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ABSTRACT

There is much diversity in the way in which photosynthetic
organisms harvest sunlight. In chromophore—protein complexes,
an exact orientation of pigments by the protein matrix ensures an
efficient stepwise energy transfer to the reaction center where
charge separation occurs. The charge separation and subsequent
electron transfer steps are, however, very similar in all organisms,
proving that there must exist a common ancestor. The architectural
principle of chromophore—protein complexes is too complicated
to be replicated in artificial light-harvesting devices. A simpler
principle employs self-assembling chromophores that early green
photosynthetic bacteria use in their chlorosomal antenna systems.
Efforts in mimicking this self-assembly algorithm with fully syn-
thetic pigments are presented. The fact that, as in the natural
system, after self-assembly, concentration quenching is not operat-
ing due to the very orderly manner in which the chromophores
are positioned lends hope for applications in artificial devices, such
as hybrid solar cells.

Introduction

Light-harvesting is the first step in a complex succession
of energy and electron transfer events that make photo-
synthesis possible on Earth. Undisputable photosynthesis,
either directly through organisms that convert light energy
into biochemical energy or indirectly by incorporating
such phototrophs into the food chain, is essential for life
and is responsible for the present oxygen-containing, life-
friendly atmosphere. The fact that dinosaurs became
extinct might have been caused by the fact that light-
harvesting was temporarily inhibited by a catastrophic
event, such as a meteorite impact, or a volcanic eruption,
leading to dust and debris clouds, which could have
blocked sunshine for an extended period of time.! How-
ever, one may argue whether light capture is or is not the
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most important elementary photosynthetic process, which
has been carefully optimized during eons of evolution. It
certainly accounts for the vast majority of pigments that
are synthesized by plants, algae, and photosynthetic
bacteria.

There is much diversity in conditions under which
photosynthetic organisms have evolved light-harvesting
apparata or antennas. Thus, green sulfur bacteria, which
live for example in the Black Sea at depths of over 50 m
and still can capture sunlight of minute intensities, have
a specialized antenna organelle, called the chlorosome (or
green sac), which is also common to other filamentous,
nonsulfur green bacteria."> Near the water surface, where
different illumination conditions are encountered, algae,
cyanobacteria, and purple bacteria all have very different
light-harvesting pigment—protein complexes. These in
turn differ in their architecture, but not function, from
those of terrestrial ferns and plants. By adapting to
different habitats with widely different illuminations,
photosynthetic organisms have been obliged to develop
different solutions to light-harvesting. This is in stark
contrast to the way in which light energy is actually
converted into biochemical energy within the reaction
centers, a feature carefully conserved during evolution.
Within the reaction center (RC) protein complexes, very
few specialized (bacterio)chlorophyll [(B)Chl] molecules,
after electronic excitation energy transfer (EET) from the
bulk antenna pigments, perform light-induced charge
separation followed by successive electron transfer (eT)
steps. Charge recombination is cleverly retarded so that
eventually the hole and electron are separated on opposite
sides of the photosynthetic membrane. This allows for
protons to be pumped against a gradient. These protons
in turn drive the ATP synthase, which forms an energy-
rich phosphate bond, producing during oxygenic photo-
synthesis same reductant NADPH that the cells can then
use to drive uphill endoergonic biochemical transforma-
tions. By solving the crystal structures of the two photo-
systems expressed in the cyanobacterium Synechococcus
elongatus,®* it was only recently proven that the same
overall architecture of RCs exists. Although slight differ-
ences exist, the same type of RC is common for all
photosynthetic organisms, either bacterial or plants, prov-
ing that they must have a common ancestor. In other
words, any organisms with other eT chains are presently
not known and have probably not survived.

Can we learn something from the diversity of the
natural light-harvesting systems in order to engineer
artificial antenna systems? These should allow not only
coupling to reaction centers but also might be used in
hybrid solar cells that could operate under low or moder-
ate illumination conditions. At present, silicon-based solar
cells represent a functioning technology and have achieved
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in industrially manufactured devices an incident photon-
to-current conversion efficiency (IPCE) of ~14%, but they
still are too costly to allow large-scale applications, as the
cost of ~$1/kW-h is 10 times higher than that of conven-
tionally produced electric energy. However, these solar
cells represent a very safe technology and are increasingly
finding applications when price is not an issue, for
example in space or along the highways for powering
emergency telephones. The now emerging organic solar
cells, which could be produced on large and flexible sheets
using polymer technologies (with >4.5% IPCE) are still in
their infancy, although their proof of principle has been
demonstrated.® A doubling of this IPCE value could lead
to economically viable alternatives.

A legitimate question is, why use an antenna system
when silicon solar cells or even reaction centers can be
photoexcited directly to produce electron—hole pairs
(excitons)? Nature teaches us that there are three good
reasons to couple an antenna complex to a reaction
center: (i) As with satellite dishes, the photon capture
cross-section is markedly increased, a fact which leads to
a stunning efficiency for energy trapping. Almost every
photon captured by the antenna can eventually have its
energy trapped, thus leading to useful charge separation
with a quantum efficiency of almost unity (0.95—0.98 in
some systems). (ii) The RC can be cycled much more
rapidly. This means that during the time after charge
separation, until the eT steps have been completed (on a
nanosecond time scale, until the electron is recaptured),
the reaction center remains “closed”, being thus unable
to function; optimum cycling, sometimes even at 1 kHz,
can be performed only with the aid of a large antenna
system. (iii) A much broader wavelength range of solar
radiation can be used for useful work. The antenna
pigments, often due to inhomogeneous broadening, but
also due to enrolling several different chromophores, have
a much larger absorption range than the “special pair” of
(B)Chls within RCs, which is responsible for the charge
separation. Features i—iii ensure that photosynthetic
organisms function properly also under diffuse and dim
light. This is not the case with present state-of-the-art solar
cells. If this were feasible, a lot of environmental problems
related to current energy production, such as pollution
due to radioactive waste disposal and greenhouse effects
caused by the burning of fossil fuels, could be solved.
Furthermore, solar energy conversion would not be
restricted to high sunshine and low population density
areas, but could be attained where energy consumption
is needed, avoiding thus energy storage and transportation
issues.

The architectural principle of chromophore—protein
(CP) complexes is much too complicated to be replicated
in artificial light-harvesting devices. The few synthetic
peptides that have been engineered for chromophore
binding or the recombinant proteins with synthetic chro-
mophores, especially related to eT studies,® have proven
that it is not yet feasible to reproduce synthetically
Nature’s most successful architectural principle of CPs for
light-harvesting. Elegant synthetic routes to complicated

Scheme 1. Dendritic Architectures?

R hv hv

R
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R

@ At left is depicted a dendrimer with a red-shifted core that acts as
an energy trap but to which access is sterically blocked. At right, the
inverse architecture is shown that allows photosensitization of a reactant
R.

covalent light-harvesting arrays have been developed by
several groups, among which Lindsey’s”® and Gossau-
er's®! achievements deserve special mention. However,
the covalent, bond-by-bond construction of nanostruc-
tures that should act as efficient antennas encompassing
say a hundred chromophores per RC is not (yet) practi-
cable. One feasible covalent approach is to construct
dendrimers using repetitive, high-yielding reaction se-
quences, to access successive generations of light-harvest-
ing units. The groups of Fréchet,'"'? Aida,'® and Miillen'
are championing this field. One problem associated with
the dendrimeric architecture is that the vectorial energy
transfer from the “blue” to “red” chromophores in most
architectures synthesized so far occur from the periphery
toward the dendrimer’s core (Scheme 1). Efficient trapping
indeed could be proven in several ingenious constructs.
However, if practical applications are envisaged, energy
trapping within the core is useless, as access of other
reactants is sterically blocked and only thermal deactiva-
tion can occur beside the undesired charge recombina-
tion. Aida’s example of a cis—trans-azobenzene isomer-
ization using an IR antenna clearly demonstrates this.!?
An inverse dendrimeric energy flow, as implied in Scheme
1, from a blue-shifted core toward the more and more
red-shifted periphery, where eventually the energy can be
trapped within one single artificial RC, has not been
realized so far. Attempts to self-assemble dendritic chro-
mophore architectures onto silicon wafers, which show
interchromophore EET, have been successful.!15

A synthetically much less demanding task is to use as
in the chlorosomes self-assembling chromophores. Self-
assembly, when correctly programmed, can lead to large
functional nanostructures, thus being a key principle that
might work in a nanotechnological approach to light-
harvesting. This Account summarizes some of our efforts
in equipping synthetic chromophores with groups that
under appropriate conditions induce self-assembly. Our
approach to light-harvesting is thus biomimetic as in the
chlorosomal antennae.

Self-Assemhly of Chromophores into
Functional Antennas

Before oxygenic photosynthesis evolved, ancient organ-
isms were forced to a stringent economy both in bio-
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Chart 1. Natural BChls Encountered in Chlorosomes?

HaC R7

RS

COO

BChi ¢ : R = R%0 = CHj
BChl d: R7 = CHg; R0 = H
BChi e: R” = CHO; R?0 = CHg
“ Farnesol is the fatty alcohol shown to esterify the 17-propionic acid
residue. Also encountered in BChls are stearol, cetol, phytol, geranylge-
raniol, etc. The R® substituent of BChls can be either methyl, ethyl, propyl,
isobutyl, or neopentyl, while the R!? substituent can be methyl or ethyl.
Note that both 3! (R)- and (S)-epimers are encountered for various
homologues.
chemical processes and in genes. One ingenious solution
for constructing large antenna systems, which as men-
tioned in the beginning can still harvest very dim light,
was to construct chromophoric building blocks able under
appropriate conditions to self-assemble into large, func-
tional structures. Viruses are yet another example where

self-assembly is mastered at the border between living and
inanimate matter. Green photosynthetic bacteria evolved
a unique organelle, the chlorosome, which agglomerates
BChl ¢, d, or e molecules (Chart 1). The most intriguing
feature is that concentration quenching does not operate
among the pigments, so they act collectively, passing on
the radiant energy to traps located on the inner side of
the cytoplasmic membrane, very close to where the RCs
are embedded. Large delocalization distances have been
measured for excitons whithin the chlorosomal “rods”,
structural elements put into evidence by early freeze—
fracture microscopy studies.'®!” These nanorods, as one
would obviously call them today, are 4—5 nm in diameter
and have lengths of up to several hundred nanometers
and exist in a very hydrophobic environment staged by
encirclement with a monolayer lipid membrane. Although
initially debated, it is now generally accepted that the
BChls self-assemble within these nanorods without the
aid of proteins as in CPs. Several reviews have appeared,’?
but there is yet no crystallographic proof for the chlo-
rosome architecture, making room for several models on
the details of the self-assembly mechanism to be more or
less controversially discussed. From solid-state NMR
spectra on '*C-labeled BChl ¢, both within chlorosomes
and after induced self-assembly, it became clear that the
BChl molecules form a n-stacked structure.'® The circular
structure put forward by Holzwarth and Schaffner on the

Chart 2. Self-Assemhling Porphyrins and Chlorins?

R

0

H3C(CHy)4g (CH,)1oCH,

R

0

H3C(CHy)15 (C—R

0

R
1:R=R'=CHy,OH, M =2H
2:R=CHyOH; R'=CHO, M =2Zn

C(CHy);

C(CHy),

5: R = 5-CH(OH)-CHg; R’ = 15-COCHg
6: R = 3-CH(OH)-CHg; R' = 13-COCH4
7:R=5-CHy0H; R' = 13-COCHg
8 : R = 3-CH(OH)-CHg; R = 15-CHO
9: R =5-CH,OH; R’ = 15-CHO

10 : R = 3-CH(OH)-CHg; R = 17-COCHj

(CHy)4oCH3

3:R=R"=CHyOH, M=2H
4:R=CHyOH; R' = CHO, M =Zn

CH,OH

@ Zn—porphyrins 2 and 4 (formed from 1 and 3, respectively, by mono-oxidation and zinc metalation) did not give chlorosomal self-assembly,?? while
our later constructs 5—11 did self-assemble, being thus the first fully synthetic perfect mimics of the natural BChls ¢, d, and e.?*~26 Note that the numbering
of the porphyrins was proposed to follow the one used for (B)Chls so that the hydroxy(m)ethyl substituents are in the northern half of the molecule,

while the carbonyl groups are in the southern half.
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basis of a molecular modeling study'? initially seemed to
reconcile all spectroscopic evidence gathered so far.!820
On the basis of further solid-state NMR work, a refined
model was subsequently devised where concentric tubular
structures accounted for additional sets of signals.?! Very
recently, from studies on a Cd—BChl d analogue, further
support for this model was presented.??

We have taken a synthetic approach to the elucidation
of the self-assembly mechanism responsible for the chlo-
rosome structure by appending onto porphyrins the same
or similar functional groups as in BChls ¢, d, and e.
Porphyrins are more robust and more easily available than
BChls and Chls, should applications become possible with
artificial light-harvesting devices. Our synthetic concept
is to use preformed porphyrins which have tailored groups
for inducing solubility, such as undecyl®® or 3,5-di-tert-
butylphenyl groups,?*~26 and then to further derivatize the
porphyrins by means of high-yield reaction sequences for
strategically positioning functional groups capable of
inducing self-assembly. We were not initially successful,
as our first porphyrins (2 and 4 in Chart 2), although they
had the same groups as BChl ¢, namely a hydroxy group,
a carbonyl group, and zinc as a central metal atom, failed
to self-assemble.?® Only by solving the crystal structure
of a precursor molecule, namely 1, did it become evident
that the desired self-assembly algorithm is inhibited to
proceed, owing to steric hindrance due to the meso-phenyl
substituents, which were therefore removed in future
constructs. Several novel porphyrins (5—10 in Chart 2)
were then accessed, sometimes by devising novel reac-
tions or by sequencing known reactions and protective
group strategies.?*26 In all cases, when the self-assembly
operates, red-shifted and broad absorption spectra are
formed as in J-aggregates.?”?® Addition of minute but
suprastoichiometric amounts of a solvent which competes
for the metal ligation, in our case zinc, leads to complete
disassembly of the large aggregates. These aggregates are
a dynamic system: enthalpy wins over entropy so that
aggregation proceeds until large structures (visible to the
eye) flocculate from the solution. Shaking of the resulting
suspension, due to shearing forces, leads to complete
disappearance of the macroaggregates and to the forma-
tion of nanoaggregates with the same broad absorption
spectra.?*?® Depending upon the concentration and tem-
perature, after several minutes to hours, the macroaggre-
gates reassemble. This behavior parallels exactly that of
BChl ¢ for which we could measure the kinetics of
aggregation, and we could fit this to a model that
resembles that of seeded crystallization.?® Apparently a
“critical nucleu” of ~14 BChl molecules is needed in order
that new molecules become attached more rapidly than
other ones can be disassembled, so that aggregate growth
proceeds. High concentrations and low temperatures
speed up the kinetics.

The synthetic strategy for accessing these BChl mimics
used dicarbonyl compounds as intermediates. Selective
monoreduction was possible as one carbonyl activates the
other one so that the monoalcohols could be isolated in
good yields. Protection of the more reactive formyl groups
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FIGURE 1. Typical absorption spectra of self-assembled porphyrin
7 (magenta full trace) and after disassembly with methanol (magenta
dotted line) and the corresponding spectra of chlorin 11 (green
traces). Aggregate maxima for the Soret and Q-bands (in nm) are
indicated by black arrows.

Chart 3

HO.

12 : R = COCHg; R' = CH,CH3
13 : R = CH,CHj; R' = COCHj

allowed either monoreduction of acyl subtituents (as for
8) or transformation of the porphyrin into a chlorin (11).%
Contrary to what we expected, the chlorin 11, although it
self-assembles in a manner similar to the other porphyrins
and gives rise to broad absorption spectra, in its mono-
meric form does not have increased absorption coef-
ficients in the visible range (the Q-bands) as compared
to the porphyrins. Rather, the Soret band of the chlorin
is decreased by a factor of ~3 in comparison to the
porphyrins so that apparently the relative ratio of the
Q-bands to the Soret band appears to be higher in chlorins
(Figure 1). In the natural (B)Chls, the five-membered
annulated ring that gives rise to the phorbin skeleton is
an essential structural feature that is responsible for the
high extinction coefficients in the visible region.?

Tamiaki and co-workers, by using very elegant syn-
thetic procedures, have also engineered the same groups
that are responsible for the self-assembly in BChls onto
octaethylporphyrins 12 and 13 (Chart 3).2° It was very
gratifying to see that similar broad absorption spectra were
encountered with self-assembled 12 as in our systems
5_11.24,25

Very recently, we could solve the crystal structure of
two crystal modifications of zinc porphyrin 5 (having a
5-hydroxyethyl and 15-acetyl groups) in a nonpolar en-
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FIGURE 2. Two different crystal modifications of 5. Due to statistical disorder, both the oxygen atoms (shown in red) and the carbon atoms
of the solvent (cyclohexane, shown in gray) appear in multiple, partially occupied positions. The view is along the short crystallographic axis,

perpendicular to the stacking direction. Reprinted with permission.

vironment staged by cyclohexane.?s At low concentrations,
a crystal modification involving seven cyclohexane mol-
ecules per monomer and having a tetragonal symmetry
was formed (Figure 2A). At higher concentrations, crystal-
lization was somewhat more rapid, but much smaller
crystals having three cyclohexane molecules per monomer

616 ACCOUNTS OF CHEMICAL RESEARCH |/ VOL. 38, NO. 8, 2005

could be isolated (Figure 2B). The solving of the second
crystal structure needed synchrotron radiation and was
finally possible due to a fruitful collaboration between four
crystallographers.?6 Both crystal modifications involve
extended stacks of zinc porphyrins where the zinc atom
is ligated by an oxygen atom from one side of the
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«

FIGURE 3. Stacks of 5 encountered in the two different crystal modifications. Shown here is an upward orientation with zinc (green), carbon
(black), nitrogen (blue), and oxygen atoms as (red). Due to statistical disorder, both upward and downward stacks are encountered in the
lattice. Long-range carbonyl—zinc interactions are shown with dotted lines. Reproduced with permission.
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FIGURE 4. CD spectra of self-assembled 8. Dotted lines superim-
posing the zero line are after disassembly with methanol. The M or
P helicities of the self-assembled nanostructures can be assigned
from the sign of the longest wavelength Cotton effect. Inset, typical

chiral HPLC trace. Reproduced with permision from Wiley (VCH) (Eur.
J. Org. Chem).

porphyrin plane. Astonishingly, the opposite side is cov-
ered by a second oxygen atom of the acetyl group, which
is twisted out of conjugation with the porphyrin macro-
cycle (Figure 3). This weak ligation (over 3.2 A of the Zn—0
distance) was the most surprising element revealed by
these two crystal structures, and it explains very nicely
why hydrogen bonding is absent between parallel stacks:
there is no hydrogen-bond-accepting group available for
the hydroxy group. The “busy” carbonyl group donates
electron density to the zinc atom. This peculiar carbonyl
group, at the expense of conjugation and loss of the green
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FIGURE 5. SAXS spectra of self-assembled BChl ¢ mimics.
Reproduced with permission.

color,? provides a fine-tuning element for staging other
supramolecular interactions than hydrogen bonding. Thus,
the cooperative oxygen—zinc ligation with extended
m-stacking and numerous hydrophobic interactions be-
tween the bulky 3,5-di-fert-butylphenyl groups and the
effect of the cyclohexane solvent, which cements together
adjacent stacks, prevail over the putative hydrogen bond-
ing.

The chirality of the 3-hydroxyethyl group in 5, 6, 8, and
10 induces the chirality of the supramolecular self-
assemblies. The enantiomers separated by chiral HPLC,

VOL. 38, NO. 8, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 611
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500 nm

FIGURE 6. TEM of (rac)-10. (A) STEM overview. (B) HR-TEM from
a portion in part A. (C) Fast Fourier transformation of the image in B
showing reflexes at 1.57 nm. This spacing may vary depending on
the compound, sample, and its orientation to the electron beam.

when induced to self-assemble, give rise to giant circular
dichroism signals [also called polymer and salt induced
(psi) typel consisting of excitonic couplets of opposite sign
(Figure 4).24%5 Interestingly, the self-assembly proceeds
much more easily with the racemates than with the
separated enantiomers, as put into evidence by TEM and
STEM images.?¢ This provides an explanation to the long-
standing question, why are both 3!-epimers of BChls ¢, d,
and e present within chlorosomes, when usually biosyn-
thetic pathways lead to enantiopure compounds? Appar-
ently, a heterochiral self-assembly is thermodynamically
favored over the homochiral one. Molecular modeling
supports this hypothesis.

Figure 2 shows the packing of the porphyrin stacks in
the two crystal modifications with a view along the short
crystallographic axis so that all the molecules within a
stack appear superimposed. While the more dilute crystal-
lization conditions have led to the tetragonal structure
having cavities filled with crystallization solvent, the more
concentrated solutions have led to a lamellar type struc-
ture with a long crystallographic axis of ~2 nm. This
distance corresponds exactly to the Zn—Z7n spacings and
is responsible for a sharp and strong reflex in the small-
angle X-ray scattering (SAXS) spectra not only of com-
pound 5 but also of the isomeric ones 6 and 10 as shown
in Figure 5. Furthermore, high-resolution transmission

618 ACCOUNTS OF CHEMICAL RESEARCH |/ VOL. 38, NO. 8, 2005

FIGURE 7. AFM images: (A) achiral 7; scan area, 1.5 um x 1.5
um; z-range, 100 nm; (B) (rac)-6; scan area, 10 um x 10 um; z-range,
300 nm. Note the tubular aspect and the large size distribution in
image B. Reprinted with permission from Wiley-VCH.

electron microscopy (HR-TEM) images of several of our
self-assemblies show parallel striations with spacings that
depend on the orientation of the sample to the electron
beam ranging from 1.5 to 2.1 nm. (Figure 6).

Both atomic force microscopy (AFM) and scanning
TEM (STEM) images show a relatively broad size distribu-
tion of the aggregates. Interestingly, in the case of the
racemic compounds 5, 6, 8, and 10, tubular structures
with a high aspect ratio are encountered, very similar to
the natural chlorosomes. In the case of the achiral
hydroxymethyl substituent (7, 9), however, only globular
superstructures were encountered (Figure 7).
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FIGURE 8. BChl ¢ modeled into stacks that could pack similarly to 5 (Figure 2B). The left stack is formed exclusively of a-ligated (3'R)-BChl
¢, while the stack at left is B-ligated (3'S)-BChl c. In the modeled structures the farnesyl residue was replaced with a methyl group. There
are several possibilities for adjacent stacks to interdigitate with average Mg—Myg distances of ~2 nm with either o-- or -ligations and with
both R and S stereochemistries of the 3' carbon atom. The weak >C=0-+-Mg ligation (3.3—3.5 A long, slightly longer than that encountered
in 5) is indicated by red lines, while the stack extension is indicated by dotted red lines. Molecular modeling was done within the HyperChem

program package (Gainesville, FL).

A Novel Model for the Self-Assembly of BChl ¢
within the Chlorosomes and Relevance of the
Dl;latltlareotoplc Ligation of Magnesium in

s

Psencik et al. have very recently succeeded in recording
SAXS spectra and HR-TEM images of natural chlorosomes
and have found a strong 2.1 nm reflex and striations along
the long axis of the chlorosomes also with ~2 nm
spacings.’! These authors examined all previously pro-
posed models for the BChl ¢ aggregation and found them
incompatible with their data, so they proposed a novel
lamellar model of antiparallel stacked BChl dimers. We
agree that their strong reflexes must come from regular
spacings between magnesium atoms. On the basis of
knowledge on how our synthetic mimics form stacks and
that the overall morphology of the self-assemblies having
the racemic hydroxyethyl substituent (5, 6, 8, 10) is
astonishingly similar to that of natural chlorosomes, we
are now in the unique position to propose a novel model

for the natural system. By replacing 5 in the model
obtained from the crystal structure with the denser
packing (Figure 2B) with BChl ¢, one obtains a lamellar
structure of stacks as shown in Figure 8. As the stronger
X-ray scattering atoms Zn (or Mg) are approximately in
the same positions, the ~2 nm spacing between metal
atoms in adjacent stacks is thus maintained. Figure 9
shows an artist’s view of a portion of a green photosyn-
thetic bacterium with well developed chlorosomes on the
inner side of the cytoplasmic membrane. The crystal
structure from the Fenna—Matthews—Olson (FMO) chlo-
rophyll—protein complex,?? which acts as the energy trap
of the BChl self-assemblies, and our model with BChl ¢
forced onto the crystal packing of 5 are shown as insets.
Importantly, there are two different stack configurations
as the ligation of the central magnesium atom in (B)Chls
is diastereotopic. In one configuration (termed o) the
ligand is on the opposite side of the 17-propionic acid
residue, while in the other  configuration the ligand and

VOL. 38, NO. 8, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 619
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FIGURE 9. An artist's view of a portion from a green photosynthetic bacterium presenting chlorosomes. The inset in the lower left part
shows the crystal structure of a monomer of the FMO protein that binds 7 BChl a molecules.® The orientation of the monomer is important
for the vectorial energy transfer to the reaction center (RC, shown in blue) and is not as depicted. At right is our new model for the self-
assembly of BChl ¢ within chlorosomes depicted as green ellipsoids. The question marks imply the yet unsolved problem whether hydrogen
bonding is involved between stacks of BChls. The chlorosomes are attached to the double layer cell membrane via a baseplate that contains
the chlorosomal protein CsmA. As shown by mutagenesis studies by Bryant and co-workers, all other nine known chlorosomal proteins are
embedded in the monolayer lipid membrane of the chlorosome organelle and can be knocked-out without perturbing the self-assembly of

BChls or the light-harvesting function of chlorosomes.2#84

17-propionic acid residue are on the same side. Both
configurations are probable, although we3*~% and Oba and
Tamiaki®*® have shown that in several chlorophyll—protein
complexes the a configuration is favored and that -co-
ordinated (B)Chls occupy specific position within the
protein matrix and could be implied in the vectorial EET
to the reaction center.3>3* Very recently, a breakthrough
study by two-dimensional absorption spectroscopy brought
forth experimental evidence that a $-coordinated BChl a
gives the most red-shifted absorption out of the seven
FMO BChls.?”

Within self-assembled BChl ¢, either in vitro or in the
chlorosomes, this dichotomy has been seen as a splitting
of signals in the solid-state MAS 3C NMR spectra of
uniformly *C-labeled samples.?!3® It remains to be con-
firmed if the absence of interstack hydrogen bonding is
encountered also in the natural case. Because of the five-
membered annulated ring, the 13-carbonyl group cannot
twist out of the chlorin plane as much as the 15-acetyl
group in the case of 5. However, in the model presented
here (Figures 8 and 9) the Mg---O=C< distance is ~3.3 A
and not much longer than in 5. This might prevent the
carbonyl group from being a hydrogen-bond acceptor,
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despite its much lower IR frequency.? The shift to lower
frequencies can be equally well explained by a weak metal
ligation in the absence of any hydrogen-bonding scheme
that all previous models contain. Our proposal is that the
diastereotopic metal ligation with a 5!/, coordination (4
N atoms, one strong OH ligation and a weak O=C<
ligation) combined with multiple hydrophobic interactions
between adjacent stacks wins over putative hydrogen
bonding between stacks.

Other Self-Assembly-Inducing Recognition
Groups

Of course, recognition groups that can induce self-
assembly other than the “natural” ones encountered in
the chlorosomes as described above can be used to
decorate synthetic pigments. Recently, we have proven
that in the crystal structure of a similar zinc porphyrin 14
(Chart 4) equipped with a 2-aminopyrimidine recognition
group, which is capable of double hydrogen bonding,
hydrogen bonding can be inhibited due to encapsulation
and z-stacking wins over in the interior of a porphyrinic
tetramer.> The strongest supramolecular interaction is the
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Chart 4
| _ | _
(H3C)3G C(CHy);  (HC)G C(CHy),
— S < <
(H3C)sC C(CHz)3  (HaC)eC C(CHg);
14 15 2
NTN
NH,

Zn-ligation by one of the two pyrimidinic nitrogen atoms.
The same 2-aminopyrimidine group, but which decorates
the tetramer’s exterior, does engage in double hydrogen
bonding, thus forming parallel strands of tetramers just
as pearls are strung on a necklace (Figure 10). Due to the
Zn-ligation, the other pyrimidinic nitrogen is a better
hydrogen-bond acceptor, thus hierarchical and coopera-
tive supramolecular interactions are staged. Again cyclo-
hexane solvent molecules cement together the parallel
tetrameric strands. Tetramer formation occurs also in
solution, as seen from mass and absorption spectra. Due
to the close approach of the porphyrin units the Soret
bands are split, showing a strong excitonic coupling. Upon
heating a toluene solution, the tetramers dissociate in a
fully reversible manner. With two 2-aminopyrimidine
groups as in 15, oligomers are formed preferentially and
not cyclic tetramers.

Presently it is difficult to “predict” the outcome of
multiple supramolecular interactions, especially if many
hydrophobic or dispersive forces are involved, in tailoring
self-assembled architectures. The generality of this par-
ticular tetrameric porphyrinic construct is illustrated by
the fact that compounds synthesized and crystallized in
completely different laboratories in Japan®® (16) and in
Israel*! (17) show the same self-assembly algorithm. The
3-pyridyl group through metal ligation dictates the tet-
ramer formation with concomitant z-stacking in the
tetramer’s interior. While in Tsuda and Aida’s example the
tetramers are not engaged in further supramolecular
interactions,’® Goldberg’s tetramer,*! through the 4-phen-

olic groups, forms as in our case a hydrogen-bonding
network between the tetramers.

We wish to rebuke here some criticism of supramo-
lecular approaches stating that a crystal is not an engi-
neered entity, as it is made of an “uncontrolled” periodic
arrangement of the same single molecule. The above
examples?32539~41 clearly show that supramolecules pos-
sess entirely different properties, such as broad and red-
shifted absorptions and split Soret bands, than the
monomers. Thus, tailoring chromophores for self-as-
sembly*? consists actually in encoding into the monomer’s
structure the self-assembly algorithm that under ap-
propriate conditions, such as solvent polarity and tem-
perature, is allowed to proceed faultlessly.** Misplaced
components usually have smaller binding constants, so
that they can disassemble, allowing a self-repairing mech-
anism to operate.

Conclusion and Perspectives

The surprising finding that our self-assembling porphyrins
still fluoresce in an aggregated state?*** lends hope that
such systems might be useful in constructing hybrid solar
cells where a self-assembled antenna system is used as
light-harvester for a nanostructured semiconductor. Usu-
ally concentration quenching occurs with aggregated dyes,
and this has been the principal obstacle encountered in
the construction of efficient solar cells that use for instance
the very robust phthalocyanines. Only low IPCE values
(<1%) could be obtained in such cases.** With our
chromophores, due to the very orderly arrangement as
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FIGURE 10. Self-assembled porphyrinic tetramers of 14 (top) and
their concatenation (bottom). Solvent molecules (cyclohexane) have
been omitted for clarity. Reprinted from J. Am. Chem. Soc. 2003,
125, 4233—4239. Copyright 2003 American Chemical Society.

in a protein matrix, or as has been recently shown by the
group of Calzaferri, who used zeolites to organize various
dye molecules,*® concentration quenching is not operat-
ing. Very recently, by using carboxylic anchoring groups
for a phthalocyanine on nanostructured titania and by
preventing aggregation with axial ligands to a central
ruthenium metal, a record IPCE value for phthalocyanine-
sensitized solar cells of 23% at the absorption maximum
could be obtained.*”

Man-made devices are often better than natural ones
for performance and robustness. Typical examples are the
wheels and cogwheels, for which there exists no natural
counterpart, but which when coupled to an engine allow
much higher velocities than any other natural joint
designed for movement. However, for light-harvesting one
still awaits solutions. Learning from Nature’s architectural
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principles might help us to devise efficient devices with
robust pigments, allowing functioning at elevated tem-
peratures (over 80 °C in the deserts), for long periods
(desirable are over 20 years of serviceless functioning), or
under low-light illumination conditions.

I am indebted to my wife, Carmen, for the drawings and for
her support during stormy weather while allowing me to drive
hard during sunshiny stretches, which inevitably alternate in
research work on the fast lane. Prof. Jean-Marie Lehn is thanked
for trusting me with common projects, as well as for his generosity,
which has allowed me to pursue independent research on su-
pramolecular ideas. In the references are mentioned the names of
all the other colleagues and friends with whom I had the privilege
to collaborate over the years. The experimental work in Karlsruhe
was partially supported by the DFG-Center of Functional Nano-
structures at the University of Karlsruhe through former projects
C3.2 and C3.6 and present project C3.5.
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