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ABSTRACT: The synthesis, characterization, and redox
properties are described for a new ruthenium-based
chromophore—catalyst assembly, [(bpy),Ru(4-Mebpy-4'-
bimpy)Ru(tpy) (OH,)]** (1, [Ru,"-Ru,"-OH,]*; bpy =
2,2'-bipyridine; 4-Mebpy-4'-bimpy = 4-(methylbipyridin-
4/-yl)-N-benzimid-N'-pyridine; tpy = 2,2':6',2"-terpyri-
dine), as its chloride salt. The assembly incorporates
both a visible light absorber and a catalyst for water
oxidation. With added ceric ammonium nitrate (Ce', or
CAN), both 1 and 2, [Ru(tpy)(Mebim-py)(OH,)]*
(Mebim-py = 2-pyridyl-N-methylbenzimidazole), catalyze
water oxidation. Time-dependent UV/vis spectral mon-
itoring following addition of 30 equiv of Ce'" reveals that
the rate of Ce' consumption is first order both in Ce'
and in an oxidized form of the assembly. The rate-limiting
step appears to arise from slow oxidation of this
intermediate followed by rapid release of O,. This is
similar to isolated catalyst 2, with redox potentials
comparable to the [-Ru,-OH,]*" site in 1, but 1 is more
reactive than 2 by a factor of 8 due to a redox mediator
effect.

Water oxidation is the “other” half-reaction in solar fuels
production.l_3 Examples of single-site Ru,** Co,6 Ir,”®
Cu,” and Fe'® molecular catalysts have been reported, but for
solar fuels applications these catalysts need to be integrated into
molecular assemblies or other structures where light absorption
can be used to drive water oxidation. A few molecular
chromophore—catalyst assemblies containing water oxidation
catalysts have been reported."' ~'* We report here the synthesis
of a chromophore—catalyst assembly (1) for water oxidation,
the mechanistic details of the catalytic oxidation reaction, and
an enhanced rate of catalytic oxidation arising from a redox
mediator effect.

Previous studies have shown that in ceric ammonium nitrate
(Ce, or CAN) water oxidation catalyzed by the blue
ruthenium dimer, cis,cis-[ (bpy),(H,0)-Ru™ORu™(OH,)-
(bpy),]*", rate enhancements of up to 5000 can be achieved
with added electron-transfer mediators such as Ru(bpy);*
either surface-bound™ or in solution.'® The mediator effect
arises from the low barrier for electron transfer for the
mediator, with a self-exchange rate constant for the Ru-
(bpy);**/** couple near the diffusion-controlled limit, 1.1 X 10°
M~ 57!, compared to 1.1 X 10° M™' 57! for the Ce™/™
couple.'® Redox mediator effects are also known in biology,
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where redox units undergoing facile electron transfer, e.g,
iron—sulfur proteins, are used to shuttle redox equivalents
between redox substrates.'”'®

In addition to their ability to facilitate rapid electron transfer,
Ru(bpy);** complexes also absorb visible light. Assembly 1
links the redox mediator effect and light absorption with a
known Ru single-site water oxidation catalyst, [Ru(tpy)-
(Mebim-py)(OH,)]**, 2, through a methylene bridge (Figure
1). The catalyst was chosen on the basis of results of a previous

2

Figure 1. Chromophore—catalyst assembly 1 studied in this work and
catalyst 2 that has been previously reported.

kinetic/mechanistic analysis which showed that the slow step in
the overall oxidation of water by Ce" catalyzed by 2 is
oxidation of [RuV=0]** to [Ru"(0)]***

The synthesis of 1 (Figures S1—S3) was achieved in a
stepwise manner by first preparing the bridging ligand. An N-
alkylation reaction between 4-bromomethyl-4'-methyl-2,2’-
bipyridine and 2-pyridyl-N-benzimidazole gave the bromide
salt of the bridging ligand in good yield. The bipyridine
functionality was then utilized in a selective reaction with
Ru(bpy),Cl, to give [Ru(bpy),(bpy-CH,-bimpy)]**. Subse-
quent reaction of this chromophore with the chloro-bridged
ruthenium terpyridine dimer, [Ru(tpy)CL,],, in ethanol under
microwave irradiation gave the desired dinuclear complex. After
column chromatography on Sephadex LH-20 gel, a pure sample
was obtained ("H NMR, Figure S3).

As seen in the synthesis of 2, only the isomer with the
solvent molecule trans to the carbene® is evident in the 'H
NMR spectrum of 1. The spectrum also displays diastereotopic
protons for the methylene bridge as roofed doublets at 4.95 and
4.75 ppm (Figure S3). These protons appear as a singlet in the
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'"H NMR spectra of the free ligand and the chromophore
(Figures SI and S2).

Crystals of 1 were grown by slow diffusion of diethyl ether
into an acetonitrile solution of 1, giving the CH;CN-
coordinated assembly (Figure 2). Notably, the Ru2—C distance

Figure 2. X-ray structure of the cation in trans-[(bpy),Ru,(4-Mebpy-
4’-CH,bimpy)Ruy(tpy) (CH;CN)](PF¢), (1(PF),) with thermal
ellipsoids shown at the 50% probability level. Hydrogen atoms have
been omitted for clarity.

(1.984 A) in 1 is comparable to that found in 2 (1.943 A),
consistent with multiple Ru—C bonding.'” The slight length-
ening of the Ru—C bond by 0.041 A in 1 relative to 2 is likely a
result of the constrained geometry at 1 and the presence of the
trans CH;CN ligand in 1 relative to H,O in 2. In the crystal
structure of 1, the two Ru centers are located at a distance of
8.223 A from each other. Because of the saturated link between
metal centers, there is no orbital basis for extensive electronic
interaction. The consequences of this are apparent in the
additive nature of the UV/vis spectra of the constituents of 1,
[Ru(bpy),(4,4'-Me,bpy)]** (4,4'-Me,bpy = 4,4'-dimethyl-2,2'-
bipyridine) and [Ru(tpy)(Mebim-py)(OH,)]*, relative to the
spectrum of 1 as shown in Figure 3. Similar behavior was
observed earlier in an amide-coupled assembly.*’

30000
25000
20000

Molar Absorptivity (M Tem™)

15000 [Rubpy);{dmb)*
10000 — 2 +[Rulbpy),(dmb)j**
5000
0
300 400 500 600

Wavelength (nm)

Figure 3. UV/vis spectra of 1 (black), 2 (blue), [Ru(bpy),(4,4'-
Me,bpy)]** (green), and the addition of 2 and [Ru(bpy),(4,4'-
Me,bpy)]** (red) in 0.1 M HNO,.

Cyclic voltammetry (CV) measurements were carried out at
a glassy carbon working electrode with a Ag/AgCl (3 M NaCl)
reference (0.207 V vs NHE) and platinum counter electrode in
buffered aqueous solutions with added 0.5 M KNO;. A CV in
0.1 M HNO; shows the expected oxidations of the catalyst and
chromophore parts of 1 (Figure 4). With scans to positive
potentials, an initial reversible oxidation is observed at 0.91 V vs
NHE for the [Ru,"-Ru,"-OH,]*"/[Ru,"-Ru,"-OH,]* couple,
followed by a second reversible oxidation of the catalyst for the
[Ru,"-Ru,V=0]*/[Ru,"-Ru,""-OH,]>* couple at 1.23 V. Both
waves are pH dependent with the expected Nernstian behavior.

2081

0.00001

0.000001
<
.§ -0.00001

— CV at 10 mWis

3 -0.00002 — Square Wave

-0.00003:

-0.00004 y

1.5 1.0 0.5 0.a

Potential (V vs. NHE)

Figure 4. Cyclic voltammogram of 1 in 0.1 M HNO;, 0.5 M in KNO,
at 10 mV/s with a glassy carbon working electrode (0.07 cm?, red) and
a square wave voltammogram (blue) at 298 + 3 K.

The [Ru,"-Ru,"-OH,]**/[Ru,"-Ru,"-OH,]* couple is pH
independent until the pK, of [Ru,"-Ru,"-OH,]*" is reached
at pH 4.8. The potential for the [Ru,"-Ru,"'=0]*/[Ru,"-
Ru,"-OH,]** couple decreases by 118 mV/pH unit with
increasing pH, consistent with a 1e”/2H" couple. Past pH 4.8,
the couples become [Ru,"-Ru,"-OH]*/[Ru,"-Ru,"-OH,]*
and [Ru,"-Ru,Y=0]*/[Ru,"-Ru,"-OH]*, and E,,, values
decrease with slopes of 59 mV/pH unit (Figure S4). Notably,
E, /, values for these couples are only slightly less positive in 1,
by ~0.08 V, than in 2, and the two have comparable driving
forces as oxidants. Beyond the [Ru,"-Ru,V=0]*/[Ru,"-Ru,"-
OH,]** and [Ru,"-Ru,"™OH,]**/[Ru,"-Ru,-OH, ** waves for
the catalyst in 1, a pH-independent wave appears at 1.31 V for
oxidation of the chromophore, [Ru,"-Ru,Y=0]""/[Ru,"™
Ru,"V=0]*. Significant water oxidation catalysis begins upon
further oxidation of the catalyst to [Ru,"-Ru,"(0)]%*, with the
irreversible peak potential for the [Ru,"Ru,"(0)]*"/[Ru,™-
Ru,V=01*" oxidation appearing at E,.~ 1.5V vs NHE.

With the addition of excess amounts of ceric ammonium
nitrate (CAN), both 1 and 2 are catalysts for water oxidation,
2H,0 + 4Ce" — O, + 4H" + 4Ce"". Time-dependent oxygen
evolution measurements with Ce' added to 1 in 0.1 M HNO;
were conducted by using a Foxy fluorescence probe, with
evolved oxygen monitored in the headspace of the reaction
vessel. The expected amount of oxygen, 7.5 equiv/30 equiv of
Ce" added as CAN, was observed. Assembly 1 evolves oxygen
in ~100% yield based on added Ce" over a shorter time period
than catalyst 2 (Figure S). The enhanced rate of oxygen
evolution with assembly 1 provides evidence for a redox
mediator effect.

Hand-mixing experiments in a 2 mm flow cell were
monitored by UV/vis kinetics measurements. Addition of a
30-fold excess of Ce' in 0.1 M HNO; to a 625 X 107° M
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Figure 5. Oxygen appearance traces as measured with a Foxy
fluorescence probe in the headspace over 10 mL solutions of 0.1 mM
in 1 (red) or 2 (blue) in 0.1 M HNO; with 30 equiv of added CAN at
298 + 3 K
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solution of 1 in 0.1 M HNO; results in rapid oxidation of 1, as
evidenced by loss of the visible Ru(Il) MLCT absorptions for
[Ru,"-Ru,"-OH,]*. The UV/vis spectrum at the catalytic
steady state is shown in Figure SS. For comparison with 2, the
kinetics of Ce' consumption by 1 were monitored in an
identical fashion by observing the spectral change at 347 nm on
the shoulder of the absorption maximum at A, = 318 nm for
Ce" (e =3070 M™' cm™). At this wavelength any absorbance
change due to catalyst or chromophore is minimal and
primarily reflects consumption of Ce'.

In the kinetic studies, the concentration of 1 was varied from
1.25 X 107° to 6.25 X 10~ M and Ce" from 1.88 x 107*
3.75 X 10~* M. Under catalytic conditions with a large excess of
Ce!, loss of Ce' (monitored at 347 nm) has an observed rate
constant first order in [Ce"] and first order in [1] (Figures S6
and S7). Similar kinetics were observed for 2.* These
observations are consistent with the rate law, —d[Ce'V] =
kox’l[CeN][lox], with [1,,] the concentration of a dominant,
oxidized form of 1 at the catalytic steady state. From the data in
Figures S6 and S7, ko ; =272 M~ s7" for 1 in 0.1 M HNO; at
298 K. This rate constant is ~8 times larger than the rate
constant for 2, with k., = 33 M™' s' under identical
conditions.

Additional mixing experiments were carried out with 1 at 6.5
X 107 M with 1, 2, 3, 4, and 10 equiv of added Ce!. Addition
of 3—4 equiv of Ce' resulted in complete loss of the [Ru,'-
Ru,"-OH,]* metal-to-ligand charge-transfer absorptions. Glob-
al analysis of spectral changes following rapid hand-mixing with
application of the spectral deconvolution program SPECFIT/
32*' provided spectral evidence for at least eight colored
species (Figure S8) over the complete time course of the
reaction beginning with [Ru,"-Ru,"-OH,]*. The composition
of the mixture of species changes dynamically during the course
of the catalysis, with closely balanced overall rates for Ce'"
consumption and oxygen evolution at the catalytic steady state.

With excess (30 equiv) added Ce', at the catalytic steady
state, the visible absorption spectrum (Figure SS) is
characterized by (i) loss of Ru MLCT features; (ii) appearance
of a band at 655 nm consistent with [Ru,™Ru,-OH,]** that
decays by pseudo-zero-order kinetics over a period of 400 s
(Figure S9), and (iii) a near-IR band that absorbs at >900 nm
and decreases by zero-order kinetics in 150 s (Figure S10). At
the end of the catalytic cycle, with Ce' depleted, a final
oxidized intermediate remains that returns the catalyst to
[Ru,"-Ru,"-OH,]* (85—95%) with k = 0.012 s (Figure S11).

A mechanism for water oxidation by single-site Ru catalysts
such as [Ru(tpy)(bpm)(OH,)]** (tpy = 2,2":6',2"-terpyridine;
bpm = 2,2'-bipyrimidine) and [Ru(tpy)(bpy)(OH,)]** has
been established, based on the results of electrochemical and
mixing studies with UV/vis monitoring with added Ce™.*** A
modified version is proposed for 1 in Scheme 1. This
mechanism features (i) oxidative activation of the catalyst by
stepwise proton-coupled electron-transfer oxidation from [Ru'-
OH,]** to [RuV=0]1%*, (ii) further oxidation to [Ru"(0)]*,
(iii) O---O bond formation by atom-proton transfer'”** to give
the peroxide intermediate [Ru™-OOH]*", (iv) further oxidation
to [Ru"(00)]** followed by slow O, loss and re-entry into the
catalytic cycle as [Ru"-OH,]**, and/or (v) further oxidation to
[Ru’(00)]** followed by rapid loss of O, and re-entry into the
catalytic cycle as [Ru™-OH]*".

The mixing experiments with Ce'" reveal that rapid oxidation
of [Ru,"-Ru,"-OH,]* occurs to give a higher oxidation state
form or forms that dominate at the catalytic steady state. Based
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on the cycle in Scheme 1, the higher oxidation state could be
[Ru,"-Ru,V=0]%, [Ru,"-Ru,"(0)]%, [Ru,"-Ru,"-OOH]*,
or [Ru,™Ru,V(00)]%*, or a distribution of oxidation states.
The first-order dependence of Ce' loss on [Ce'] points to
rate-limiting Ce' oxidation of [Ru,"-Ru,V=0]"* to [Ru,"-
Ru,"(0)]%, eq 1, or Ce' oxidation of [Ru,"-Ru,"V(00)]** to
[Ru,™ RubV(OO) 6%, eq 2. Both may play a role. E, , values are
~1.5 V vs NHE for the Ru"’" couples for both the oxo and
peroxo couples, and, as noted above, there is evidence for two
oxidized forms at the catalytic steady state. A similar ambiguity
exists for Ce''-catalyzed water oxidation by 2."

CeIV + [RuaHI_RubIV:O]S+ - CeIH [RuaIII-RubIV(O)]6+

(1)
[RuaIH_RubV(OO)]6+
@)

Based on the SPECFIT analysis, at the end of the catalytic
cycle and after complete consumption of Ce', the dominant
product (85—95%) is [Ru"-Ru,"-OH,]* (A, = 458 nm),
which is formed with k = 0.012 s™' (Figures S11 and S12). This
observation is consistent with a catalytic cycle dominated by the
“inner” catalytic loop in Scheme 1. The final step is loss of O,
from [Ru,"-Ruy,"V(OO)]* with aquation to give [Ru,"-Ru,"
OH,]*, kg, with a lesser role for the red “outer” loop which
results in [Ru,"-Ru,"-OH,]*, k,. The dominant pathway
through ks may be a result of the labilizing effect of the carbene
ligand trans to the O, binding site in the peroxide intermediate
[Ru,"-Ru,V(00)]**. There is evidence for the buildup of
peroxo intermediates for catalysts such as [Ru(tpy)(bpm)-
(OH,) > and Ru(tpy) (bpy)(OH,)]** and for surface-bound
analogues,'****>?¢ but there is no evidence for buildup of a
peroxo intermediate for 2.

Ce"-catalyzed water oxidation by 1 is more rapid than that
by 2 by a factor of ~8, even though the energetics for the two
oxidants are comparable. The enhanced rate constant provides
evidence for a mediator effect by the chromophore in 1. Based
on the analysis above, AG®" & —0.1 eV for rate-limiting Ce'”
oxidation of [Ru,™-Ru,Y=0]" to [Ru,"-Ru,’(0)]%*, with
E° = 1.61 V for the Ce™/™ couple.

The origin of the mediator effect for the assembly may lie in
the mechanism in Scheme 2 and pre-equilibrium formation of
the high-energy “redox isomer”, [Ru,"-Ru,,"(0)]**, followed by
“trapping” through oxidation via Ce' to [Ru,"-Ru,"(0)]**

Ce" + [Ru,"Ry,V(00)"* — ce™ +
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Scheme 2. The Redox Mediator Effect
[Ru,™-RuyV=01"" <= [Ru,"-Ru,Y(O)]%" : K
CSIV + [RuaII_RubV(O)]5+ — - CCHI + [RuaHI_RubV(O)]6+ . k4
[Ru-Ruyp V(O] + 2H,0 + CelV —=
[RuM-Ru 1-OH, 1% + Cel + O, + 2H*: rapid

(blue pathway). This mechanism is operable under excess Ce'".
In this indirect mechanism, advantage is taken of the facile
electron-transfer properties of the mediator. It avoids slow
electron-transfer activation by direct Ce" oxidation of [Ru,™-
Ruy,V=07*" to [Ru,"Ru,"(0)]*". From E° values of ~1.5 V
for the [Ru,"Ru,"(0)]%*/[Ru,"-Ru,Y=0]**" couple and E°’
= 1.3V for the Ru,>*/** couple as measured experimentally, K =

e (AGT/RT) 5 4 % 107* for the equilibrium, [Ru,"™-Ru,V=0]*
2 [Ru"Ru,"(0)]*". Based the mechanism proposed in
Scheme 2 and the experimentally observed rate constant,
kobs1 = k4K =272 M™" s7. With K = 4 X 10™* calculated from
the aforementioned redox potentials of the relevant species, k,
=7 x 10°s™! for Ce'” oxidation of [Ru,"-Ru,"(0)]** to [Ru,"™-
Ru,Y(0)]%, a reaction favored by —0.3 ¢V. Note that Scheme 2
refers to the mechanism in 0.1 M HNO;, consistent with all
mixing experiments.

Our results are important in identifying a redox mediator
effect in a chromophore—catalyst assembly that combines light
absorption and water oxidation catalysis, in our case using Ce'"
as the oxidant. Redox mediation is a phenomenon tied to the
redox potentials of the assembly and the relatively slow
electron-transfer characteristics of the oxidant. The mechanistic
analysis presented here should be general for related
chromophore—catalyst assemblies, including recent examples
based on use of persulfate anion, S,04*”, as an oxidative
quencher for initiating water oxidation.””*®
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