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The overall goal of this research project was to mimic the energy transduction processes
by which photosynthetic organisms harvest sunlight and convert it to forms of energy that are
more easily used and stored. The results of such research may lead to new technologies for solar
energy harvesting based on the natural photosynthetic process. They may also enrich our
understanding and control of photosynthesisin living organisms, and lead to methods for
enhancing natural biomass production, carbon dioxide removal, and oxygen generation.

Progress has been made toward these goals in several complementary research areas.
Thisis summarized briefly below, and reported in more detail in the publications listed in section
F.

A. Transmembraneion transport

1. Light-powered Ca™ pump. In previous work, we have demonstrated that it is
possible to synthesize artificial photosynthetic reaction centers and insert them vectorially into
the lipid bilayers of liposomes. In the presence of a suitable membrane-soluble shuttle molecule,
these reaction centers can power the light-driven transport of protons into the liposome viaa
redox loop mechanism. Recently, we have applied this same approach to the transport of Ca’™
into liposomes. Transport of calcium ions across membranes and against a thermodynamic
gradient isaform of biological energy conversion that is essential to myriad processes, including
muscle contraction, the citric acid cycle, glycogen metabolism, release of neurotransmitters,
vision, biological signal transduction and immune response. Synthetic systems that transport
metal ions across lipid or liquid membranes are well known. Typically, acarrier molecule
located in a symmetric membrane binds the ion from agqueous solution on one side and releases it
on the other. The thermodynamic driving force is provided by an ion concentration difference
between the two agqueous solutions, or coupling to such a gradient in an auxiliary species. Our
approach is different. Active transport is driven not by concentration differences between the two
aqueous phases, but rather by light-induced electron transfer in a photoactive artificial reaction
center asymmetrically disposed across alipid bilayer. The system comprises a synthetic, light-
driven transmembrane Ca"™ pump based on redox-sensitive, lipophilic Ca™ binding shuttle
molecule 1 and powered by intramembrane carotenoid-porphyrin-quinone artificial
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photosynthetic reaction center 2. It uses light energy to transport calcium ions across the bilayer
of aliposome to develop both a calcium ion concentration gradient and a membrane potential.



Although the quantum yield is relatively low (~1%), the Ca™ electrochemical potential
developed is significant. These results are described in a paper published in Nature.*

2. Light-powered proton pumping. As alluded to above, we have previously found
that triad 2, when inserted into liposomal bilayers and paired with a suitable quinone shuttle
molecule, can use light energy to power the transport of hydrogen ionsinto the liposome interior,
building up a proton motive force. Insertion of the enzyme ATP synthase into the bilayer allows
us to use the proton motive force to drive ATP production. Thisisanovel and exciting finding
that can only be fully understood by a detailed investigation of the various interfacial reactions
occurring across the membrane. We have made some progress in understanding this process
during the current grant period,*® ***2 ¢ byt much remains to be learned.

B. Mimicking carotenoid photosynthetic antenna function

One of the mgjor functions of carotenoid polyenesin photosynthesisis light gathering.
Essentially all photosynthetic species incorporate carotenoids into their antenna systems, and in
some organisms, the vast majority of the sunlight is captured by carotenoids. Paradoxically,
carotenoids appear to be very poor choices as antenna pigments. Their first excited singlet states
cannot be populated by direct excitation, are short lived (~ 10 ps), and are essentially non-
fluorescent. On the other hand, the S, states have large extinction coefficients, but are extremely
short lived (~200 fs). These properties make the transfer of singlet energy to antenna or reaction
center chlorophylls problematic. In spite of this, natural carotenoid antenna systems function
rather well, with quantum yields of energy transfer to chlorophyll in the range of 50% to nearly
100%. How isthis achieved?

For many years, we have been investigating the transfer of singlet excitation energy from
carotenoids to tetrapyrrole pigments in model systems. Recent advancesin laser technology now
alow us to probe energy transfer on the subpicosecond time scale.*” For example, model

photosynthetic antenna system 3,
consisting of a carotenoid moiety
covalently linked to a purpurin (a
3 porphyrin derivative with absorption at
H long wavelengths), was recently
N O prepared and studied.® Ultrafast
D ‘ fluorescence upconversion
measurements of carotenopurpurin dyad
3 and an unlinked reference carotenoid
demonstrate that the fluorescent S, excited state of the carotenoid model has alifetime of 150 + 3
fs, while the corresponding excited state of the carotenoid in the carotenopurpurin dyad is
guenched to 40 + 3 fs.

This quenching is assigned to energy transfer from the carotenoid S, state to the purpurin
with a 73 £ 6% efficiency, which isin accord with the 67 + 4% quantum yield obtained by
steady state fluorescence excitation measurements. Concomitant with the decay of the carotenoid
S, excited state, a single exponential rise of the excited S; state of the purpurin moiety was
observed at 699 nm with atime constant of 64 fs. However, the decay of the fluorescence
anisotropy was faster at this wavelength (40 fs) and isotropic rise times as short as 44 fswere
determined at other emission wavelengths. The lifetime of the S; state of the carotenoid (7.8 ps)
was the same in both the carotenoid model and the dyad. Taken together, these results
uneguivocally demonstrate that the S, state of the carotenoid moiety is the sole donor state in the




singlet-singlet energy transfer process. Thus, although the S, state is very short lived, the dyad
possesses sufficient electronic coupling between the moieties to ensure relatively efficient energy
transfer.

In another study, carotenoid pigments have been linked as axial ligands to the central
silicon atom of a phthal ocyanine derivative forming molecular triad 4.% Laser flash studies on the
fsand ps time scales show that both the
carotenoid S; and S; levels act as donor

\ states, resulting in highly efficient (>95%)
@N O/Q//)< singlet energy transfer from the
N '~“1Si<“ N 4 carotenoids to the phthalocyanine. The
@M—%\X short-lived (quenched to 53 fs) carotenoid
o

S, state directly transfers excitation to the
OM phthal ocyanine with 35% efficiency, and
energy transfer from the longer-lived

(quenched to 2.6 ps) S; excited state occurs with an efficiency of 58%, based on light absorbed
viaS,. Triplet energy transfer in the opposite direction was also observed. In polar solvents
electron transfer from a carotenoid to the phthal ocyanine excited singlet state is efficient and
charge recombination yields the ground state of 4.

C. New approachesto artificial photosynthetic reaction centers

Much of the research in this project has been directed toward the development of new
approachesto artificial photosynthetic reaction centers. These have been based on the electron
transfer principles used in natural reaction centers, but explore new ways to apply these
principles. During the last grant period, we
synthesized molecular tetrad 5, which consists of
aporphyrin (P) covalently linked to a
naphthoquinone (NQ) that in turn bears two
benzoquinone moieties (BQ), and investigated its
photochemistry using time-resolved spectroscopic
techniques.® Excitation of the porphyrin
chromophore of the P-NQ-BQ: tetrad in
benzonitrile solution is followed by photoinduced
electron transfer with arate constant of 8.3 x 10™
s to produce an initial P**-NQ""-BQ, state with a quantum yield of unity. A charge shift
reaction gives afinal P""-NQ-(BQ" BQ) charge-separated state, which decays to the ground state
with arate constant of 1.9 x 10" s*. The tetrad features both sequential multistep electron
transfer pathways, which lead to along-lived charge-separated state, and parallel multistep
electron transfer pathways, which increase the yield of the long-lived state. No evidence was
found for significant involvement of direct electron transfer from the porphyrin first excited
singlet state to a benzoquinone. Thisisin distinction to results reported in the literature by other
workers for aP-Q-Q triad that also featured a triptycene linkage joining quinone moieties. It
appears that the conclusions reached in the earlier work were based in part on a mistaken
interpretation of transient absorption data.

In future experiments, we intend to use porphyrins as electron acceptors in artificial
photosynthetic reaction centers. Gold porphyrins are often used as el ectron-accepting
chromophoresin artificial photosynthetic constructs due to their high reduction potentials. Due




to the heavy-atom effect, the gold porphyrin first excited singlet state undergoes rapid
intersystem crossing to form the triplet. The lowest triplet state can undergo reduction by
electron donation from a nearby porphyrin or other moiety. In addition, it can be involved in
triplet-triplet energy transfer interactions with other chromophores. In contrast, little has been
known about the short-lived singlet excited state.
We have therefore used ultrafast time resolved

absorption spectroscopy to investigate the singlet
Q O excited state of Au(l11) 5,15-bis(3,5-dli-t-
butylphenyl)-2,8,12,18,-tetraethyl-3,7,13,17-

tetramethyl porphyrin (6) in ethanol solution.* The
6 excited singlet state is found to form with the laser
pulse, and to decay with atime constant of 240 fsto
givethetriplet state. Thetriplet returns to the ground state with alifetime of 400 ps. The lifetime
of the singlet state is comparable to time constants for energy and photoinduced electron transfer
in some model and natural photosynthetic systems. Thus, it would be kinetically competent to
take part in such processes in suitably-designed supermolecular systems.

One strategy under investigation for increasing the yield of high energy charge-separated
states from photoinduced electron transfer in artificial reaction centersis to couple the electron
transfer process to proton transfer. We investigated this approach some years ago in a porphyrin-
quinone dyad wherein the quinone bore a carboxylic acid proton donor. These interests have led
us to investigate proton transfer in 2-hydroxyphenyl-lapazole (7). The molecule was found”® to

undergo Excited State Intramolecular Proton Transfer (ESIPT) in the protic
Q solvents methanol, 2-propanol and 1-octanol at room temperature. The proton
P\, on that resideson the phenolic group in the ground state migrates to the nitrogen
O in the excited state, producing zwitterionic species. Investigation of the
o 0 7 Kkinetics of this process, using time-resolved single photon counting and
transient absorption spectroscopy, indicated the presence of three different
excited-state species. These results are very different from those already reported for 7 in non-
protic solvents, where it was found that the ESIPT process attains equilibrium during the lifetime
of the excited state. Factor analysis of the steady state spectra supports the conclusions drawn
from the kinetic results. The difference in behavior as afunction of solvent is attributed to two
factors that depend on the stronger solute-solvent interactions in the case of the protic solvents:
1) The slight Slowing down of the process of proton transfer, which prevents equilibrium from
being established during the lifetime of the excited singlet state, and 2) The weakening of the
intramolecular hydrogen bond, which alows rotation of the hydroxyphenyl moiety.

D. Interfacing artificial reaction centersto electronic surfaces

Many of the artificial photosynthetic reaction centers produced by our group and others
are capable of generating long-lived charge-separated states in high quantum yield when in fluid
solution. Utilization of the energy stored in these states requires coupling them to another
process. For example, in the liposome work described above, the charge-separated state powers
transmembrane ion transport via aredox loop. Another possible method for harnessing the
energy produced by the artificial reaction centersis to attach the molecules to conducting or
semiconducting surfaces in such away that electrons may be transferred into or out of the
electronic material, generating an electrical current. We have carried out two investigations that
may lead to progressin this area.



We have established a collaboration with the group of Professor Masamichi Fujihira, at

the Tokyo Institute of Technology. The Fujihira group has synthesized triad molecules such as 8,
and used them as components of a photoel ectrochemical cell. The molecule consists of a
viologen-based electron acceptor (A%"), a perylene photosensitizer (S), and a ferrocene donor
moiety (D). The triads form stable mixed monolayers at the air-water interface with arachidic
acid, in which the donor-acceptor systems are oriented. These layers can be deposited onto a
gold electrode using the Langmuir-Blodgett technique, and the resulting sensitized electrodes
generate current in a photoelectrochemical cell. The Fujihira group has demonstrated the

photoel ectrochemical effect, but

@N 0.0 understanding its basis requires a

Z /Z>> knowledge of the various electron and
S | O S D Fe energy transfer pathwaysthat are
A2 w available following light absorption. We
have now studied the new amphiphilic

A?*-S-D triad 8 and its reference
N compounds, S-D, A*-S, and Stype
molecules (synthesized by the Fujihira
group), using time-resolved transient absorption spectroscopy.” Intramolecular electron transfer
reactions were initiated by photo-excitation of the S moiety, and along-lived final charge
separated state, A*-S-D*, was formed. Although the yield of theinitial charge separated state,
A*-S'-D, was very high (0.93), the overall yield of the final charge separated state was relatively
low (0.03). The rate of the back electron transfer from A* to S” was observed to be two times
lower than that of the forward electron transfer from Sto A%, suggesting that with suitable
molecular engineering, the yield of long-lived charge separation in such triads could be improved
substantially. This would require increasing the electronic coupling between S and D, and/or
sowing the recombination of A*-S"-D in some fashion. The Fujihira group is preparing new
moleculesto investigate this possibility.

The formation of self-assembled monolayers (SAMs) from organosulfur compounds on
metal surfaces has been atopic of great interest over the past two decades. The majority of these
investigations concern the self-assembly of various alkanethiols and dialkyl disulfides on gold
surfaces. Currently there isincreasing interest in studying the properties of electroactive SAMs
for potential applicationsin solar energy conversion and molecular devices. Our group has
previously shown that a synthetic carotenoid containing athiol group, 7'-apo-7'-(4-
mercaptomethylphenyl)- #-carotene (9), could be embedded into a docosanethiol SAM on Au.
Using adilute mole fraction of 9 in the SAM we were able to measure the electrical properties of
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single molecules in an insulating matrix. We found that carotenoid molecules were over 1
million times more conductive than the surrounding alkane chain, suggesting that the carotenoids
act asamolecular wire. Lowell Kispert and his group have been able to observe photoinduced
electron injection from carotenoids with related structures into nanoparticulate TiO,, leading to
photocurrents. In the context of these studies, we have collaborated with the Kispert group to
study the properties of pure self-assembled monolayers of 9 on gold surfaces.® The stability,
packing density, optical absorption, and hydrophobicity of the monolayers were investigated




with x-ray photoel ectron spectroscopy (XPS), Fourier-transform infrared reflection-absorption
spectroscopy (FTIR-RAS), UV-Vis spectroscopy, spectroscopic ellipsometry and contact angle
measurements. The XPS and spectroscopic ellipsometry measurements reveal that the saturation
coverage is ~4 x 10™ molecules of 9 per cmand the film thickness is ~20 A, respectively.

The FTIR-RAS and contact angle measurements suggest that the polyene chains are packed well
enough to create a hydrophaobic interface.

E. Medically-related spin-offs of artificial photosynthesis reseach

A magjor role of carotenoids in photosynthesis is photoprotection from singlet oxygen.
Carotenoids rapidly quench chlorophyll triplet states by triplet-triplet energy transfer, precluding
formation of singlet oxygen. They can also scavenge singlet oxygen that may be present. Our
research group has been interested in mimicking this photoprotective behavior in artificial
photosynthetic systems, and studying the structural prerequisites for rapid energy transfer
guenching of tetrapyrrole triplet states by carotenoids. It occurred to us that carotenoid
photoprotection might also be applicable to a problem encountered in the medical use of
porphyrin derivatives as tumor localizing agents. Certain porphyrins localize in tumor tissue. If
the areaisirradiated with light absorbed by the porphyrin, porphyrin fluorescence is observed,
and the fluorescence delineates the tumor tissue. Unfortunately, most fluorescent porphyrins
have a high yield of triplet states, which are excellent sensitizers for production of highly toxic
singlet oxygen. Thus, the use of porphyrins for imaging purposes has been limited. If a
carotenoid could be covaently linked to a porphyrin tumor visualization agent, then rapid
guenching of the porphyrin triplet state could prevent singlet oxygen damage.

Consequently, we have provided some carotenoid and carotenoporphyrin materials to
medical researchers for investigation of their applicability as photoprotected tumor localizing
agents.”* *® For example, a carotenopyropheophorbide dyad has been investigated for the
discrimination of adenocarcinomatissue from normal mammary tissue in dogs. Active uptake of
the dyad into diseased tissue was observed. The tumor tissue was readily observed by monitoring
the fluorescent image generated by external irradiation of the animal with a 778 nm or 660 nm
laser beam. These studies allow some of our synthetic moleculesto do “double duty” by
contributing to our solar energy research, and at the same time to medical research.
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