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Mimicking the fundamental processes of the photosynthetic reaction center is a large field of research over
the past decade. We present as biomimetic model systems for electron transfer the mono- and heteroleptic
ruthenium complexe®—9 containing differently substituted bipyridazinglycol ligands. Depending on the
number of glycol chains of the complex2s 9, they are divided into three classe&: (2 branches2—4); B

(3 branches5—6) and C (6 branches/—9). UV, fluorescence, single-photon counting, and laser flash
photolysis were employed as techniques for photophysical characterization. Redox properties were determined
using cyclic voltammetry. Detailed steady-state quenching studi@s-8fwith MV?*, OV?*", and MPVS

have shown different supramolecular interactions between sensitizer and acceptor in the ca%e ofivge

effects may be explained by— donor—acceptor attractions as well as hydrophobic interactions. Supporting
molecular modeling studies have been done. The suitability as biomimetic model systems was shown by
testing the ruthenium complexes-9 in artificial photosynthesis systems. Two typical reactions were
selected: the sacrificial reduction of water and the reduction of @OCH,. The use o0f2—9 leads to
satisfactory hydrogen production from the reduction of water. In thg @B} system, complexes—9 worked
efficiently.

Introduction SCHEME 1: Schematic Drawing of Covalently Linked

o ) ) Model Compounds for the Photochemical Reaction
The elucidation of the structural unit of the photochemical Center: Unidirectional, 1a, and Our Bidirectional

reaction center by Huber, Michel, and Deisenhofer was a System, 1b
breakthrough in the fields of organic chemistry and bio-
chemistry:=3 Numerous kinetic studies followed to characterize

the detailed photochemical and thermal steps involved in the

intrinsic electron transfer of the natural systém. To study

and clarify in more detail the photochemical primary steps in

the photochemical reaction center, model compounds were
investigated. Basically two approaches for models of the

artificial photosynthetic units can be envisaged: (1) covalently

linked subunits based on donresensitizer-acceptor triads or

polyads or (2) noncovalently linked supramolecular structures

containing the same entities however in separate molecules thabranches are involved in the electron-transfer process. Ad-
allow for host-guest interaction. ditionally we describe nonnatural systems of the tf8—6

The second approach is in principle more close to nature since(three branches) an@:7—9 (six branches), which allow for
in the natural system the components are not directly linked Multiple bonding, in principle.
but rather held together by a supramolecular structure involving ~ Steady-state quenching experiments and molecular modeling
the protein matrix¢:® Nevertheless this topic has been inves- Studies show that supramolecular self-organizing sensitzer
tigated to a limited exter#®~16 The covalently linked systems  acceptor assemblies occur. Absorbed light energy induces via
1 studied by various researchers are in principle linear systems@ charge-separated state classical redox chemistry such as water
of the typelal?-2! Nature's system however consists of two and CQ reduction to give hydrogen or methane, respectively.
branches, so the systetrtb we have published as a model . .
structure comes more close to the natural system (Schefa&1). Experimental Section

In this paper we present basic model studies of the electron- The synthesis of the complexes bis(éj@nethyoxy-3,3
transfer process of Rypolypyridine complexe&:2—4, B:5— bipyridazine)(6,6bis[8-hydroxy-3,6-dioxaoctyl-1-oxy]-3;3i-
6, andC:7—9 (Scheme 2), being able to establish noncovalently pyridazine)ruthenium(ll) dichloride2@), bis(6,6-dimethyoxy-
interacting supramolecular assemblies with suitable quenchers3,3-bipyridazine)(6,6bis[11-hydroxy-3,6,9-trioxaundecyl-1-
such as mono- or bisviologen#\:2—4 consist of symmetrical oxy]-3,3-bipyridazine)ruthenium(ll) dichloride2p), bis(6,6-
structures of the type sensitizespacefr-acceptor and have been  dimethyoxy-3,3bipyridazine)(6,6bis[8-((4-methoxyphenyl)oxy)-
designed as biomimetic model systems which are comparable3,6-dioxaoctyl-1-oxy]-3,3bipyridazine)ruthenium(ll) dichloride
to nature’s subunits (M- and L-branch). It is however likely (3), bis(6,6-dimethyoxy-3,3-bipyridazine)(6,6bis[5-benzyloxy-
that in contrast to the photosynthetic reaction center both 3-oxapentan-1-oxy]-3;dipyridazine)ruthenium(ll) dichloride
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SCHEME 2: Chemical Structures and Schematic Drawings of the Biomimetic Ruthenium-Polypyridine Complexes
A:2—4 (Two Branches), B:5-6 (Three Branches), and C:7#9 (Six Branches)
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(4), tris(6-(8-hydroxy-3,6-dioxaoctyl-1-oxy)-§8-((4-methox- In a typical quenching experiment the concentration of the
yphenyl)oxy)-3,6-dioxaoctyl-1-oxy]-3;dipyridazine)-1,3,5- sensitizer was 3.0« 107> mol L~1. Luminescence quantum

benzenetricarboxylate-ruthenium(ll) dichlorides), tris(6-(11- yields ¢, were determined using Ru(bpy) as standardg =
hydroxy-3,6,9-trioxaundecyl-1-oxy)-f8-((4-methoxyphenyl)oxy)- ~ 0.042)27.28
3,6-dioxaoctyl-1-oxy]-3,3bipyridazine)-1,3,5-benzene- The luminescence lifetimes were measured in degassed
tricarboxylate-ruthenium(ll) dichloridéb, tris(6-(8-hydroxy-  aqueous solutions either with a FL-900 single-photon counter
3,6-dioxaoctyl-1-oxy)-6[8-hydroxy-3,6-dioxaoctyl-1-oxy]-3,3 (Edinburgh Instruments) or by laser flash photolysis.
bipyridazine)-1,3,5-benzenetricarboxylate-ruthenium(ll) dichlo- Cyclic voltammetry was performed with a VA Scanner E
L'dg (6a), tgsée-(j(;l-hydrtoTyl-s,6,9-tgclngxt?und%cyl-.l-oxyi)—?é 612 and Polarecord 626 (Metrohm) coupled to a X,Y-plotter
ydroxy)-3,6-dioxaoctyl-1-oxy]-3,8bipyridazine)-1,3,5- (Rikadenki). The working electrode and the counter electrode
b(_enzenetrlcarboxylatg-ruthen|um(II) dlchlorlo_lﬁb][,_ trls(_6,6- were platinum. The reference electrode was a Ag/AgCI (3 M
bis[8-hydroxy-3,6-dioxaoctyl-1-oxy]-3,2ipyridazine)- KCI, double junction). Ru(bpygjPFs), was used as a stand&fd.

ruthenium(ll) dichloride Ta), tris(6,8-bis[11-hydroxy-3,6,9- : : o
. AT . : ! All measurements were recorded in §H\ solutions containing
trioxaundecyl-1-oxy]-3,3bipyridazine)ruthenium(ll) dichloride 0.1 mol L=t (Bu):NBF, as supporting electrolyte. Typically a

(7b), tris(6,8-bis[8-((4-methoxyphenyl)oxy)-3,6-dioxa-octyl-1- . .
oxy]-3,3-bipyridazine)ruthenium(ll) dichloride8g), tris(6,8- isnc?_ln(r)a;[/eegulsol(\)”:ng/s was employed. All potentials are given
bis[11-((4-methoxyphenyl)oxy)-3,6-dioxaundecyl-1-oxy]-3,3 2 )

bipyridazine)ruthenium(il) dichloride8b), and tris(6,6bis[8- The ir.radiation experiments were carri_ed outina 3._5 mL glass
benzyloxy-3-oxapentyl-1-oxy]-3;ipyridazine)ruthenium(ll) cuvette; all samples were degassed with Ar._ The light source
dichloride ©) has been described elsew&feN,N'-bis(3- was a XBO 450 W xenon lamp (Osram) with a cutoff filter

sulfonatopropyl)-3,3dimethyl-4,4-bipyridine (MPVS) was pre- ~ KV-418 (4 < 418 nm) and a 10 cm water cell ¢ 730 nm) as
pared according to the literatu#e. Synthesis of the microhet- 'R filter. Molecular hydrogen was detected by gas chroma-
erogeneous Pt catalyst and the quasihomogeneous Ru catalydpdraphy with a 90-P-WLD instrument (Varian) (column 2 m,
was performed according to the original procedure by Turkevich 1/8 in., molecular sieve 0.5 nm, carrier gag) lnd methane

(citrate method$5:26 with a GC-14 A (FID.-Detector) linked to an integrator Chro-
N,N'-Dimethyl-4,4-bipyridine (MV2*), N,N'-dioctyl-4,4-bi- matgpac C-R6A (Shimadzu) (column: Haye-Sep D, 1xft

pyridine (O\24), triethanolamine (TEOA), EDTA (disodium  1/8 in., 100/120 mesh (Macherey Nagel), carrier gap N

salt), sodium bicarbonate, sodium citratePkCl, RuCk+3H,0, The photolysis experiments were run with the following

and (Bu)NBF, were purchased from Aldrich and used without concentrations: (a) reduction of water,: 410> mol L™*
further purification; only TEOA was freshly distilled. Amberlite ~ sensitizer, 5.0< 10~% mol L™t MV2*, 1.0 x 10°3 mol L™*
MB 3 was obtained from Serva. T P25 was a gift from EDTA, 4.0 x 1075 mol L™ Pt catalyst, 5.0x 1072 mol L™*
Degussa, Darmstadt. Doubly distilled water was used for all phosphate buffer (pH 7); (b) reduction of €Q.4 x 10-* mol
reactions. L1 sensitizer, 7.0x 1072 mol L™t MPVS, 1.0x 10! mol
UV/vis absorption spectra were recorded on a Uvikon 860 L~ TEOA, 5.0x 102 mol L NaHCQ;, 2.0 x 10~ mol L™t
(Kontron). Fluorescence spectra and steady-state luminescenc&U catalyst. The pH of the solution was adjusted to 7.8 with
were taken using a Hitachi F-3000 spectrometer in degassedCOz.
aqueous solutions. All molecular modeling calculations were performed with the
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TABLE 1: Absorption Properties of the Complexes 2-9 in H,0O
Ama@bs (nm) € (10* M~ cm™1))

cpx 1.MLCT 2.MLCT 3.MLCT 1.LC 2.LC 3.LC
A 2a 451 (4.08) 412 (4.11) 343 (4.06) 287 (4.56) 258 (4.55) 221 (4.75)
2b 450 (4.02) 412 (4.03) 341 (4.03) 288 (4.49) 257 (4.51) 220 (4.69)
3 456 (4.10) 412 (4.12) 346 (4.15) 289 (4.62) 257 (4.65) 220 (4.89)
4 458 (4.05) 414 (4.09) 340 (4.05) 288 (4.52) 258 (4.52)
B 5a 456 (4.23) 414 (4.25) 349 (4.18) 290 (4.68) 258 (4.65) 218 (5.03)
5b 454 (4.21) 414 (4.24) 344 (4.00) 292 (4.67) 260 (4.62) 222 (4.94)
6a 456 (4.21) 414 (4.24) 346 (4.14) 292 (4.61) 258 (4.62) 222 (4.82)
6b 455 (4.21) 416 (4.26) 344 (4.14) 293 (4.67) 258 (4.66) 218 (5.00)
c 7a 451 (4.21) 414 (4.23) 344 (4.15) 290 (4.61) 260 (4.63) 224 (4.79)
7b 451 (4.20) 411 (4.18) 356 (4.12) 294 (4.55) 258 (4.57) 223 (4.77)
8a 458 (4.24) 416 (4.29) 343 (4.19) 287 (4.77) 265 (4.68) 226 (4.88)
8b 457 (4.23) 415 (4.26) 343 (4.16) 287 (4.76) 262 (4.66) 221 (5.03)
9 461 (4.24) 417 (4.29) 347 (4.18) 292 (4.69) 261 (4.68) 226 (4.99)
° , TABLE 2: Luminescence Properties of the Complexes 29
S Amax€m (Nm) @ (%)  Eo—o(kI/mol)
cpX at298 Kk at77K  at298 K at77 Ko
A 2a 624 599, 642 3.5 206.9
2b 627 599 3.3 207.0
3 634 592, 645 4.0 206.5
. 4 617 589, 641 4.7 207.6
;' B 5a 618 587, 640 5.0 207.5
= 5b 622 603 4.8 206.3
= 6a 620 599, 640 5.3 206.7
S 6b 625 594 4.8 206.2
I C 7a 624 600 3.0 205.8
- 7b 637 601 2.4 205.2
_ 8a 616 588, 643 54 207.4
— 8b 617 589, 640 5.0 207.5
500 650 700 750 800 9 613 595, 642 6.5 208.2
Wavelength, nm ac(cpx) = 105 mol Lt in H,0.  c(cpx) = 106 mol L1 in EtOH.

Figure 1. Luminescence spectra @& (-:+), 7b (---), 8a(—+—), 8b

(—+-—), and9 (—) (c(cpx) = 107> mol L) at 298 K (inset:9 at 77 . .

K). TABLE 3: Luminescence Lifetimes and Constants for the
Radiative (k;) and Nonradiative (k) Reaction in H,O at
298K (c(cpx) = 4 x 10> mol LY

MM + force field (HyperChem 5.0, Hypercube, Inc.) using the

conjugate gradient method Polak-Ribiere with a rms gradient CpPX 7L (us) k (10°s™) kar(10°°s7)
of 1073, A 2a 1.928 0.182 5.005
2b 2.056 0.161 4.703
Results and Discussion 3 2.434 0.164 3.944
4 2.836 0.166 3.360
The UV spectrafor all Ruthenium coordination compounds B 5a 2.478 0.202 4.036
2—9 are typical and show absorptions in the range 4461 5b 2.318 0.207 4.107
nm for the first MLCT transition. The spectra possess rather gg gggg 8'%8? gggg
similar absorptlon. for al! thrge MLCT bqnds; thus one can 7a 1878 0.160 5.165
conclude that the ligand field i2—9 is very similar (Table 1§° 7b 1.943 0.124 5.023
Fluorescence spectraof the Ru-bipyridazine complexes 8a 2.491 0.217 3.797
2—9 give rise to considerable Stokes shifts of 384 nm. 8b 2.406 0.278 4.156
Whereas the fluorescence band is unstructured at room tem- 9 3.459 0.188 2.801

perature, a splitting into two bands is observed at low temper- Schwarz and M. Seilet3> This effect however is restricted
ature (77 K) (Figure 1). Analogous to Rbipyridine com- to —OH end groups ir2 and7. The increasing polarity due to
plexes, the fluorescence at lower wavelengths can be assignedhe larger glycol spacer chains b, 6b, or 8b may reduce the
to the emission from @MLCT state; the band at higher lifetimes however slightly compared &g, 6a, and8a.

wavelengths may belong to3%C.3! Furthermore the energy Quenching Experiments and Electron Transfer. Quench-
of the 0-0 transition Eo-o) is available from the low- ing experiments for the sensitizers ()9 were carried out
temperature excitation and emission spectra (Table 2). with various acceptors (A): M% (E° = —0.41 V), O\t (E°
Lifetime measurementswith 2—9 were carried out with a = —0.45 V), and MPVS E° = —0.79 V). All values of the
LASER equipment or a single-photon counter. Lifetimes quenching constants, observed for2—9 are smaller than the
determined by this procedure are collected in Table 3. values for Ru(bpy+ (Table 4). This is most probably caused

The lifetimes of2—9 are larger by a factor of-26 compared by steric effects. The more bulky ligands of the sensitizers allow
to Ru(bpy}?™. This fact can also be observed on Ru(bgtz) only a weaker interaction of the sensitizer with a quencher
(. = 1.189us)*? and may be due to the possible stabilization (variable distance model§. This explains also the slightly
of the excited state by the SLUMO in bipyridazine systéfs. higher values of quenching constants for the biomimetic

Larger spacer groups as Zab and7ab also increase the  heteroleptic Ru complexes.2—4 since the smaller number of
lifetimes of the Ru complexes, as observed previously by R. bulky glycol groups favors steric interaction in the encounter
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TABLE 4: Electrochemical Properties and Quenching Constants

Kropf et al.

kq (10" L mol~ts™1) in H,O

CpX ERu2+l3+ a ERu2+*l3+ a ERu2+/+ a ERu2+*/+ a MV2+ OV2+ MPVS
A 2a 1.42 —-0.72 -1.11 1.03 1.10 3.11
2b 1.45 —-0.70 —-1.10 1.05 1.44 2.85
3 1.37 -0.77 -1.15 0.99 2.38 3.61
4 1.35 —0.80 -1.15 1.00 1.70 3.46
B 5a 1.33 —0.82 —-1.25 0.90 2.01
5b 1.36 —0.78 —-1.21 0.93 1.45
6a 1.36 -0.78 -1.21 0.93 0.57
6b 1.35 —0.79 -1.22 0.91 0.49
C 7a 1.42 -0.71 —-1.15 0.98 1.29 1.78
7b 1.33 —0.82 —-1.25 0.90 1.21 2.60 0.96
8a 1.32 -0.83 -1.26 0.89 1.88 6.24
8b 1.48 —0.65 —1.08 1.05 1.81 4.69 1.15
9 1.35 —0.81 —1.23 0.93 1.08 1.95 1.06
2V vs NHE.
2,0 The biomimetic model complexes with unsubstituted glycol
= chains of typeA 2a,b and4 as well as those of typ€ 7b and
1,8 — 9 show an additional nonlinearity in their Steriolmer plots
4 at lower concentration of M%. This is most pronounced with
16 — the typeA complex4 (Figure 4). The fact that two different
_ i excited states are involved is not very likély We suggest that
o at initial almost stoichiometrical concentrations (SsA1:10)
147 the quencher is attached to the ethylene glycol chains of the
] sensitizers. Such a binding with poly(ethylene glycol) subunits
1.2 5 in porphyrins has been established by Gunther and Joh#fstdn.
7 This host-guest interaction is thought to favor static quenching
T T T 17 T 1 T T at lower concentrations, so the slope of the Stérnlmer plot
0000 0,005 0,010 0015 0,020 0025 0,030 is steeper at the beginning. o
c(cpx), mol T The assumption of hosiguest interactions is supported by a

Figure 2. Stern—Volmer plot of 2a (+), 5b (*), 6b (x), and7a (O)

with MV2* in H,O (c(cpx) = 2 x 1075 mol L™%).

cage complex oR—4 and MV?*. The largerk, values for
anisyl-substituted complexés3, B:5, andC:8 result probably
from higher diffusion coefficients for these molecules due to
lack of free OH groups (as in unsubstituted glycol chains) to
form hydrogen bonds to solvent molecules. An additional
donor-acceptorr— interaction may lead to a stacking of the
phenyl rings in3—6 and8, 9, and the quencher M, which
also favors the formation of the encounter cage complex. As
for the quenching with the cyclic bisviologen cyclo(bis-(1,1
xylylene-4,4-bipyridinium) (E° = —0.47 V), this interaction is
most distinct with anisyl-substituted glycol chaiisNeverthe-
less all Stera-Volmer plots of the Ru complexes-9 quenched
with MV 2+ are slightly nonlinear at higher concentrations (S:A
> 1:500) (Figure 2). Although this effect is less obvious than
with the cyclic bisviologen cyclo(bis(1'kylylene-4,4-bipyri-
dinium), it is a hint for supramolecular effects between the
acceptor MV#* and the sensitizer so that at higher quencher
concentration static and dynamic quenching are superposed.

guenching study using the sterically more encumbered and more
hydrophobic OV*. Here the SteraVolmer plots are linear,
indicating that the long alkyl chains decrease or eliminate-host
guest aggregates. The same result has been found for the-Stern
Volmer plots in quenching experiments with the compleXies

8a, and9 and MPVS, which is also sterically more demanding
than M2+,

The results of the steady-state quenching study with the
complexes2—9 and MV2* are combined in Figure 5 using a
Rehm-Weller plot. The positions of all observed values
are lower compared to the theoretical RekWieller curve?041
This also seems to imply supramolecular aggregates.

Photosensitized Reduction of Water and CQ The ability
to use the electron transfer of the Ru compleXe9 for artificial
photosynthesis should show that the charge-separated state may
be used in a chemical process. This rendet® to be real
model systems with properties comparable with those found in
nature. A study of this type is rather rare in the literature.

Here we present such an application for two artificial
photosynthetic systems: (1) the sacrificial water reduction
(reaction 1) and (2) the sacrificial reduction of carbon dioxide

The assumptions made above are supported by molecularto methane (reaction 2).

modeling results. For all molecules—C having benzyl or
anisyl groups at the end of the polyglycol chain, geometry
optimization results in the formation ofa—z complex between

the MV2" (quencher) and the aromatic systems at the branch

terminus. In principle there may be more than one binding site

for the quencher. As an example Figure 3 shows the space-

filling model of the anisyl-substituted typ€ system8a with
one molecule of M¥" embedded in the side chains. We
assume that Coulombic interactions between thé"Renter
of 8aand the positive charges in MV are provoking a rather
streched geometry of the assemi@@MV2+. Additionally
arene-arene interactions ia stabilize a flat geometry as well.

2H" +2e —H, E°=-041V (1)
CO,+ 8H" +8e — CH, + 2H,0

EO

=-0.24V (2)

In both systems absorbed light energy is transferred from a
photoexcited sensitizer via an acceptor (electron relay) on the
substrate (water protons or carbon dioxide) (vide infra).

A large number of sensitizers have been investigated in
Graetzel's and our group in the water cleavage system (reaction
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Figure 3. MM+ minimized structure oBa with one molecule M¥" embedded between the poly(ethylene glycol) chains.
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Figure 4. Stern-Volmer plot for4 with MV 2+ (+) and O\ (x) in
H,0 (c(cpx) = 2 x 1075 mol L™1).
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Figure 5. Rehm-Weller plot: values calculated f&—9 with MV 2*
(+) and2—4, 7—9 with OV?" (x) in HO (c(cpx) = 3 x 107> mol
L-1). AG values calculated from the Rehtiveller equationAG =
F[E(S*/S*) — E(AJA7)]; F = Faraday constant, theoretical Rehr
Weller plot)#041

1), especially metal complexes such as ruthentitms(poly-
pyridines) and—bis(diazinesy2~4" Because of the structural

SCHEME 3: Oxidative Pathway of a Photoinduced
Redox Reaction in a Four-Component System (See Text).
S: Sensitizer, A: Electron Acceptor (Relay), D: Electron

Donor, cat.: Catalyst
v

D* S
\

1/2 H, / CH,

.
H¢/ CO,

acceptor systems should increase the efficiency of the system
compared to the use of an external electron relay (accepte).

In both reactions 1 and 2 the quenching of the excited state
of the sensitizer is possible via an oxidative or reductive
pathway, depending on the redox potential of the photoexcited
state. This fact results in two possible reaction mechanisms.
In the current study all reactiofrsiccording to the potentials
determined-should proceed via the oxidative mechanism
(Scheme 3).

The photoexcited sensitiz&* transfers an electron to the
electron relayA (MV 2+ or MPVS) and is thermally regenerated
by an electron dondd (EDTA or TEOA), which is irreversibly
oxidized by electron transfer to MV (=A7).3156 Thus we
operate with a sacrificial system. The catalyst (cat.) determines
which reduction process occurs to afford molecular hydrogen
or methane or both.

For the water reduction wit2—9 the relay M\Z™ and the
donor EDTA were employed. As catalyst a microheterogenic
TiO,(P25)-Pt antenna catalyst (platinium clusters linked to the
surface of TiQ) was used® In the CQ reduction the relay
MPVS and the donor TEOA were selected. Here a quasiho-
mogeneous Rusol was taken as a catalyst.

Since the efficiency of the sacrificial systems described above

relationship to the sensitizer of the natural photosynthesis, grongly depends on the reaction conditions, especially on the
chlorophyll, many members of the class of porphines have beengyaity “of the catalyst, Ru(bpy3* served as a standard. To
studied, tod”®51 The application in the standard sacrificial g)jow comparison of the various yields of reaction products,
water reduction system however is limited mostly because of rather simple and reproducible reaction conditions were chosen.
decreased photostability of the porphyrins and the tendency of The amounts of hydrogen or methane, respectively, detected
aggregation as well as poor solubility of the mostly hydrophobic after the first hour of continuous photolysis are given in Figure
phthalocyanines and porphyrazines especially in aqueous solug_ These results will be discussed in the following sections.
tions. Water Reduction by Visible Light. According to the

In the case of the C#CH, system (reaction 2) only few

studies all investigating rutheniunpolypyridines as sensitizers
have been carried o&t5252 A reason may be the kinetic barrier

for the reaction, where the reduction of €@ CH, requires

amounts of hydrogen produced, the sensitizers can be divided
into three groups following the classification pattern for the
biomimetic model systems. The sensitizers of thp2—4 (two
branches) develop only hydrogen in a poor yield, whereas the

the accumulation of eight electrons on the catalyst. Neverthe- typeB compound$—6 (three branches) give good results. The

less, the use of supramolecular covalently linked sensitizer

most effective complexes, however, are those of tpe—9
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5 60 — S 2—9 are doing chemistry in the sacrificial system, indicating
i ‘?, £ 50 © that here the electron-transfer step can be used in a chemical
£ 0 reaction.
4— £ Light-Induced CO» Reduction. The most efficient com-
- - :'E_’ 30 plexes,7b, 8a, and9, also have been studied in the sacrificial
o 22 CO;, reduction. Here the catalyst has to collect eight electrons
% 3 3 10 from the relay to reduce one molecule of £© CH;, (kinetic
3 § 0 barrier), which is the thermodynamically favored reaction. The
5 generation of potential side products such akl4>C,H,, and
5 2 even hydrogen has not been investigated during this study.
§ i Because of the increased demands on the catalyst, the amounts
of methane are generally smaller than those of hydrogen in the
L o T water reduction system.
4 NSN3 8 The amounts of methane detected (after 60 min of photolysis)
EIEJDE] show thaBaand especiall are more efficient than Ru(bpgy

(Figure 6). Compoun@ produces nearly 3 times more methane
than the standard. A comparison with the physical data gives
a direct correlation between methane volumes and luminescence

O Ru(bpy)©2a 2 3 4

Figure 6. Hydrogen evolution after 60 min of continuous photolysis
(c(sensitizer)= 4 x 1075 mol L™%; c(relay) = 5 x 107 mol L%

c(donor) = 10-2 mol L% c(catalyst)= 4 x 10-5 mol L-). Inset: Iifetimgs 7L or luminescence quantum yields, respectively:
Methane evolution after 60 min of continuous photolysisénsitizery ~ The higher the values for, and ¢, the more methane is
= 1.4 x 1075 mol L7%; ¢(relay)= 7 x 1073 mol L™%; ¢(donor)= 1071 produced. To the best of our knowledge Ru com@ex the
mol L™ c(catalyst)= 2.0 x 10~* mol L™). compounds of typeC (six branches) is the most efficient

sensitizer in this sacrificial C§#CH, system with external
(six branches) with the exception dfa,b, which are as electron relay to date.
inefficient as2—4. The much smaller constantg for the
radiative reaction (Table 3) in the case @,b imply that a Conclusion
smaller part of the light energy absorbed during the photoex-
citation is converted to luminescence energy thar8fand9.
The preferred thermal deactivation may be a reason for poo
efficiency.

Three classed, B, and C of different Ru-bipyridazine-
rpon(etherne glycol) complexez—9 have been characterized
in their photophysical and electrochemical properties. Steady-
; . ) state quenching experimentsf9 with various acceptors such
According to the good quenching results with &V much as M2+, OV2+, and MPVS have been performed. The effects
higher amounts of hydrogen are to be expected for the sensitizersyy the quenching process can be summarized as follows: large
2—4. However the relatively inefficient radiative reaction and - g pstituents (steric effects) and hydroxy substitution of the glycol
the small reaction enthalpy because of the more positive redoXchains (diffusional effects) render the quenching process more
potentials of the excited complex seem to limit the efficiency gifficult; easier accessibility for the acceptor (heteroleptic

of these complexes. complexes) and anisyl substitutiom-- interactions) favor the

A comparison between the three classes of systemB, quenching process. The deviation of the Steviolmer plots
and C shows that the anisyl-substituted complexXe8, B:5, for 2—9—most clearly with anisyl-substituted glycol chaifi®
andC:8 are always superior to the others, which is in agreement more positive values at higher concentrations of the quencher
with the quenching studies (vide supra). MV 2+ may be explained by these-z donor-acceptor interac-

Nevertheless all Rubipyridazine complexe@—9 produce tions. In addition the _anisyl-free-substituted compleged,
3-20 times less hydrogen compared with the standard Ru- 7, and9 show a flattening of the SterriVolmer plots at lower

(bpy)?*. This fact may be due to a smaller reaction enthalpy _quench_er concentrations. It is Iikgly that t_his effect is due to
in contrast to the standard in some cases. On the other h‘,ind!nteracnon of acceptor molecules with the oligo(ethylene glycol)

the formation of the encounter cage complex is likely to be chains. Quenching experiments with &\and MPVS as well

more complicated because of the bulky ligands of the complexesf'le molecular modeling studies support the assumptions concermn-

2—9. Finally the relay that has to transfer the electron from ing the supra_molecul_ar Interaction. T_he results Of. the steady-
. . state quenching studies are reflected in the behavior of the Ru
the sensitizer on the catalyst may work less efficiently due to

supramolecular interactions of MV and the oligo(ethylene complexes2—9 in systems for artificial photosynthesis. The

lycol) substituents of th nsitizers. Thus in th lution th application in the sacrificial water reduction system leads to
glycol) substituents of the sensitizers. - 1Nus in the solution the satifactory results. Hydrogen could be detected in every case,
part of the reduced relay available for diffusion is diminished.

> T . although the efficiency is less than for typical sensitizers such
The latter argument which is in agreement with the results of as Ru(bpy2*. The best result was obtained for the homoleptic
the steady-state quenching studies and molecular modeling (VidecompouncBa, In the case of C@reduction typeC complexes

supra) is supported by the fact that using the cyclic bisviologen 7_g \ere employed to yield outstanding amounts of methane,
cyclo(bis-(1,1-xylylene-4,4-bipyridinium) as an electron relay  especially ford, which is the best sensitizer to date for methane
no molecular hydrogen could be detected. The explanation maygeneration under these conditions.
be the supramolecular—s interaction of the bisviologen and The studies presented prove the ruthenium coordination
the sensitizer at higher concentrations and thus a faster backcompoundsZ—Q to be model systems for the photosynthetic
electron transfef? This interaction, even much more enhanced (eaction center not only because of supramolecular denor
compared to MV*, seems to exclude the application of the  acceptor interactions but also because of the feasibility of using
bisviologen as a cyclic electron relay in a diffusionally depend-  the electron-transfer step in classical chemical reactions storing
ent system like the sacrificial water reduction. the absorbed light energy in chemical products such as hydrogen
Nevertheless using M/ as an electron relay all sensitizers or methane.
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