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Electron transfer in biological molecules provides both insight and inspiration for developing chemical
systems having similar functionality. Photosynthesis is an example of an integrated system in which
light harvesting, photoinduced charge separation, and catalysis combine to carry out two thermodynamically
demanding processes, the oxidation of water and the reduction of carbon dioxide. The development of
artificial photosynthetic systems for solar energy conversion requires a fundamental understanding of
electron-transfer reactions between organic molecules. Since these reactions most often involve single-
electron transfers, the spin dynamics of photogenerated radical ion pairs provide important information
on how the rates and efficiencies of these reactions depend on molecular structure. Given this knowledge,
the design and synthesis of large integrated structures to carry out artificial photosynthesis is moving
forward. An important approach to achieving this goal is the development of small, functional building
blocks, having a minimum number of covalent bonds, which also have the appropriate molecular
recognition sites to facilitate self-assembly into a complete, functional artificial photosynthetic system.

Introduction tive systems are those in which there are structural constraints
The importance and complexity of electron-transfer reactions to control both the distance anq orientation betwe('en the elec.tr.on
in Nature has led many researchers to look for ways to duplicate donors and acceptors. Along with ease of synthesis and stability,
the fundamental features of these reactions in simplified Pio-inspired systems for photochemical solar energy conversion
chemical systems. A vital part of this research is the design "€quire components with intense eIectronlc. absorptions thgt
and synthesis of molecular systems, comprised of electronCoVver the solar spectrum. As is the case in photosynthetic
donors and acceptors, which mimic photochemical charge "€action center proteins, multlcomponentldomceptor arrays
separation in photosynthetic proteins. Artificial photosyn- that carry out mu_ltlstep ch_arge separation reactions are most
thetic systems for production of practical solar fuels must col- useful for producing long-lived charge-separated states.
lect light energy, separate charge, and transport charge to Many bio-inspired systems employ chromophores with large,
catalytic sites where water oxidation and £f@duction will conjugatedr-systems, such as porphyrins, which are most often
occur. While some progress has been made on each aspect afynthetically easier to incorporate into complex deracceptor
this complex problem, researchers have not yet developedsystems than are natural chlorophylls and bacteriochlorophyills.
components that are both efficient and robust and have notPorphyrins are frequently used as both donors and acceptors in
yet integrated the existing functional components into a working these arrays, while aromatic amines and carotenoids serve as
system. The design and development of light-harvesting, pho- secondary electron donors. In addition, fullerenes, quinones, and
toconversion, and catalytic modules capable of self-ordering aromatic imides and bis(imides) are common acceptors because
and self-assembling into an integrated functional unit will of their low reduction potentials and stable anions. Unambiguous
make it possible to realize an efficient artificial photosynthetic identification of both the short and long-lived radical ions
system. produced by photoinitiated electron transfer is critical to
Synthetic electron doneracceptor systems have been pre- determining the mechanisms by which charge separation and
pared to study the dependencies of electron-transfer raterecombination occur in these bio-inspired systems. This infor-
constants on donetacceptor distance and orientation, free mation is generally obtained using time-resolved optical and
energy of reaction, and electronic coupling. The most informa- EPR spectroscopy.
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A key step toward bio-inspired systems for artificial photo-
synthesis as well as organic electronics in general is the ability
to create increasingly larger ordered arrays of interacting
molecules. Covalent total synthesis of supramolecular arrays
becomes highly inefficient and costly, ultimately requiring the
use of self-assembly to achieve ordered complex architectures
from properly functionalized building blocks. Despite significant
progress in the development of covalent components for artificial
photosynthesis, the fundamental concepts of how to prepare
individual light-harvesting complexes, reaction centers, or
catalysts that can readily engage in specific intermolecular
interactions, such as hydrogen bonding, electrostatic, metal
ligand, andr—x interactions, to self-assemble into ordered
supramolecular structures with the ability to function as complete
artificial photosynthetic systems, are largely unknown. These
structures must provide pathways for migration of light excita-
tion energy among antenna chromophores and from antennad-IGURE 1. Primary charge separation in the photosynthetic RC of
to reaction centers. They must also incorporate charge conduitspurple bacteria. The protein has been removed; only the redox cofactors
i.e., molecular “wires” that can efficiently move electrons and 2are shown.
holes between reaction centers and catalytic sites. It is a ) )
significant challenge to develop small, functional building and electro.n-transfer processes in purple non-sulfurbacter!a have
blocks, having a minimum number of covalent bonds, which been studied extensively and have served as the principal
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also have the appropriate molecular recognition sites that
facilitate self-assembly into completdunctional artificial
photosynthetic assemblies.

We have recently developed a wide variety of bio-inspired

building blocks that can serve to capture light energy, separate
charge, and transport charge over long distances. In addition,
we have explored how to self-assemble these building blocks

into photofunctional structures of interest to artificial photo-

synthesis. This Perspective will describe several aspects of this

work including (1) mapping the relationship between molecular

structure and charge separation lifetimes in photogenerated

radical ion pairs using spin dynamics; (2) designing molecular
wires for long distance charge transport; (3) exploring the nature

of through-space electron transfer; (4) developing both covalent . ) . o
ugn-sp (4) developing v eP865+'—BChI"mtermedlate, or through the virtual participation

and self-assembled molecular dimers capable of excited-stat
symmetry-breaking leading to charge separation; and (5) self-
assembly of light harvesting structures that elicit emergent
reaction center function.

Bio-inspiration from Photosynthesis

Photosynthetic organisms are ubiquitous on Earth and, in fact,
responsible for the development and sustenance of all life on
the planet. Among the different classes of photosynthetic

organisms, many types of light-harvesting and electron transport

systems are uséddowever, they all use the same basic strategy,
in which light is initially absorbed by antenna proteins contain-
ing many chromophores, followed by energy transfer to a

specialized reaction center protein, in which the captured energy

is converted into chemical energy using electron-transfer
reactions.

inspiration for biomimetic studies over the past 30 years.
X-ray structures of the purple bacterial reaction center (RC)
proteins reveal three subunits, two of which are membrane
spanning proteins having an intriguing pseudo 2-fold symnietry.
These subunits organize the redox cofactors into two parallel
arrays, termed the A-side and B-side, leading from the primary
electron donor (P865) comprised of a special pair of bacterio-
chlorophyll molecules, to the quinone electron acceptors (Q
and ), Figure 1. However, the bacterial RC only utilizes the
A-side cofactors for electron transfer. Excitation of P865
produces its lowest excited singlet state that donates an electron
to an adjacent bacteriopheophytin (BPh)~43 ps, a process
mediated by an accessory BChl interposed between P865 and
BPh. This mediation takes place either by direct formation of a

of this state in a superexchange interaction (see beldvne
electron then moves to ubiquinonea@n ~200 ps and is
subsequently transferred tg@ ~200us® When both Q and

Qg are either removed or chemically reduced prior to excitation
of the RC, formation of P863-BPh is followed by charge
recombination in~10 ns. This recombination reaction produces
a~50% yield of3*P865, whose triplet sublevels are populated
in a non-Boltzmann fashion. As a result, the EPR spectrum of
this triplet state bears an unusual spin polarization that is the
unigue signature of charge recombination within a weakly
coupled, spin-correlated radical paft.

Understanding the nature of electron-transfer reactions as a
general phenomenon is essential to developing a clear picture
of how photosynthetic charge separation and storage occur.
Moreover, this knowledge allows for the development of key
design criteria for preparing bio-inspired systems for fuel
production through artificial photosynthesis and for the develop-

In green plants, algae and cyanobacteria, photosystem Iment of organic photovoltaics. These principles will be discussed

(PSI®! functions to produce NADPH that is used to reduce
carbon dioxide in the reactions of the Calvin cycle, while
photosystem Il (PSIff catalyzes one of the most thermody-
namically demanding reactions in biology: the conversion of
light energy into redox agents capable of oxidizing water.
Photosynthetic bacteria are more primitive, dating from the time

in the next section.

Design Principles for
Systems

Bio-Inspired Electron-Transfer

The dependence of the rates of electron-transfer reactions

when Earth had a reducing atmosphere, and as a consequencithin covalently linked donoracceptor molecules on the free

have simpler photoconversion pathways. The primary energy
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donor and the acceptor are described well by theory developedexperiments have shown that the magnitude of the superex-
by Marcus, Levich, Hush, and Jortrfe®2 Equation 1 shows change contribution to the total donresicceptor electronic

how the rate depends on these quantities coupling is proportional to donetacceptor orbital overlap and
inversely proportional to the energy gap between the initial
Key = 2 2 1 @ (AG™+)/42KT @ donor state and the virtual state involving the bridge moletule.
T B DA (4AKT) 2 The McConnell model for superexchaf@eredicts an ap-

proximately exponential dependence Vi, on the donor

whereAG? is the free energy of reactioNp, is the electronic acceptor distance;pa, an assertion consistently verified by
coupling between the donor and acceptor, anis the total experimental dat&353%As the length of a bridge increases and
energy of the nuclear reorganization (structural change) within the superexchange interaction decreases, electron transfer can
the donor, acceptor, and solvent required for the reaction to Only occur by direct oxidation or reduction of the bridge
occur. One of the key features of eq 1 is that it predicts that the molecule, resulting in a sequential electron transfer mechanism
rate of an electron-transfer reaction will slow when the free involving observable intermediates. Depending on the energies
energy of reaction becomes very large. This is important for of charge separated states involving the bridge molecules,
maximizing the rate of charge separation, while at the same sequential, wire-like charge transfer, which is also known as
time minimizing the rate of the energy-wasting charge recom- ‘hopping”, generally becomes more efficient than superexchange
bination. Covalent doneracceptor molecules have been used at long distance¥..%
to establish the existence of the so-called Marcus “inverted ~The importance of using a cascade of thermal electron-transfer
region” for charge shift reactiori$, as well as for charge  steps following the initial photoinduced charge separation to
separation and recombination reactiéhhe key to observing ~ increase charge separation lifetimes, as evidenced by natural
the inverted region in doneracceptor molecules is maintaining ~ Photosynthesis, has been demonstrated in numerous systems
a fixed distance between the donor and the acceptor as the(reviewed in refs 3944). Studies on the optimization of the
structure of the donor and/or the acceptor is changed to modify free energy changes, distances, and orientations between the
the free energy. various donors and acceptors have determined strategies for the

At long distances, the amplitudes of the wave functions of D development of novel molecular structures to tailor the charge
and A decrease exponentially, and thus, the magnitud%g)f separation and s_tqrage characterlstl_cs to speplflc appllcatl_ons.
also decreases exponentially as a function of distance. Empiri-For example, efficient performance in the solid state requires
cally, the dependence of electron-transfer rate constantoh D the use of specialized donor and/or acceptor molecules that

distance in a specific solvent takes on the form given by eq 2 Minimize the reorganization enerdy such as a 65 electron
acceptor, and/or the incorporation of high potential donors and

ker(r) = koe—/s(r—ro) @) acceptors to overcome the inability of the solvent to reorganize
T in the solid staté® The effect ofl is illustrated in the case of

1, where excitation of the porphyrin in this carotenoid (C)
porphyrin (P) quinone (Q) molecular triad yields the porphyrin
first excited singlet state, €*P—Q, which decays via a
sequential, two-step, electron-transfer process intda-B—

Q™ charge-separated state with a lifetime of 6:27/5 us and

wherer is the donofr-acceptor distancer is the distance,
usually van der Waals contact, at which the largest rate occurs
andp is a constant. The largest rdigis usually thought to be
close to the frequency of a single molecular vibratier,0'3

1 . X i . . .
s 1. Experiments have shown that the overall distance depen quantum yields>25% depending on solvefft When Gy is

dence OkaTf 'f‘ m_deed e>_<ponen|t|al fmd is modulated by _tdhed substituted for the quinone as the acceptor, the quantum yield
geometry of the intervening molecular spacer group provided ¢ C**—P—Cqo* is relatively constant under conditions ranging

that the spacer molecule has molecular orbitals that are g fuig solution at ambient temperatures to a rigid glass at
energetically far removed from those of the donor and acceptorg reaching up to 0.88 with a microsecond lifetime, depending
(see below). The exponential dependence of electron transferUIOOn the conditioné! Redox cascades having as m,any as four
rates as a function of distance has been determined usingsteps have been demonstratéd.

compounds in which the distance between the donor and the
acceptor is varied systematically using a rigid hydrocarbon
framework!® For instance,f values of 1.6-1.4 A-! for

proteinst®l7 <0.2—1.4 A-! for DNA,8190.8-1.0 A~ for

saturated hydrocarbon bridg@2tand 0.2-0.6 A~ for unsatur- i
ated phenylen&-25 polyene?®-2° and polyyné®-32 bridges have W
been reported. '

Electrons need not transfer from a donor to an acceptor via
the direct overlap of their respective orbitals. The spacer or
“bridge” molecules that connect the donor and the acceptor may
influence the rate of doneracceptor electron transfer by mixing
their electronic states with those of the donor and acceptor.
Several virtual states involving the bridge molecule may
contribute to the overall electronic configuration of the donor-
bridge-acceptor (BB—A) system. The degree to which each
of these virtual states contributes to the overall electronic
structure of the system is determined by the magnitude of the
electron-exchange interaction involving these states and is
generally known as superexcharfi§eBoth calculations and
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We have developed reaction free energy criteria for achieving
high quantum vyield charge separation in donacceptor
systems in the solid state at cryogenic temperattir8siefly,
when the motion of a polar solvent is restricted, as occurs when
it is cooled to a glassy state, its dielectric constant decreases
to that of a nonpolar solvent. Under these conditions, the sol-
vent stabilizes a photogenerated ion pair very little, so that
the energy of the ion pair is about 0.75 eV higher in the glassy
solvent than it is in the corresponding polar liquid. Using this
information as a predictive model, we prepared molecule
2, which consists of a zinc porphyrin (ZP) primary electron
donor positioned between a naphthoquinone (NQ) electron
acceptor and a phenylenediamine (PD) secondary electron As mentioned above, superexchange is thought to be an
donor#® Molecule 2 demonstrates two-step, sequential charge important mechanism for efficient electron transfer within the
separation &5 K to yield a radical ion pair (RP) that possesses photosynthetic RE53and has been studied in various biomi-
an overall 23-A center-to-center distance, a 4-ms lifetime, and metic system8*5° The term was first used by Kramétsand
exhibits the spin polarization characteristic of P865Qx* later by Andersot-58to describe the indirect exchange coupling
in photosynthetic RCs as indicated by EPR spectros- Of unpaired spins via filled orbitals which acquire paramagnetic
copy. However, charge recombination leads directly to ground character through mixing with charge-transfer excited-state

state because the energy ¥EP is above that of the radical ~ configurations® The rates of nonadiabatic electron-transfer
pair. reactionsker, depend directly opa, €q 1, whose magnitude

- . . gives the effective interaction energy between the relevant
The most difficult properties of the photosynthetic RC to orbitals on the donor and accept®® When the electron-

_modtel S|Ir:1u]!tar:eo#sly are the stt_rong e(lje(t;:lronlc t():oupllngtlead- transfer reaction originates from a state in which the redox
ng ? uitra a; c ar%e] sept;ara |og anc de su §eque|r|1 _Weakcenters are also paramagnetic, e.g., charge recombination from
coupling producing the observed spin dynamics, all in & 5 pp the superexchange coupling that dictates the electron

system in which the electron donors and acceptors have highlyangfer rates from the RP to energetically proximate electronic
restricted distances and orientations between them. This con-giates is the same coupling that determines the magnetic

trasts sharply with noncovalent radical pair chemistry observed jnteraction between the unpaired spins of the SRP8.60-62

in solution, where rapid radical pair formation followed by ~Therefore, the magnitude of the magnetic interaction between
diffusive radical separation to long distances and subse-the radicals of the RP and its befiar mirrors that of \Via.
quent re-encounter results in chemically induced electron and  Experimentally, the magnetic field effect (MFE) on the yield

The Link between Spin Dynamics and Electron-Transfer
Mechanisms

nuclear polarization (CIDEP and CIDNP) phenoméhislodel- and rate of RP recombination can directly reveal the magnitude
ing all aspects of the RC protein spin dynamics is important of the electron spirspin exchange interaction)2between the
because they directly reflect the dependenceVgf, on spins within the RP, which is proportional ¥3,.63-66 The

molecular structure, which is discussed in detail in the next mechanistic details of the radical pair intersystem crossing
section. An important part of this modeling is to understand mechanism (RPISC) and the theory behind the MFE have been
how RP recombination leads to triplet states with unusual spin researched extensivély7® and applied to many doneacceptor
polarization as is observed in photosynthetic RCs and, thus, howsystem&>7* 78 including biological system®:7%-82 Following
synthetic structures that target photochemical energy conver-charge separation, the RP, initially formed in its singlet
sion can be optimized to slow energy-wasting charge recom- configuration, undergoes electrenuclear hyperfine coupling-
bination. induced RP-ISC to produce the triplet RP, Figure 2A. The
subsequent charge recombination process is spin selective; i.e.,
the singlet RP recombines to the singlet ground state and the
triplet RP recombines to yield the neutral local triplet. Applica-
tion of a magnetic field results in Zeeman splitting of the RP
triplet sublevels, which at high fields can be described by the
To and Ty, states, Figure 2B. In the high-field limit, population

of the RP triplet state occurs exclusively by & mixing, while

T3 and Ty; remain unpopulated. If2< 0, the singlet energy

The observation of a spin-polarized RP following photoex-
citation of the PD-ZP—NQ triad, 2, prompted us to develop a
more complex system in an attempt to obtain the correct
energetics that would result in back reaction to a spin polarized
triplet state as is observed in photosynthetic RCs. We chose to
replace the PD donor with a chlorophyll derivative that possesses
a triplet state at 1.4 eV and is about 0.2 V harder to oxidize
than PD, so that the energetics for charge recombination to thelevel is below that of the triplet sublevels, Figure 2B, so that
chlorophyll triplet are favorableh:. Photoexcitation of chlorophy when the Zeeman energy from the appliea field equa’ls that of
porphyrin-quinone triad3 once again resulted in formation of  1he 5T splitting, T_; crosses the singlet and the RP-ISC rate
a long-lived, spin-polarized RP, yielding an 8-ms RP lifetime js maximized, which should produce a resonance in the triplet
at 5 K, but unfortunately did not show a significant rate of yje|q atB,;, directly yielding 2.5883If 2J > 0, the singlet energy
charge recombination leading to the chlorophyll triplet state. |eve| is above that of the triplet sublevels, and S crossas T
Given the lengthy synthetic pathway necessary to prefare yielding the same information. The appearance of a distinct
we decided to investigate simpler structures that could be resonance depends critically on having a RP in which the two
modified more easily to probe the structural issues that most radicals have a relatively narrow distribution of distances and
likely were behind the inability of the earlier models to orientations between them. As a consequence, the observed
completely mimic all the spin dynamics of the photosynthetic resonances are exquisitely sensitive to molecular structure. An
RC. increase in the rate of triplet formation at resonance implies

5054 J. Org. Chem.Vol. 71, No. 14, 2006
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FIGURE 2. (A) Energy level diagram. (B) Radical ion pair energy levels as a function of magnetic field.

that the RP decay rate also increases. One can therefore monitoof related structures. We initially selected M-piperidinyl)-

the RP population as a function of applied magnetic field and aminonaphthalene-1,8-dicarboximide (6ANI) derivatives to ac-

obtain a plot with a minimum aBy; to obtain 2 as well. complish this goal. We prepared a simple denacceptor triad,
Optically detected MFE measurements on reactant or product4, in four steps starting from commercially available com-

yields do not, however, show how the spin polarization of the pounds®® Thep-methoxyaniline (MeOAnR) serves as an electron

radicals within the RP evolves with time, how the structure of

o] (o] O
radicals may be changing, or how the dynamics of the medium ~N
couple with the spin dynamics of the radical pairs. Time- HscoQNN O NQN O N-CgHy7
resolved electron paramagnetic resonance spectroscopy (TREPR) O % d O %
4

yields this information directl§}* At the 350 mT magnetic field
typical of EPR experiments at X-band, when theeBB—A~*

RP distances are 320 A, 2] is generally about 0:31 mT, so N O P 2 2
that preferential STo mixing occurs within B*—B—A—*.7576.8588 mco@mm NQNMN—%HW
The resultant spin-correlated radical pair states can be identified O Y d 3
through the unique polarization of the EPR transitions that occur

between these stat8& If 2J is larger, as may be the case 5

when the D*—B—A~" distance is small, mixing of the S state o)

of the radical pair with either T, (2J < 0) or T:; (2J > 0) HzCO@N%NN_ﬁ 2 f._csHﬂ
may also occur, which results in different polarization of the O o)
EPR transitions relative to those that result fromTg mixing.

The non-Boltzmann spin populations within the radical ion pair 6

are transferred to the neutral triplet st&t@® —B—A\) that results o

from radical ion pair recombination withf{D**—B—A*).91.92 N 9 2

The polarization of the EPR transitions exhibited by a triplet ”3‘30@”% ' EN_N;:/\%HN_C"H"

formed by the ordinary spinorbit intersystem crossing (SO- y © °

ISC) mechanism can be differentiated from the RP-ISC mech- 7

anism by the polarization pattern of the six EPR transitions at

the cangnicalporientatior%?ln SO-ISC, the three zero-field ~ donor, while the naphthalene-1,8:4,5-bis(dicarboximide) (NI)
levels are selectively populated, and this selectivity is carried is an electron acceptor. This rodll!(e system has excellent spatial
over to the high-field energy levels. RP-ISC acts directly on control of the dlsta.ncg and orientation of the donors and
the high-field triplet sublevels via singletriplet mixing S-To acceptqrs. Photqexutaﬂon of.the 6ANI chromophore at 400 nm
(or S—T1). Thus, SO-ISC results in mixed absorption (a) and results in for_mat|on of_a C'I_' singlet stafégANI, foIIOV\_/ed by_
emission (e) lines for the two EPR transitions<F T, (where two sequential nonad|abat|lc (_allectron-transfer reactlorlsl,gslgure
i = +1) associated with each orientation ¥, ), while in RP- 3A, wherekes; = 1.3 x 10,1 s andkesz = 2.3 x 1,09 s

ISC a mixed polarization pattern is impossible. For example, 1 n€ rapid charge separation photochemistry mimics that of the
the (a,e,e,a,a,e) polarization pattern of the six EPR transitionsPhotosynthetic RC and results in formation of a spin-correlated

from low to high field can only be attributed to the RP-ISC radical pair in which the spins are initially in the singlet
mechanism. configuration (RR). RP-ISC induced largely by electren

nuclear hyperfine interactions results in formation the triplet
radical pair (RF). Spin-selective charge recombination results
in repopulation of the ground state as well as formation of the
neutral triplet state localized on NI. The NI triplet state exhibits
In developing a simplified approach to mimicry of RC the spin-polarized EPR spectrum (a,e,e,a,a,e) characteristic of
function, we decided to investigate chromophores having a the spin-correlated radical pair precursor, Figure 3B. As a result,
lowest excited singlet state with significant charge transfer this very simple chemical system gave us the first entry point
character that could promote directional charge separation.into modeling the subtleties of how molecular structure affects
Combining these chromophores with donors and acceptors intoelectronic coupling in the RC.
multistep electron-transfer systems using a small number of In these first TREPR experiments dnliquid crystal (LC)
synthetic steps allowed for the investigation of a large number solvents were used to aid in the elucidation of the electron-

Rodlike Electron Donor—Acceptor Systems That Mimic
Reaction Center Function

J. Org. ChemVol. 71, No. 14, 2006 5055
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FIGURE 3. (A) Light-driven electron-transfer pathway fdr (B) TREPR of4 in the nematic LC mixture Merck E-7 at 100 K. The spectra are
shown with the direction of the magnetic field, parallel and perpendicular to the LC directhr, The inset shows the RP signal.
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FIGURE 4. Triplet yields as a function of magnetic field fdr—7. The insets provide expanded or contracted views of the data.

transfer mechanism and the spin dynani%c¥.The solvation

5056 J. Org. Chem.Vol. 71, No. 14, 2006

because of (1) their ability to partially orient the doracceptor
properties of LCs make them very useful for this purpose molecules, making it possible to study the effects of anisotropic
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media on the electron-transfer process, (2) their unique dielectric
properties that serve to slow electron-transfer rates, and (3) the
wide temperature range over which TREPR spectra of RPs and
triplet states can be observed in LCs. 140 K
150 K
Mapping the Dependence of Electronic Coupling on

; . . 170 K
Structure Using Spin Dynamics

180K
190K
200 K

We have measuredJ2ising magnetic field effects on the
triplet yields resulting from RP-ISC followed by charge

recombination in triadd—7.7> Two-step charge separation from 210K

il

the lowest excited singlet state of 6ANI yields singlet radical

ion pairs in which the charges are separated by %A and 220K
whose lifetimes range from about 15 to 200 ns. These lifetimes w230 K
are long enough so that RP-ISC occurs to form the triplet radical " ;‘;gﬁ
ion pair, which then recombines to form a neutral excited triplet 260 K
state localized on NI i and6 and on 6ANI in5 and7. The ; 270K
yield of this locally excited triplet state, monitored by nano-

second transient absorption as a function of applied magnetic 280K
field strength, exhibits distinct resonances that directly yield 293K
2], Figure 4. These measurements provide a highly sensitive . 300K

method for determining the dependence of the electronic

coupling for charge recombination on the structure of the radical

ion pair, which is essential for optimizing systems for photo- 20 40. ?0 80 100

chemical conversion and storage of solar energy. For example, Magnetic Field (mT)

molecules6 and 7, which lack the phenyl spacer group, show

values of 2 that are about 30 times larger than thosé aind ) X ; )

5 in which the phenyl is present. In addition, the two distinct NI, as a function of temperature normalized in amplitude so that
p y p ’ . positions of the2J resonances along the magnetic field axis are

resonances observed férsuggest that there are two slightly  highlighted.

different conformations that result in two different values of

Vpa at room temperature. Electron transfer rates depend directlyanisms using u_shaped molecul8s11.98 The mechanistic

on Vpa, Which is very sensitive to the conformation of the

D—B—A molecule as well as the distance between the donor OCH;z OCHz

and the acceptor. As a result, conformational dynamics can exert

considerable control over electron-transfer reactions. These

dynamics can be studied by taking advantage of the relationship N N

of 2J to V3,. Our recent detailed studies 6fillustrate this HN

point.

Photoinitiated two-step charge separation vé@ighroduces-
(MeOAN™—6ANI—NI—). RP-ISC subsequently producés
(MeOAN™—6ANI—NI~), and the total RP population decays o o
with a ~10 ns lifetime at 140 K in toluene, which increases to
nearly 30 ns at 300 K. The activation energy observed for this J,@T can L@T CaH17
process isnegatve and can be explained by a mechanism
by charge recombination. Over the same temperature range, the
MFE on the yield of the triplet recombination product, MeGAn
B6ANI—3*NlI, yields the magnitude of 2 which directly monitors AN 0 oAy A0 Ao
the superexchange electronic coupling for charge recombination. )
A single resonance in the MFE plot is observed at 300 K, which
splits into two resonances at temperatures below 230 K, tBu tBu

suggesting that there are two distinct groups of RP conforma-

=]

FIGURE 5. Triplet yield vs magnetic field plots fd, MeOAn-6ANI-

involving a conformational preequilibrium of the RP followed :

tions at low temperature, Figure 5. The magnitudedfa? the 8 (n = 0) 10 (n = 0)
lower field resonance (10 mT) at 140 K is five times smaller 9 =1 11 =1
than that of the high-field resonance. At 300 K, the equilibrium (n - ) (n - )

is shifted almost entirely to the set of conformers with the

stronger electronic coupling. The motion that couples these two possibilities tested by these molecules are summarized in Figure

groups of conformations is the motion that most effectively gates 6, where a rigid intramolecular DoneAcceptor(1)-Bridge—

the donor-acceptor electronic coupling. There is evidence to Acceptor(2)-X system is folded into a u-shape, in which the

suggest that electron transfer within this molecule may be X group can engage in a nonbonded interaction with the primary

significantly influenced by molecular motions within 6 AR97 electron acceptor or donor during charge separation and/or
We have expanded the use of MFE measurements to proberecombination. In addition, solvent molecules that are positioned

superexchange-mediated through-space electron-transfer mechin the groove between the donor and acceptor may provide
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another pathway for electron transfer. Apart from the trivial case
of a sequential electron-transfer mechanism involving real
intermediates, charge separation and recombination between D
and A, can occur by four main pathways, Figure 6. The through-
bond pathway A between D and;Aor molecules8—11 is by
design much too long to allow rapid charge separation or o 100 150 200
recombination to occur. In pathway B, a through-bond interac- Magnetic Field (mT)
tion between D and Ais followed by a direct through-space
interaction between Aand A. In pathway C, electron transfer FIGURE 7. Plot of the relative yield of*PDI vs magnetic field
may occur by direct through-space orbital overlap of D apd A~ Strength for PTZ-PAPDI (2] = 31 mT).
Last, in pathway D, electron transfer can occur by means of a
superexchange interaction involving the orbitals of substituents
X of A, that are close to D, yet are not directly bonded to it. In
addition, superexchange involving solvent molecules positione
between D and Amay also be considered as a variant of this
pathway. In most molecules, several of these electron-transfer
pathways operate simultaneously, and the challenge is to factor”
the contributions of each pathway to the overall electron-transfer
rate.

Femtosecond and nanosecond transient absorption spectros- ¢ \iv
copy was used to explore the relative efficiency of through- N

i RO CgHi3 CoHy
bond and through-space electron transfer in these molecules.@ o O~ 05—/_\ oo
The magnitude of the electronic coupling between the oxidized § »-B- Y N B= {-@
P UaUal n n
OR Ph FlLn
PDI R=

e
w©

Relative Triplet Yield (T/T )
& >

e
by

o

Ph,—PDI results in charge separation to produce a spin-coherent
singlet RPY(PTZ™—Ph,—PDI™), which subsequently under-
qgoes RP-ISC to yield 3(PTZ"*—Ph,—PDI™). The triplet RP
then recombines to give almost exclusivéiy?DI. The yield

of 3*PDI formed via RP-1SC exhibits distinct resonances as a

unction of applied magnetic field that directly yield,ZFigure

donor and the reduced acceptor was probed specifically by direct@
measurements of the singletiplet splitting, 2J, within the

radical ion pairs using MFEs on the yield of triplet states PTZ B h/@\ﬂ 12(n=1-5) 13(n=1-4
resulting from radical ion pair recombination. These data were
used to quantitatively assess the effects of both energetics and ) ) .

The exponentially decaying rate of charge and spin transfer

electronic coupling on the electron transfer mechanism. Through- h in T g . h
space electron transfer was found to be a viable mechanism inVi2 Superexchange in PTZ-Ph,—PDI™ is monitored as the

the u-shaped structures, when reduction of the acceptor that is*11d9€ lengtm is increased by directly measuring the distance
folded back toward the donor is energetically more favorable dependence of2within the RP, Figure 8A. At the same time,

than reduction of the acceptor directly bonded to the donor. '.[he measured charge_recombination rates are nearly distance
independent at long distancas £ 3—5) showing that charge

transport is dominated by hopping, i.e., wire-like behavior,
Figure 8B. Thus, the charge recombination mechanism changes
The effectiveness of long-distance charge transport in mol- dramatically from superexchange to hopping as the bridge is
ecules is dictated by whether strongly distance-dependentlengthened. Our data support a model in which charge injection
superexchange or weakly distance-dependent charge hoppingrom the donor into the bridge leading to wire-like charge
mechanisms dominate. Optimizing molecular structures to transport requires a near-resonant interaction between the state
accentuate the latter process is the key to producing wire-like in which the donor is oxidized and that in which the bridge is
behavior in molecules for use in photochemical energy conver- oxidized. Our results allowed us to dissect for the first time the
sion. To achieve this goal, one must (1) identify the relative relative contributions of the superexchange and hopping mech-
contributions of each mechanism to charge separation, (2) find anisms to the overall charge transport process in a conjugated
the link between these contributions and the energy levels of bridge molecule.
the system, and (3) choose donors, bridges, and acceptors that In this same series, we recently observed well-defined regions
drive the system toward the hopping mechanism at long of superexchange and thermally activated hopping in the
distances. We have produced aB—A system that addresses temperature dependence of charge recombin&fi6its to the
these issues directhy. It uses a series gp-phenylene (P)) thermally activated charge recombination rated®fn = 3)
oligomers,12, wheren = 1-5, to link a phenothiazine (PTZ) and @ = 4) yield activation barriers of 1290 crh and 2030
electron donor to a perylene-3,4:9,10-bis(dicarboximide) (PDI) cm~?, respectively, which match closely the theoretically
electron acceptor. Selective photoexcitation of PDI within PTZ  predicted and experimentally observed barriers for the plan-

Achieving Wire-like Charge Transport
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FIGURE 8. Logarithmic plots forl2 of (A) 2J vs donor-acceptor distancepa, and (B) charge separation rate constégg,vs rpa.
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FIGURE 9. Plot of Inkcgr vs 17T in the positively activated temperature

regions forl2 (n = 3, 4). FIGURE 10. Plot of In(crT*?) vs 1T in the negatively activated

temperature regions fdr2 (n = 1—-4).
arization of terphenyl and quaterphenyl, respectively, Figure
9.100.101 Negative activation of charge recombination in the changing the energies of the relnt bridge state3? Photo-
temperature regions dominated by superexchange charge transsxcitation of PDI to its lowest excited singlet state results in
port is the result of a fast conformational preequilibrium that oxidation of PTZ via the Fj bridge. In toluene, the rate
increasingly depopulates the reactive state for charge recom-constants for charge recombination, Figure 11A, as well as the
bination as temperature is increased, Figure 10. The temperaturegnergy levels of the relevant PFFL,**—PDI* bridge states
dependence of the effective dor@cceptor superexchange for n = 1—4 are only weakly distance dependent, where the
coupling, Vpa, measured using magnetic field effects on the transition between the superexchange and hopping mechanisms
efficiency of the charge recombination process, shows that occurs ah = 2. Measurements ofl2Figure 11B, and therefore
charge recombination occurs out of the conformation with lower the superexchange interaction, diminish exponentially with
Vpa Via the energetically favored triplet pathway. These data distance, Figure 11C, while the overall charge recombination
strongly indicate that changes in the bridge conformations, which rates through Ffor n = 3, 4 are dominated by charge hopping.
translate into changes in bridge energetics, result in conforma-It is clear from these studies that both bridge energetics and
tional gating of the charge recombination process. This implies molecular motions within B.B—A molecules are very impor-
that control of bridge conformations may be useful in preventing tant for accessing efficient mechanisms of charge transport over
energy-wasting charge recombination processes. Precise struclong distances.
tural control is the hallmark of photosynthetic charge separation.

_While the use of rigidly bound BB—A molecules has  gelf.Assembly Strategies for Integrated Photofunctional
simplified the investigation of the distance dependence of Nanostructures
electron transfer by keeping the dor@cceptor distance fa)
well defined, it is difficult to varyrpa by changing the length Achieving a functional integrated artificial photosynthetic
of the bridge, without substantially altering the energy levels system requires hierarchical organization at both the molecular
of the bridge. Using a series offB—A molecules having PTZ  and supramolecular level. Covalent synthesis provides functional
donors, 2,7-oligofluorene (F).bridges, and PDI acceptork3, building blocks with well-defined molecular geometries and
we have reported the first instance where the distance over whichdonor-acceptor distances, while self-assembly provides a facile
the electron is transferred can be varigiihout significantly way to assemble large numbers of molecules into structures that
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FIGURE 11. (A) Plot of charge recombination vs distance 1& PTZ"—FL,—PDI*. (B) Plot of relative yield of PTZFL;—3*PDI vs magnetic
field. (C) Plot of In(2)) vs distance for PT2—FL,—PDI™.

can bridge length scales from nanometers to macroscopic
dimensions. It can also lead to synergistic aechergent
properties that are not intrinsic to the building blocks themselves.
Our strategy uses covalent building blocks with particular
shapes, sizes, and intermolecular interactions, such-as
interactions and hydrogen bonding, to direct the formation of
supramolecular structures having enhanced energy capture ani
charge transport properties. We have used time-resolved optica
and magnetic resonance techniques to investigate how charge
transport depends on supramolecular structure within these
systems.

Self-Assembled Light Harvesting AntennaeAn antenna,
or light-harvesting molecule, is one which increases the cross-
section for absorption of solar energy without undergoing charge
separation itself. Following photoexcitation, a series of one or
more energy-transfer steps occurs, which funnels the excitation
energy to a site at which charge separation occurs. In photo-
synthetic organisms, the use of antenna proteins serves to limit
the need for the organism to produce large amounts of the
complex charge separation apparatus, while maintaining a high
efficiency for light collection by regulating their response to
varying light intensity’%® Covalent light-harvesting chro-
mophoric arrays designed to funnel energy to a central site have
been demonstraté@* 1% These molecules require significant
effort to synthesize, such dsl, where selective photoexcita-
tion of the Zn porphyrins results in rapid energy transfer in about
24 ps to the central metal-free porphyti.While elaborate
and elegant synthetic strategies have led to large arrays of
chromophores that can directly transport energy, the ability to
create self-assembling antenna arrays that are robust, ye:
functional, is only beginning. The self-assembly of chloro-
phyll derivatives similar to those found in green sulfur bacteria
into large antenna structures has been expl&tet® and
new self-assembling antenna systems produced from PDI arrays
such as (PR, assemblyl5,19° take advantage of the robust
nature of this dye as evidenced by its use as an industrial
pigmentt0®

As an example of the building block approach to a self-
assembling antenna structure we have prepared and studiet
covalent zinc phthalocyanine PDI derivative§ (ZnPclmy—
PDl,). Face-to-face aggregation df6 is evidenced by its
electronic absorption spectra, Figure 12. The spectra show that”ositioning the transition dipoles of two identical chromo-
the aggregated molecule absorbs strongly from 300 to 700 nm,phores in a parallel, stacked geometry results in exciton coupling
making it an ideal system to harvest polychromatic light. The of the two transition dipoles causing the lowest energy elec-
absorption spectra in both THF and CHGhow two broad tronic transition of the dimer to split into two bands, with the
bands near 500 and 645 nm due to PDI and ZnRclm higher energy band having enhanced oscillator streH§th.
respectively, which are both strongly blue-shifted relative to Our previous studié&1! have revealed that PDI readily
the corresponding 548 and 700 nm bands of the monomers.forms H-aggregates. The broad band near 645 nm is also
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S . : FIGURE 13. Best fit structure of 16); aggregates from modeling the
300 400 500 600 700 800 SAXS data: left, top view; right, side view.
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FIGURE 12. UV-—vis absorption spectra df6 and its component
chromophores.

characteristic of zinc phthalocyanine H-aggregatésthus,
the electronic absorption spectra strongly support a stacked
structure.

k 100 nm

AVQX FIGURE 14. TEM image of extended aggregatesidt

molecules of16 with overall dimensions of 6< 6 x 3 nm,
Figure 13.

As the concentration df6is increased, the cylindrical stacks
grow to form long fibers. The TEM image, Figure 14, of
ZnPclmy—PDI, shows fibers longer than Am with different
diameters. The smallest discernible fiber diameter in the image
is about 5 nm, as indicated by the arrow, which is about the
width of a single ZnPclm—PDI, molecule. These fibers also
Catarl form ropes, some of which have helical twists, as can be seen
just right of center in the image.

Selective photoexcitation of PDI withinl6); results in
formation of *PDI, which undergoes singlesinglet energy

To estimate the ZnPclyPDI, aggregate structure in solution  transfer to ZnPclmwith 7 = 1.3 ps. The redox potentials of
we performed small-angle X-ray scattering (SAXS) measure- both ZnPclm and PDI are similar so that electron transfer does
ments oril6in THF (6 x 10~* M) using a high-flux synchrotron  not occur with this system. The lifetime of the lowest excited
source. This is an important new application of a technique that singlet state of*(ZnPclmy); within (16); displays a fast
is well-known in the protein structure community, but has only component € = 1.1 ps) that depends quadratically on laser
recently been exploited for determining the structures of large power due to singletsinglet annihilation. This lifetime along
molecules and supramolecular assemidfiésVe believe that with the known aggregate size and structure obtained from
this technique is poised to make a major impact on determining SAXS was used to determine that the singlet exciton hops
supramolecular structures in solution émncentrations at which between ZnPclmmolecules irrnop = 160 fs. Our results suggest
direct comparisons can be made with spectroscopic results that large artificial light harvesting systems having very rapid
Scattering data obtained in solution is dominated by the solvent, rates of energy migration can be obtained by self-assembly using
so exceptional signal-to-noise is required to eliminate solvent this building block approach.
scattering from that of the solute. So-called third-generation  Self-Assembly Leading to Charge SeparationStrongly
synchrotron X-ray sources, such as the Advanced Photon Sourceénteractingr-stacked arrangements of chromophores are found
at Argonne National Laboratory, have sufficient brightness to in many biologically important molecules such as the primary
make it possible to obtain the required signal-to-noise ratio with electron donor within photosynthetic RC proteins and the base
short data collection times. Guinier analysireveals thai 6 pairs within duplex DNA. In the former case, it has been
forms monodisperse aggregates in THF (linear Guinier plot) proposed that symmetry breaking within the photoexcited singlet
with a radius of gyrationR; = 21.1 A. The monodisperse  state of the special pair dimer results in significant intradimer
character of the aggregatesiffin THF allows an analysis of ~ charge-transfer charactéf11° Photoexcitation of arene dimers
the scattering data using pair distance distribution function (PDF) constrained to a cofacial orientation usually leads to excimer
and simulated annealing procedut&sThese methodologies  formation?°while dimers bound in an edge-to-edge geometry
show that the SAXS data is best fit to a stack of seven cofacial with theirz systems perpendicular to one another in the ground
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state exhibit solvent-induced excited-state symmetry breaking 1.0] 10r ‘ ]
in polar mediat21.122 ~

In an effort to develop more robust biomimetic electron S 30-8- - 1
donor-acceptor systems we have synthesized 1,7-bis(pyrrolidin- 8 50600 |
1'-yl)perylene-3,4:9,10-bis(dicarboximide) (5PD#,a green T 2 SN
chromophore with an intense absorption at 686 nm, having both Ea 0.4 2 v 1
electronics and redox properties that are remarkably similar to 2 502407 i
those of chlorophylla.®8 Ultrafast transient absorption spec- R BNt B
troscopy following excitation of the dimer with 700 nm, 100 fs <00 ' ' . . -
laser pulses shows that quantitative intradimer electron transfer 400 500 600 700 800

occurs withinl7in toluene withr = 0.17 ps followed by charge
recombination to ground state with= 220 ps. The symmetry
breaking mechanism is most likely due to rotation of a FIGURE 15. Electronic absorption spectra &8 (—), 17 (- - -), and
pyrrolidine ring about the €N bond joining it to the PDI core 5PDI (---) in MCH. Inset: electronic absorption spectrum 18 in
following photoexcitatiort?4 leading to greater CT character toluene (- - -) and MCH £).

in the excited state, and making the photoexcited 5PDI molecule
a better electron donor, while the adjacent 5PDI molecule serves
as the acceptor.

Wavelength (nm)

o N_O O_N_O O D X
N N

Oz

3 )

FIGURE 16. Aggregate structure of9 in solution (104 M) with
dimensions 3.6x 2.0 x 1.8 nm. Model of the arrangement df9)s

. ) ) based on the steric demand of the 3,4,5-trialkoxyphenyl groups, which
We have examined the generality of symmetry-breaking are 78 out-of-plane with the 5PDI core chromophore.

leading to charge separation in arylene imides and diimides by
preparing a symmetric cofacial dimer of B-pyrrolidinyl)-1,6- pended trigg-dodecyloxy)phenyl groups to both imide nitrogens
bis(3,5-ditert-butylphenoxy)perylene-3,4-dicarboximide (5PMI), of 5PDI to givel9, a molecule that self-assembles into ordered
18. In this molecule, the pyrrolidine is attached to a different aggregates in nonpolar solvents and displays an LC phase.
site of the arylene imide core relative to 5PDI resulting in The ground-state absorption spectrum of“M 19in MCH
another type of pushpull chromophoré?® The CT transition is given in Figure 15 and shows features indicative of H-
in the ground-state absorption spectrd 8fs blue shifted, which aggregate formation. That spectrum is compared with those of
is consistent with exciton coupling of the two face-to-face 5PMI covalent 5PDI dimerl7 and a monomeric 5PDI reference
chromophores. Ultrafast transient absorption spectroscopy fol-compound bearing\N-cyclohexyl substituents that does not
lowing excitation of18 with 400 nm, 80 fs laser pulses shows aggregate in MCH. Molecul&9 displays an absorption maxi-
that quantitative intradimer electron transfer occurs in toluene mum at 630 nm in MCH with a weaker shoulder near 670 nm.
with 7 = 0.9 ps followed by charge recombination to ground For comparison, the absorption spectrum of 5PDI in MCH has
state witht = 780 ps. Excited-state symmetry breaking in the maximum absorbance at 665 nm and is very similar to that in
5PDI and 5PMI dimers provides new routes to molecular toluene. In MCH, the optical absorption spectrunii@fshows
assemblies for biomimetic charge separation and storage. a peak at 615 nm and a shoulder at 660 nm, and very closely
Given our observation that placing two “chlorophyll-like” resembles that df9. To estimate the aggregate size and shape
5PDI chromophores in a face-to-face configuratidn, leads of 19in MCH solution, we performed SAXS measurements as
to quantitative photoinduced charge separation, we reasoned thatoted above. Analysis of the data using pair distribution function
this same chromophore would be an excellent candidate forand simulating annealing procedures shows that self-
eliciting photochemical charge separation in a self-assembled,assembles into monodisperse pentamerst) Figure 16126
supramolecular system. The 5PDI chromophore does not have Transient absorption measurements carried odt3in MCH
an intrinsic strong tendency to form aggregates, however, in and toluene, Figure 17, show that in MCH the bleach of the
contrast to PDI and its derivatives. This is due to steric hindrance ground-state absorption band at 630 nm is accompanied by the
to stacking imposed by the pyrrolidine rings at the 1 and 7 formation of a 760 nm absorption band, both of which appear
positions. We initially decided to apply well-known strategies within the 0.13 ps instrument response function (IRF) of the
used to produce discotic liquid crystals to induce assembly, experiment. In toluene the ground-state bleach at 700 nm also
where long alkyl chains are appended to aromatic core moleculesoccurs within the IRF, but the band at 760 nm does not appear.
to promote stacking through nanosegregation. Thus, we ap-The absorption changes ©9 at both 630 and 760 nm in MCH
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FIGURE 17. Transient absorption spectra &® in MCH (—) and
toluene (- - -) 269 ps after excitation with a 400 nm, 80 fs laser pulse.
Inset: transient absorption spectrumilafin MCH (—) 156 ps after FIGURE 18. Proposed structure of self-assembled (ZnTPP;RDI
excitation with a 400 nm, 80 fs laser pulse.

Molecules that contain multiple imide linkages can be used
to develop artificial systems that mimic light harvesting and
photoinduced charge separation within photosynthetic proteins
as well. Quite often, these molecules contain redox active
chromophores that utilize— interactions to self-assemble into
supramolecular array8.123129138 The robust nature of the
rylene imide and bis(imide) chromophores makes them ap-
ealing candidates for the development of integrated light
harvesting and charge separation systems for artificial photo-
synthesis.

For example, we have demonstrated that a molecule having
four PDI electron-accepting chromophores attached to a central
zinc 5,10,15,20-tetraphenylporphyrin (ZnTPP) electron donor
self-assembles into ordered arrays both in solution and in the
solid-state driven byr—z interactions of the PDI moleculés!

- . . The optical spectra of (ZnTPHPDL), strongly support the

Combining Reaction Center and Antenna Function. roposed structure depicted schematically in Figure 18. The PDI
Several fully covalent systems have been constructed where th olecules stack directly on top of one another, at a van der

light .harvesting, energy f“'?”e””gz and charge separation Waals contact distance of about 3.5 A, while the ZnTPP
functions of the photosynthetic reaction center are successfully molecules occupy sites in every other layer with an interlayer

mimicked. Fo_r example, within the _zinc porph_y”?‘ (ZnP)-free Zn—Zn distance of about 7A. Photoexcitation of the arrays
b_ase porphy_nn (HP)-6 molecular_ tr|ad_,20, excitation of the results in quantitative charge separation in 3.2 ps to form
zinc porphyrin antenna leads to singtsinglet energy transfer - +op+ pp|— radical ion pairs in which the radical anion

:ﬁ tr;e”free ba_lsezé)orphg\/rm,bwhlch ”t“;n ldotnate? an eIdeCtront;Orapidly migrates to PDI molecules as much as 4 nm away as
€ fuflerene |n_ > Ps. A subsequent hole transfer produces ey, ;jonceq by the MFE on the yield of the PDI triplet state that
ZnPt—HP—Cgo~ final charge-separated state in quantum yields

! L results from radical ion pair recombination.
>90% following excitation of any of the three chromophof¥s. Based on our experience with using self-assembly to induce

a face-to-face geometry that promotes charge separation within
19, we decided to use the well-known aggregation properties
of PDI chromophores to carry out the function of bringing two
5PDI molecules close to one another as well as providing a
light-harvesting antenna array. We have reported the synthesis
and characterization df1, which self-assembles into stacked
dimers @1); in solution as revealed by SAXS, Figure 8.
This dimeric array demonstrates that self-assembly of a robust
PDI-based artificial light-harvesting antenna structure induces
self-assembly of a functional special pair of 5PDI molecules
that undergoes ultrafast, quantitative charge separation. The
structure consists of four PDI molecules attached to a single
5PDI core, which self-assembles to for@1), in toluene.
Femtosecond transient absorption spectroscopy, Figure 20,
shows that energy transfer from (PRtd (5PDI), occurs with

T = 21 ps, followed by excited-state symmetry breaking of
*(5PDI), to produce 5PDi*—5PDI™ quantitatively withzcs

= 7 ps. The ion pair recombines witlkg = 420 ps. Electron
transfer occurs only in the dimeric system, and does not occur
in the disassembled monomer, thus mimicking both antenna and

both decay wither = 860 ps, while the 700 nm bleach 9 in
toluene decays with = 4.5 ns, the lifetime of the lowest excited
singlet state of the 5PDI monom¥&. The transient absorption
spectrum ofl7 obtained in MCH is shown in the inset to Figure
17. This spectrum is very similar to that 019)s in MCH
solution, as evidenced by the absorbance bleach at 630 nm an@
the positiveAA feature at 716-800 nm. These transient spectral
features both decay with= 1050 ps. Our earlier work oh7
showed that the transient absorption feature at=80D nm is
due to the formation of 5PDt that results from excited-state
symmetry breaking leading to 5PD+5PDI.12” The formation
of the 760 nm absorption band for batff and (L9)s in MCH
shows that this same process leads to the formation of 8PDI
5PDI™.
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FIGURE 19. Chemical structure oR1 (left), the best fit structure of2(l), from modeling the SAXS data (center), and the s spectra
showing dimerization in toluene (monomers in CEGind excellent solar spectral coverage (right).

0.06-
0.044 A) 680 nm excitation 0.024 B) 550 nm excitation
0.024 0.00 4
0.00 ""ﬁf‘::\ <
5 —0.6 ps =1-0.02- N —— 06 ps
-0.02{ —21 ps —— 0.9 ps
—9.1 ps —— 4.0 ps
-0.044 —29 ps -0.044 \ 20 ps
306 ps ——157 ps
0.08) ——S8es , 008 : : :
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

FIGURE 20. Transient absorption spectra @1j, in toluene following laser excitation at (A) 680 nm and (B) 550 nm.

special pair function in photosynthesis. The charge separationD to A needs to be obtained by attacking this problem on
observed in Z1), is an example of emergent behavior that is multiple time and length scales. For example, at short times

not present when monomer&i is photoexcited. new techniques in time-resolved Raman spectroscopy that
preserve spectral resolutié#;14lwhile permitting subpicosec-
Future Prospects ond time resolution can be used to study how specific molecular

) . ) ) motions are coupled to photoinduced charge separation. In
_The field of artificial photosynthesis has developed in parallel 5 qgition, modern methods in time-resolved EPR spectroscopy
with those of suprgmolepular chemistry and nanoscale matena}lscan be used to probe the dynamics of charge recombination on
chemlsFry. In addition, It has taken advantage of advances in a nanosecond time scale, while providing significant structural
synthetic methodology, time-resolved spectroscopy, and struc- detail®

tural characterization. From a different perspective, the world- ) )
wide effort over the past three decades to understand the 1he fundamental requirements for photoinduced charge
molecular mechanisms of charge separation and storage inf@nsportin self-assembled systems are as yet poorly understood.
natural photosynthesis and the accompanying efforts to achievel Ne preparation and characterization of new covalent building
artificial photosynthesis have provided the impetus to develop Plocks that both initiate photoinduced charge separation, and
the related science and technology necessary to accomplish thesBromote long distance charge transport by self-assembling into
goals. There are numerous important and challenging prob|emsextended noncovalent structures is needed to build functional
remaining in this field, and it is my view that the most difficult ~ Systems. In addition, the development of antenna-reaction center
challenges remain ahead of us. Some of these challenges arsystems in which self-assembly of the antenna elicits formation
detailed in the next few paragraphs. of a reaction center capable of separating charge for times
A deeper fundamental understanding of how the molecular sufficiently long to promote long distance charge transport is
dynamics of the bridge molecules in a dontridge—acceptor an important next step to integrate multiple tasks for artificial
(D—B—A) system control long distance electron transport from photosynthesis. Achieving these goals will require a knowledge
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of how self-assembly using-stacking can be combined with
hydrogen bonding to simplify the structure of the building

blocks, and yet retain the overall ability to assemble a complex,

photofunctional structure. Important new tools that are being

developed to relate supramolecular structure to function include
time-resolved X-ray scattering techniques using synchrotron

sourceg*2143

Most catalysts for fuel forming reactions, such as water
splitting and CQ reduction, require charge accumulation at a
central redox site, while current artificial photosynthetic systems
provide one radical ion pair for every photon absorbed. New
insights into how multiple photoinduced charge separation

pathways can be used to accumulate several redox equivalent
at a single redox site are needed to meet the requirements of

JOC Perspective

(16) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, Ndture
(London)1992 355, 796—802.
(17) Winkler, J. R.; Gray, H. BChem. Re. 1992 92, 369-379.
(18) Holmlin, R. E.; Dandliker, P. J.; Barton, J. _Rngew. Chem., Int. Ed.
1998 36, 2714-2730.
(19) Lewis, F. D.; Wu, T.; Zhang, Y.; Letsinger, R. L.; Greenfield, S. R;
Wasielewski, M. R.Science (Washington, D. C1p97, 277, 673-676.
(20) Johnson, M. D.; Miller, J. R.; Green, N. S.; Closs, GJLPhys. Chem.
1989 93, 1173-1176.
(21) Oevering, H.; Paddon-Row: M. N.; Heppener, M.; Oliver, A. M.; Cotsaris,
E.; Verhoeven, J. W.; Hush, N. 3. Am. Chem. S0d.987 109, 3258—
32609.
(22) Helms, A.; Heiler, D.; McLendon, G. Am. Chem. So&992 114, 6227
6238.
(23) Ribou, A.-C.; Launay, J.-P.; Takahashi, K.; Nihira, T.; Tarutani, S.;
Spangler, C. WInorg. Chem.1994 33, 1325-1329.
S(24) De Cola, L.; Belser, RCoord. Chem. Re 1998 177, 301—346.
(25) Weiss, E. A.; Ahrens, M. J.; Sinks, L. E.; Gusev, A. V.; Ratner, M. A;;
Wasielewski, M. RJ. Am. Chem. So®004 126, 5577-5584.

multielectron catalysts. In addition, new catalysts that can use (26) Arrhenius, T. S.; Blanchard-Desce, M.; Dvolaitzky, M.; Lehn, J. M.;

the accumulated redox equivalents generated by a sequence of

single electron-transfer events to drive water oxidation and
carbon dioxide reduction are required.

As our understanding of self-assembly increases to the point

where functional, integrated artificial photosynthetic systems
are built, it will be important to take advantage of bio-inspired

self-repair strategies to ensure that the functional assembly can
survive the damage that is inevitable when thermodynamically

demanding reactions are carried out. At this point, very little is
known on how to address this problem, yet solving it provides
an important and exciting scientific challenge.
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