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Ever since the crystal structure of the LHII antenna protein from
purple photosynthetic bacteria revealed that bacteriochlorophylls
arrayed in a ring structure are used for light harvesting,1 considerable
effort has been invested in making biomimetic chromophore rings,
which offer insights into the photophysics of energy collection and
transfer in photosynthetic proteins.2 Several synthetic structures
comprising covalently linked metalloporphyrins display interchro-
mophore energy transfer rates comparable to those observed in
natural light harvesting proteins.2 However, a more efficient strategy
for multichromophore array construction is desirable for developing
artificial photosynthetic systems for solar energy conversion. Studies
of a self-assembled, porphyrin-based tetramer reveal that the rate
of energy transfer between the porphyrins is 100 times slower than
those of analogous covalent structures.3 We have now prepared a
zinc chlorophyll (ZC) derivative,1, that self-assembles into a cyclic
tetramer and exhibits intramolecular energy transfer rates compa-
rable to those observed for covalent ring structures. The larger
transition dipole moment for the lowest energy electronic transition
of the ZCs compared to that of the porphyrins increases the rate of
Förster (through-space) energy transfer between the chlorophylls.

Compound1 was synthesized in 50% yield using established
Suzuki coupling methodology (see Supporting Information).4 The
ground-state absorption spectrum of1 in pyridine reveals Soret (433
nm) and Qy (660 nm) bands typical of ZC species, Figure S1. In
toluene, the Soret band shifts to 434 nm, and the Qy band shifts to
667 nm. These shifts are likely due to exciton coupling between
two or more ZC molecules as a consequence of aggregate formation
in the non-coordinating solvent.5

The aggregate structure was elucidated using small-angle X-ray
scattering (SAXS) measurements performed on 10-5 M toluene
solutions of1 using a high-flux synchrotron source (Advanced
Photon Source at Argonne National Laboratory). The solution-phase
scattering pattern was obtained for theq region, 0.01 Å-1 < q <
1.9 Å-1, Figure 2A. In the low-resolution scattering region (q <
0.2 Å-1), the scattering intensity follows the Guinier relationship,
I(q) ) I(0) exp(-q2Rg

2/3), which is parametrized in terms of the
forward scattering amplitude,I(0), and the radius of gyration,Rg.6

The linearity of the Guinier plot between 0.01 Å-2 < q2 < 0.02
Å-2 , Figure 2A insert, indicates that the sample consists of
monodisperse structures,7 thereby eliminating an extended stair-
step structure which would likely be polydisperse in size. The least-
squares fit to the linear data reveals a radius of gyration of 7.75 Å.
The monodisperse nature of14 in toluene allows direct comparisons
between reciprocal-space scattering patterns and real-space molec-
ular models through atomic pair distribution function (PDF)
analysis. The experimental PDF for14 in toluene was obtained using
the X-ray scattering fitting program GNOM, Figure 2B.8 The peaks
in the PDF at 9.8 and 13.5 Å are the result of atom pair correlations
between the nearest neighbor and next-nearest neighbor pairs,
respectively.9 MM+ geometry optimized models10 of 14 reveal
average Zn-Zn distances of 9.4 and 13.3 Å for the analogous pair

correlations. The theoretical value ofRg obtained for each of these
models was 7.3 Å.11 The structure of the aggregate was also
independently verified by replicating the raw scattering data using
an ab initio simulated annealing procedure, Figure 2C.12 The
dimensions and shape determined using both PDF analysis and
simulation strongly correlate with a cyclic, tetrameric aggregate.

The resolution of the SAXS experiment (d ) 2π/qmax) does not
reveal the absolute configuration of the ZCs in14 and unfortunately
the1H NMR spectrum of14 in toluene is severely broadened. Unlike
the analogous porphyrin tetramer,14 is composed of four enantio-
merically pure, chiral ZC molecules. Steric arguments can be used
to eliminate all but two structural possibilities. The structure shown
in Figure 1B exhibits the least steric repulsion because all the
propionic ester tails extend away from the assembly center, while
the structure depicted in Figure 1C displays the smallest ground-
state dipole moment as a result of cancellation of opposing ground-
state dipoles.

Figure 1. (A) Structure of1; (B) tetramer14 with a transition dipole
orientation which minimizes the steric repulsion of the propionic esters;
(C) Tetramer14 with a transition dipole orientation that minimizes the
ground-state dipole moment of the aggregate.

Figure 2. (A) Experimental scattering intensity,I(q), versus scattering
length vector,q, data for1 in toluene (5× 10-5 M) solution (0.1 Å-1 < q
< 1.9 Å-1 region); (inset) scattering intensity versusq2 for the same sample
(0.01 Å-2 < q2 < 0.02 Å-2 region). Guinier fit to the data is also shown;
(B) atomic pair distribution functions (PDFs) for1 in toluene obtained using
the program GNOM; (C) the structure reconstructed from SAXS data; (D)
MM+ geometry optimized structure of14.
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Förster energy transfer rates are highly dependent on the relative
orientations of the transition dipole moments of the chromophores
engaging in energy transfer.13 The ZC transition dipole moment
lies approximately along the N-N line shown in Figure 1, so that
the orientations of the dipoles will vary depending on the orienta-
tions of the chromophores within the tetramer. Therefore, the
relative orientations of the ZCs in14 can be inferred using energy
transfer considerations. The Fo¨rster model is approximate because
the interchromophore distances in14 are comparable to the extent
of the transition dipoles. Nevertheless, the competing Dexter
mechanism14 involving direct orbital overlap or through-bond
interactions between the ZCs in14 should be less favorable because
the HOMO orbital density of1 at the Zn-center is negligible,3,15

and theπ-orbitals of adjacent monomers are nearly orthogonal.
Excitation of14 in toluene with 665 nm, 120 fs laser pulses yields

the transient absorption spectrum of its lowest excited singlet state
1*14, Figure 3, which decays biexponentially withτ ) 1.0( 0.1 ps
and 3.8( 0.1 ns. Excitation of1 in pyridine yields very similar
transient absorption spectra for1*1, Figure S2, which decay
monoexponentially withτ ) 3.8 ( 0.1 ns. The 3.8-ns decay
component in the transient absorption decay kinetics of both1*1
and1*14 matches the fluorescence lifetime of1*1 in pyridine, Figure
S3. The amplitude of the 1.0-ps component in the decay of1*14 is
laser-power dependent and indicative of singlet-singlet annihilation
(Figure 3, inset). The time constant for energy transfer between
adjacent chromophores in14, τh, can be derived from the annihila-
tion lifetime,τa, using the formulaτa ) τh/(8 sin2(π/2N)) developed
for cyclic arrays ofN chromophores with identical microscopic rate
constants.16 Using this model,N ) 4, and the measured value of
τa, τh ) 1.2 ( 0.1 ps. Transient anisotropy measurements on1*14

confirmed this result (τh ) 1.3( 0.1 ps) (Figure 3, inset and Figure
S7, Supporting Information).

The orientation of the ZC transition moments in Figure 1B predict
that the microscopic rate constants for Fo¨rster energy transfer
between adjacent chromophores will be identical. In addition, the
cross-diagonal energy transfer rates should be significantly slower
than those between adjacent chromophores owing to the unfavorable
orientation of the transition dipoles. Consequently, a monoexpo-
nential rate constant for annihilation is predicted. In contrast, the
adjacent chromophores in Figure 1C exist in two conformations

with respect to each other. Therefore two microscopic energy
transfer rates contribute to the overall annihilation rate. To further
investigate this case, kinetic models were created to include multiple
nonequivalent microscopic rate constants (Figure S4). Numerical
solutions to these kinetic schemes yield multiexponential kinetics
for the annihilation process and simulations reveal that a ratio of
kEnT1/kEnT2 > 5 is sufficient to observe multiexponential annihilation
kinetics. Our calculations of Fo¨rster energy transfer rates (Table
S1) predict a ratio ofkEnT1/kEnT2 > 15. From this we conclude that
the observed monoexponential annihilation kinetics preclude struc-
ture 1C.

The rate of energy transfer within1*14 is ∼20 times faster than
that observed for the self-assembled porphyrin tetramer, yet it is
still ∼10 times slower than the fastest rates observed in photosyn-
thetic proteins. This is probably the result of the less than optimal
alignment of the transition dipole moments in14. We are currently
exploring ways to self-assemble monodisperse chlorophyll antennas
in which the transition dipole alignment leads to even faster energy
transfer rates.
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Figure 3. Transient absorption spectra of14 in toluene following excitation
with 665 nm, 120 fs laser pulses. The top inset shows the power-dependent
transient absorption kinetics of14 monitored at 660 nm using 1.00 (black
line), 0.66 (red line), and 0.33 (green line)µJ per 665 nm excitation pulse.
The bottom inset shows the transient anisotropy kinetics at 555 nm.
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