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Abstract
Mixed-metal supramolecular complexes containing one or two RuII light
absorbing subunits coupled through polyazine bridging ligands to a RhIII reactive metal
center were prepared for use as photocatalysts for the production of solar H2 fuel from
H2O. The electrochemical, photophysical, and photochemical properties upon variation
of the monodentate, labile ligands coordinated to the Rh reactive metal center were
investigated.
Bimetallic complexes [(Ph2phen)2Ru(dpp)RhX2(Ph2phen)]3+ (Ph2phen = 4,10diphenyl-1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine; X = Br− or Cl−) were
prepared using a building block approach, allowing for selective component choice. The
identity of the halide coordinated to Rh did not impact the light absorbing or excited
state properties of the structural motif. However, the σ-donating ability of the halides
modulated the Rh-based cathodic electrochemistry and required the use of multiple
pathways to explain the reduction of Rh by two electrons. Regardless of halide identity,
the bimetallic complex possessed a Ru-based HOMO (highest occupied molecular
orbital) and Rh-based LUMO (lowest unoccupied molecular orbital) important for
photoinitiated electron collection at Rh. As a photocatalyst for H2 evolution, the X = Br−
complex produced nearly 30% more H2 than the X = Cl− analogue. H2 production
experiments with added halide suggested that ion pairing with halides played a major

role in catalyst deactivation, which provided evidence for the importance of component
selection for photocatalyst design.
New trimetallic complex [{(bpy)2Ru(dpp)}2Ru(OH)2](PF6)5 (bpy = 2,2ʹ-bipyridine)
was prepared for comparison to halide analogues [{(bpy)2Ru(dpp)}2RhX2](PF6)5 (X = Br−
or Cl−). The synthesis of a halide-free supramolecule containing OH− ligands afforded
an ideal system to further examine the impact of the ligands at the reactive metal center
on H2 photocatalysis. Electrochemistry results revealed that while the identity of the
ligands at Rh did modulate the Rh-based reduction potential, all three complexes
possessed a Ru-based HOMO and Rh-based LUMO. The light absorbing properties
were not impacted by the identity of the monodentate ligands at Rh; however, the
excited state properties did vary upon changing the ligands at Rh. The hydroxo
trimetallic complex functioned as a photocatalyst for H2 production in organic solvent,
producing nearly double the amount of H2 as the highest performing Br− trimetallic
complex in DMF solvent. Interestingly, H2 production studies in high dielectric aqueous
solvent revealed no discrepancies in H2 evolution upon variation of the ligands at Rh,
which further supported the ion pairing phenomenon realized for the bimetallic motif.
Variation of the labile ligands coordinated to the Rh reactive metal center in
RuIIRhIII multimetallic supramolecules provided important insight about the large impact
of small structural variation on H2 photocatalysis. Electrochemical, photophysical, and
photochemical studies of new RuIIRhIII complexes afforded a deeper understanding of
the molecular processes important for the design of new complexes applicable to solar
fuel production schemes.
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1. Introduction
1.1. Need for Alternative Energy Sources
As the supply and availability of fossil fuels dwindle, the need for alternative
energy sources becomes increasingly important to sustain a growing population.1 Fossil
fuels provide energy though combustion of coal, oil, and natural gas; yet, their use is
environmentally detrimental due to the destruction of natural habitats often required to
obtain the fuel and due to CO2 emissions formed by combustion of the fuel. Current,
more sustainable energy sources include solar panels and energy created using wind
and hydroelectric methods; however, energy in the form of electricity is created by these
methods, posing problematic transportation and storage issues.2 The sun offers a nearly
inexhaustible energy source, and storing solar energy in the form of chemical bonds
could alleviate fossil fuel dependence and help to power the planet’s future.
1.2. Solar-to-Chemical Energy Conversion
The sun provides a vast, globally available energy source that is a leading
alternative energy contender. Currently, energy is consumed globally at a rate of 15 TW,
yet solar energy reaches the earth at a rate of 120,000 TW.3-4 However, due to the
transient nature of sunlight, solar energy must be stored in an accessible form to satisfy
long-term energy needs. Nature provides the ultimate example of solar energy storage
through photosynthesis, the process by which solar energy is stored in the form of
chemical bonds. To successfully mimic natural processes, systems must be created
that are capable of powering uphill chemical reactions using sunlight.
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The solar irradiance spectrum (Figure 1.1) displays the amount of energy

Spectral Irradiance (W m−2 nm−1)

reaching a 1 m2 area at the surface of the earth as a function of wavelength.
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Figure 1.1. Solar spectrum representing spectral irradiance (solar power density) as a
function of wavelength (nm). Figure adapted from reference 5.
Solar photons with wavelengths from 280 nm (4.4 eV) to 2500 nm (0.5 eV) reach the
surface of the earth, yet the highest photon intensity occurs in the visible region of the
electromagnetic spectrum (400 – 700 nm).5-6 Conversion of energy from the sun to a
useable fuel is a desirable and promising alternative energy source. An ideal artificial
photosynthetic system will absorb light from the sun to create a potential gradient as a
result of directional electron transfer. In the presence of an appropriate catalyst, the
reservoir of excited electrons will be funneled to a cheap, readily available feedstock
capable of being reduced to a functional, energy-dense fuel (Figure 1.2).7 In the context
of this dissertation, H2O will be the feedstock examined for production of solar fuels.
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Figure 1.2. Schematic representation of the steps required to harness energy from the
sun for conversion to a fuel. A = light harvesting; B = electron transfer to create potential
gradient; C = catalytic reduction of a feedstock to a fuel; red = reduced; ox = oxidized.
1.3. H2O Splitting
The separation of H2O into its molecular components H2 and O2 is shown in
Equation 1.1.
2 H2O (l) → 2 H2 (g) + O2 (g)

E = −1.23 V

(1.1)

2 H2O (l) → 4 H+ (aq) + O2 (g) + 4 e−

E = −0.82 V

(1.2)

4 H+ (aq) + 4 e− → 2 H2 (g)

E = −0.41 V

(1.3)

The oxidative and reductive half reactions are shown in Equations 1.2 and 1.3,
respectively. Each half reaction is pH- and temperature-dependent, provided above at
pH = 7 and 298 K.8 The least energy intensive H2O splitting process requires 1.23 V per
electron vs. the normal hydrogen electrode (NHE), corresponding to wavelengths
shorter than 1000 nm, and occurs via a multi-electron process. The single-electron
process of H2O splitting requires nearly 5 V of energy, corresponding to high-energy
wavelengths shorter than 250 nm. In the hopes of using visible light from the sun to
drive the energetically demanding process of H2O splitting, systems examined herein

4

will be capable of delivering multiple reducing equivalents. Ideally, H2O splitting will be
carried out using electrons produced through H2O oxidation for the reduction of protons
to H2 fuel.8-9 However, the design and application of a functional system that undergoes
complete H2O splitting has proven difficult, thus research in the field often focuses on
either the reductive or oxidative half reaction and uses a sacrificial chemical species to
accept or donate electrons.10-11 The oxidative half reaction of H2O splitting is an active
research arena,2, 12-14 but this dissertation will focus on the reduction of H2O to H2 fuel.
1.4. H2 as a Fuel Source
H2 gas shows considerable promise as a carbon neutral fuel of the future. As a
fuel source, H2 has the highest power density (kilowatt hours per kilogram) of any nonnuclear-based fuel source.10 When combusted in O2, H2 gives up both of its available
electrons and oxidizes to form H2O, regenerating the fuel feedstock and providing an
exemplary cyclic system.11 Hydrogen is the most abundant element in the universe;
however, most of the accessible hydrogen is bound to oxygen in the form of H2O, and
elemental hydrogen (H2) is not present in substantial quantities on earth.15 For H2 gas to
serve as a viable fuel source, it needs to be produced in large quantities. Photocatalytic
H2 fuel production via solar H2O reduction is a promising alternative fuel production
method.
1.5 Photocatalytic Reduction of H2O to H2
To store solar energy in the form of chemical bonds as H2 fuel, the field of
inorganic chemistry has received much attention for the design and preparation of metal
complexes capable of carrying out demanding tasks. Early systems used multiple
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components, each responsible for a given task, to perform a complex feat such as H2O
reduction. Lehn and Sauvage reported a multi-component system in the late 1970s
comprised of a [Ru(bpy)3]2+ (bpy = 2,2ʹ-bipyridine) as the light absorber (LA), a Rh-bpy
complex formed in situ from a RhCl3 salt and excess bpy ligand as the electron relay
(ER), triethylamine (TEA) as the sacrifical electron donor (ED), and K2PtCl6 as the
catalyst. When combined in a neutral aqueous solution and irradiated with visible light,
H2 gas was photocatalytically generated over a period of 2 h.16 This system was further
studied, substituting [Rh(bpy)3]3+ as the ER, triethanolamine (TEOA) as the ED, and
colloidal Pt0 as the catalyst.8 Several Rh intermediates were proposed during the cycle
for H2 production including [RhI(bpy)2]+ and [RhIII(bpy)2L2]n+ (L = OH−; n = 1 or L = H2O;
n = 3). Creutz, Sutin, and coworkers examined an analogous multi-component system
for photocatalytic H2 production and proposed a mechanism (Figure 1.3).17-18 Upon
excitation of [Ru(bpy)3]2+ with visible light (450 ± 20 nm), an excited chromophore
*[Ru(bpy)3]2+ was generated and subsequently oxidized by [Rh(bpy)3]2+ to form
[Ru(bpy)3]3+ and [Rh(bpy)3]2+. The TEOA ED prevented detrimental back electron
transfer and reduced [Ru(bpy)3]3+ to [Ru(bpy)3]2+, regenerating the LA. [Rh(bpy)3]2+
disproportionated to form [Rh(bpy)3]3+ and [Rh(bpy)2]+. In the presence of the colloidal
Pt0 catalyst, H2 was generated. Each electron transfer process occurred twice to
achieve multi-electron collection required to carry out H2O reduction.
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Figure 1.3. Mechanism for photocatalytic H2 production employing a multi-component
system comprised of a [Ru(bpy)3]2+ light absorber, TEOA electron donor, [Rh(bpy)3]3+
electron relay, and Pt catalyst. hν = photoexcitation; bpy = 2,2ʹ-bipyridine; TEOA =
triethanolamine. Figure generated using information from reference 17.
Photocatalytic H2 generation using a multicomponent system continues to serve
as an important area of research as new catalyst components are explored. Recent
reports discussed the use of multi-component systems capable of photochemical H2
evolution employing first row transition metal complexes as catalytically active metals.19-
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The use of first-row transition metals in catalysis is an important step towards the use

of more abundant catalytic materials; however, achieving the long-term stability and
high H2 yields possible with catalytically active metals such as Rh remains a challenge.
While the study of multi-component photocatalytic systems for H2 production has
advanced fundamental knowledge about mechanistic processes, several significant
limitations exist for these systems. All components of the system must collide in solution
on a suitable timescale to carry out the appropriate electron transfers needed to collect
multiple reducing equivalents for active photocatalysis. In the case of the systems
involving the [Rh(bpy)3]3+ ER, the four-coordinate [RhI(bpy)2]+ postulated to form during
the catalytic cycle was susceptible was RhI-RhI dimerization, which prohibited further
catalytic iterations. For the systems involving colloidal metal catalysts, H2 evolution was
limited by the number of surface sites available on the solid metal catalyst, a notable
disadvantage when using expensive metals such at Pt. If key components such as the
LA, ER, and catalyst could be covalently coupled in one molecule, disadvantages
associated with multi-component systems would be alleviated.
1.6. Supramolecular Complexes
In lieu of studying molecular components as separate species, the field of
supramolecular chemistry emphasizes the importance of molecular components
collaborating in a bound species. A supramolecular complex, as defined by Balzani,
consists of covalently linked molecular subunits each capable of carrying out a specific
function that contribute to an overall task.22-24 Often comprised of a complex network of
multiple metal centers and organic ligands, inorganic supramolecules provide the
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necessary architectures to carry out complex intramolecular processes needed for the
discovery of alternative energy sources.
1.7. Supramolecular Components
While the overall goal of a supramolecular complex is to carry out a complicated
task, understanding the contributions of individual components helps to achieve more
capable systems. In the context of this dissertation, studied complexes will involve Rh
as the catalytic metal and Ru as the light absorber metal bound together by polypyridyl
and polyazine ligands. When designing supramolecular architectures, particular
significance is given to the relative orbital energetics and redox properties of metal
centers in the molecule, the light absorbing properties of the chromophoric subunits,
and the excited state dynamics of intramolecular processes.
1.7.1. Redox Properties
Examination of the reductive and oxidative behavior of supramolecular systems
comprised of redox-active metals and ligands provides insight about the relative orbital
energetics crucial for light-induced processes such as photocatalytic H2 generation from
H2O. In addition to providing knowledge about the relative orbital energetics,
electrochemical experiments afford an understanding of the stability of a molecule
following redox events, thus providing insight about the composition of the
supramolecule during catalytic processes.
Cyclic voltammetry (CV) is the primary electrochemical technique used to
examine complexes included in this dissertation. CV is a potential sweep method where
the potential is varied over time and the current response is measured (Figure 1.4A).25
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Figure 1.4. (A) Potential waveform with potential (V) plotted versus time (s) and (B)
cyclic voltammogram for ferrocene with current (μA) plotted versus potential (V). Ei =
initial potential; Es = switching potential; Ef = final resting potential; Epa = anodic peak
potential; Epa = cathodic peak potential; ipa = anodic peak current; ipc = cathodic peak
current.
Using the well-studied complex ferrocene (FeII(C5H5)2 (Fc)) as an example (Figure
1.4B), the CV experiment begins at an initial potential (Ei) of 0 V. First, with a scan rate
of 0.1 V/s, the potential is increased to 1.0 V over a period of 10 s. Upon reaching 1.0 V,
the potential is switched (Es) in the opposite direction and decreased over a period of 10
s to the final potential (Ef) of 0 V. The initial scan from Ei to Es, oxidizing Fc to Fc+, is
called an anodic scan, and the second scan direction from Es to Ef, reducing Fc+ to back
to Fc, is called a cathodic scan. Because the anodic peak current (ipa) is equal in
magnitude to the cathodic peak current (ipc), the Fc/Fc+ redox couple is considered
reversible, a property that holds true when ipa/ipc = 1 and does not change with variation
of the scan rate. Furthermore, a redox couple is considered reversible when the
potential separation (ΔEp) between the anodic peak potential (Epa) and the cathodic
peak potential (Epc) is 0.59 V per electron transferred (n), according to Equation 1.4:
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∆!! = !!! − !!! =

0.59 !
!

(1.4)

For a reversible redox event such as the oxidation of Fc, the potential is reported as the
half wave potential (E1/2) (Equation 1.5):
!!/! =

!!! + !!!
2

(1.5)

The E1/2 of the Fc/Fc+ redox couple occurs at +0.46 V vs. Ag/AgCl (3 M NaCl).26
However, systems exist that do not follow the criteria outlined for reversible redox
events. When ipa/ipc ≠ 1 and/or varies as a function of scan rate or when ΔEp ≠ 0.59 V
per electron transferred, the couple is considered quasi-reversible. When no current
response is detected for either ipa or ipa, the couple is considered irreversible.25 For this
dissertation, RuII complexes typically have reversible or quasi-reversible redox couples
and RhIII complexes typically have quasi-reversible or irreversible redox couples.
1.7.1.1. RuII Monometallic Complexes
RuII complexes have long been studied as important light-absorbing species, with
[Ru(bpy)3]2+ as the prototypical inorganic light absorber.27-29 In photocatalytic systems,
excitation of the LA subunit promotes electron transfer to lower lying states needed to
achieve active catalysis. The CV of [Ru(bpy)3]2+ provides insight about the frontier
orbital energetics of this fundamental LA (Figure 1.5).
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Figure 1.5. Cyclic voltammogram of [Ru(bpy)3]2+. The experiment was performed in 0.1
M Bu4NPF6 electrolyte in CH3CN using a glassy carbon disc working electrode, a
platinum wire auxiliary electrode, and a Ag/AgCl reference electrode. The obtained
voltammogram agrees with reported values. bpy = 2,2ʹ-bipyridine.
Anodically, a one-electron reversible couple is assigned as RuII/III at +1.31 V vs.
Ag/AgCl, and cathodically, three one-electron couples are assigned to successive bpy0/−
reductions at −1.30 V, −1.49 V, and −1.76 V. The electrochemical analysis of
[Ru(bpy)3]2+ provides evidence for a Ru-based HOMO and bpy-based lowest
unoccupied molecular orbital (LUMO). Analogous systems exist where bpy is replaced
with a different bidentate polypyridyl ligand (LL) to prepare complexes of the form
[Ru(LL)3]2+.28,

30

In addition to bpy (Figure 1.6A), 4,7-diphenyl-1,10-phenanthroline

(Ph2phen) will be examined in the context of this dissertation (Figure 1.6B). When LL =
Ph2phen, the redox properties are not greatly perturbed compared to bpy, with a RuII/III
couple at +1.29 V and an initial Ph2phen0/− couple at −1.27 V.31
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Figure 1.6. Structures of two Ru-polypyridyl complexes bearing terminal ligands that
possess no open coordination sites. (A) [Ru(bpy)3]2+ and (B) [Ru(Ph2phen)3]2+. bpy =
2,2ʹ-bipyridine; Ph2phen = 4,7-diphenyl-1,10-phenanthroline.
The inclusion of bidentate polypyridyl ligands with no remaining coordination
sites, often referred to as terminal ligands (TL), limits supramolecular expansion by
incorporation of additional metal centers. Therefore, the use of polyazine bridging
ligands (BL) containing open coordination sites is desirable to create expanded
supramolecular architectures. A polyazine, bis-bidentate bridging ligand, 2,3-bis(2pyridyl)pyrazine (dpp), is explored herein for supramolecular motifs. When one
polypyridyl TL in [Ru(TL)3]2+ is substituted with a dpp BL, a heteroleptic Ru(II) complex
bearing an open coordination site results (Figure 1.7A–B).31-34
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Figure 1.7. Structures of two Ru-polypyridyl complexes bearing terminal ligands and
bridging ligands. (A) [(dpp)Ru(bpy)3]2+ and (B) [(dpp)Ru(Ph2phen)3]2+. bpy = 2,2ʹbipyridine; Ph2phen = 4,7-diphenyl-1,10-phenanthroline; dpp = 2,3-bis(2pyridyl)pyrazine.
Similar to [Ru(TL)3]2+ complexes (TL = bpy or Ph2phen), anodic scans for
[(TL)2Ru(dpp)]2+ display a reversible, one-electron RuII/III couple at +1.38 V for TL = bpy
and +1.39 V for TL = Ph2phen. However, metal-based redox events are impacted by the
surrounding ligand environment, and the RuII/III oxidation shifts upon inclusion of a BL.33
The E1/2 value for the Ru-based oxidation is positively shifted due to the presence of the
more electron-withdrawing dpp ligand causing stabilization of the Ru(dπ) orbitals.
Cathodically, [(TL)2Ru(dpp)]2+ complexes display a dpp0/− couple at −1.01 V when TL =
bpy and −1.04 V when TL = Ph2phen. Two sequential TL reductions follow the BL
reduction. Similar to the Ru homoleptic analogues, [(TL)2Ru(dpp)]2+ complexes possess
a Ru(dπ)-based HOMO and a ligand-based LUMO (Figure 1.8 for TL = bpy); yet, for the
heteroleptic complexes, the LUMO lies on the BL rather than a TL. The energy
difference between the Ru-based HOMO and the BL-based LUMO plays a large role in
the light absorption and excited state properties for supramolecular complexes (vide
infra).
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Figure 1.8. Cyclic voltammogram of [(bpy)2Ru(dpp)]2+. The experiment was performed
in 0.1 M Bu4NPF6 electrolyte in CH3CN using a glassy carbon disc working electrode, a
platinum wire auxiliary electrode, and a Ag/AgCl reference electrode. The obtained
voltammogram agrees with reported values. bpy = 2,2ʹ-bipyridine.
1.7.1.2. RhIII Monometallic Complexes
Examination of the redox properties of Rh-polypyridyl complexes provides great
insight about the multi-electron collection required to carry out active photocatalytic H2
evolution. Monometallic RhIII complexes of the form [Rh(LL)2X2]+ (LL = TL or BL; X =
halide) served as early models for electrochemistry related to the construction of
supramolecular complexes employing Rh as both the electron collector and catalytically
active metal. Cathodic scans at 0.2 V/s of complex [Rh(bpy)2Cl2]+ show overlapping,
irreversible, two-electron RhIII/II/I reductions at −0.89 V vs. Ag/AgCl followed by bpy0/−
ligand reductions at −1.32 and −1.62 V.35-36 The CV results provide evidence for a
Rh(dσ*)-based LUMO and higher lying ligand-based orbitals. Exhaustive scan rate
variation studies were carried out to better understand the cathodic electrochemistry,
and a mechanism was proposed by DeArmond and coworkers for the reduction of
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[Rh(LL)2X2]+ (LL = bpy or 1,10-phenanthroline (phen); X = Cl−) (Figure 1.9A).36-37
Starting with the initial species [RhIII(LL)2X2]+ (Figure 1.9B), electron transfer occurred
to produce the one-electron reduced species [RhII(LL)2X2]+. Rapid halide loss occurred
next to produce species [RhII(LL)2X]+. The sequential process of an electron transfer (E)
followed by a chemical reaction (C), such as halide loss, is called an EC process and is
typical for Rh(III)-polypyridyl complexes.35-36, 38
A [RhIII(LL)2X2]+
+ e−
B

[RhII(LL)2X2]

Cl

N

[RhII(LL)2X]+

+

Rh III N

N

− X−
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N
+ e−
[RhI(LL−)(LL)]
+ e−
[RhI(LL−)2] −

Figure 1.9. (A) Electrochemical mechanism for the reduction of a Rh-polypyridyl
complex of the form [RhIII(LL)2X2]+ (LL = polypyridyl ligand; X = halide) as proposed by
DeArmond and coworkers in Reference 36. (B) Example of the initial species in the
proposed pathway, [RhIII(bpy)2Cl2]+. (C) Example of the final species in the proposed
pathway, [RhI(bpy−)2]−. bpy = 2,2ʹ-bipyridine.
A second EC process occurred to produce a square-planar, four-coordinate RhI species
bearing no halide ligands, [RhI(LL)2]+. Lastly, two more electron transfers reduced each
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LL ligand, producing the final species [RhI(LL−)2]− (Figure 1.9C). The RhIII/II/I reductions
in [Rh(LL)2X2]+ complexes are irreversible redox events due to a chemical reaction
(halide loss) occurring after the electron transfer, causing an irreversible chemical
change in the initial species examined.
As with RuII complexes, the ligand set coordinated to the RhIII metal center
influences the orbital energetics and the redox properties.35-39 When the more electrondonating 4,4ʹ-di-tert-butyl-2,2ʹ-bipyridine (tBu2bpy) polypyridyl ligand is used as LL in
[Rh(LL)2Cl2]+ complexes, the Rh center becomes more difficult to reduce relative to LL =
bpy complexes and shifts the RhIII/II/I reduction to a more negative potential (Epc = −0.96
V).35 When the halides at Rh are varied from Cl− to weaker σ-donating Br− ligands to
produce complex [Rh(bpy)2Br2]+, the Rh center becomes easier reduce relative to
[Rh(bpy)2Cl2]+ and the RhIII/II/I reduction is shifted to a less negative potential (Epc =
−0.79 V). When bidentate ligands with less electron-donating character, such as the dpp
BL, are used to produce complex [Rh(dpp)2Br2]+, the reduction potential shifts to a less
negative potential (Epc = −0.60 V).38 The ability to finely tune the LUMO by ligand
variation in [Rh(LL)2X2]+ complexes is a key aspect in the design of supramolecular
complexes attempting to achieve electron collection at a catalytically active metal.
1.7.2. Light Absorbing Properties
Efficient light absorption by a supramolecular complex is critical to photocatalytic
H2 production from H2O. Electronic excitation occurs when a chromophore absorbs a
photon of visible light (hν), promoting the molecule from the ground state to an
electronic excited state. Excited state molecules
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display photochemical and

photophysical properties that are often vastly different from their ground state
counterparts.40-41 Electronic absorption spectroscopy is used to study light absorption by
photoactive species and to better understand their unique properties.
The intensity of an electronic transition between two different states is based on
the overlap of the ground state and excited state wave functions and on adherence to
the symmetry and spin selection rules.40-41 Electronic transition strength is
mathematically defined by f, where ε is the extinction coefficient at a given energy value
(v) (Equation 1.6):
!

! = 4.32 × 10!!

! ! !"

(1.6)

!!

Fully allowed transitions have a value of f ≈ 1. The intensity of an electronic transition is
related through f to ε, and the Beer-Lambert law relates ε to absorbance intensity in
electronic absorption spectroscopy, where Aλ = absorbance at a given wavelength (λ),
ελ = the extinction coefficient at λ, c = species concentration, and l = the absorbance
path length (Equation 1.7):
!! = !! !"

(1.7)

The symmetry selection rules dictate that electronic transitions in a centrosymmetric
molecule are forbidden between states of the same parity (gerade to gerade; ungerade
to ungerade).42 The spin selection rules dictate that a transition is spin-allowed if the
spin state of an electron does not change upon transitioning from one state to another
(Figure 1.10A), and conversely, a transition is spin-forbidden if the electronic spin state
does change (Figure 1.10B).
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Figure 1.10. The electron configuration of a singlet ground state (1GS) and subsequent
photoexcitation (hν) to (A) a spin-allowed singlet excited state (1ES) and to (B) a spinforbidden triplet excited state (3ES).
Spin- and symmetry-allowed electron transitions have the highest ε values between 102
and 106 M−1cm−1. Spin-forbidden but symmetry-allowed transitions are often still
observable in electronic absorption spectroscopy with somewhat lower ε values
between 1 and 102 M−1cm−1, and complexes that contain heavier second and third row
transition metals tend to have ε values at the top of that range near 102 M−1cm−1. Such
formally spin-forbidden transitions maintain modest ε values due to relaxation of the
spin-selection rules arising from spin-orbit coupling, which is prone to occur in
complexes containing heavy metals such as Ru.40
In transition metal photochemistry, many types of electronic transitions are
possible.27, 40-41 Figure 1.11 depicts a block-style molecular orbital (MO) diagram for a
six-coordinate, octahedral d6 metal complex (ML6). The MO configuration of the
pseudooctahedral complex [Ru(bpy)3]2+ can be approximated using this diagram. While
the block orbitals are labeled in a localized manner based on the dominant contribution
of each unit, metal (M) or ligand (L), the orbitals are largely delocalized.

19

a1g, t1u

t1u

σ*M

ns
a1g

eg

np

σ*M

LF

t1u, t2u, t1g, t2g
eg, t2g

t1u, t2u, t1g, t2g

LUMO

π*

π*L

(n-1)d
Energy

MLCT

t2g

πM

HOMO
IL
LMCT

t1u, t2u, t1g, t2g

π

t1u, t2u, t1g, t2g

πL
a1g, eg, t1u

M

ML6

a1g, eg, t1u

σ
σL

6L

Figure 1.11. Block-style molecular orbital diagram for electronic transitions occurring in
a d6 metal complex (ML6). Bonding orbitals are designated without an asterisk and antibonding orbitals with an asterisk. Filled black boxes indicate filled or partially filled
orbitals and empty black boxes indicate unfilled orbitals. HOMO = highest occupied
molecular orbital; LUMO = lowest unoccupied molecular orbital; IL = intraligand
transition; LF = ligand field transitions; LMCT = ligand-to-metal charge transfer
transition; MLCT = metal-to-ligand charge transfer transition. Figure adapted from
reference 40.
Intraligand (IL) transitions occur when an electron is promoted from a ligand-based
orbital to another ligand-based orbital belonging to the same ligand set. Ligand field (LF)
transitions occur when an electron is promoted from a metal-based orbital to another
metal-based orbital belonging to the same metal. A special type of transition called a
charge transfer (CT) transition occurs when an electron is promoted from an orbital
primarily of one character to an orbital primarily of another character. CT transitions are
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particularly important in transition metals complexes that carry out photochemical
reactions. Metal-to-ligand CT (MLCT) transitions and ligand-to-metal CT (LMCT)
transitions occur for d6 octahedral metal complexes. Careful ligand selection in Ru and
Rh complexes is important to achieve optimal light absorption.
1.7.2.1. RuII Monometallic Complexes
The properties of [Ru(bpy)3]2+ are well studied and provide an exemplary LA
model for photocatalytic H2 evolution.28-29,

43-44

The electronic absorption spectra for

[Ru(bpy)3]2+ contains multiple electronic transitions, notably a set of lowest energy
1

MLCT transitions (Figure 1.12).
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Figure 1.12. Electronic absorption spectrum for [Ru(bpy)3]2+ obtained in CH3CN in a 1
cm quartz cuvette. bpy = 2,2ʹ-bipyridine; CT = charge transfer. The obtained spectrum
agrees with reported values.
In the UV, bpy π→π* IL transitions occur at λmaxabs = 286 nm (ε = 8.7 × 104 M−1cm−1). In
the visible, CT transfer transitions dominate with Ru(dπ)→bpy(π*) 1MLCT transitions at
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λmaxabs = 449 nm (ε = 1.5 × 104 M−1cm−1). When bpy TLs are substituted for Ph2phen,
complex [Ru(Ph2phen)3]2+ demonstrates enhanced light absorption capabilities in
addition to a slight shift to lower energy for Ru(dπ)→Ph2phen(π*) 1MLCT transitions,
λmaxabs = 460 nm (ε = 2.9 × 104 M−1cm−1).45 While both [Ru(TL)3]2+ complexes (TL = bpy
or Ph2phen) are efficient LA subunits, increased absorption in the visible region by TL =
Ph2phen complexes may be useful to exploit in the development of photocatalysts for
solar H2 production.
Substituting one TL in [Ru(TL)3]2+ complexes for a BL produces heteroleptic
complexes [(TL)2Ru(BL)]2+ (TL = bpy or Ph2phen; BL = dpp) that contain an open
coordination site important for the construction of multimetallic architectures. The light
absorbing properties of [(TL)2Ru(BL)]2+ are shifted compared to the [Ru(TL)3]2+
analogues due to the incorporation of the more electron-withdrawing dpp BL. Similar to
the electrochemical potential shifts observed, [(bpy)2Ru(dpp)]2+ possesses higher
energy Ru(dπ)→bpy(π*) 1MLCT transitions at λmaxabs = 434 nm (ε = 1.2 × 104 M−1cm−1)
due to stabilization of the Ru(dπ) orbitals.33,

46

The lowest energy 1MLCT transitions

result from Ru(dπ)→dpp(π*) transitions at λmaxabs = 468 nm (ε = 1.1 × 104 M−1cm−1)
(Figure 1.13).
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Figure 1.13. Electronic absorption spectrum for [(bpy)2Ru(dpp)]2+ obtained in CH3CN in
a 1 cm quartz cuvette. bpy = 2,2ʹ-bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine. The
obtained spectrum agrees with reported values.
The TL = Ph2phen Ru(II) complex containing a dpp BL possesses Ru(dπ)→Ph2phen(π*)
1

MLCT transitions at λmaxabs = 424 nm (ε = 1.8 × 104 M−1cm−1) and a lowest-energy

Ru(dπ)→dpp(π*) 1MLCT transitions at λmaxabs = 474 nm (ε = 1.5 × 104 M−1cm−1).32
Monometallic RuII polypyridyl and polyazine complexes possess notable light absorbing
abilities and hold promise for use in supramolecular architectures for solar energy
conversion.
1.7.2.2. RhIII Monometallic Complexes
Rh-polypyridyl and polyzazine complexes are capable of light absorption and
transitions typically occur in the UV region. Complexes of the form [Rh(LL)2X2]+ (LL = TL
or BL; X = halide) possess high energy IL π→π* transitions attributed to the polypyridyl
ligands. Electronic transition energies are not greatly affected by variation of the halide
in [Rh(bpy)2Cl2]+ (λmaxabs = 302 and 310 nm) to [Rh(bpy)2Br2]+ (λmaxabs = 302 and 311
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nm).40 The negligible change in λmax upon halide variation suggests that the
nonchromophoric halide ligands do not significantly impact light absorbing properties.
Substitution of the more electron-withdrawing dpp ligands for bpy ligands to produce
[Rh(dpp)2Br2]+ (λmaxabs = 280 and 328 nm) shifts the IL transitions and further
demonstrates the impact ligand variation can have on the electronic properties of metal
complexes.38 When studied in conjunction with strongly absorbing Ru-polypyridyl
complexes, the light absorbing properties of Rh-polypyridyl complexes are often
obscured by electronic transitions from Ru species with comparatively larger ε values.
1.7.3. Excited State Properties
Metal complexes, upon photon absorption, can populate excited states required
to carry out energetically demanding chemical reactions. While the stability of RuII and
RhIII d6 metal complexes can make syntheses involving ligand exchange difficult, the
coordinative stability of these complexes is essential for the study of excited state
electron transfer interactions.27 When excited state deactivation occurs by a radiative
process, the energy of the excited state can be quantified using luminescence
spectroscopy. Both steady-state and time-resolved luminescence spectroscopy are
used to examine metal-polypyridyl complexes of interest for photochemical H2O
reduction to produce H2 fuel.
1.7.3.1. RuII Monometallic Complexes
Complicated excited state processes are responsible for the complex excited
state behavior of Ru-polypyridyl species such as [Ru(bpy)3]2+.44 Morse potential energy
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surface diagrams are used to model transitions and state populations following
excitation with light (Figure 1.14).40
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Figure 1.14. Morse potential energy surface diagram for an octahedral [Ru(TL)3]2+
metal complex. Straight arrows represent radiative processes and wavy arrows
represent non-radiative processes. TL = terminal ligand; hν = photoexcitation; kvr = rate
of vibrational relaxation; kisc = rate of intersystem crossing; knr = rate of nonradiative
decay; kr = rate of radiative decay; MLCT = metal-to-ligand charge transfer; GS =
ground state; ν = vibrational energy level.
Upon absorption of a photon of light (hν) of the appropriate energy, a [Ru(TL)3]2+
complex undergoes excitation from a 1GS to populate a 1MLCT excited state. The
molecule initially occupies a Frank-Condon state but vibrationally relaxes (kvr) to the
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thermally equilibrated excited state (thexi state). From the 1MLCT excited state, the
molecule undergoes intersystem crossing (kisc) to populate the low-energy 3MLCT
excited state from where emission occurs, following Kasha’s rule that states emission
occurs from the lowest energy excited state regardless of excitation energy.42 This spinforbidden (1MLCT→3MLCT) transition becomes allowed due to spin-orbit coupling that
occurs in RuII complexes.44 Radiative decay (kr) from the 3MLCT excited state provides
a probe to study the excited state dynamics and excited state reactions in Rupolypyridyl complexes. Nonradiative decay (knr) is another deactivation pathway from
the 3MLCT excited state and occurs through vibrational relaxation. Dynamic excited
state processes are often represented as the more-simplified Jablonski-type diagram
(Figure 1.15A), which can be further simplified to include diagonal arrows for the vector
sum of vertical and subsequent horizontal state transfer processes (Figure 1.15B).
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Figure 1.15. Jablonski-type diagram for the excited state processes for an octahedral
[Ru(TL)3]2+ metal complex. (A) State diagram representing all vibrational relaxation
processes and (B) simplified state diagram where vertical and subsequent horizontal
processes are shown as the diagonal vector sum. Solid arrows represent radiative
processes and wavy arrows represent non-radiative processes. TL = terminal ligand; hν
= photoexcitation; kvr = rate of vibrational relaxation; kisc = rate of intersystem crossing;
knr = rate of nonradiative decay; kr = rate of radiative decay; krxn = rate of follow-up
chemical reaction; MLCT = metal-to-ligand charge transfer; GS = ground state.
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The emissive nature of the 3MLCT excited state in Ru-polypyridyl complexes
allows examination of the excited state dynamics.47 The quantum yield of emission
(Φem) and the lifetime of the excited state (τ) are useful for quantifying the deactivation
rates of electronic excited states.40 For [(Ru(TL)3]2+ (TL = bpy or Ph2phen) complexes
having no follow-up chemical reaction (krxn), the τ is equal to the inverse sum of the
deactivating rate constants (kr and knr) (Equation 1.8):
!=

1
!! + !!"

(1.8)

The Φem gives a measure of the efficiency of radiative decay as a ratio of the light
emitted over the light absorbed (Equation 1.9):
Φ!" =

!"!#$ !ℎ!"!#$ !"#$$!%
!"!#$ !ℎ!"!#$ !"#$%"&'

(1.9)

The Φem can also be related through the rate constants for deactivation from the excited
state (Equation 1.10):
Φ!" = Φ!"!

!!
!! + !!"

(1.10)

The quantum yield of population (Φpop) is a measure of efficiency of population of the
excited state. In the case of the 3MLCT excited state for a [(Ru(TL)3]2+ complex, Φpop = 1
based on the assumption that intersystem crossing occurs with unit efficiency from the
1

MLCT excited state, consistent with Kasha’s rule.42 When Equation 1.8 and 1.10 are

combined, Equation 1.11 results:
Φ!" = !! !

(1.11)

Upon determination of the Φem and the τ, both kr and knr can be calculated. When
examining supramolecular complexes for photocatalytic H2 production, a deep

28

understanding of the excited state processes associated with photocatalyst components
allows for mechanistic insight in the area of inorganic photochemistry.
The excited state dynamics of [Ru(bpy)3]2+ are probed following population of the
emissive lowest-energy excited state. Radiative decay occurs from the Ru(dπ)→bpy(π*)
3

MLCT excited state with λmaxem = 603 nm, Φem = 0.07, and τ = 850 ns in 298 K

deoxygenated

CH3CN.30,

33

By

contrast,

[Ru(Ph2phen)3]2+

has

an

emissive

Ru(dπ)→Ph2phen(π*) 3MLCT excited state with a slightly lower energy emission band
(λmaxem = 618 nm) but greatly increased Φem (0.37) and τ (6400 ns) in 293 K
deoxygenated

4:1

ethanol/methanol

solution.48

The

extended

lifetime

in

[Ru(Ph2phen)3]2+ provides more time for excited state reactions, a useful feature to
exploit for the design of photocatalysts for H2 production. Examination of the dpp BL
substituted species [(TL)2Ru(dpp)]2+ (TL = bpy or Ph2phen) further demonstrates the
impact of ligand variation on photophysical properties. Both [(TL)2Ru(dpp)]2+ complexes
possess a similar emissive Ru(dπ)→dpp(π*) 3MLCT excited state. [(bpy)2Ru(dpp)]2+ has
λmaxem = 691 nm, Φem = 0.023, and τ = 380 ns and [(Ph2phen)2Ru(dpp)]2+ has λmaxem =
664 nm, Φem = 0.035, and τ = 820 ns in 298 K deoxygenated CH3CN.32, 47 The noted
differences in λmaxem and lifetime of the formally Ru(dπ)→dpp(π*) 3MLCT excited state
for both TL = bpy and Ph2phen species suggest the choice of TL continues to influence
the excited state properties by tuning the electronics of the Ru metal center.
1.7.3.2. RhIII Monometallic Complexes
Examination of the excited state properties of [Rh(LL)2X2]+ (LL = TL or BL; X =
halide) complexes reveals low energy emissions arising from LF excited states.38, 40, 49
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Emission from [Rh(LL)2X2]+ complexes occurs at low temperatures (77 K) and is
localized on the Rh metal because spin-orbit coupling facilitates emission from the LF
excited state. Complex [Rh(bpy)2Br2]+ displays an emission band centered at λmaxem =
660 nm in an ethanol/methanol glass matrix at 77 K. Upon variation of bpy to the dpp
BL, [Rh(dpp)2Br2]+ displays an emission band centered at 707 nm.38 The low energy
emission shift upon inclusion of dpp BLs is expected due to the electron-withdrawing
character of dpp relative to bpy. Luminescence spectroscopy provides further evidence
for the modulation of the electronics of Rh-polypyridyl complexes by variation of the
ligand set.
1.8. Photochemical Molecular Devices
Developing an understanding of individual molecular components is important for
the design of supramolecular complexes where each subunit works together to carry out
a complicated task such as photocatalytic H2 evolution from H2O. Photochemical
molecular devices (PMDs) are a subclass of supramolecular complexes possessing
definite individual components that work together to achieve demanding photoinitiated
processes though careful component selection.22,

24, 50

Transition metal complexes

comprised of several metal centers linked through one or more BLs are exemplary PMD
candidates. When a PMD is capable of collecting two or more reducing equivalents by a
light-induced process, it is termed a photoinitiated electron collector (PEC).51
1.8.1. Photoinitiated Electron Collectors
Early PECs exist that collect multiple redox equivalents at low-lying ligand-based
(π*) orbitals (Figure 1.16).52-57
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Figure 1.16. Molecular structures for photoinitiated electron collectors that collect
multiple redox equivalents on ligand-based orbitals. (A) [{(bpy)2Ru(dpb)}2IrCl2]5+; (B)
[(phen)2Ru(tatpq)Ru(phen)2]4+; (C) [(bpy)2Ru(pbn)]2+. bpy = 2,2ʹ-bipyridine; dpb = 2,3bis(2-pyridyl)benzoquinoxaline; phen = 1,10-phenanthroline; tatpq = 9,11,20,22tetraazatetrapyridol[3,2-a:2ʹ3ʹ-c:3ʹʹ,2ʹʹ-1:2ʹʹʹ,3ʹʹʹ-n]pentacene-10,21-quinone; pbn = 2-(2pyridyl)benzo[b]-1,5-napthyridine.
The first reported PMD to serve as a PEC was [{(bpy)2Ru(dpb)}2IrCl2]5+ (dpb = 2,3-bis(2pyridyl)benzoquinoxaline).56 This trimetallic complex covalently coupled two RuII
chromophores through dpb BLs to an IrIII metal center. Upon photolysis in the presence
of N,N-dimethylaniline (DMA) electron donor, [{(bpy)2Ru(dpb)}2IrCl2]5+ collected two
electrons to produce [{(bpy)2Ru(dpb−)}2IrCl2]3+, while higher lying Ir-based acceptor
orbitals prevented electron collection at the metal center. The DMA electron donor
prevented rapid back electron transfer from the excited chromophore and was
necessary for intramolecular electron transfer to the BL-based LUMO. Bimetallic
complexes [(phen)2Ru(tatpp)Ru(phen)2]4+ and [(phen)2Ru(tatpq)Ru(phen)2]4+ (tatpp =
9,11,20,22-tetraazatetrapyrido[3,2-a:2ʹ3ʹ-c:3ʹʹ,2ʹʹ-1:2ʹʹʹ,3ʹʹʹ-n]pentacene;
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tatpq

=

9,11,20,22-tetraazatetrapyrido[3,2-a:2ʹ3ʹ-c:3ʹʹ,2ʹʹ-1:2ʹʹʹ,3ʹʹʹ-n]pentacene-10,21-quinone)
were also reported as PECs. When irradiated with visible light in the presence of TEA
electron donor, electron collection occurred at the large, planar BLs, with two electrons
stored on the complex with a tatpp BL and up to four electrons stored on the complex
with a tatpq BL.54-55 Complex [(bpy)2Ru(pbn)]2+ (pbn = 2-(2-pyridyl)benzo[b]-1,5napthyridine) collected multiple electrons on the pbn π* ligand system. Modeled after the
NAD+/NADH (NAD = nicotinamide adenine dinucleotide) redox mediator important in a
variety of biological systems, the Ru monometallic complex was reported to undergo
proton-coupled electron transfer in the presence of a sacrificial reductant whereby
protonation maintained the charge of the complex following the collection of two
electrons on the pbn ligand to produce [(bpy)2Ru(pbnHH)]2+.52-53, 57
The study of ligand-centered PECs led to the design of systems capable of
collecting multiple electrons at metal-based centers important for H2 photocatalysis.
Complex [{(bpy)2Ru(dpp)}2RhCl2]5+ was the first PEC for the photocatalytic reduction of
H2O to H2 fuel (Figure 1.17).58-59
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Figure 1.17. The first reported photoinitated electron collector for the reduction of H2O
to H2 fuel, [{(bpy)2Ru(dpp)}2RhCl2]5+. bpy = 2,2ʹ-bipyridine; dpp = 2,3-bis(2pyridyl)pyrazine.
Two RuII chromophores were covalently linked though dpp BLs to a catalytically active
RhIII cis-dichloro center. In the presence of DMA sacrificial electron donor,
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[{(bpy)2Ru(dpp)}2RhIIICl2]5+ underwent photointiated electron collection at Rh to produce
the two-electron reduced species [{(bpy)2Ru(dpp)}2RhI]5+.59 Unlike the first PEC
[{(bpy)2Ru(dpb)}2IrCl2]5+

that

possessed

a

ligand-based

LUMO,

[{(bpy)2Ru(dpp)}2RhCl2]5+ possessed a metal-based LUMO at Rh to facilitate metalbased multi-electron collection. The octahedral, six-coordinate RhIII loses two chlorides
to produce the four-coordinate, square planar RhI species that was proposed as the
catalytically active form for H2 production. Notably, the Ru,Rh,Ru trimetallic complex
remained

intact

even

following

the

conformational

changes

associated

with

photoinitiated electron collection and halide loss, allowing the active catalyst to cycle
from RhIII/II/I to achieve H2 evolution in the presence of H2O in organic solvent under
visible light irradiation.58 The Ru,Rh,Ru trimetallic complex produced 22 TON (6.0 μmol
of H2) following 2 h photolysis at λ = 470 nm in CH3CN solvent with DMA ED H2 (TON =
mol of H2 produced/mol of catalyst).60-61 This early Ru,Rh,Ru PEC supports the
significance of careful component selection to properly tune the molecular electronics to
achieve catalytically active supramolecular complexes.
1.9. Supramolecular Complexes for Solar H2 Production
Obtaining an understanding of the interactions between the LA(s), the electron
relay BL(s), and the catalytically active metal center is critical for the development of
photocatalysts for solar energy conversion. Supramolecular H2 photocatalysts often
contain two or more metal centers that must perform specific tasks, such as light
absorption or electron collection, to achieve an overall goal such as H2 production.60, 6266

While the focus of this dissertation is on systems containing Ru LAs and Rh catalytic
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centers, supramolecular complexes containing different reactive metal centers are also
reported to serve as PECs for H2 photocatalysis.
1.9.1. Photocatalysts using Pd, Pt, or Co as the Reactive Metal Center
Multimetallic supramolecular complexes containing Pd, Pt, or Co reactive metal
centers are active photocatalysts for H2 evolution.62-66
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Figure 1.18. Structures of supramolecular photocatalysts for H2 production. (A)
[Ru(tBu2bpy)2(tpphz)PdCl2]2+;
(B)
[Ru(bpy)2(phen-NHCO-bpy)PtCl2]2+;
(C)
6+
+ t
[{(Ph2phen)2Ru(dpp)}2Ru(dpq)PtCl2] ; (D) [(ppy)2Ir(L-pyr)Co(dmgBF2)2(OH2)] . Bu2bpy
= 4,4ʹ-di-tert-butyl-2,2ʹ-bipyridine; tpphz = tetrapyrido[3,2-a:2ʹ,3ʹ-c:3ʹʹ,2ʹʹ-h:2ʹʹʹ,3ʹʹʹj]phenazine; bpy = 2,2ʹ-bipyridine; phen = 1,10-phenanthroline; Ph2phen = 4,7-diphenyl1,10-phenanthroline;
dpp
=
2,3-bis(2-pyridyl)pyrazine;
dpq
=
2,3-bis(2pyridyl)quinoxaline; ppy = 2-phenylpyridine; L-pyr = (4-pyridine)oxazolo[4,5f]phenanthroline; dmgBF2 = (difluoroboryl)dimethylglyoximate.
Complex [Ru(tBu2bpy)2(tpphz)PdCl2]2+ (tpphz = tetrapyrido[3,2-a:2ʹ,3ʹ-c:3ʹʹ,2ʹʹ-h:2ʹʹʹ,3ʹʹʹj]phenazine) (Figure 1.18A), with a Ru LA bound through a tpphz BL to a Pd reactive
metal center, performed as a photocatalyst for H2 production.65 Upon irradiation with
visible light (λ = 470 nm) in the presence of TEA sacrificial reductant in CH3CN solvent,
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the Ru,Pd bimetallic complex produced 56 TON. Complex [Ru(bpy)2(phen-NHCObpy)PtCl2]2+ (Figure 1.18B) functioned as a H2 production photocatalyst employing a
RuII LA bound though a BL to a PtII catalyst.63, 66 The supramolecule produced H2 fuel
from H2O when irradiated with visible light (390 < λ < 490 nm) using
ethylenediaminetetraacetic acid (EDTA) as a sacrificial reductant in acetate buffer
solution, achieving 4.8 TON (2.4 μmol of H2) following 10 h photolysis. Interestingly, no
H2 evolution was observed when the photocatalytic experiment was performed using Ru
and Pt complexes as separate components, providing evidence for the benefits of using
covalently

bound

components

to

achieve

H2O

reduction.

Complex

[{(Ph2phen)2Ru(dpp)}2Ru(dpq)PtCl2]6+ (dpq = 2,3-bis(2-pyridyl)quinoxaline) (Figure
1.18C) covalently coupled three RuII LA subunits to a PtII reactive metal center for the
photocatalytic production of H2 fuel from H2O. The tetrametallic complex produced 94
TON (21 μmol of H2) following 10 h photolysis with visible light (λ = 470 nm) in the
presence of DMA sacrificial reductant in CH3CN solvent.62 Complex [(ppy)2Ir(Lpyr)Co(dmgBF2)2(OH2)]+ (ppy = 2-phenylpyridine; L-pyr = (4-pyridine)oxazolo[4,5f]phenanthroline; dmgBF2 = (difluoroboryl)dimethylglyoximate) (Figure 1.18D) coupled a
cyclometalated Ir LA to a Co-based reactive metal center. The bimetallic Ir,Co complex
produced 210 TON following 15 h photolysis (λ > 380 nm) in a TEA/acetone solvent
mixture.64 The achievement of H2 photocatalysis using complexes containing Pd, Pt, or
Co reactive metal centers provides useful insight about component choice for catalyst
design.
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1.9.2. Photocatalysts using Rh as the Reactive Metal Center
Component variation within architectures possessing Rh as the reactive metal
center affords an understanding of the long-term stability of Rh-based photocatalysts for
H2 evolution. TL variation within the original [{(bpy)2Ru(dpp)}2RhCl2]5+ architecture
produces trimetallic complexes [{(TL)2Ru(dpp)}2RhCl2]5+ (TL = phen or Ph2phen) that
are reported as active photocatalysts for H2 fuel production (Figure 1.19A).60, 67 The TL
= Ph2phen complex is a superior H2 photocatalyst (150 TON; 44 μmol of H2; 20 h
photolysis) in CH3CN solvent using DMA sacrificial reductant when photolyzed with
visible light (λ = 470 nm) relative to the TL = phen analogue (20 TON; 5.4 μmol of H2; 2
h photolysis), and the increase in catalytic activity for the Ph2phen species was
attributed to several factors, notably an enhanced excited state lifetime (52 ns for
Ph2phen; 35 ns for phen) and greater steric bulk about the Rh center for the complex
with bulkier Ph2phen ligands.67 Complex [{(bpy)2Ru(L1)}2RhCl2]5+ (L1 = 1,2-bis[4-(4ʹmethyl-2,2ʹ-bipyridinyl)ethane) (Figure 1.19B) used a similar molecular architecture to
earlier Ru,Rh,Ru supramolecular photocatalysts, but a non-conjugated BL was used to
link the two Ru LA subunits to the Rh reactive metal center. The complex served as a
photocatalyst for H2 evolution in aqueous solution employing ascorbate buffer as the
sacrificial reductant, producing 430 TON following 12 h photolysis with visible light (λ =
400-700 nm).68 The steric bulk of the two Ru-polypyridyl LA subunits on either side of
the Rh moiety likely serve to protect the reactive metal center from interfering ions that
may prevent photocatalytic H2 production.
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Figure 1.19. Structures of supramolecular photocatalysts for H2 production that use Rh
reactive
metal
centers.
(A)
[{(phen)2Ru(dpp)}2RhCl2]5+
for
R
=
H;
[{(Ph2phen)2Ru(dpp)}2RhCl2]5+ for R = phenyl; (B) [{(bpy)2Ru(L1)}2RhCl2]5+; (C)
[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+. dpp = 2,3-bis(2-pyridyl)pyrazine; phen = 1,10phenanthroline; Ph2phen = 4,7-diphenyl-1,10-phenanthroline; bpy = 2,2-bipyridine; L1 =
1,2-bis[4-(4ʹ-methyl-2,2ʹ-bipyridinyl)ethane.
When the number of Ru LA subunits in the trimetallic architecture was decreased
from two to one, Ru,Rh bimetallic architectures of the form [(TL)2Ru(dpp)RhCl2(TLʹ)]3+
(TL

=

Ru

terminal

ligands;

TLʹ

=

Rh

terminal

ligand)

resulted.

Complex

[(phen)2Ru(dpp)RhCl2(bpy)]3+ achieved photoinitiated electron collection at Rh;
however, the lack of steric protection around the Rh center facilitated formation of RhI-
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RhI dimers upon PEC, inhibiting interaction of the H2O substrate with the catalytically
active metal center and resulting in no detectable H2 production.51 Complex
[(bpy)2Ru(dpp)RhCl2(tBu2bpy)]3+ was synthesized in an attempt to increase the steric
protection around Rh by using a bulkier polypyridyl ligand at Rh (TLʹ = tBu2bpy).
However, this complex showed no H2 production because electron collection occurred
at lowest-lying dpp BL-based π* orbitals rather than at Rh.69 The electron-donating
nature of the tBu2bpy TLʹ destabilized the Rh-based acceptor orbitals, which afforded a
dpp BL-based LUMO. The appropriate steric and electronic requirements for H2
photocatalysis were realized with complex [(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+
(Figure 1.19C).69 The bulky TLʹ = Ph2phen provided the necessary steric protection for
the catalytically active Rh center, and the relatively electron-withdrawing nature of
Ph2phen provided for a Rh(dσ*)-based LUMO and permitted multi-electon collection at
Rh. The bimetallic complex produced 70 TON (0.48 mL of H2) following 20 h of visible
light (λ = 470) photolysis in CH3CN solvent using DMA ED. Relative to the trimetallic
analogue

[{(Ph2phen)2Ru(dpp)}2RhCl2]5+,

bimetallic

complex

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ bearing one Ru LA produced roughly half the
amount of H2 (70 TON vs. 150 TON), which correlated with the complex being
absorbing about half as much light in the visible region. Active photocatalysis by a
Ru,Rh bimetallic complex provided a simplified structural motif that allows a closer
examination of Rh-based supramolecular photocatalysts for H2 production.
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1.9.3. Impact of Labile Ligand Selection at the Reactive Metal Center
TL and BL variations in supramolecular photocatalysts for H2 production
modulate the molecular orbital energetics and influence the electrochemical,
photophysical, and photochemical properties that ultimately govern photocatalytic
reactivity. Further variation of the ligands coordinated to the reactive metal center, often
halides, also tunes the reactivity of the supramolecular motif. Halide variation in
complexes [{(bpy)2Ru(dpp)}2RhX2]5+ (X = Cl− or Br−) provided for photocatalysts capable
of H2 evolution from H2O.60,

70

Upon photoinitiated electron collection at Rh in the

presence of a sacrificial reductant to produce [{(bpy)2Ru(dpp)}2RhI]5+, two halides were
lost to form the square planar complex proposed as the active catalyst species (Figure
1.20 for X = Br−).60 Interestingly, the X = Br− species outperformed the X = Cl− analogue
as a H2 production photocatalyst (38 TON for X = Br−; 30 TON for X = Cl−) when
photolyzed for 4 h with visible light (λ = 470 nm) in CH3CN solvent in the presence of
DMA ED.70
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Figure 1.20. Photoinitiated electron collection for complex [{(bpy)2Ru(dpp)}2RhBr2]5+ to
produce complex [{(bpy)2Ru(dpp)}2RhI]5+ that is proposed as the active photocatalyst
form for H2 production from H2O. bpy = 2,2ʹ-bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine;
hν = photoexcitation; DMA = N,N-dimethylaniline (sacrificial electron donor).
A similar increase in H2 production by Br− compared to Cl− analogues of
[{(TL)2Ru(dpp)}2RhX2]5+ (TL = phen or Ph2phen) was also observed when the complex
was photolyzed with λ = 470 nm light in a CH3CN/DMA solvent system (TL = phen (2 h):
24 TON for X = Br−; 20 TON for X = Cl− and TL = Ph2phen (20 h): 200 TON for X = Br−;
150 TON for X = Cl−).61, 67 The identity of the halides coordinated to Rh impacted the
observed H2 production, despite halide loss to generate the catalytically active species.
Electrochemistry results established that the halide identity modulated the electronics at
the Rh center by shifting the potential of the RhIII/II/I reduction to a less negative potential
for the complexes containing less σ-donating Br− halides compared to Cl−, consistent
with results observed for the Rh monometallic complexes [Rh(bpy)2X2]+ (X = Cl− or
Br−).35,

38, 60-61, 67

Earlier studies postulated that the leaving ability of the halide may
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account for differences in observed H2 photocatalysis. Furthermore, slight differences in
the excited state properties upon halide variation in the [{(TL)2Ru(dpp)}2RhX2]5+ motifs
led to different rate values of intramolecular electron transfer (ket) to populate the lowestlying excited state responsible for active photocatalysis, a value also proposed to
account for discrepancies in H2 production.60,

67

While electrochemical and

photophysical results provide a plausible argument for enhanced photocatalytic abilities
for Ru,Rh,Ru photocatalysts bearing Br− halides, this series of complexes would benefit
from an in-depth analysis of the role of the labile halide ligands during photocatalytic H2
production from H2O.
The identity of the ligands coordinated to the reactive metal center also impacted
H2 evolution in a photocatalyst architecture with a Pt reactive metal center. Complexes
[Ru(tBu2bpy)2(tpphz)PtX2]2+ (X = I− or Cl−) were studied for their ability to
photochemically reduce H2O to H2, and the I− species produced nearly 40 times the
amount of H2 as the Cl− analogue (276 TON for X = I−; 7 TON for X = Cl−).71 Both
experiments were carried out in CH3CN solvent with TEA sacrificial reductant under
visible light irradiation (λ = 470 nm) for 45 h. Unlike the Rh photocatalysts where the
halides dissociated upon photoinitiated electron collection, the halides at Pt were found
to remain coordinated during catalysis. In fact, excess I− or Cl− was added to the
respective photocatalyst bearing that halide, and no change in H2 production was
observed, unlike the Ru,Rh,Ru systems where HCl addition inhibited catalysis.58 After
observing no noticeable differences in photophysical properties upon halide variation in
the [Ru(tBu2bpy)2(tpphz)PtX2]2+ system, the differences in electron density for the
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complex bearing I− versus Cl− halides were used to describe the differences in H2
production. Ligand variation at the reactive metal center in photocatalysts capable of H2
evolution from H2O is relatively unexplored and provides a means to optimize solar fuel
production schemes.
1.10. Project Description
The purpose of the research is to obtain a better understanding of the
photochemical reduction of H2O to H2 fuel employing RuII,RhIII bimetallic and trimetallic
supramolecular photocatalysts. Notably, this research focuses on the impact of the
identity of the labile ligands coordinated to the catalytically active Rh center. The new
bimetallic photocatalyst [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+ is examined relative to
established complex [(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ to gain an understanding of
the electrochemical, photophysical, and photochemical properties upon halide variation
in this architecture. As halide variation was shown to impact H2 photocatalysis in
Ru,Rh,Ru architectures, variation of the ligands at Rh in Ru,Rh bimetallic complexes
and the resulting impact on photocatalysis is unexplored. To better understand the role
of the halide ligands coordinated to Rh, synthesizing a photocatalyst bearing ligands
other than halides at the Rh reaction metal center could provide important insight.
Therefore, new trimetallic complex [{(bpy)2Ru(dpp)}2Rh(OH)2]5+ is prepared for analysis
relative to halide analogues [{(bpy)2Ru(dpp)}2RhX2]5+ (X = Cl− or Br−). Removing the
halides from the system with the hydroxo trimetallic complex affords an ideal system to
explore the impact of the labile halides during H2 photocatalysis. Systematic component
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variation provides an excellent forum to gain insight on the importance of judicious
ligand selection for the design for superior H2O reduction photocatalysts (Figure 1.21).
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2. Mechanistic Insight into the Electronic Influences Imposed by Substituent
Variation in Polyazine-Bridged Ruthenium(II)/Rhodium(III) Supramolecules
Reprinted with permission from “White, T. A.; Mallalieu, H. E.; Wang, J.; Brewer, K. J.
Chemistry – A European Journal 2014, 20, 8265–8268.” Copyright 2015, John Wiley
and Sons.
2.1. Abstract
Unusual and unprecedented multipathway electrochemical mechanisms for a
new class of supramolecular Ru,Rh bimetallic photocatalysts have been uncovered. The
near isoenergetic Rh(dσ*) and bridging ligand(π*) molecular orbitals and a rate of halide
loss that occurs on the cyclic voltammetry timescale provide a series of closely related
complexes which display four different electrochemical mechanisms. A single complex
displays two concurrent electrochemical pathways in marked contrast to all previously
studied cis-Rh(NN)2X2 motifs.
2.2. Introduction
Converting solar energy into a viable, alternative fuel source is of considerable
interest to minimize fossil fuel consumption.1-2 Requirements for an artificial
photosynthetic system are efficient light absorption, population of a highly oxidizing and
reducing excited state, fast charge separation to generate a molecular potential
gradient, electron and hole collecting reservoirs, and redox-active catalysts.3-5 H2O
reduction to produce H2 fuel requires electron collection for multielectron reduction.6-8
Catalytically

active,

Rh-containing

complexes

for

electrochemical

and

photochemical water reduction are reported.9-13 Often, the synthesized RhIII acts as an
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electron reservoir undergoing two successive, one-electron reductions to produce a
coordinatively unsaturated RhI center that produces H2 from H2O.11, 14-18
The electrochemical properties of Rh systems provide insight into the chemical
identity and stability of redox states. cis-[Rh(NN)2X2]+ complexes (NN = bidentate
polypyridyl ligand; X = halide) have been studied with ligand selection modulating redox
properties and orbital energetics.19-23 DeArmond et al. reported electrochemistry of cis[RhIII(NN)2Cl2]+ complexes (NN = 2,2′-bipyridine (bpy) or 1,10-phenanthroline (phen))
where Rh undergoes two successive, one-electron reductions, appearing as a single
RhIII/II/I couple in cyclic voltammetry (CV). The RhIII/II reduction promotes fast halide loss,
followed by RhII/I reduction and a second halide loss resulting in an ECEC mechanism
(E = electrochemical or C = chemical step).19-20
The impact of halide and ligand variation was subsequently reported for
[Rh(NN)2X2]+ systems. The variation of X from Cl− to Br− to I− provides a positive shift in
the RhIII/II/I reduction consistent with weaker σ-donating character of I− vs. Br− vs. Cl−.23
Stabilization of Rh(dσ*) orbitals is achieved by variation of NN, 2,3-bis(2pyridyl)pyrazine

(dpp),

2,3-bis(2-pyridyl)quinoxaline

(dpq),

2,3-bis(2-

pyridyl)benzoquinoxaline (dpb), or 4,4′-Di-tert-butyl-2,2′-bipyridine (tBu2bpy).21-22, 24 The
ability of Rh to undergo two successive, one-electron reductions promoted its use as an
electron collector for photocatalysis.11, 25
Coupling two RuII light absorbers to a RhIII reactive metal affords Ru,Rh,Ru
complexes, [{(TL)2Ru(dpp)}2RhX2]5+ (TL = terminal ligand = bpy, phen, Ph2phen (4,7diphenyl-1,10-phenanthroline); X = Cl−, Br−), that possess Rh(dσ*)-based LUMOs
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(lowest unoccupied molecular orbitals), allowing photoinitiated electron collection (PEC)
at Rh and their use as hydrogen photocatalysts.11, 14-17 The mechanism proposes that a
doubly reduced, coordinatively unsaturated RhI species, [{(TL)2Ru(dpp)}2RhI]5+, is
formed by excited state reductive quenching through an intermediate RhII species.
Coupling a single RuII light absorber to cis-RhIIICl2 affords RuII,RhIII bimetallics,
[(TL)2Ru(BL)RhCl2(TL′)]3+. The choice of bridging ligand (BL) and TL coordinated to Rh
is critical to control orbital energetics.18, 26-27 These bimetallic complexes display rich,
unprecedented redox chemistry that is explored and described herein. The
[(TL)2Ru(BL)RhX2(TL′)]3+ systems allow modulation of orbital energetics, providing
systems that undergo PEC at Rh and closely related systems that do not due to BLbased LUMOs.18,
photocatalysts

27

as

In addition, systems that undergo PEC are not always
sterically

accesible

RhI

sites

dimerize,

seen

with

[(phen)2Ru(dpp)RhI(bpy)]3+.27
Herein we report a detailed electrochemical study conducted to gain mechanistic
insight into photocatalysis of H2O reduction to H2 employing a new series of bimetallic
complexes,

[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)]3+

,

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+, and [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+. The
nearly isoenergetic dpp(π*) and Rh(dσ*) molecular orbitals are modulated by TL′ and X
variation to better understand the redox properties of Ru,Rh systems which display the
unusual phenomenon of orbital inversion upon minor structural variation. In marked
contrast to the many reported systems containing cis-[RhIII(NN)2X2]+, the title Ru,Rh
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bimetallics each display two simultaneous electrochemical pathways with a total of four
mechanisms needed to describe the redox chemistry of this new series of complexes.
2.3. Results and Discussion
The RuII,RhIII bimetallic complexes were synthesized by using a building block
approach and are efficient light absorbers, Figure 2.1.18, 26-28

3+

Cl Cl
N N
N Ru N N Rh N
N N
N N

Terminal ligand
3+

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+
N

Halide

Cl Cl
N N
Ru N N Rh N
N N
N N

CH3
H3C CH3

3+

Br Br
N N
N Ru N N Rh N
N N
N N

CH3
CH3
CH3

[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)]3+
Terminal ligand
Halide

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+

Figure 2.1. Structures of Ru(II),Rh(III) bimetallic supramolecular complexes.
The electronic absorption spectrum for [(Ph2phen)2Ru(dpp)RhX2(TLʹ)]3+ is dominated
by intense π→π* intraligand (IL) transitions in the UV and Ru(dπ)→ligand(π*) metal-toligand charge transfer (MLCT) transitions in the visible with the lowest energy
absorption

at

514

nm

assigned

to

the

Ru(dπ)→dpp(π*)

1

MLCT

transition.

Photoexcitation results in unity population of the weakly emissive (Φem ~ 10−4), low
energy (λem = 770 nm) Ru(dπ)→dpp(π*) 3MLCT excited state. Intramolecular electron
transfer to populate a low-lying Ru(dπ)→Rh(dσ*) 3MMCT excited state quenches the
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observed emission and shortens the excited state lifetime (τem = 45 ns) when compared
to the RuII,RuII homobimetallic model, [(Ph2phen)2Ru(dpp)Ru(Ph2phen)2]4+ (Φem = 1.7 ×
10−3; λem = 754 nm; τem = 192 ns).17
The unique and complicated electrochemistry of RuII,RhIII bimetallics provides
insight into the frontier orbital energetics critical to understanding the photochemistry of
these

single-component,

H2O

reduction

[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)]3+,

photocatalysts.

Anodic

scans

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+,

of
and

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+ exhibit a reversible, one-electron RuII/III oxidation
at +1.59 V vs. Ag/AgCl, Table 2.S1. Cathodic scans (25−1000 mVs−1) reveal the
complex nature of the reductive processes localized on (μ-dpp)RhIIIX2(TLʹ). Current
varies as a function of scan rate due to a chemical reaction occurring on the CV
timescale, n = 1–2 for the first and n = 0–1 for the second reduction. This is further
complicated

by

varied

Rh(dσ*)-

or

dpp(π*)-based

LUMOs.

TLʹ

variation

in

[(Ph2phen)2Ru(dpp)RhCl2(TLʹ)]3+ (where TL′ = tBu2bpy or Ph2phen) does not
significantly affect the potential of the first reductive couple (E½ = −0.37 V vs. Ag/AgCl
for both TL′). Reversibility of the first couple is dependent on TLʹ identity, Figure 2.2.
For TLʹ = tBu2bpy, ipa/ipc (ipa = anodic peak current; ipc = cathodic peak current) for the
first reduction is independent of scan rate, a largely reversible electrochemical step on
the CV timescale. This is indicative of a (dpp0/−)RhIIICl2 first reduction.
[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ displays unique non-integer currents for
the first and second reductions that result from a chemical reaction occurring on the CV
timescale and a near coincident reduction potential of the RhCl2III/II and RhClII/I couples.
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ipa/ipc for the first reduction of [(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ is scan rate
dependent, ranging from 0.4–0.7 at 25–1000 mVs−1. This is indicative of Rh reduction
followed by halide loss occurring on the CV timescale.15-17, 19-20, 22, 25 Changing TLʹ from
tBu2bpy to Ph2phen provides orbital inversion with a dpp(π*) or Rh(dσ*)-based LUMO,
respectively.
(dpp)RhIII/IIBr2
(dpp)RhII/IBr

(dpp0/−)RhI
(dpp)RhII/IBr2

25 µA

(dpp)RhIII/IICl2
(dpp)RhII/ICl

(dpp0/−)RhI
(dpp)RhII/ICl2

(dpp)RhII/ICl

(dpp0/−)RhI

(dpp−)RhIII/IICl2
(dpp0/−)RhIIICl2

-0.20

-0.40

-0.60

-0.80

-1.00

-1.20

Potential (V) vs. Ag/AgCl

Figure 2.2. Cyclic voltammograms of 1 mM [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+
(top),
[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+
(middle),
and
3+
[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)] (bottom) under Ar in 0.1 M Bu4NPF6 in CH3CN at
RT with a scan rate of 100 mVs−1.
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The second reduction (Epc = −0.76 V vs. Ag/AgCl (labeled ipc(II))) is irreversible for
both TLʹ = tBu2bpy and Ph2phen, indicating a Rh-based reduction followed by a fast
chemical reaction step on the CV timescale (EC). The peak current varies with scan rate
and TL′ identity with ipc(II)/ipc(I) ranging from 0.8−1.0 for tBu2bpy and 0.2−0.8 for Ph2phen,
Figure 2.3B. The third reductive couple (E½ = −0.96 V vs. Ag/AgCl) has ipa(III)/ipc(III) ~ 1
regardless of TL′, consistent with a dpp0/− reduction. Following three reductions, all
complexes reach [(Ph2phen)2Ru(dpp−)RhI(TL′)]2+.
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Figure 2.3. Plots displaying (A) ipa(I)/ipc(I) vs. ν½ and (B) ipc(II)/ipc(I) vs. ν½ for 1 mM
[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+
(blue
circles),
[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+
(green
squares),
and
3+
[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)]
(red diamonds) measured under an Ar
atmosphere using 0.1 M Bu4NPF6 in CH3CN at RT.
Four mechanisms are required to account for the electrochemical properties of
the [(TL)2Ru(dpp)RhX2(TLʹ)]3+ complexes, Figure 2.4.
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Figure 2.4. Proposed electrochemical mechanisms depicting various pathways possible upon reduction of the RuII,RhIII
bimetallic complexes. [(Ph2phen)2Ru(dpp)RhIIIX2(TL′)]3+ represents the synthesized state. Electrochemical steps are
colored orange and chemical steps are colored gray.
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This complicated electrochemistry is quite unusual and is unprecedented for such a
series of closely related complexes and in distinct contrast to the ECEC mechanism of
all other reported cis-[RhIII(NN)2X2]+ motifs. [(Ph2phen)2Ru(dpp)RhX2(TLʹ)]3+ with TLʹ =
tBu2bpy or Ph2phen and X = Cl− or Br− display first reductions that are dpp0/−-based for
tBu2bpy or RhIII/II-based for Ph2phen, differentiating Pathways I and II from III and IV.
The TLʹ = Ph2phen systems display a chemical reaction, halide loss, that follows the
RhIII/II couple. Fast halide loss leads to Pathway IV and slow halide loss allows RhII/I
reductions of the species with two halides bound, RhII/IX2 (Pathway III). Intermediate
rates of halide loss result in the observed electrochemistry simultaneously displaying
Pathways III and IV.
The

electrochemical

mechanisms

displayed

by

[(Ph2phen)2Ru(dpp)RhX2(tBu2bpy)]3+ are Pathways I and II, unique mechanisms for RhIII
complexes, Figure 2.4. The first reduction is dpp(π*)-based. Interestingly, halide loss
occurs upon dpp reduction due to the increased electron density at Rh, making the
metal a weaker Lewis acid. Halide loss upon ligand reduction is unprecedented in Rh
chemistry but reported by Kubiak et al. for

[ReI(tBu2bpy)(CO)3Cl].24 Halide loss

promoted by dpp reduction is followed by electron transfer to the now more electron
deficient (dpp−)RhIIICl site resulting in (dpp)RhIICl (Pathway II). Pathway II is coincident
with Pathway I for the fraction of complex that does not undergo halide loss prior to the
second reduction, which undergoes a (dpp−)RhIII/IICl2 reduction. The (dpp−)RhIIX2
species undergoes rapid halide loss followed by intramolecular electron transfer and
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dpp reduction to generate [(Ph2phen)2Ru(dpp−)RhI(tBu2bpy)]3+, the same species
formed through Pathway II.
Further exploration of this unusual redox chemistry is provided by variation of the
halide coordinated to Rh. [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+ was postulated to
display a faster chemical reaction following the first reductive couple than the chloride
analogue. A study of ipa(I)/ipc(I) showed a ratio of 0.4–0.5, consistent with the hypothesis
that Br− would be lost at a faster rate than Cl−, Figure 2.3A, consistent with the weaker
σ-donating ability of Br− relative to Cl−.
The observed electrochemistry for [(Ph2phen)2Ru(dpp)RhX2(TL′)]3+ systems
displays multiple electrochemical pathways, evidenced by peak currents consistent with
n = 1–2 for the first reductive couple and n = 0–1 for the second couple as well as noninteger ipc(II)/ipc(I) ratios for TL′ = tBu2bpy or Ph2phen, Figure 2.4. The electrochemical
properties demonstrate that the one-electron reduced TLʹ = tBu2bpy complex possesses
greater chemical stability than the analogous TLʹ = Ph2phen species, (dpp−)RhIIICl2 vs.
(dpp)RhIIX2, Figures 2.S2–S4. Orbital energetics are modulated by component variation
on cis-RhIIIX2(TL′), one of the design properties of this bimetallic motif. The close
proximity of the dpp(π*)- and Rh(dσ*)-based orbitals provides for complicated
electrochemistry with two mechanistic pathways being simultaneously operative for any
bimetallic studied and four mechanisms needed to describe the series of complexes.
Complexes with Rh-based LUMOs are proposed as more active photocatalysts for the
reduction of H2O to H2; therefore, the TL' = Ph2phen bimetallics are predicted to
outperform the TL' = tBu2bpy bimetallic due to more efficient electron collection at Rh.
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Gaining a greater understanding of the electrochemical pathways involved in the
reduction of RhIII to RhI allows deliberate design of suitable proton reduction
photocatalysts. The unusual redox chemistry for Ru,Rh bimetallics highlights the
complexity of possible pathways operative in the photochemical reduction of H2O to H2
by these Ru,Rh systems as in the presence of H2O, additional species are possible for
each RhII or RhI species observed herein due to protonation of the Rh center or possible
oxidative addition of H2O to the RhI center. Research in our laboratory is ongoing to
better understand the intermediates and mechanisms involved throughout the
photocatalytic cycle for reduction of H2O to H2 by these Ru(II),Rh(III) bimetallic
supramolecules.
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2.5. Supplemental Information
2.5.1. Experimental Procedures
2.5.1.1. Materials
All chemicals were used as received unless otherwise stated. Electrochemical
analysis grade (≥ 99.0%) tetrabutylammonium hexafluorophosphate (Bu4NPF6) was
purchased from Fluka. Spectral grade acetonitrile was purchased from Burdick and
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Jackson

and

distilled

over

calcium

hydride.

The

bimetallic

complexes

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)](PF6)3,18
[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)](PF6)3,28

and

[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)](PF6)3 29 were synthesized as previously reported.
2.5.1.2. Synthesis of [(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)](PF6)3
The Ru,Rh bimetallic was synthesized using a building block approach.29 The
Ru(II) monometallic [(Ph2phen)2Ru(dpp)]2+ (0.20 g, 0.15 mmol) and Rh(III) monometallic
[RhCl3(tBu2bpy)(CH3OH)] (0.12 g, 0.23 mmol) were dissolved separately in a 2:1
EtOH:H2O (10 mL) solvent system. The dark orange Ru monometallic was added dropwise to the Rh monometallic and heated at reflux for 1 h. The dark maroon solution was
cooled to RT and added drop-wise to a NH4PF6 (aq) solution (1.0 g, 75 mL) to induce
precipitation. The precipitate was filtered, washed with H2O (60 mL), and washed with
diethyl ether (150 mL). Purification was achieved using Sephadex® LH-20 size exclusion
chromatography with a 2:1 EtOH:CH3CN mobile phase. The dark maroon band was
collected, rotary evaporated, and precipitated using CH3CN and diethyl ether to yield a
dark maroon product (0.075 g, 0.040 mmol, yield = 30%) (+)ESI-MS: [M−PF6]+, m/z =
1733.22.
2.5.1.3. Electrochemistry
Electrochemical studies were performed using a Bioanalytical System (BAS)
Epsilon potentiostat with a single-cell, three-electrode configuration.

For cyclic

voltammetry, the system contained a glassy carbon disk working electrode, Pt wire
auxiliary electrode, and Ag wire pseudo-reference electrode which was measured vs.
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Ag/AgCl using ferrocene as an internal standard (Fe(C5H5)20/+ = 0.46 V vs. Ag/AgCl 3 M
NaCl).30 The scan rate was varied between 25 and 1000 mVs−1 for cyclic voltammetric
analyses.
2.5.2. Supplemental Figures and Tables
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Reference 31. b Reference 32.
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the
building

synthesis
of
block approach. a

Table 2.S1. Electrochemical Properties of Ru,Rh Bimetallics and Related Complexes
ΔEp ipa/ip
complex a
E½ (V)
assignment
c
(mV)
[(Ph2phen)2Ru(dpp)]2+ e
+1.41
70
0.9
RuII/III
−0.98
70
0.9
dpp0/−
[{(Ph2phen)2Ru}2(dpp)]4+ f

+1.64
+1.45
−0.61
−1.11

80
75
70
70

1.0
1.0
0.9
0.9

RuII/III
RuII/III
dpp0/−
dpp−/2−

[{(Ph2phen)2Ru(dpp)}2RhCl2]5+ f

+1.59
−0.35b
−0.74
−0.98

130
-120
110

0.9
-0.9
0.9

2 RuII/III
RhIII/II/I
dpp0/−
dpp0/−

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+

+1.59
−0.37c
−0.77d
−0.96

85
70
-100

0.8
0.4
-0.8

RuII/III
RhIII/IICl2,RhII/ICl
RhII/ICl2
dpp0/−

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+

+1.59
−0.38c
−0.73d
−0.98

90
120
-100

0.9
0.4
-0.8

RuII/III
RhIII/IIBr2,RhII/IBr
RhII/IBr2
dpp0/−

[(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)]3+

+1.59
−0.37

RuII/III
dpp0/−
(dpp−)RhIII/IICl2,(dpp)RhII/I
−0.76d
--Cl
−0.96
110
0.8
dpp0/−
a
Measured using Ag wire pseudo-reference electrode and converted to Ag/AgCl using
ferrocene as an internal standard (Fe(C5H5)20/+ = 0.46 V vs. Ag/AgCl). Measurements
were performed at a scan rate of 100 mVs−1 using deoxygenated 0.1 M Bu4NPF6
electrolyte in distilled CH3CN at RT. Ph2phen = 4,7-diphenyl-1,10-phenanthroline;
tBu2bpy = 4,4’-Di-tert-butyl-2,2’-bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine.
b
Epc of two overlapping, one-electron irreversible processes.
c
E½ of quasi-reversible process.
d
Epc of irreversible process.
e
From reference 32-33.
f
From reference 17.
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Figure 2.S2. Cyclic voltammogram of [(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ with a
second oxidative scan following the first reduction under an Ar atmosphere in 0.1 M
Bu4NPF6 acetonitrile solution at RT with a scan rate of 100 mV/s.
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Figure 2.S3. Cyclic voltammogram of [(Ph2phen)2Ru(dpp)RhCl2(tBu2bpy)]3+ with a
second oxidative scan following the first reduction under an Ar atmosphere in 0.1 M
Bu4NPF6 acetonitrile solution at RT with a scan rate of 100 mV/s.
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Figure 2.S4. Cyclic voltammogram of [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+ with an
oxidative scan following the first reduction under an Ar atmosphere in 0.1 M Bu4NPF6
acetonitrile solution at RT with a scan rate of 100 mV/s.
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3. Nonchromophoric Halide Ligand Variation in Polyazine-Bridged Ru(II),Rh(III)
Bimetallic Supramolecules Offering New Insight into Photocatalytic Hydrogen
Production from Water
Reprinted with permission from “Rogers, H. M.; White, T. A.; Stone, B. N.; Arachchige,
S. M.; Brewer, K. J. Inorganic Chemistry 2015, 54, 3545–3551.” Copyright 2015,
American Chemical Society.
3.1. Abstract
The new bimetallic complex [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)](PF6)3 (1)
(Ph2phen = 4,7-diphenyl-1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine) was
synthesized

and

characterized

to

compare

with

the

Cl−

analogue

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)](PF6)3 (2) in an effort to better understand the role
of halide coordination at the Rh metal center in solar H2 production schemes.
Electrochemical properties of complex 1 display a reversible RuII/III oxidation and
cathodic scans indicate multiple electrochemical mechanisms exist to reduce Rh(III) by
two electrons to Rh(I) followed by a quasi-reversible dpp0/− ligand reduction.

The

weaker σ-donating ability of Br− vs. Cl− impacts the cathodic electrochemistry and
provides insight into photocatalytic function by these bimetallic supramolecules.
Complexes 1 and 2 exhibit identical light absorbing properties with UV absorption
dominated by intraligand (IL) π→π* transitions and visible absorption by metal-to-ligand
charge transfer (MLCT) transitions to include a lowest energy Ru(dπ)→dpp(π*) 1MLCT
transition (λabs = 514 nm; ε = 16,000 M−1cm−1).

The relatively short-lived, weakly

emissive Ru(dπ)→dpp(π*) 3MLCT excited-state (τ = 46 ns) for both bimetallic complexes
is attributed to intramolecular electron transfer from the 3MLCT excited-state to populate
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a low energy Ru(dπ)→Rh(dσ*) triplet metal-to-metal charge transfer (3MMCT) excited
state that allows photoinitiated electron collection. Complex 1 outperforms the related
Cl− bimetallic analogue 2 as a H2 photocatalyst despite identical light absorbing and
excited-state properties.

Additional H2 experiments with added halide suggest ion

pairing plays a role in catalyst deactivation and provides new insight into observed
differences in H2 production upon halide variation in Ru(II),Rh(III) supramolecular
architectures.
3.2. Introduction
Hydrogen gas is a highly desired alternative to carbon-based fuels and can be
formed via water splitting through solar energy conversion schemes.1-3

To achieve

artificial photosynthetic processes such as water splitting, the field of inorganic
supramolecular chemistry shows promise with the design of molecules capable of
performing complex tasks.4-5 Supramolecular complexes, as described by Balzani, are
intricate molecules comprised of subunits that each contribute to the overall task
performed by the complex.6 Photochemical molecular devices (PMDs) are a subclass
of supramolecular complexes that carry out demanding photoinitiated processes made
possible by judicious choice of molecular subunits. Transition metal complexes that
absorb light and participate in excited-state reactions are ideal PMD candidates.7-9 A
prototypical light absorber, [Ru(bpy)3]2+ (bpy = 2,2ʹ-bipyridine) is extensively studied in
solar energy conversion schemes due to desirable redox activity and stability, intense
UV and visible light absorption, a long-lived charge transfer excited state, and rapid
oxidative or reductive quenching capabilities to afford electron transfer.10-13 Substituting
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one or more polypyridyl terminal ligands (TL) (e.g., bpy in [Ru(bpy)3]2+) with a polypyridyl
bridging ligand (BL) (e.g., dpp; bpm = 2,2ʹ-bipyrimidine) allows the construction of
supramolecular architectures assembled through coordinate covalent linkage of
molecular subunits.14-18
Supramolecular complexes that collect two or more reducing equivalents via
photochemical processes are termed photoinitiated electron collectors (PECs).
Complexes exist that function as PECs but are not catalytically active due to collection
of reducing equivalents at a noncatalytic site.19-23

The first use of a PEC to

photocatalytically reduce H2O to H2 was reported for [{(bpy)2Ru(dpp)}2RhCl2]5+,
possessing Ru light absorber subunits linked through dpp BLs to a Rh center.24 The
trimetallic photocatalyst functions through successive visible light excitations, reductive
quenching by a sacrificial electron donor, and electron collection at a reactive metal
permitted by low-lying Rh(dσ*)-based acceptor orbitals to produce H2 by reduction of
H2O.24
Component modification via terminal ligand and/or halide variation was studied in
architectures of the form [{(TL)2Ru(dpp)}2RhX2]5+ (where TL = bpy, phen (1,10phenanthroline), or Ph2phen; X = Cl− or Br−).25-27 Within this motif, the TL = Ph2phen
and X = Br− trimetallic complex is the highest performing H2 photocatalyst.27 Ph2phen is
a superior TL due to increased visible light absorption, increased lifetime of the 3MLCT
excited state, and enhanced driving force for H2 production relative to TL = bpy and
phen analogues.

The weaker σ-donating ability of X = Br− vs. Cl− is thought to

contribute to more efficient generation of the Rh(I) active catalyst following photoinitiated
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electron collection.

However, after one turnover of the catalyst, the same

Ru(II),Rh(I),Ru(II) photocatalyst predominates regardless of halide identity, thus not
identifying the disparity in long-term catalyst stability when the halide coordinated to Rh
is varied. For each set of TLs in the previously studied Ru(II),Rh(III),Ru(II) trimetallic
series, the light absorbing properties do not change upon halide variation, while the X =
Cl− analogues have larger quantum yields of emission (Φem) and longer excited-state
lifetimes (τ). Smaller Φem and shorter τ in the X = Br− analogues suggest more efficient
population of a low-lying metal-to-metal charge transfer (3MMCT) excited state, an
important parameter for H2O reduction by these photocatalysts that leads to more
efficient H2 photocatalysis.25-27
When the number of light absorbing units is decreased from two to one within
Ru(II),Rh(III) supramolecules, a bimetallic motif results. A balance of proper steric and
electronic components is required to achieve catalysis as demonstrated with component
modification

in

the

Ru(II),Rh(III)

bimetallic

architecture.

The

complex

[(phen)2Ru(dpp)RhCl2(bpy)]3+ undergoes PEC but does not serve as a photocatalyst for
H2 production due to the lack of steric bulk at Rh permitting Rh(I)-Rh(I) dimerization
which prevents species coordination necessary to further the catalytic cycle.28 Complex
[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ (2) containing a bulky, weakly electron donating
Ph2phen

TL

on

Rh

serves

as

a

photocatalyst

for

H2

production

while

[(bpy)2Ru(dpp)RhCl2(tBu2bpy)]3+ with a bulky, more strongly electron donating tBu2bpy
TL on Rh does not produce H2 under identical conditions.29

The disparity in

photocatalytic activity is attributed to the bulky TLs electronically modulating the lowest
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unoccupied molecular orbital (LUMO) which is BL-based with TL = tBu2bpy and Rhbased when TL = Ph2phen, giving evidence for the necessity of a lowest-lying Rh-based
acceptor orbital to achieve H2 photocatalysis.30 The Ru(II),Rh(I) bimetallic complexes
[(TL)2Ru(dpp)RhI(COD)] (TL = bpy or Me2bpy (4,4'-dimethyl-2,2'-bipyridine); COD = 1,5cyclooctadiene) serve as H2 photocatalysts with steric protection about the Rh(I) center
provided by the COD ligand,31 further demonstrating the importance of steric effects to
produce H2O reduction photocatalysts.
With knowledge of the relative orbital energetics and steric requirements to
achieve H2 production photocatalysts, complex 1 was characterized and studied to
better understand the role of the non-chomophoric halide ligand in H2 photocatalysis.
The synthesis, photophysical characterization, and H2 production studies are reported
herein for this Ru(II),Rh(III) bimetallic with comparison to the Cl− analogue 2.

The

excited-state properties will be explored to determine the impact of halide ligand
variation on Φem and τ values for the bimetallic system. On the basis of halide variation
studies within related Ru(II),Rh(III),Ru(II) trimetallic architectures,25-27 complex 1 is
predicted to outperform 2 as a photocatalyst for H2 production, and insight on the
influence of halide identity on catalytic function with regard to ion pairing will be
discussed.
3.3. Experimental Section
3.3.1. Materials
All chemicals were used as received unless otherwise noted.

The reagents

RuCl3·3H2O, RhCl3·3H2O, RhBr3·3H2O, trifluoromethanesulfonic acid (CF3SO3H), 4,7-
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diphenyl-1,10-phenanthroline (Ph2phen), and tetra-n-butylammonium chloride (Bu4NCl)
were

purchased

from

Alfa

Aesar.

2,3-Bis(2-pyridyl)pyrazine

(dpp),

tetra-n-

butylammonium bromide (Bu4NBr), N,N-dimethylaniline (DMA), and Sephadex® LH-20
were purchased from Sigma-Aldrich Corporation.

Ammonium hexafluorophosphate

(NH4PF6) was purchased from Strem Chemicals, Inc.

Tetra-n-butylammonium

hexafluorophosphate (Bu4NPF6) was purchased from Fluka. Spectral grade acetonitrile
and N,N-dimethylformamide (DMF) were purchased from Burdick and Jackson. Ethanol
was purchased from Decon Labs, Inc. Toluene, diethyl ether, methanol, and 80-200
mesh adsorption alumina were purchased from Fischer Scientific.
[(Ph2phen)2RuCl2]

(1a),32

[(Ph2phen)2Ru(dpp)](PF6)2

(1b),17,

Complexes
33

and

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)](PF6)3 (2) 29 were prepared as previously reported.
3.3.2. Synthesis
Complex [(Ph2phen)RhBr3(DMF)] (1c) was synthesized similar to a previously
reported method.34

The starting materials RhBr3·3H2O (0.10 g, 0.26 mmol) and

Ph2phen (0.09 g, 0.26 mmol) were combined with 2 mL of DMF and heated in a 60 °C
oil bath for 2 h. Upon cooling to RT, an orange solid was precipitated in diethyl ether,
dried under vacuum, and washed with water and diethyl ether (0.15 g, 0.21 mmol, yield
= 77%).

ESI-MS: [M + NH4+], m/z = 766.86. The chloride Rh monometallic,

[(Ph2phen)RhCl3(DMF)], was synthesized using the above method using RhCl3·3H2O
(0.10 g, 0.38 mmol) and Ph2phen (0.13 g, 0.38 mmol). Upon synthesis and purification,
a yellow solid was collected (0.16 g, 0.26 mmol, yield = 70%). ESI-MS: [M + H+], m/z =
614.00.
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Complex [(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)](PF6)3 (1) was synthesized similar
to a previously reported method.29 Complex 1b (0.078 g, 0.061 mmol) was reacted with
1c (0.050 g, 0.067 mmol) in 15 mL of 2:1 (v/v) ethanol/water at reflux for 2 h. Upon
cooling to RT, the sample was added dropwise to a 30 mL of an aqueous NH4PF6
solution to induce precipitation as a PF6− salt. A maroon precipitate was collected via
vacuum filtration and washed with excess water and diethyl ether. The crude sample
was purified using Sephadex® LH-20 size-exclusion chromatography with a 2:1 (v/v)
ethanol/acetonitrile mobile phase. A maroon band eluted first and was collected, rotary
evaporated, dissolved in a minimal amount of acetonitrile, and reprecipitated in diethyl
ether. A maroon solid was collected via vacuum filtration and rinsed with excess diethyl
ether (0.049 g, 0.024 mmol, yield = 48%). ESI-MS: [M − 2PF6−]2+, m/z = 870.05.
3.3.3. Mass Spectrometry
Samples were analyzed using electrospray ionization time-of-flight mass
spectrometry with an Agilent Technologies 6220 Accurate-Mass TOF LC-MS with a dual
ESI (electrospray ionization) source to obtain high-resolution mass spectral data. The
solvent used was HPLC-grade acetonitrile.
3.3.4. Electrochemistry
Cyclic voltammograms were obtained using a Bioanalytical Systems (BAS)
Epsilon electrochemical analyzer. In a three electrode, one compartment cell, 0.1 M
Bu4NPF6 in spectrophotometric-grade CH3CN was the supporting electrolyte solution.
The working electrode was a platinum disk, and the auxiliary electrode was a platinum
wire.

The Ag wire pseudoreference electrode was calibrated against the
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ferrocene/ferrocenium (FeCp2/FeCp2+) redox couple as an internal standard (0.46 V vs.
Ag/AgCl) at the end of each set of scans.35 Cyclic voltammograms were obtained at a
scan rate of 100 mV s−1.
3.3.5. Electronic Absorption Spectroscopy
Electronic absorption spectra were obtained using a Hewlett Packard 8453 diode
array spectrophotometer.

Using a sampling interval of 1 nm, measurements were

obtained in a wavelength range of 190-1100 nm. Measurements were carried out in a
0.2 cm or 1 cm path length quartz cuvette (Starna Cells, Inc., Atascadero, CA) in RT
spectral grade acetonitrile.

Extinction coefficient measurements were performed in

triplicate.
3.3.6. Steady-State and Time-Resolved Emission Spectroscopy
Steady-state emission spectra were measured using a QuantaMaster Model QM200-45E fluorimeter from Photon Technologies International, Inc.

Spectra were

obtained using a 1 cm path length quartz cuvette and RT measurements were taken in
deoxygenated spectral-grade CH3CN. The excitation source was a water-cooled 150 W
xenon arc lamp and the emission spectra were obtained at a 90° angle with a
thermoelectrically cooled Hamamatsu R2658 photomultiplier tube operating in photon
counting mode with 0.25 nm resolution.

The quantum yields of emission were

measured relative to [Os(bpy)3]2+ (Φem = 4.62 × 10−3).36 Low temperature emission
spectra were collected in a 4:1 (v/v) ethanol/methanol solution cooled to 77 K using
liquid N2 in a finger Dewar to form the rigid glass matrix.

Emission spectra were

corrected for PMT response using the manufacturer-supplied correction file.
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The excited-state lifetimes were measured using a Photon Technologies
International, Inc. PL-2300 nitrogen laser with an attached PL-201 tunable dye laser.
The excitation monochromator was set to 540 nm and emission from the sample was
detected at a 90° angle from the excitation source by passing through an emission
monochromator set to 780 nm with a Hamamatsu R928 photomultiplier tube operating
in direct output mode. The signal was recorded using a LeCroy 9361 oscilloscope,
averaging the results of 300 sweeps.
The rate constants for intramolecular electron transfer (ket) for 1 and 2 were found
by calculating the rate constants for radiative decay (kr) and nonradiative decay (knr)
utilizing [{(Ph2phen)2Ru}2(dpp)]4+, the model bimetallic complex that lacks a 3MMCT
excited state.27, 31
3.3.7. Photolysis Experiments
Experiments carried out to measure H2 production employing photocatalysts 1
and 2 were performed similar to previously reported methods.24 Stock catalyst solutions
prepared in DMF were combined with water in the photolysis reaction cell that was
sealed with a 10 mm airtight septum. The catalyst in the DMF/water mixture was
deoxygenated with Ar for approximately 10 min prior to injecting the separately
deoxygenated DMA electron donor. The final volume of the photocatalytic solution was
4.5 mL (130 μM photocatalyst, 0.62 M H2O, 1.5 M DMA, 0.11 mM [DMAH+][CF3SO3−])
with a headspace volume of 16.0 mL.

For designated experiments, a total

concentration of 260 μM Bu4NX (Bu4N = tetrabutylammonium; X = Br− or Cl−) in DMF
solution was present in the photolysis solution keeping other concentrations consistent
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with previous experiments. The solution was photolyzed using a 470 nm LED array
constructed in our laboratory (LED array light flux = 2.36 ± 0.05 × 1019 photons/min).37
HY-OPTIMA™ 700 in-line process solid-state H2 sensors from H2scan (Valencia, CA)
were connected using an airtight septum to the reaction cell to monitor H2 production in
real-time. The reported value for H2 production is an average of three experiments.
3.4. Results and Discussion
3.4.1. Synthesis
Using a building block method, individual molecular components were prepared
systematically to produce the target molecule 1 (Figure 3.1). Complex 1a was prepared
by reacting 2 equiv of the bidentate terminal ligand, Ph2phen, with RuCl3·3H2O.32 The
highly luminescent [Ru(Ph2phen)3]2+ impurity was removed using alumina adsorption
chromatography. Next, the labile Cl− ligands were removed under reflux in the presence
of a bis-bidentate BL to assemble 1b.33 The new Rh(III) monometallic 1c was prepared
in high yield by reacting RhBr3·3H2O with Ph2phen in DMF and purification was
achieved by washing with water.34

The monometallic precursors 1b and 1c were

reacted in a 2:1 (v/v) ethanol/water solution to produce the new bimetallic complex 1
which was precipitated by metathesis in an aqueous NH4PF6 solution.
Compared to related trimetallic complexes of the form [{(TL)2Ru(dpp)}2RhX2]5+
(TL = terminal ligand; X = Cl− or Br−),25-27 Ru(II),Rh(III) bimetallic complexes discussed
herein are more synthetically challenging to prepare because of the need for a Rh(III)
precursor containing only one bidentate ligand, Ph2phen in this system. Rh(III) prefers
to form bis-chelated species, as with cis-[(NN)2RhX2]+ complexes (NN = bidentate
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polypyridyl ligand; X = Cl− or Br−);38-40 thus, mild conditions were necessary to prepare
precursor 1c for the target bimetallic species. The new complex 1 was characterized
using ESI-MS, electrochemical analysis, electronic absorption spectroscopy, and timeresolved and steady-state emission spectroscopy.
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Figure 3.1. Building block synthetic scheme for the preparation of 1. a Reference 32; b
Reference 33.
3.4.2. Electrochemistry
Complex 1 was analyzed using cyclic voltammetry to provide insight into the
frontier orbital energetics and redox-active nature of the supramolecule and related
precursors (Figure 3.2).
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Figure 3.2. Cyclic voltammogram of 1 measured at RT under Ar in 0.1 M Bu4NPF6 in
CH3CN performed at 100 mV s−1 using a Pt disc working electrode, a Pt wire auxiliary
electrode, and a Ag wire pseudoreference electrode with ferrocene internal standard
and referenced to Ag/AgCl.
Table 3.1 lists electrochemical data for bimetallic complexes 1 and 2 and the
monometallic synthon 1b. Anodically, a reversible, one-electron couple (E1/2 = +1.59 V
vs. Ag/AgCl) is assigned as RuII/III. Coordination of the electropositive Rh(III) subunit to
1b perturbs the electrochemical properties, evidenced with a more positive potential for
the RuII/III couple in the bimetallic complex resulting from Ru(dπ) orbital stabilization to
make oxidation of the system more difficult.33
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Table 3.1. Summary of Electrochemical Data
complex a
E1/2 (V)
assignment
d
1
+1.59
RuII/III
e
−0.38
RhIII/IIBr2, RhII/IBr
−0.73 f
RhII/IBr2
−0.98
dpp0/−
b
d
2
+1.59
RuII/III
−0.37 e
RhIII/IICl2, RhII/ICl
−0.77 f
RhII/ICl2
−0.96
dpp0/−
1b c
+1.40 d
RuII/III
−1.02
dpp0/−
−1.37
Ph2phen0/−
−1.56
Ph2phen0/−
a
Measured at RT under Ar in 0.1 M Bu4NPF6 in CH3CN performed at 100 mV s−1 using
Pt disc working electrode, Pt wire auxiliary electrode, and Ag wire pseudoreference
electrode with ferrocene internal standard and referenced to Ag/AgCl.
b
Reference 30.
c
Reference 33.
d
E1/2 = Eo for reversible process.
e
E1/2 of quasi-reversible process.
f
Epc of irreversible process.
Cathodically,

electrochemical

assignment

is

complicated

by

the nearly

isoenergetic Rh(dσ*)- and dpp(π*)-based molecular orbitals. The electrochemical
mechanism for complex 1 is best described using multiple pathways and is explained in
detail in a separate, recent publication by our group.30 The first cathodic wave (Epc =
−0.38 V) is assigned as overlapping RhIII/IIBr2 and RhII/IBr reductions.

The second

cathodic wave (Epc = −0.73 V) is assigned as RhII/IBr2 and exists for the fraction of
complex that does not undergo halide loss prior to the second Rh-based reduction. A
third, quasi-reversible reduction (E1/2 = −0.98 V) is assigned as dpp0/− and provides
evidence for higher lying BL-based orbitals relative to Rh-based orbitals.

A similar

electrochemical mechanism exists for the Cl− bimetallic analogue 2 with the rate of
halide loss modulating cathodic differences due to the increased σ-donating ability of Cl−
82

vs. Br−.30 Ph2phen terminal ligand and second dpp reductions are overlapping and
occur beyond the first dpp reduction.

Cyclic voltammetry establishes a Ru-based

HOMO (highest occupied molecular orbital) and Rh-based LUMO for both bimetallic
systems, important features for photoinitiated electron collection at Rh.
3.4.3. Electronic Absorption Spectroscopy
Complex 1 is an efficient light absorber in the UV and visible regions of the
electromagnetic spectrum. Figure 3.3 shows the electronic absorption spectra of the
new Ru(II),Rh(III) bimetallic complex 1 overlaid with 2 and the monometallic precursor
1b to illustrate the influence halide variation at Rh as well as coordination of an
electropositive metal to the Ru(II) light absorber have on the light-absorbing properties,
with tabulated data in Table 3.2.
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Figure 3.3. Electronic absorption spectra of 1 (black line), 2 (blue line), and 1b (gray
line), displaying the difference in light absorption upon coordination of a
RhIIIBr2(Ph2phen) moiety. Spectra were obtained in RT CH3CN in a 1 cm quartz
cuvette.
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The UV is dominated by intraligand (1IL) π→π* transitions, with λabs = 278 nm (107,000
M−1cm−1) for Ph2phen π→π* transitions and λabs = 365 nm (24,000 M−1cm−1) for dpp
π→π* transitions.

In the visible, singlet metal-to-ligand charge transfer (1MLCT)

transitions dominate with Ru(dπ)→Ph2phen(π*) CT transitions occurring at higher
energy (λabs = 414 nm; 17,000 M−1cm−1) than Ru(dπ)→dpp(π*) CT transitions (λabs = 514
nm; 16,000 M−1cm−1).
Table 3.2. Summary of Light-Absorbing Properties
complex a
λabs (nm)
ε × 10−4 (M−1cm−1)
1
278
10.7
365
2.4
414
1.7
514
1.6
2b

278
365
414
514

10.7
2.6
1.7
1.6

assignment
Ph2phen π→π*
dpp π→π*
Ru(dπ)→Ph2phen(π*) CT
Ru(dπ)→dpp(π*) CT
Ph2phen π→π*
dpp π→π*
Ru(dπ)→Ph2phen(π*) CT
Ru(dπ)→dpp(π*) CT

1b c

274
8.4
Ph2phen π→π*
309
3.4
dpp π→π*
424
1.8
Ru(dπ)→Ph2phen(π*) CT
474
1.7
Ru(dπ)→dpp(π*) CT
a
Measured at RT in CH3CN in a 1 cm quartz cuvette.
b
Values consistent with those in Reference 29.
c
Values consistent with those in Reference 33.
When compared to precursor 1b, complex 1 possesses a red-shifted
Ru(dπ)→dpp(π*) CT transition due to stabilization of the dpp(π*)-based molecular
orbitals upon coordination to a second electropositive metal center.33 The energy of
Ph2phen IL transitions is unaffected by coordination of the Rh(III) subunit; however, the
extinction coefficient increases due to an additional chromophoric Ph2phen ligand.
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Complex 1 displays nearly identical light absorbing properties to 2.29

This trend is

expected because the component varied is a nonchromophoric ligand.
3.4.4 Steady-State and Time-Resolved Emission Spectroscopy
The emissive nature of the lowest-lying Ru(dπ)→dpp(π*) 3MLCT excited state of
complex 1 provides a probe into the excited-state dynamics of this complex. Variation
of the halide coordinated to Rh in complexes 1 and 2 from Br− to Cl− does not impact the
excited-state properties (Figure 3.4), tabulated in Table 3.3 with comparison to the
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Figure 3.4. Emission spectra of 1 (black line) and 2 (blue line). Spectra were obtained
in RT CH3CN in a 1 cm quartz cuvette and were corrected for PMT response.
Table 3.3. Summary of Photophysical Data
RT a
77 K b
kr
knr
ket
em
em
3
6
λ
Φ
τ
(10
(10
(107
λem
τ
−4
−1
−1
−1
complex
(nm) (10 ) (ns)
s )
s )
s )
(nm)
(μs)
1
780
1.3
46
2.8
5.2
1.6
706
1.6
2
780
1.3
46
2.8
5.2
1.6
706
1.8
c
1b
664
350
820
43
1.2
-607
5.4
a
Measured at RT in CH3CN deoxygenated with Ar in a 1 cm quartz cuvette.
b
Measured in 4:1 ethanol/methanol at 77 K.
c
Reference 33.
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Complexes 1, 2, and 1b undergo excitation to a 1MLCT excited state followed by
intersystem crossing to populate a 3MLCT excited state with unity efficiency. Upon
coordination of a second electropositive metal in the Ru(II),Rh(III) bimetallic
architectures, Rh(dσ*)-based acceptor orbitals become accessible to facilitate
population of a low energy 3MMCT excited state. Deactivation from the 3MMCT excited
state can occur through nonradiative decay (knr') back to the

1

GS or through a

photochemical reaction (krxn) (Figure 3.5).
1MLCT

kisc
3MLCT

ket

Energy

3MMCT

hν

kr

krxn

knr
knrʹ

1GS

Figure 3.5. Simplified Jablonski-type state diagram for 1 and 2. 1GS = singlet ground
state; kisc = rate of intersystem crossing; kr = rate of radiative decay; knr = rate of
nonradiative decay; ket = rate of intramolecular electron transfer; krxn = rate of
photochemical reaction.
Variation of the halide coordinated to Rh in complexes 1 and 2 from Br− to Cl−
produces identical steady-state and time-resolved emission properties in RT acetonitrile
(λem = 780 nm, Φem = 1.3 × 10−4, τ = 46 ns, kr = 2.8 × 103 s−1, knr = 5.2 × 106 s−1),
indicating equivalent rates of population of the low-lying 3MMCT excited state (ket = 1.6 ×
107 s−1) when the halide coordinated to Rh is Br− or Cl−. Compared to the bimetallic
model complex [{(Ph2phen)2Ru}2(dpp)]4+ that lacks a 3MMCT excited state,27 complexes
1 and 2 display quenched emission of the 3MLCT excited state to validate 3MMCT
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excited state population required for photocatalysis. At 77 K in a rigid glass matrix,
intramolecular electron transfer is impeded, providing further validation for RT 3MLCT
excited state quenching in these Ru(II),Rh(III) bimetallic systems.
In analogous motifs, quantum yield and excited-state lifetime values are
influenced by halide identity.25-27 Smaller Φem and shorter τ in such systems with Br−
ligands coordiated to Rh suggest more efficient population of a low-lying 3MMCT excited
state (faster ket) that contributes to enhanced photocatalytic activity in the Br− trimetallic
system. Despite identical excited-state properties and ket values for the Br− and Cl−
bimetallic supramolecules, complex 1 is still photocatalytically superior.

Thus,

complexes 1 and 2 provide an ideal forum to study the impact of halide identity on
photocatalytic H2 generation when excited state-properties are identical.
3.4.5 Photocatalytic H2 Production
H2 production experiments were carried out to determine the role of halide
variation in the Ru(II),Rh(III) supramolecular photocatalyst system. The Cl− bimetallic
analogue 2 is a photocatalyst for H2O reduction.29 The bimetallic complex undergoes
light-assisted collection of reducing equivalents at Rh to produce an intact Ru(II),Rh(I)
species that is the proposed active photocatalyst. With the substitution of Br− for Cl−
halides shown herein to not greatly perturb spectroscopic and electrochemical
properties, it is not surprising that 1 also serves as a photocatalyst for H2 production
(Figure 3.6A).
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Figure 3.6. Hydrogen production profiles for 1 and 2 in Ar deoxygenated DMF solvent.
(A) Black open circles: 1; blue open circles: 2. (B) Black filled circles: 1 with 260 μM
Bu4NCl; blue filled circles: 2 with 260 μM Bu4NBr. Systems contained 130 μM
photocatalyst, 0.62 M H2O, 1.5 M DMA electron donor, and 110 μM [DMAH+][CF3SO3−].
When photolyzed for 20 h with λ = 470 nm light in DMF (N,N-dimethylformamide)
solvent in the presence of H2O and DMA (N,N-dimethylaniline) electron donor, complex
1 produces 36±3 μmol of H2 (62±5 TON = turnover number = mol H2 produced/mol
catalyst), an increase in H2 production compared to 2, 23±1 μmol of H2 (40±2 TON).
DMF was chosen as the solvent for these photocatalytic studies because its weaker
ligating ability leads to enhanced photocatalysis.29 The improved photocatalytic abilities
of 1 relative to 2 is a unique result considering that the two complexes have identical
excited-state properties (Φem and τ), values that are different in analogous
Ru(II),Rh(III),Ru(II) trimetallic supramolecules.25-27

Therefore, the discrepancy in H2

production between the Ru(II),Rh(III) bimetallic systems described herein cannot be
ascribed to differences in excited-state properties.
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With knowledge that H2 production is impacted by halide variation in Ru(II),Rh(III)
bimetallic supramolecules possessing identical light absorbing and excited-state
properties, the influence of halide was further investigated. Upon reduction of Rh by two
equivalents, two halide ligands are lost to produce the square planar Rh(I)-containing
supramolecule, yet these halides still seem to play an important role in photocatalysis.
The close proximity of halide ion to the metal complex, made possible by ion pairing in
low dielectric solvents such as DMF, may alter catalyst function by providing a high local
concentration of halide ion to hinder interaction of the Rh(I) center with H2O due to
halide re-coordination.
Interestingly, when H2 experiments were carried out adding two equivalents (260
μM) of the opposite halide to the photolysis solutions for each photocatalyst, accounting
for two equivalents of halide lost, both systems demonstrated identical photocatalytic
activity (Figure 3.6B). Using photocatalyst 1, 260 μM Bu4NCl (tetra-n-butylammonium
chloride) was added to the photolysis solution, producing 21±2 μmol of H2 (36±3 TON)
after 20 h photolysis. Conversely, 260 μM Bu4NBr (tetra-n-butylammonium bromide)
was added to the photolysis solution utilizing photocatalyst 2 and produced 23±2 μmol
of H2 (39±4 TON) after 20 h.

These experimental conditions allow for equal

concentrations of Br− and Cl− in solution following generation of the active Ru(II),Rh(I)
catalyst.
Complex 1 showed a decrease of 20 TONs with added Cl− relative to the H2
experiment with no added halide, while complex 2 only showed a decrease of ~1 TON
upon added Br−. A local high concentration of halide ion promotes halide recoordination
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to the catalytically active Rh(I), impeding its interactions with H2O and affording lower H2
yields. Recoordination of the halide via formation of an ion paired complex between the
halide and the photocatalyst is probable and has been shown as a deactivation pathway
for other homogeneous transition metal catalysts.41 The added Cl− more negatively
affects catalysis relative to added Br−, demonstrating that the more σ-donating Cl−
ligands can ion pair more strongly with the photocatalyst and inhibit catalyst function.
By contrast, bulkier and less strongly σ-donating Br− addition does not impact catalysis
as significantly, consistent with a comparatively weaker ion pair formed between Br−
and the photocatalyst and supporting increased H2 production in Br− analogues of
Ru(II),Rh(III) photocatalysts.
3.5. Conclusions
The new complex 1 was synthesized and characterized to explore the impact of
halide variation on spectroscopic and electrochemical properties as well as on
photocatalytic H2 production capabilities relative to the previously reported Cl− bimetallic
supramolecule. Cyclic voltammetry of complex 1 provides evidence for a Ru-based
HOMO and a Rh-based LUMO which are requirements for H2O reduction photocatalysis
via photoinitiated electron collection at Rh. The complex absorbs light in the UV with
ligand π→π* transitions and in the visible with Ru(dπ)→ligand(π*) 1MLCT transitions
(ligand = Ph2phen or dpp).

Radiative decay from a 3MLCT excited state shows a

relatively low quantum yield of emission and short excited-state lifetime due to
population of a low energy 3MMCT excited state, necessary behavior for electron
collection at the Rh site to achieve active H2 photocatalysts. With light absorption in the
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visible and collection of reducing equivalents on a Rh-based LUMO, complex 1 is a
photocatalyst for H2O reduction and displays enhanced activity compared to the Cl−
analogue 2. Added halide experiments indicate that ion pairing deactivates the catalyst
due to the local concentration of halide ion in proximity to the photocatalyst, with the
more σ-donating Cl− ligands more negatively influencing photocatalysis relative to Br−.
These results are significant because they provide remarkable evidence showing that
halide identity impacts catalysis even after halides are dissociated to form the Rh(I)containing photocatalyst. Studies are ongoing in our laboratory to examine potential
catalytic intermediates that involve ligand variation at the Rh center as the complex
cycles from Rh(III) to Rh(I) to produce H2 from H2O.
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4. Enhancement of Solar Fuel Production Schemes by Using a Supramolecular
Photocatalyst Containing Hydroxide Labile Ligands
Reprinted with permission from “Rogers, H. M.; Arachchige, S. M.; Brewer, K. J.
Chemistry – A European Journal 2015, 21, 16948–16954.” Copyright 2015, John Wiley
and Sons.
4.1. Abstract
Polyazine-bridged RuIIRhIIIRuII complexes with two halide ligands, Cl− or Br−,
bound to the catalytically active Rh center are efficient single-component photocatalysts
for H2O reduction to H2 fuel, with the coordination environment on Rh impacting
photocatalysis. Herein reported is a new, halide-free RuIIRhIIIRuII photocatalyst with OH–
ligands bound to Rh, further enhancing the photocatalytic reactivity of the structural
motif. H2 production experiments using the photocatalyst bearing OH− ligands at Rh
relative to the analogues bearing halides at Rh in solvents of varying polarity (DMF,
CH3CN, and H2O) suggest that ion pairing with halides deactivates photocatalyst
function, representing an exciting phenomenon to exploit in the development of
catalysts for solar H2 production schemes.
4.2. Introduction
Solar-to-chemical energy conversion via water splitting is a promising approach
to alleviate the global dependence on carbon-based fuels.1-4 To harness solar energy in
the form of chemical bonds, one method employs photosensitizers to absorb light and
funnel energy through electron transfer to an appropriate substrate such as H2O for
reduction to H2 fuel,5-9 and multi-component systems exist that undergo this lightassisted electron collection to produce H2 fuel.10-13 To better understand molecular
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processes required for solar H2 production schemes, supramolecular complexes that
function as photochemical molecular devices (PMDs) are prepared by covalent linkage
of molecular subunits.14-16 PMDs maintain the properties of individual molecular
components while each constituent collaborates to achieve an overall goal such as H2O
reduction.17
PMDs that collect reducing equivalents at an unoccupied, energetically low-lying
site

are

known

as

[{(bpy)2Ru(dpb)}2IrCl2]5+

photoinitiated

electron

(bpy

2,2′-bipyridine;

=

collectors
dpb

(PECs).
=

Complex
2,3-bis(2-

pyridyl)benzoquinoxaline) served as a PEC with electron collection occurring at dpb
bridging ligand (BL) π* orbitals,18 and related PECs exist that also undergo ligandcentered electron collection.19-22 These early models are important for the design of
systems that collect electrons at a catalytically active metal center, established with
photocatalyst

[{(bpy)2Ru(dpp)}2RhCl2]5+

(dpp

=

2,3-bis(2-pyridyl)pyrazine).23

The

trimetallic supramolecule served as a PEC to photocatalyze H2O reduction in an organic
solvent/water mixture with N,N-dimethylaniline (DMA) as a sacrificial reductant. When
irradiated with visible light in the presence of DMA, [{(bpy)2Ru(dpp)}2RhCl2]5+ converts
from six-coodinate RhIII to four-coordinate RhI, accompanied by the loss of both halides,
to form [{(bpy)2Ru(dpp)}2RhI]5+ that photochemically reduces H2O to H2 fuel.23-24
Component variation within trimetallic architectures [{(TL)2Ru(BL)}2RhX2]5+ (TL =
terminal ligand; X = Cl− or Br−) provides valuable insight about requirements for the
molecular photocatalysis of H2 evolution from H2O.25-28 Pertinent to the work discussed
herein is variation of the halides coordinated to Rh from X = Cl− to Br−, ligands that
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dissociate to form the intact RuIIRhIRuII active photocatalyst. Regardless of TL, the X =
Br− complexes are more photocatalytically active, with greater H2 production attributed
to more efficient population of the low-lying triplet metal-to-metal charge transfer
(3MMCT) excited state from where H2 photocatalysis was proposed to occur.25-28
Recently, RuIIPtII bimetallic photocatalysts for H2 evolution were reported where the
halides coordinated to Pt were varied from Cl− to I−.29 Enhanced solar H2 production was
observed for the species bearing I− ligands at Pt, producing 40 times more H2 than the
Cl− analogue and further demonstrating the large impact subtle structural changes can
have on photocatalysis.
RuIIRhIII bimetallic complexes [(Ph2phen)2Ru(dpp)RhX2(Ph2phen)]3+ (Ph2phen =
4,7-diphenyl-1,10-phenanthroline; X = Cl− or Br−) are active H2 photocatalysts, with
halide identity again shown to impact H2 evolution.30-31 The X = Br− complex was a
superior H2 evolution photocatalyst relative to the X = Cl− analogue, even with identical
light absorbing and excited state properties upon halide variation in this series. H2
production experiments with added halide revealed that halides negatively impacted
photocatalysis as they could ion pair with the coordinatively unsaturated supramolecule,
impeding interaction with the H2O substrate as the complex cycled from RhIII/II/I during
photocatalysis.30 In a separate study with a RuIIPdII bimetallic complex bearing two Cl−
ligands at Pd, added Cl− also hindered H2 production.32 Ion pairing with coordinating
counter ions suppressed activity by an ethylene polymerization transition metal catalyst,
with high functioning achieved only in the presence of non-coordinating counter ions.33
Coordinating anions in close proximity to active metal catalysts bearing open
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coordination sites often inhibit catalysis by preventing coordination of the desired
substrate, with solvent selection playing an important role.34 These studies demonstrate
that ion pairing is an important consideration when developing catalytic schemes.
H2 production studies for single-component photocatalysts are typically carried
out in organic solvents with added H2O substrate and a sacrificial reductant.35-38
However, the development of photocatalytic systems that produce H2 fuel in purely
aqueous media is an attractive, environmentally desirable approach. Few examples of
aqueous H2 production catalyzed by single-component photocatalysts are reported, with
a RuIIRhIIIRuII complex linked by non-conjugated BLs the highest yielding to date.39-43
Herein we report the synthesis, characterization, and photocatalysis studies of a
new photocatalyst for solar-driven H2 evolution, [{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 (1-OH).
This complex bears OH− ligands at the Rh center and is photocatalytically active in both
aqueous and organic solvents. The halide-free 1-OH affords an ideal system to study
the influence of the monodentate ligands bound to the catalytically active metal center in
H2 production schemes. Comparing the photochemistry and photophysics of 1-OH with
the halide analogues [{(bpy)2Ru(dpp)}2RhX2](PF6)5 (X = Cl− (1-Cl) or Br− (1-Br))
provides new and important mechanistic insight about the H2 production scheme by this
series and related photocatalysts.
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4.3. Results and Discussion
4.3.1. Synthesis and Characterization
A building block approach was used to prepare the new supramolecule 1-OH
(Figure 4.1).

Figure 4.1. Building block synthetic route for the preparation of new complex
[{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 (1-OH). a from Reference 44.
Starting material [(bpy)2RuCl2]·2H2O was reacted with an excess of the dpp BL to
prepare [(bpy)2Ru(dpp)](PF6)2,45 the RuII monometallic precursor with open coordination
sites to further the supramolecular architecture. To synthesize the RhIII monometallic
precursor, RhCl3·3H2O was reacted with KOH (aq), forming a pale yellow solid as the
pH of the solution was raised to 13. The solid was centrifuged several times and the
supernatant was removed after each run, washing the remaining solid with H2O to
ensure the removal of halide. The yellow solid was then suspended in H2O and reacted
with neat CF3SO3H at reflux for 7 days to prepare [Rh(H2O)6](CF3SO3)3.44 Finally, the
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target trimetallic complex 1-OH was prepared by the reaction of two equivalents of
[(bpy)2Ru(dpp)](PF6)2 with one equivalent of

[Rh(H2O)6](CF3SO3)3 in a 2:1 (v/v)

ethanol/H2O solvent mixture for 1 h, achieving purification by reprecipitation from
CH3CN/diethyl ether. ESI-MS (electrospray ionization mass spectrometry) experiments
are consistent with theoretical calculations and confirm the charge of 1-OH as 5+
(Figure 4.S1).
Cyclic voltammetry (CV) experiments provide insight about the relative orbital
energetics of 1-OH (Figure 4.S2). Similar to 1-Cl and 1-Br (Table 4.1)23, 28, a reversible
RuII/III couple assigned to two, overlapping oxidations of the largely electronically
uncoupled Ru centers occurs at +1.62 V vs Ag/AgCl in CH3CN. An irreversible RhIII/II/I
reduction occurs at −0.38 V followed by two ligand-based dpp0/− reductions at −0.71 and
−1.03 V. The CV results provide evidence for a Ru-based highest occupied molecular
orbital (HOMO) and Rh-based lowest unoccupied molecular orbital (LUMO),
requirements for PEC and active molecular photocatalysis of H2 production. The RhIII/II/I
reduction occurs more negatively in 1-OH than in 1-Cl (−0.34 V) or 1-Br (−0.32 V). The
stronger field OH− ligands make the Rh center more difficult to reduce in 1-OH than in
the complexes bearing halides, therefore shifting the Rh-based reduction to a more
negative potential.28, 46
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Table 4.1. Summary of Electrochemical Properties
Complex [a]
E1/2 (V)
Assignment
II/III
1-OH
+1.62
2 Ru
[d]
−0.38
RhIII/II/I
−0.71
dpp,dpp/dpp,dpp−
−1.03
dpp,dpp−/dpp−,dpp−
1-Cl [b]

2 RuII/III
RhIII/II/I
dpp,dpp/dpp,dpp−
dpp,dpp−/dpp−,dpp−

+1.60
−0.34 [d]
−0.75
−1.02

1-Br [c]

+1.60
2 RuII/III
[d]
−0.32
RhIII/II/I
−0.73
dpp,dpp/dpp,dpp−
−1.04
dpp,dpp−/dpp−,dpp−
[a] Measurements were performed at a scan rate of 100 mVs−1 using deoxygenated 0.1
M Bu4NPF6 electrolyte in CH3CN at RT with a glassy carbon working electrode, platinum
wire auxiliary electrode, and Ag/AgCl reference electrode. [b] Values consistent with
those in 23. [c] Values consistent with those in Reference 28. [d] Epc of reversible
process.
Complex 1-OH is an efficient light absorber in the UV and visible regions, an
important feature for carrying out H2O reduction photocatalysis (Figure 4.2).
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Figure 4.2. Electronic absorption spectrum for complex 1-OH in RT CH3CN.
The UV absorption is dominated by intraligand (IL) π→π* transitions, with bpy π→π*
transitions at λabs = 283 nm (ε = 10.2×104 M−1cm−1) and dpp π→π* transitions at λabs =
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with

Ru(dπ)→bpy(π*) CT transitions at λabs = 417 nm (ε = 1.6×104 M−1cm−1) and lowestenergy Ru(dπ)→dpp(π*) CT transitions at λabs = 512 nm (ε = 2.7×104 M−1cm−1). Nearly
identical light absorbing properties among 1-OH, 1-Cl, and 1-Br (Table 4.2)
demonstrate that the ground state optical properties of the trimetallic complexes are not
greatly perturbed by substitution of the nonchromophoric ligands at Rh.
Table 4.2. Summary of Light Absorbing Properties
Complex [a]
1-OH

1-Cl [b]

λabs (nm)
283
342
417
512

ε (104 M−1cm−1)
10.2
3.8
1.6
2.7

Assignment
bpy(π)→(π*)
dpp(π)→(π*)
Ru(dπ)→bpy(π*)
Ru(dπ)→dpp(π*)

283
342
416
510

10.4
3.9
1.7
2.7

bpy(π)→(π*)
dpp(π)→(π*)
Ru(dπ)→bpy(π*)
Ru(dπ)→dpp(π*)

1-Br [b]

10.4
284
bpy(π)→(π*)
3.8
342
dpp(π)→(π*)
1.8
417
Ru(dπ)→bpy(π*)
2.7
511
Ru(dπ)→dpp(π*)
[a] Spectra obtained in CH3CN at RT in a 1 cm quartz cuvette. [b] Values consistent with
those in Reference 23. [c] Values consistent with those in References 28 and 47.
Photoexcitation into the lowest-energy

1

MLCT excited state results in unity

population of the 3MLCT excited state from where radiative decay occurs and provides a
probe to study the excited state dynamics (Figure 4.3). In the Rh-centered complexes,
intramolecular electron transfer to produce the Ru(dπ)→Rh(dσ*) 3MMCT excited state is
accomplished due to the Rh(dσ*)-based LUMO. Complex 1-OH displays a weak, lowenergy emission (λem = 785 nm, Φem = 3.2×10−4, τ = 41 ns) (Figure 4.S3) that is
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quenched 70% relative to the model complex [{(bpy)2Ru}2(dpp)]4+ (λem = 790 nm, Φem =
9.7×10−4, τ = 140 ns)26 that lacks a low-energy Ru(dπ)→Rh(dσ*) 3MMCT excited state.
1MLCT

kisc

3MLCT

ket

Energy

3MMCT

hν

kr

krxn

knr
knr!

1GS

Figure 4.3. Simplified Jablonski-type state diagram for 1-OH, 1-Cl, and 1-Br. 1GS =
singlet ground state; kisc = rate of intersystem crossing; kr = rate of radiative decay; knr =
rate of nonradiative decay; ket = rate of intramolecular electron transfer; krxn = rate of
photochemical reaction.
Compared to 1-Cl and 1-Br,26, 47 the larger Φem and decreased electron transfer rate to
populate the 3MMCT excited state (ket) in 1-OH is consistent with the stronger field OH–
ligands providing greater destabilization of the Rh-based acceptor orbitals. The small
Φem and short τ for 1-Br is consistent with the heavy atom effect playing a role in excited
state deactivation.48 Differences in excited state properties among 1-OH, 1-Cl, and 1-Br
(Table 4.3) imply different rates of population of the lowest lying 3MMCT excited state
(ket×107 (s−1) 1-OH = 1.7; 1-Cl = 1.9; 1-Br = 2.3), a factor postulated to influence
photocatalytic H2 production efficiency.
Table 4.3. Summary of Excited State Properties
Complex [a]
λem (nm) Φem (10−4)
τ (ns)
1-OH
785
3.2
41
1-Cl [b]

776

2.6

38

ket (107 s−1)
1.7
1.9

1-Br [b]
776
1.4
34
2.3
[a] Spectra obtained in deoxygenated CH3CN at RT in a 1 quartz cm cuvette. [b] Values
from References 26 and 47.
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An enhanced rate of population of the 3MMCT excited state (ket) in 1-Br was
previously proposed to account for greater photocatalytic H2 production relative to
photocatalyst 1-Cl,27-28 and the halide-free 1-OH allows further exploration of this
complex phenomenon. Among 1-OH, 1-Cl, and 1-Br, 1-OH has the lowest ket value,
indicating a decreased rate of population of the 3MMCT excited state from the 3MLCT
excited state. Greater H2 production in organic solvent by 1-OH relative to 1-Cl or 1-Br
(vide infra) suggests alternative pathways exist to enhance photoinitiated electron
collection at Rh. The excited state reduction potentials for the 3MLCT and 3MMCT
excited states for 1-OH are estimated using our reported method27 to be 1.40 and 1.07
V vs. NHE (normal hydrogen electrode), respectively. The DMA sacrificial reductant is
therefore thermodynamically capable of quenching both the 3MLCT and 3MMCT excited
states (E1/2oxd = 1.05 V vs. NHE) with similar driving forces for reductive quenching for 1OH, 1-Cl, and 1-Br.27 Earlier studies indicated that the 3MLCT excited state provides a
catalytically important pathway for photoreduction to produce H2. Enhanced
photocatalytic activity for 1-OH despite the lower ket of population of the 3MMCT excited
state further supports this idea that reductive quenching of the 3MLCT excited state is
important in H2 production schemes for this structural motif. Additional factors capable
of influencing H2 production by 1-OH, 1-Cl, and 1-Br will be later discussed.
4.3.2. Photocatalytic H2 Production Studies
Complex 1-OH was investigated as a solar H2 evolution photocatalyst due to its
ability to efficiently absorb light and collect electrons at Rh. Photocatalytic H2 production
experiments by 1-OH compared to 1-Cl and 1-Br were carried out to gain an
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understanding about the role of the labile ligands at Rh during photocatalysis. When
photolyzed for 20 h at 470 nm with DMA electron donor (1.5 M) in N,Ndimethylformamide (DMF) solvent containing H2O (0.62 M), 1-OH (65 μM) produces
24±2 μmol of H2 (83±6 TON = turnover number = mol H2 produced/mol catalyst) (Figure
4.4), a nearly 3-fold increase in H2 production relative to photocatalyst 1-Cl, producing
9±1 μmol of H2 (30±4 TON) under the same conditions. Photocatalyst 1-Br is more
active than 1-Cl and less active than 1-OH, producing 13±1 μmol of H2 (45±4 TON).
Switching to CH3CN as the photocatalytic solvent, 1-OH remains the most active
photocatalyst in the series, producing 8±0.7 μmol of H2 (28±2 TON), followed by 1-Br
with 4±0.1 μmol of H2 (15±1 TON), and lastly 1-Cl with 3±0.4 μmol of H2 (10±1 TON).
While H2 yields are lower overall in CH3CN solvent due to its stronger ligating ability
relative to DMF,31, 49 the trend in photocatalytic activity is consistent in both solvents of
similar polarity.
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Figure 4.4. H2 production by photocatalysts 1-OH (black squares), 1-Cl (green squares),
and 1-Br (blue squares) in Ar-purged DMF solvent. [photocatalyst] = 65 μM; [H2O] =
0.62 M; [DMA] = 1.5 M; [DMAH+][CF3SO3−] = 110 μM; λirr = 470 nm.
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With the goal of accomplishing solar H2 evolution in a more environmentally
conscious solvent, photolysis experiments were performed in purely aqueous solution
(Figure 4.5).
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Figure 4.5. H2 production by photocatalysts 1-OH (black circles), 1-Cl (green circles),
and 1-Br (blue circles) in Ar-purged aqueous solvent. [photocatalyst] = 65 μM;
[ascorbate buffer] = 1.1 M; λirr = 470 nm.
DMA electron donor is poorly miscible with H2O; therefore, ascorbate buffer was used
as the sacrificial reductant. When 65 μM of photocatalyst is irradiated at 470 nm for 20 h
in aqueous medium with pH 4 ascorbate buffer (0.55 M sodium ascorbate; 0.55 M
ascorbic acid), relatively lower H2 yields are obtained in H2O solvent as expected;41 yet
interestingly, 1-OH, 1-Cl, and 1-Br produce nearly identical amounts of H2 (1-OH
produces 3.4±0.1 μmol of H2 (11±1 TON), 1-Cl produces 3.7±0.1 μmol of H2 (11±1
TON), and 1-Br produces 3.4±0.3 μmol of H2 (11±1 TON)). The electronic absorption
spectra of 1-OH, 1-Cl, and 1-Br after photocatalysis in H2O are identical (Figure 4.6),
indicating that the same photoreduced species are present in solution after photolysis.
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Figure 4.6. Electronic absorption spectrum for complexes 1-OH: black line, 1-Cl: green
line, and 1-Br: blue line in Ar-purged water (_______) and following 20 h photolysis in the
presence of pH 4 ascorbate buffer electron donor (- - - -).
The shift to higher energy of the Ru→dpp 1MLCT transition following photolysis in the
presence of an electron donor is consistent with the formation of the two-electronreduced photoproduct, [{(bpy)2Ru(dpp)}2RhI]5+.23-24, 49 H2 photocatalysis by 1-OH, 1-Cl,
and 1-Br operating through PEC with a readily available electron donor in aqueous
solution is a promising direction for this series and related homogeneous, singlecomponent photocatalysts.
Many factors exist that must be considered when examining the H2 production
abilities of photocatalysts 1-OH, 1-Cl, and 1-Br. In relatively low polarity solvents such
as DMF and CH3CN, the identity of the labile ligands coordinated to Rh impacts the
observed photocatalytic H2 production. The influence of the ligands at Rh on
photocatalysis is an interesting result considering these ligands must dissociate from
the six-coordinate RhIII to form the four-coordinate RhI catalyst capable of reducing H2O
to H2 fuel (Figure 4.7).24
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Figure 4.7. Scheme representing photoinitiated electron collection leading to
photocatalytic H2 production from H2O by complexes 1-OH, 1-Cl, or 1-Br (X− = OH−, Cl−,
or Br−). hν = photoexcitation; ED = sacrificial electron donor.
Recently, we provided evidence for ion pairing with halides as a photocatalyst
deactivator in a RuIIRhIII bimetallic motif bearing either Cl− or Br− halides at Rh.30 Solvent
variation affords a medium to study ion pairing in the RuIIRhIIIRuII architecture as the
force for ion pairing is inversely related to solvent polarity, represented by the solvent’s
dielectric constant (ε). Consequently, in relatively low dielectric solvents of similar
polarity like DMF (ε = 38) and CH3CN (ε = 37), ion pairing between the photocatalyst
and the anions formerly coordinated to Rh is probable, providing an explanation for the
observed differences in H2 production among 1-OH, 1-Cl, and 1-Br. However, in
aqueous solvent, the identity of the labile ligands bound to Rh does not alter the
observed H2 evolution. Water, a more polar solvent (ε = 80) than DMF and CH3CN,
provides an environment where ion pairing is minimized, thus the influence of the
dissociated halides and OH− ligands is indistinguishable.

109

When H2 photocatalysis experiments are carried out in solvents of lower polarity
such as DMF or CH3CN, an apparent photocatalyst solution pH of ~9 exists based on
the pKa of DMAH+ (5.07).27 When 1-Cl or 1-Br are employed for solar H2 photocatalysis,
the halide ligands are dissociated upon formation of the active RhI catalyst. Yet, the
identity of the halides alters H2 evolution. Because of the low pKa of both HCl (−7) and
HBr (−8), the halides will not be protonated in the bulk solution (pH ~ 9) and will remain
negatively charged and in close proximity to the positively charged photocatalyst. With
electrostatic attraction dominating through ion pairing between the halides and the
photocatalyst as it cycles from RhIII/II/I, halides may hinder interaction of the
photocatalyst with the H2O substrate and negatively impact observed H2 production
yields. However, with photocatalyst 1-OH, the OH– ligands dissociated upon formation
of the RhI active catalyst are likely protonated in the bulk solution (pKa of H2O = 14)50 as
photocatalysis proceeds. The H2O generated in the bulk solution furthers the catalytic
cycle for H2 production from this substrate. H2 evolution by 1-OH is not impeded by ion
pairing between the photocatalyst and negatively charged ions capable of hindering
substrate interaction as observed for the halide analogues.
4.4. Conclusions
A new RuIIRhIIIRuII photocatalyst 1-OH was synthesized with OH– ligands bound
to the catalytically active Rh center. The complex was characterized and studied for H2O
reduction photocatalysis relative to halide analogues 1-Cl and 1-Br. CV results for 1-OH
establish a Ru-based HOMO and Rh-based LUMO that provide evidence for multielectron collection at Rh. 1-OH is an effective UV and visible light absorber, possessing
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a lowest energy Ru(dπ)→dpp(π*)

1

MLCT transition. The ground state electronic

properties of the complex are not perturbed by substitution of the OH− ligands at Rh for
Cl− or Br− halides. Quenched emission and a short excited state lifetime from the 3MLCT
excited state for 1-OH relative to the RuIIRuII model complex support photoinitiated
electron collection at Rh via population of the low energy Ru(dπ)→Rh(dσ*) 3MMCT
excited state.
H2 photocatalytic experiments provide further insight on the impact of the ligands
bound to Rh in solar fuel production schemes by single-component photocatalysts. 1OH is a superior H2 photocatalyst in organic solvents DMF and CH3CN relative to 1-Cl
and 1-Br, suggesting that halides are detrimental to photocatalysis and that ion pairing
between the halides and the photocatalyst may be important. Furthermore, differences
in photocatalytic H2 evolution and excited state properties among 1-OH, 1-Cl, and 1-Br
suggest intramolecular electron transfer within the supramolecule may impact rates of
photoinitiated electron collection at Rh, thereby affecting observed photocatalytic activity.
The mechanism for solar H2 production using these molecular architectures is quite
complicated and evidently many factors contribute to the functioning of the photosystem.
Notable differences in photocatalysis with seemingly small structural variation
emphasize the importance of judicious molecular component choice to achieve superior
H2 yields. 1-OH, 1-Cl, and 1-Br are photocatalytically active toward H2 evolution in
aqueous solution, a desirable solvent system with positive environmental implications.
Interestingly, similar H2 production activity is shown for all three photocatalysts in the
high dielectric aqueous solvent where ion pairing is minimized, indicating that ion pairing
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is an important consideration in the development of molecular architectures for
photocatalytic H2 production schemes. Studies are ongoing in our laboratory to better
understand the factors that impact photocatalytic function by these and related
photocatalysts.
4.5. Experimental Section
4.5.1. Materials
All chemicals unless otherwise noted were used as received.
ruthenium

trichloride

(RhCl3·3H2O),

trihydrate

potassium

(RuCl3·3H2O),

hydroxide

(KOH),

rhodium

and

The reagents

trichloride

trihydrate

trifluoromethanesulfonic

acid

(CF3SO3H) were purchased from Alfa Aesar. 2,3-Bis(2-pyridyl)pyrazine (dpp) was
purchased from Sigma-Aldrich Corporation. Ammonium hexafluorophosphate (NH4PF6)
and

cis-dichlorobis(2,2'-bipyridine)ruthenium(II)

hydrate

[(bpy)2RuCl2]·2H2O

were

purchased from Strem Chemicals, Inc. Tetra-n-butylammonium hexafluorophosphate
(Bu4NPF6) was purchased from Fluka. Spectrophotometric grade acetonitrile (CH3CN)
was purchased from Burdick and Jackson. 100% Ethanol was purchased from Decon
Labs, Inc. Toluene, diethyl ether, and 80-200 mesh adsorption alumina were purchased
from Fischer Scientific. [(bpy)2Ru(dpp)](PF6)2,45 [{(bpy)2Ru(dpp)}2RhCl2](PF6)5 (1-Cl),51
and [{(bpy)2Ru(dpp)}2RhBr2](PF6)5 (1-Br)28 were prepared as previously reported.
4.5.2. Synthesis of [Rh(H2O)6](CF3SO3)3
The complex [Rh(H2O)6](CF3SO3)3 was prepared similar to a reported method.44
The starting material RhCl3·3H2O (0.50 g, 1.90 mmol) was dissolved at RT with stirring
in 15 mL water. To the deep red solution, a 0.1 M KOH solution was added drop wise
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until pH 13 was reached. As the pH of the solution increased, a cloudy yellow precipitate
formed. The suspension was transferred to a centrifuge tube and centrifuged multiple
times, removing the supernatant and washing with copious amounts water each time to
ensure removal of all Cl−. The remaining yellow solid was suspended in a minimal
amount of water in a two-neck round bottom flask. Neat CF3SO3H (~2 mL) was added
drop wise until the solid fully dissolved. The yellow solution was heated at reflux for 7 d.
Upon completion of heating, the yellow solution was syringe filtered prior to analysis.
Electronic absorption spectroscopy in CF3SO3H acidified water, λ (ε): 311 nm (64.7
M−1cm−1) and 396 nm (62 M−1cm−1).52
4.5.3. Synthesis of [{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 (1-OH)
The new complex [{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 was prepared with adaptation
of a similar method.51 The starting materials [(bpy)2Ru(dpp)](PF6)2 (0.30 g, 0.32 mmol)
and [Rh(H2O)6](CF3SO3)3 (0.16 mmol, prepared spectrophotometrically) were combined
in 2:1 (v/v) ethanol/water and heated at reflux for 1 h. Upon cooling to RT, the sample
was added drop wise to a 2 M aqueous NH4PF6 solution to induce precipitation as a
PF6− salt. A deep red/purple solid was collected via vacuum filtration. Typical sizeexclusion purification for multimetallic RuIIRhIII complexes was not performed with the
synthesized complex due to the strong likelihood of the cis-Rh(OH)2 subunit interacting
with the stationary phase of the chromatography column. Therefore, the complex was
purified by 3× reprecipitation from CH3CN/diethyl ether. A deep red/purple solid was
collected via vacuum filtration and rinsed with excess diethyl ether (0.31 g, 0.14 mmol,
yield = 89%). ESI-MS: [M – PF6−]+, m/z = 2013.03.
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4.7. Supplemental Information
4.7.1. Methods
4.7.1.1. Mass Spectrometry
Samples were analyzed using electrospray ionization time-of-flight mass
spectrometry (ESI-MS) with an Agilent Technologies 6220 Accurate-Mass TOF LC-MS
with a dual ESI source to obtain high-resolution mass spectral data. The solvent used
was HPLC grade methanol.
4.7.1.2. Electrochemistry
Cyclic voltammograms were obtained using a Bioanalytical Systems (BAS)
Epsilon electrochemical analyzer. In a three electrode, one compartment cell, 0.1 M
Bu4NPF6 in spectrophotometric grade CH3CN was the supporting electrolyte solution.
The working electrode was glassy carbon, the auxiliary electrode was a platinum wire,
and the reference electrode was Ag/AgCl calibrated against the ferrocene/ferrocenium
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(FeCp2/FeCp2+) redox couple.53 Cyclic voltammograms were obtained at a scan rate of
100 mVs−1.
4.7.1.3. Electronic Absorption Spectroscopy
Electronic absorption spectra were obtained using a Hewlett Packard 8453 diode
array spectrophotometer.

Using a sampling interval of 1 nm, measurements were

obtained in a wavelength range of 190-1100 nm. Measurements were carried out in a
0.4 cm or 1 cm path length quartz cuvette (Starna Cells, Inc., Atascadero, CA) in room
temperature spectrophotometric grade CH3CN.

Extinction coefficient measurements

were performed in triplicate.
4.7.1.4. Steady-State Luminescence Spectroscopy
Steady-state emission spectra were measured using a QuantaMaster Model QM200-45E fluorimeter from Photon Technologies Internation, Inc. Spectra were obtained
using a 1 cm path length quartz cuvette and room temperature deoxygenated
spectrophotometric grade CH3CN. The excitation source was a water-cooled 150 W
xenon arc lamp and the emission spectra were obtained at a 90° angle with a
thermoelectrically cooled Hamamatsu 2658 photomultiplier tube operating in photon
counting mode with 0.25 nm resolution.

The quantum yields of emission were

measured relative to [Os(bpy)3]2+ (Φem = 4.62 × 10−3).54

Emission spectra were

corrected for PMT response using the manufactured-supplied correction file.
4.7.1.5. Time-Resolved Luminescence Spectroscopy
The excited state lifetimes were measured using a Photon Technologies
International, Inc. PL-2300 nitrogen laser with an attached PL-201 tunable dye laser

115

using Coumarin 500 dye.

The excitation monochromator was set to 540 nm and

emission from the sample was detected at a 90° angle from the excitation source by
passing through an emission monochromator set to 780 nm with a Hamamatsu R928
photomultiplier tube operating in direct output mode. The signal was recorded using a
Techronix TDX 3052C oscilloscope, averaging the results of 300 sweeps.
4.7.1.6. H2 Photolysis Experiments
To measure photocatalytic H2 production by photocatalysts 1-OH, 1-Cl, and 1-Br,
experiments were carried out using a similar method as reported by our group.24 For
those reactions involving organic solvent (CH3CN or DMF), stock solutions were
spectrophotometrically prepared in the appropriate solvent and then combined with
water in the airtight photolysis reaction cell sealed with a 10 mm septum. The catalyst in
the organic solvent/water mixture was deoxygenated using Ar gas for 10 min before
injection of the separately deoxygenated DMA electron donor. The 4.5 mL total solution
volume was comprised of 65 μM (0.29 μmol) photocatalyst, 0.62 M H2O, 1.5 M DMA,
0.11 mM [DMAH+][CF3SO3−], and the cell had a headspace of 16.0 mL. For those
reactions involving aqueous solvent, stock solutions were spectrophotometrically
prepared in water and combined with the ascorbate buffer solution prior to degassing for
15 min. The 5.0 mL total solution was comprised of 65 μM photocatalyst (0.29 μmol)
and 1.1 M pH 4 ascorbate buffer solution (0.55 M sodium ascorbate; 0.55 M ascorbic
acid), and the cell had a headspace of 15.5 mL. The solution was irradiated with a 470
nm LED array constructed in-house (LED array light flux = 2.36±0.05 × 1019
photons/min).55 H2 gas production was monitored in real time using HY-OPTIMA 700 in-
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line process solid-state H2 sensors from H2scan (Valencia, CA) that was connected to
the photolysis cell using an o-ring for an airtight seal. The value reported for H2
production is an average of three trials run simultaneously.

Relative Abundance

4.7.2. Supplemental Figures
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Figure 4.S1. Calculated (top) and experimental (bottom) mass spectrum for complex
[{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 (1-OH). The molecular ion peak corresponds to [M–
PF6−]+.
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Figure 4.S2. Cyclic voltammogram for complex [{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 (1-OH)
under an Ar atmosphere in 0.1 M Bu4NPF6/CH3CN solution at RT with a glassy carbon
working electrode (ν = 100 mVs−1).
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Figure
4.S3.
Steady-state
emission
spectrum
for
complex
[{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 (1-OH) obtained in RT deoxygenated CH3CN in a 1 cm
quartz
cuvette
cell.
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5. Conclusions
New RuIIRhIII multimetallic supramolecular complexes were synthesized for use
as photocatalysts for the photochemical reduction of H2O to H2 fuel. Bimetallic complex
[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+ was prepared for comparison to reported
analogue [(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+, and the impact of halide variation on
the electrochemical, light absorbing, and excited state properties was examined. The
number of Ru light absorbing subunits in the bimetallic architecture was increased from
one to two for the preparation of new trimetallic complex [{(bpy)2Ru(dpp)}2Rh(OH)2]5+.
This halide-free complex containing OH− ligands was studied in comparison to halidecontaining complexes [{(bpy)2Ru(dpp)}2RhX2]5+ (X = Cl− or Br−). Previous studies
reported that the identity of the ligands coordinated to Rh in RuIIRhIII supramolecules
impacted H2 photocatalysis; however, no previous studies investigated the excited state
properties or labile ligand variation for RuIIRhIII bimetallic complexes. Furthermore, no
RuIIRhIII multimetallic complex has been synthesized containing OH− ligands at the
reactive metal center. Variation of the ligands coordinated to the catalytically active Rh
center was carried out to gain insight about the impact of the nonchromophoric,
monodentate ligands on photocatalytic H2 evolution employing single-component
photocatalysts.
A

building

block

approach

was

used

to

prepare

new

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+

and

[{(bpy)2Ru(dpp)}2Rh(OH)2]5+.

complexes
Complex

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)](PF6)3 was prepared from a 1:1 molar ratio of
[(Ph2phen)2Ru(dpp)](PF6)2 and new complex [(Ph2phen)RhBr3(DMF)], coupling the Ru
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LA subunit to the cis-RhBr2 reactive metal center. The new RhIII monometallic complex
containing one bidentate polypyridyl Ph2phen ligand was challenging to synthesize, and
low heat over a shortened reaction time was required to prevent coordination of two
Ph2phen bidentate ligands. Complex [{(bpy)2Ru(dpp)}2Rh(OH)2](PF6)5 was prepared
from a 2:1 molar ratio of [(bpy)2Ru(dpp)](PF6)2 and [Rh(H2O)6](CF3SO3)3, coupling two
Ru LAs to a halide-free cis-Rh(OH)2 reactive metal center. Both bimetallic and trimetallic
complexes were prepared using a step-wise synthetic approach that allowed for
judicious choice of molecular components needed to explore the impacts of ligand
variation.
Cyclic voltammetry provided a forum to study the relative orbital energetics of
RuIIRhIII supramolecular complexes. Complexes [(Ph2phen)2Ru(dpp)RhX2(Ph2phen)]3+
(X = Cl− or Br−) possessed rich redox behavior, with unprecedented cathodic
electrochemistry tuned by the halides coordinated to the Rh center. Near isoenergetic
Rh(dσ*) and dpp(π*) molecular orbitals in the bimetallic motif provided for multiple
electrochemical reduction pathways influenced by the scan rate of the experiment and
the identity of the halide. Anodic scans revealed a reversible RuII/III oxidation regardless
of halide identity. Cathodic scans revealed two largely irreversible Rh-based reductions,
with subsequent halide loss, that provided evidence for the collection of two redox
equivalents at the reactive metal center. The first reductive couple corresponded to
either RhIII/II/I (number of electrons transferred = n = 2) or RhIII/II (n = 1), with the former
dominating when X = Br− and at slower scan rate (< 0.1 V/s) and the latter dominating
when X = Cl− and at faster scan rates (> 0.1 V/s). The second reductive couple
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corresponded to RhII/I (n = 1) and existed for the fraction of complex that did not undergo
a two-electron reduction in the first couple. Both pathways occurred simultaneously on
the CV timescale, accounting for the observed non-integer current response. Despite
complicated electrochemical pathways, CV results provided clear evidence for a Ru(dπ)based HOMO and a Rh(dσ*)-based LUMO, which are requirements for photoinitiated
electron collection and active H2 photocatalysis. Complex [{(bpy)2Ru(dpp)}2Rh(OH)2]5+
also displayed rich cathodic and anodic electrochemistry. An overlapping, two-electron
RuII/III oxidation corresponded to oxidation of the predominantly electronically uncoupled
Ru LA subunits. Cathodically, the complex displayed overlapping, two-electron RhIII/II/I
reductions followed by two dpp0/− reductions, providing evidence for lowest lying Rhbased molecular orbitals. As with the electrochemistry of the bimetallic complexes, the
electrochemistry of the trimetallic complex containing OH− ligands provided evidence for
a Ru(dπ)-based HOMO and a Rh(dσ*)-based LUMO that are crucial for the preparation
of H2O reduction photocatalysts.
The studied RuIIRhIII multimetallic complexes were efficient light absorbers in the
UV and visible regions, an important characteristic for visible-light induced H2
photocatalysis.

Both

[{(bpy)2Ru(dpp)}2Rh(OH)2]5+

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+

and

possessed IL (π→π*) transitions in the visible region,

corresponding to TL and dpp ligand-based transitions. The visible region was dominated
by 1MLCT transitions, with both multimetallic complexes possessing Ru(dπ)→TL(π*)
transitions and lowest energy Ru(dπ)→dpp(π*) transitions (λabs = 512 – 514 nm; ε ~ 104
M−1 cm−1). For the both multimetallic architectures, variation of the ligands bound to Rh

126

did not greatly impact the energies (λ) or intensities (ε) of the electronic transitions
associated with light absorption. Thus, the monodentate ligands bound to Rh were
nonchromophoric, and their identity did not perturb the ground state optical properties of
the supramolecular photocatalysts.
An emissive 3MLCT excited state in both the bimetallic and trimetallic Ru,Rh
architectures provided a probe to study the excited state dynamics. Upon excitation into
the lowest-energy Ru(dπ)→dpp(π*) 1MLCT excited state, intersystem crossing occurred
to populate the 3MLCT excited state from where radiative decay occurred. However,
relatively

low

quantum

yields

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+

and

short

(Φem

=

excited
1.4×10−4;

state
τ

=

lifetimes
46

ns)

for
and

[{(bpy)2Ru(dpp)}2Rh(OH)2]5+ (Φem = 3.2×10−4; τ = 41 ns) provided evidence for
population of a low-lying 3MMCT excited state from where active H2 photocatalysis was
postulated to occur. Complexes [(Ph2phen)2Ru(dpp)RhX2(Ph2phen)]3+ (X = Cl− or Br−)
possessed similar excited state properties, providing an ideal forum to examine the
impact of halide identity on photocatalytic H2 evolution where light absorbing and
excited

state

properties

are

the

same.

Conversely,

trimetallic

complexes

[{(bpy)2Ru(dpp)}2RhX2]5+ (X = OH−, Cl−, or Br−) possessed different excited state
properties upon variation of the ligands coordinated to Rh that suggested the rate of
population of the 3MLCT excited state, not only the 3MMCT excited state as previously
proposed, influenced photochemical H2 production. Undoubtedly, the excited state
dynamics are important to understand for the design of supramolecular architectures
applicable to H2 evolution from H2O.
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With evidence for the appropriate orbital energetics needed to achieve
photoinitiated electron collection at the Rh reactive metal center, new complexes
[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+ and [{(bpy)2Ru(dpp)}2Rh(OH)2]5+ were active H2
production photocatalysts and displayed increased H2 evolution in DMF solvent relative
to their reported analogues. N,N-Dimethylaniline (DMA) served as an effective electron
donor to quench the photogenerated RuIII chromophoric subunit and allow photoinitiated
electron

collection

at

the

[(Ph2phen)2Ru(dpp)RhBr2(Ph2phen)]3+

Rh

reactive

was

more

metal
active

center.
(62±5

Complex

TON)

than

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ (40±2 TON), maintaining the trend observed for
trimetallic complexes that Br− analogues are more active than their Cl− counterparts.
However, with identical light absorbing and excited state properties, a new phenomenon
was required to explain the discrepancies in photocatalytic efficiencies. With halide loss
occurring to form the proposed active catalyst [(Ph2phen)2Ru(dpp)RhI(Ph2phen)]3+,
halide-dependent H2 photocatalysis is a surprising result. However, upon halide loss,
the anionic ligands were thought to remain in close proximity to the positively charged
multimetallic photocatalyst via ion pairing, which inhibited further interaction with the
H2O substrate required for H2 photocatalysis. Br−, a weaker σ-donor than Cl−, was
predicted to form comparatively weaker ion pairs with the metal complex, accounting for
larger TONs relative to the Cl− analogue. H2 production experiments with added halide
confirmed that halides were detrimental to photocatalysis and that Cl− poisoned the
photocatalytic

system

to

a

greater

extent

than

Br−.

Trimetallic

complex

[{(bpy)2Ru(dpp)}2Rh(OH)2]5+ (83±6 TON) was more active as a photocatalyst for H2
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production

in

DMF

solvent

than

[{(bpy)2Ru(dpp)}2RhCl2]5+

(30±4

TON)

or

[{(bpy)2Ru(dpp)}2RhBr2]5+ (45±4 TON). Upon consideration of the pKa of the respective
monodentate ligands, the OH− complex was a superior photocatalyst by comparison to
the halide analogues because the dissociated OH− ligands were likely protonated in the
bulk solution, unlike the halides that remained negatively charged upon dissociation and
were capable of detrimental ion pairing. Interestingly, in aqueous solvent, the three
trimetallic photocatalysts produced nearly identical amounts of H2. Variation of the
photocatalytic solvent and the ligands coordinated to Rh provided further evidence that
ion pairing played a role in the deactivation of the supramolecular photocatalysts. In low
dielectric solvents (DMF or CH3CN), the identity of the ligands coordinated to Rh
impacted observed photocatalytic H2 yields through ion pairing between the dissociated
anionic ligands and the positively charged multimetallic complex; however, in a high
dielectric solvent (H2O), ligand identity did not impact the observed H2 evolution
because the dissociated halides and hydroxides were indistinguishable in the aqueous
bulk solution where ion pairing was minimized.
The experiments described in this dissertation provided evidence that minor
structural variation at the catalytically active metal center in RuIIRhIII supramolecular
complexes

impacted

solar

H2

production

schemes.

By

investigation

of

the

electrochemical, light absorbing, and excited state properties, insight was gained to
better understand the molecular features that dictate photochemical H2 production
abilities. In both the bimetallic and trimetallic architectures, halides coordinated to the
Rh center limited photocatalytic H2 production in organic solvents by ion pairing with the
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photogenerated RuIIRhI supramolecule and inhibiting further interaction of the H2O
substrate with the photocatalyst. The negative impact of ion pairing on H2 photocatalysis
was further confirmed through the use of a high dielectric aqueous solvent where ion
pairing was minimized; thus, no discrepancy in H2 evolution was observed upon ligand
variation at Rh. The knowledge gained about component and solvent selection for
photocatalytic H2 production employing supramolecular photocatalysts provided
important insight to optimize architectures for solar H2 production schemes.
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