),-2.77 (s br, 2H). UV-
vis in o-dichlorobenzene,λmax nm, 423, 503, 552, 593. ESI mass in
CH2Cl2 calcd, 940.3; found, 941.5.

5-[4-Phenoxyethyl(N,N′-difluoroboryl-5-(4-oxyphenyl)dipyrrin)]-
10,15,20-triphenylporphyrinatozinc(II) (4). To a solution of3 (25
mg, 0.03 mmol) dissolved in chloroform was added zinc acetate (33
mg, 0.15 mmol) dissolved in methanol, and the solution was stirred
for 1 h. The solution was washed with water and evaporated under
reduced pressure. The compound was purified over silica gel column
CHCl3/hexanes (50:50 v/v) as eluent. Yield 27 mg.1H NMR (CDCl3):
δ ppm, 8.93-9.01 (m, 8H), 8.21-8.25 (m, 6H), 8.16 (d, 2H), 7.95 (s,
2H), 7.73-7.80 (m, 9H), 7.64 (d, 2H), 7.35 (d, 2H), 7.23 (d, 2H), 7.03

(32) Wagner, R. W.; Lindsey, J. S.Pure Appl. Chem. 1996, 68, 1373.

Figure 12. Transient absorption spectra of the supramolecular triad formed
by mixing C60Im (0.25 mM) and ZnP-BDP (0.05 mM) ino-dichloroben-
zene at 7 ns (b) and 160 ns (O) after the 500 nm laser irradiation. Inset:
Absorption-time-profiles at 1020 nm.

Figure 13. Energy level diagram showing the different photochemical
events of the supramolecular C60Im-ZnP-BDP triad after excitation of
the BDP moiety; numbers in parentheses are for the “closed” structure.
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(m, 2H), 6.58 (m, 2H), 4.69 (m, 2H), 4.63 (m, 2H). UV-vis in
o-dichlorobenzene,λmax nm, 425, 502, 550, 590. ESI mass in CH2Cl2
calcd, 1001.6; found, 1002.5.

Instrumentation. The UV-visible spectral measurements were
carried out with a Shimadzu model 1600 UV-visible spectrophoto-
meter. The fluorescence emission was monitored with a Spex Fluorolog-
tau spectrometer. A right angle detection method was used. The1H
NMR studies were carried out on a Varian 400 MHz spectrometer.
Tetramethylsilane (TMS) was used as an internal standard. Cyclic
voltammograms were recorded on a EG&G model 263A potentiostat
using a three-electrode system. A platinum button electrode was used
as the working electrode. A platinum wire served as the counter
electrode, and a Ag/AgCl electrode was used as the reference electrode.
A ferrocene/ferrocenium redox couple was used as an internal standard.
All of the solutions were purged prior to electrochemical and spectral
measurements using argon gas. The computational calculations were
performed by ab initio B3LYP/3-21G(*) methods with the Gaussian
9827 software package on various PCs. The graphics of HOMO and
LUMO coefficients were generated with the help of GaussView
software. The ESI-mass spectral analyses of the newly synthesized
compounds were performed with a Fennigan LCQ-Deca mass spec-
trometer. For this, the compounds (about 0.1 mM concentration) were
prepared in CH2Cl2, freshly distilled over calcium hydride.

Time-Resolved Emission and Transient Absorption Measure-
ments. The picosecond time-resolved fluorescence spectra were
measured using an argon-ion pumped Ti:sapphire laser (Tsunami) and
a streak scope (Hamamatsu Photonics). The details of the experimental
setup are described elsewhere.33 Nanosecond transient absorption spectra
in the NIR region were measured by means of laser-flash photolysis;
532 nm light from a Nd:YAG laser was used as the exciting source,

and a Ge-avalanche-photodiode module was used for detecting the
monitoring light from a pulsed Xe-lamp as described in our previous
report.34
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