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(57) Abstract: Supramolecular complexes, methods
and systems for photocatalysis of the reduction of sub-
strates are described. The supramolecular complexes
of the invention have a light absorbing metal center,
an electron collector ligand and a catalytically active
metal. When the supramolecular complexes are ex-
posed to radiant energy, the light absorbing metal cen-
ter creates a charge that is transferred to the electron
collector ligand to form a charge transfer state. The
charge is then transferred through the catalytically ac-
tive metal to a substrate, cause the reduction of the sub-
strate, e.g. the reduction of water to molecular hydro-
gen.
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SUPRAMOLECULAR COMPLEXES AS PHOTOCATALYSTS FOR REDUCTION

OF SUBSTRATES

Statement of Prioriy
[0001]  This application claims priority to U.S. Provisional Patent Application Serial

No. 60/896,103, filed March 21, 2007, which is hereby incorporated by reference.

Field of the Invention

[0002] The present invention relates generally to supramolecular complexes designed
to convert light energy into chemical energy. More specifically, the present invention
relates to supramolecular complexes having a light absorbing metal center capable of
capturing light energy and transferring it to a catalytically active metal center capable of

catalyzing a chemical reaction.

Background

[0003] The efficient and environmentally friendly production of hydrogen is one of
the keys to the "hydrogen economy" or use of hydrogen as an alternative to petroleum
based fuels. The need for an alternative and better methods for producing hydrogen
drives light to energy conversion research aimed at solar energy conversion schemes.'*?
The discovery of [Ru(bpy)s]** (bpy = 2,2 -bipyridine) led to photochemical studies
exploring the use of metal to ligand charge transfer (MLCT) states in light to energy
conversion. [Ru(bpy);]“ and related complexes possess *MLCT excited states of

sufficient energy to drive water splitting to H; and O,. Most systems reported to date that
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use Ru light absorbers to produce H; use electron relays and hetereogeneous metal
catalysts." Upon MLCT excitation of [Ru(bpy)3]2+, bimolecular electron transfer to
[Rh(bpy)s]** occurs generating [Rh(bpy)s]*". In the presence of H,O and a heterogeneous
platinum catalyst, this system generates H,.* Recently Eisenberg et al. reported a
colloidal platinum terpyridine chromophore that photocatalyzes hydrogen production
from water utilizing a metallic Pt catalyst.” Nocera ef al. reported a homogenous
dirhodium system that photocatalyzes hydrogen production from hydrohalic acids with a
0.01 quantum efficiency.®

[0004]  Much research has focused on the development of Ru polymetallic polyazine
complexes.” Fewer systems have been reported coupling Ru light absorbers (LAs) to Pt
through polyazine bridging ligands. Complexes such as [(tpy)RuCl(dpp)PtCL,]" (ipy =
2,2°:6°,2"-terpyridine) are reported to bind DNA.® The [(bpy)zRu(dpp)PtC12]2+,g
[(bpy)zRu(clpq)PtC12]2+ and [(bpy)zRu(t:Ipb)PtClz]2+ have been reported (dpb = 2,3-bis(2-
pyridyl)benzoquinoxalinc:).10 Recently, the inventors reported
[{(bpy);Ru(dpp)}Ru(dpp)PtCL}(PF¢)s as a multifunctional DNA binding, photocleavage
agent.!' Mixed-metal polyazine complexes have been recently explored, which couple
ruthenium LAs to reactive metal sites. Sakai recently investigated a Ru-Pt bimetallic
system capable of photochemically producing hydrogen from water in the presence of the
electron donor, ethylenediaminetetraacetic acid (EDTA)'? functioning with ® = 0.01,
and 5 turnovers in 10 h. This low turnover has since been postulated to reflect
decomplexation of the reactive metal to form colloidal platinum, which functions as the

hydrogen generation site. Rau reported a Ru-Pd bimetallic system that photochemically
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produces hydrogen in the presence of the electron donor, TEA." This system was shown
to produce colloidial Pd."

[0005]  In general, the production of H, from H0 requires the catalysis of a
multielectron reduction. To catalyze a multielectron reduction, a photocatalysts must be
able to collect electrons until sufficient electrons are accumulated to cause catalysis.
Many of the known photocatalysts have electron collecting metal centers, such as those
described by Brewer et al. in U.S. Patent Application Publication 2006/0286027, which is
hereby incorporated by reference.

[0006]  Despite advances in the field, there remains a need in the art for efficient,
stable supramolecular complexes that are capable of turning light energy into chemical

energy for catalyzing H, production from H>O, along with other chemical reactions.

Summary of the Invention

[0007] 1t is an object of the present invention to provide supramolecular complexes
capable of converting radiant energy into chemical energy. The supramolecular
complexes of the present invention are photocatalysts capable of harvesting radiant
energy and using it for catalyzing chemical reactions. The supramolecular complexes are
molecular assemblies having a light absorber, a bridging ligand, electron collector and
catalytically active metal center. This type of supramolecular complex is a
photochemical molecular device, and is designed so that modification of the device
components allows for the modification and optimization of the functioning of the

molecular device.
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[0008] It is another object of the present invention to provide supramolecular
complexes capable of catalyzing chemical reactions with high efficiency and stability.
The supramolecular complexes of the present invention are designed to provide high
turnover for extended periods of time.

[0009] It is a further object of the present invention to provide a method for
photocatalytic reduction of a substrate. The method involves contacting the substrate
with a supramolecular complex capable of photocatalyzing the reduction of the substrate,
followed by exposing the supramolecular complex to a source of radiant energy.

[0010] It is a still further object of the present mvention to provide a system for the
photocatalytic reduction of a substrate. The system of the present invention has a vessel
for containing the substrate and a supramolecular complex capable of photocatalyzing the
reduction of the substrate. The system of the present invention also has a source of

radiant energy which can be used to cause the catalysis.

Brief Description of the Drawings

[0011]  Figure 1 shows the molecular structure of exemplary terminal and bridging
ligands.

[0012) Figure 2 is a schematic representation of an embodiment of a system of the
present invention for photocatalysis of the reduction of a substrate.

[0013]  Figure 3 shows a synthetic route for preparing the tetrametallic
[{(bpy):Ru{dpp) }2Ru(dpp)PtC1,)(PFs)s where bpy = 2,2’-bipyridine, dpp = 2,3-bis(2-

pyridyl)pyrazine. a. ref®®, b. ref.®°, c. ref.?, d. ref.*",
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[0014]  Figure 4 is a cyclic voltammetry plot of [{(bpy):Ru(dpp)} 2Ru(dpq))(PFe)s
measured in 0.1 M BusNPFs CH3CN solution at room temperature at a scan rate 200
mV/s, potential reported in V vs Ag/AgCl (bpy = 2,2’-bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).

[0015]  Figure 5 is a square wave voltammetry plot of
[{(bpy).Ru(dpp)}:Ru(dpq)}(PFs)s measured in 0.1 M BuNPFs CH3CN solution at room
temperature at a scan rate 200 mV/s, potential reported in V vs Ag/AgCl (bpy = 2,2’
bipyridine, dpp = 2,3-bis(2-pyridy!)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).
[0016]  Figure 6 is a cyclic voltammetry plot of
[{{bpy)}2Ru(dpp)}2Ru(dpq)PtCl;[(PFs)s measured in 0.1 M BusNPF¢ CH;CN solution at
room temperature at a scan rate 200 mV/s, potential reported in V vs Ag/AgCl (bpy =
2,2’-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).
[0017]  Figure 7 is a square wave voltammetry plot of
[{(bpy).Ru(dpp)}2Ru(dpq)PtCl,](PF¢)s measured in 0.1 M BusNPFs CH3CN solution at
room temperature at a scan rate 200 mV/s, potential reported in V vs Ag/AgCl (bpy =
2,2’-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).
[0018] Figure 8 shows the electronic absorption spectrum of

[{(bpy):Ru(dpp) }2Ru(dpq)PtCL](PFs)s in CH3CN at RT (bpy = 2,2’-bipyridine, dpp =
2,3-bis(2-pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).

[0019]  Figure 9 shows a state Diagram for [{(bpy)Ru(dpp)}2Ru(dpq)PtCl>](PFs)s in
CH;CN at RT (bpy = 2,2°bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, dpq = 2,3-bis(2-

pyridyhquinoxaline).
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[0020] Figure 10 shows electronic absorption spectra for the electrochemical
reduction (A) and photoreduction (B) of [{(bpy):Ru(dpp)}2Ru(dpq)PtCh}(PFe)s in RT
CH;CN. Spectroelectrochemistry in 0.1M BusNPF solution with a platinum mesh
working electrode. Spectrum 2A: Initial (—), -0.20 V (---), -0.55 V (). Photolyses
were carried out with 5 mM dimethylaniline and irradiated with a 455 nm LED
Spectrum 2B: Initial (—), after photolysis (-).. (bpy = 2,2’-bipyridine, dpp = 2,3-bis(2-
pyridylpyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).

[0021) Figure 11 shows a comparison of electronic absorption spectra prior to (—)
and afier () the photolysis for [{(bpy)2Ru(dpp)}Ru(dpq)PtCl:}(PFs)s.

[0022] Figure 12 shows a plot of . Hydrogen generated amount vs. photolysis time
for tetrametallic complexes [{(bpy):Ru(dpp)}2Ru(dpa)PtCl;](PFe)s. (bpy = 2,2’bipyridine,
dpp = 2,3-bis(2-pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).

[0023] Figure 13 shows a Stern-Volmer plot for a DMA quenching experiment on

tetrametallic complexes [{(bpy):Ru(dpp)}2Ru(dpq)PtCl;}(PFs)s in CH;CN.

Detailed Description of the Invention

[0024]  The present invention provides supramolecular systems or complexes capable
of undergoing photoinitiated multi-electron processes. The supramolecular complexes are
capable of photoinitiated electron collection. The collected electrons can be used to drive
multi-electron reactions. The supramolecular complexes of the present invention allow
electrons to be collected on an electron collector of the supramolecular assembly and

used to catalyze a chemical reaction while the complex remains intact following catalysis.
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{0025] The supramolecular complexes of the present invention also possess the
ability to be further reduced on the n* system other bridging ligands. This ability to
undergo further photoreduction provides additiona! electrons or electrons with a higher
potential available for the reduction of a desired substrate.

[0026] The supramolecular complexes of the present invention may include one or
more light absorber, bridging ligand, electron collector, and catalytically active metal
center. In the supramolecular complex, a light absorber is chemically coupled to an
electron collector via one or more bridging ligand, which serves as a route for the
transmission of electrons. The light absorber may also be coordinated in supramolecular
complexes by one or more terminal ligand. In certain embodiments of the present
invention, the bridging ligands and terminal ligands may be the same type of molecule.
[0027]  In the supramolecular complexes of the present invention, the following
essential components are coupled: 1) at least one light absorbing metal center, 2) an
electron collecting ligand or set of ligands, and 3) a catalytically active metal. The metal
to ligand charge transfer light absorber produces an initially optically populated metal to
ligand charge transfer state. The electron acceptor ligand, which may be a single
bridging ligand or a series of ligands coordinated to a single metal center possesses a T
system capable of being involved in an initial metal to ligand charge transfer (MLCT)
excitation, followed by the formation of a charge separation (CS) state. The catalytically
active metal is then capable of promoting transfer of the electrons localized on the
electron acceptor ligand to a substrate, facilitating a chemical reaction.

[0028]  The supramolecular complexes of the present invention are useful for

catalyzing multi-electron reduction reactions in that they are able to accumulate electrons
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on an electron collector ligand and maintain these accumulated electrons in a charge
separated state until a sufficient number of electrons is accumulated to catalyze the
reaction desired. When the supramolecular complexes of the present invention are
exposed to radiation (e.g. visible or ultraviolet light) the light absorbing metal centers
cause the movement of electrons to an electron collector ligand, where they are
maintained until a sufficient number of electrons is accumulated to catalyze the desired
reduction. Once a sufficient number of electrons is accumulated on the electron collector
ligand, the accumulated charge is then transfetred through the catalytically active metal
to the substrate, causing the multi-electron reduction of the substrate.

[0029]  The number and type of MLCT light absorbers used in the supramolecular
metallic complexes of the present invention may vary, depending on several factors
including but not limited to: the desired excitation wavelength to be employed; the
oxidation potential of interest for the metal based highest occupied molecular orbital; the
required extinction coefficient for the excitation wavelength; ease of synthesis of the
complex; cost and/or availability of components; and the like. Any suitable number of
MLCT light absorbers may be used so long as an initial optically populated MLCT state
is produced within the complex upon exposure to light or radiant energy, which can be
relayed to a suitable electron collector ligand. In certain embodiments of the present
invention, the number of MLCT light absorbers will range from 1 to about 14.

[0030]  Those of skill in the art will recognize that many suitable metals exist that can
function as MLCT light absorbers in the practice of the present invention. Examples
include but are not limited to ruthenium(Il), osmium(Il), rhenium (1), iron(I1), and the

like. In certain embodiments of the present invention, ruthenium(ll) or osmium(lil)
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centers are utilized. Further, it is contemplated that more than one type of light absorber
may be utilized in one supramolecular complex.

[0031]  The complexes of the present invention typically have at least one bridging n-
acceptor ligand capable of being involved in an initial metal to ligand charge transfer
excitation. A bridging ligand in the context of the present invention is a -acceptor
ligand that, in the supramolecular complex, may be located or positioned (e.g. bonded,
coordinated) between MLCT light absorbers or between an MLCT light absorber and the
catalytic metal center. As will be described below, the bridging ligand may also function
as an electron collector ligand. The number of bridging ligands in a supramolecular
complex varies depending on the number of MLCT light absorbers and electron collector
ligands in the complex. In certain embodiments, the number will range from about 1 to
about 14 or more.

[0032]  The bridging n-acceptor ligands coordinate or bind to the metal centers via
donor atoms and bridging ligands have the ability to bind two or more metal centers.
Those of skill in the art will recognize that many suitable substances exist which contain
appropriate donor atoms and may thus function as m-acceptor ligands in the complexes of
the present invention, generally identified as Lewis bases or ligands. Examples include
but are not limited to substances with: nitrogen donor atoms (e.g. pyridine-, pyrazine- and
pyridimidine-containing moieties such as 4,4'-bipyridine ("bpy"); 2,2":6',2"-terpyridine
("tpy"); 2,3-bis(2-pyridyl)pyrazine ("dpp"); and 2,2-bipyridimidine ("bpm"); 2,3-bis(2-
pyridyl)quinoxaling; 2,3,5,6,-tetrakis(2-pyridyl)pyrazine; carbon and nitrogen donor

atoms (e.g. 2,3-diphenylpyridine); phosphorus donor atoms (e.g.
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diethylphosphinoethane); and the like. Some non-limiting examples of bridging ligands
are shown in Figure 1.

[0033]  The supramolecular complexes of the present invention may also include
terminal ligands. Terminal ligands bind or coordinate to only one metal center and serve
to satisty the needed coordination sphere for the metals in the supramolecular complex,
thereby providing a means to tune both light absorbing and redox properties of the metal
centers. Many suitable substances exist which can function as terminal ligands, many of
which may also be used as bridging ligands. For example, substances with: nitrogen
donor atoms (e.g. pyridine-, pyrazine and pyridimidine-containing moieties such as 2,2'-
bipyridine ("bpy"); 2,2":6',2"-terpyridine ("tpy"); 2,3-bis(2-pyridyl)pyrazine ("dpp"); and
2,2-bipyridimidine ("bpm"); 2,3-bis(2-pyridyl)quinoxaline; 2,3,5,6,-tetrakis(2-
pyridyl)pyrazine; carbon and nitrogen donor atoms (e.g. 2,2'-phenylpyridine); phosphorus
donor atoms (e.g. triphenylphosphine, diethylphenylphosphine); and the like. It is also
contemplated that the terminal ligands may be other ligands that are well know in the art,
including halides (e.g. Cl, Br,, I, F'); phosphines having the general formula PR (where
each R may be the same or different and may be alkyl or aryl groups having between 1
and 12 carbons); simple amines having a general formula NR3 (where each R may be the
same or different and may be hydrogen or alkyl or aryl groups having between 1 and 12
carbons); CN, CO; COOH; H,0; CH;CN; pyridines; hydrides; and the like. Some non-
limiting examples of bridging ligands are shown in Figure 1.

[0034] In the supramolecular complexes of the present invention, the bridging and
terminal ligands may be the same type of molecule. In addition, two or more different

types of molecules may function as terminal ligands in a supramolecular complex.

10
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[0035])  The electron collector ligand or set of ligands of the present invention may be
either a bridging ligand, a terminal ligand, or combinations thereof. The electron
collector ligand must be able to not only receive electrons from the excited state of the
MLCT light absorbers, but must also be able to collect reducing equivalents. In certain
embodiments, the electron collector ligand is dpg, dpb, dpp or tppz. It is also
contemplated that other ligands can be used as an electron collector ligand, including
those listed above as bridging and terminal ligands as well as other ligands know in the
art which are known to act as electron collectors, It should be apparent that one or more
than one electron collector ligand may be present in the supramolecular complexes of the
present invention, and that there may be different types of electron collector ligand in a
single supramolecular complex.

[0036]  The catalytically active metal is used to facilitate clectron transfer from the
electron collector to the substrate. Those of skill in the art will recognize that many
metals may be used as catalytically active metals in the complexes of the present
invention. Examples of suitable metals include but are not limited to platinum (11),
palladium (1I), cobalt (1), thodium(I} and iridium (I). Any metal that can bind to an
electron collector ligand and deliver the collected electrons to a substrate may be utilized.
In certain embodiments of the present invention, the catalytically active metal is platinum
(1.

[0037] It is also contemplated that the number of catalytically active metals in the
complex may be varied. Multifunctional systems could be designed that use many
electron collector ligand sites coupled with a catalytically active metal to enhance the

functioning of the system by providing additional active sites within a single molecular

11
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architecture. Importantly, the design of the supramolecular complexes of the present
invention is such that the complex remains intact and is not destroyed upon carrying out
catalytic functions. The advantage of this attribute is that systems employing the
supramolecular complexes of the present invention are capable of carrying out repeated
catalytic reactions when coupled to electron donors or water oxidation and are thus long-
lived in comparison to known systems. The light absorbers remain attached to the
electron collector following electron collection, which allows the complexes to undergo
further charge transfer excitation, leading to further catalytic activity.

[0038]  In general, the supramolecular architecture of the complexes of the present
invention can be varied by changing the identity and number of components of the
complex. However, it is necessary to retain the components in sufficiently close
association and appropriate orientation to provide the necessary electronic coupling. This
coupling is necessary to allow electron transfer from the MLCT light absorber to the
electron collecting ligand and then to the catalytically active metal. Those of skill in the
art will recognize that the precise distances between components and the orientation of
the components will vary from complex to complex, depending on the identity of
complex substituents. However, in general the distances will be confined to the multi-
atomic or multi-angstrom scale.

[0039] Those of skill in the art will recognize that many such suitable counterions
exist and may be utilized to form the salt form of a complex without altering the
fundamental properties of the complex, other than its solubility.

[0040]  Synthesis of the supramolecular complexes of the present invention can be

carried out by a building block approach. A non-limiting example of this type of

12
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synthesis is shown the Examples below. Generally using this method the terminal metals
on the outside of the complex are prepared first, reacting them with the desired terminal
Jigands. Once the terminal metal is coordinated to the terminal ligand, reaction with a
bridging ligand assembles that sub-unit of the supramolecular complex. These sub-units
are then reacted with additional metals, either secondary light absorbing units or the
reactive metal. This means of assembly allows for control of supramolecular structure.
[0041]  Alternatively, the supramolecular complexes can be assembled from the
center out by reacting the desired bridging ligands with the reactive metal followed by
coupling to the light absorbing units.

[0042] Suitable wavelengths of light for use in the practice of the present invention
are dependent on the components of a given supramolecular complex. In general, visible
(e.g. light with a wavelength greater than 400 nm} and ultraviolet light can be utilized. In
general, the wavelength used will depend on the supramolecular compiex of interest and
its ability to absorb at that wavelength. Typically excitation will occur in the region of the
intense metal to ligand charge transfer excitation. However, those of skill in the art will
recognize that other excitations further from the optimum can also be used due to the
efficient internal conversion within supramolecular complexes of the type described
herein. Suitable sources of excitation include various well-known artificial sources and
natural sunlight.

[0043]  The supramolecular complexes of the present invention may catalyze the
reduction of a variety of substrates, particularly substrates that are suitable for multi-

electron reduction. In one embodiment of the present invention, the supramolecular

13
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complexes catalyze the reduction of water to Ho. In other embodiments, the substrate for
reduction may be carbon dioxide, carbon monoxide, methano! and nitrobenzene.

[0044]  The present invention also provides a method of reducing a substrate. The
method of the present invention involves exposing the substrate to a supramolecular
complex of the invention and to radiant energy. Generally, the supramolecular complex
is brought into contact with the substrate, and is then exposed to a source of radiant
energy having a wavelength which causes the supramolecular catalyst to catalyze the
reduction of the substrate. In certain embodiments of the invention, the substrate itself
functions as the electron donor for the reduction. However, it is also contemplated that
other electron donors may also be used in the methods of the present invention, including
but not limited to dimethylaniline (DMA), triethanolamine (TEOA), triethylamine (TEA),
ascorbic acid and the like.

[0045]  The present invention also provides a method of producing molecular
hydrogen from water. In these embodiments of the invention, water is reduced to
molecular hydrogen by exposing the water to a supramolecular complex of the invention
and to radiant energy, in a manner analogous to the general method described above. In
certain embodiments of the invention, the water itself functions as the electron donor for
the reduction. However, it is also contemplated that other electron donors may also be
used in reducing water to molecular hydrogen, including but not limited to
dimethylaniline (DMA), triethanolamine (TEOA), triethylamine (TEA), ascorbic acid
and the like.

[0046] The invention further provides a system/apparatus for catalyzing the reduction

of water to form hydrogen which incorporates these materials either photochemically or

14
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electrochemically. Amouyal and Sauvage have highlighted systems that photochemically
produce hydrogen from water in separate reviews. ¢ A system to produce hydrogen
from water using light would include the supramolecular complexes as described herein
and additiona! components that would be involved in the electron donation and the use of
the oxidizing equivalents to oxidize a substrate, for example the oxidation of water to
oxygen, The general design of such systems is known to those of skill in the art, and can
readily be adapted to include the supramolecular complexes of the present invention. The
suptamolecular complexes will perform the function of light absorber, electron collector
and catalyst for the conversion of light energy into chemical energy. The supramolecular
complexes could be in solution or attached to a support, depending on whether
homogeneous or heterogeneous catalysis is desired.

[0047]  1In apreferred embodiment of the invention, the system is coupled to a water
oxidation cycle that produces oxygen and allows water to function as the electron donor.
However, those of skill in the art will recognize that other electron donors may also be
used in the methods of the present invention, including but not limited to dimethylaniline
(DMA), triethanolamine (TEOA), triethylamine (TEA), EDTA, and ascorbic acid.
[0048]  Figure 2 illustrates an exemplary system for reducing water to produce
hydrogen. As illustrated in the Figure, the system 10 comprises a vessel 20 for containing
water 30 and a supramolecular complex 40. The supramolecular complex 40 comprises at
least one metal to ligand charge transfer light absorbing metal 41, at least one electron
acceptor ligand 42; at least one catalytically active metal 43; at least one terminal ligand
44; and an electron donor 45 which interacts with the supramolecular complex. Although

not specifically shown in Figure 2, it is also contemplated that electron donor 45 can be

15
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separate from the supramolecular complex, e.g., not physically interacting with the
supramolecular complex. The system further comprises means 50 for directing radiant
energy 60 towards the vessel.

[0049]  The system of the present invention may be coupled to an oxidation process
such as a water to oxygen oxidation or another scheme that uses oxidizing equivalents.
In one embodiment of a system of the present invention, a sacrificial electron donor is
utilized. The donor can then be used as an oxidizing equivalent relay to couple to a
complementary oxidation process. In certain embodiments, the oxidation chemistry is
not photochemical but rather simple redox chemistry. For example, in a solar cell that
uses light energy to split water, the light energy excites electrons at a collection site that
then reacts with water to produce hydrogen, The oxidizing equivalents move to the
positive electrode and are collected at a catalyst that can oxidize water to oxygen to
complete a catalytic cycle.

[0050] In other embodiments, it is also contemplated that the system of the present
invention may be modified for photocatalysis of other substrates. In such modifications,
the substrate to be reduced is placed in the vessel in contact with a supramolecular
complex capable of catalyzing the reduction of the substrate. Electron donors may be
added to the vessel as described above.

[0051] The following examples are to be considered as exemplary of various aspects
of the present invention and are not intended to be limiting with respect to the practice of
the invention. Those of ordinary skill in the art will appreciate that alternative materials,

conditions, and procedures may be varied and remain within the skill of the ordinarily
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skilled artisan without departing from the general scope of the invention as claimed

below.

Examples

Example | — Synthesis of [{ (bpy)Ru(dpp) }2Ru(dpq)PtCL)(PFe)s

[0052]  The title complex [{(bpy)Ru(dpp)}2Ru(dpq)PtCl;](PFe)s is prepared via a
building block method coupling terminal (bpy)zRu“(dpp) LA units to the central Ru”®
followed by addition of dpq, then complexation of Pt"Cl,.

[0053] Materials — Ruthenium(I1l) chloride hydrate (Alfa Aesar), platinum colloid
(polyethyleneglycoldodecylether hydrosol) (Strem), previously-reported dpq (2,3-bis(2-
pyridyl)quinoxaline)''® [PtCL(DMSO0),] (DMSO = dimethylsulfoxide)'®, 2,2’-bipyridine
(bpy) (Sigma-Aldrich), 2,3-bis(2-pyridyl)pyrazine (dpp) (Aldrich), (80 - 200 mesh)
adsorption alumina (Fisher), tetrabutylammonium hexafluorophosphate BusNPF; (Fluka),
spectral grade acetonitrile and toluene (Burdick and Jackson), high purity dimethylaniline
DMA (Aldrich), triflic acid (Sigma-Aldrich) and size exclusion Sephadex L.H-20 gel
(Sigma-Aldrich) were used as received.

[0054]  [{(bpy)Ru(dpp)}-Ru(dpq)}(PFs)s was synthesized by modification of
previously reported method.”” The terminal [(bpy)zRu(dpp)](PF6)22 1-22 fight absorber is
assembled first and then coupled to the central Ru to produce
[{(bpy)Ru(dpp)}2RuClLj(PFs)s.”* The dichloro precursor [{(bpy):Ru(dpp)}2RuCL}(PFs)
(244 mg, 0.168 mmol) and AgSO;CF; (187 mg, 0.92]1 mmol) were heated at reflux in 20
ml of 95% ethanol for 4 hrs, under Ar. In another flask, excess dpq (160 mg, 0.563

mmol) was heated at reflux in 20 ml of ethylene glycol. After flash precipitation to
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remove the AgCl, the dichloro precursor solution was added in three aliquots to the
refluxing dpq solution to maintain an excess of dpq during the reaction, favoring
trimetallic formation. This mixture was heated to reflux for 24 hrs. The reaction mixture
was cooled to room temperature and added to 500 ml of saturated aqueous KPF¢ to
induce precipitation. The crude product was collected by vacuum filtration, dissolved in
minimal acetonitrile, and reprecipitated in diethyl ether. Purification was achieved by size
exclusion chromatography using Sephadex LH-20 column developed with 2:1/v:v
cthanol:acetonitrile solvent mixture. The very first portion of color band is discarded and
the major purple red band is collected. The product is flash precipitated from diethyl
ether and dried under vacuum. Yield: 378 mg, 88%. FAB-MS: m/z [relatively abundance,
ion]: 2403 |31, (M-PFs-2H)"]; 2258 [100, (M-2PF¢-2H)'); 2117 [75, (M-3PF¢+2H)'];
1973 [22, (M-4PFe+3H)'1.

[0055]  [{(bpy):Ru(dpp)}:Ru(dpg)PtCL,1(PFe)s was synthesized by reacting trimetallic
complex [{(bpy)2Ru(dpp))2Ru(dpa)}(PFe)s with [PICLo(DMSO)].”
[{(bpy)2Ru(dpp)}>Ru(dpq)}(PFs)s (147 mg, 0.058 mmol) and Py(DMSO)Cl; (39 mg,
0.086 mmol) are mixed in 50 ml 95% ethanol and heated at reflux for 40 hours. Addition
of saturated KPF solution induces precipitation and the product is collected by vacuum
filtration. The product is dissolved in 2 minimal amount of acetonitrile and flash
precipitated in diethy! ether, collected by vacuum filtration and dried by rinsing with
diethyl ether. Yield: 156 mg, 96%. Further purification is achieved by recrystallization
from hot ethanol. Fast atom bombardment mass spectroscopy (FAB-MS) were performed

by M-Scan Inc. at West Chester, Pennsylvania. The FAB-MS is performed on a VG
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Analytical ZAB 2-SE high ficld mass spectrometer using m-nitrobenzy! alcohol as a
matrix.

[0056] FAB-MS results: m/z [relatively abundance, ion]: 2673 [17, (M—PFﬁH)ﬁ;
2527 [33, (M-2PF¢)']; 2405 [82, (M-PFs-PtCl,)']; 2260 [100, (M-2PF6-PtCly)']; 2116 [33,

(M-3PF4-PtCl,)"]; 2055 [7, (M-PFs-dbpy+8H)"].

Example 2 — Electrochemical Properties of [{ (bpy):Ru(dpp)}2Ru(dpq)PtCL}(PFe)s
[0057] Cyclic and square wave voltammetric experiments were conducted using a
one-compartment, three-clectrode cell, controlled with a BioAnalytical Systems (BAS)
potentiostat. The working electrode was a 1.9 mm diameter glassy carbon disk, the
auxiliary electrode a platinum wire and the reference electrode a Ag/AgCl electrode (0.29
V vs NHE), which was calibrated against the FeCpy/FeCp," redox couple (0.67 V vs
NHE).** The supporting electrofyte was 0.1 M BuyNPFs, and the measurements were
carried out in Burdick and Jackson spectro-grade acetonitrile under argon. Cyclic
voltammetric measurements were made at a scan rate of 200 mV/s and square wa‘}e
voltammetry at a scan rate of 100 mV/s. The working electrode was manually cleaned
prior to each analysis.

[0058] Cyclic and square wave voltammetric experiments were performed on both
trimetallic [ {(bpy)Ru(dpp)};Ru(dpg)}(PFs)s and tetrametallic
[{{bpy)2Ru(dpp)}:Ru(dpq)PtCL:[(PF¢)s complexes. See Figures 4 — 7,

f0059]  The electrochemical properties of [ {{bpy):Ru(dpp)}:Ru(dpq)PtC1;]}(PFs)s
reflect its subunit components, as shown in Table 1. The complex displays an oxidative

couple at 1.59 V vs. Ag/AgCl that represents the two terminal Ru™™ processes. The first
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reduction at -0.08 V is assigned to the dpq”" couple consistent with the stabilized z*
orbital of the dpq upon coordination to Ru" and Pt" and is followed by two dppﬂf )
reductions. These properties predict a lowest lying charge separated (CS) state with an
oxidized terminal Ru metal and a reduced dpq ligand with the promoted electron

localized on the dpq ligand bound to Pt allowing for facile transfer to substrates.

Table §. Redox properties of 1{(bpy):Ru(dpp):Ru{dpPtCLIPFe
and refated systems.

Complex - EL’L(V) -
Oxidations Reductions
[{bpyyRu(dpg)PLCLY(PFs) 1.49 pt™ -0.30 dpg™
L64 Re™ 099 dpg™
[{(bpy):Ru(dpp)}:Ru(dpa)l(PFs). i.58 Ru"™ -0.42 dpp™
-0.62 dpp™”
-0.82 dpg™
[{(bpy)Ru(dpp)}:Ru(dpg)PtCRLIPF:)s  1.59 Ru"™ -0.08 dpg™”
.45 dpp™”
-0.62 dpp™

* Data measured in 0.1 M Bu,NPF; acetonitrile, E vs. Ag/AgCl
* bpy = 2,2-bipyriding, dpp = 2,3-bis(2-pyridyl)pyrazine and dpq=2,3-
bis(2-pyridyl)quinoxaline.

Example 3 — Spectroelectrochemistry and Photoreduction of
[{(bpy):Ru(dpp)}:Ru(dpg)PtCL}(PFe)s

[0060] Electronic Absorption Spectroscopy. Electronic absorption spectra were
recorded at room temperature using a Hewlett-Packard 8452 diode array
spectrophotometer with 2 nm resolution. Data was collected in 1 cm quartz cuvette after

dissolving in UV-grade acetonitrile from Burdick and Jackson and extinction coefficients

are the average of three measurements.

[0061]  Spectroelectrochemistry and Photoreduction. Experiments were carried out to

study the product of multiple electron reduction of [{(bpy).Ru(dpp)}>Ru(dpq)PtCL](PFe).
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The complex was reduced either electrochemically or photochemically using the
sacrificial electron donor dimethylaniline (DMA).

[0062]  Spectroelectrochemistry was performed using a home built three electrode
thin cell. The cell consisted of two quartz plates separated by Teflon spacers to give a
pathlength of ~1.25 mm sealed using Parafilm. The electrodes consisted of a gold mesh
working electrode, Ag wire pseudo reference electrode (-515 mV vs. Fc/Fc') and carbon
cloth auxiliary electrode. The cell was divided into auxiliary and working compartments
with a tightly rolled VWR chemical wiper. Sample solutions were made to be 0.1 M
NBu4PFs in CH3CN and have an absorbance at 540 nm between 0.2 and 0.4. Potential
was applied using the controlled-potential electrolysis function of a BioAnalytical
Systems, Epsilon potentiostat, Short intervals of successively negative voltages were
applied. Minor changes are observed in the electronic absorption spectrum at -0.20 V vs.
Ag/AgCl, just negative of the dpqw' couple. Significant changes were observed at an
applied potential of -0.55 V, just negative of the first dpp™ couple. Reversal of the
spectroelectrochemisiry was performed by applying a potential of +1000 mV
immediately following -0.55 V reduction.

[0063] Experiments were performed to compare the electrochemically reduced
product spectrum to that of the photoreduced product. An acetonitrile solution of the
complex was photolyzed with 455 nm LED light in the presence 5SmM DMA under argon
atmosphere. A spectroscopic shift was observed that was nearly identical to that
observed during spectroelectrochemistry at an applied voltage of -0.55 V.

[0064]  The light absorbing properties of the title complex are consistent with the sum

of its chromophoric components. The electronic absorption spectrum of
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[{(bpy)2Ru(dpp)}zRu(dpg)PtCL)(PFe)s in CH3;CN is illustrated in Figure 8. The complex
displays spectroscopy characteristic of Ru polyazine complexes and is quite similar to the
[{(bpy).Ru(dpp)}2Ru(dpq)](PFs)s synthon. The UV region displays bpy (290 nm), dpp
(320 nm) and dpq (360 nm) based n—7* transitions with the dpp and dpq based
transitions occurring as a low energy shoulder on the more intense bpy peaks. The visible
region of the spectrum is dominated by Ru based MLCT transitions with extinction
coefficient at 542 nm of 33,200 M' cm™, consistent with the number of overlapping
transitions in this region. The Ru(da)—>bpy(n*) CT transition occurs at 416 nm and
peaks at ca. 500-580 nm correspond to the Ru(dn)—>p-dpp(n*) and Ru(dr)—p-dpg(n*)
CT transitions.

[0065] We have probed the photophysics of [{{(bpy):Ru(dpp)}:Ru(dpq)PtCL](PFs)s
and the related trimetallic synthon [{(bpy);Ru{(dpp)}:Ru(dpq)}(PFe)s and both display
emissions from the terminal Ru(dn)—»dpp(n*) *MLCT state. The trimetallic synthon
emits at 745 nm with a lifetime of 133 ns and a quantum efficiency of 6.0 x 10 in RT
CH,CN solution. The lifetime of this emission is extended to 1.7 ps in a 4:1 EtOH/MeOH
glass at 77 K. The title [{(bpy).Ru(dpp)}:Ru{dpq)PtCl:}(P¥s)s cmits at 745 nm with a
lifetime of 92 ns and a quantum efficiency of 2.5 x 10 in RT CH;CN solution. The
lifetime is extended to 1.7 ps in 77 K 4:1 EtOH/MeOH glass. The reduction in emission
of the tetrametallic relative to the trimetallic synthon is characteristic of an intramolecular
quenching pathway with ke = 3.4 x 10° 5™, Figure 9. The equivalent emission lifetimes in
77 K in frozen glass result due to impeded electron transfer in a solid matrix, supporting

population of the CS state in the complex [ {(bpy):Ru(dpp)}.Ru(dpq)PtCL:](PF¢)s at RT.

22



WO 2008/116158 PCT/US2008/057830

[0066]  The emission of the title complex [{(bpy):Ru(dpp)}2Ru(dpg)PtCl2)(PF¢)s is
quenched by addition of the electron donor dimethylaniline (DMA). The Stern Volmer
analysis of the quenching of this 3MLCT emission by DMA is given in the supporting

information. The data is fit to
O,/ = 1 + 4 [DMA]

yieldingakgof 5.4 x 10° M''s, illustrative of the efficient quenching of the *MLCT state
by DMA.

[0087]  Spectroelectrochemistry and photoreduction experiments were performed to
compare the electrochemically reduced complex to the photoreduction product. The
electrochemically reduced product was generated by electrolyzing an acetonitrile solution
of [{(bpy)2Ru(dpp)}sRu(dpq)P1CL,}(PFs)s and 0.1 M NBu,PF just negative of the dpq””
couple (-0.20 V vs Ag/AgCl) and the first dpp” couple (-0.55 V). Little spectroscopic
shift is observed following the first single electron reduction, implying that the central
Ru(dr)—p-dpq(n*} transition is underlying other more intense transitions, Figure 10A.
Reduction by a second eleciron results in a significant decrease in the lowest energy
MLCT band and rise of a shoulder at ~650 nm. The observed spectroscopic shift upon
reduction is consistent with previously reported changes to spectra of complexes
containing two Ru(ll)-centers bridged by dpp.2® Photolysis of the complex in
deoxygenated CH;CN in the presence of dimethylaniline (DMA) results in a
photoproduct with nearly identical spectroscopic signatures to the electrochemically
generated product, Figure 10B, illustrating that the photoreduction product has an
electron localized on both the dpq, and at least one dpp bridge. This photoinitiated

electron collection by [{(bpy):Ru(dpp)}Ru(dpq)PtCL2](PFe)s to generate the two electron
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reduced product is significant, representing one of only a handful of known photoinitiated

electron collectors.

Example 4 ~ Photocatalysis of Water to H,

[0068] Photocatalysis. The photocatalytic production of hydrogen from water was
assayed using light delivered from a LED array built locally.”” The specific LED chosen
is the Luxeon V star green SW LED with dominant wavelength at 530 nm and 35 nm
half-width. Samples were dissolved in spectrograde acetonitrile and then aqueous triflic
acid CF3;SOsH (pH = 2.0) and DMA are added. The solutions are prepared in septum
topped vials with flat, optical quality bottoms. All samples were deoxygenated with argon
prior to photolysis and maintained under argon environment during photolysis. When
photolyzed, the vials were placed in the instrumental compartments and irradiated from
the bottom. The light intensity of LED (6.1 x 10'"® photons/min) was determined by both
chemical actinometry and calorimetry.

[0069] The conditions used here were: 1.5 mL metal complex stock solution is added
to 0.40 mL DMA, 0.50 mL H,O acidified to pH = 2.0 with CF3SO3H, and 1.00 mL
acetonitrile. The Ar head space was 2.10 ml.. The final concentration for each component
was: ca. 2.8 x 10° M metal complex, 0.92 M DMA, 1.5 x 10 M CF3SO3H, and 8.2 x 107
*M H,0. Assuming the pKa of protonated DMA is the same under our conditions as
aqueous conditions to effective pH of our photolysis solutions are ca. 8.0. The catalyst
[{(bpy)Ru{dpp)}-Ru(dpq)PtCL:)(PFs)s was stable in terms of photolysis during the
experimental period and the comparison of electronic absorption spectra prior to and after

the photolysis is shown in Figure 11.
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[0070)  For the control experiments all conditions were kept the same except for the
substitution of the tetrametallic catalyst by the indicated materials. For the Rus
([{(bpy)Ru(dpp)}2Ru(dpq)J(PFs)s) and Pt colloid system, the conditions were kept the
same as RusPt ([{(bpy).Ru(dpp)}Ru(dpq)PtCl;J(PF¢)s) with equimolar Ru; and Pt
colloid used in place of the tetrametallic RusPt catalyst. The Pt colloid stock suspension
solution was prepared by mixing 18 mg commercial Pt colloid (10% weight) into 11 mL
CH;CN to make an 8.4 x 10 moV/L solution. For the control experiment by mixing Ru;
and [PtCl,(DMSO),), a stoichiometric amount of [PtCl;(DMSO),] was used and other
conditions were maintained as those for RuzPt. The Hg experiments used a ca. 300 fold
excess of Hg(l).

[0071]  After photolysis, a 100 pl. gas sample removed by syringe from the head
space of the cell and injected into a GC for hydrogen analysis. The amount of hydrogen
was determined by referring to a calibration curve. To account for the hydrogen dissolved
in the solution, Henry's Law {equation 1) was used. The mole fraction of hydrogen at 1
atm was from the literature = 1.78%10™ and correlated well with our own
measurement in CH;CN.?® Py, is the partial pressure of hydrogen in the photolysis cell
headspace, Py, is the partial pressure of hydrogen in the hydrogen saturation experiment,
Ku is Henry’s law constant, yu, is the mole fraction of hydrogen in the photolysis cell
solution, and xs, is the mole fraction of hydrogen in the hydrogen saturation experiment.
The amount of hydrogen in the photolysis solution is then determined according to

equation 3 where ny, is the number of moles of solution, and ny- is the amount of moles

of hydrogen in the solution.
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Py, (Kp)XxH,)

Psat - (KH X Xsat) (1)
(PH2 WX sat)
= = P
XH, o) (PH, X Xsat) .

ny, =1y W) 3)
{0072]  The total volume of hydrogen produced in a photolysis experiment is then the
sum of the hydrogen found in the headspace as well as the hydrogen found in the solution.
Typically the contribution of hydrogen in solution amounts to ~10 % of the total volume
of hydrogen. The plot of hydrogen amount vs. photolysis time is shown in Figure 12, in
which each data point was the average of 2 sampling results. Full results are shown in

Table 2.

Table 2. Photocatalytic Studies for H; Production Using
[{(bpy):Ru{dpp)Ru¢dpg)PtCL){PFs); and Related Controls.”

Complex H;O DMA Time H,
{mL) {mL) {hn) (pmol)
RuPt* 0.50 0.40 1 1.6
0.50 0.40 2 2.8
0.50 0.40 3 33
0.50 0.40 4 3.9
0.50 [ 3 <0.01
Ru; © 0.50 040 3 <001
Ru; + 0.50 ¢.40 3 <001
PHDMSO0),Cl;
Ru; + Pt* 0.50 040 3 1.8
Ru; +Pt*+Hg 050 0.40 3 <0.01
Rm;Pt+ Hg 0.50 040 3 25

* Photochemical generation of Hy using 28 uM metal complex, 8.2
M H,0, 1.5 mM added CF,80:H with 0 92 M dimethylaniline
(DMA), photolyzed for time indicated with a 530 nm 5 watt LED
with 6.1 x 10'* photons/min, bpy = 2,2 -bipyridine, dpp = 2.3-bis(2-
pyridyl)pyrazine and dpq = 2,3-bis(2-pyridyl}quinoxahine. Ref 13
lc’!escribes LED construction.

Ru; Pt = [{(bpy)Ru(dpp)}.Ru(dpq)PICL (PFe)
“Ru, = [{{bpy::Ru(dpp) }:Ru(dpa) (PL's )s

Ru, + Pt = equimolar amounts of [{(bpy):Ru(dpp}}Ru(dpg}|(PFs)s
and colloidal Pt

[0073]  Stern-Volmer Plot (DMA Emission Quenching), The DMA emission

quenching experiments on [{(bpy)Ru(dpp)}2Ru(dpq)PtCl;}(PFs)s were performed
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varying the concentration of DMA and studying the impact on emission quantum
efficiency where @™/@°™ is the ratio of the quantum yield of emission in the absence
and presence of the DMA quencher. The resultant Stern-Volmer plot is shown in Figure

13.

[0074]1 The Stern-Volmer relation may also be written as:

DO = 1 + th]DMA]

Where ®,°™ and ©°™ are the quantum yields of metal complex in the absence and
presence of DMA. A plot of @,"/@" versus [DMA] is expected to be linear, with a

slope:

K, = 1ok

where K,y is the Stern-Volmer rate constant.

Ke=497; .= 92 ns; K, = 5.4 x 10°M "' 5

[0075]  The title [{(bpy).Ru(dpp)}Ru(dpq)PtCl>}(P¥s)s photochemically reduces
H,0 to H; in mixed CH;CN/H,0 solution with the sacrificial electron donor DMA. The
photochemical results and experimental details are provided in supporting information.
The title supramolecular assembly produced H; from H;O when irradiated with 530 nm
centered light from a SW LED in the presence of DMA. After 4 hrs of photolysis 3.9
umol of H, are produced representing 40 turnovers of the tetrametallic catalyst (3.3 pmol
of H, produced in 3 hr). Systems with coordinated Pt", under photolytic conditions,
could undergo to decomplexation of Pt" and/or formation of Pt” colloid. Assaying the
formation of Pt(s), the addition of excess Hg to the photolysis solution above reduces H;
production to 2.5 ymol in 3 hr, The photolysis of the trimetallic synthon

[{(bpy)gRu(dpp)}Ru(dpq)]6+ alone or with [Pt(DMS0),Cl,] does not lead to detectable
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H, production, indicative of the necessity of tetrametallic assembly to provide
photocatalytic function. Photolysis of the synthon [{(bpy)zRu(dpp)}Ru(dpq)]6+ with
equimolar Pt(s) produces 1.8 pmol of Hy in 3 hr. Interestingly, the addition of Hg to this
system results in the absence of detectable Hy, confirming the ability of Hg to scavenge
Pt(s) in our system. These results together suggest that the tetrametallic assembly
produces a catalytic system that is not recreated with the trimetallic synthon alone or with
added [Pt(DMSO0),Cly]. The results further demonstrate that the tetrametallic system
functions more efficiently than the trimetallic synthons with added Pt(s). The addition of
Hg to these photolysis systems suggest Hz production by the tetrametallic complex may
occur through two competing pathways. The functioning of this catalytic system provides
longer term stability and higher turn over rates relative to related Ru,Pt systems.”
[0076] The complex [{(bpy):Ru(dpp)}Ru(dpq)}PtCl)(PFs)s was synthesized and
shown to be an efficient light absorber with a lowest lying CS state and shown to act as a
multiple electron collector. The study of this complex shows the HOMO and LUMO are
spatially seperated terminal Ru and dpq localized, respectively. The complex absorbs
strongly in the visible with overlapping Ru{dn)—BL(x*) CT transitions.
[{(bpy):Ru(dpp)} Ru(dpq)PtCl;](PFs)s and the Pt-free synthon
[{(bpy)Ru(dpp)}Ru(dpg)}(PFs)s are weakly emissive, with the title complex having a
lower RT emission quantum yeild and shorter exited state lifetime. In alcholic glass both
have similar photophysical properties, indicating impeded electron transfer quenching.
The results support formation of a terminal Ru(dn)-dpq(x*) CS state in

[{(bpy).Ru(dpp)} Ru(dpq)PtC1;}(PF¢)s following Ru(dm)—dpp(n*) CT excitation.

Spectroelectrochemical and photoreduction experiments support multielectron collection
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by this system. These experiments suggest the utility of

[{(bpy)Ru(dpp)} Ru(dpq)PtCL,}(PFs)s as a solar H; catalyst,
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What is claimed is:
1. A supramolecular complex for photocatalyzing the reduction of a substrate
comprising:

a charge transfer light absorbing metal center;

an electron collector ligand; and

a catalytically active metal;

wherein the charge transfer light absorber transfers a charge to the electron
collector ligand, and wherein when sufficient charge is accumulated on the electron

collector ligand, the charge is transferred through the catalytically active metal to the

substrate.
2. The supramolecular complex of claim 1, further comprising a terminal ligand.
3. The supramolecular complex of claim 3, wherein the charge transfer light

absorber metal center comprises a metal selected from the group consisting of:
ruthenium(1I), osmium(iI), rhenium (1), and iron{1l).

4. The supramolecular complex of claim 1, wherein the catalytically active metal
comprises a metal selected from the group consisting of: platinum (11), palladium (I1),
cobalt (), rhodium (I), and iridium ().

5. The supramolecular complex of claim 1, wherein the electron collector ligand is
selected from the group consisting of: 2,2'-bipyridine, 1,10-phenanthroline, 2,2":6',2"-
terpyridine, 2,3-bis(2-pyridyl)pyrazine, 2,2'-bipyridimidine, 2,3-bis(2-
pyridyl)quinoxaline, 2,3-bis(2-pyrdiyl)benzoquinozline, and 2,3,5,6,-tetrakis(2-

pyridyl)pyrazine,
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6. The supramolecular complex of claim 2, wherein the terminal ligand is selected
from the group consisting of: 2,2"-bipyridine, 2,2":6',2"-terpyridine, 2,3-bis(2-
pyridyl)pyrazine, 2,2'-bipyridimidine, 2,3-bis(2-pyridyl)quinoxaline, 2,3,5,6,-tetrakis(2-
pyridyl)pyrazine, 2,2'-phenylpyridine, triphenylphosphine, diethylphenylphosphine CV,
Br, I, F, CN, CO, COOH, and CH;CN.
7. The supramolecular complex of claim 2, wherein the terminal ligand is selected
from phosphines having the general formula PR;; where each R may be the same or
different and may be alkyl or aryl groups having between 1 and 12 carbons.
8. The supramolecular complex of claim 2, wherein the terminal ligand is selected
from simple amines having a general formula NR3; wherein each R may be the same or
different and may be hydrogen or alkyl or aryl groups having between 1 and 12 carbons.
9. A supramolecular complex for photocatalyzing the reduction of a substrate of the
formula [{(bpy):Ru(dpp)}Ru{dpq)PtCl,)Xs; wherein X is a counterion.
10.  The supramolecular complex of claim 9, wherein X is PFg.
11. A method for photocatalytic reduction of a substrate comprising;
providing a substrate to be reduced;
contacting the substrate with a supramolecular complex comprising:
a charge transfer light absorbing metal center;
an electron collector ligand; and

a catalytically active metal; and

exposing the supramolecular complex to a source of radiant energy for a period of

time suitable to cause reduction of the substrate,
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12.  The method for photocatalytic reduction of claim 11, wherein the catalytically
active metal is selected from the group consisting of: platinum (1I), palladium (II), cobalt
(), thodium(l), and iridium (I).
13. The method for photocatalytic reduction of claim 11, wherein the substrate is
water.
14.  The method for photocatalytic reduction of claim 11, wherein the substrate is
selected from the group consisting of carbon dioxide, carbon monoxide, methanol and
nitrobenzene.
15.  The method for photocatalytic reduction of claim 11, wherein the source of
radiant energy is visible light.
16.  The method for photocatalytic reduction of claim 11, wherein the source of
radiant energy is ultraviolet light.
17.  The method for photocatalytic reduction of claim 11, further comprising
providing an electron donor prior to exposing the supramolecular complex to a source of
radiant energy.
18.  The method for photocatalytic reduction of claim 17, wherein the electron donor
is selected from the group consisting of: dimethylaniline, triethanolamine, triethylamine,
ethylenediamenetetraacetic acid and ascorbic acid.
19. A system for photocatalytic reduction of a substrate comprising;

a vessel containing the substrate and a supramolecular complex comprising:

a charge transfer light absorbing metal center;
an electron collector ligand; and

a catalytically active metal; and
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a source of radiant energy;

wherein when the supramolecular complex is exposed to the radiant energy, the
supramolecular complex catalyzes the reduction of the substrate.
20.  The system for photocatalytic reduction of claim 19, wherein the catalytically
active metal is selected from the group consisting of: platinum (II), palladium (II}, cobalt

(D), thodium(l), and iridium (I).
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