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Several novel porphyrins mimicking the self-assem-

bly ability of the natural bacteriochlorophylls ¢, d, and e have been
synthesized in high yields. These artificial antenna systems should be
able to harvest sunlight even under low-light illumination conditions,
as implied by the eclipse of the sun shown in the background. For more
information see the communication by T.S. Balaban etal. on the
following pages.
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Artificial Light-Harvesting Antenna

Controlling Chirality and Optical Properties of
Artificial Antenna Systems with Self-Assembling
Porphyrins**

Teodor Silviu Balaban,* Anil Dnyanoba Bhise,
Matthias Fischer, Myriam Linke-Schaetzel,
Christian Roussel, and Nicholas Vanthuyne

Dedicated to Professors Klaus Hafner and Emanuel Vogel,
magisters of chromophore chemistry, on the occasion of their
75th birthday

a
A fascinating example of self-assembly )

encountered in nature is provided by
green photosynthetic bacteria. These bac-
teria developed early during evolution,
under the pressure of synthetic and genetic
economy, an organelle capable of capturing
sunlight even at 10 m below the surface of
water to trigger photosynthesis. In this
organelle the so-called chlorosome, bacter-
iochlorophyll (BChl) molecules, self-organ-
ize without the use of proteinaceous scaf-

the 3'-hydroxy group of another molecule; 2) cooperative
hydrogen bonding of the same OH group to the 13'-carbonyl
group of a third BChl ¢ molecule; and 3) n—x interactions
between the chlorin macrocycles, which are organized into
stacks. These supramolecular interactions are detailed in
Figure 1.

The elucidation of the molecular mechanism, by which the
self-assembly occurs has involved various spectroscopic
techniques and studies on both natural chlorosomes and on
isolated BChl ¢, which was induced to self-assemble. These
studies included solid state NMR on *C-labelled samples,? !
FTIR,M circular dichroism (CD),!'% as well as visible absorp-
tion on semisynthetic mimics, in which the positions of the
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folding.I? Later in evolution, purple bac-
teria and plants perfected their light-har-
vesting apparatus by assembling much
more complicated (bacterio)chlorophyll-
protein complexes.>®1 These complexes
are presently beyond the scope of synthetic
chemistry. However, the earlier antennas,
which are fully functional, can be mimicked
with synthetic molecules by controlling

COOR

31S-[Et,Me]BChl ¢

where R is a long chain Supramolecular Interactions

Figure 1. a) Molecular formula and atom numbering for a typical natural bacteriochloro-
phyll c—the 3'-carbon atom may have either R or S configuration while the 17- and 18-
carbon atoms are both S. Different substituents in the 8- and 12-positions (depicted are
ethyl and methyl) as well as various long chain alcohols (such as farnesyl, stearyl, cetyl,
oleyl, etc.) may esterify the 17-propionic acid side chain. b) The three important supra-
molecular interactions are presented schematically.

their self-assembly in view of achieving
artificial photosynthesis.

Essential for the self-assembly algorithm to be able to
operate are 1) the ligation of the central magnesium atom by
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carbonyl and hydroxy groups have been reversed!"! and zinc
is the central metal atom instead of magnesium.['”l However,
the sole presence of these groups is not sufficient for
engineering the self-assembly; a rather careful tailoring of
the whole molecular architecture has to be assured, as shown
in a previous study.’] From single crystal X-ray crystallog-
raphy one could conclude which interactions have to be
favored and which interactions have to be inhibited or
suppressed.l®] Remarkably, by sequencing the entire
genome of Chlorobium tepidum, a photosynthetic green
sulfur bacterium, genetic evidence was recently brought forth
for the self-assembly process of BChls as a way of obtaining
functional antenna systems.!¥]

We have now developed very selective synthetic methods
which have allowed us to synthesize the new porphyrinic
systems 1-5 (Scheme 1), where R is a solubility-inducing
group, namely the 3,5-di-fert-butylphenyl group. Both a
hydroxy group, either as the achiral hydroxymethyl or as
the chiral hydroxyethyl, and a carbonyl group, either as
formyl or acetyl residues have been appended into desired
positions onto the porphyrin periphery. In the self-assembled
suprastructures, the interchromophoric interactions can now
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Scheme 1. The new porphyrins.

be fine tuned because of the slight but controlled variations in
their geometry.

Different synthetic strategies were employed with full
characterization of the intermediates (see Supporting Infor-
mation). The structures of the new compounds were ascer-
tained on the basis of their '"H, *C NMR, FTIR and HRFAB
mass spectra. NMR signals could be fully assigned on the
basis of NOESY and COSY spectra.

The free bases 1-5 (M =2 H) could be metallated by using
zinc acetate in a chloroform/methanol (4:1) mixture at room
temperature with almost quantitative yields. Compounds 1-5
(M =Zn) are the first fully synthetic mimics of bacteriochloro-
phyll ¢ that can self-assemble. The three structural elements
responsible for the self-assembly, namely a hydroxy group, a
central metal atom with affinity for a fifth ligand, and a
carbonyl group are allowed to interact so that the algorithm
leading to self-assembly is able to become operative. Previous
attempts to program such self-assembly with porphyrins were
not successful.'31 Semisynthetic products, which were derived
from chlorophyll ¢, and which are also capable of self-
assembly, were recently described.['] If practical uses are
envisaged, our synthetic strategies, which are high yielding
and use cheap starting materials, are superior as the starting
material, copper 10,20-bis-(3,5-di-fert-butylphenyl) por-
phyrinl' is easily available in multigram quantities.
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Compounds 1-5 self-assemble in nonpolar solvents such
as n-heptane or n-hexane, just as the natural BChls ¢, d and e
do. If the critically micellar concentration is surpassed, self-
assembly leads to the separation of “fluffs” which are
thermodynamically stable and usually settle at the bottom
of the reaction vessel. These macroaggregates are visible to
the eye, and upon gentle shaking are disrupted by shearing
forces to nanoaggregates of about 100 nm, as indicated by
dynamic light scattering and statistical analysis. This size
shearing is illustrated in Figure 2 with self-assembled 1 (M =
Zn) and is intriguingly similar both in general appearance and
in the colors seen as the process that was reported for the
natural BChl c.'’l After a few hours the macroaggregates
reappear and this sequence may be repeated for several
months because of their high stability in the absence of
oxygen, even in the presence of light.

a) b) c) d)

Wi
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Figure 2. A quartz cuvette with self-assembled 1. From left to right:
a) the macroaggregates have settled to the bottom and the solution is
only weakly colored. b) Gentle heating of the bottom of the cuvette
leads to convection, the fluffs circulate slowly and are visible to the
eye. ¢) The same cuvette after a longer period of convection. d) The

same cuvette after shaking—a homogeneous, strongly colored solu-
tion is obtained, which arises from shearing forces.

The self-organization process is accompanied by drastic
changes in the absorption spectra arising from electronic
interactions between neighboring units within the supra-
molecular species. As only weak interactions are involved, the
addition of small amounts of methanol, for example, leads to
complete disassembly. This is illustrated in Figure 3 by means
of UV/Vis absorption spectra. Very different behavior is
encountered for each compound 1-5 because of the different
positions at which the hydroxy and carbonyl groups are
appended onto the porphyrin macrocycle. The supramolec-
ular assemblies have different optical properties because of
the fine tuning of the m—x overlap and the direction of the
transition dipole moments.

Importantly, because of the self-assembly, the intense
Soret band characteristic for porphyrins is “spread out” for 1-
Zn, 5-Zn, and especially 2-Zn; the much smaller Q bands are
also affected. The absorption bands characteristic of the self-
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Figure 3. Visible absorption spectra of synthetic porphyrinic BChl ¢
mimics. Green curves are samples after self-assembly in dry n-heptane
(1.5 mL) obtained by dilution of a concentrated dry dichloromethane
solution (30-100 uL). Magenta curves are measured in the same
sample after the addition of methanol (50 uL) to the quartz cuvette
with a path length of 0.5 cm and show complete disassembly of the
aggregates to the monomeric zinc-methanol adducts. For the disas-
sembly of 5-Zn, which forms the most stable supramolecular struc-
tures, more methanol (100 pL) was needed. For 1-Zn and 2-Zn the sol-
utions were strongly light-scattering. For 1-Zn the magenta trace was
recorded for the same solution as the green trace but with 1 mm path
length. A similar experiment with a more concentrated solution of 2-
Zn and 5-Zn are shown in the Supporting Information.

assembled species are red shifted in comparison to the
monomers, as encountered in Jaggregates,'$1%2) or in the
natural BChls ¢, d and e.?!! The Soret bands are shifted by
about 50 nm, but because of the severe broadening they now
overlap partially with the Q bands in the monomers. Thus
these self-assembled species have a nonzero absorption
coefficient between 400 and 700 nm, which is beneficial for
light harvesting over a broad spectral range. In contrast to this
behavior, in the self-assembled 4-Zn, only a slight broadening
and small red shift is encountered because of the limited n—mn
overlap, which perturbs only marginally the chromophores. In
self-assembled 3-Zn the situation is intermediate between 4-
Zn and the other cases. When methanol is added in very small
amounts (but over the stoichiometric amount), the broad
absorption bands completely disappear, and the Soret band
drastically sharpens and red shifts by about 10 nm because of
the formation of the monomeric Zn-methanol adducts.
Methanol per se is not a better solvent, but competes for
the zinc ligation and totally disrupts the hydrogen bonding
network. This is clearly evident from FTIR spectra, in which
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the broad ooy vibrations between 3300 and 3200 cm™!
disappear upon methanol addition concomitantly with
a shifting of the strong ¥, arising from the acetyl
group in compounds 2-Zn-5-Zn from a very low
frequency of 1639 cm~! (in 5-Zn), which we ascribe to a
Zn—0O—H:+-O=C < carbonyl group in conjugation with the
porphyrin ring, to normal value of 1720 cm™! (in 2-Zn, where
the acetyl group is forced out of the porphrin plane).??l The
self-assembly process is also responsible for the stacking of
chromophores, as in J aggregates, which can be seen from the
absorption spectra in dichloromethane at different concen-
trations (see Supporting Information). As the concentration
decreases, the red-shifted aggregate peaks become less
prominent and they are entirely absent in dilute solutions.
Racemates of 4-Zn and 5-Zn could be resolved satisfac-
torily on a chiral carbamate modified polysaccharide HPLC
column (Chiralcel, OD-H), which provided fractions with
enrichments varying between 78 and 95 %. Compound 2-Zn
could not be separated into enantiomers under the same
conditions. With both enantiomers of 5-Zn, after the removal
of any traces of 2-propanol and water (from the HPLC
eluent), self-assembly was induced in n-heptane and the CD-
spectra of both fractions were recorded at room temperature.
Signals with intense ellipticity are encountered, which are
mirror imaged in the two fractions (Figure 4). While a single
Cotton effect is observed for the Q aggregate band at 635 nm,
an excitonic couplet appears for the broadened Soret
aggregate band. For the first fraction, which was more
dilute and contained less self-assembled species, the couplet
is not as symmetric as for the second fraction. In the latter
case the longest wavelength Cotton effect of the couplet is
positive, and has a maximum at 464 nm. The trough appears at
424 nm, thus indicating that indeed the rotary power stems
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Figure 4. CD spectra of enantiomerically enriched 5-Zn after self-
assembly in n-heptane and after addition of methanol which disrupts
the assemblies. The concentrations were 2.7 umolar for the fraction of
the firstly eluted enantiomer (green lines) and 4.7 umolar for the frac-
tion containing the secondly eluted enantiomer (red lines) which con-
tained more self-assembled species as inferred from the absorption
spectra. After addition of methanol the intense mirror imaged CD-sig-
nals disappear (thin red and green lines overlapping the 0 line). Path-
length was 1 cm and the averaging time was 2 snm~". The spectra are
corrected by subtracting the baseline which was measured in the same
cuvette with n-heptane alone.
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from the red-shifted broad Soret band. The addition of
methanol leads to complete disassembly, and the intense CD
signals vanish, which indicates that the observed chirality is
not because of the chirality of the monomeric porphyrins.
However, the different configurations (R or S) of the
hydroxethyl groups induce the different chirality in the self-
assembled species. From the intense CD signals this chirality
appears to be helical in origin, and opposite helicities (M or P)
are generated from the two enantiomers. Giant CD, some-
times referred as Polymer and Salt Induced (PSI) CD may
appear if the chiral objects (absorbing light at around 500 nm)
are greater than 50 nm.?>24 This also affects the overall shape
of the CD curves, which can vary widely because of the
different sizes of self-assembled species and the scattering
contribution to the CD. However, the application of the
exciton chirality method®! leads the firstly eluted enantiomer
to a self-assembled species in which the chirality of the
transition dipole moments must be counterclockwise (defined
as negative chirality). Whereas, the second eluted enantiomer
leads to an aggregate with positive chirality (i.e. a clockwise
arrangement of the transition dipole moments).

The very broad absorption of a film cast from self-
assembling 5-Zn is spectacular. If light harvesting is to be
harnessed by artificial devices, a broad absorption with high
extinction coefficients over the entire spectral range is
beneficial. This is certainly the case with the aggregates of
5-Zn and 2-Zn. The fluorescence is not quenched and intense
signals are observed as well in solution as from cast films (see
Supporting Information), which is untypical for aggregated
chromophores, and in our case arises from the well defined
supramolecular architecture. This should allow photosensiti-
zation of a wide band semiconductor, such as nanocrystalline
titania. Until now, photosensitization has been realized only
with ruthenium polypyridine complexes in the most efficient
artificial solar energy conversion devices, which were pio-
neered by Gritzel and coworkers?»?” or very recently with
phthalocyanine dyes.?!

Confocal fluorescence microsocopy images of self-assem-
bled 5-Zn onto TiO, nanoparticles with average dimensions
of 5 nm show bright spots proving that intense fluorescence is
coming out from the porphyrin aggregates that have sizes of
several hundred nm. This high fluorescence could be used in a
solid device similar to the dry Gritzel solar cell®! but with
appreciably lower production costs and environmentally
more friendly materials than the currently used ruthenium
complexes. In a fully operational device in which a hole
transporter is also present, part of this fluorescence should be
quenched because of the competing electron injection into
the conduction band of the TiO, semiconductor. Efforts
employing our self-assembling porphyrins as photosensitizers
in such photovoltaic devices are currently under way.
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