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Continuing our work toward a system mimicking the electron-transfer steps from manganese to Pggo* in photosystem
I (PS I1), we report a series of ruthenium(ll)-manganese(ll) complexes that display intramolecular electron transfer
from manganese(ll) to photooxidized ruthenium(lll). The electron-transfer rate constant (ker) values span a large
range, 1 x 10°-2 x 107 s, and we have investigated different factors that are responsible for the variation. The
reorganization energies determined experimentally (A = 1.5-2.0 eV) are larger than expected for solvent
reorganization in complexes of similar size in polar solvents (typically 4 ~ 1.0 eV). This result indicates that the
inner reorganization energy is relatively large and, consequently, that at moderate driving force values manganese
complexes are not fast donors. Both the type of manganese ligand and the link between the two metals are shown
to be of great importance to the electron-transfer rate. In contrast, we show that the quenching of the excited state
of the ruthenium(ll) moiety by manganese(ll) in this series of complexes mainly depends on the distance between
the metals. However, by synthetically modifying the sensitizer so that the lowest metal-to-ligand charge transfer
state was localized on the nonbridging ruthenium(ll) ligands, we could reduce the quenching rate constant in one
complex by a factor of 700 without changing the bridging ligand. Still, the manganese(ll)-ruthenium(lll) electron-
transfer rate constant was not reduced. Consequently, the modification resulted in a complex with very favorable
properties.

Introduction which is used in the photosynthetic reactions. The oxidized
photosensitizer, dg', is reduced to its original oxidation state
through an intricate series of reactions involving the oxygen-
evolving manganese cluster and a tyrosine residue, tyrgsine
a redox-active intermediate positioned betwegg &d the
manganese clustér? The cluster stores up to four oxidizing
equivalents, resulting in the catalytic oxidation of two water

In nature, plants efficiently convert light energy emitted
from the sun into chemical energy by the process known as
photosynthesi$? When energy from the sun reaches pho-
tosystem Il (PS Il), one of the two reaction centers in oxygen-
evolving organisms, the photoactivesgchlorophylls are
excited. An electron is then transferred from the excited P
to a primary acceptor and then to the reaction-center

1(3) Debus, R. JBiochim. Biophys. Actd992 1102 269.

quinones, creating a charge-separated state, the energy o (4) Barber, J.; Nield, J.; Morris, E. P.; Zheleva, D.; HankameRIBysiol.
Plant. 1997 100, 817.

* Corresponding author. E-mail: Leifth@fki.uu.se. (5) Debus, R. IManganese and Its Role in Biological Procesddarcel
T Uppsala University. Dekker: Basel, Swizerland, 2000.
* Stockholm University. (6) Yachandra, V. K.; Sauer, K.; Klein, M. Ehem. Re. 1996 96, 2927.
§ University of Lund. (7) Rutinger, W.; Dismukes, G. CChem. Re. 1997, 97, 1.
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molecules. Four electrons, four protons, and one moleculecould cause this variation. We have therefore investigated
of oxygen are produced in each catalytic cycle, after which different factors that affect the electron-transfer rate. These
the manganese cluster is restored to its most reduced statenvestigations will provide us with information to be used
During the last 30 years, much effort has been devoted toin the construction of more complicated systems containing
the construction of an artificial system that mimics the natural several manganese ions that are capable of multielectron
way of converting solar energy to chemical energy. Several transfer?>-25> We have also reported that the manganese(ll)
model systems have been constructed (e.g., mimics of thequenches the ruthenium(ll) excited state in some complexes,
primary charge-separation procesées*4 and manganese presumably by intramoleculagnergy transfer?%22 In the
complexes serving as models for the oxygen-evolving centerpresent contribution, we discuss this reaction that competes
in PS 187). Many attempts have been made to synthesize with the desired photooxidation and present data for a larger
manganese complexes capable of catalytic water oxidation,series of complexes, showing that the quenching rate constant
but so far the success has been motEst’ Recently, Zouni falls off exponentially with the metal-to-metal distance.
et all® presented the crystal structure of PS Il at 3.8 A However, by localizing the ruthenium-based metal-to-ligand
resolution, including the manganese cluster. This structure charge-transfer excited state on the remote ligands, the
is a major achievement that together with additional, more quenching rate constant could be reduced by 2 orders of

refined structures will give important information about the
manganese cluster. This information will play an important

magnitude.

role in the development of manganese complexes that mimic EXPerimental Section

the oxygen-evolving reaction.
Our work has been focused on mimicking the whole donor
side of PS Il by synthesizing a supramolecular system

containing both a manganese moiety and a ruthenium(ll) tris-

bipyridyl moiety as the photooxidizable sensitiz&r? In
this contribution, we present a series of ruthenium(ll)

manganese(ll) complexes with different types of manganese-
binding ligands and links between the metal centers. The

Synthesis and Characterization.The synthesis and character-
ization of the mononuclear ruthenium complexes-5a and the
binuclear ruthenium(lirmanganese(ll) complexetb—5b are
described elsewhef@22All the *H NMR spectra described below
were measured either on Brucker-400 MHz or Brucker-500 MHz
spectrometers.

Ru(bpy),(4-CH3-4'-(N'-CH3-N,N'-Bis(2-pyridylmethyl)-1,2-
ethanediamine)-(CH)s-bpy)(PFs). (6a). This complex was pre-
pared according to the literature procedure described by Sud%t al.

observed rate constants for intramolecular electron transfer4_Methy|_ 4-pentyl-(8'-N(N'-methylN,N -bis(2-pyridylmethyl)-1,2-

from manganese(ll) to photooxidized ruthenium(lll) vary
from 1 x 10°—2 x 10’ s'1. Because the goal is to create a
system where regeneration of the primary donor ruthenium-
(I is fast and efficient, it is important to understand what

(9) Diner, B. A.; Babcock, G. T. li©oxygenic Photosynthesis: The Light
Reactions Ort, D., Yocum, C., Eds.; Kluwer Academic Publishers:
Dortrecht, The Netherlands, 1996; pp 212347.

(10) Kurreck, H.; Huber, MAngew. Chem., Int. Ed. Endl995 34, 849.

(11) Sauvage, J.-P.; Collin, J.-P.; Chambron, J.-C.; Guillerez, S.; Coudret,
C.; Balzani, V.; Barigelletti, F.; De Cola, L.; Flamigni, Chem. Re.
1994 94, 993.

(12) Gust, D.; Moore, T. A.; Moore, A. L. IrElectron Transfer in
Chemistry: Biological and Artificial Supramolecular SysteiBalzani,

V., Ed.; Wiley-VCH: Weinheim, Germany, 2001; Vol. 3, pp 272
336.

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

(14) Scandola, F.; Chiorboli, C.; Indelli, M. T.; Rampi, M. A. Electron
Transfer in Chemistry: Biological and Atrtificial Supramolecular
SystemsBalzani, V., Ed.; Wiley-VCH: Weinheim, Germany, 2001,
Vol. 3, pp 337408.

(15) Manchanda, R.; Brudwig, G. W.; Crabtree, R.Gtord. Chem. Re
1995 144 1.

(16) Pecoraro, V. L.; Baldwin, J. M.; Gelasco, &hem. Re. 1994 94,
807.

(17) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.;
Crabtree, R. H.; Brudwig, G. WSciencel999 283 1524.

(18) Zouni, A.; Witt, H. T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger,
W.; Orth, P.Nature2001, 409, 739-743.

(19) Sun, L.; Berglund, H.; Davydov, R.; Norrby, T.; Hammarstrd_.;
Korall, P.; Baje, A.; Philouze, C.; Berg, K.; Tran, A.; Andersson,
M.; Stenhagen, G.; Martensson, J.; Almgern, M.; Styring, &erA
mark, B.J. Am. Chem. S0d.997 119, 6996.

(20) Sun, L.; Hammarstrm, L.; Norrby, T.; Berglund, H.; Davydov, R.;
Andersson, M.; Bge, A.; Korall, P.; Philouze, C.; Almgren, M.;
Styring, S.; AKermark, B.Chem. Commuril997, 607.

(21) Berglund Baudin, H.; Sun, L.; Davidov, R.; Sundahl, M.; Styring, S.;
Akermark, B.; Alimgren, M.; Hammarstng L. J. Phys. Chem. A998
102 2512.

(22) Berg, K. E.; Tran, A.; Raymond, M. K.; Abrahamsson, M.; Wolny,
J.; Redon, S.; Andersson, M.; Sun, L.; Styring, S.; Hammanstio;
Toftlund, H.; Akermark, B.Eur. J. Inorg. Chem2001, 2001, 1019.

ethane-diamine))-2bipyridine 6, bpy-(CH,)s-bispicen) was syn-
thesized by reaction of 4-methy!l-%'"'-pentylbromo)-2,2bipyridine
with N-methylN,N'-bis(2-pyridylmethyl)-1,2-ethanediamine(bis-
picen). The ligand was then purified by column chromatography
on aluminum oxide using Ci€l, and CHCI,/MeOH (98:2) as
eluents.’H NMR (400 MHz, in CDC}): 6 1.36-1.78 (m, 6H,
—CH,CH,CH,—), 2.28 (s, 3H, N-CH3), 2.50 (s, 3H, bpy CH3),
2.55 (t,J = 5.5 Hz, 2H,—CH,CH,CH,—N), 2.67 (t,J = 5.4 Hz,
2H, CH;—N—CH,CH,—N-), 2.80 (t,J = 5.4 Hz, 2H, CH—N—
CH,CH,—N-), 2.81-2.83 (m, 2H, bpy-CH,CH,CH,—), 3.68 (s,
2H, Py—CH,—N), 3.84 (s, 2H, Py~CH,—N), 7.10-7.29 (m, 4H,
bpy—H and Py-H), 7.48-7.56 (m, 2H, bpy-H and Py-H), 7.65—
7.78 (m, 2H, bpy-H and Py-H), 8.12 (s, 1H, bpyH), 8.30-
8.35 (m, 2H, bpy-H and Py-H), 8.52 (s, 1H, bpyH), 8.51—
8.62 (m, 2H, bpy-H and Py-H).

To obtain the ruthenium compoun€d), an equivalent amount
of cis-Ru(bpy)}Cl,-2H,0 was added to a methanol solution of the
bpy—(CH,)s—bispicen ligand §) while stirring the solution under
argon atmosphere. The brown solution obtained was then heated
and refluxed for one week, resulting in a clear orange solution.
After evaporation of the solvent, a red solid residue was obtained.
The residue was purified by MPLC on neutral aluminum oxide,
and the eluents used in the gradient wereClkland CHCI,/MeOH
(94:6). Dissolving the product in a minimum amount of methanol
followed by addition of a concentrated NPF; solution gave a
red precipitate oba. 'H NMR (400 MHz, DMSO¢g): 6 1.34—

1.79 (m, 6H,—CH,CH,CH,—), 2.14 (s, 3H, N-CH3), 2.18 (m,

(23) Sun, L.; Raymond, M. K.; Magnuson, A.; LeGodurge, D.; Tamm,
M.; Arahamsson, M.; Kenez, H.; Martensson, J.; Stenhagen, G,;
Hammarstten, L.; Styring, S.; Aermark, B.J. Inorg. Biochem200Q
78, 15.
(24) Burdinski, D.; Wieghardt, K.; Steenken, .Am. Chem. S0d.999
121, 10781.
(25) Burdinski, D.; Bothe, E.; Wieghardt, Khorg. Chem200Q 39, 105.
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2H, —CH,CI,CH,—N), 2.20 (m, 2H, bpyCH,CH,CH,—), 2.45 and EgN (0.010 g, 0.10 mmol) were added. The solution was heated

(s, 3H, bpy-CH3), 2.80-2.90 (m, 4H, CH—N—CH,CH,—N-), at 45°C for 13 h and then evaporated to dryness and purified by
3.68 (s, 2H, Py CH,—N), 3.80 (s, 2H, Py¥CH,—N), 7.25-8.86 column chromatography, first using GEN and then using 8:1:1
(m, 30H, bpy-H and Py-H). CH3;CN/H,O/KNOs(saturated) as eluents. A red fraction eluted after
Ru(bpy)2(4-CHs-4'-(N'-CH3-N,N'-Bis(2-pyridylmethyl)-1,2- a brown band was collected. After evaporation of the solvent, the
ethanediamine)-(CHy)s-bpy)Mn(PF¢).Cl, (6b). To a methanol solid was redissolved in a minimum amount of methanol, and a

solution of6a a solution of MnC}-4H,0 was added while stirring ~ solution of NHPF; was added. The red precipitate was collected
at room temperature, immediately giving a red precipitate. The by filtration, washed with water and £, and dried to give 0.066
reaction mixture was stirred for another 20 min, and the red 9 (46%) of the desired compleXi NMR (400 MHz, acetonek):
precipitate was filtered off and washed with a small amount of cold 0 1.38 (t,J = 7.2 Hz, 12H, OCHCH3), 3.87 (s, 6H, Ph&:N and
methanol followed by diethyl ether. The red precipitate was then NCH2Py), 4.47 (9,0 = 7.2 Hz, 8H, OG1,CHj), 7.26-7.30 (m,
dried in air to give6b as a red solid in 66% yieldH NMR (400 2H, Py-H), 7.59-7.63 (m, 1H, bpy-H), 7.65 (d,J = 7.7 Hz, 2H,

MHz, DMSO-dg): ¢ values were similar to those @, but all Py—H), 7.71 (d,J = 8.1 Hz, 2H, PkR-H), 7.78-7.80 (m, 2H Py-
peaks were broadened because of the paramagnetic manganesét), 7.86 (dd,J = 5.9 Hz, 1.8 Hz, 1H, bpyH'), 7.93 (d,J = 8.1
(. Hz, 2H, Ph-H), 7.94-7.96 (m, 2H, bpy-ester-H), 7.99-8.03

4,4-Bis(ethoxycarbonyl)-2,2-hipyridine (8). 4,4-Dicarboxy- (m, 2H, bpy-ester-H), 8.12 (d,J = 5.9 Hz, 1H, bpy-H'), 8.13—
2,2-bipyridine?® (2.0 g, 8.2 mmol) in 12 mL of thionyl chloride  8-15 (M, 1H, bpy-H), 8.29 (dt,J = 7.7 Hz, 1.5 Hz, 1H, bpyH),
was refluxed overnight. Excess thionyl chloride was evaporated 8-36-8.43 (m, 4H, bpy-ester-H), 8.55-8.57 (m, 2H, Py-H),

under reduced pressure. The resulting solid was suspended in 5-14~9-17 (m, 2H, bpy-H and bpy-H"), 9.34-9.36 (m, 4H, bpy-
mL of ethanol (99.5%), and 0.5 mL of £ was added. This  €SteFH). ESI-MS mz. (M—PF) 1290.08, (M-2PF) 572.69.
solution was refluxed for 12 h under nitrogen. The mixture was Anal- Calcd for GiHs:NsOgF1,P,RU-0.5CHCly: C, 49.99, H, 3.96,
evaporated to dryness, and the resulting solid was suspended in 20\ 8-53. Found: C, 49.78, H, 4.02, N, 8.52.

mL of water to dissolve the BX-HCI salt that formed during 7b was synthesized by adding a saturated solution of MiTCI
reaction. The dieste8, was then collected by suction filtration, ~acetonitrile toradissolved in acetonitrile. ESI-MS ab (prepared
washed well with water, and dried to yield a white powder (2.3 g, @s described previouslyWz (M — PF — solvent) 1415.18, (M

929%).H NMR (400 MHz, CDC}): 6 1.45 (t,J = 7.2 Hz, 6H, — 2PFK — solvent) 635.14.

OCH,CH3), 4.46 (q,d = 7.2 Hz, 4H, O®,CHjz), 7.91 (dd,J = Luminescence SpectroscopyThe steady-state emission and
5.2 Hz, 1.6 Hz, 2H, bpyH), 8.87 (d,J = 5.2 Hz, 2H, bpy-H), absorption measurements were performed at room temperature in
8.95 (d,J = 1.6 Hz, 2H, bpy-H). air-saturated acetonitrile of spectroscopic grade (Merck, 99.8%).

Ru[bpy(COE1)5]2[Cl] 2 (9). cisRUCKL(DMSO0)?’ (0.85 g, 1.8 The absorption spectra were recorded on an HP 8453 diode array
mmol) was suspended in 30 mL of ethylene glycol. The suspension spectrophotometer, and the emission spectra were recorded using
was heated at 15T for a few minutes until the solid had dissolved, @ SPEX fluorolog Il system. The excited-state lifetimes of all the
and then LiCl (1.1 g, 26 mmol) was added. When all the LiCl salt complexes were de_termined in nitroge_n-purged acetonitrile using
had dissolved (a few minutes), the diest8y (1.0 g, 3.3 mmol) a time-correlated single-photon counting setup described previ-
was added in small portions over 1 h. The reaction mixture was Ously?® Low-temperature measurements were performed in
heated for another 20 min and then cooled in an ice bath. Fifty Putyronitrile (Fluka, 99%) using capillary tubes inserted into a
milliliters of water was added, and the precipitate was collected coldfinger Dewar filled with liquid nitrogen.
by suction filtration and washed with water and a mixture of  Electrochemistry. The electrochemistry afa—3a, 5a, 7a, and
acetone/diethyl ether (1:2). A brown powder was obtained (0.45 g, 1b—5bwas performed in an argon-filled glovebox. The electrolyte
33%).1H NMR (400 MHz, DMSO#dg): 6 1.29 (t,J = 7.2 Hz, 6H, was 0.1 M tetrabutylammonium tetrafluoroborate (TBAB
OCH,CH3), 1.43 (t,J = 7.2 Hz, 6H, OCHCH3), 4.34 (q,J = 7.2 acetonitrile (Aldrich, 99.8%), which was used as received. The salt
Hz, 4H, OMH,CHsy), 4.51 (q,d = 7.2 Hz, 4H, O®,CHs), 7.48 was dried at 140C for 48 h before preparing the electrolyte. For

(dd,J = 5.6, 1.6 Hz, 2H, bpyH), 7.74 (d,J = 5.6 Hz, 2H, bpy- 2b, the temperature dependence of the redox potentials was also
H), 8.24 (dd,J = 6.0 Hz, 1.6 Hz, 2H, bpyH), 8.93 (d,J = 1.6 investigated between 10 and 6C. A three-electrode system
Hz, 2H, bpy-H), 8.11 (d,J = 1.6 Hz, 2H, bpy-H), 10.95 (d,J = consisting of Ag/AgCl in LiCl-saturated acetonitrile as the reference
6.0 Hz, 2H, bpy-H). electrode, a platinum wire or a carbon stick as a counter electrode,
Ru[bpy(CO.Et),],[4'-Phenyl(4'-CH.-bis(2-pyridylmethyl))- and a freshly polished piece of glassy carbon (diameter 3 mm) as

bpy][PFe> (7). A solution of9 (0.079 g, 0.10 mmol) and silver the working electrode were used. Both the reference electrode and

triflate (0.053 g, 0.20 mmol) in 10 mL of acetone was heated at 70 the counter electrode were separated from the solution by a salt
°Cfor17 h undér a nitrogen atmosphere. The solution was allowed bridge that was in contact with the working electrode. A potentiostat
to cool to ambient temperature and then filtered to remove the AgCl from Eco Chemie with an Autolab/GPES electrochemical interface

salt before 4(p-methylbromophenyl)bipyridirfé (0.033 g, 0.10  Was used.

mmol) was added. This mixture was heaterd under nitrogen The reported half-wave potentiaBi, (Ev2 = (Epa + Epd/2),
and then evaporated to dryness. The red-brown residue wasWhich were measured versus ferrocenium/ferrocene as an internal

dissolved in a minimum amount of methanol, and a saturated reference, are reported versus SCE. The conversion was made by
solution of NHPF; (10 mL) was added to precipitate the tris- Setting the RU" value obtained for Ru(bpy(Cl), equal to 1.324
bipyridy! ruthenium complex. The precipitate was collected by V Vs SCE¥

filtration and washed with water and . It was then dissolved
in CH.Cl, (20 mL), and dipicolylaming (0.020 g, 0.10 mmol) (28) Larsen, S.; Michelsen, K.; PedersenAgta Chem. Scand.986 A

40, 63.
(29) Almgren, M.; Hansson, P.; Mukhtar, E.; van Stani,ahgmuir1992
(26) Garelli, N.; Vierling, PJ. Org. Chem1992 57, 3046. 8, 2405.
(27) Evans, . P.; Spencer, A.; Wilkinson, &.Chem. Soc., Dalton Trans. (30) Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, AJJAm. Chem.
1973 204. Soc.1973 95, 6582.
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Scheme 1
i S B
N ~ ~N N 2~
lfN N'/
{-Br (=N N
— —( 5 H'N\_/N\ 5 \/ N\
—Q
N_ N7 KF/Celite, EtN, MeCN N\ N 2/
6
cis—Ru(bpy)ZCls 63

Electron Transfer. Electron transfer ina—6aand1b—6b was
studied with laser flash photolysis as described elsewtidgfer
7a and 7b, the transient absorption was studied using a flash-
photolysis system with a Q-switched NYAG laser ¢ = 355 nm)
to pump an OPO deliveringc10 ns flashes that were tunable
between 410 and 660 nm. The analyzing light was provided by a
pulsed Xe lamp in a spectrometer system from Applied Photo-
physics. To minimize the risk of replacement of the manganese by
CO,,%the acetonitrile (Merck, 99.8%) in the optical cell was purged
with nitrogen directly before dissolving the complex, and purging
was continued during the measurement. The samples contaB@d
uM of the complex and 36300 mM of methyl viologen (MV-
(PF)2), which was prepared from commercial M\iGBigma) by
adding aqueous NiPF; to precipitate the Pfsalt. The product
was purified by recrystallization from ethanol.

For some of the complexes studied, it was shown previously
that manganese(ll) binding follows the equilibrigi??

RU'L—Mn"=RU'L + Mn" (1)
where Rul=Mn(ll) are the complexes with manganedd{7b)
and RuL are the complexes without manganesa—{a). To
increase the fraction of ruthenium(ll) complexes with manganese-
(I1) in the electron-transfer experiments100—-300uM of MnCl,

Scheme 2
HoOoC COOH EtOOC COOEt
= = 1) SOCl, = =
2, \Y
787 e L\
ct Cl
NS =
Et00C— ,N—Ru=—N_ ,—COOEt
Gis-RUCI,(DMSO)4 / \
Licl N ,N
Et00C 9 COOEt
Br
\ 7 \
N N=
\ /2+ -
—eeee — —
Etooc— ,N—Ru==N_ ,)—COOEt

/ \
N N

=N
N
—H

Becauses contains both a bipyridine and a bispicen ligand,
there is competition in binding to the ruthenium in the bis-
bipyridyl complex, which lowers the yield of this reaction.
The corresponding manganese(ll) compkd) (vas obtained
by treating6a with manganese(ll) chloride.

The synthesis ofais shown in Scheme 2. The carboxylic
acid bipyridine was converted to the corresponding acid

7a

was added to the sample from a saturated acetonitrile solution of chloride, which reacted with ethanol to form the dies&r (

MnCl,. This addition shifted the equilibrium so that more than 95%

of the ruthenium(Il) complexes contained coordinated manganese-

(I1). Control experiments with Ru(bpy)" and MnC} have shown
that free MnC} at the present concentrations does not quench the
excited ruthenium(ll) moiety nor does it reduce the photooxidized
ruthenium(lil)2:

The temperature dependence of the electron transfa,iBb,
and5b was studied from 10 to 78C. The experiments were done
using a sealed optical cell, and to control the temperature, the cell
holder was connected to a temperature bath. To minimize the
concentration of @ the cell was degassed by four freezeimp—
thaw cycles before sealing.

Results

Synthesis. 6awvas synthesized by reactiog-Ru(bpy}Cly
2H,0 with the bpy(CH)-5-bispicen ligand &) (Scheme 1).
This bipyridine was obtained by substituting the bromide in
bromopentylbipyridine withN-methyl-N,N-bis(2-pyridyl-
methyl)-1,2-ethanediamine (bispicen). To promote the alky-
lation reaction, KF/Celit& was added to the reaction mixture.

The transformation of the diacid into the diester made the
substituted bipyridine much easier to work with because the
diacid is insoluble in most organic solvents. The ruthenium
bis(bpyCOOEt) dichloro complex9f was synthesized by
reacting the diesteB] with the ruthenium(l1)(DMSQ)CI),
complex. Because of the formation of ruthenium tris-
(bpyCOOEt), the yield oB was low. The two chlorides in

9 were removed by treating the complex with silver triflate,
and the bromomethylphenylbipyridine was added to form
the trisbipyridyl complex, which was precipitated from the
reaction mixture with ammonium hexafluorophosphate. The
bromide was then substituted with dipicolylamine to give
7a Chart 1 shows the structure of the dinuclear rutherium
manganese complexds—7b.

Steady-State SpectroscopyBoth the absorption and
emission spectra fdra—6ain acetonitrile are nearly identical
to those for Ru(bpyf", 3334 with a strong metal-to-ligand
charge transfer (MLCT) absorption band around 450 nm.
The emission around 600 nm originates from the lowest

(31) Magnuson, A.; Frapart, Y.; Abrahamsson, M.; Horner, Gkernark,
B.; Sun, L.; Girerd, J.-J.; Hammarstm L.; Styring, SJ. Am. Chem.
Soc.1999 121, 89.

(32) Takashi, A.; Junko, YChem. Lett1979 1, 45.

(33) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. Re 1988 84, 85.

(34) Kalyanasundaram, ehotochemstry of Polypyridine and Porphyrine
ComplexesAcadamic Press: London, 1992.
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Chart 1 Table 1. Luminescence Data for the Mononuclear Ruthenium
Complexes and Dinuclear Rutheniutilanganese Complexes

Mononuclear Ruthenium Complexes

293 K 77K
Amax (NM) 7 (ns) Amax (NM) T (us)
la 636 88@ 585 4
2a 631 1406 588
3a 631 919 584 5
4a 638 1056
5a 631 900 582 4
fa No Mn ® 6a 630 800
1b Mn(solv)Clp /g‘ 7a 669 1300 638
NiM
N :,\ Dinuclear RutheniumManganese Complexes
l & 293 K 77K
Inax (M) 71 (n8)  ka(S)  Amax(M)  Kg(sY)
1b 636 2.2 45x 108 584 6.4x 10P
2b 632 23 4.3 x 107 588
3b 631 255 2.8x 108 2.3x 108
4b 639 P 1.4x 1C® 586
2aM=- 5b 631 12G@ 7.2x 1P 582 9.7x 1P
- 6b 300 2.1x 100
7b 669 1200 6.4x 10¢

a2 From references 21 and 22.

\

Intensity (a.u.)

3aM=- NS
3bM= Mn(SO'V)ZC|2 — \ /2+ —
EtOOC— N—Ru—N_ COOEt
/N
/ N N
_ 2 (PFg)
EtOOC CQOEt ! : . : - .
7aM=- 550 600 650 700 750 800
7b M = Mn(SO|V)Clg by (nm)

MLCT state of predominantly triplet character that is Figure 1. Luminescence spectrum ftib (solid line) and2b (dashed line)
populated with a quantum yield of 1 within less than 1 ps in butyronitrile at 77 K. The excitation wavelength was 450 nm.
after excitation to the singlet MLCT staté&s®® The wave-

length maxima of the emission spectra of all the complexes rayersible peaks betweenl.25 and—1.80 V versus SCE,
are reported in Table 1. F@aand7b, the absorption spectra  corresponding to the oxidation of ruthenium(ll) and the
are red-shifted by~20 nm compared to the spectra2d  yeduction of the three bipyridine ligan&%3334respectively.
and2b, and the emission spectra are red-shiftec4dp nm. In the presence of manganese(ll), one additional, less-
These shifts are due to the presence of the electron-rayersiple peakAE, < 134 mV) is observed around 0.90 V
withdrawing ester groups on the bipyridines. The presence yersus SCE that is assigned to the oxidation of the manga-
of manganese inb—7b gives no observable shifts of the nese(ll)2 The Ey values obtained for the manganese(ll)
absorption maxima and only a small red shift2(nm) of  yidation vary from 0.79 to 0.90 V versus SCE for the
the emission maxima compared to the spectrd®f7a different complexes, whereas the variation in Eag values
However, the emission intensities f]iv_—6b are much Iow_er for ruthenium(ll) oxidation for all the complexes, excalat
than are those for the corresponding complexes without s |ass than 20 mV (Table 2). Fd, both the oxidation of
manganese. _ o _ the ruthenium(ll) and the first reduction are shifte@00

The emission spectra in butyronitrile at 77 K display & an4.360 mv, respectively, toward more positive potentials
well-resolved vibrational progression for all complexes pacase of the presence of the electron-withdrawing ester
investigated (Table 1), as shown fbb and2bin Figure 1. o6 \ns The difference in thiy, values for the oxidation

Electrochemistry. The cyclic voltammograms of all the ¢ the manganese(ll) and ruthenium(ll) gives the driving
complexes investigated show typical Ru(bg3y)behavior, force (AG®) for the intramolecular electron transfer in the

with a reversible peak at1.3 V versus SCE and three different complexes. The temperature dependencA®f

(35) Damrauer, N. H.; Cerullo, G.; Yeh, A.; Boussie, T. R.; Shank, C. v.; WaS investigated foPb and was found to vary by less than
McCusker, J. KSciencel997, 275 54. 10 meV between 10 and 6.
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Table 2. Electron-Transfer Data for Ruthenium@Manganese(ll) Complexes

E2 (Mn"1) Eyz (RUM Eq (first ligand)

da (A) (V vs SCE) (V vs SCE) (V vs SCE) AG® (V) ket (s7Y) P AG¥(eV) A (eV) Hp (MeV)
1b 9 (0.90¥ 1.28 -1.31 (-0.38¥ 1.1x 100
2b 14 0.90 1.29 —1.28 —-0.39 1.7x 1P 0.33 2.0 12
3b 13 0.85 1.28 —1.34 —0.43 1.8x 1° 0.27 1.8 1.7
4b 9 0.85 1.30 —1.30 —0.45 >2 x 107
5b 13 0.79 1.28 —-1.31 —0.49 1.4x 10° 0.17 15 0.27
6be 14 (0.85 (1.30) (—0.45§ 1x 10
7b 14 (0.90Y 1.49 —-0.92 (—0.59p 1.1x 107
Ru(bpy)?* 1.32 -1.29

aThe distance between the ruthenium(ll) and the coordinated manganese(ll). These are the maximum distances estimated by molecular mexhanics, start
from the most extended conformations using constrained rkigaind distances? Determined with an excess of Mndh acetonitrile to obtain a larger
fraction of coordinated manganese(ll) and thus a more reliable valtee Mr'"!" couple was not observed because of the instability of the complex toward
dissociation of the Mn(IB? (see text). The redox potential for the manganese is assumed to be the sanm2bdsefrause the manganese ligand is the same.
d peak potential for the first reduction of the bipyridine€yclic voltammetry oféb was not performed because of the limited availability of the complex.
fThe redox potential for the metals are assumed to be the same as thht $GFhe redox potential for the manganese is assumed to be the same as that
for 2b. " The redox potentials are those determined7abecaus&b was prepared in situ by adding an excess of Mn@lan acetonitrile solution cfa.

Excited-State Lifetimes.The emission lifetimes obtained 204 " ' ]
for the ruthenium(ll) complexes with and without manga-
nese(ll) have been determined in deoxygenated acetonitrile 184 _
(see Table 1). The lifetimes for the mononuclear ruthenium-
(I1) complexes La—74) are all between 800 and 1300 ns. 16 ]
In the ruthenium(ll)-manganese(ll) complexd$—6b, the nk |
lifetimes are reduced to between 2 ns and 300 ns.7Bor 4] i
on the other hand, the lifetime {51200 ns (i.e., almost the
same as in the absence of manganese). These results show 121 _
that coordinated manganese(ll) quenches the excited state : o
of ruthenium(ll) in 1b—6b in an intramolecular reaction, 10 , . . ; . ,
which is consistent with the lower emission yields obtained 8 9 10 1}1 A) L

in these complexes. Control experiments with different _ _
concentrations of the ruthenium@)nanganese(ll) com-  Figure 2. Distance dependence of the rate constant for quenckingf

" . the ruthenium excited state by the manganese moiety in the ruthenium-
plexes and of additional Mnglshow that bimolecular  (j)—manganese(ll) complexes. The unfilled square repre@mmnd the

quenching is not significant. The quenching rate condtgant  unfilled circle representgb. The distances used are the maximum distance
for each complex was calculated from between the ruthenium(ll) and the coordinated manganese(ll), estimated

by molecular mechanics starting from the most extended conformations
using constrained metaligand distances.

1 1

ka= T T (2) coordinated manganese(ll) quenches the ruthenium(ll) ex-
cited state in a rigid glass at 77 K. A similar result was
where 7 and 7o are the lifetimes of the ruthenium(H) previously reported foBa and3b.2t
manganese(ll) complexes and the ruthenium(il) complexes, Electron Transfer. The ruthenium(ll) moieties of the
respectively. The value df; decreases with the metal-to-  complexes have been photooxidized in the presence of
metal distance, as shown in Figure 2. A linear least-squaresmethyl viologen, M\#*, as the external acceptor. Excitation
fit to the data of Ink, versus distance gives a line with a gt 460 nm with an~5 ns laser flash creates the ruthenium-
slope of 1.0 A* when the data fob and7b are excluded.  (||) excited state, which transfers an electron to the external
The deviating behavior fo2b and7b can be explained by  acceptor M\?* in a bimolecular reaction, resulting in the
a different excited-state localization in these two complexes formation of oxidized ruthenium(lll) and the methyl viologen
(see below). radical, MV**. The subsequent recombination to generate

The emission lifetimes afa, 1b, 4b, 5a 5b, and7ahave  the ground-state reactants has been studied by monitoring
also been measured in a rigid butyronitrile glass at 77 K the recovery of the ruthenium(ll) bleach at 450 nm and the
(see Table 1). For the complexes without manganese, adecay of the absorption of the formed Mvaround 600
lifetime of ~4 us is obtained, which is in gOOd agreement nm 3436.3’"For most of the mononuclear ruthenium(”) com-
with the value for Ru(bpyJ* under the same conditiod$**  plexesla—7a, the 450 nm recovery and the 600 nm decay
In the presence of manganese(ll), ftis, 4b, and5b, the  curves are mirror images; these processes follow second-
emission shows a bi- or multiexponential decay. A slow order kinetics with a nearly diffusion-controlled rate constant
component with a lifetime similar to the one obtained for of 5 x 10° M~* s%. For 1a and4a, however, the recovery
the complex without manganese is assigned to the emissionpf ruthenium(ll) at 450 nm is faster than the decay of MV
from the complex in which manganese(ll) has dissociated.
A more short-lived component is obtained fbn, 4b, and (36) Serpone, NPhotoinduced Electron TransfeFox, M. A., Chanon,
5b with lifetimes of 150, 200, and 820 ns, respectively. This (37, M., Eds.; Elsevier: Amsterdam, 1988, Part D, p 47.

. . . ) ' Darwent, J. R.; Kalyanasundaram,X.Chem. Soc., Faraday Trans.
component is assigned to the intact complex in which the 1981, 77, 373.
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Figure 3. Transient absorption spectrum after excitatiorrbfat 478 nm

in deoxygenated acetonitrile in the presence of 40 mMVAM\The bleaching

of the ruthenium MLCT band around 450 nm recovers withirsbecause

of the intramolecular electron transfer from manganese(ll) to the photo-
oxidized ruthenium(lll), whereas the MV absorption, around 600 nm, is
much more long-lived. Inset: the kinetic traces at 450 and 600 nm are
shown for both7a (dashed) and@b (solid) in the presence of 0.1 M M.

The traces at 600 nm for the two complexes overlap perfectly. The emission
decay at 650 nm is also shown (dotted).

Intramolecular

Photoinduced .
Ru(bpy);>*-Mn™ + MV*

*Ru(bpy);>*-Mn** + MV?* Ru(bpy)s™*-Mn?* + MV** —

Recombination

Recombination
RuMa 5 MV

Ru(bpy);**-Mn?* + MV?*

hy
460 nm
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not be followed optically because of the very small extinction
coefficients for the manganese(ll) and manganese(lll) com-
plexes. However, electron transfer is consistent with the
electrochemical potentials for the ruthenium(lll/Il) and
manganese(l1l/Il) couples. Also, we have already shétn
that the manganese(ll) &b is oxidized to manganese(lll)
by Ru(bpy}?*, as evidenced by the disappearance of the EPR
signals of manganese(ll) and ruthenium(lll) when the
reactants were mixed in equimolar amounts. The ruthenium-
(1) recovery rate constant is independent of the concentra-
tions of the ruthenium(ll-manganese(ll) complexes, which
shows that the reaction is intramoleculaf? The ket values
vary from 1 x 1P to 2 x 10’ s™* for 1b—7b, respectively
(Table 2).

In Figure 3, it is clearly shown that the recovery of
ruthenium(ll) at 450 nm for7b is completed before any
significant decay of MV*. Compared to the other ruthe-
nium(ll)—manganese(ll) complexes, the bimolecular pho-
tooxidation with M\ is slow in 7a and 7b, which is due
to a lower driving force for this reaction. To better resolve
this process, a higher concentration of ff\Wvas used (0.1
M), giving a pseudo-first-order quenching rate constant of
1.45 x 10’ s The resulting kinetic traces are shown in
the inset of Figure 3, and it is clear that the 450 nm recovery
is somewhat faster then the emission decay. Because the

Figure 4. Reaction scheme for the electron-transfer processes betweenbimolecular quenching reaction and the intramolecular

the ruthenium(ll)-manganese(ll) complexes and ¥tvin flash photolysis.

at 600 nm, which shows that the photooxidized ruthenium-
(1) receives an electron from a source other than MV
Upon repeated flashing, the concentration of M\builds
up and is stable on the time scale of minutes or more. This
phenomenon can be explained by an irreversible oxidation
of the uncoordinated amine ligand that is the only conceiv-
able electron donor except M¥V. An irreversible oxidation
at~1.0 V versus SCE in the cyclic voltammetry b& can
be assigned to the oxidation of the DPA ligadde3°
Coordination of manganese(ll) stabilizes the amine ligand
against oxidation, and no build up of MY is observed in
any of the ruthenium(lfrmanganese(ll) complexes. Nev-
erless, the recovery of the ruthenium(ll) at 450 nm is much
faster than the decay of the MV at 600 nm; the recovery

electron transfer occur on the same time scale/lin a
consecutive first-order kinetic model (A B — C) was used
for the analysis, resulting in a value of 14 10’ s* for
ker. The guenching rate constant was fixed to 1480
s 1in the fit, as determined from the emission decay. The
amplitude change at 450 nm corresponding to the subsequent
intramolecular electron transfer was about one-third of that
for the quenching process. This is expected for nearly
identical differential extinction coefficients for the excited
and oxidized ruthenium moiety at 450 nm and a charge-
separation yield of about one-thifti3®

Control experiments were performed without KfVto
determine if the products of the manganese-induced quench-
ing of ruthenium(ll) excited state could interfere with the
analysis of the electron-transfer data. No transient absorption
was observed apart from that of the excited ruthenium(ll),

is also faster than that in the corresponding mononuclearhowever. In addition, with different concentrations of Kty

ruthenium(ll) complexes. Evidence for these differences is

the ruthenium(ll) excited state was quenched to varying

shown in the transient absorption spectrum and kinetic tracesextents by manganese and Ktyyet there was no difference

for 7b in Figure 3. Manganese(ll) is the only additional

in the transient absorption kinetics (rate constants) for the

electron donor, which suggests that the faster recovery atelectron-transfer reaction.

450 nm in 1b—7b is due to electron transfer from the
coordinated manganese(ll) to the photooxidized ruthenium-
(1) (see reaction scheme in Figure 4). This conclusion was
previously reached fatb—3b?'-??and is now shown for four
new complexes}b—7h. The manganese(ll) oxidation could

(38) Sun, L.; Burkitt, M.; Tamm, M.; Raymond, M. K.; Abrahamsson, M.;
LeGourrigec, D.; Frapart, Y.; Magnuson, A.; Brandt, P.; Tran, A;;
Hammarstien, L.; Styring, S.; Aermark, B.J. Am. Chem. So4999
121, 6834.

(39) Sauvage, J. P.; Collin, J. P.; Chambron, J. C.; Guillerez, S.; Coudret,
C.; Balzani, V.; Barigelletti, F.; Decola, L.; Flamigni, Chem. Re.

1994 94, 993.
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The temperature dependencekgf for 2b, 3b, and 5b
has been studied between 10 and°@) and in Figure 5,
the values obtained are plotted ask{/?) versus 1T. The
(ns? — &Y factor varies less than 3.5% within this
temperature region. From the linear fits of the data in Figure
5, the reorganization energy) (was calculated from the slope
according to the Marcus expression fer (eq 3) using the
AG?° values obtained from the electrochemical measurements.
The electronic coupling constarii ) was calculated using
the intercepts obtained from the linear fits in Figure 5
according to eqs 3 and 4. The temperature dependence of
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' ' ' isoergonic in all complexesAG® > —0.1 eV, Table 2).
181 1 Energy transfer is possible because manganese(ll) complexes
have d-d excited states that are below the energy of the
474 i ruthenium(ll) excited stat&.*? Although direct transitions
& from the manganese(ll) ground state are spin-forbidden (and
"5 Laport-forbidden), exchange-energy transfer from the excited
% O ruthenium(ll) moiety can be spin-allowed. No transient
absorption signals other than those from the ruthenium(ll)
151 ] excited state were observed in flash photolysis experiments
: : ; with only the ruthenium(ll}manganese(ll) complexes in
3,0x10” 3,2x10° 3,4x10” 3,6x10° acetonitrile. However, the products from both energy- and
1T (K") electron-transfer quenching are expected to be very short-
_ lived; thus, this result does not contradict any of these
Figure 5. Temperature dependence of the electron-transfer rate constant .
for 2b (M), 3b (O). and5b (a). mechanisms.
One way to discriminate between the electron- and energy-
AG® was neglected, as justified by tvel0 mV variationin  transfer mechanisms is to measure the emission lifetimes in
AE?® for the Ru(llI/Il) and Mn(lI/Il) couples of2b between  a low-temperature glass. In an electron-transfer reaction, the
10 and 60°C. The4 values calculated from the slopes are solvent molecules around the complex need to reorganize
2.0, 1.8, and 1.5 eV fokb, 3b, and5b, respectively. The  according to the new charge distribution. When the reaction
Hrp values calculated from the intercepts are 12, 1.7, and occurs in a rigid medium, the reorganization cannot take

0.27 meV (Table 2). place. This situation will result in a decrease of the reaction
driving force by an amount equal to the outer reorganization
ke —In A AC + A)? energy*345 which is ca. 1.0 eV for complexes of this size
Ker=INA——r—— (3) .
4Kk T in polar solventg® As a consequence, the electron transfer
would be strongly endoergonic in the present complexes, and
A= Ar ) 2__1 (4) quenching would not occur. However, in an energy-transfer
h ™ Ak, T reaction, the effect of the frozen solution would be much
smaller because the solvent reorganization in this case is
Discussion relatively small” We have previously reported that quench-
Excited-State QuenchingThe lifetime of the ruthenium- NG in 3bis rapid even in a solvent gla3sErom the emission

(I1) excited state is crucial to a successful electron transfer lifetimes at 77 K reported here, it is clear that this result is
to the external acceptor MV. A complicating factor in these ~ 9eneral for all complexes investigatetib( 4b—5b). The
complexes is that manganese(ll) quenches the excited stat€onclusion is that quenching of the excited state of ruthe-
and competes with the intermolecular electron transfer to NUM(ll) does not occur through an electron-transfer mech-
MV2*. In some of the complexes, the excited-state lifetime @nism but presumably through energy transfer to a short-
becomes so short that it is difficult to obtain any electron lived excited state of manganese(ll) with the appropriate
transfer, even with very high concentrations of fty ~ €Nergy.
Therefore, to control the quenching, it is of great importance ~ The rate constant for an exchange-energy transfer de-
to know through which mechanism it occurs. creases exponentially with distan¢?In Figure 2, we plot
There are several conceivable quenching mechanismsthe natural logarithm of the quenching rate constant versus
Coordination of manganese in the complex could cause the distance between the two metals. A linear least-squares
changes in the electronic properties of the Ru(pynoiety fit to the data gives a slope of 1.0-/Awhen the data fo2b
that would change the rate constants for the excited-stateand 7b are excluded (see explanation below), which is a
deactivation. However, because the absorption and emissiorféasonable value for a through-bond exchange energy
spectra are not significantly different for the complexes with transfer. Although only a limited set of data are available,
and without manganese, it seems that the effect of manganeséhis correlation indicates that even though the ligand that
on the electronic structure is negligible. Paramagnetic
quenching has been discussed as a general mechanism fdf1) Ang;;iﬁi\c/-E‘Eggg?sitgn\é?oh:tgg@%miStW of Coordination Compounds
excited-state quenching, but a detailed stfidyggested that  (42) porter, G. B.; Scfifer, H. L. Ber. Bunsen-Ges. Phys. Che264
this mechanism is insignificant in the quenching of excited 68, 316.
ruthenium complexes. Two other plausible mechanisms thatgiig gg?n”e';";(BMeLY?rb,TNgﬁyor,a'_ Cphens‘\}ggﬁ\?vs Z_S;Z%iemczyk, M. P.
should be considered are energy transfer to manganese(ll) = wasielewsk, M. RJ. Am. Chem. Sod.991, 113 719.
and electron transfer from manganese(ll), in the latter _Case(45) ,t’/l\’lﬁz'e"’lie‘gsev'g' Eﬁ{.?gg;?ns'o?iggé flvgcizvlvé.A” Kersey, K. M.;
generating the reduced ruthenium complex. With an excited- (46) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
state reduction potential for ruthenium (RU") of ca. 0.86 (47) Sutin, N.Acc. Chem. Red982, 15, 275.
V versus SCE? electron-transfer quenching would be nearly Eigg Bi?))t(rtg\:\}iaDk, lﬁ.el.réggtr:]dnpﬁé?llsagﬁnzéhses;gi.stry: Principles, Theories,

Methods, and TechniqueBalzani, V., Ed.; Wiley-VCH: Weinheim,
(40) Demas, J. N.; Addington, J. W. Am. Chem. Sod.976 98, 5800. Germany, 2001; Vol. 1, pp 213237.

Inorganic Chemistry, Vol. 41, No. 6, 2002 1541



Abrahamsson et al.

coordinates the manganese(ll) is different for the complexes
studied here the energy of the manganese(ll)-based excited
state is approximately constant. As a consequence, changing
the manganese(ll) ligands does not seem to be an efficient
strategy to reduce the quenching. Figure 2 suggests that the
only way is to increase the distance between the two metals.

Manganese(ll) is believed to be involved in the lowest
oxidation state (§ of the manganese cluster in PS54
Our data suggest that quenching of the excitgdiR PS I

by the manganese cluster that involves manganese(ll) in its

lowest oxidation state may be a potential problem that Nature
has solved by keeping these units-2D A apart and using
tyrosine as an interface between them. Thus, by increasing
the distance betweendgzand the manganese cluster, the risk
of quenching B would be minimized while electron
transfer via tyrosingcan still be efficient. It is of interest to
mimic this organization in a synthetic triad including tyrosine
in which the sensitizermanganese distance is controlled.
Complexes?b and 7b deviate from the trend described
by the line in Figure 2. Despite the relatively long metal-
to-metal distance (14 A), the excited-state lifetime2bfis
only 23 ns while the lifetime of’b, at the same metal-to-

Figure 6. Schematic picture of the localization of the transferred electron
on the lowest MLCT excited state for compléb and 2b, showing how
the phenyl substituent moves the lowest ruthenium MLCT state closer to

metal distance, is instead much longer. These deviations carthe manganese moiety (see text).

be explained by the difference in the ligands around the
ruthenium(ll}-metal center. In all the ruthenium(tman-
ganese(ll) complexes studied, exc@ptand 7b, the bipy-
ridine ligand linking the manganese(ll) is substituted with
electron-donating groups (4;dialkyl-bipyridine). This sub-
stitution will increase the energy of the MLCT state such
that the lowest excited MLCT state will involve the unsub-
stituted bipyridines that are remote to manganese(112bn

the manganese ligand is instead linked to the ruthenium
moiety via a phenyl group that is conjugated with the
bipyridine. Earlier studies have shown that the electron in
an excited MLCT state can be delocalized over a conjugated
ligand, leading to a decrease in the excited-state ertérgfy.
Thus, the lowest MLCT state may involve the substituted,
bridging bipyridine ligand rather than the unsubstituted
ligands, as shown in Figure 6. The involvement of the
bridging bipyridine ligand would move the MLCT state of

2b much closer to the manganese moiety, as compared to

the MLCT states of the other complexes, and could explain
why the emission lifetime o2b is shorter than those &b,

(50) luzzolino, L.; Dittmer, J.; Dorner, W.; Meyer-Klaucke, W.; Dau, H.
Biochemistry1998 37, 17112.

(51) Roelofs, T. A.; Liang, W.; Latimer, M. J.; Cinco, R. M.; Rompel, A,;
Andrewa, J. C.; Sauer, K.; Yachandra, V. K.; Klein, M.Froc. Natl.
Acad. Sci. U.S.A1996 93, 3335.

(52) Liang, W.; Roelofs, T. A.; Cinco, R. M.; Rompel, A.; Latimer, M. J,;
Yu, W. O.; Sauer, K.; Klein, M. P.; Yachandra, V. K. Am. Chem.
Soc.2000 122, 3399.

(53) Ahrling, K. A.; Peterson, S.; Styring, Biochemistryl997, 36, 13148.

(54) Messinger, J.; Robblee, J. H.; Yu, W. O.; Sauer, K.; Yachandra, V.
K.; Klein, M. P.J. Am. Chem. S0d.997, 119 11349.

(55) Hammarstim, L.; Bargelletti, F.; Flamigni, L.; Indelli, M. T;
Armaroli, N.; Calogero, G.; Guardigli, M.; Sour, A.; Collin, J.-P.;
Sauvage, J.-Rl. Phys. Chem1997 101, 9061.

(56) Strouse, G. F.; Schoonover, J. R.; Duesing, R.; Boyde, S.; Jones, W.
E.; Meyer, T. Jinorg. Chem.1995 34, 473.

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

(58) Damrauer, N. H.; Boussie, T. R.; Devenney, M.; McCusker, JI.K.
Am. Chem. Sod 997 119, 8253.

1542 Inorganic Chemistry, Vol. 41, No. 6, 2002

5b, and 6b, even though the metal-to-metal distances are
the same.

A higher degree of delocalization is accompanied by a
smaller nuclear equilibrium displacement of the potential
energy curves for the luminescent MLCT excited state with
respect to the curve for the ground st#t&his situation is
directly reflected in the FranekCondon envelope of the
vibrational progression exhibited by the low-temperature
luminescence spectra. The relative peak heights of tHike 0
and 0-0 transitions could therefore be used as a measure of
the displacement. From the spectra in Figure 1, it is clear
that the 0-1 peak height is lower faeb than forlb, showing
that the displacement parameter 2tris smaller. The room-
temperature emission spectrunafshows a smaller spectral
width compared to that dfa (not shown), which is expected
for a system with a smaller displacement parameter. These
data support the assumption that the lowest MLCT state of
2b involves the substituted bipyridine and is also delocalized
over the phenyl group?585°Also, from the electrochemical
data, it is clearly easier to reduce the first ligan®mthan
it is to reduce the first ligand iib (Table 2). Finally, the
emission maximum o2b is red-shifted compared to that of
1b. All these results suggest that the lowest MLCT state in
2b involves the substituted ligand that bridges ruthenium-
(1) and manganese(ll).

One way to counteract the effect of delocalizatior2im
and increase the excited-state lifetime would be to introduce
strong electron-withdrawing groups on the unsubstituted
bipyridines. The lowest MLCT state would then be localized
on these ligands that are easier to reduce instead of on the
phenyl-substituted bipyridine. The distance from the units
involved in the lowest MLCT state to the manganese moiety

(59) Damrauer, N. H.; Welson, B. T.; McCusker, J. X.Phys. Chem. A
1998 102 3382.
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would then be increased. To investigate this possibility, Electron Transfer. The flash photolysis experiments
complex7a was synthesized. This complex has the same showed that intramolecular electron transfer occurs from the
structure as?a except that four ester groups have been coordinated manganese(ll) to the photooxidized ruthenium-
introduced in the previously unsubstituted bipyridine ligands. (lll). The rate constants obtained for this reaction vary from
The emission maximum ofa at 293 K is red-shifted by 1 x 10°to 2 x 10’ s™* for 1b—7b, respectively. To make a
~40 nm compared to the emission maximun®ef and the complex where intramolecular electron transfer is fast and
first ligand reduction occurs at a 360 mV-less-negative efficient, it is of interest to investigate the factors responsible
potential, which is consistent with the localization of the for this large variation in rates. In contrast to the excited-
MLCT on the ester-substituted bipyridines ifa. The state quenching discussed above, the electron-transfer rate
emission lifetime of7a, without manganese(ll), is 1300 ns, does not have a simple dependence on the metal-to-metal
which is similar to the value for that &a. In contrast, the  distance. For example, the rate constantslftoand4b are
lifetimes for the complexes with manganese(ll) are very 1.1 x 10° s™*and>2 x 10’ s™%, respectively, although the
different: ~1200 ns for7b but 23 ns fo2b. Thus, itis clear ~ metal-to-metal distancesi9 A in both complexes.
that the ester groups move the excited state away from According to the Marcus expression fk¢r (eqs 3 and
manganese(ll), thereby increasing the excited-state lifetime4), there are three factors that altes: variations in the
from 23 to ~1200 ns. This dramatic improvement shows reaction driving forceAG®), the electronic coupling constant
that it is possible to control the quenching without changing between the reactant and the product st&ig)( and the
the metal-to-metal distance or the bridging ligand. reorganization energyl]. The variation inAG® lies within
Although the data point fob in Figure 2 is above the 0.1 €V forlb—6band is hence too small to explain the large
line, the energy of the lowe3VILCT state is nearly identical ~ variation inker. The reorganization energies obtained from
to those of the other complexes that follow the line. It seems the temperature dependence of eqs 3 and 2o8b, and
clear that the reason for the unusually rapid quenching in 90 aré 2.0, 1.8, and 1.5 eV, respectively; these values are
2bis the localization of the MLCT state closer to manganese. larger than the 1.0 eV that one would expect for the outer
In contrast, the data point @b is well below the line. There ~ '€0rganization energy in a polar solvéhtve believe that
are at least two possible explanations for this situation. First, t(heése large values are due to internal rearrangements of the
the excitation in théMLCT state of Ru(bpyy* hops rapidly ~ Manganese complex moiety as the labile manganese(ll)
between the ligand®.In studies of electron-transfer quench- CoMPlex is oxidized to the relatively stable manganese(lll)
ing by acceptors linked to a Ru(bpy) complex, it was complex. The JahnTeller distortion of manganese(lll)
concluded that quenching occurred predominantly when COmMplexes may also contribute to the reorganization energy.
excitation involved the bridging ligarfd:: Thus, when the The reason for the variation in the reorganization energy
MLCT state involving the remote ligands was lower in (1.5-2.0 eV) may be the difference in the coordination
energy, quenching occurred via transient hopping to the stabilities of the manganese(ll) complexgs. Nptc_e thgt the
higher MLCT state on the bridging ligand. This situation complex that is most stablg toward t'he dissociation in the
may also be true in this case; therefore, the slow quenchingManganese(ll) state &b, which also displays the lowest
in 7b could be ascribed to the much larger energy difference value. _Taken together, these results |nd|(_:ate that similar
between the different MLCT states; this energy difference "Uthenium(ll)-manganese(ll) complexes will always have
is much larger than those for the other complexes. Alterna- 279€ reorganization energies. They will therefore not be rapid
tively, if direct quenching from the remof@MLCT state  ©l€ctron donors unless the driving force is high.
dominates, the energy of this state is about 0.17 eV lower Although2b has the largest value (2.0 eV), itsker is
than that of the other complexes, which may give rise to a 2r9€r than théer values obtained foBb andSb. This result
slower energy-transfer reaction. The activation energy for €N b€ explained by the relatively lartig value of 12 meV

the different quenching routes will be different, but because that was calculated foEb, which is probably due to the
the quenching is so slow iib compared to the intrinsic extended conjugatedt-system of the bridging bipyridine

decay of the MLCT state already at room temperature, it is 19and between the two metals. Thig, value forsh, on the
not possible to extract reliable activation energies to distin- °ther hand, is much smaller, only 1.7 meV. The small value
guish between the two alternatives may partly be due to the presence of the oxygen in the link

To conclude. we have investicated the excited-state between the two metal ligands, an effect that has not been
o . 98 reported in the literature. Another possible explanation is that
qguenching in the series of rutheniumfinanganese(ll)

molex Th rrelation bet th hi ¢ the ruthenium(ll) moiety is linked to the meta position of
compiexes. fne correlation between he quenching rat€y,, pyridine ligand in relation to the manganese. The pyridine

constant and the _me_tal—to—me_tal d|stanc_e (Figure ?)’ t_ogetherHOMO has a significant contribution from the atomic orbitals
with the substantial increase in the excited-state lifetime for

. on both the nitrogen and C4 but a small tribution f
7b as compared to that of the similar compl2k, shows g d b all contribution from

. . . .~ . C8. Thus, the coupling to the manganese ion via the pyridine
that we can design complexes in which the quenching is would probably be stronger through the para position
controlled. '

The variation in electronic coupling between the com-
60) Kelly, L. A; Rod M A 33, Phys. Cheml995 96, 13132 plexes causes a great difference in the preexponential factors
elly, L. A.} Rodgers, AL . S. e A . .
1) COO‘(ey’ - Headford, . E. L.: Eliot, & M. Kelley. D. B. Am. of the electron-transfer rate constanfsif eqs 3 and 4).
Chem. Soc1988 110, 6673. The prefactor ratio is 1800:36:1 f@b/3b/5b. For 2b, it is
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as high asA = 6 x 10 s, which emphasizes that it is never be fast electron donors and that the introduction of
really the high activation energy that makes the electron other redox intermediates may be necessary for rapid
transfer relatively slow. Another important result that also regeneration of the photooxidized sensitizer.
should be noted is that the obsenlegfor 7bis much higher The ruthenium(ll) excited MLCT state is quenched by the
than that f0|'2b Th|S I‘esult ShOWS that our mOdIflcatlon Of appended manganese(”). In some cases, the excited-state
the ruthenium(ll) moiety ivb not only reduces the excited-  |ifetime is only a few nanoseconds, which made photooxi-
state quenching to a minimum but also improves the electron-qation by the external acceptor difficult. We demonstrated
transfer properties, thus making this compound the best inthat for complexes with similar ligands around ruthenium-
the series. The 10-fold increase in the electron-transfer rate(“) the quenching rate constant decreases exponentially with
constant of7b compared to that a2b (see Table 2) can be  he metal-to-metal distance, being independent of the type
explained by the larger driving force. If all other parameters ¢ manganese ligands involved. This result implies that
are the same, a change AG° from —0.39 ©0—0.59 &V gfficient photooxidation requires a long metal-to-metal
would increase the rate constant by a factor of 20, which is yistance but this distance would reduce the rate of subse-
ywthln the experimental uncertainty equal to the observed quent electron transfer from manganese(ll) to ruthenium-
Increase. (Il) if other factors remain constant. However, by a
Manganese(ll_) Comp'?Xe_S may never be, able to act as faStmanipuIation of the MLCT-state energy involving the
electron donors in an art'|f|C|aI photqsyntheﬂc SVStem becausedil‘ferent ligands around ruthenium, the excitation could be
of the large reorganlze_ltl_on energy !nvol_ved. A rapld re9en- yistributed mainly on the ligand bridging the manganese or
eration of the photooxidized sensitizer is usually important on the remote ligands. In this way, we could reduce the
to avoid deleterious recombination reactions. This problem quenching rate constaﬁt b by 2-3 ,orders of magnitude
could be solved by mimicking PS I, where tyrosirie the compared to the quenching rate constant in the similar

primary electron donor to dg". In addition, a redox
; . : . complex2b. Furthermore, subsequent electron transfer from
intermediate would increase the distance between the metals

which would also reduce the excited-state quenching. Somethe manganese was even somewhat fastébithan it was

progress along these lines has been repg#taels® in 2b. ) )
The purpose of the present study was to investigate the
Conclusions importance of the different parameters that affect the

efficiency and rates of excited-state quenching and intra-
molecular electron transfer between manganese(ll) and
photooxidized ruthenium(lll). With our results, we can

We have shown that intramolecular electron transfer from
manganese(ll) to photooxidized ruthenium(lll) occurs in a

series of ruthenium(lhmanganese(ll) complexes. The rate o " :
constants for this process lie in the range 106—2 x 107 understand the variation of these parameters within the series

s, This variation cannot be explained only by the difference Of complexes studied, and we can design complexes, such
in the metal-to-metal distance and the small variation in the @S7b, with improved properties. These results are also very
driving force (AG® ranges betweer-0.39 and—0.49 eV important to the design of more co_mpllcated systems
for 1b—6b). Instead, variations in reorganization energy and containing manganese complexes of higher nuclearity.
electronic coupling are important. The relative coupling
strength is not related to the reactant distance in a simple
way, thus showing the importance of specific through-bond
effects. The reorganization energy is &0 eV for the
complexes examined, which is higher than expected for outer
(solvent) reorganization. Instead, internal reorganization of
the manganesedigand bonds may contribute to explain the
data. Our results suggest that manganese complexes mayc0107227
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