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The goal of artificial photosynthesis is to use the energy of the sun to make high-energy chemicals for energy
production. One approach, described here, is to use light absorption and excited-state electron transfer to create
oxidative and reductive equivalents for driving relevant fuel-forming half-reactions such as the oxidation of water to
0, and its reduction to H,. In this “integrated modular assembly” approach, separate components for light absorption,
energy transfer, and long-range electron transfer by use of free-energy gradients are integrated with oxidative and
reductive catalysts into single molecular assemblies or on separate electrodes in photelectrochemical cells. Derivatized
porphyrins and metalloporphyrins and metal polypyridyl complexes have been most commonly used in these
assemblies, with the latter the focus of the current account. The underlying physical principles—light absorption,
energy transfer, radiative and nonradiative excited-state decay, electron transfer, proton-coupled electron transfer,
and catalysis—are outlined with an eye toward their roles in molecular assemblies for energy conversion. Synthetic
approaches based on sequential covalent bond formation, derivatization of preformed polymers, and stepwise
polypeptide synthesis have been used to prepare molecular assemblies. A higher level hierarchial “assembly of
assemblies” strategy is required for a working device, and progress has been made for metal polypyridyl complex
assemblies based on sol—gels, electropolymerized thin films, and chemical adsorption to thin films of metal oxide

nanoparticles.

I. Introduction
The goal of artificial photosynthesis is to mimic the green

because success requires integration of multiple chemical
functions in a stable chemical architecture. As a result,

plants and other photosynthetic organisms that use sunlight?'tificial photosynthesis has developed more slowly than

to make high-energy chemicdis® This is a challenging goal

(1) Meyer, T. JAcc. Chem. Red.989 22, 163.

(2) Gust, D.; Moore, T. A.; Moore, A. LAcc. Chem. Re2001, 34, 40.

(3) Gust, D.; Moore, T. A. Intramolecular photoinduced electron-transfer
reactions of porphyrins. Ifthe Porphyrin HandbogkGust, D., Moore,

T. A., Eds.; Academic Press: New York, 1999; pp $330.

(4) Wasielewski, M. RChem. Re. 1992 92, 435.

(5) Balzani, V.; Moggi, L.; Scandola, F. Towards a supramolecular
photochemistry: Assembly of molecular components to obtain
photochemical molecular devices.Supramolecular Photochemistry
Balzani, V., Moggi, L., Scandola, F., Eds.; D. Reidel: Dordrecht, The
Netherlands, 1987; pp-128.

(6) Gust, D.; Moore, T. A.; Moore, A. LAcc. Chem. Red.993 26, 198.

(7) Arakawa, H.; Aresta, M.; Armor, J. N.; Barteau, M. A.; Beckman, E.
J.; Bell, A. T.; Bercaw, J. E.; Creutz, C.; et @hem. Re. 2001, 101,
953.

(8) Balzani, V.; Credi, A.; Venturi, M. Photoinduced charge separation
and solar energy conversion. Molecular Devices and Machines: a
Journey into the NanoworjdBalzani, V., Credi, A., Venturi, M., Eds.;
Wiley-VCH: Weinheim, Germany, 2003; pp 13273.

6802 Inorganic Chemistry,  Vol. 44, No. 20, 2005

other approaches to solar energy conversion, namely, solid-
state solar cells, interfacial TiOphotovoltaic cells, and
organic thin film device§:%®

(9) Gréazel, M. MRS Bull.2005 30, 23.

(10) Grazel, M. J. Photochem. Photobiol. 2004 164, 3.

(11) Grazel, M. Nature 2001, 414, 338.

(12) Wang, P.; Dai, Q.; Zakeeruddin, S. M.; Forsyth, M.; MacFarlane, D.
R.; Gréazel, M. J. Am. Chem. So@004 126, 13590.

(13) Schmidt-Mende, L.; Bach, U.; Humphry-Baker, R.; Horiuchi, T.;
Miura, H.; Ito, S.; Uchida, S.; Gtael, M. Adv. Mater.2005 17, 813.

(14) Schmidt-Mende, L.; Zakeeruddin, S. M.; @&, M. Appl. Phys. Lett.
2005 86, 013504/1.

(15) Hara, K.; Sato, T.; Katoh, R.; Furube, A.; Yoshihara, T.; Murai, M.;
Kurashige, M.; Ito, S.; Shinpo, A.; Suga, S.; ArakawaAdv. Funct.
Mater. 2005 15, 246.

(16) Arakawa, H.Taiyo Enerugi2005 31, 11.

(17) Sayama, K.; Tsukagoshi, S.; Mori, T.; Hara, K.; Ohga, Y.; Shinpou,
A.; Abe, Y.; Suga, S.; Arakawa, HSol. Energy Mater. Sol. Cells
2003 80, 47.

10.1021/ic050904r CCC: $30.25 © 2005 American Chemical Society

Published on Web 09/26/2005



Chemical Approaches to Atrtificial Photosynthesis. 2

The molecular complexity of the natural photosynthetic Scheme 1. Photochemical Water Splitting Coupled to a Hydrogen/
apparatus is both an object lesson that illustrates thefjﬁ‘yge:1 Fuel 1(~:ez”HO+4h Lt O
difficulties involved and an inspiration to research in this - ctochemicat: 2t Ve T

area 32 With successful application, artificial photosyn- Fuel Cell: 2H, — 4H" + 4¢" (anode)

thesis would shortcut the billions of years of evolution that 0,+4H" +4 ¢ — 2H,0 (cathode)

led to working photosynthetic membranes. Using chemical 2H, + 0y — 2H,0 : AG®=-4.92 eV (-113 keal/mol)
design and the principles of chemistry and physics, its goals _ _ o
are simpler and far less demanding. The energy-storage reactions in egs3lare all oxidatior

In natural photosynthesis in the higher green plants, a reduction (redox) reactions and can be divided into half-
complex reaction scheme uses solar energy to cony@t H reactions. Each half-reaction involves a multiple electron
into O, and reducing equivalents, which appear as NADPH. change. This and the high-energy content of intervening le
In photosystem |, the reducing equivalents in NADPH are lntermedlatgs such as QO or 'OH ensure thgt both the
used to reduce CQo Carbohydrates' eq 1, or in bacteria, phOtOChemlcal fuel-formlng reactions and their Subsequent
used directly as a reductive energy soliTé? In artificial recombination are slow under ambient conditions. Both half-
photosynthesis, the goal is to harness the energy of the surfeactions must be catalyzed if they are to occur at appreciable

to drive high-energy small-molecule reactions such as water"ate€s at or near room temperature. _
splitting, eq 2, or C@reduction, eq 3. Resolution into half-reactions provides the basis for a

“modular” approach to artificial photosynthesis. As in natural
6H,0 + 6CQ, + 48w — C¢H,,04 + 60, 1) photosynthesis, separate half-reactions can be addressed
separately and combined at a later stage into a single device.
2H,0 + 4hy — 2H, + O, 2 Complexity is unavoidable because of multifunctional re-
qguirements (light absorption, energy transfer, electron trans-
2H,0 + 2CQ, + 4hy — 2HCOOH+ O, 3 fer, redox catalysis). There is a need to arrange and integrate
functional groups and to provide an overall structural
The high-energy chemicals that form in these reactions hierarchy.
can be recombined to extract the stored chemical energy. A system analysis leads to the concept of the “integrated
An ultimate goal is water splitting with the photochemically modular assembly” as described inAccounts of Chemical
produced hydrogen and oxygen recombined in high-ef- Researctarticle in 1989 and more recently in an article in
ficiency fuel cells for electricity production (Scheme 1). Coordination Chemistry Réews®* The current account is
Other small-molecule reactions are potential targets, anda “do it yourself” guide to constructing working assemblies
applications may exist in “green chemistry” for making high- for artificial photosynthesis.
value-added chemicals. For example, a high-efficiency Two approaches have dominated research in this area. One
photoelectrochemical synthesis (PES) cell has been reportechas been based on porphyrins and metalloporphyrins as
for the production of By and HO,.33 chromophores and their incorporation into molecular as-
_ . semblies:*®A second is based on the metal-to-ligand charge-
(18) g'.?rgéyé%*;‘frﬁfhﬂgkgﬂwffﬁéw'J.Yérgﬁgggé%’S;'é'gf’o’ A Suga, transfer (MLCT) excited states of metal polypyridyl com-
(19) Hara, K.; Kurashige, M.; Ito, S.; Shinpo, A.; Suga, S.; Sayama, K.; plexes. Both approaches utilize the same underlying physical

20) ﬁ;ar';avlfys'*ég@mk g&w@ﬁé 2A5-2'0hga ¥.; Shinpo, A Suga principles, and both utilize systematic molecular assembly
S.: Sayama, K.; Sugihara, H.; Arakawa, H.Phys. Chem. 2003  Strategies.
107, 597. P i
(21) Kalyanasundaram, K. Gzel, M. Coord. Chem. Re 1998 177, 347— . Integrated Appr_oach to Artificial Photqsynthess
414, Based on Polypyridyl Complexes. Functional Elements
(22) Nozik, A. J.Annu. Re. Phys. Chem2001, 52, 193. ILA. Spatially Integrated Molecular Assemblies. In the

(23) Adams, D. M.; Brus, L.; Chidsey, C. E. D.; Creager, S.; Creutz, C.; . N ” .
Kagan, C. R.; Kamat, P. V.; Lieberman, M.: Lindsay, S.; Marcus, R. integrated modular approach, reaction “modules” are linked

A.; Metzger, R. M.; Michel-Beyerle, M. E.; Miller, J. R.; Newton,  together to construct reactive molecular assemblies. Energy
M. D.; Rolison, D. R.; Sankey, O.; Schanze, K. S.; Yardley, J.; Zhu,

X. J. Phys. Chem. B003 107, 6668, conversion is based on light absorption and ele_ctron transfer.
(24) Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; lwata, S. There is an analogy with natural photosynthesis where both
Science2004 303 1831. i i i i i
(25) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Saenger, W.; Krauss, CO, reduction in phOtOSytem I and Wate_r OXIdatlon. n
N. Nature 2001 411, 909. photosystem Il are triggered by light absorption and excited-
(26) Bléhngenshlp, RcS E][\/Icale%ulsr hélgggamsms of Photosynthedi$ack- state electron transfer in theaction centerf photosyn-
we clence: xrord, U.K., . . 30.35-41
(27) Britt, R. D. InOxygenic Photosynthesis: The Light ReactjdBtt, thetic membrane:**
R. D., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
1996; pp 137164. (33) Otruba, J. P.; Neyhart, G. A.; Dressick, W. J.; Marshall, J. L.; Sullivan,
(28) Renger, GBiochim. Biophys. Actd992 1503 210. B. P.; Watkins, P. A.; Meyer, T. . Photochem1986 35, 133.
(29) Molecular Bioenergetics: Simulations of Electron, Proton, and Energy (34) Huynh, M. H. V.; Dattelbaum, D. M.; Meyer, T. Coord. Chem.
Transfer American Chemical Society: Washington, DC, 2004. Rev. 2005 249, 457.
(30) Jungas, C.; Ranck, J.-L.; Rigaud, J.-L.; Joliot, P.; Vermegli&MBO (35) Barber, JQ. Re. Biophys.2003 36, 71.
J. 1999 18, 534. (36) Diner, B. A.; Babcock, G. T. Structure, dynamics, and energy
(31) Danks, S. M.; Evans, E. H.; Whittaker, P.Rhotosynthetic Systems: conversion efficiency in photosystem Il. idvances in Photosyn-
Structure, Function, and Assmeplphn Wiley and Sons: New York, thesis: The Light Reaction®iner, B. A., Babcock, G. T., Eds;
1985. Kluwer Academic Publishers: Dordrecht, The Netherlands, 1996; Vol.
(32) Lawlor, D. W.PhotosynthesjsSpringer-Verlag: New York, 2001. 4, pp 213-247.
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Light
Harvesting
Antenna H* e
4 e D m«q
H.O +
2 mc H H2

H* + % O, % H, Surface 2

2:5‘::,",:;‘;:2',‘2’ Figure 2. Schematic diagram for an integrated, modular PES cell for water
A = Electron Acceptor splitting illustrating photoinduced electron transfer from catalyssxdat

Figure 1. Diagram illustrating the essential elements in an assembly for catalyst cata
artificial photosynthesis and the sequence of events that occurs after light

is absorbed. The abbreviations are<@hromophore (light absorber), & (4) Electron-transfer actiation of catalystsfrom A~ to
electron transfer donor, A= electron-transfer acceptor, gat= catalyst :

for chemical reduction, and Gat= catalyst for chemical oxidation. The a catalyst for redugtlon, Gal and to DL from a second
reaction illustrated is the photochemical splitting of water intoaidd Q. catalyst, ca, for oxidation. The potentials of the'ly and

In the absence of a light-harvesting array, multilayer structures are required A%- couples dictat&® for the individual fuel-forming half-
o achieve sufficient light absorption. reactions and the overall free-energy chany&°. AG°
cannot exceed the free-energy content of the excited state

Figure 1 illustrates what may be the minimum number of above the ground stat&Ger®, with AG® (eV) = —F[E°-
elements and processes required in a molecular assemblyD %) — E°(A%")] < AGgr® (eV). F is the Faraday constant,
for artificial photosynthesis: 96 485 C/mol of electrons or 1 eV/V in Sl units.

(1) Light absorption either at a single “reaction center” (5) Multiple electron transferand repetition of the light
chromophore (C) or by excitation of an antenna array, absorptior-electron-transfer sequence to give the required
followed by energy-transfer sensitization of C*. Single- number of reductive or oxidative equivalents at.ca@nd
molecule light absorption is low, requiring the use of antenna Cateq to carry out the half-reactions. For G@eduction to
arrays or multilayer structures for efficient light harvesting. HCOOH,n = 2, and for water oxidation to Qn = 4.

The absorbance (Abs) of a surface layer of chromophore of (6) Reaction of the actated catalystswith H,O, Ht, CO,,

coveragd’ (in mol/cn?) and molar extinction coefficient etc., to give the final energy conversion products returning
(in M~1 cm™) is given by Abs= 10%I. Even withe = the catalysts to the catand catq states, ending a catalytic
10 000, Abs= 1072 for a monolayer coverage of 1& mol/ cycle.

cn?. Absorption of 90% of the light requires Abs 1. I1.B. Photoelectrochemistry. Photoelectrochemical Syn-

(2) Electron-transfer quenchingf a donotr-chromophore- thesis (PES) CellsAnother approach, utilized in PES cells,
acceptor (B-C—A) array either oxidatively, B-C*—A — is to carry out the half-reactions at the separate electrodes
D—C*—A", or reductively, D-C*—A — D*—C —A. The of an electrochemical cell. The potential required to drive
driving force for either is a favorable free-energy change the reaction is provided by light rather than by a battery or
with AG® < 0. some other applied energy source.

(3) Redox separation by electron transf&—C*—A~ — This simplifies integration. The half-reactions are con-

Dt—C—A~ or D'—C—A — D*—C—A", also driven by nected by electron transfer through an external circuit with
AG° < 0. The combination of processes in (2) and (3) uses ion flow between cell compartments to maintain charge
free-energy gradients to give spatially separated oxidative neutrality. It does require stable interfacial links to attached

and reductive redox equivalents stored asdnd A-. This molecules and molecular assemblies. These links must also
is analogous to a p/n junction in a Si semiconductor, which support facile electron transfer to and from electrode or
separates photochemically produced electtuole pairst?47 semiconductor surfaces.
In a PES cell, the electrode(s) can function in two ways.

@7 ((g)) glrrcfjgh%nﬁ;'|.F§e}]%ﬂ25?g'.;mg:2ﬁ&n$: Er'%gt' %ﬁ'éﬁ](?oghii?gﬁy . (i) Electrode as an Electroactive Interface.In one

2004 6, 4743. approach, the electrode acts only as a conductive interface
(38) Hu, X.; Damjanovic, A.; Ritz, T.; Schulten, Rroc. Natl. Acad. Sci.  for transferring electrons between catalyst assemblies at
(39) ‘éféﬁéﬁ?%?‘ ?.?’653%?58“ A T.. Roszak, A. W.: Law, C. J.: Southall, S€parate electrodes. This is schematically illustrated in Figure

J.; Isaacs, N. WPhotosynth. Re2004 81, 207. 2. In Figure 2, light absorption and electron transfer occur
(40) '1-;59\;"2@;]’24“5%“' W.; Blankenship, R. E.; Allen, J. B. Mol. Biol. initially to give (surface 1}A-—C—D—(cat,)". This is
(41) Webber, A. N.; Lubitz, WBiochim. Biophys. Act2001 1507 61. followed by interfacial and interelectrode electron transfer
(42) Carabe, J.; Gandia, J. Opt. Electron. Re 2004 12, 1. to give (surface 2)(cate) . Repetition would build up

(43) Tobias, |.; Del Canizo, C.; Alonso, J. Crystalline silicon solar cells . : S .
and modules. Iifandbook of Photeoltaic Science and Engineering ~ Multiple redox equivalents and initiate the half-reactions.

Tobias, I., Del Canizo, C., Alonso, J., Eds.; John Wiley & Sons Ltd.: As diagrammed in Figure 2, the PES cell for water splitting
Chichester, U.K., 2003.

(44) Schropp, R. E. IThin Solid Films2004 451452, 455 would also produce a photopotential and photocurrent driven
(45) Shah, A. V.; Meier, J.; Vallat-Sauvain, E.; Wyrsch, N.; Kroll, U.; Droz, by the potential difference between the surfac% Aand
C.; Graf, U.Sol. Energy Mater. Sol. Cell8003 78, 469. cate~ couples. More complex surface structures such as

(46) Zeman, M. New trends in thin-film silicon solar cell technology. In
Proceedings of the International Conference orvétced Semicon-
ductor Deiices and MicrosystemsZeman, M., Ed.; Institute of (47) Torchynska, T. V.; Polupan, G. 8emicond. Phys., Quantum Electron.
Electrical and Electronics Engineers: New York, 2002. Optoelectron2002 5, 63.
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Figure 3. Schematic diagram illustrating the photoelectrochemical reaction
between CO and #D to give HCOOH and @initiated by excitation and

photoinjection from an adsorbed chromophore to the conduction band of

TiOa.

(surface 1) A—C—C—C—C—C—caty could help meet the
requirement for multiple molecular light absorption but only
if efficient, random-walk C*— C energy transfer occurs to
the quencher where electron transfer océtif§.

Appropriate, transparent, high-surface-area electrodes ar%

known for such applications, for example, nanoparticle thin
films of doped Sn@*° There is also an extensive photo-
chemistry of surface-adsorbed, monolayer©—-A molec-
ular assemblies on Au surfac®s.

(ii) Electrode as an Active Modular Component The

electrode itself can be an active element. An example,

pioneered by Gitzel and co-workers, is photoinjection into

TiO, by the excited states of adsorbed chromophores

including polypyridyl complexes of Rusuch a<is-Ru(4,4-
(COOHYbpy)(NCS).%105152The carboxylic acid groups
bind by the formation of surface ester bonds and by H
bonding.

HOOC, COOH

N N
(4.4’-(COOH)zbpy)

In a Grazel cell, which utilizes a mesoporous, high-
surface-area Ti@film, excitation and quenching occur by

electron transfer to the conduction band of the semiconductor,

TiO,—RU' + hy — TiO,—RUu" — ~TiO,—RU". Surface Rl
is subsequently reduced by, 2TiO,—RuU", 31~ — 2TiO,—
RU'", I37. The cell is completed byt reduction at an inert
cathode, 2¢(cathode)f- 13- — cathodet 31~. This sequence

electron acceptor rather than a molecular unit in a molecular
assembly.

The modular approach in Figure 3 is general including
possible applications in “green chemistry”. Reactions such
as olefin epoxidation by water, eq 4, or dehydrogenation of
alcohols, eq 5, could be accessible by varying the catalyst
linked to the phtotoanode.

0
H,0 + RyC=CR, — 2 » /' \

CRZ_CRZ

(C))

+H,

+2hv 3)
Me;CHOH —> Me,C=0+H,

Such cells would produce a photocurrent at a maximum
hotopotential equal to the potential difference between the
ermi level of the TiQ@ conduction band an&® for the
cateq’° couple. Photochemical dehydrogenation of 2-pro-
panol in eq 5 has been demonstrated for [(4CGO.H).bpy)-
(4,4-Mezbpy)Ru (dpp)Ru' (tpy)(OH,)]#" adsorbed on Ti@
although with low efficiency (section 7.3, ref 53).

-

[(4,4-(COzH)2bpy)(4.4’-Me2bpy)Ru,"(dpp)Ruy'(tpy)(OH2))**

[ll. Modules. Light Absorption and Excited States

IIILA. Introduction. (i) Excited-State Redox Potentials.
Quenching and flash photolysis measurements were used in
the early 1970s to demonstrate excited-state electron transfer.
Early work focused on MLCT excited states of [Ru(bg3)

(bpy is 2,2-bipyridine) and its derivatives and the—s*

provides the chemical basis for a photovoltaic device with a €XCited states of porphyrifs.*®

maximum photopotential arising from the potential difference
between the Fermi level in the conduction band &fdfor
the L~/I~ couple.

Photoinjection and surface reduction of'Rare complete

on the nanosecond time scale. Back electron transfer from

the bulk of the semiconductor to adsorbed'Rsifar slower.
This and the small transit volumes for conduction-band
electrons to the underlying electrode result in efficient
collection of the photoproduced electrons.

Possible application of this approach to artificial photo-

[Ru(bpy)]?" absorbs light in the visible region withax
= 452 nm in CHCN (¢ = 13000 M cm?). MLCT
excitation,(dz% — Yd=®z*), is followed by rapid ¢ < 1
ps) relaxation to the lowest triplet state, [Ru(b¥)*, -
(dn57*). The lowest “triplet” is split by low symmetry and

(50) Ma, H.; Jen, K.-Y.Spectrum2004 17, 24—29 and references cited

therein.

Nazeeruddin, M. K.; Kay, A.; Rodicio, |.; Humphry-Baker, R.; Mueller,

E.; Liska, P.; Vlachopoulos, N.; Gizel, M. J. Am. Chem. S0d993

115 6382.

(52) Benko, G.; Kallioinen, J.; Korppi-Tommola, J. E. |.; Yartsev, A. P.;
Sundstrom, V.J. Am. Chem. SoQ002 124, 489.

(51)

synthesis and the fuel-forming reaction in eq 3 is illustrated (53) Treadway, J. A.: Moss, J. A.; Meyer, T.ldorg. Chem.1999 38,

in Figure 3, which highlights the electrode as the initial

(48) Fleming, C. N.; Jang, P.; Meyer, T. J.; Papanikolas, JJMPhys.
Chem. B2004 108 2205.
(49) Nutz, T.; Felde, U.; Haase, M. Chem. Phys1999 110 12142.

4386.

(54) Balzani, V.; Bolleta, F.; Gandolfi, M. T.; Maestri, Mop. Curr. Chem.
1978 75, 1.

(55) Sutin, N.; Creutz, CPure Appl. Chem198Q 52, 2717

(56) Meyer T. J.Progress in Inorganic Chemistrywiley & Sons: New
York, 1983; pp 389-440 and references cited therein.
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Scheme 2. Excited- and Ground-State Redox Potentials (vs SCE in

CH3CN) for [Ru(bpy}]?" in CHsCN at 25°C? 4
[Ru(bpy)s]** [Ru(bpy)s]*** [Ru(bpy)s]*
(dm’n*h
T 2.1eV
[Ru(bpy);]** [Ru(bpy)s]** [Ru(bpy)s]* z
) (dn) ) 1]‘ +
aThe potentials are related WBP(ES"?) = E(GS™) — AGes’/F and CH;

E°(ES") = E°(GS”") + AGes/F with F the Faraday (1 eV/\34-56 —
Figure 4. Early donor-chromophore-acceptor assembk?.7>

spin—orbit coupling into three low-lying states separated by
~30 cnTl. Because of spinorbit coupling in the &® core,
low-lying triplet excited states are mixed with higher-lying
singlet excited states. The lifetime of [Ru(bgy)* is ~1
us, depending on the medium and temperataré.
[Ru(bpy)]?** undergoes facile electron transfer. The

Scheme 3. Reaction Scheme lllustrating Energy Conversion Based on
Excited-State Electron-Transfer Quenching

+h N
[Rutbpy)s* ——= [Ru(bpy)s]>*

[Ru(bpy)s2** + MV** — [Ru(bpy);]’* + MV*

impact of excited-state formation on redox potentials is [Ru(bpy);’* + 10-MePTZ — [Ru(bpy)s>* + 10-MePTZ*
illustrated in Scheme 2. These data show that the oxidizing
and reducing abilities of [Ru(bpyf* are enhanced in [Ru- v

h
(bpy)k]*™ by AGes® = 2.1 eV, the free-energy content of MV IOMEPTZ < MV' o+ 10-MePTZ : energy sored: AG® = 1.3 )

the excited state above the ground state. Ground-staté’(GS

GS7) and excited-state redox potentials (EPES") are

related byE°(ES™) = E°(GS%) — AGes’/F andE°(ESY) [Me NN Me] @[ :@
= E°(GS") + AGgs’/F 5456

At pH = 8, [Ru(bpy}]?** is thermodynamically capable MV (10-MeFT2)
of oxidizing water E°(pH = 8) = —0.76 V) and reducing The reaction in Scheme 3 provided an early conceptual
CO; (E° = —0.67 V). The full excited-state energy can be basis for artificial photosynthesis. Visible light was used to
utilized by initial oxidative quenching drive an endoergic chemical reactiohz° = +1.3 eV, in

which neither of the reactants absorb visible light.
[Ru(bpy)y]** — [Ru(bpy)y]*" + &  (E°=-0.8V) The next step was to combine these functions #/@-A
. assemblies in which oxidative and reductive equivalents are

followed by reduction of [Ru(bpy)*" created and separated by free-energy gradief458.59.6573

An early example based on polypyridyl complexes is shown
in Figure 4. Excitation of the Ru(bpy) MLCT chromophore

or by reductive quenching followed by oxidation of [Ru- and electron transfer led to (PTIRU'(MV*'), with the

[Ru(bpy)l®" + e — [Ru(bpy)®™ (E°=1.3V)

(bpy)]* transiently stored redox equivalents as PTand MV*
spatially separated in a single molectfé®
[Ru(bpy)l®™ + & — [Ru(bpy)y] " +&  (E°=0.8V) Application of transient laser techniques, first on the
nanosecond and then picosecond time scales, with absorption
+ 2+ — o
[Ru(bpy)] " — [Ru(bpy)l® +e  (E°=-1.3V) (63) Gafney, H.; Adamson, A. WI. Am. Chem. S0d972 94, 8238.
. ) ) ) (64) Young, R. C.; Meyer, T. J.; Whitten, D. G. Am. Chem. Sod.976
(i) Molecular Assemblies for Directed (Vectorial) ©5) ?\48’ 286.T Intramolec ol of light induced electron tranf
H _ H _ eyer, |. Jintramolecular control of light Inauced electron transfter
Excited-State Electron Transfer Excited-state electron Reidel Publishing Co.: Dordrecht, Holland, 1987; Vol. 214, pp-103

transfer was demonstrated by flash photolysis experiments  120.

i i ini + (66) Meyer, T. JPure Appl. Chem199Q 62, 1003.
in_solutionscontaining [Ru(bpgﬂf in the presence of (67) Sullivan, B. P.; Abruna, H.; Finklea, H. O.; Salmon, D. J.; Nagle, J.

electron-transfer donors, such as 10-methylphenothiazine (10- " k : Meyer, T. J.; Sprintschnik, HChem. Phys. Letl978 58, 389.
MePTZ), or acceptors, such as methy|v|o|ogen (M)\/ (68) Westmoreland, T. D.; Schanze, K. S.; Neveux, P. E., Jr.; Danielson,

(Scheme 35.6'60_64 E.S;qulllvan, B. P.; Chen, P.; Meyer, T. lhorg. Chem.1985 24,
(69) Balzani, V.; Juris, ACoord. Chem. Re 2001, 211, 97.

(57) Meyer, T. JPure Appl. Chem1986 58, 1193. (70) Kalyanasundaram, ®Rhotochemistry in Microheterogeneous Systems
(58) Hicks, C.; Ye, G.; Levi, C.; Gonzales, M.; Rutenburg, I.; Fan, J,; Academic: Orlando, FL, 1987.

Helmy, R.; Kassis, A.; Gafney, H. OCoord. Chem. Re 2001, 211, (71) Lee, W.-Y.Mikrochim. Actal997 127, 19.

207. (72) Schanze, K. S.; MacQueen, D. B.; Perkins, T. A.; Cabana, Coard.
(59) Shan, B.-Z.; Zhao, Q.; Goswami, N.; Eichhorn, D. M.; Rillema, D. P. Chem. Re. 1993 122 63.

Coord. Chem. Re 2001 211, 117. (73) Balzani, V.; Credi, A.; Venturi, MMolecular Devices and Machines
(60) Bock, C. R.; Meyer, T. J.; Whitten, D. @. Am. Chem. Sod.974 A Journey into the Nano Worl&Viley-VCH: Weinheim, Germany,

96, 4710. 2004.
(61) Demas, J. N.; Adamson, A. W. Am. Chem. Sod.973 95, 5159. (74) Danielson, E.; Elliott, C. M.; Merkert, J. W.; Meyer, T.JJAm. Chem.
(62) Adamson, A. W.; Demas, J. N. Am. Chem. Sod.971, 93, 1800. Soc.1987 109, 2519.
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D1 H190

QEC

Figure 5. Molecular structure of the reaction center of photosystem Il
illustrating the Typ—Chlp1—Phe®1—Qa donor-chromophore-acceptor
(D—C—A—A") array. Reprinted with permission from ref 24. Copyright
2004 American Association for the Advancement of Science.

monitoring provided the key evidence for photochemical
electron transfer in these assemblies. By using these tech

nigues, it was possible to observe the loss of characteristic
absorption features for the excited state and characteristic

growth in absorbances for PTZat 480 nm and MY" at

605 nm. These measurements also allowed the rate constants

for the following MV" — PTZ* back-electron-transfer
reaction to be measured.

The D-C—A assembly in the photosystem Il reaction
center from a recent 3.5-A-resolution crystal structure is
shown in Figure 5% Excitation of chlorophyll Bss, Chlpy in

Figure 5, is followed by electron transfer through pheophytin

Phe@; to the quinone acceptor, QSubsequent reduction
of Psgg™ occurs by electron transfer from tyrosine Zywhich
is H-bonded to histidine-190 (His-190).

[11.B. Light Absorption and Energy-Transfer Sensiti-
zation. (i) Absorption. Light absorption or antenna and
energy-transfer sensitization initiate the electron-transfer

sequences in Figures 1 and 2. The peak intensity in the solar

spectrum appears in the visible just below 500 nm, and the
spectrum extends well into the near-IR. In a single-junction
photovoltaic cell, an ideal sensitizer would convert sunlight
to electricity below a threshold wavelength of 920 Hiithe
energy at this wavelength, 10 870 cin(1.35 eV), ap-
proaches a minimum threshold for the energy required for a
useful fuel-forming reaction.

Single-molecule absorption is low, and spectral envelopes
are typically relatively narrow¢"® In the spectrum of [Ru-

(75) Treadway, J. A.; Rutherford, T. J.; Chen, P.-Y.; Keene, F. R.; Meyer,
T. J.J. Phys. Chem. A997 101, 6824.

(76) Marcus, R. AJ. Phys. Chem1989 93, 3078.

(77) Mataga, N.; Kubota, T™Molecular Interactions and Electronic Spectra
Dekker: New York, 1970; Chapter 3, p 107.

(78) Kober, E. M.; Meyer, T. Jnorg. Chem.1984 23, 3877.

(79) Steinfeld, J. |An Introduction to Modern Molecular Spectroscopy
The MIT Press: Cambridge, MA, 1985.

(bpy)]?t in Figure 6, the bands at 452 anéB20 nm arise
from }(dn®) — Y(dz°7*t) MLCT transitions to the first and
secondr*-acceptor levels on bpy. The intense band at 292
nm arises from a bpy-based— s* transition. Because there
are three bpy ligands and threer arbitals, the detailed
electronic structure is complex, giving rise to a series of
closely spaced, overlapping MLCT ban@s%8°

The intense, broad MLCT absorption band for [Ru-
(bpy)]?" at Amax = 452 nm in CHCN has a bandwidth at
half-maximum, A7y, of ~3600 cnt®. The spectral width
of the visible and onset of the near-IR from 400 to 900 nm
is 13 900 cm?. To span this entire spectral region with high
absorptivity requires either multiple absorptions in a single
chromophore or an antenna apparatus containing chro-
mophores that absorb in different spectral regions.

An example of the former strategy for MLCT absorbers
is illustrated in Figure 6. In this strategy, multiple acceptor
polypyridyl ligands with differentr*-acceptor levels were
used to broaden light absorption over an extended spectral
range. The dithiocarbamate anion ligand (Jitevas added
to shift the MLCT bands to lower energy. This moves higher
energy ¢t — m,* MLCT bands from the UV into the high-
energy visible, further broadening the visible spectrum. The
combined effect makes [Ru((4:&€00Etpbpy)(dpb)(dtc)t
a “black absorber”, which absorbs light broadly throughout

the visible into the near-11R0.90.91

N7 |

):\ N o

g P
dtc dpb

Band Shapes and Intensities-or a Gaussian-shaped band
in the classical limit, the energy maximunk,,s and
bandwidth at half-heightAv/,, are given in eqs 6 and 7 in
the limit thathv = hv' with no frequency changes for the
coupled vibrations and solvent.

E,pe= AG° + 1 6)

(A,,)* = 16lkTIn 2 7

(80) Anderson, P. A.; Keene, F. R.; Meyer, T. J.; Moss, J. A,; Strouse, G.
F.; Treadway, J. AJ. Chem. Soc., Dalton Tran&002 20, 3820.

(81) Kober, E. M.; Meyer, T. Jnorg. Chem.1982 21, 3967.

(82) Kober, E. M.; Meyer, T. Jnorg. Chem.1983 22, 1614.

(83) Thompson, D. G.; Schoonover, J. R.; Timpson, C. J.; Meyer, I.. J.
Phys. Chem. 2003 107, 10250.

(84) Yersin, H.; Humbs, W.; Strasser, Joord. Chem. Re 1997, 159,
325.

(85) Braun, D.; Huber, P.; Wudy, J.; Schmidt, J.; YersinJH?hys. Chem.
1994 98, 8044.

(86) Yersin, H.; Schuetzenmeier, S.; Wiedenhofer, H.; von Zelewsky, A.
J. Phys. Chem1993 97, 16496.

(87) Braun, D.; Hensler, G.; Gallhuber, E.; Yersin,HPhys. Cheml99],
95, 1067.

(88) Riesen, H.; Wallace, L.; Krausz, EJJ.Chem. Physl995 102 4823.

(89) Riesen, H.; Wallace, L.; Krausz, E. lit. Rev. Phys. Chem1997,
16, 291.

(90) Strouse, G. F.; Anderson, P. A.; Schoonover, J. R.; Meyer, T. J.; Keene,
F. R.Inorg. Chem.1992 31, 3004.

Inorganic Chemistry, Vol. 44, No. 20, 2005 6807



10%x £ (Mem™)

Alstrum-Acevedo et al.

- -
St -~ -

200

Wavelength (nm)
Figure 6. Absorption spectra of [Ru((4,4°O0Etpbpy)(dpb)(dtc) ™ (- - -), [Ru(4,4-COOEtybpy)((4,4-Me)bpy)(dtc)]" (--+), and [Ru(bpyj]?* (—) in

CH3CN at room temperature.

A is the sum of the reorganization energies for the solvent,

Ao, @nd intramolecular vibrations treated classically,

For low-frequency vibrations, which can be treated clas-
sically as harmonic oscillatorg; is given by the sum in eq

Assuming the solvent to be a dielectric continuum, with the 11. It is over all coupled vibrationjs those for which there
ground-to-excited-state absorption approximated as creatingis a distortion between the ground and excited states with

a dipole in a sphere, gives the expressionAfomn eq 8. In
this expressiona is the radius of a sphere enclosing the
molecule,Ds and Do, are the static and optical dielectric
constants of the solvent, apg andu. are the point dipole
vectors of the ground and excited states, respecthfely.

_lg ay D;—1 Dy~ 1
o 2 2D,+1 2D,+1

A 8)

The solvent is a major contributor foand the bandwidth.

Its contribution increases as the dipole moment change
increases, the molecular radius decreases, and the solvent

polarity increases.

The solvent dependence Bf,salso includes the solvent-
dependent part chG°, Aw(Ds), which varies with the static
dielectric constant of the solvent, as shown in eq 9.

1,5 _.zDs_l

©)

[Ru(bpy)]?t is of D3 symmetry in the ground state, and
1y = 0. The difference irEaps between solventsAEqps is
given in eq 10. Experimentallfa,shas been found to vary
with Doy, as predicted by eq 10 frof,,s= 21 200 cmtin
nitrobenzene to 22 200 crhin H,O. These results were in
agreement with charge transfer to a single ligand,"fRu
(bpy)]?t + hv — [Ru"(bpy~)(bpy)]?™*, rather than to an
orbital delocalized over all three, [Rbpy)]?" + hv —
[Ru' (bpy2/3-)4)2+.93

- 2
us[1-D
AEabsz : (—OP)

= (10)
a®\2D,, + 1
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AQe = 0. AQe is the distortion, the change in equilibrium
displacement of the normal mode between stdjds, the
force constant,§ is the electronvibrational coupling
constant, or HuangRhys factor, andhw (=hv) is the
vibrational quantum spacing. According to eq 4lincreases
as S and hw increase.S is related toAQe, the angular
frequency ¢ = 27v), and the reduced madsl, as shown
in eq 1la.

1
A= zafj(Aer)2 = ZQth (11)
] ]
M.
5= 1) s0, (11a)

Typically, MLCT absorption spectra at room temperature
consist of a series of relatively featureless, broad absorption
bands with the underlying vibronic components obscured,;
note Figure 6. This is due to overlapping bands and
bandwidths comparable to or larger than the vibrational
spacings. Vibronic structure can be observed at low tem-
peratures as bandwidths narrow (eq’®®:87:8° They are
included in the band-shape equations as a sum over vibronic
components. This is discussed for emission band shapes in
section 111.C.(i)7677.79

For [Ru(bpy}]?", there are #8 v(bpy) ring-stretching
vibrations from 1200 to 1600 crm coupled to MLCT

(91) Anderson, P. A.; Strouse, G. F.; Treadway, J. A.; Keene, F. R.; Meyer,
T. J.Inorg. Chem.1994 33, 3863.

(92) Chen, P.; Meyer, T. £hem. Re. 1998 98, 1439.

(93) Kober, E. M.; Sullivan, B. P.; Meyer, T. Inorg. Chem.1984 23,
2098.
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Figure 7. Derivatized PS, antenraeaction center polymer illustrating sensitized electron transfer following MLCT excitation at' @fRanna sité®

absorption. They are sufficiently close in energy that they 6). These low-energy absorptions are far more pronounced
can be treated as a single averaged mode 1800 cnt? for [Os(bpy}]?" because of the larger spiorbit coupling
even at 77 K. constant,£(Os") ~ 3000 cntt compared to~1000 cn?!
With the exception of transition-metal, lanthanide, and for Ru(l11).57-5.7882:8489 Spin—orbit coupling mixes states
actinide complexes, most molecules are spin singlets in theof different spin multiplicities.
ground state (§ S = 0), and absorption bands of high
absorptivity appear in the spectra from transitions fragm S
to singlet excited states; SS,, ..., S. Transitions between

(i) Antenna Effect. Energy Transfer. Absorbing a
significant fraction of the solar irradiance (moles of incident

states of different spin multiplicity, e.g., & T, with T a photons per unit time) requires multilayers of individual
triplet state, are weak or not observed. Spimbit coupling chromophores or antenna sensitization. Antenna arrays can
mixes these states, imparting allowedness to the transitionsP0th broaden the region of high light absorptivity to higher
This is an important effect for second- and third-row €nergy and increase the effective molecular absorptivity.
transition-metal complexes. In the visible absorption spec- Following excitation of the antenna, the excited-state energy
trum of [Ru(bpy}]?*, a S — T absorption is observed on is transferred to a low-energy “reaction center” where, as
the low-energy side of the,S— S; absorption at 452 nm,  shown schematically in Figure 1, electron transfer occurs.
which is lower in absorptivity by a factor of10 (Figure Energy in excess ofAGes® for the reaction center is

Inorganic Chemistry, Vol. 44, No. 20, 2005 6809



dissipated as heat. As for electron transfer, energy transfer

is driven by favorable free-energy gradients.

Elaborate antenna arrays are utilized in natural photosyn-

thesis. In photosystem I, there are six chloroptay$l and
one or twoS-carotenes. In photosystem |, there is an integral
antenna system consisting 690 Chl molecules and 22
carotenoids in a precisely laid out geomett§e Application

Alstrum-Acevedo et al.

In Dexter transfer, an electrostatic perturbation mixes the
electronic wave functions and.? varies as expf(R/L)]. L
is the sum of the average Bohr radii for the donor and
acceptor. The B¢ dependence for Fster transfer, compared
to the exponential dependence for Dexter transfer, favors
Forster transfer at long distances. Experimentally,values
of 1-25 cn1! have been reported for Dexter transfelo+106

of ultrafast spectroscopies and a recent theoretical treatment In both Faster and Dexter transfer, the electronic wave

by Fleming and co-workers have given detailed insight into

antenna dynamics and the electronic and vibrational cou-

plings that lead to rapid, efficient energy transfer to the
reaction centef®37.%

functions includeps andys . The operator inducing energy
transfer does not include spin, and in the absence of-spin
orbit coupling, energy transfer can only occur between states
of the same spin multiplicity. For exampl@)s |ys[= 1 for

Antenna arrays have been constructed from chemically S— S transfer and® |y 0 for S— T transfer. Spin-

linked porphyrins, organic chromophores, and dendri-
mers?949698 A derivatized polystyrene (PS) example is
shown in Figure 77 in which excitation of a Ru(bpy)
“antenna” site is followed by facile energy transfer to a
(PTZ)RU(MV?") “reaction center” mimic. Energy transfer

orbit coupling mixes the spin character of the states, making
spin changes possible but still greatly decreasing the
magnitude ofV.

The vibrational overlap term in eq 13ca, can be
evaluated from the emission spectrum of the donor and

causes chromophore sensitization and electron transferabsorption spectrum of the acceptor by use of the spectral

—RU(PTZ)RU' (MVZ)— — —RU(PTZ)RU*(MV 2+)— —
—RU'(PTZ"RU'(MV*1), to give a 1.15-eV redox-separated
state based on PTZand MV*.%7

overlap integrals in eq 13. In eq 13(E) is the normalized
emission spectrum of the donor aRgE) is the normalized
absorption spectrum of the acceptor. The integration is over

Successful light harvesting and application of the antennathe energy ranges of the absorption and emission spéétra.

effect rely on efficient light collection, energy transfer, and

sensitized electron transfer. All must be rapid compared to

the lifetime of the antenna molecular excited state(s).

The principles of energy transfer are well understotf?
Application of time-dependent perturbation theory gives the
expression in eq 12 for the energy-transfer rate constant,

In eq 12,H is the operator that mixes the electronic wave
function for the energy-transfer acceptape() and donor
(ye). The associated spin wave functions gré and ..
The total vibrational wave functions for the two states
including solvent arepyi,’ andyyip.

ken = 2700 IH 1% B¢ 19 By 1938 =
2-7rlhven2':calc (12)

f,(E) F(E)
Feac= dea oE
As for nonradiative decay and electron transfer, in sections

[II.C.(ii) and 1V, it is also possible to expre$sac andkenin
terms of specific contributions from coupled vibrations and
the solvent at the donor and acceptor and the free-energy
changeAG°. These parameters can be obtained by analyzing
emission band shapes or Raman excitation profié%.
Antenna energy transfer has been demonstrated and treated
guantitatively in a series of derivatized PS polymers and, as
shown in Figure 7, used to sensitize electron transfer at an
artificial reaction centef*#8.94.97.109 the PS polymers, the
molecular volumes of the complexes are large relative to
the repeat unit of the polymer (note Figure 10 below), which

(13)

There are two mechanisms for energy transfer. In the ensures an extended, rodlike structure and one-dimensional,

Forster mechanism, energy transfer is induced by an elec-

trostatic dipole interaction between the electrons in the initial
and final statesVe,? varies as T with R the internuclear
separation distance between donor and acceptor.

(94) Fleming, C. N.; Maxwell, K. A.; DeSimone, J. M.; Meyer, T. J.;
Papanikolas, J. MJ. Am. Chem. So001, 123 10336.

(95) (a) Yang, M.; Damjanovic, A.; Vaswani, H. M.; Fleming, G. R.
Biophys. J.2003 85, 140. (b) Jordanides, X. J.; Scholes, G. D.;
Shapley, W. A.; Reimers, J. R.; Fleming, G. R.Phys. Chem. B.
2004 108 1753. (c) Brixner, T.; Stenger, J.; Vaswani, H. M.; Cho,
M.; Blankenship, R. E.; Fleming, G. Rature 2005 434, 625.

(96) Balzani, V.; Ceroni, P.; Maestri, M.; Vicinelli, \Curr. Opin. Chem.
Biol. 2003 7, 657.

(97) Maxwell, K. A.; Sykora, M.; DeSimone, J. M.; Meyer, T. Broc.
Natl. Acad. Sci. U.S.A200Q 97, 7687.

(98) Rybtchinski, B.; Sinks, L. E.; Wasielewski, M. R.Am. Chem. Soc.
2004 126, 12268.

(99) Dexter, D. L.J. Chem. Phys1953 21, 836.

(100) Ulstrup, J.; Jortner, J. Chem. Phys1975 63, 4358.

(101) Kestner, N. R.; Logan, J.; JortnerJJPhys. Cheml974 78, 2148.

(102) Jortner, JJ. Chem. Physl976 64, 4860.

(103) Ulstrup, JCharge-Transfer Processes in Condensed Media, Lecture

Notes in ChemistrySpringer-Verlag: New York, 1979.
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intrastrand energy migration.

The energy-transfer experiments were conducted on mixed
polymers containing both R(bpy) “antenna” sites, which
were in the majority, and minority ®&py) trap sites. The
energy of the O5acceptor is 1.70 eV, with Rg — Osg'
energy transfer favored by 0.40 eV. Antenna sensitization
of Os'* following excitation at Rl can be highly efficient,
>90%, depending on the chemical links from the metal
complexes to the polymer backbotfe.

(104) Harriman, A.; Romero, F. M.; Ziessel, R.; Benniston, AJCPhys.
Chem. A1999 103 5399.

(105) Shaw, J. R.; Sadler, G. S.; Wacholtz, W. F.; Ryu, C. K.; Schmehl,
R. H. New J. Chem1996 20, 749.

(106) De Cola, L.; Balzani, V.; Barigelletti, F.; Flamigni, L.; Belser, P.;
von Zelewsky, A.; Frank, M.; Voegtle, Anorg. Chem.1993 32,
5228.

(107) Nagvi, K. R.; Steel, CSpectrosc. Lettl993 26, 1761.

(108) Murtaza, Z.; Graff, D. K.; Zipp, A. P.; Worl, L. A.; Jones, W. E.,
Jr.; Bates, W. D.; Meyer, T. J. Phys. Chem1994 98, 10504.

(109) Fleming, C. N.; Dupray, L. M.; Papanikolas, J. M.; Meyer, TJ.J.
Phys. Chem. 2002 106, 2328.
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Scheme 4. Kinetic Pathways Leading to Intrastrand Excited-State
Energy Transfer

RU" Rull" RU” OS”
N A

Kig K

en
random migration energy
walk transfer

aThe two distinct pathways shown are energy migration'tRt Ru')
and energy transfer (Rt — Od'). Randon walk is the sum of migration
pathways both toward and away from the''@sap site.

Analysis of the emission lifetime data revealed a complex

localized on a single bpy ligand, [Rigbpy *)(bpy)]>™*,
rather than delocalized over all three, [Rbpy?*/3)3]2™*,
in the thermally equilibrated excited stdf&117

The results of transient polarization measurements are
consistent with the excited electron hopping among ligands
(or rather combined electrerelectron hole transfer leading
to rotation of the excited-state dipoité)within a few
picoseconds!®1°|n the lowest triplet staté&(dz°7z*1), the
hole in the dr® core resides in thesdorbital lying along the
reduced bpy ligand. Rapid rotation of the excited electron

energy-transfer mechanism in the polymers based on (1)between ligands is important in assemblies such as the one

Ru'"* — RuU' energy migration by site-to-site hopping
(Kmigration I Scheme 4), (2) long-range, random-walk energy
migration along the polymer strands, and (3)'Ru> Os'

shown in Figure 4 in order to ensure that the excited electron
is available at all three ligands regardless of which is initially
involved in the excitation.

energy transfer. The antenna effect is efficient because energy (1) Radiative Decay. Excited states decay by a combina-

migration is rapid (nanosecond time scale) compared to the

excited-state lifetime of-1 us1%®

tion of radiative (emissive) and nonradiative decay or
undergo chemical change. The rate constantrdaliative

Cross-surface, two-dimensional antenna sensitization hasdecay k., varies with the transition momenM, and the

been demonstrated on Zr@anoparticles containing coad-
sorbed [O%(bpy)(4,4-(COOHYbpy)](PF). and [RU (bpy)-
(4,4-(PO(OH)Y).bpy)](Br).. The average rate constant for
cross-surface energy transfeik. ) was found to vary
exponentially with distance, consistent with Dexter transfer
with an average, close-contact rate constanitkgf1= 2.7

x 10’ s71. Energy transfer occurs by long-range, cross-
surface, random-walk energy migration at low surface

coverages and by percolation chain transfer at high cover-

agest®
[1.C. Excited States. From the Franck Condon principle,

light absorption is rapid on the time scale for nuclear motions.
This means that an excited state formed by excitation is

initially in the equilibrium coordinates and solvent config-

uration of the ground state. Subsequent relaxation to the

inverse cube of the average emission enef@y3d?, as
shown in eq 14. The transition moment is related to the
transition dipoleu, by M = eu. For transitions between
states of common spin parentage, .95, p is relatively
large andk, rapid because it scales witif. Radiative decay
typically occurs on the nanosecond time scale for organic
zo* singlets, consistent with the high absorptivities of the
intense $— S, absorption bands that appear in their spectra.

_ 647’
3h

ke IMPE0 (14)

Radiative decay is far slower for excited-state triplets
because of the spin change involved in;a¥ S, transition.
The latter can occur on the seconds time scale. Radiative

equilibrium coordinates and configuration of the excited state lIféimes for transition-metal complex excited states undergo-
occurs in tens of femtoseconds for the coupled vibrations N9 SPIN changes can be far shorter because-spinit

and in picoseconds for the solvéft 115

As noted above, the [Ru(bp}j" absorption spectrum is
dominated by multiple MLCT ane — z* absorptions that
occur from the singlet ground stateafil S, to excited states
of increasing energy,S— S, S, ..., $.8482 Subsequent

coupling mixes singlet character into excited states of higher
spin multiplicity. For examplek, = 3 x 10* s for the Ty
— S radiative transition in [Os(bpy]Pt*.83120

Radiative decay results in emission. The relationship
between absorption and emission is illustrated in Figure 8,

relaxation occurs on the subpicosecond time scale to ang@ssuming that they interrelate the same two states. In the

through the lowest singlet state;, S0 the lowest triplet
(3(d®7* 1) Ty), which is largely responsible for the observed
excited-state properti¢sh11?

As noted above, Tis split by low symmetry and spin

case of [Ru(bpy)?t, these are &and T,. In Figure 8,Ecn,

and E,,s are the energies of the emission and absorption
maxima andl the reorganization energy as defined previ-
ously. Gaussian band shapes are assumed in the classical

orbit coupling into three closely spaced states separated by iMit With hwyi, = hwip' for the coupled vibrations and
30 cn. They behave kinetically as a single state at room Solvent.

temperature. Transient IR and transient resonance Raman Figure 8 shows that the red shifts observed for emission
measurements have shown that the excited electron iscompared to absorption are a natural consequence of the

(110) Trammell, S. A.; Yang, J.; Sykora, M.; Fleming, C. N.; Odobel, F.;
Meyer, T. J.J. Phys. Chem. B001, 105, 8895.

(111) McCusker, J. KAcc. Chem. Re003 36, 876.

(112) Damrauer, N. H.; Cerullo, G.; Yeh, A.; Boussie, T. R.; Shank, C.
V.; McCusker, J. KSciencel997, 275, 54.

(113) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, MPhys.
Chem.1995 99, 17311.

(114) Barbara, P. F.; Meyer, T. J.; Ratner, M. A.Phys. Chem1996
100, 13148.

(115) Kahlow, M. A.; Kang, T. J.; Barbara, P. ¥ .Phys. Cheml987 91,
6452.

Franck-Condon principle. The change in the electronic

(116) Omberg, K. M.; Schonover, J. R.; Treadway, J. A.; Leasure, R. M.;
Dyer, R. B.; Meyer, T. JJ. Am. Chem. S0d.997, 119 7013.

(117) Dallinger, R. F.; Woodruff, W. HJ. Am. Chem. Sod 979 101,
4391.

(118) Shaw, G. B.; Brown, C. L.; Papanikolas, J. 8.Phys. Chem. A
2002 106, 1483.

(119) Wallin, S.; Davidsson, J.; Modin, J.; Hammaistrd.. J. Phys. Chem.
A 2005 109 4697.

(120) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, TJJPhys.
Chem.1986 90, 3722.
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In the average-mode approximation, the coupi€dpy)
vibrations are treated as an average harmonic oscillator, with
Sdefined as the sum in eq 16a amd the weighted average

in eq 16b. The summations are over the coupled vibrations
within a limited range of frequencies, as noted above from
~1200-1600 cm for the v(bpy) vibrations.

S= IZQ (16a)

FREE ENERGY, Ge

ho = IZS hwj/12§ (16b)

The spectra are constructed from a series of vibronic lines
separated by vibrational spacinip = hv, with w the
angular frequency: 27v. Relative heights are a function of
the electror-vibrational coupling constar8and vary asS/
Figure 8. Schematic energy-coordinate diagram in the average mode ¢!. The bandwidth of each vibronic component includes both
approximation illustrating the relationship between absorption and emission. the solvent reorganization energy, (eq 8), and the
See the text. reorganization energy from low-frequency modes treated

configuration between ground and excited states causeslassicallyZi. (eq 11a); note eq 17b below.

changes both in the intramolecular structure and in the Analysis of emission spectral profiles gives @), the
surrounding medium. Light absorption occurs rapidly on the €N€rgy of thev = 0 — v = 0 vibronic band, theenergy
time scale for nuclear motions and gives the excited state 98P (2) Avy the bandwidth at half-maximum for each
initially in the nuclear configurations of the ground state. ViPronic band, and (3pandha. These parameters charac-

Similarly, emission from the thermally equilibrated excited €rize the excited state: (Bis a measure oAQ. and tk;g
state occurs to nonequilibrium nuclear configurations in the €Xtent of excited-state distortion in the acceptor lig&iet
ground state. (2) E, is related toAGegs°, as shown in eq 17a. (v,

In the classical limit withhwy, = My, Een is related to gives oL (eqs 7 and 17b). (4) The relative rate constants
1, AG°, and Ess as shown in eq 15. In eq 15, the for nonradiative decay can be calculated frBgnS, andA, ;
spectroscopic quantitieS, andEqysare related to the free-  S€€ bzelSW- From an emission spec}rgllzgttmg of [Ru-
energy difference between statesG°, rather than to the  (PPYX]*™ S= 1.0 withfw = 1300 cnr™.%
internal energy difference\E°. This has been shown to be _ . _ w2
the case based on both a classical free-energy surface E, = AGgs® — (AVy,)/16kgT In 2 (17a)
analysi$?! and a quantum mechanical, harmonic oscillator 1= 1 4+ (17b)

P P oL (o] iL

analysis in the limit of small frequency chandés. ’ ’

E —=AG° — 1 (15a) (i) Nonradiative Decay. In nonradiatie decay the
em transition between excited and ground states is induced by
Eaps— Eom= 24 (15b) “promoting modes”, which have the symmetry properties

required to mix the electronic wave functions of the initial

Because emission typically occurs from a single state, and final states. The excess energy when nonradiative decay
analysis of emission spectral profiles is far simpler than for occurs is channeled into “acceptor” modes and the solvent.
absorption, where there are usually complications from The acceptor modes are typically high- or medium-frequency
overlapping bands; note Figure 6. At temperatures below vibrations for whichAQ. = 0.
ambient, vibronic structure appears in the emission spectrum Nonradiative decay occurs through a series of channels
of [Ru(bpy)]?**, arising from 7-8 coupledv(bpy) ring from a discrete set of vibrational levels, in the excited
stretching vibrations from 1200 to 1600 cinThey appear  state to final levels/ in the ground state. Expressions for
as a single, unresolved progression~at300 cn1! at 77 k. have been derived from time-dependent perturbation
K,57:83.117.120wjith further resolution into the separate com- theory12013¢-136 |n the limiting case of a single coupled
ponents at lower temperatur&s®’

Emission Spectral Fitting. MLCT emission spectra have ~ (124) Glyn, P.; George, M. W.; Hodges, P. M.; Turner, J. Lhem. Soc.,

¥ . . . Chem. Commuril989 21, 1655.
been fit by mode averaging and 5tra|ghtf0rward Ime-shape (125) Schoonover, J. R.; Bignozzi, C. A.; Meyer, TChord. Chem. Re

equation&77.83.92.120123n(d the excited states investigated by 126) 1595:17, 165, 239J. . G Ghem. Re. 1998 98, 1335

. . 123127 choonover, J. R.; Strouse, G.Ghem. Re. ! .
transient resonance Raman and infrared spectroscééfies: (127) Dattelbaum, D. M.. Meyer, T. J. Phys. Chem. 2002 106, 4519.

(128) Caspar, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G;

(121) Marcus, R. A.; Sutin, Nlnorg. Chem. Commuri986 5, 119. Meyer, T. J.; Woodruff, W. HJ. Am. Chem. S0d.984 106, 3492.
(122) Hupp, J. T.; Neyhart, G. A.; Meyer, T. J.; Kober, E. 81.Phys. (129) Claude, J. PPhotophysics of polypyridyl complexes of Ru(ll), Os-

Chem.1992 96, 10820. (I1), and Re(l) Univeristy of North Carolina at Chapel Hill: Chapel
(123) Turner, J. J.; George, M. W.; Johnson, F. P. A.; Westwell, CoRrd. Hill, NC, 1995.

Chem. Re. 1993 93, 101. (130) Freed, K. F.; Jortner, J. Chem. Phys197Q 52, 6272.
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vibration, or average vibration (eq 16), the contribution to o V.2 g
ke from thes = 0 — o' channelk,(v = 0 — ¢/), is given k,=— exp—9— x
by eq 18, with|AG°| = AGes°. This expression assumes h Jao RT? V'l

o,

thathw > ksT (ke T = 200 cn1! at 25°C) so that only the

v =0 level in the excited state is appreciably populated and (IAG°| — vho — 4;,))

contributes to nonradiative decay. The tetm is the sum exp — 4. RT (20)
of the solvent reorganization energy and coupled low- oL
frequency vibrations treated classically (eq 17b). In the limits E, (=|AG°| — Ao.) > Shw andhw > kgT,
, k. is given by the famous “energy gap law” in eq 2%.136
k(v =0—v) = This result illustrates the central role of the energy gap in
2 , .. 0
o Vi , g nonradiative decai?
F—Ey)vib(v) Yuin(v = O)ﬁm X
T | K, VroGe s- o (1 1| (1a)
AG°| — vhw — 4,,)° r exXg—o" 7 ( ) oL a
oxd 1AC o) (18) J2RoE, ho '\ ho
4%, RT

y = In(E//Shw) — 1 (21b)
ka(v = 0 — ¢') is the product of three terms:

(1) The preexponentiaterm contains both the barrier All of the parameters in eq 21 excdpt are available from
crossing frequency, 42h, and the classical density of emission spectral fitting. This has allowed quantitative
states in the coupled solvent and low-frequency vibrational @Pplication of the energy gap law to nonradiative decay for
modes, (4RTl.) Y2 Vi is the vibrationally induced Ru(ll), Os(ll), and Re(l) MLCT excited stat&483.92,120.127,137
electronic coupling matrix element for the promoting mode- A more inclusive treatment witB andhw values included
(s). Vi is defined in eq 19 for a single mode of reduced mass for all coupled vibrations on a mode-by-mode basis acquired

My, quantum spacingwy, and normal coordinat€. by the analysis of Raman excitation profiles has also been
applied to MLCT excited statef§:138141

h2 A (i) Excited-State Lifetimes and Reactivity. In the
Vie = 11 el 10/0Qu e [Ty 1010 Ql i = — = x absence of chemical reactions, excited states decay by a
K \/Vk combination of radiative and nonradiative decay with
@) 10/0Q |y /hw /2 = Cy\/hw /2 (19) lifetimes, z, related tok, andk,, as in eq 22a. The emission
quantum yield in eq 22b is defined d@smn = k/(k + Kq).
(2) The square of theibrational overlap integral with

@i’ () [uin(v=0)3 = (S'/v'1) exp(—S) for a harmonic T =Kok (22a)
oscillator. It gives the extent to which the vibrational .
coordinates in the initial and final vibrational levels are k= Dt (22b)

coincident along normal coordina€@ Vibrational overlap
is illustrated in Figure 10 for electron transfer in the inverted
region. The transition betweapi, and ., is referred to

as nuclear tunneling in the physics literature. It is a quantum - ' ] )
effect arising from the probabilistic uncertainty in spatial absorption maxima and excited-state redox potentials. It also

coordinates for particles at the quantum level. helps to determine, with k; varying asE, * (eq 14) andky

(3) The classical barrier crossingexg —[(AG®(v,") — as exptEo) (eq 20):4 o
Jo)2426, RT]}, includes contributions from all other coupled Variations in the sur'roundlng ligands have been. u'sed to
vibrations treated classically and the solvent. It gives the Y&y Eo andr systematically to demonstrate the validity of

,92,120,129,137,14
fraction of molecules at temperatuFet the barrier crossing the energy gap la X There are other ways to
in each of the coupled low-frequency vibrations and the Manipulater. As predicted by eq 21k, should decrease

solvent. It ensures that the— »’ channel occurs with energy ~ 2nd7 increase ifSis decreased. This can be accomplished
conservation. by enhanced electronic delocalization of the excited electron

As shown in eq 20k, is the sum over all channel, = in the acceptor ligand, which has the effect of decreasing
S Ka(v)'. This result’ cr:an be generalized to inclucrie any structural changes. Enhanced rigidity has been shown to have

. . 1,142-144
number of coupled vibrations, levels above= 0, andAw the same effect.
= hw'_83,92,120,139136

Many MLCT excited-state properties are predictable based
on this result and those in previous sections. The energy gap
is a key parameter. It defines emission and low-energy

(137) Worl, L. A.; Duesing, R.; Chen, P.; Della Ciana, L.; Meyer, TJ.J.
Chem. Soc., Dalton Tran4991, 849.
(131) Bixon, M.; Jortner, J.; Cortes, J.; Heitele, H.; Michel-Beyerle, M. E.  (138) Myers, A. B.Chem. Phys1994 180, 215.

J. Phys. Chem1994 98, 7289. (139) Heller, E. JAcc. Chem. Red.981, 14, 368.
(132) Bixon, M.; Jortner, JJ. Chem. Physl1968 48, 715. (140) Zink, J. I.; Shin, K. S. KAdv. Photochem1991, 16, 119.
(133) Englman, R.; Jortner, J. Mol. Phys.197Q 18, 145. (141) Kelly, A. M. J. Phys. Chem. A999 103 6891.
(134) Lin, S. H. Some considerations of theory and experiment in ultrafast (142) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, T.Irbrg.
processesRadiationless TransitiongAcademic: New York, 1980. Chem.1988 27, 4587.
(135) Robinson, G. W.; Frosch, R. P. Chem. Phys1968 38, 1187. (143) Treadway, J. A.; Strouse, G. F.; Ruminski, R. R.; Meyer, Thatg.
(136) Freed, K. FTop. Curr. Chem1972 31, 65. Chem.2001, 40, 4508.
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Manipulation of the energy gap has led to the synthesis
of “designer excited states” in which excited-state proper-
ties are manipulated systematically by varying the
ligands®7.78:80.120.137,142144 Ths includes the series [Os(bpy)-
(L)4]"" and [Os(phen)(L]"*. Variations in the nonchro-
mophoric ligands L in this series were used to vary MLCT
excited-state lifetimes from 0.041 to 4 and emission
quantum yields from 0.003 to 0.44 in GEN at 23+ 2 °C
asE, varied from 13 080 to 19 790 crh1?0.142

In these Os complexes, metdilgand mixing with electron-
donating ligands such as Cilecreasek, by increasing the
energy of dr. Ligands such as CO have the opposite effect
in stabilizing dr by dr—x*(CO) back-bonding.

In the series [R'¢4,4-X,bpy)(COXCI], variations in X
from electron donor (e.g., OMe) to electron acceptor (e.g.,
OOCEt) were used to vary the energy of th&4,4'-X,-
bpy) acceptor levels, witk, varying from 14 050 to 18 100
cm L. This provides a second way to vary the energy gap
systematically3’

MLCT emission energies and lifetimes are solvent-
dependent because of the influence of the solverand
Ao (egs 10 and 15). Emission energies for [Ru(RP3y¥ vary
from 606 nm in dichloromethane to 630 nm N,N-
dimethylformamide at 28C, consistent with the dielectric
continuum prediction in eq 1%:14°

MLCT lifetimes are weakly temperature-dependent be-
cause of the temperature dependendg,pfvhich influences
both k. and k.. The temperature dependence arises from
entropic differences between the excited and ground St&tes.
Additional temperature effects, which arise from thermal
population and decay through higher lying excited states,
appear; see eq 23 beld#:148

Reactivity. In the new electronic configuration of an
excited state, lowered barriers can open new pathways for
reaction including decomposition.

(a) Ligand Loss from dd Excited States.Low-lying dd
[metal-centered (MC)] excited states complicate the excited-
state properties of ruthenium(ll) polypyridyl complexes by
contributing to nonradiative decay and causing decomposi-
tion. In these a%do*! excited states, acd metal-ligand
antibonding orbital (gin O, symmetry) is occupied, which
leads to metatligand bond breakingf®-162

(144) Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F.
R.; Meyer, T. JInorg. Chem.1996 35, 2242.

(145) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d.983 105 5583.

(146) Claude, J. P.; Meyer, T. J. Phys. Chem1995 99, 51.

(147) Danielson, E.; Lumpkin, R. S.; Meyer, T.Jl.Phys. Chem1987,

91, 1305.

(148) Lumpkin, R. S.; Kober, E. M.; Worl, L. A.; Murtaza, Z.; Meyer, T.
J.J. Phys. Chem199Q 94, 239.

(149) Durham, B.; Caspar, J. V.; Nagle, J. K.; Meyer, TJ.JAm. Chem.
Soc.1982 104, 4803.

(150) Thompson, D. W.; Wishart, J. F.; Brunschwig, B. S.; SutinJN.
Phys. Chem. 2001 105, 8117.

(151) Tachiyashiki, S.; Ikezawa, H.; Mizumachi, Kiorg. Chem.1994
33, 623.

(152) Rillema, D. P.; Blanton, C. B.; Shaver, R. J.; Jackman, D. C.; Boldaji,
M.; Bundy, S.; Worl, L. A.; Meyer, T. Jinorg. Chem.1992 31,
1600.

(153) Rillema, D. P.; Taghdiri, D. G.; Jones, D. S.; Keller, C. D.; Worl, L.
A.; Meyer, T. J.; Levy, H. Alnorg. Chem.1987, 26, 578.

(154) Walcholtz, W. F.; Auerbach, R. A.; Schmehl, R. IHorg. Chem.
1986 25, 227.
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The dd states are accessed by thermal activation and barrier
crossing from MLCT states after they are formed by
excitation. As shown by thk, term in eq 23, this introduces
a temperature dependence intoThere is an additional
contribution to the temperature dependence arising from
thermal population and decay through a fourth MLCT state,
thek; term in eq 23. Nonradiative decay through this upper
MLCT state is rapid because its enhanced singlet character
causes greater mixing with the ground stdte?@

77t = kot ky exp[~(E/RT)] + k; exp[-(E/RT)]  (23)

Population of dd states can lead to efficient ligand loss.
For the [Ru(bpyj]?" analoguecis-[Ru(bpyk(py)]?" (py is
pyridine), MLCT excitation leads to loss of a py ligand with
guantum vyields (the ratio of chemical events to total
molecules excited) as high as 0.3. In nonpolar solvents with
added anions such as NGJRu(bpy}]?" is also photo-
chemically unstable with a bpy ligand being replaced by ion-
paired NCS, for example'®3

Ligand-loss photochemistry is inhibited in rigid
medid*®164173 and at low temperatures where thermal
population and decay through the dd states is unimportant
(eq 23). Ligand-loss photochemistry can also be avoided by
stabilizingthe lowest MLCT state, asin [Ru((4@OO0Et}bpy)-
(dpb)(dtc)f in Figure 6, so that the energy gap for the
term in eq 23 is larg&%1.152.164t can be avoided in molecular
assemblies for artificial photosynthesis by ensuring that the
time scale for energy or electron transfer is far shorter than
the time scale for thermally activated dd MLCT barrier
crossing. To put this into perspective, * = k, exp[—(E2/

RT)] from eq 23, withr, ~ 0.1-0.3 us for [Ru(bpy}]>™ at
room temperature in solution.

(155) Barigelletti, F.; Belser, P.; von Zelewsky, A.; Balzani, J/.Phys.
Chem.1986 89, 3680.

(156) Walcholtz, W. F.; Auerbach, R. A.; Schmehl, R. H.; Ollino, M;
Cherry, W. R.Inorg. Chem.1985 24, 1758.

(157) Juris, A.; Barigelletti, F.; Balzani, V.; Belser, P.; von Zelewsky, A.
Inorg. Chem.1985 24, 202.

(158) Pinnick, D. V.; Durham, Blnorg. Chem.1984 23, 3841.

(159) Cherry, W. R.; Henderson, L. thorg. Chem.1984 23, 983.

(160) Henderson, L. H.; Fronczek, F.; Cherry, W.RAm. Chem. Soc.
1984 106 5876.

(161) Allen, G. H.; White, R. P.; Rillema, D. P.; Meyer, TJJAm. Chem.
Soc.1984 106, 2613.

(162) Coe, B. J.; Friesen, D.; Thompson, D. W.; Meyer, Tndrg. Chem.
1996 34, 4575 and references cited therein.

(163) Durham, B.; Walsh, J. L.; Carter, C. L.; Meyer, Tldorg. Chem.
198Q 19, 860.

(164) Adelt, M.; Devenney, M.; Meyer, T. J.; Thompson, D. W.; Treadway,
J. A. Inorg. Chem.1998 37, 2616.

(165) Maruszewski, K.; Strommen, D. P.; Kincaid, JJRAmM. Chem. Soc.
1993 115 8345.

(166) Allsop, S. R.; Cox, A.; Kemp, T. J.; Reed, W.1l.Chem. Soc.,
Faraday Trans. 11978 74, 353.

(167) Allsop, S. R.; Cox, A.; Kemp, T. J.; Reed, W. J.; Carassits, V.;
Traverso, OJ. Chem. Soc., Faraday Trans.1979 75, 353.

(168) Hager, G. D.; Crosby, G. Al. Am. Chem. Sod.975 97, 7031.

(169) Hecker, C. R.; Gushurst, A. K. I.; McMillin, D. Rnorg. Chem.
1991, 30, 538.

(170) Kincaid, J. RChem. Eur. J200Q 6, 4055.

(171) Campagna, S.; Bartolotta, A.; Di Marco, Ghem. Phys. Letf.993
206, 30.

(172) Masschelein, A.; Kirsch-De Mesmaeker, A.; Willsher, C. J.; Wilkin-
son, F.J. Chem. Soc., Faraday Trank991, 87, 259.

(173) Mongey, K. F.; Vos, J. G.; MacCraith, B. D.; McDonagh, C. M.
Coord. Chem. Re 1999 185-186, 417.
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For most Os(ll) and Re(l) complexes, dd states are not adiabatic limit, the barrier crossing frequencyer, is the
complicating feature at least at room temperature. The electron tunneling frequencye. It is related tol and the
splitting between thesd and d* orbitals (10Dq) is greater electron-transfer matrix elemerttlpa, as shown in eq 25.
[~30% greater for Os(1l)], and dd states are not significantly Hpa is the resonance energy arising from orbital mixing
populated. By contrast, in related complexes of Fe(ll), dd between the donor and acceptor orbitals.
states are lowest lying or easily accessible thermally. This
greatly limits their usefulness in electron- or energy-transfer o 27THDA2 1
applications. VET = Ve T TR A 4uRT

(b) Other Decomposition Pathways.The chromophore
[Ru(4'4_(COOHkbpy)2(NCSk] has been one of the dyes of Even with HDA Only tens of le in magnitude, electron
choice in photovoltaic applications involving Gzal-type tunneling is rapid on the time scale for nuclear motions. This
cells and adsorption on TiO This is true even though is theadiabaticlimit, in which the barrier crossing is dictated
photoinjection results in the Ru(lll) form of the adsorbed by the frequency or frequencies of the slowest coupled
complex on the surface and it is unstable with respect to nuclear motion or motions;,. These are typically collective
intramolecular NCS — RU" electron transfer and release dipole reorientation modes in the solvent or translation of
of (NCS),.10.174.175 ion-paired counterions. In this limiter is given by eq 26,

Even with this instability, this adsorbed dye is stable With v, the frequency of the slowest mode or an average
through 18 redox cycles, which corresponds to 20 years of frequency if there is more than one contributor. In the
operation in natural sunlighf. In this case, stability is a  intermediate dynamic regioner is given by the kinetic
consequence of the difference in time scales for the average in eq 27.
decomposition reaction (seconds) and re-reduction of surface-
bound Ru(lll) by I (nanoseconds) [section I1.B(ii)].

(25)

VET= Vn (26)

IV. The Modules. Photochemical Electron Transfer — ==+ (27)

1_1 1
o Ver Y
IV.A. Intramolecular Electron Transfer . The initiating

event for the energy conversion reactions in Figures 1 and 2  If there is a coupled high-frequency vibration or averaged
is intra-assembly electron transfer. In the classical limit, the vibration with hw > kT and assumindio = hw', ket is

rate constanker is given by eq 242100-103176-182 given by eq 28. As beford,, includes bothi, and low-
. frequency modes treated classically, (eq 11) but for
ker = Ve exp{ (4 + AG°) ]} (24) electron transfer. The result in eq 28 can be fully generalized
4RT to include multiple vibrations, frequency changes,

. . 100-103,179,187196
As before A is the sum of intramoleculat;, and solvent, etc:

Ao, reorganization energies. In this case, they pertain to

electron transfer, e.g., [Ru(bpjp™*, MV 2, — [Ru(bpy)]®*, _ 2_~7f Hoa expl-9 =

MV, and are different from; andA, for nonradiative decay Ty - P )

of [Ru(bpy)]?™*, for example. The free-energy dependence Artho RT

of ker in eq 24 has been tested for bimolecular electron- (AG® + vhw + 4,))
transfer quenching of [Ru(bpy¥**. Analysis of these data exp — (28)

also gave an estimate for the excited-state redox potentials 40 RT

in Scheme 26183188 |n the limit of weak electronic coupling

between the electron-transfer donor and acceptomana- If the solvent is treated as a dielectric continuum and

electron transfer as occurring between spheres of edii

(174) Brown, G. M.; Callahan, R. W.; Meyer, T. lhorg. Chem.1975 anda; at an internuclear separation distamtél, is given

7s) }34, 10?1A5'M 5 6. B Howitt. .- Mackal bR Soicei by eq 29. As beforeDs and Do, are the static and optical
ona, A. M.; Deacon, G. b.; Rowiltt, J.; Macrarlane, D. R.; SpICCla, . . 103,114,176178,187,197-201

L.; Wolfbauer, G.J. Electrochem. Sod.999 146, 648. dielectric constants of the solvetit

(176) Sutin, N.Prog. Inorg. Chem1983 30, 441.

(177) Newton, M. D.; Sutin, NAnnu. Re. Phys. Chem1984 35, 437. (187) Levich, V.Adv. Electrochem. Electrochem. Ent966 4, 249.

(178) Hush, N. SCoord. Chem. Re 1985 64, 135. (188) Bixon, M.; Jortner, JFaraday Discuss. Chem. Sot982 74, 17.

(179) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265. (189) Siders, P.; Marcus, R. A. Am. Chem. S0d.981, 103 741.

(180) Newton, M. D.Adv. Chem. Phys1999 106, 303. (190) Marcus, R. AJ. Chem. Phys1984 81, 4494.

(181) Meyer, T. J.; Taube, H. Comprehensive Coordination Chemistry, The (191) Islampour, R.; Lin, S. HJ. Phys. Chem1991, 95, 10261.
Synthesis, Reactions, Properties and Applications of Coordination (192) Islampour, R.; Alden, R. G.; Wu, G. Y. C.; Lin, S. #.Phys. Chem.

CompoundsElectron-Transfer Reaction®ergammon Press: Ox- 1993 97, 6793.
ford, U.K., 1987; Vol. 1, pp 331384. (193) De Vault, DQuantum Mechanical Tunneling in Biological Systems
(182) Jortner, J.; Bixon, MAdvances in Chemical Physics, Electron Cambridge University Press: Cambridge, U.K., 1984.
Transfer—From Isolated Molecules to Biomolecules, Part Qdehn (194) Efrima, S.; Bixon, MChem. Phys1976 13, 447.
Wiley & Sons: New York, 1999. (195) Newton, M. D.Chem. Re. 1991 91, 767.
(183) Bock, C. R.; Meyer, T. J.; Whitten, D. G. Am. Chem. S0d.975 (196) Jortner, J.; Bixon, MBer. Bunsen-Ges. Phys. Chet895 99, 296.
97, 2909. (197) Marcus, R. AAnnu. Re. Phys. Chem1966 15, 155.
(184) Young, R. C.; Meyer, T. J.; Whitten, D. G.Am. Chem. Sod975 (298) Hush, N. SProg. Inorg. Chem1967, 8, 391.
97, 4781. (199) Dogonadze, R. R.; Kuznetsov, A. Hrog. Surf. Sci1975 6, 1.
(185) Rehm, D.; Weller, ABer. Bunsen-Ges. Phys. Chel869 73, 834. (200) Sutin, N.Acc. Chem. Red.982 15, 275.
(186) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259. (201) Marcus, R. ARev. Mod. Phys1993 65, 599.
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More sophisticated treatments are available by separaging
into components arising from orientational fluctuations of
solvent dipoles and density fluctuatié?s2%*and by use of
frequency-resolved cavity modeis 207

1

°)

o1, 1 1|1

fo=e (2a1 " 28, d)(DOp
Based on eq 29, the magnitude/gfand its contribution

to the electron-transfer barrier decrease as (1) the radii of

the redox sitesg; anda,) increase, (2) the electron-transfer

distance ) decreases, and (3) the static dielectric constant

(Ds) decreases and the optical dielectric constabdy)(

(29)

increases. Large reactants, small electron-transfer distances,

and nonpolar solvents all increaker.

The coupled vibrations and the extent to which they create
a barrier through theS/v!) exp(—=S) and4;,. terms depend
on the reaction. In reductive electron-transfer quenching of
[Ru(bpy)]***, [Ru" (bpy~)(bpy)]***, D, — [Ru(bpy}]*,
D*, an electron is added to arcbrbital, d®z** + e —
dn87*1. Structural changes occur in the RN bonding
framework, which couples low-frequenayRu—N) vibra-
tions to electron transfer. In oxidative electron-transfer
quenching, [Ru(bpy)?>t*, A, — [Ru(bpy}]®*", A-, an
electron is lost from a ligand-basertt(bpy) level andv-
(bpy) vibrations are coupled much as in nonradiative decay.

Alstrum-Acevedo et al.
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Figure 9. Free energy-coordinate curves illustrating the influence on the
classical barrier to electron transfer of increasiryG° at fixed reorganiza-
tion energy4, according to eq 24. The three cases illustrated are for electron
transfer in (A) the normal region with AG® < A, (B) the barrierless point
where—AG® = 4, and (C) the inverted region withAG°® > 1.

understanding such phenomena as chemiluminescence and
electrochemiluminescence, in which energetic electron trans-
fer gives excited-state products, e.g., [Ru(Bpy)+ C,O4~

Both the classical, eq 24, and quantum results, eq 28, show— [Ru(bpy)]2+* + 2C0.211.227230

that the vibrational contributions to the barrier decrease as
hw andAQ. (andS) decreaseAQ. is minimized for couples
such as a°/dn® [Ru(bpy)]3?" or 7*% 7*1 MV 2+, where
electron transfer involves orbitals that are not involved in
the o-bonding skeleton of the molecule.

IV.B. The Inverted Region. Both the classical and
quantum results in eqs 24 and 28 predict that the electron-
transfer barrier decreases ad\G° increases. This is only
true until —AG°® = /1, at which point classical electron
transfer becomes barrierless. As illustrated in Figure 9, the
barrier then increases asAG® is increased further. Figure
9 illustrates the variation in the electron-transfer barrier in
the classical limit at fixedl according to eq 24 for three
cases: (A) inthe normal region withAG® < 4, (B) at the
barrierless point, where AG® = 1 andker = ver, and (C)
in the inverted region, where AG°® > 4.

The inverted region was initially predicted by Marcs2°8
and the decrease iker with —AG° has been observed
experimentally many time%:20%-226 |t provides the basis for

(202) Matyushov, D.; Schmid, Rl. Phys. Chem1994 98, 5152.

(203) Matyushov, DMol. Phys.1993 79, 795.

(204) Matyushov, DChem. Phys1993 174, 199.

(205) Basilevsky, M. V.; Rostov, I. V.; Newton, M. @hem. Phys1998
232 189.

(206) Newton, M. D.; Basilevsky, M. V.; Rostov, |. \Chem. Phys1998
232 201.

(207) Brunschwig, B. S.; Ehrenson, S.; Sutin INPhys. Chenml987, 91,
4714,

(208) Marcus, R. ADiscuss. Faraday S0d.96Q 29, 21.

(209) Miller, J. R.; Beitz, J. V.; Huddleston, R. K. Am. Chem. Sod984
106, 5057.

(210) Beitz, J. V.; Miller, J. RJ. Chem. Phys1979 71, 4579.

(211) Wallace, W. L.; Bard, A. 1. Phys. Chem1979 83, 1350.

(212) Marcus, R. AJ. Chem. Physl965 43, 2654.

(213) Closs, G. L.; Miller, J. RSciencel988 240, 440.
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In the normal region, electron transfer occurs by thermal
activation and barrier crossing. In the inverted region, excess
energy is released in the electron-transfer act. As in non-
radiative decay with a coupled high-frequency vibration or
vibrations, electron transfer occurs through a series of
vibrational channels rather than by a classical barrier
crossing. Both quantum and classical barrier crossings are
illustrated in Figure 10, with the former illustrating vibra-
tional wave function overlap between the initial and final
vibrational wave functions.

(214) Miller, J. R.; Calcaterra, L. T.; Closs, G. .Am. Chem. S04.984
106, 3047.

(215) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller,
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A B the barrier. In the inverted region, with a coupled high-
frequency vibration or vibrationsker increasesas A,
increases and the solvent’s role in energy dissipation is
enhanced? (3) In the normal region, electron transfer
involves a reordering of the electronic distribution within a
single state. In the inverted region, a transition occurs
between different, weakly coupled states.

Although they are similar, inverted electron transfer and
po = nonradiative decay are fundamentally different processes. In
nonradiative decay, doneacceptor electronic coupling is
strong and the operator kp, is included in the Hamiltonian
defining the two states. They are orthogonal to zero order
and mixed by promoting modes [section III.C(ii)]. In inverted
-I-h electron transfer, electronic coupling mixes the states but is
(0] . .

1 X relatively weak, withHpa < 4.

High-energy electron-transfer products formed after excited-

[ state quenching, e.g., [Ru(bgld™*, MV 2* — [Ru(bpy)]3*,

MV *, for which —AG°® > A, are called “charge-separated

Figure 10. Schematic energy-coordinat&+Q) diagram illustrating states” or “redox-separated states” (RSSs) to distinguish them

electron transfer in the inverted region (A) by a vibrational channel below from true excited states. In these states. nonradiative decay
the intersection region and vibrational wire function overlap between the : '

initial and final vibrational levels (see the text) and (B) by classical barrier occurs by electron transfer.

crossing. IV.C. Delocalization. Intra-assembly electron transfer in

the symbolic molecular assemblies in Figures 1 and 2 occurs

through covalent bonds that link the excited state and

Relectron-transfer donors and acceptors. This opens the

possibility of significant electronic coupling and delocaliza-

tion of the transferring electron by orbital mixing. Delocal-

ization decreases the electron-transfer barrier by decreasing

structural differences decreasing baii@. and 4;. It also

decreases the effective electron-transfer distance, which
oy Ho,? JE, , decreases,.2* 246 |n t_he limit of_ strong electronic coup.ling,

= __PA oxd—-s-—"°4+ (&1) Ao ksT|  (30) the excess electron is delocalized over both redox sites and
h JhAwE, ho ho ’ there is no structural barrier to electron transfer. Based on a

semiclassical analysis by Hush, the localized to delocalized

y = In(E/Sw) — 1 (31)  transition occurs whenHba > A. This transition can be

o _ induced by changes in the ligands and metal so as to enhance
This is a remarkable and important result both for natural gjectronic coupling. For example, in [(NJRU"(4,4-

and artificial photosynthesis. It predicts that following bipyridine)Ru (NHz)s]5*, electronic coupling is weak, 160

electron-transfer quenching, e.g-0*~A —D-C"'—A", 200 cnTl, 2Hpa < A, and there is a barrier to electron

the rate constant for back electron transfer in the inverted yansfer. In [(NH)sOS'5 (pz)O4'5(NH2)s]5* (pz is pyrazine),

region, D-C*—A~ — D—C—A, becomes slower as the greater a(Os) mixing with the bridging ligand enhances

energy stored increaseBorward electron transfer, BC*—

A~ —D'—C—A", is favored at the expense of wasteful back (236) Gould, 1. R.; Young, R. H.; Moody, R. E.; Farid, .Phys. Chem.

electron transfer, BCt—A~ — D—C—A, which dissipates 237) 1991|d95, 2068. ’ brech g
237) Gould, I. R.; Young, R. H.; Mueller, L. J.; Albrecht, A. C.; Farid, S.

stored energy as heat. J. Am. Chem. S0d994 116 3147.

There are important differences between electron transfer(238) Bixon, M.; Jortner, J.; Verhoeven, J. ). Am. Chem. S0d.994
in the normal and inverted regions: (1) In the inverted region 116, 7349. 4

L . v . "' (239) Gould, I. R.; Farid, SAcc. Chem. Red.996 29, 522.

the initial energy-coordinate curve is imbedded in the final (240) serron, S. A.; Aldridge, W. S., lll: Fleming, C. N.; Danell, R. M.;
curve (Figure 10) and emission can compete with electron Baik, M.-H.; Sykora, M.; Dattelbaum, D. M.; Meyer, T. J. Am.
transfert31232:239 (2) |n the normal regioni, contributes to Chem. $0¢2004 126 14506.
' g o (241) Demadis, K. D.; Hartshorn, C. M.; Meyer, T.Ghem. Re. 2001,

101, 2655-2685 and references cited therein.

In the limits E, > Siw, how = ho', andhew > kgT, the
general electron-transfer result in eq 28 takes the energy ga
law form in eq 30. It is different from the expression fof
in eq 20 because it contaitdpa rather thanVik and the
reorganization energylo,., is for electron transfer. The

energy gapE, is related to AG° by E, = AG°® —
/10 I__120,130,188,231

Ker

(231) Brunschwig, B. S.; Sutin, NCcomments Inorg. Cheri987, 6, 209. (242) Bublitz, G. U.; Laidlaw, W. M.; Denning, R. G.; Boxer, S. G.
(232) Claude, J. P.; Omberg, K. M.; Williams, D. S.; Meyer, TJ.JPhys. Am. Chem. Sod 998 120, 6068.
Chem. A2002 106, 7795. (243) Hupp, J. T.; Dong, Y.; Blackburn, R. L.; Lu, Bl. Phys. Cheml993
(233) InElectron Transfer: From Isolated Molecules to Biomolecules, Part 97, 3278.
One Omberg, K. M., Chen, P. Y., Meyer, T. J., Eds.; Wiley &  (244) Creutz, C.; Newton, M. D.; Sutin, Nl. Photochem. Photobiol. A
Sons: New York, 1998. 1994 82, 47.
(234) Gould, I. R.; Young, R. H.; Mueller, L. J.; Albrecht, A. C.; Farid, S.  (245) Reimers, J. R.; Hush, N. $. Am. Chem. Sod.995 117, 1302.
J. Am. Chem. S0d.994 116, 8188. (246) Salaymeh, F.; Berhane, S.; Yusof, R.; de la Rosa, R.; Fung, E. Y.;
(235) Gould, S.; Gray, K. H.; Linton, R. W.; Meyer, T. lhorg. Chem. Matamoros, R.; Lan, K. W.; Zheng, Q.; Kober, E. M.; Curtis, J. C.
1992 31, 5521. Inorg. Chem.1993 32, 3895.
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Scheme 5. Kinetic Scheme lllustrating the Competing Processes That The example used is based on the oligoproline array shown

Qucur Following MLCT Bxcitation of e Angeu am*—FTA in Figure 12254255
/ * Electron-transfer quenching either reductivédyin Scheme
> ANQ-Ruf(bm)"-PTZ -] 5, or oxidatively, k, is in competition with excited-state
(Cy \(f) decay L. The quenching efficiency is given by = (k. +
ANQ - Rul(bomy - P12 ANQ™ R PTZ ki)/(k; + ks + 771). On the basis of the classical resu_lt ineq
v : z s 24, k. and ks are dependent oAG® and reach maximum
(@ @ (e\* /h) ® ® values when—AG° = 1 and the reactions are barrierless.
AN Rullomy?"- p1z* _ To put this into_perspective, the lifetime of_ [Ru(bglf)* _
is ~1 us, depending somewhat on the medium. To achieve
l (@ 11 = 0.99 for electron-transfer quenching requires tqat
ANQ - Rul(h,m)?"- PTZ ke = 10° s, Witr_] ke = 103 e>§p{—[(AG° + A)24ART]}
a - andA = 1 eV, this further requires thatG® = —0.28 eV
The abbreviations Anq and PTZ are used for the Ang and PTZ . .
derivatives shown in Figure 12. (_6-0513k0611|/m0|)l-d-|—ttle maX;]m(ljJﬂ;xrgte conlsta\r}t, with+ ki
= 10" s, would be reache °=-1eV.
electronic coupling across the bridge artds2 > 1.241 The m;—:if)u?;at?:ge g%‘rniir;imcicz)ﬁnttr(]a?bzllg(r:]tczgg-trt)aynstfﬁé bnaerggr t?)y
gffhcé 2{;2&;?“:%;?: %I:anog;heze;g?gg,gi?glz\g e, maximize the energy available for energy conversion. In the

example above, maximizing the quenching rate constant
2

A DA comes at the expense of 1 eV of stored free energy, which
E.= a4 IHpal + 1 (32) could be applied to the fuel-forming reaction.
For the Ang-Ru'(bpy)—PTZ assembly, reductive quench-
As Hpa approaches. in magnitude, the BorROppen-  ing occurs in the first step to give ArdRu' (bpy~)—PTZ".

heimer separation of electron and nuclear coordinates, whichsypsequent bpy — Anq electron transfeik, in Scheme 5,

is assumed in the derivation of eqs 24 and 28, is no longerto give Ang —Ru'(bpy)—PTZ' is in competition with
valid. In their theoretical treatment of this problem, Piepho, (ppy—) — PTZ* back electron transfer to give the ground
Krausz, and Schatz (PKS) define electronic wave functions stateky. The latter occurs in the inverted region, wikh

that are independent of nuclear coordinates and then solvejecreasing as thaG° content of Ang-Ru'(bpy)—PTZ"

the Schfdinger equation, with the nuclear kinetic energy increases. The efficiency of the second electron-transfer step
operator included to give mixed electrewibrational (vi- is 7, = kd(ke + k¢). The total efficiency for the formation
bronic) wave functions, energies, and barriers to electron of the RSS in this casejrss iS 7rss = 71772-

transfer:** The wave functions are expanded in the complete  For the Ang-Ru' (bpy)—PTZ oligoproline assembly, the
orthonormal set of harmonic oscillator wave functions to give efficiency of the formation of Ang—Ru' (bpy)—PTZ* varies

a general solution for the final mixed-coordinate wave from 33 to 86% and the stored redox energy from 1.46 to
functions. The key elements of the PKS model also appeary 71 ey depending on the solvéft.

in earlier work including an analysis of electrephonon Catalyst Activation by Electron Transfer. In Figure 1,

coupling in solids by application of linear response the redox equivalents transiently stored-HD*—C—A~—
250-253

theory: undergo further electron transfer, fronT £0 cateq (Keq) and

~ IV.E. Kinetic Analysis. The energy conversion scheme  from cat, to D* (ko). Electron-transfer activation of the
in Figure 1 relies on a series of sequential reactions that arecatalysts is in competition with back electron transfer
kinetically coupled and in competition with others that lead petween A and D (ke), and the efficiency of catalyst
to energy dissipation. The efficiency of formation of the final - activation, yac, is given byyac = (Ked + Ko/ (Kiea + Kox +

Redox Separated State (RSS),-IC—A", assuming-AG® kee). Back electron transfer can occur by long-range electron
> 1, depends on the relative magnitudes of the rate constantsyansfer, —-D*—C—A-— — —D—C—A—, or stepwise by
for a series of competing reactions. reversal of the electron-transfer chains, e-D,f—C—A~—

Formation of the RSS.In Scheme 5 is summarized the . _p_c+t+—A-— — —D—C—A—.

series of competing reactions that occur upon excitation of |4 5 simplified analysis, the efficiency of lectivation
a D—C—A array following direct or sensitized excitation.  f the catalysts, cgt—D*—C—A-—Cateq — (Caby)*t—D—

(247) Brunschwig, B. S.; Sutin, NCoord. Chem. Re 1999 187, 233. C—A—(cated , ety IS given byners = rsdkeed + Kox)/

(248) Sutin, N.Adv. Chem. Phys1999 106, 7. (kred + kox + kbet) = NRrs]act with Nact = (kred + kox)/(kred +
(249) (a) Reimers, J. R.; Hush, N. 8hem. Phys1996 208 177. (b) Kox + kbe')_
Piepho, S. B.; Krausz, E. R.; Schatz, P.INAm. Chem. S0d.978

100, 2996. (c) Wong, K. Y.; Schatz, P. Rrog. Inorg. Chem1981, Assuming that catalyst activation is a2process, there
28, 369. (d) Schatz, P. \NATO Ad». Study Inst., Ser. CL98Q 58. is a final competition between a second light-induced electron
115.

i 2— 2+ i
(250) Fulion, R. L.: Gouterman, M. Phys. Chem1961, 35, 5. transfer to give (cal)? and (casy)?*, the catalyzed reactions,

(251) Rice, M. J.; Lipari, N. O.; Strassler, Bhys. Re. Lett. 1977 39,

1359. (254) striplin, D. R.; McCafferty, D. G.; Wall, C. G.; Friesen, D. A;;
(252) Rice, M. JPhys. Re. Lett. 1976 37. Erickson, B. W.; Meyer, T. JJ. Am. Chem. So004 126, 5282.
(253) Rice, M. J.; Yartsev, V. M.; Jacobsen, CPBys. Re. B 198Q 21, (255) Slate, C. A.; Striplin, D. R.; Moss, J. A.; Chen, P. Y.; Erickson, B.

3437. W.; Meyer, T. J.J. Am. Chem. S0d.998 120, 4885.

6818 Inorganic Chemistry, Vol. 44, No. 20, 2005



Chemical Approaches to Atrtificial Photosynthesis. 2

Scheme 6 to CO” in Scheme 6. PCET is a natural consequence of
E°, V vs NHE the effect of electron content on aeitbase properties. For
+ ; example, oxidation of [Fe(#D)e]>" to [Fe(H:O)s]*" decreases
+ + . I :
2H0 >0, +4H +4e 1.23 PKa1 from 9.5 to 2.2°¢ and oxidation of tyrosine (TyrOH)
H,0 — OH+H' +¢ 2.10 to its cation radical, TyrOH, decreases thekp from +10
9 257-260 _
CO, +2 ¢ + 2H" — HCOOH 022 to .2. Both of these couples are pH-dependent over
a wide pH range, with the TyrOf/TyrOH couple decreas-
COy +e" — COy -1.9 ing by 0.59 mV/pH unit from below pH= 0 to 0.94 V at
CO, +2 ¢ — CO,” -1.45 pH=7.

The electrostatic effect of PCET can dramatically decrease
Keatrea @Nd Kearox and (catd™ — (Caby)™ back electron  gequential redox potentials, making the buildup of multiple
transfer. Even with well-separated catalysts, back-electron-requctive or oxidative equivalents by electron transfer
transfer “leakage” through the assembly can have a deleteri-feasiple over a relatively small potential range. As an
ous effect on the fuel-fo_rmlng_ ref_:lctlon. illustration, AE* between the R /cis{Ru(bpy:Cl,]2+*
More complex catalytic activation schemes, such as the g, RUM /cis{Ru(bpy)Cl;]2* couples in CHCN is 1.7 V.
4e” oxidation of water, add additional competitive steps that ; jg only 0.11 V between thee[s-Ru" (bpy)(py)(O)*/[cis-

can contribute deleteriously to the overall efficiency. RU" (bpy)(py)(OH)R* and [is-RU" (bpy)(py)(OH)*/[cis-
Based on an analysis by Sergei Lymar of Brookhaven RU'(bpy)(py)(H:0)]%* couples in watefs:-263

National Laboratory, the minimum rate requirement for
efficient activation and reactivity of the catalysts can be
estimated based on the AM 1.5 solar irradiance spectrum,
with AM 1.5 the accepted spectral standard for sunlight at
an angle of incidence of 45For the solar spectrum at<
600 nm, the incident irradiance is’30 mW cnt? or
approximately 1.3< 1077 einsteins cm? s~ (assuming 500-
nm photons). With a 100% redox separation efficiency and
a catalyst coverage density of 1 nfna system turnover
rate, including the catalyst reactions,-ol(? s ! is needed  activates the catalyst for subsequent reacttén.
to ensure that solar irradiance is rate limiting. This means V.B. Electron—Proton Transfer (EPT). In catalyst
that each step in the excitation/electron transfer/catalyst activation by PCET, the gain or loss of protons can be rate-
activation/fuel generating cycle must occur witkk 10 ms. limiting. An example is the oxidation afis{Ru" (bpy)(py)-
As a useful reference, the individual activation steps in the (OH)]2* to catalytically activecis{Ru" (bpy)(py)(O)}?*, in
photochemical oxidation of ¥ by photosystem Il occur  which loss of a proton is rate-limiting, followed by rapid
on the microsecond to submillisecond time scale with up to electron transfets This reaction could occur by electron
50 molecules of @produced per second; see below. transfer, followed by proton transfer, but with an energy
penalty becaus&® > 1.6 V (vs NHE) for thecis{Ru'V-
(bpy)(py)(OH)F*/cis{Ru" (bpy)(py)(OH)F* couple. There
V.A. Catalyst Activation. Proton-Coupled Electron is also an energy penalty for the pathway involving proton
Transfer (PCET). Gain or loss of multiple electrons is transfer to givesis{Ru" (bpy)(py)(O)]* followed by electron
required to activate the fuel-forming catalysts and avoid high- transfer. For Rli—OH?*, pK, > 13, and loss of a proton at
energy le intermediates such as GOor *OH. Their impact pH = 7 is endoergic byAG® > +0.42 eV ¢+9.7 kcal/
energetically can be seen by compariiigvalues in Scheme  mol).265
6. The 2e entry for CQ to CO,?" illustrates the deleterious As shown in theE®' diagram at pH= 7 in Scheme 7, the

effect of an intermediate that is at high energy in proton energy-efficient pathway for interconvertiog{Ru" (bpy)-

content. , , (py)(OH)R*+ andcis{Ru" (bpy)(py)(O)* is by coupled loss
The need for multielectron change necessitates complex

pathways and the transfer of more than _one el,eCtron to (,Jr(256) Baes, C. F., Jr.; Messmer, R. Ehe Hydrolysis of Metal Cations
from the catalysts. Charge compensation is required to avoid R. E. Krieger Publishing Co.: Malabar, FL, 1986.

large increases in stepwise redox potentials in order to (257) Sialin, M.; Styring, S.; Akermark, B.; Sun, L.; HammarstipL. J.
. . . o o Am. Chem. So00q 122, 3932.
achieve redox potential leveling. This is especially important (5g) Hammarstim, L. Curr. Opin. Chem. Biol2003 7, 666.

for biological redox couples in nonpolar membrane environ- (259) Sjodin, M.; Styring, S.; k\lNolpher, H; Xu, Y.-H.; Sun, L. C;
; ; Hammarstrom, LJ. Am. Chem. SoQ005 127, 3855.

ments’ _W_here charge compensation by the Surroundlng(260) Sun, L. C.; Hammarstno, L.; Akermark, B.; Styring, SChem. Soc.

dielectric is low compared to water, for example. Charge Rev. 2001, 30, 36.

i i iri i iti (261) Moyer, B. A.; Meyer, T. JJ. Am. Chem. Sod.978 100, 3601.
compensanon can occur by ion pairing, extrgsmn, or addition (262) Moyer. B. A Meyer T. Jinorg. Chem 1981, 20, 436.
of ions from chemical bonds and, most importantly, by (263) Binstead, R. A.; Moyer, B. A.; Samuels, G. J.: Meyer, T3.JAm.
PCET. Chem. Soc1981, 103 2897.
- (264) Meyer, T. J.; Huynh, M. V. HChem. Re. 2005 in preparation.
The influence of PCET can be seen by the decrease of(265) Lebeau, E. L ; Binstead. R. A.: Meyer, TJJAm, Chem. So€001,

over 1V for the 2e reduction of CQto HCO,H compared 23, 10535.

There is a happy coincidence in this. Both protons and
electrons are involved in the fuel-forming half-reactions in
egs -3, e.g., 2HO — O, + 4e” + 4H*, and activation of
key redox steps also requires PCET, e.g.,

—2e/2H+

M—OH,"" M=0**

In this case, PCET both levels the redox potentials and

V. Electron-Transfer Activation of Catalysis
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Scheme 7. PCET Thermodynamics for the Couples

cis-[RuV (bpy)(py)(O)F*/cis-[Ru" (bpy)(py)(OH)F* and
cis-[Ru (bpy)(py)(OH)*/cis-[Ru' (bpy)k(py)(H20)]2" lllustrating the
Energy Advantage of a Coupled EPT Pathway

[RuV=0P* <045V [Ru"=0]*

2
PKa ‘_N

[RuV=oHP* 218V [RylloHp2* [Ru'-OH]"

a
w

1.02V
[Ru-OH,** ——— [Ru'-OH,J**
(dr)®

(dr)f

pKa > 14

045V

pK, = 0.85 pKa =105

(an)*

of electrons and protons (EPT) to giges{Ru" (bpy):(py)-
(O)]?" directly. E* for this half-reaction at pH= 7 is only
0.78 V.

Alstrum-Acevedo et al.
Scheme 8. Comparative Energetics of Oxidation of Tyrosine by
Electron Transfer and by MS-EPT

e Electron Transfer

NN -
i e o
P680, Y161—C>—é_,f|...N:’l/‘\H1go
e MS-EPT Hoeee
PN .
G 2222
e
P68O, Y161—O—(‘)...H_ﬁb/‘|’&‘:'}.:|go

Because electron and proton transfer involve different
electron and proton acceptors, this pathway is called multiple
site EPT, or MS-EPT. From the comparative energetics in

Although advantageous energetically, the mechanistic Scheme 8, MS-EPT offers an energy advantage over electron
details for a EPT pathway are necessarily more complex thantransfer of 9.5 kcal/mol in the oxidation of,Ybecause it
either electron or proton transfer because both electrons andcavoids the high-energy radical cation intermediate, TytOH

protons are transferred simultaneously. This means, for

The theory of EPT has been developed by Cukier and

example, that both the electron donor and acceptor must haveHammes-Schiffer and their co-workers based on somewhat

available orbitals for undergoing coupled EPT.

different assumption¥?2-287 Both are based on electron-

EPT is the pathway used in the comproportionation transfer theory and include proton transfer as a coupled high-

reaction betweercis{RuU" (bpy):(py)(O)*" and cis{Ru'"-
(bpyk(py)(H20)]1?" shown in eq 33. A tip-off that EPT is
operative is the fact that the reaction occurs withl,O)/
k(D,O) = 16. The EPT pathway is illustrated in eq 34. It
features electron transfer from ar@Ru') orbital to a d-
(RUV) orbital and proton transfer fromo-y to a lone pair
on the oxo group.

cis-[Ru" (bpy)a(py)O)*" + cis-[Ru"(bpy)a(py)(HO)* ——
2 cis-[Ru"'(bpy)a(py)(OH)I*"  (33)
.
cis-[(bpy)a(py)Ru"'=0 eeeH-O-Ru"(py)(bpy)o]" __,

(drc U H (dx")

H

cis-[(bpy),(py)Ru"-O-H e++Q-Ru"(py)(bpy),]*" (34)
(dr’) H (dr)

PCET and EPT play major roles in biology, in respiration

or medium-frequency mode(E—H). In the treatment by
Hammes-Schiffer et al., strong electronic coupling between
the intial and final proton-transfer states is assumed, giving
rise to new adiabatic proton-coupled states. Electronic
coupling between the resulting proton adiabatic states is
treated subsequently as in electron-transfer theory; see section
V.

Application of the time-dependent perturbation theory with
application of the Golden Rule to the transition between the
final proton- and electron-coupled states | and Il leads to
the expression for coupled EPT in eq 35a forB- - -A —

D- - -H—A EPT?Z?™4

As in eq 28 for electron transfer, the summations are over
a series of vibrational channels, in this case from the initial,
coupled D-H- -A vibrational levelsu to the final coupled
D- - -H—A levelsv. In contrast to eq 28, levels aboue=
0 are included in the summations, Rs the Boltzmann
population in vibrational levely in the initial state,

and photosynthesis, for example. As noted in section [Il.A (272) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem199§ 49, 337.

and Figure 5, in photosystem Il B~ C* — A electron
transfer from tyrosine ¥ to Qa, initiated by oxidative
gquenching of Bg* by an adjacent phenophytin, triggers water

(273) Soudackov, A.; Hammes-Schiffer JSChem. Physl999 111, 4672.

(274) Soudackov, A.; Hammes-Schiffer JSChem. Phy200Q 113 2385.

(275) Soudackov, A.; Hatcher, E.; Hammes-SchifferJSChem. Phys.
2005 122 014505/1.

(276) Hammes-Schiffer, S\cc. Chem. Re001, 34, 273.

oxidation. It has been suggested that electron transfer from(277) pecornez, H.; Hammes-Schiffer J5Phys. Chem. 200Q 104 9370.
Y is coupled to proton transfer to H-bonded histidine, His- (278) Rostov, I.; Hammes-Schiffer, 3. Chem. Phys2001, 115 285.

190 (Scheme 6271

(266) Tommos, C.; Babcock, G. Acc. Chem. Red.998 31, 18.

(267) Hoganson, C. W.; Babcock, G. $ciencel997 277, 1953.

(268) Remy, A.; Gerwert, KNat. Struct. Biol.2003 10, 637.

(269) Proshlyakov, D. A.; Pressler, M. A.; Babcock, GPToc. Natl. Acad.
Sci. U.S.A1998 95, 8020 and references cited therein.

(270) Babcock, G. T.; Espe, M.; Hoganson, C.; LydakisSimantiris, N.;
McCracken, J.; Shi, W. J.; Styring, S.; Tommos, C.; Warncke, K.
Acta Chim. Scandl997, 51, 533.

(271) Hoganson, C. W.; Lydakis Simantiris, N.; Tang, X. S.; Tommos,
C.; Warncke, K.; Babcock, G. T.; Diner, B. A.; McCracken, J.;
Styring, S.Photosynth. Resl995 46, 177.
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2001, 123 3723.

(282) lordanova, N.; Hammes-Schiffer, .Am. Chem. So@002 124,
4848.
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many, 2001.
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D—H- - -A. 4,, is the reorganization energy arising from the Scheme 9. Reaction Sequence in the Oxidation of Waterdigcis-
| [(bpy)2(H20)RU"ORU" (H20)(bpy)]*" Showing Stepwise PCET

solvent and Iow-fre_quency modes for the— v vibrational Oxidation o [(bpy}(O)RW(ORW(O)(bpy]*+ Followed by Water
channel, and\G,,” is the free-energy change for the— v Oxidatior?89.29

79,284 e
channel (eq 35’ [Ru”'-O-FI'{u”']‘“ e [}-'l'lu""-O-liiu”']‘“ € [RuV-0-Ru™]

The expression fokgpr in €q 35a has been extended to (5Hz OH, H* OH OH, -nH*
include coupled high-frequency vibrations treated quantum

mechanically and anharmonic modes suchr@s; coupled e -
. . Ru’-O-Ru"Vj** Ru’-O-Ru"** (m+n=3
in the proton-transfer coordinaté’2%! _hmH" [ P— 1 o )
kepr = 210+ [R-O-Ru" —= [Ru-O-Ru'}** +0; (< Imsec)
27 ) (AG,° +4,,) & & OH, OH,
zpwz |V,uv| exy — a T (35a) H*+[RuY-O-RuVPP*+ 2 [Ru"-O-Ru""}** —=3 [Ru"-O-Ru"1** (rapid)
[N Y70 kBT u v /ka 1l 1 (5 1 |
uv o] OH, Ha OH OH.,

AG,° = AG® + (u — v)hw (35b) relative rate constants, solvent effects, kinetic isotope effects,
etC_2727283,285287

The reorganization energies, free-energy change, and , )
couplings in eq 35a are different for each vibrational channel V- Catalytic Reactions
because of slight differences in the proton-transfer distance. The greatest chemical challenge in the modular approach
The summation ovex typically involves a limited number  to artificial photosynthesis is identifying catalysts that have
of levels (=4); those for which—AG,,° is not greatly the ability to carry out the necessary multiple electron
different from 4,, to minimize the classical exponential transformations at energies and rates consistent with the solar
barrier term. irradiance. Based on the accessibility of pathways such as

V,, is the EPT matrix element for the — v vibrational atom transfer, hydride transfer, oxidative addition, reductive
channel. If the Condon approximation separating nuclear andelimination, insertion, etc., catalysts must be identified with
electronic motion is valid, it is given by eq 36a, in which the reactivities required to carry out the small-molecule
Ver = Hpa, the electron-transfer matrix element in eq 25. transformations of artificial photosynthesis. The required
In this limit, the frequency factor for EPT barrier crossing, characteristics include (1) activation by sequential le

vepr, IS given by eq 36b. transfers and, where needed energetically, the availability
of EPT pathways, (2) redox potentials sufficient to drive the
Vv, ~ 0,19, 0 (36a) half-reactions, (3) reaction rates for catalyst turnover that
‘ are sufficiently rapid that solar irradiance is rate-limiting,
_ 2r 2 1, and (4) strategies for incorporating modules and components
—y)=—2"""V, 3 . : . i
Vel ) A /4ﬂ,1ﬂvk5-|- er B lé, (360) into assemblies and assemblies into devices.

Oxo Complexes and Water Oxidation.As shown in

In eq 36,¢,' andg," are proton vibrational wave functions Scheme 7, 2¢2H" oxidation ofcis{Ru' (bpy)(py)(H20)I**

for the adiabatic, mixed initial and final proton states, As 9VeSCiSTRUY(bpyk(py)(O)F*, which is an active oxidation
for electron transfer and participation by high- or medium- cataly_st. It ut.lllzes a V"’_l”ety ,Of pathways  for OXIdIZII’?g
frequency modes (eq 28), the square of the overlap integral,o_rgan'cs and inorganics including O-atom transfer/epoxida-
(9. |¢,"[3 gives a quantitative measure of the extent to which tion, H-aztgc;m and hydride transfer, EPT, ant_aLB_ bond

the reactants and products coexist spatially, in this case amnqhsertlon. It becomes alcatal'yst for water OXIdl?tlon |\|Nhen
the proton-transfer coordinate. Site-to-site transfer distances "k€d t0 a iecond Ru 'méigg‘[(bDY)z(Hzo)RU ORU"-

for proton transfer and EPT are large compared, for example,(HZO)_(bpy)z] (Scheme 9f. .

to changes in equilibrium displacements for coupled vibra- _ AActivation of the catalyst occurs bX chemical or electro-
tions for electron transfer. Consequently, the vibrational €€émical oxidation with PCET 4é4H* loss over a range
integrals for proton transfer are small. This makesig,|¢,0  ©f only 0.4 V at pH=1 to give the active form of the

in eq 36a small, justifying the assumption that EPT is (288) Meyer, T. J.. Huynh, M. V. HInorg. Chem 2003 42, 8140.

nonadiabatic, withvgr varying as the square &t as in eq (289) Binstead, R. A.; Chronister, C. W.; Ni, J.; Hartshorn, C. M.; Meyer,
; i N e <iqnifi T. J.J. Am. Chem. So@00Q 122, 8464,
36b even if electr.onlc couplmg is S|gn|f|caqt. (290) Raven. S. R Meyer. T. horg. Chem 1988 27, 4478,
In generalV,,, is a function of the coordinates of both (291) Yagi, M.; Kaneko, MChem. Re. 2001, 101, 21.
; i 292) Geselowitz, D.; Meyer, T. Jnorg. Chem.199Q 29, 3894.
the tran;ferrlng elec}rqn and proto.n. P.roce(jur.es.are .a\'/allablé(zgs) Hurst, 3. KCoard. ahem. Re 2005 249 313,
for solving the Schidinger equation in this limit, giving  (204) Yamada, H.: Siems, W. F.; Koike, T.; Hurst, J. X.Am. Chem.

wave functions and energies that are functions of both Soc.2004 126, 9786.

. . . 295) Yang, X.; Baik, M.-H.J. Am. Chem. So@004 126, 13222.
electronic and nuclear coordinates, as described for the PKS(»(Z%) Gilbert, J. A.. Eggleston, D. S.. Murphy, W. R.. Geselowitz, D. A.:

theory in section IV.C. Gersten, S. W.; Hodgson, D. J.; Meyer, TJJAm. Chem. So¢985
. . 107, 3855.
The theories for EPT deveIOped by Cukier and Hammes- (297) Sens, C.; Romero, |.; Rodriguez, M.; Llobet, A.; Parella, T.; Benet-

Schiffer have proven especially useful in understanding Buchholz, J.J. Am. Chem. So@004 126, 7798.
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catalyst, [(bpy)(O)RWORW(O)(bpy)]**. As shown by tochemically driven reduction to give as typical products CO,
electrochemical measurements and oxidation by Ce(lV), HCO,~, and GO4?~.7301:305309 Polypyridyl complexes such
oxidative activation involves a sequence of sequential 1e as [M(bpyx(CO)H]" (M = Os,Ru) and Re(bpy)(CGBr,
steps, e.g., metal porphyrins, and metal macrocyclic complexes have
all proven to be effective catalysts once they undergo
reduction at metal or ligand-based orbitals.
[((OH)RUY —0O—RU" (H,0)]*" Two of the key CQ activation pathways that have been
identified or invoked are (1) CQnsertion as irfac-(bpy)-

with the intermediate RU—O—RuUV unstable with respect (CO)Re—H + CO, — fac-(bpy)(CO}Re-OC(O)H and (2)
to disproportionation, Scheme 9. metallocarboxylic acid formation as in @aMD)* + CO,

Following the water oxidation step, a rapid cross reaction + S— [S—C0"(HMD)(CO.,?")]* (HMD =5,7,7,12,14,14-
occurs between the lower and higher oxidation state forms hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene). In
RU"'—O—Ru" and RY—0O—RU" to give [(OH)RY —O— the latter case, protonation,£0" (HMD)(CO»")]* + HA
RU"(H,0)]** as the final product of a single cycle as shown — [S—C0"(HMD)(CO.H)]?* + A, followed by reduction,
by stopped-flow measurements with Ce(lV) as the oxi- [S—C0"(HMD)(CO:H)]** + e — [Co"(HMD)]?" + CO
dant?92%The stopped-flow measurements also reveal that, + OH™ + S, releases CO as the g@duction product®*
once formed, [(bpy O)RWORW (O)(bpy)]*" oxidizes HO In the former case, reduction of the formate complex in the
to O, on the submillisecond time sc&i®. presence of a proton source releases formate anion (HEOO

With Ce(lV) as the oxidant in acidic solution, the overall regenerating the hydrid&?310
catalytic reaction is shown in eq 37. The catalytic chemistry  One advantage of the modular approach to artificial
is complicated by anation and formation of [(bg®Y)Ru'v- photosynthesis is that catalysts as potential modules can be
ORU"(OH,)(bpy). ]** (X = ClO,, CRSG;) after only a few screened toward electron-transfer activation by simple elec-
catalytic turnovers. The catalyst retains its ability to oxidize trochemical measurements and appended later into multi-
H,0 to G, but only after aquation occurs to give back [(bpy)  functional molecular assemblies.
(OH)RUYORU"(OH,)(bpy)]*". Reasonable mechanisms have
been proposed for the ;&volution step based on kinetic  VII. Assembly Strategies
and ®0-labeling measurements, but the actual pathway or

; 2. ” A strategy is required to organize reactive modules into
pathways that dominate are unclear because of ambiguities_ " . : . ; S
. . o multifunctional assemblies. This places significant demands
in interpreting the dat&®

on the underlying synthetic chemistry, which must provide
(bpy),(H,0)RUORU(HO) (bpy)] 4+ (1) accessibility to a range of active modules, (2) a sequential
addition strategy that allows for control of both sequence

4Ce(lll) + O, + 4H" (37) and spatial order, (3) a linkage chemistry compatible with

the surrounding environment and the reactive forms of the

The most recent, 3.5-A resolu_tion, structure of photosy_tem catalysts, (4) general stability as a unit, and (5) the ability
Il shows that the oxygen-evolving complex (OEC) consists i, pe scaled up synthetically.

of an oxo-bridged MgCa cluster with an appended Mn site
linked by au-oxo bridge?+2%°0On the basis of the structure
of the core and the surrounding EPT apparatus, it appear
that the appended Mn may be a site for oxidative cycling
between M# and MrY. The suggestion has been made that
the key O- - -O bond-forming step may involve intermediate
Mn"'—OOH formation by attack of OHcoordinated to Ca
on the oxyl O atom (eq 38):299:3%0

4+ —e[Ht

[(H,O)RU"—0—RU" (H,0)]

[
4Ce(IV) + 2H,0

Three different strategies have been explored for the
Spreparation of multifunctional assemblies based on polypy-
ridyl complexes.

Sequential Covalent Bond Formation. Elegant as-
semblies have been constructed from derivatized porphyrins
and organic3:® Related strategies have been developed for
polypyridyl complexes based on sequential covalent bond
formation through linkages either between metals or between

H ligands®45859.6573 The assembly in Figure 4 illustrates an
He H H
O( ) 0 o/ +) \O/ O\ .
~L - A0 J_ o, P H (302) Gibson, D. HChem. Re. 1996 96, 2063.
H0 + —Ca  _Mi—0{  — _>Cal Wi~ (38) (303) Gibson, D. HCoord. Chem. Re 1999 185-186, 335.
| < O/ \o H | S/ » N (304) Jessop, P. G.; Ikariya, T.; Noyori, Rhem. Re. 1995 95, 259.
/ \ /0 O\ (305) Meyer T. JCarbon Dioxide Fixation and Reduction in Biological

and Model System®©xford University Press: Oxford, U.K., 1994;
. . . . . Chapter 14, 211224,
COz Reduction. There is an extensive coordination and (306) Lehﬁ, J.—M.;pZF;esseI, RL. Organomet. Cheni99Q 382, 157.
reactivity chemistry of C@ with transition-metal com- (307) Ishida, H.; Terada, T.; Tanaka, K.; Tanakalrforg. Chem.199Q

7,301-305 This i ; _ 29, 905.
plexes! This includes both electrochemical and pho (308) Sullivan, B. P.; Bruce, M. R. M.; O'Toole, T. R.; Bolinger, C. M.:

Megehee, E.; Thorp, H.; Meyer, T.Blectrocatalytic Carbon Dioxide

(298) Hupp, J. T.; Otruba, J. P.; Parus, S. J.; Meyer, T. Electroanal. ReductionAmerican Chemical Society: Washington, DC, 1988; Vol.
Chem.1985 190, 287. 363, Chapter 6, pp 5290.

(299) McEvoy, J. P.; Brudvig, G. WPhys. Chem. Chem. Phy2004 6, (309) Sutin, N.; Creutz, C.; Fujita, Eomments Inorg. Chemi997, 19,
4754, 67.

(300) Meyer, T. J.; Huynh, M. V. H.; Thorp, H. H., in preparation. (310) Pugh, J. R.; Bruce, M. R. M.; Sullivan, B. P.; Meyer, Tlnbrg.

(301) Fujita, E.Coord. Chem. Re 1999 185-186, 373. Chem.1991, 30, 86.
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Reconstitution

Mb(Fe"OH,)-Ru?*-BXV*, cofactor = 1
Mb(ZnPP)-Ru?*-BXV**, cofactor = 2

Figure 11. lllustration of the structures of two triad molecular assemblies including one that contains apomyoglobin linked to a Ru(bpy) chromophore and
a catenane-type pyridinium electron acceptor. Reconstitution of the derivatized myoglobin and excitation are followed by oxidative elsétroanilan
oxidation of Fé&' —OH,.314

example of the latter. There has also been significant progresshighly evolved and intricate examples have come from

in creating assemblies in which a Ru(bpy) chromophore is stepwise reactions and dendrimer formation. This includes

coupled to a potentially reactive catalyst site. Notable in this a series of ligand-bridged dendrimers based on ruthenium

regard is a series of Ru(bpy) derivatives incorporating both polypyridyl complexes. The photophysics of the resulting

tyrosine and appended Mn dimers as models for the keyassemblies have been investigated in dét&if°

activation steps that occur in photosystem°[f:260.31+313 There are significant limitations in the preparation of
Another is the linked assembly shown in Figure 11 from molecular assemblies by sequential covalent bond formation.

the elegant work of Hamachi et al., in which an apomyo- This approach necessarily involves a stepwise sequence of

globin (cofactor= 1) was chemically linked to a Ru(bpy) reactions with penalties for yields of less than 100% at each

derivative and to a catenane-type pyridinium acceptor. step, which can greatly diminish overall yields in multistep

Reconstitution of the myoglobin and visible excitation led syntheses.

to oxidation of the Fé—OH; site in the modified myoglo- Derivatization of Preformed Polymers. An alter-

bin 314315 nate strategy involves the derivatization of preformed
An early example of the ligand-bridging strategy was the polymers3494:32+331

mixed-valence complex [(dpt&JIRU' (4,4 -bipyridine)RU'" -

Cl(bpy)]3* (dpte is PhSCKCH,SPh) in which Rli— (4,4- 23183 Colnstable, E. GCChem. Commuril997, 1073.

; ot [ 319) Balzani, V.; Ceroni, P.; Juris, M.; Venturi, M.; Campagna, S.;
bipy) excitation leads to 4.bipy — bpy electron transfer Puntotiero, F.; Serroni, £oord. Chem. Re 2001 219, 545.
across the bridge and [(dpt€)RU" (4,4-bipyridine)RU'CI- (320) Balzani, V.; Campagna, S.; Denti, G.; Juris, A.; Serroni, S.; Venturi,

- 3+x i i ,317 M. Acc. Chem. Red.99§ 31, 26.
(bpy)(bpy)] as a photochemical transiefit:*” Some (321) Galoppini, E.; Fox, M. AJ. Am. Chem. S0d.996 118 2299.
(322) Clements, J. H.; Webber, S. E.Phys. Chem. B999 103 9366.
(311) Magnuson, A.; Berglund, H.; Korall, P.; Hamarstrd_.; Akermark, (323) Clements, J. H.; Webber, S. E.Phys. Chem. A999 103 2513.
B.; Styring, S.; Sun, L. CJ. Am. Chem. S0d.997, 119, 10720. (324) Schille, K.; Yekta, A.; Ni, S.; Farinha, J. P. S.; Winnik, M. A.
(312) Sjain, M.; Ghanem, R.; Polivka, T.; Pan, J.; Styring, S.; Sun, L. Phys. Chem. B999 103 9090.
C.; Sundstim, V.; Hammarstim, L. Phys. Chem. Chem. Phy04 (325) Rharbi, Y.; Yekta, A.; Winnik, M. A.; DeVoe, R. J.; Barrera, D.
6, 4851. Macromoleculesl 999 32, 3241.
(313) Carra, C.; lordanova, N.; Hammes-Schiffer, Sl. Am. Chem. Soc. (326) Walters, K. A.; Ley, K. D.; Schanze, K. Bangmuir1999 15, 5676.
2003 125 10429. (327) Mcquade, D. T.; Pullen, A. E.; Swager, T. @hem. Re. 200Q
(314) Hu, Y.-Z.; Tsukiji, S.; Shinkali, S.; Oishi, S.; Hamachi).lAm. Chem. 100 2537.
S0c.200Q 122, 241. (328) Swager, T. MAcc. Chem. Red.998 31, 201.
(315) Hamachi, I.; Tsukiji, S.; Shinkai, S.; Oishi, $. Am. Chem. Soc. (329) Chen, L. X.; Jger, W. J. H.; Gosztola, D. J.; Niemczyk, M. P.;
1999 121, 5500. Wasielewski, M. RJ. Phys. Chem. B00Q 104, 1950.
(316) Schanze, K. S.; Meyer, T. lhorg. Chem.1985 24, 2121. (330) Wong, K. T.; Lehn, J. M.; Peng, S. M.; Lee, G.€hem. Commun.
(317) Curtis, J. C.; Bernstein, J. S.; Meyer, Tlrbrg. Chem.1985 24, 200Q 22, 2259.
385. (331) Wolcan, E.; Ferraudi, Gl. Phys. Chem. R200Q 104, 9281.

Inorganic Chemistry, Vol. 44, No. 20, 2005 6823



Alstrum-Acevedo et al.

An extensive synthetic chemistry has evolved in this area
based on the derivatization of PS by added polypyridyl
complexes?* The polymers are prepared by free-radical or
living anionic polymerization typically with 1530 average

Transition Metal
Coordination Complex

repeat units, which can be varied by varying the polymeri- ®
zation conditions. o
Anionic polymerization gives lower polydispersities and @

narrower molecular weight distributions. These polymeriza-
tions are carried out with protected, silylated amine groups,
—N(SiMes),, to avoid reactions with the alkyllithium initia-
tors. They are later deprotected by acid hydrolysis to give
the amine. Functional groups are added by amide bond
formation to modules functionalized as carboxylic acid
derivatives, e.g., PS(CH;),—NH, + [M(4-COOH-4-Meb-
pY)(bpyp)]?* — PS—(CHz)h—NHC(O)—(4'-Mebpy)M(b-
py)z]?" + H,O (M = Os, Ru). The extent of loading by amide
bond formation can be controlled by limiting the added
reagent. Bi- and multifunctional polymers can be prepared
by adding additional groups in subsequent stég$%°The
structure shown in Figure 7 illustrates the repeat units in a
mixed polymer of this kind. In the example shown there,
the polymer was a 1:1 mixture of styrene and derivatized

styrene. Q\@ 8
In fully loaded polymers, the excluded volume occupied Donor @ 23,;‘52; o o Acceptor
by the added complexes is large given their diameters of é’“ =
13—-14 A. This is considerably larger than a repeat unit of \l—f‘? C{?\ o
the polymer backbone 55 A. The resulting size discrepancy HY o P
results in linear rodlike structures, as shown in Figure 12 )lr‘* (5'( {lg(i_ .
for the structure of [[PS(CH,),—C(O)NH—(RU")2q](PFe)a0 ""CE%%Q?{%N O%N 3 QE Y No’c'f%m‘
calculated by a Monte Carlo simulatigh. Figure 13. Oligoproline donor (PTZ}chromophore [Ru(bpyj}acceptor

On the basis of this strategy, mixed RuDs(ll) (quinone) D-C—A assembly illustrating electron transfer following MLCT
polymers such as [P§CH,),—C(O)NH-(Ru");A(0s")3)- excitation.
(PFs)s0 were prepared, in which rapid, intrastrand energy . ) )
transfer occur&1%9Also prepared was an “antenageaction protected. In tht=T sequence in eq 40 with P representmg the
center” polymer, in which antenna sensitization of local PS bead, (1,1-dimethylethoxy)carbonyl (Boc) is used as the
electron transfer was demonstrated [section I1.B(ii) and Protecting group. Subsequent deprotection and coupling to
Figure 7]%7 In the latter polymer, an additional, long-lived @ sécond protected amino acid begins the step-by-step
transient ¢1 ms) appears in which MV and PTZ* are s_ynthe_S|s of C(_)mp_lex _ollgopeptldes Wlth spatial control. The
spatially separated (eq 39). This is an important result final oligopeptide is displaced chemically from the support.
because it points to pathways where spatially separated redox —Boc
equivalents can be produced on single polymer strands, whichP—C(O)C(R)NH-Boc——
may be useful for driving separate fuel-forming half- P—C(R)NH, *+BocNHC(R)COM

reactions. P—C(O)C(R)NHC(O)C(RNH—Boc (40)

| Polymer Backbone I ® ®
@

Figure 12. Molecular structure of [PS(CHz)2—C(O)NH—(RU")2q)(PFes)40
from a Monte Carlo simulatioff!

Chromophore

-(MV* —Ru"-PTZ)-(Ru"),-(MV**-Ru"-PTZ)- - A D—C—A assembly product of this strategy is illustrated

in Figure 13. It is based on proline, the only natural cyclic
amino acid. Oligoprolines tend to form stable helical
structures if there are at least 8 contiguous prolines. This
introduces an element of three-dimensional spatial control,
allowing alignment of the three functional groups on a single
side of the oligoproline helix, as shown in Figure 13. In this

MV Ru"-PTZ)}-(Ru")-(MV*"-Ru"-PTZ)- (39)

Oligoprolines. Derivatization of preformed polymers in
the manner described here is inherently random. It is possible
to have control over content but not over spatial organization.
A block copolymer strategy with sequeqtial polymerization, assembly, MLCT excitation of the Ru(bpy) chromophore is
e.g., ~D—D—D—C~C—C—, may be viable but not for ¢, qwed by reductive quenching by PTZ, ultimately giving
spatial control at the single-module level. the Anq—RU!(bpy)—PTZ" RSS with efficiencies as high

Solid-state peptide synthesis offers control over B&h. 55 8694 depending on the solvent (section IV.E and Scheme
In this approach, an initial amino acid is chemically attached 5) 254

to a solid support, typically a PS bead, with the remaining,
unreacted functional group;NH; or —COOH, chemically (332) Erickson, B. W.; Merrifield, R. BProteins1976 2, 255.
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/ 2H,0

(3) Catalyst

VAN

(2) PCET

Figure 14. Essential elements for an electron-transfer-driven solar half-
reaction for water oxidation showing integration of electron transfer, PCET,
and catalysis.

(1) Electron Transfer

4" —

2

The initial results suggest that the oligoproline strategy is
viable for constructing a broad class of molecular assemblies.
As noted above, this approach offers control over local spatial
content and long-range three-dimensional order by exploiting

(3) Catalysis. Multielectron transformations are carried
out at catalysts that utilize complex pathways such as O- or
H-atom transfer, hydride transfer, oxidative addition, reduc-
tive elimination, insertion, or EPT. They must occur on the
approximately millisecond time scale or shorter to avoid
being rate-limiting given the incident solar irradiance.
Pathways can also be envisaged in which single-photon,
single-electron activation leads to intermediates that are
themselves photoactive, toward the release of for
example.

VIII.B. Membrane Assemblies in Natural Photosyn-
thesis. Photosystem 1l Natural photosynthetic systems
utilize membranes for assembling key photosynthetic mod-
ules and separating produéfg.40.334336 The key elements
in Figure 14 are all present in photosystem II. Elgctron
transfer Water oxidation at the CaMreluster, the OEC, is
initiated by Yz — Psgg® — Qa electron transfer. The OEC is
subsequently activated oxidatively by OEE€Y ;* electron

the tendency toward helix formation. Control over local and t;5nsfer. (2PCET-EPT. Both electrons and protons are lost
long-range structures has been used to advantage in the studMy PCET in the stepwise oxidation of the OEC through the

of solvent and distance effects in energy and electron
transfer§4,240,254,333

VIII. Assembling the Assemblies in Device-like
Configurations

A higher level hierarchy beyond molecular assemblies and

an assembly-of-assemblies strategy are required for a work-

Kok cycle. A thermodynamic analysis suggests that inter-
mediates that are at high energy in proton content at both
Yz and the OEC are avoided by EPT. It has been proposed
that electron transfer occurs from Ki-OH,- - -~ OOC(Asp-

61) to TyrO- - -"H—His-190 accompanied by proton transfer
at both sitespa 1 e/2H" MS-EPT pathway to give MH1—

OH- - -HOOC(Asp-61) and Tyr©H- - -His-190264 Asp-61

ing device. There are a number of candidates based onlies near the OEC and is at the entryway to a proton channel

nanoparticle or organic films, membranes, gels or colloids,
or other inert porous substrates. Multilayers are required for

to the exterior of the membrane (the lumen), which enables
proton equilibration. (3Tatalysis Catalysis may be localized

high light absorptivity and an interface where excitation and &t Mn(4) appended to the Cal{:{/loore, with stepwise PCET
coupled reactions can occur with both products and reactantd€ading from M#—0OH, to Mn'=0. As shown in eq 38,

equilibrated with the external environment.

VIII.LA. Half-Reaction Assemblies. The modular ap-
proach requires integration of energy-conversion half-reaction
assemblies where oxidative or reductive catalysis occurs. In
these assemblies, there are three common elemébjts
electron transfer, (2) PCET, and (3) catalysés illustrated
for water oxidation in Figure 14.

(1) Electron Transfer. The source of electrons in Figure
14 is generic and could conceivably come from a molecular
excitation/electron transfer cycle, a photovoltaic—{P
source, or even a natural photosynthetic membrane. Ther
is a requirement for the buildup of four redox equivalents
by electron transfer in order for Qo be evolved.

(2) PCET, H" Channeling. PCET avoids the accumula-
tion of charge resulting in redox potential leveling, access
to multiple oxidation states, and catalyst activation. Coupled
EPT may be required to avoid intermediates that are at high
energy in proton content. There is also a requirement for
proton channeling to the external environment as found in
biomembranes. Proton channeling maintains a proton bal-
ance, avoiding a buildup or depletion in the local proton
inventory.

(333) MccCafferty, D. G.; Friesen, D. A.; Danielson, E.; Wall, C. G
Saderholm, M. J.; Erickson, B. W.; Meyer, T.Broc. Natl. Acad.
Sci. U.S.A1996 93, 8200.

the O- - -O bond-forming step may involve OHattack on

the oxo group to give a Mlh—OOH intermediaté?*264.299.300
VIII.C. Ru(bpy) Assemblies. It is possible to envisage a

number of approaches to creating hierarchial assemblies for

artificial photosynthesis based on polypyridyl complexes.
(i) SiO,-Based Sot-Gels.SiO,-based sotgels are formed

by acid hydrolysis of alkoxysilanes, Si(ORR = Me, Et).

In the presence of added organic polyether molecules as

stabilizers, gels form that are chemically inert and have open

porous structures, which are optically transpafént*? Sol—

gel films incorporating redox-active components have been

ormed on electrode surfaces, which provide a basis for

electrochemistry and long-range electron transfer both to the

underlying electrode and to an external solufitn34®

(334) Fenna, R. E. M. B. WNature 1975 258 573.

(335) Zouni, A.; Witt, H.-T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger,
W.; Orth, P.Nature 2001, 409, 739.

(336) Kamiya, N.; Shen, J.-Rroc. Natl. Acad. Sci. U.S.£003 100, 98.

(337) InBetter Ceramics Through Chemistry Brinker, C. J., Clark, B.
E., Ulrich, D. R., Eds.; Materials Research Society: Pittsburgh, PA,
1986; Vol. 73.

(338) Brinker, C.J. Non-Cryst. Solid4988 100, 31.

(339) Brinker, C. J.; Scherer, G. Vo-Gel Science: The Physics and
Chemistry of SetGel ProcessingAcademic Press: Boston, 1990.

(340) Hench, L. L.; Ulrich, D. RScience of Ceramic Chemical Processing
Wiley: New York, 1986.

(341) Hench, L. L.; West, J. KChem. Re. 1990 90, 33.

(342) Dunn, B.; Zink, J. 1J. Mater. Chem1991, 1, 903.

(343) Avnir, D. Acc. Chem. Red.995 28, 328.

(344) Levy, D.Chem. Mater1997, 9, 2666.
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A number of relevant observations have been made in
these media: (1) Electrochemistry, electroluminescence (el),

Alstrum-Acevedo et al.

observed?® (2) pH-induced electron transfer from an outer
film —solution interface across an inner film layé&f;(3)

and electrochemiluminescence (ecl) have been observed irphotocurrent effects and electroluminesce#ég4) elec-

sol—gels containing the Ruderivatized PS polymer [PS
CH,CH;NHC(O)—(Ru")1¢](Cl)3s on the surface of St
doped InO; (ITO) electrodes?®3%0(2) It has been shown
that facile intrastrand energy transfer continues to occur in
a RU'—Od'-derivatized PS polyme®!352 (3) Photo- and
electrochemically active composite structures have been
prepared by reductive electropolymerization of [M(vh?¥)
(M = Ru, Os; vbpy is 4-vinyl-4-Mebpy; see below) in the
open pores of SiPsol—gel films on ITO. The growth of
the electropolymerized polymer chains occurs through paral-
lel diffusion channels in the selgel structure>3

(ii) Electropolymerized Thin Film Structures. Thin
polymeric films of metal polypyridyl complexes containing
the vinylbipyridine (vbpy) or pyrrolylbipyridine (pyr-bpy)
ligands can be prepared by electropolymerization on a variety

of conducting substrates. The ligand structures are shown

below3>43%5The vbpy films are prepared by reductive scans
through bpy-based* reductions in the potential region0.7

to —1.7 V vs SSCE in CECN. Ligand-based reduction
initiates polymerization at the electrode surface. For com-
plexes such as [Ru(vbpy§}*, which contain multiple vbpy
ligands, stable cross-linked network polymer films form on
the electrode. Film thicknesses can be varied from a few
monolayers to microns by varying the scan rate and the
concentration of the complex in the external solution. A
similar procedure for pyrrole-containing ligands, but with
oxidative scans past0.8 V, also results in well-defined thin
films. Other vinyl- and pyrrole-containing ligands have been
electropolymerized as well.

H,C=HC CH=CH,

o0

vbpy

H;C (CHy)y—N

2
&0

pyr-bpy

Electropolymerization has been used to create a variety
of film structures, some of which could find application in
assembling elements for artificial photosynthesis. They
include (1) bilayers by sequential polymerization of [Ru-
(vbpy)]?, followed by [Os(vbpyj]?*, for example, in which
rectification (electron transfer in one direction) has been

(345) Dvorak, O.; DeArmond, K. MJ. Phys. Cheml1993 97, 2646.

(346) Castellano, F. N.; Heimer, T. A.; Tandhasetti, M. T.; Meyer, G. J.
Chem. Mater1994 6, 1041.

(347) Castellano, F. N.; Meyer, G. Molecular Level Atrtificial Photo-
synthetic MaterialsJohn Wiley & Sons: New York, 1997; pp 167

208.

(348) Innocenzi, P.; Kozuka, H.; Yoko, T. Phys. Chem. B997 101,
2285.

(349) Sykora, M.; Maxwell, K. A.; Meyer, T. dJnorg. Chem.1999 38,
3596.

(350) Rubinstein, I.; Martin, C. R.; Bard, A. Anal. Chem1983 55, 1580.

(351) Fleming, C. N.; Papanikolas, J. M.; Meyer, T. J., unpublished
observations.

(352) Fleming, C. N.; Jang, P.; Meyer, T. J.; Papanikolas, JJ.MPhys.
Chem. B2004 108 2205.

(353) Yang, J.; Sykora, M.; Meyer, T. lhorg. Chem.2005 44, 3396.

(354) Murray, R. WMolecular Design of Electrode Surfacéohn Wiley
and Sons: New York, 1992.

(355) Deronzier, A.; Moutet, J. GCCoord. Chem. Re 1996 147, 339.

6826 Inorganic Chemistry, Vol. 44, No. 20, 2005

tropolymerized overlayer stabilization of an adsorbed chro-
mophore on Ti@3° (5) creation of molecular voids for size-
selective diffusion and micron-level image formatfgh?6e-367

(6) formation and reactivity of catalytically active Re-O
and G=Ru"'=0 sites imbedded in film structur&8 with
spatial controB®® and (7) electropolymerization of electro-
and photoactive films of PS-derivatized “macromers”, con-
taining multiple linked Ru(vbpy) complexes, and of large,
preformed molecular assembli&8371

(iif) Adsorption on Oxide Surfaces. Strategies exist for
facile surface binding of photo- and electroactive modules
to oxide surfaces through carboxylic acid, phosphonic acid,
or siloxy derivatives, with-P(O)(OH} kinetically less labile
than—COOH and stable in aqueous environments atpH
7.

Nanoparticle thin films formed by selgel technology and
other highly porous, high-surface-area, optically transparent
oxides offer the advantages of multilayer structures for
achieving high light absorptivities, ease of fabrication on
surfaces, and the availability of a variety of surface oxides
and oxide structures.372-376

Films of TiO, are electrochemically and photochemically
active, ZrQ is inert, and doped SnOis a conductor.
Multimicron-thick films can be prepared on a variety of
substrates including glass and ITO optically transparent
electrodes.

(356) Abruna, H. D.; Denisevich, P.; Umana, M.; Meyer, T. J.; Murray,
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90, 2281.
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Scheme 10. Schematic D_iagram lllustrating a Photoelectrochemical Warming make Iong-term energy solutions based on renew-
Cell for the Dehydrogenation of 2-Propanol to Acetone and Hydrbgen able energy sources a mandate for current and future

Photoanode research. This includes artificial photosynthesis with the

e promise of creating fuels from solar energy, a goal that will

- become increasingly relevant in the years to come. The
—> TiO,—[Ru"*(dpp)Ru"-OH,]** ——— TiO,"—[Ru"(dpp)Ru"=0]>* horizon for definable oil reserves is shrinking, and there is
the promise that hydrogen could become the transportation

TiO,"—{Ru'(dpp)Ru"=O]*" + Me,CHOH ———> TiO,— [Ru"(dpp)Ru'-OH,}** fuel of the future in hydrogen/oxygen fuel cells. Because
*+Me,CO hydrogen is not found uncombined to any extent in nature,

Cathode its generation requires the input of energy, and the most

attractive energy source is the sun, with water as the
aThe structure of the adsorbed chromophore catalyst is shown in section hydrogen source. i .
I1.B. The approach to water splitting and other fuel-forming
reactions described here based on molecular excited states
A number of relevant observations have been made onand their reactions originated in the early 1FP{f:305.386-382
these surfaces: and continues to be of interest tod&y383385
(1) “Antenna” energy transfer has been observed from In the interim, much has been learned about energy and
surface-bound R4 to OS' on ZrG,'10 as well as cross-  electron transfer and about more complex redox pathways
surface electron transfer on mixed surfat@és. based on atom transfer, hydride transfer, insertion, and
(2) Excitation of [Ru(4,4(COOHYbpy)(bpy-PTZ)(bpy— coupled EPT. Catalysts have been created for water oxidation
MV 2H)]4+ adsorbed to Zr@gives (MVV)Ru(PTZ2"), which and CQ reduction. MLCT excited states are well understood,
subsequently undergoes MV PTZ+ back electron transfer ~ and the synthesis offgolypyridyl complexes has become
on the same time scale (~ 140 ns) as in solution. A a cottage industry. Strategies have evolved for preparing
competing pathway gives spatially separated ((JRu(PTZ) complex molecular assemblies, and the excited- and ground-
and (MV?HRu(PTZ2"), and back electron transfer is far state properties of metal complexes and molecular assemblies
slower,>1 ms, depending on surface coverdge. are routinely investigated on surfaces and in rigid media on
(3) As mentioned in section 1, dehydrogenation of time scales as short as hundreds of femtoseconds.
2-propanol in 2-propanol was observed upon excitation The importance of artificial photosynthesis should not be
of [(4,4'-(CO:H).bpy)(4,4-Mezbpy)Ru! (dpp)Ru' (tpy)- overlooked. Solving the problem of harnessing solar energy
(OH,)]** adsorbed to Ti@ by the series of reactions in to create hydrogen from water reliably and inexpensively

2H* +2¢ ———> H,

Scheme 163 would have a remarkably positive impact on our energy
(4) In the presence of added hydroquinone and water, future.
excitation of [Ru(4,4(POsH2).bpy)(bpy}]*" and [Ru(tpy)- Acknowledgmentsare made to the many former members

(4,4-(PGsH)obpy)(HO)J** coadsorbed to Tiresults in - of the Meyer research group who have contributed to this
incident photon-to-current efficiences of up to 8%. The net grea over a period of 30 years, to long-lasting and highly

reaction is the dehydrogenation of hydroquinone(Hto productive collaborations with faculty colleagues at the
quinone (Q) University of North Carolina (Dave Whitten, Royce Murray,
o Rich Linton, Bruce Erickson, John Papanikolas, and Joe
H,Q—Q+H, DeSimone), and to funding from NSF, DOE, ARO-D, the
Gas Research Institute, and the LDRD program at Los
with H, produced at a platinized-platinum cathddk. Alamos National Laboratory for research support.
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