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Light-to-chemical energy conversion schemes are of consid-
erable interest in the quest for renewable, alternative energy
resources.[1] One approach to this issue is the photochemical
reduction of H2O to H2.

[2] Converting solar energy to H2 fuel
through H2O splitting is challenging as it involves separating
charges to generate a potential at the molecular scale,
collecting multiple reducing equivalents to provide for
energetically feasible reactions, and breaking and forming
chemical bonds. Molecular photocatalysts are attractive as the
basic redox, spectroscopic, and photophysical properties can
be tuned at the molecular level to understand system function
using traditional techniques. Herein we report an efficient,
high-turnover single-component system for H2O reduction to
H2 with superior photocatalytic functioning. This system uses
a single molecule to absorb light, generate charge separation,
multiply reduce a metal center and deliver reducing equiv-
alents to H2O to produce H2.

Multi-component H2 photocatalysts provide the backdrop
for the development of single-component photocatalysts.
Multi-component photosystems incorporating separate
molecular light absorbers (LA), electron relays, and catalysts
have been developed.[3] A photosystem comprising a [Ru-
(bpy)3]

2+ LA, [RhIII(bpy)3]
3+ electron relay, Pt catalyst, and

triethanolamine electron donor (ED) produces H2 from H2O
with a turnover number (TON) of 80 (per Rh site) when
irradiated at l = 450� 20 nm (bpy = 2,2’-bipyridine).[3]

Recently, multi-component systems have been reported that
utilize a cyclometalated Ir LA with a Rh or Pt catalyst, as well
as a Pt LA with a Co catalyst.[4]

Covalent coupling of multiple subunits whose individual
acts lead to a complex function provides for supramolecular
complexes acting as molecular devices.[5] Photoinitiated
electron collectors (PECs) are supramolecules that use
photons to multiply reduce an electron collector (EC). The
first device for PEC, [{(bpy)2Ru(dpb)}2IrCl2](PF6)5 (dpb =

2,3-bis(2-pyridyl)benzo-quinoxaline) collects reducing equiv-
alents on the dpb p* orbitals functioning through electronic

decoupling of the two Ru LA by the intervening Ir site.[6]

[(phen)2Ru(BL)Ru(phen)2](PF6)4 collects electrons on the
BL p* orbitals using a remote acceptor decoupled from
optical excitation (phen = 1,10-phenanthroline; BL = bridg-
ing ligand = tatpp, tatpq).[7] [(bpy)2Ru(pbn)]2+ couples a Ru
LA to a NAD+/NADH (NAD = nicotinamide adenine dinu-
cleotide) model ligand that undergoes proton-coupled, two-
electron reduction to generate [(bpy)2Ru(pbnHH)]2+.[8] These
pioneering PEC systems store electrons on ligands but do not
perform multi-electron photocatalysis or produce H2 fuel.

The use of supramolecular architecture allows for the
coupling of the light absorbers to the catalytically reactive
metals, providing unique structural motifs functioning as
single-component H2 photocatalysts.[2d,e] Rh-centered PECs
[{(TL)2Ru(dpp)}2RhX2]

5+ (TL = terminal ligand = bpy, phen;
X = Cl or Br; dpp = 2,3-bis(2-pyridyl)pyrazine) photocatalyze
H2 from H2O with F� 0.01.[9] Bimetallic [(TL)2Ru-
(dpp)RhCl2(TL’)]3+ photoreduce but dimerize in the RhI

form preventing photocatalysis.[9f] Photochemical H2 produc-
tion from hydrohalic acids with a F� 0.01 and 27 turnovers
per hour in the first 3 h use [Rh2

0,0(dfpma)3(PPh3)(CO)]
(dfpma = MeN(PF2)2), with a halogen atom trap.[2b, 10] Ru,Pt
bimetallic systems photocatalyze H2 production from H2O.[11]

Ru,Pd bimetallic systems photochemically produce H2 pro-
viding 56 turnovers in ca. 30 h.[12] Recent studies on Pt[13] and
Pd[14] systems suggest that colloidal metal formation, due to Pt
or Pd decomplexation, may be catalytically active. Zn-
porphyrin LA coupled to a bio-inspired diiron catalyst
photocatalyzes H2 production with a low turnover.[15] The
[(bpy)2Ru(L-pyr)Co(dmgBF2)2(OH2)]2+ affords 56 turnovers
in 4 h.[16] The Ir-based system, [(ppy)2Ir(pyr)Co(dmgBF2)2-
(OH2)]+ (ppy = 2-phenylpyridine), demonstrates 200 turn-
overs in 15 h. Generation of an Os,Rh bimetallic complex
in situ provides 87 turnovers and F = 0.007.[17] It is clear from
initial studies that single-component systems that function as
LA and catalysts for H2O reduction to H2 can be prepared
and modification of molecular design can enhance function-
ing. Few systematic studies are undertaken and surprising
results are often encountered. A stable, efficient single-
component system for H2 production remains elusive requir-
ing sustained work in this field.

Reported herein are [{(Ph2phen)2Ru(dpp)}2RhCl2](PF6)5

and [{(Ph2phen)2Ru(dpp)}2RhBr2](PF6)5 (Ph2phen = 4,7-
diphenyl-1,10-phenanthroline; Figure 1), two new supramo-
lecules that undergo PEC and photocatalyze the reduction of
H2O to H2 with substantially enhanced photocatalytic effi-
ciency and high photocatalytic system turnover. This sub-
stantial enhancement in catalytic functioning through use of
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the Ph2phen TL in place of bpy or phen is remarkable and
unexpected given the Ru!dpp and Ru!Rh charge-transfer
(CT) nature of the two lowest-lying and photoactive excited
states in this Ru,Rh,Ru trimetallic motif. The synthesis, redox,
photophysical, and photocatalytic properties of the new PECs
are reported with an analysis of the factors modulated by the
use of the Ph2phen TL. The new bimetallic system
[{(Ph2phen)2Ru}2(dpp)](PF6)4, which lacks a Rh center, but
possesses the same Ru!dpp CT state has also been
synthesized and the redox and photophysical properties
reported serving as a model for photophysics of the Ru!
dpp 3MLCT state with a Ph2phen TL. The title trimetallics
photochemically collect electrons at the Rh metal center and
represent two of only a handful of PECs capable of multi-
electron photocatalysis. The title trimetallics have unusually
high quantum efficiency and turnover (maximum F = 0.073;
overall F = 0.050 (5 h); TON = 1300 mol H2/mol Rh with
long-term photolysis) for a single-component system that is
substantially enhanced relative to analogous bpy- and phen-
containing systems which themselves are already superior
single-component systems.

The new bimetallic complex [{(Ph2phen)2Ru}2(dpp)]-
(PF6)4 and trimetallic complexes [{(Ph2phen)2Ru-
(dpp)}2RhCl2](PF6)5 and [{(Ph2phen)2Ru(dpp)}2RhBr2](PF6)5

were synthesized in good yield using a building-block
approach (Scheme S1, Supporting Information).[9b,18] The
electrochemistry of the Ru,Rh,Ru trimetallic complexes
(Figure S1, Table S1) show two overlapping, one-electron
oxidations (+ 1.58 V vs. Ag/AgCl, DEp� 150 mV) indicative
of the largely electronically uncoupled Ru centers and
Ru(dp)-based HOMOs. Both complexes display irreversible
RhIII/II/I reductions (Ep

c =�0.35 (Cl) and �0.32 (Br) vs. Ag/
AgCl), with two reversible one-electron dpp0/� couples that
follow demonstrating Rh(ds*)-based LUMOs. The weaker s-
donating ability of Br versus Cl shifts the RhIII/II/I reduction
potential positive for the Br analogue.[19] The LUMO is
dpp(p*)-based in the Ru,Ru bimetallic.

The title Ph2phen bimetallic and trimetallic complexes are
efficient light absorbers (Figure 2) with intraligand (IL) p!
p* transitions in the UV and Ru(dp)!ligand(p*) 1MLCT
transitions in the visible (Table S2). The lowest-energy

transitions are Ru(dp)!dpp(p*) metal-to-ligand charge
transfer (1MLCT) transitions. The variation of halide bound
to Rh does not change the optical properties but use of
Ph2phen TL provides for enhanced absorptivity in the UVand
visible providing significant enhancement in the 360–460 nm
region due to increased molar absorptivity for the Ru!
Ph2phen CT transition.

Steady-state and time-resolved emission spectroscopy was
utilized to provide insight into the complex excited-state
dynamics (Table S3). At room temperature, both trimetallic
complexes display a low-energy, weak emission
([{(Ph2phen)2Ru(dpp)}2RhCl2]

5+: lem = 770 nm, Fem = 2.4 �
10�4, t = 52 ns; [{(Ph2phen)2Ru(dpp)}2RhBr2]

5+: lem =

770 nm, Fem = 2.0 � 10�4, t = 40 ns) from the Ru(dp)!
dpp(p*) 3MLCT excited state. This emission is substantially
quenched compared to the model Ru,Ru bimetallic system
[{(Ph2phen)2Ru}2(dpp)]4+ (lem = 754 nm, Fem = 1.7 � 10�3, t =

192 ns). Efficient quenching of the 3MLCT emission is due to
intramolecular electron transfer (ket) to populate the non-
emissive Ru(dp)!Rh(ds*) metal-to-metal charge transfer
(3MMCT) excited state (Figure 3). Using kr (9.0 � 103 s�1) and
knr (5.2 � 106 s�1) from the model Ru,Ru bimetallic complex,
ket for intramolecular electron transfer for [{(Ph2phen)2Ru-
(dpp)}2RhX2]

5+ are 1.4 � 107 s�1 (Cl) and 2.0 � 107 s�1 (Br). At
77 K in a rigid matrix, quenching of the 3MLCT emission is
impeded with t = 1.9 ms for the Ph2phen trimetallic and
bimetallic model systems, consistent with an intramolecular

Figure 1. Ru,Rh,Ru supramolecular complexes as photoinitiated elec-
tron collectors for the photocatalytic production of H2 from H2O.

Figure 2. Electronic absorption spectra of A) [{(Ph2phen)2Ru}2(dpp)]4+

(b), [{(Ph2phen)2Ru(dpp)}2RhCl2]
5+ (a) and [{(Ph2phen)2Ru-

(dpp)}2RhBr2]
5+ (c); B) [{(phen)2Ru(dpp)}2RhBr2]

5+ (a) and
[{(Ph2phen)2Ru(dpp)}2RhBr2]

5+ (c) in CH3CN at room temperature.
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electron transfer mechanism quenching the 3MLCT emission
at room temperature.

Electrochemical and photochemical reduction of the
Ph2phen trimetallic complexes were performed to observe
the ability of these two new trimetallics to undergo PEC at the
RhIII center (Figure S2). Similar to previously studied
Ru,Rh,Ru systems,[9c] the Ph2phen trimetallic complexes
photoreduce with the sacrificial electron donor DMA illumi-
nated at l> 460 nm (photochemical reduction), which gen-
erates spectroscopy consistent with electrochemical reduction
to RhI establishing these new systems as photochemical
molecular devices for photoinitiated electron collection.

With the knowledge that [{(Ph2phen)2Ru(dpp)}2RhCl2]
5+

and [{(Ph2phen)2Ru(dpp)}2RhBr2]
5+ photochemically collect

electrons generating RhI-centered supramolecules, photoca-
talytic studies were undertaken. In the presence of DMA,
both title trimetallics photocatalytically reduce H2O to
produce H2 (Table 1). In CH3CN with 65 mm trimetallic
photocatalyst, 1.5m DMA, 0.62m H2O and 0.11 mm

[DMAH+][CF3SO3
�] (light flux = 2.36� 0.05 � 1019 photons/

min, effective pH� 9.1), for comparison to other trimetallic
photocatalysts, [{(Ph2phen)2Ru(dpp)}2RhX2]

5+ produced
1.1� 0.1 mL H2 (Cl) and 1.4� 0.1 mL H2 (Br) after 20 h.
This demonstrated superior photocatalysis relative to known
Ru,Rh,Ru photocatalysts and other single-component sys-
tems. The weaker s-donating ability of the Br analogue as
compared to the Cl complex affords efficient generation of
the reduced Rh species and provides for enhanced driving
force to generate the MMCT state. This Br-containing
complex was further studied under recently optimized con-
ditions.[20] Changing just the solvent system from CH3CN to

the weaker ligating DMF enhanced photocatalytic activity
with 2.1� 0.1 mL of H2 and 280� 10 TON after 20 h,
indicating solvent ligation impacts conversion between RhIII/

II/I through the catalytic cycle as the light-absorbing properties
were not greatly influenced (Figure S3). Based on prior
studies with related photocatalysts, increased solution
volume, light flux, [photocatalyst] and [DMA][9] provides
with this new photocatalyst an efficient and stable photo-
catalytic system (44� 6 mL; 610� 90 TON; maximum F =

0.073; overall F = 0.050 after 5 h; overall F = 0.029 after
20 h) that far outperforms related Ru,Rh,Ru photocatalysts
and known single-component systems. The long-term photo-
stability was investigated with 63 mL of H2 produced repre-
senting 870 TON after 46 h (Figure 4) and continued photol-
ysis providing 1300 TON. The previously reported lead
photosystem, [{(bpy)2Ru(dpp)}2RhBr2]

5+, produced 20 mL

of H2, maximum F = 0.023 and overall F = 0.013, after
20 h.[20] The phen analogue, [{(phen)2Ru(dpp)}2RhBr2]

5+,
produced even less H2 with 4.5 mL of H2, maximum F =

0.008 and overall F = 0.003 after 20 h. Inclusion of phenyl
substituents in this motif provides for substantially enhanced
photocatalytic activity, long-term stability and greater than
three-fold enhancement in quantum efficiency. Such disparity
in H2 production between photosystems is surprising given
the similar nature of the Ru!dpp 3MLCT and Ru!Rh
3MMCT excited states in this [{(TL)2Ru(dpp)}2RhX2]

5+

molecular architecture.

Figure 3. State diagram of [{(Ph2phen)2Ru(dpp)}2RhX2](PF6)5 (X = Cl or
Br).

Table 1: Photocatalytic hydrogen production from water using Ru,Rh,Ru photocatalysts under various experimental parameters.

Complex[a] [Complex]
[mm]

[DMA]
[m]

Solvent H2

[mL]
H2

[mmol]
TON[b] Max. F

[{(phen)2Ru(dpp)}2RhBr2]
5+ 65 1.5 CH3CN 0.25�0.03 10�1 36�4 0.006

[{(Ph2phen)2Ru(dpp)}2RhCl2]
5+ 65 1.5 CH3CN 1.1�0.1 44�3 150�10 0.013

[{(Ph2phen)2Ru(dpp)}2RhBr2]
5+ 65 1.5 CH3CN 1.4�0.1 58�4 200�10 0.022

[{(bpy)2Ru(dpp)}2RhBr2]
5+[c,d] 120 3.1 DMF 20 810 270 0.023

[{(phen)2Ru(dpp)}2RhBr2]
5+[c] 120 3.1 DMF 4.5 180 62 0.008

[{(Ph2phen)2Ru(dpp)}2RhBr2]
5+[c] 120 3.1 DMF 44�6 (63) 1640�340 (2400) 610�90 (870) 0.073

[a] Results correspond to 20 h photolysis time using 470 nm LED light source (light flux= 2.36�0.05 � 1019 photons/min; reaction solution
volume= 4.5 mL; head space volume= 15.2 mL). [b] Values correspond to turnovers per Rh catalytic center. [c] Experiment was performed using an
increased reaction solution volume (24.8 mL), head space volume (25.0 mL), and light flux (6.27�0.01 � 1019 photons/min). Values correspond to
20 h photolysis time unless otherwise stated. Values in parenthesis correspond to 46 h photolysis time. [d] Reference [20].

Figure 4. H2 production profile using [{(Ph2phen)2Ru(dpp)}2RhBr2]
5+

(120 mm) in DMF photolyzed at 460 nm in the presence of H2O
(0.62m) and the electron donor DMA (3.1m).
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Many factors contribute to the significantly enhanced
photocatalytic efficiency by the [{(Ph2phen)2Ru-
(dpp)}2RhBr2]

5+ system. The thermodynamic driving force
(Eredox) for the reductive quenching of the 3MLCT and
3MMCT excited states using the sacrificial electron donor
DMA is thermodynamically favorable for [{(Ph2phen)2Ru-
(dpp)}2RhBr2]

5+ (Eredox = 0.60 V and 0.23 V vs. Ag/AgCl,
respectively) and similar in value to [{(bpy)2Ru-
(dpp)}2RhBr2]

5+ (0.52 V and 0.13 V) and [{(phen)2Ru-
(dpp)}2RhBr2]

5+ (0.58 V and 0.19 V). This slight increase in
Eredox does not alone account for the enhanced photocatalysis
by the Ph2phen systems. Insight into the interaction between
DMA and the 3MLCT excited state is provided using a Stern–
Volmer analysis to obtain a bimolecular quenching rate
constant (kq = reductive quenching of 3MLCT state and
bimolecular deactivation of 3MLCT state).[9c] Values for kq

of [{(Ph2phen)2Ru(dpp)}2RhBr2]
5+ (2.9 � 109

m
�1 s�1),

[{(bpy)2Ru(dpp)}2RhBr2]
5+ (3.2 � 109

m
�1 s�1), and

[{(phen)2Ru(dpp)}2RhBr2]
5+ (5.9 � 109

m
�1 s�1) are near the

diffusion control limit and indicate efficient quenching by
DMA. The 3MLCT excited state lifetime (t) is largest for the
new Ph2phen systems, 40 ns vs. 30 ns for phen and 34 ns for
bpy. The product of t and kq the Stern–Volmer quenching
constant and is 120m�1, 110m�1 and 180m�1 for
[{(Ph2phen)2Ru(dpp)}2RhBr2]

5+, [{(bpy)2Ru(dpp)}2RhBr2]
5+

and [{(phen)2Ru(dpp)}2RhBr2]
5+, respectively. The similarity

of these values indicates that extension of the 3MLCT lifetime
alone is not responsible for the enhanced photocatalysis by
the Ph2phen system. Extention of the formally Ru(dp)
HOMO onto the Ph2phen TL may result in an enhanced
photoreduction yield for these complexes due to slower back
electron transfer providing for enhanced photocatalysis. The
sterically demanding Ph2phen ligand may provide enhanced
protection of the reactive Rh center during redox cycling,
relative to the bpy and phen systems, to provide superior
photocatalytic functioning. The steric constraints imposed by
the two Ru LA units was recently discovered to play a critical
role in photocatalysis in a study that showed Ru,Rh bimet-
allics undergo PEC but do not photocatalyze H2 production
due to dimerization of the RhI form of the bimetallic.[9f] The
combination of the steric constraints imposed by the Ph2phen
ligand, the extended 3MLCT lifetime, extension of the
formally Ru(dp) HOMO onto the TL and enhanced driving
force for photoreduction likely all combine to provide for the
superior photocatalytic functioning reported herein.

The two new polyazine-bridged, supramolecular photo-
catalysts [{(Ph2phen)2Ru(dpp)}2RhCl2](PF6)5 and
[{(Ph2phen)2Ru(dpp)}2RhBr2](PF6)5 have been synthesized
and studied, as well as the [{(Ph2phen)2Ru}2(dpp)](PF6)4

model system. The photophysical properties show that
photoexcitation populates the emissive 3MLCT excited
states, which are efficiently quenched by intramolecular
electron transfer to populate the non-emissive 3MMCT
excited states at room temperature. Photochemical reduction
of [{(Ph2phen)2Ru(dpp)}2RhCl2]

5+ and [{(Ph2phen)2Ru-
(dpp)}2RhBr2]

5+ converts the synthesized RhIII form to a
multi-reduced RhI form establishing these as molecular
devices for photoinitiated electron collection. Reductive
quenching of both the 3MLCT and 3MMCT excited states by

the DMA electron donor is thermodynamically favorable
with quenching of the 3MLCT emission by DMA occuring
rapidly, near the diffusion control limit. The two new
trimetallic complexes show substantially enhanced photo-
catalytic activity compared to the previously reported
[{(phen)2Ru(dpp)}2RhX2](PF6)5 and [{(bpy)2Ru-
(dpp)}2RhX2](PF6)5 systems with [{(Ph2phen)2Ru-
(dpp)}2RhBr2](PF6)5 being a far superior photocatalyst pro-
viding a maximum F = 0.073 and an overall F = 0.050 in 5 h.
Continued photolysis provides large TON of 1300 molH2/mol
catalyst with some functioning persistent even at this stage.
This system functions at relatively low photocatalyst concen-
trations (120 mm) at basic pH (� 9.5) with relatively high
quantum efficiency and TON for a single-component photo-
catalyst coupling the light absorber and catalytic metal in one
supramolecule. The steric demands of the Ph2phen ligand may
provide protection of the photogenerated RhI center, pro-
hibiting undesirable side reactions subject to deactivation in
our photocatalytic system and assist in halide loss needed
upon Rh reduction.[9] Studies are underway to explore
additional factors that impact photocatalysis by these
Ru,Rh,Ru supramolecules as well as probing the properties
of these systems in more detail.
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