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Abstract

The goal of this research was to develop a series of mixed-metal supramolecular complexes with 

specialized light absorbing units to probe perturbation of excited-state properties by ligand deuteration 

and long-term complex stability via racemization of initially enantiopure light absorbing subunits.  

Varying bidentate polypyridyl terminal ligands (TL), bridging ligands (BL), reactive metal center (RM),

or number of Ru(II) light absorbers (LA) tunes the electrochemical, spectroscopic, photophysical, and 

photochemical properties within the supramolecular architecture. Ru(II) monometallics of the design 

[(bpy)2Ru(prolinate)](PF6) utilize prolinate as a chiral directing ligand to impart chirality to the Ru(II) 

LAs in the synthesis of more sophisticated supramolecular complexes. Ru(II) monometallics of the 

design [(TL)2Ru(BL)](PF6)2 (TL = bpy or d8-bpy; BL = dpp or d10-dpp; -bipyridine; dpp = 

2,3-bis(2-pyridyl)pyrazine) covalently couple two TLs and one BL to a central Ru(II) metal center 

forming a LA subunit. Larger bi- and trimetallic complexes are formed by coupling an additional 

Ru(II), Rh(III), or Pt(II) metal center to an existing Ru(II) LA through a BL.  Ru(II),Ru(II), 

Ru(II),Rh(III), and Ru(II),Pt(II) bimetallics of the design [(TL)2Ru(BL)Ru(TL)2](PF6)4,

[(TL)2Ru(BL)RhCl2(TL )](PF6)3, and [(TL)2Ru(BL)PtCl2](PF6)2 (TL/TL = bpy or d8-bpy; BL = dpp or 

d10-dpp) couple only one Ru(II) LA to a Ru(II), Rh(III), or Pt(II) metal center through the BL.

Ru(II),Rh(III),Ru(II) trimetallics of the design [{(TL)2Ru(BL)}2RhCl2](PF6)5 (TL = bpy or d8-bpy; BL = 

dpp or d10-dpp) covalently couple two Ru(II) LAs to a central Rh(III) RM through polyazine BLs.

The complexes discussed herein are synthesized using a building block approach, permitting 

modification of the supramolecular architecture through multiple synthetic steps.  Electrochemical 

analysis of the mono-, bi-, and trimetallic complexes displays several common features: a Ru-based 

HOMO and either a bridging ligand or Rh-based LUMO.  TL and BL modification by ligand deuteration 

does not affect the electrochemistry of the Ru(II), Ru(II),Ru(II), Ru(II),Rh(III), or Ru(II),Rh(III),Ru(II)

complexes.  Likewise, utilizing a single enantiomer of the LA subunit does not modify the redox 

behavior of Ru(II), Ru(II),Pt(II), or Ru(II),Rh(III),Ru(II) complexes.  All of the mono-, bi-, and 
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trimetallic complexes are efficient light absorbers throughout the UV and visible with * intraligand 

(IL) transitions in the UV and Ru(d ) ligand( *) metal-to-ligand charge transfer (MLCT) transitions in 

the visible.  Ligand deuteration does not affect the light absorbing properties of the complexes, while 

incorporation of chiral LA subunits imparts a preference for circularly polarized light (CPL) absorbance 

into supramolecular complexes.  Photoexcitation of the Ru(d ) dpp( *) 1MLCT results in near unity 

population of short-lived, weakly emissive Ru(d ) dpp( *) 3MLCT excited state. In the Ru(II), 

Ru(II),Ru(II), and Ru(II),Pt(II) complexes, the 3MLCT excited state relaxes to the ground state by 

emission of a photon or vibrational relaxation processes. In the Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) 

complexes, the 3MLCT excited state is efficiently quenched by intramolecular electron transfer to 

populate a non-emissive Ru(d ) Rh(d *) metal-to-metal charge transfer (3MMCT) excited state.

Utilizing a deuterated BL, the excited-state lifetimes and quantum yield of emission ( em) are increased 

for Ru(II), Ru(II),Ru(II), Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) complexes.

The Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) complexes have previously been shown to be 

exceptional photochemical molecular devices (PMD) for photoinitiated electron collection (PEC).  The 

ability of these complexes to undergo multiple redox cycles, efficiently absorb light, populate reactive 

excited states, and collect electrons at a reactive Rh metal center fulfills the requirements for H2O

reduction photocatalysts.  Photolysis of the Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) complexes with 470 

nm light in the presence of a sacrificial electron donor and H2O substrate yields photocatalytic H2

production. Varying the BL from dpp to d10-dpp in the bimetallic architecture results in enhanced, 

although relatively low, catalyst efficiency producing 40 ± 10 μL H2 with dpp and 80 ± 10 μL H2 with 

d10-dpp in a CH3CN solvent system after 48 h photolysis.  The trimetallic architecture showed no 

enhancement in photocatalytic efficiency and produced 210 ± 20 μL H2 with dpp and 180 ± 20 μL H2

with d10-dpp in a DMF solvent system after 20 h photolysis.  The Ru(II),Rh(III) and 

Ru(II),Rh(III),Ru(II) complexes’ behavior differs in that the excited state lifetime is the most important 

factor for bimetallic catalyst functioning, but intramolecular electron transfer  is the most important 

factor for the trimetallic photocatalysts.

Another important property to understand with these catalysts is their long-term stability in 

solution.  In order for these mixed-metal complexes to be industrially useful, they must perform for long 

periods of time without degradation in the presence of H2O substrate and electron donors in solution.  

Previous examinations of Ru(II),Rh(III),Ru(II) photocatalysts have found that they can perform for ca. 

50 h of photolysis, but are not as effective as the initial few hours.  Special care was taken to synthesize 
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enantiopure LA subunits and incorporate them into Ru(II),Pt(II) and Ru(II),Rh(III),Ru(II) architectures 

to study their photolytic stability by monitoring how long the complexes retained their chirality using 

electronic circular dichroism (ECD) spectroscopy.  After photolyzing for longer than 200 hours with an

LED light source, the quantum yield for racemization ( rac) for the Ru(II),Pt(II) and 

Ru(II),Rh(III),Ru(II) architectures is 2.6 × 10 8 and 0.72 × 10 8, respectively.  Also, by photolyzing in 

the presence of free bpy, the bi- and trimetallic complexes racemize via a non-dissociative trigonal twist 

mechanism.

This dissertation reports the detailed analysis of the electrochemical, spectroscopic, 

photophysical, and photochemical properties of a series of selectively deuterated [(TL)2Ru(BL)](PF6)2,

[(TL)2Ru(BL)Ru(TL)2](PF6)4, [(TL)2Ru(BL)RhCl2(TL )](PF6)3, and [{(TL)2Ru(BL)}2RhCl2](PF6)5 (TL 

= bpy or d8-bpy; BL = dpp or d10-dpp; -bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine)

supramolecular complexes and a series of [(bpy)2Ru(prolinate)](PF6), [(bpy)2Ru(dpp)](PF6)2,

[(bpy)2Ru(dpp)PtCl2](PF6)2, and [{(bpy)2Ru(dpp)}2RhCl2](PF6)5 supramolecular complexes with 

enantiopure light absorbing subunits. The design of the supramolecular architecture and intrinsic 

properties of each subunit contribute to the function of these systems.  The careful design, synthesis and 

purification, thorough characterizations, and experimentation have led to deeper understanding of the 

molecular properties required for efficient H2O reduction.
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Thesis Statement

The goal of this research is to study the photophysical properties, photochemical properties, and 

long-term stability of polyazine-bridged supramolecular Ru(II),Rh(III),Ru(II) trimetallic H2 production 

photocatalysts incorporating either deuterated polyazine ligands or enantiopure Ru(II) light absorber 

subunits.
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1.  Introduction

1.1.  Project Description

The goal of this research is to use component and structural modification in Ru(II),Rh(III) and 

Ru(II),Pt(II)  supramolecular complexes to understand the complicated redox and photophysical 

properties and how to improve their function as single component catalysts through detailed analysis. 

Systematic component variation of the Ru(II),Rh(III) bimetallic and trimetallic  supramolecular 

architectures [(TL)2Ru(BL)RhCl2(TL’)]3+ and [{(TL)2Ru(BL)}2RhCl2]5+, where TL and TL’ = bpy or d8-

bpy and BL = dpp or d10-dpp, and comparison to the monometallic precursors [(TL)2Ru(BL)]2+ provides 

insight into how ligand deuteration affects the redox, spectroscopic, photophysical and photochemical 

properties.  Controlling the absolute stereochemistry of the light absorbing units gives a unique 

spectroscopic window for following the complexes and allows in-depth study of the long-term stability 

and degradation mechanisms of Ru(II), Ru(II),Pt(II) and Ru(II),Rh(III),Ru(II) complexes in solution.  

The structural variations discussed in this dissertation are depicted in Figure 1.1 for the 

[{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic architecture.
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Figure 1.1: Structural variations discussed in this dissertation demonstrated on the Ru(II),Rh(III),Ru(II)
trimetallic supramolecular architecture.  TL = terminal ligand, BL = bridging ligand, LA = light 

-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

1.2. Solar-to-Chemical Energy Conversion

The development of clean, renewable fuels is of critical importance as the demand for energy 

rapidly increases and the earth’s supply of fossil fuels decreases.1 Carbon-based fuels such as oil, 

natural gas, and coal provide the majority of the energy used in the world today.  These resources are 

non-renewable, and their combustion by-products have negative environmental impacts.  Renewable 

energy research is currently focused on sources such as solar, wind, geothermal, and hydroelectric 

energy.  Solar-to-chemical energy conversion in which water splitting is driven by energy from the sun 

to produce chemical fuels will be discussed in the context of this dissertation.1-8

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

[{(d8-bpy)2Ru(dpp)}2RhCl2]5+ [{(bpy)2Ru(d10-dpp)}2RhCl2]5+

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

Vary TL
Deuteration

Vary BL
Deuteration

Control LA 
Stereochemistry

Control LA 
Stereochemistry

3
 
 

 

 



1.2.1. Solar Energy

The sun provides an abundant, nearly inexhaustible amount of radiant energy to the earth.  The 

surface of the earth receives more solar energy in one hour (4.3 x 1020 J) than the total amount of energy 

consumed on the planet in one year (4.1 x 1020 J).2,7,9,10 Most of the radiant energy reaching the earth’s

surface falls between wavelengths 280 and 2500 nm or energies of 4.4 to 0.5 eV.10 The solar irradiance 

spectrum measured at the earth’s surface pictured in Figure 1.2 displays the intensity of light at each 

wavelength absorbed by a 1 m2 detector as a function of photon energy.11 Unfortunately, the sun’s 

abundant, readily available energy cannot be easily transformed into a usable fuel because means of 

harnessing solar energy are currently inefficient and costly.

Figure 1.2: Solar irradiance spectrum depicting the solar power density reaching earth’s surface as a 
function of photon energy.  Solar power density is the radiant intensity of light absorbed by a 1 m2

surface at each wavelength of light.  Figure adapted from reference 11.

1.2.2. Light Absorption

Efficient absorption of solar radiation in the form of ultraviolet (UV) and visible light is 

necessary for solar-to-chemical energy conversion.  A sample electromagnetic spectrum featuring the 

wavelength for each type of radiation is shown in Figure 1.3, along with the chemical processes 

promoted by each type of radiation.12 In the quantum mechanical model of light, a beam of radiation 

can be thought of as a stream of photons propagating as a planar wave through a medium.  This picture 
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of light as being composed of individual photons is a fundamental foundation of photochemistry.  The 

energy of a photon, E, is directly Equation 1.1,

= (1.1)

where h is Planck’s constant (6.626 x 10-34 J·s or 4.136 x 10-15 eV·s).  A photon’s frequency and 

Equation 1.2,

=  (1.2)

where c is the speed of light, 2.9989 x 108 m/s.  Combining Equations 1.1 and 1.2 to relate a photon’s 

energy to its wavelength yields Equation 1.3.

=  (1.3)

UV (10-400 nm) and visible (400-700 nm) photons contain the appropriate amount of energy to promote 

most electronic transitions, between 1.7 and 3.0 eV.  Other molecular transitions include vibrational 

transitions, rotational transitions and nuclear spin transitions, promoted by infrared, microwave and 

radio wave radiation.  For solar-to-chemical energy conversion, electronic transitions prove to be the 

most useful as they can influence the motion of electrons in a molecule.  Promoting an electron can 

force that electron in a controlled direction toward a separate portion of the molecule, e.g. a localized 

catalytic site or reactive portion of the molecule.  The ability to drive electronic transitions makes solar 

energy an extremely attractive energy source for chemical transformations.
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Figure 1.3: The electromagnetic spectrum, highlighting the region of interest to photochemistry. Figure 
adapted from reference 13.

1.2.3.  H2O Splitting

The search for a renewable, preferably carbon-neutral fuel source has directed interest toward 

H2.  H2 has the highest power density of any non-nuclear based fuel and burns cleanly in air, producing 

H2O rather than CO2 and environmentally harmful byproducts.9,13 Because H2O can also be used as a 

feedstock for producing H2, the formation/combustion process of H2 is cyclic.  H2O can be split into its 

components through either a single electron process or a multielectron process.  The single electron 

process homolytically cleaves one of the O–H bonds to form H• and HO• and requires ca. 5 eV while 

the multielectron process produces H2 and O2 only requires ca. 1.23 eV.3 The multielectron water 

splitting reaction and the individual oxidation and reduction half reactions at pH = 7 and 298 K appear in 

Equations 1.4-1.6 (reaction potentials vs. a normal hydrogen electrode, NHE).

2 H2O (l) 2 (g) + O2 (g) (1.4)

4 OH (aq) 2 H2O (l) + 4 e + O2 (g) E = 0.00 V (1.5)

4 H2O (l) + 4e 2 (g) + 4OH (aq) 1.23 V (1.6)
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Both half reactions take place in water and so are pH dependent.  At pH = 0, the reduction half reaction 

takes place at 0.82

unit, as described by the Nernst equation.14 The oxidation half reaction also varies with pH but with the 

opposite sign compared to the reduction half reaction so that the overall water splitting reaction occurs at 

V vs. NHE.  Conveniently, ca. 75 % of the photons reaching the earth can deliver 

enough energy to drive the thermodynamically uphill multielectron water splitting reaction.  However, 

H2O does not absorb most sunlight that reaches the earth’s surface and H2O is not split upon exposure to 

sunlight at the earth’s surface.3 In order to effectively utilize the energy impinging upon the earth’s

surface to split water, multiple electrons must be collected and stored until they are needed to perform 

the multielectron splitting of water.

In order to efficiently reduce H2O using radiant solar energy, several challenges must be 

overcome: (1) light energy must be absorbed efficiently and stored in a long-lived excited state with 

sufficient energy to drive the reaction, (2) molecular-level charge separation must occur to generate a 

potential gradient, (3) multiple reducing equivalents must be accumulated to drive the multielectron 

process, and (4) chemical bonds must be broken and formed.4,15-17 The multielectron process requires 

the accumulation of negative charges and the delivery of those charges to aqueous protons or water 

molecules.  Incorporation of molecular photocatalysts into a system where they can function as 

photosensitizers, electron relays, and catalytically active sites to deliver electrons to protons or water, 

while also providing a scaffold to reduce H2O. Designing systems that can successfully carry out each 

of the processes is very challenging.  Research typically focuses only on understanding one half of the 

overall water splitting reaction by replacing the other half with a sacrificial reagent: water oxidation 

research utilizes a sacrificial electron acceptor and water reduction research utilizes a sacrificial electron 

donor.

1.3.  Supramolecular Chemistry

Advances in chemical education and research have driven chemists to progress from the study of 

small, simple molecules to the understanding of large molecular assemblies. The field of 

supramolecular chemistry encompasses a wide array of molecules that are governed at the molecular 

level from weak interactions (hydrogen bonding, intermolecular forces) to strong interactions (covalent 

bonding).18-21 This area of chemistry focuses on systems, labeled supramolecular complexes, comprised 
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of multiple components that combine and contribute to the functioning and identity of the large 

molecular assembly connected by coordinate covalent bonds. Nature’s development and evolution of 

natural photosynthesis through the complex structures of Photosystem I and II have fascinated scientists 

since their discovery. Only recently has science begun to emulate nature by attempting to mimic natural 

photosynthesis through the development of artificial photosynthetic assemblies.  The components of 

both Photosystem I and II play specific roles within the supramolecular assembly.  Individual 

components can be studied to obtain more insight for designing efficient supramolecular complexes 

toward artificial photosynthesis.

1.3.1.  Supramolecular Chemistry Defined

In the scope of this dissertation, a supramolecular complex is described as an assembly of 

components that each execute a distinct task and work together to perform a complicated function, as 

proposed by Vincenzo Balzani in 1987.22 When this function such as intramolecular electron or energy 

transfer is initiated by light, the complex is known as a photochemical molecular device (PMD).2,22-24

The ability to complete this function is governed by the selection of individual components and the order 

in which they are assembled. Incorporation of Ru(II)-polyazine light absorbers (LAs) into multimetallic 

supramolecular assemblies requires the use of bridging ligands. Bridging ligands perturb the properties 

of the subunits used to build the supramolecule. Understanding and controlling the perturbations of 

subunit properties upon incorporation into supramolecular assemblies is paramount to these applications.

1.3.2. Ru(II)-Polypyridyl Light Absorbers

Ru(II) coordination complexes with three bidentate polyazine ligands, [Ru(TL)3]2+ (TL = 

terminal ligand), exhibit suitable properties for efficient solar energy harvesting that, if coupled to 

catalytic metal centers, can promote conversion to chemical energy.  Ru(II) LAs are efficient UV and 

visible light absorbers with strongly reducing/oxidizing electronic excited states that are sufficiently 

long-lived to undergo excited state electron transfer reactions.25,26 The excited state properties of these 

complexes are tuned through ligand variation, making them interesting and useful candidates for light 

absorbers in solar energy conversion schemes.  The most well-studied homoleptic Ru(II)-polyazine 

complex is [Ru(bpy)3]2+ -bipyridine).26-30 [Ru(phen)3]2+ and [Ru(Ph2phen)3]2+ (phen = 1,10-
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phenanthroline and Ph2phen = 4,7-diphenyl-1,10-phenanthroline), Figure 1.4, are analogues with redox 

and photophysical properties that reflect the TL identity.

Figure 1.4: Structural representations of [Ru(bpy)3]2+, [Ru(phen)3]2+, and [Ru(Ph2phen)3]2+.  bpy = -
bipyridine, phen = 1,10-phenanthroline, Ph2phen = 4,7-diphenyl-1,10-phenanthroline.

1.3.2.1.  Redox Properties

Cyclic voltammetry is an electrochemical technique that analyzes redox active species using a 

potential sweep method.  Redox couples provide frontier orbital energies, and their reversibility suggests 

whether a species undergoes a chemical reaction following the redox event.14,31 The waveform (Figure 

1.5A) and cyclic voltammogram (Figure 1.5B) for the Fe(C5H5)2/Fe(C5H5)2
+ redox couple are provided 

below as an example to explain this analytical tool.  Beginning at the initial potential (Ei) of 0.30 V vs. 

Ag/AgCl, the potential is increased at a fixed scan rate of 0.1 V/s.  When the switching potential (Es) is 

reached at 0.60 V, the scan direction is reversed until the final potential (Ef) of 0.30 V.  Oxidation of 

Fe(C5H5)2 to produce Fe(C5H5)2
+ occurs while scanning in the positive direction (anodically), and 

reduction of the oxidized species back to the original Fe(C5H5)2 species occurs while scanning in the 

opposite direction (cathodically).  In the case of Fe(C5H5)2, the anodic peak current ( ) and the cathodic 

peak current ( ) are equivalent ( = 1), indicating that the process is reversible.  A process is also 

reversible if the peak voltage is not impacted by scan rate, and the peak currents are proportional to the 

square root of the scan rate.  A reversible redox process does not involve bond forming or breaking 

following the oxidation or reduction. 

potentials ( and , respectively) is independent of scan rate and provides the number of electrons 

transferred (n) in the redox process (Equation 1.7).

9
 
 

 

 



=   =  .  (1.7)

The half wave potential (E1/2) of a reversible couple is calculated by averaging and :

=    (1.8)

The half wave potential for the Fe(C5H5)2/Fe(C5H5)2
+ couple is +0.46 V vs. Ag/AgCl.  Redox couples 

are considered quasi-reversible if 1 and irreversible if either or = 0.  In the case of an 

irreversible couple, the or is reported in lieu of E1/2.  In the context of this dissertation, Ru-

centered and polyazine ligand-centered redox couples are generally reversible or quasi-reversible, Rh-

centered reductions are generally quasi-reversible or irreversible and Pt-centered redox couples are 

generally irreversible. This indicates that Ru ions and polyazine ligands do not undergo chemical 

reactions other than electron transfers during their redox events.  However, Rh and Pt ions are subject to 

reduction followed by ligand loss and become chemically different species.

Figure 1.5: A) Potential waveform and B) cyclic voltammogram of the Fe(C5H5)2/Fe(C5H5)2
+ couple.  Ei

= initial potential, Es = switching potential, Ef = final potential, = anodic peak potential, =
p = potential separation between the anodic and cathodic peak potentials, 

= anodic peak current, = cathodic peak current.
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Electrochemical analysis of Ru(II)-polyazine complexes provides information about the redox 

properties of molecules related to the frontier orbital energetics.14,31 [Ru(TL)3]2+ complexes exhibit Ru-

based oxidations when scanned anodically and ligand-based reductions when scanned cathodically.  The 

cyclic voltammogram for [Ru(bpy)3](PF6)2 in CH3CN is shown as an example in Figure 1.6.  Anodic 

scanning reveals one reversible couple in the electrochemical window at +1.31 V vs. Ag/AgCl, 

corresponding to the RuII/III oxidation.  This complex features three equivalent bpy ligands that are 

electronically coupled through the Ru center, resulting in the reduction of each ligand to occur 

sequentially.  The three bpy 32 The 

electrochemical properties define -based HOMO (highest occupied molecular orbital) and a 

-based LUMO (lowest unoccupied molecular orbital) for [Ru(bpy)3]2+.

Figure 1.6: Cyclic voltammogram of [Ru(bpy)3](PF6)2 in RT deoxygenated CH3CN with 0.1 M 
Bu4NPF6 supporting electrolyte and a glassy carbon working electrode, Ag/AgCl reference electrode, 

-bipyridine.

1.3.2.2. Light Absorbing Properties

Electronic absorption spectroscopy provides information about the light absorbing capabilities of 

a photoactive species.  Absorption of a photon is necessary for population of an excited electronic state, 

and the energy gap between an occupied orbital and 

of the incident photon ( ).  In order for an electronic transition to occur, the ground state and excited 

GS ES) must overlap.33-35 The electronic transition should also obey 
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symmetry and spin selection rules.33 In Equation 1.9, the transition moment operator ( ) dictates the 

intensity of the transition from the GS to ES.

| | =  (1.9)

For an electronic transition to occur, the symmetry selection rule requires that the integral of the 

transition moment ( ) must be nonzero (a change in molecular dipole moment must occur).  

The square of the transition moment is directly proportional to the probability that a transition will occur 

from the GS to the ES, and this is also directly proportional to the oscillator strength of the transition, ,

Equation 1.10.

= 4.32 × 10 ( ) (1.10)

The strength of the transition is expressed in the extinction coeffi

The Beer-

Equation 1.11,

=  (1.11)

where A is the extinction coefficient of the 

species at that wavelength, b is the pathlength of the sample through which light passes, and c is the

concentration of the species.

According to the spin selection rule, a transition in which the spin is maintained between the GS 

and ES (1 1ES) is allowed and a transition that results in a spin flip (1 3ES) is forbidden.  Spin-

orbital coupling, often observed in heavy metal complexes, provides exceptions to the spin selection 

rule, allowing formally spin-

whether an electronic transition is spin-allowed: spin- 2

M 1cm 1 and spin- 2 and 105 M 1cm 1.36
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A general description of electronic transitions in octahedral metal complexes is necessary to 

understand the electronic absorption spectroscopy of [Ru(bpy)3]2+.  A block molecular orbital (MO) 

diagram for a d6 octahedral (Oh) m -backbonding ligands is depicted in Figure 1.7.

Although [Ru(bpy)3]2+ has D3 symmetry, the Ru(II) center is in a pseudo-octahedral environment. The 

block MO diagram for an Oh complex is given for simplification.  This MO diagram is constructed by a 

linear combination of atomic orbitals (LCAO) in which each MO is a combination of more than one 

atomic orbital.  The MOs are labeled “M” when they receive more contribution from metal AOs than 

ligand AOs and “L” when they receive more contribution from ligand AOs than metal AOs. Each block 

represents a set of orbitals of similar energy, and the black blocks represent filled orbitals, the gray 

blocks represent partially filled orbitals, and the white blocks represent unfilled orbitals.  Four types of 

electronic transitions are commonly discussed in such complexes.37 A metal-to-ligand charge transfer 

(MLCT) transition occurs when an electron moves from an orbital that is predominantly localized on a 

metal to one predominantly localized on a ligand.  A ligand-to-metal charge transfer (MLCT) transition 

is the opposite, in which an electron is promoted from a largely ligand-based orbital to a largely metal-

orbital within the same ligand, and a ligand field (LF) transition occurs when an electron is promoted 

from one metal-based orbital to another in the same metal.
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Figure 1.7: Simplified block molecular orbital diagram for a d6 -
backbonding ligands.  Black blocks represent filled orbitals, white blocks represent unfilled orbitals, and 
gray blocks represent partially filled orbitals.  AO = atomic orbitals, MO = molecular orbitals, HOMO = 
highest occupied molecular orbital, LUMO = lowest unoccupied molecular orbital; IL = intraligand 
transition; LF = ligand field transition; LMCT = ligand-to-metal charge transfer transition; MLCT = 
metal-to-ligand charge transfer transition.  Constructed using information from reference 37.

The electronic absorption spectroscopy of [Ru(bpy)3]2+ (Figure 1.8) is well studied.25-

27,29,30,34,35,38,39 T × 104 M 1cm 1) is 1IL in 

1.5 × 104 M 1cm 1 1

these transitions are spin- × 102 M 1cm 1) is a 

result of the spin- 3MLCT absorption which gains intensity due to the large 

degree of spin-orbit coupling imparted by the Ru metal center.30
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Figure 1.8: Electronic absorption spectrum of [Ru(bpy)3](PF6)2 in RT CH3 -bipyridine.  
Spectrum is consistent with data reported in reference 38.

1.3.2.3.  Excited-State Properties

Electronic excited states must be understood to elucidate the photophysical or photochemical 

processes that occur in a molecule following the absorption of a photon.  Upon absorption of a photon of 

the appropriate energy, an electron occupying a low energy orbital in the 1GS is promoted to a 

previously unoccupied higher energy orbital to provide the 1ES species as a result of photon absorption.  

The 3ES is then populated through intersystem crossing in which the excited electron undergoes a spin 

flip.

These electronic excited states can be more deeply understood with a Morse potential energy 

surface diagram (Figure 1.9) that depicts the energy of the electronic and vibrational states as a function 

of  the  internuclear  distance  axis  for  a  Ru(II)  polyazine  complex.33,34 In the case of [Ru(TL)3]2+

complexes, the lowest lying 1ES and 3ES are 1MLCT and 3MLCT in nature.  Excitation of the 1GS 

complex results in population of any of the numerous vibrational states within the 1MLCT state.  

Through vibrational relaxation (kvr) the lowest energy vibrational state of the 1MLCT state is populated.  

Population of a vibrational state of the 3MLCT excited state occurs through intersystem crossing (kisc)

s sufficient overlap between vibrational states in 

each of the electronic states.  This ultrafast intersystem crossing process occurs on the order of 100 fs.40

The excited state then undergoes vibrational relaxation (kvr ) to populate the thermally equilibrated 

excited state from which radiative decay (emission of a photon, kr) and nonradiative decay (relaxation 

without emission of a photon, knr) occurs to result in population of the 1GS.  Emission from this 3MLCT 

15
 
 

 

 



state follows Kasha’s rule which states that emission only occurs from the lowest energy excited

electronic state regardless of excitation energy.41

Figure 1.9: Morse potential energy surface diagram depicting the excited state processes in vibrational 
and electronic states in a [Ru(TL)3]2+ complex (left) and Jablonski diagram depicting the excited state 
processes of a [Ru(TL)3]2+ complex (right).  Straight arrows represent radiative processes and wavy 
arrows represent nonradiative processes.  TL = bidentate polyazine terminal ligand, 1GS = singlet ground 
state, 1MLCT = singlet metal-to-ligand charge transfer state, 3MLCT = triplet metal-to-ligand charge 
transfer state, = photoexcitation, kisc = rate constant for intersystem crossing, kvr = rate constant for 
vibrational relaxation, kr = rate constant for radiative decay, knr = rate constant for nonradiative decay.

The Jablonski diagram in Figure 1.9 is a simplified version of the Morse potential energy 

surface diagram, in which the bold horizontal lines correspond to the thermally equilibrated vibrational 

level of the 1GS, 1MLCT, and 3MLCT and the stacked thin lines correspond to higher energy vibrational 

states within each electronic state.  State diagrams such as that depicted in Figure 1.10 are further 

simplifications to the previously discussed excited state diagrams.  The vibrational levels are omitted, 

and it should be noted that the diagonal intersystem crossing (labeled kisc) depicted in the state diagram 

is the sum of the horizontal kisc and vertical kvr to populate the thermally equilibrated 3MLCT state, and 

the nonradiative decay from the 3MLCT state to the 1GS (labeled knr) is the sum of intersystem crossing 

from the 3MLCT state to the 1GS and vibrational relaxation.  These simplified state diagrams are 

necessary as Ru(II) complexes are constructed to be larger and their photophysical processes become 

more complex.
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Figure 1.10: Simplified state diagram for a [Ru(TL)3]2+ complex.  Straight lines represent radiative 
processes and wavy lines represent nonradiative processes.  TL = bidentate polyazine terminal ligand, 
1GS = singlet ground state, 1MLCT = singlet metal-to-ligand charge transfer, 3MLCT = triplet metal-to-
ligand charge transfer, kisc = rate constant for intersystem crossing, kr = rate constant for radiative decay, 
knr = rate constant for non-radiative decay, krxn = rate constant for photochemical reaction.

The highly emissive 3MLCT excited state in [Ru(TL)3]2+ complexes (TL = bpy, phen, Ph2phen) 

quantum yield of em) provide insight into the rate constants for various excited state 

processes.  The inverse of the sum of all rate constants for the processes which deactivate the 3MLCT 

Equation 1.12 complex  in  the  absence  of  a 

photochemical reaction can be determined by fitting the time-resolved excited state decay to a single 

exponential decay and is represented as

=   (1.12)

where kr and knr are the rate constants for radiative and non-radiative decay, respectively.  The quantum 
em, provides a ratio of the number of photons emitted to the number of photons 

absorbed (Equation 1.13).

=  #  #  (1.13)

The values of kr and knr
em and the quantum yield of population of the 3MLCT state 

pop) as shown in Equation 1.14.
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=   (1.14)

Typically in Ru(II)-polyazine complexes, population of the 3 em

em (Equation 1.15) to be true.

=  (1.15)

If the lifetime of the emissive state and the quantum yield of emission are known, the value of kr

calculated from Equation 1.15 can be inserted into Equation 1.12 to determine a value for knr.

Understanding the energy of excited-state deactivation pathways and their relative rates provides 

valuable knowledge about how a supramolecular complex will perform as a water reduction catalyst.

1.3.3.  Polyazine Bridging Ligands

The ability to covalently link multiple metal centers and control properties is critical in building 

photochemical molecular devices to facilitate directional energy or electron transfer. Terminal ligands

(discussed above) such as bpy, phen, and Ph2phen possess only one bidentate site for metal coordination, 

while bridging ligands (BLs) feature two or more metal coordination sites.38,42 The  commonly  

employed  bis- -bipyrimidine), dpp (2,3-bis(2-pyridyl)pyrazine), dpq (2,3-

bis(2-pyridyl)quinoxaline), and dpb (2,3-bis(2- pyridyl)benzoquinoxaline), are shown in Figure 1.11.

Figure 1.11: Common bis-bidentate polyazine bridging ligands. -bipyrimidine, dpp = 2,3-
bis(2-pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline, dpb = 2,3-bis(2-pyridyl)benzoquinoxaline.
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Replacing TLs with BLs in monometallic Ru(II)-polyazine complexes has important 

ramifications on the redox, spectroscopic, and photophysical properties. Replacing bpy TL(s) in 

[Ru(bpy)3]2+ with one or more dpp BL to form [(bpy)2Ru(dpp)]2+ or [Ru(dpp)3]2+ (Figure 1.12, Table 

1.1) gives insight into the impacts of BL vs. TL on the properties of the supramolecular assembly.38,43

The orbital energetics of uncoordinated bpy and dpp ligands are important to understand before 

chelating them to transition metal ions. The electrochemistry of the two ligands in DMF gives reduction 

44 This trend is also observed in Ru(II) complexes 

where the dpp reductions occur prior to bpy reductions. Upon metal coordination to one side of the BL, 

The cyclic 

voltammograms of the tris-homoleptic complexes [Ru(bpy)3]2+ and [Ru(dpp)3]2+ each exhibit three 

consecutive reduction processes that correspond to reduction of each bpy or dpp.38,43 The first reduction 

in both [(bpy)2Ru(dpp)]2+ and [Ru(dpp)3]2+ is assigned as dpp (E1/2

Ag/AgCl, respectively, Table 1.1). The 100 mV difference is attributed to the nature of the ligands 

coupled to the dpp through the Ru center. Replacing the two bpy ligands in [(bpy)2Ru(dpp)]2+ with dpp 

BLs in [Ru(dpp)3]2+ that are more electron withdrawing than bpy results in more easily reduced dpp

ligands

420 mV difference in RuII/III oxidation for [Ru(bpy)3]2+ and [Ru(dpp)3]2+ (E1/2 = 1.30 V and 1.72 V, 

respectively). The more electron wit

requiring a larger potential to oxidize [Ru(dpp)3]2+ compared to its bpy analogue. The potential for the 

RuII/III oxidation in the heteroleptic [(bpy)2Ru(dpp)]2+ complex falls between that of the two homoleptic 

analogues (E1/2

dpp BL.
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Figure 1.12: Structural representations of [Ru(bpy)3]2+, [Ru(dpp)3]2+, and [(bpy)2Ru(dpp)]2+. bpy = 
-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Table 1.1: Electrochemical and Spectroscopic Data for Ru(II) Polyazine Monometallic Complexes
Complex E1/2

ox (V) a E1/2
red1 (V) a E1/2

red2 (V) a abs (nm) b em (nm) b (ns) b
[Ru(bpy)3]2+ c 1.30 1.30 1.49 450 603 850

[Ru(phen)3]2+ d 1.31 1.31 1.42 443 585 400

[Ru(Ph2phen)3]2+ e 1.29 1.27 1.40 460 610 4680 ± 190

[Ru(dpp)3]2+ c 1.72 0.91 1.08 455 636 270

[(bpy)2Ru(dpp)]2+,f 1.38 1.01 1.46 430, 470(sh) 680 380

[(phen)2Ru(dpp)]2+ f 1.39 1.07 1.35 435, 465(sh) 654 252

[(Ph2phen)2Ru(dpp)]2+ g 1.39 1.04 1.38 474 664 820

a Potentials vs. Ag/AgCl. Measured in deoxygenated RT CH3CN with 0.1 M Bu4NPF6 supporting 
electrolyte. b Measured in deoxygenated RT H2O unless otherwise noted. c From references 35 and 38.
No error reported.  d From reference 32.
electrochemical or electronic absorption measurements. e From reference 45. No error reported for 
electrochemical or electronic absorption measurements. f From reference 38. No error reported. g From 
reference 46. No error reported.

The spectroscopic properties of this series of Ru(II) homoleptic and heteroleptic complexes are 

dictated by the ligand set and are presented in Table 1.1. The lowest energy absorption bands are 

similar for [Ru(bpy)3]2+ and [Ru(dpp)3]2+ in H2 max = 452 and 455 nm assigned as 
38,43 The almost identical 

3]2+

compared to [Ru(bpy)3]2+, resulting is very similar HOMO- 3]2+

and 2.63 V for [Ru(dpp)3]2+).  The HOMO-LUMO gap for [(bpy)2Ru(dpp)]2+ is 2.39 V and the lowest 
20



energy absorption band is red shif

3]2+. The emission from the lowest-lying 3MLCT 

excited states for [Ru(bpy)3]2+, [Ru(dpp)3]2+, and [(bpy)2Ru(dpp)]2+ in RT deoxygenated CH3CN 

max = 603 nm, 636 nm, and 675 nm, respectively, consistent with 

the absorption energies.38,43 The excited state lifetimes also decrease with the emission energy, 

consistent with the energy gap law. Because [(bpy)2Ru(dpp)]2+ and [Ru(dpp)3]2+ serve as common 

subunits in supramolecular Ru(II)-polyazine complexes, understanding these properties is important in 

careful design of larger assemblies.

Varying TL in Ru(II) monometallic complexes has a significant impact on the excited state 

properties. 3MLCT nature of the 

emissive state. In a series of complexes of the form [(TL)2Ru(dpp)]2+ where TL = bpy, phen, or 

Ph2phen (Table 1.1 - -based 

LUMO.38,45 The very small impact

the [Ru(TL)3]2+

2phen. The three [Ru(TL)3]2+ complexes 

exhibit , and 284 nm ( × 104 M 1 

cm 1) for TL = bpy, phen, and Ph2phen respectively, a lowest energy absorption around 470 nm 
1MLCT transition. The remarkable difference in these complexes is 

3ML max =

680 nm, 654 nm, and 664 nm for TL = bpy, phen, and Ph2phen).38,45 Despite the lowest lying excited 

ns for TL = bpy, phen, and Ph2phen. This suggests that the TL-based orbitals significantly contribute to 

the HOMO which is largely locali Knowledge of the effects of TLs and BLs 

on the redox and spectroscopic properties aids in the selection of suitable components in designing 

efficient PMDs.

1.3.4.  Coordination of Additional Metal Centers

In order to create a working PMD, other molecular components must be coupled to the existing 

Ru(II) light absorbers.  Additional metal centers are important for storage of electrons needed to perform 

solar-to-chemical energy conversion and/or storage.  By carefully selecting the metal center coupled to 
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the Ru(II) light absorber, it is possible to influence the direction of electron flow in the supramolecular 

complex.  However, before coupling catalytically active metal centers like Rh(III) or Pt(II), the behavior 

of larger supramolecular complexes should be modelled using an unreactive metal center, like a second 

Ru(II).

Expanding the supramolecular architecture through coordination of a second Ru(II) center to the 

BL open coordination site to produce the [(TL)2Ru(dpp)Ru(TL)2]4+ bimetallic complexes has a 

significant impact on the orbital energetics leading to light absorbing and excited state properties quite 

different from the parent [(TL)2Ru(dpp)]2+ complexes. A series of [(TL)2Ru(dpp)Ru(TL)2]4+ complexes, 

where TL = bpy, phen, or Ph2phen, are depicted in Figure 1.13 and the redox, spectroscopic, and 

photophysical data are compiled Table 1.2. Cyclic voltammograms of [(bpy)2Ru(dpp)]2+ and 

[(bpy)2Ru(dpp)Ru(bpy)2]4+ are provided in Figure 1.14 to highlight the change in orbital energetics.

-

orbitals in the monometallic complex, and the dpp

V vs. Ag/AgCl.38 This stabilization is commonly observed upon electropositive metal 

coordination to a free polyazine bridging ligand.  The bimetallic complex exhibits a dpp couple at 

The presence of a second 

RuII(bpy)2 unit results in two separate RuII/III couples at 1.43 V and 1.61 V.  While the two Ru centers 

are in equivalent coordination environments and are expected to have identical redox potentials, they are 

electronically coupled through dpp so oxidation of one Ru impacts the other Ru center, making it more 

difficult to oxidize. Additionally, the RuII/III couple shifts 50 mV  more  positive  from 1.38 V to 1.43 V 

for [(bpy)2Ru(dpp)]2+ and [(bpy)2Ru(dpp)Ru(bpy)2]4+, respectively, as the coordination of a second 
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Figure 1.13: Structural representations of Ru(II),Ru(II) bimetallic complexes. -bipyridine, 
phen = 1,10-phenanthroline, Ph2phen = 4,7-diphenyl-1,10-phenanthroline, dpp = 2,3-bis(2-
pyridyl)pyrazine.

Figure 1.14: Cyclic voltammograms of [(bpy)2Ru(dpp)](PF6)2 and [(bpy)2Ru(dpp)Ru(bpy)2](PF6)4
measured in RT CH3CN with a glassy carbon working electrode, Pt wire auxiliary electrode, and 
Ag/AgCl reference electrode. Voltammograms are consistent with data from reference 38. -
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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The changes observed in the orbital energetics have significant impacts on the light absorbing 

and photophysical properties of the metal complexes when comparing [(bpy)2Ru(dpp)]2+ and 

[(bpy)2Ru(dpp)Ru(bpy)2]4+.46 The overlaid electronic absorption spectra of these two complexes in 

CH3CN solvent are featured in Figure 1.15 and the spectroscopic data are compiled in Table 1.2.  The 

lowest energy 1MLCT transition shifts from 465 nm for the monometallic complex to 523 nm for the 

bimetallic complex, a result of the smaller HOMO-LUMO gap (2.04 V vs. 2.39 V for [(bpy)2Ru(dpp)]2+

and [(bpy)2Ru(dpp)Ru(bpy)2]4+ orbital stabilization. The dpp 
1IL transition is also red-shifted from underneath the inte

[(bpy)2Ru(dpp)]2+ to a more prominent shoulder centered around 340 nm for 

[(bpy)2Ru(dpp)Ru(bpy)2]4+. The number of bpy TLs doubles upon coordination of a RuII(bpy)2 moiety 

to the [(bpy)2Ru(dpp)]2+ ls are relatively unaffected between the 

monometallic and bimetallic complexes.  
1ML

doubled for the bime The emissive 
3ML

occurring at 758 nm for [(bpy)2Ru(dpp)Ru(bpy)2]4+ compared to 680 nm for [(bpy)2Ru(dpp)]2+.47 This 

30 ns for the bimetallic 

compared to 380 ns for the monometallic complex, consistent with the energy gap law.48 While 

coordination of a second metal center extends light absorption further into the visible region, the excited 
3MLCT excited 

state.
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Figure 1.15: Electronic absorption spectra of [(bpy)2Ru(dpp)](PF6)2 and 
[(bpy)2Ru(dpp)Ru(bpy)2](PF6)4 measured in RT CH3CN. Spectra are consistent with data from 
reference 38. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

If a different metal center is attached to the open coordination site of the dpp BL, for example a

cis-PtIICl2 moiety, catalytic chemistry can now take place.  A series of [(TL)2Ru(dpp)PtCl2]2+ bimetallic 

complexes, where TL = bpy or Ph2phen, is depicted in Figure 1.17 and the redox, spectroscopic, and 

photophysical data are compiled Table 1.2. These complexes can be described as electron 

donor/bridging ligand/electron acceptor (ED/BL/EA) systems with Ru(II) serving as an ED upon 

photoexcitation and Rh(III) serving as the EA, Figure 1.16.49 In comparison to the parent 

[(TL)2Ru(dpp)]2+ monometallic complexes, coordination of cis-PtIICl2 to the open BL coordination site 

coordination of RuII(TL)2.50 -

dpp 2Ru(dpp)PtCl2]2+
2phen)2Ru(dpp)PtCl2]2+

which is stabilized ca. 100 mV compared to the [(TL)2Ru(dpp)Ru(TL)2]4+ complexes.51,52 The anodic 

electrochemistry of Ru(II),Pt(II) complexes is not well understood. The RuII/III couple for these 

complexes is reported to occur at ca. 1.62 V vs. Ag/AgCl when BL = dpp.  An irreversible couple at 

1.51 V vs. Ag/AgCl was reported for [(bpy)2Ru(dpp)PtCl2]2+ as a PtII/III oxidation52 and for 

[(Ph2phen)2Ru(dpp)PtCl2]2+ as a PtII/IV oxidation.51
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Figure 1.16: Simplified molecular orbital diagrams of ED-BL-EA system following photoexcitation 

bridging ligand, EA = electron acceptor.

Figure 1.17: Structural representations of Ru(II),Pt(II) bimetallic complexes. bpy = -bipyridine, 
Ph2phen = 4,7-diphenyl-1,10-phenanthroline, dpp = 2,3-bis(2-pyridyl)pyrazine.

Few reports of the emissive properties of Ru(II),Pt(II) complexes are present, so the 

photophysical properties of these complexes are not well understood. The lowest lying excited state is 

expected to be populated with unit efficiency upon  photoexcitation. Emission from this excited state 

for [(bpy)2Ru(dpp)PtCl2]2+ was first reported to occur at 800 nm with a lifetime of 450 ns.52 This 

emission energy seems too low 3MLCT transitions and the excited state 

lifetime is expected to be much shorter for this low energy emission. The [(bpy)2Ru(dpp)PtCl2]2+

complex was recently reported to emit at 760 nm with a more appropriate lifetime of 46 ns, comparable

to the values reported for [(Ph2phen)2Ru(dpp)PtCl2]2+
em

53

Coordination of a Rh(III) metal center to the Ru(II) polypyridyl LA through a polyazine BL 

extends the molecular architecture while also introducing metal-based acceptors via low-lying 

itals.54-61 The observed electrochemical, light absorbing, and excited 

state properties are greatly dictated by the orbital energetics and electronic coupling between the two 
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subunits and are tabulated in Table 1.2.  The choice of a polyazine BL that contains aliphatic linkers 

(methylene groups),55,56 aromatic linkers (phenylene groups),57 or a pyrazine unit54,60 strongly influences 

the degree of electronic communication between the Ru(II) and Rh(III) subunits within the 

supramolecular assembly.  Pyrazine-based aromatic bridging ligands promote rapid electron transfer 

between metal centers and remain flexible enough to allow for octahedral-to-square planar

conformational changes in metal centers.54,60

Coupling the Ru(II) LA and Rh(III) metal center through a pyrazine-containing BL greatly 

perturbs the electrochemical properties of the newly formed bimetallic relative to the Ru(II) and Rh(III) 

monometallic units.  The bimetallic complexes [(bpy)2Ru(dpp)Rh(bpy)2]5+,

[(bpy)2Ru(dpp)RhCl2(bpy)]3+, and [(bpy)2Ru(bpm)RhCl2(phen)]3+ electronically couple the Ru(II) and 

Rh(III) metal centers through the pyrazine-type bridge, resulting in stabilization of the Ru-based 

oxidation, as well as the Rh- and BL-based reductions.54,60 Of significant interest is the complexity 

involved with assigning the reduction processes due to the close energetic proximity of the perturbed 

2Ru(dpp)Rh(bpy)2]5+ bimetallic, the first reduction is an 

irreversible cou III/II and dpp are expected 

to occur at similar potentials.60 For the [(bpy)2Ru(dpp)RhCl2(bpy)]3+ and 

[(bpy)2Ru(bpm)RhCl2(phen)]3+ bimetallics, the first reduction is labeled as RhIII/II

Ag/AgCl) and bpm -

based for the prior and bpm BL-based for the latter.54

The electronic absorption spectra of pyrazine-bridged Ru(II),Rh(III) bimetallics 

[(bpy)2Ru(dpp)Rh(bpy)2]5+, [(bpy)2Ru(dpp)RhCl2(bpy)]3+, and [(bpy)2Ru(bpm)RhCl2(phen)]3+ indicate 
54,60 Similar to the [(bpy)2Ru(dpp)Ru(bpy)2]4+ homobimetallic complex and 

heterobimetallic [(bpy)2Ru(dpp)PtCl2]2+, coordination of the Rh(III) metal center to the uncoordinated 

BL site shifts the BL-based transitions to lower energy.  The dpp-bridged complexes display low energy 
1 abs 1.4 × 104 M 1cm 1) for 

[(bpy)2Ru(dpp)Rh(bpy)2]5+ abs 1.5 × 104 M 1cm 1) for [(bpy)2Ru(dpp)RhCl2(bpy)]3+

in CH3CN at RT.54,60 The R 1MLCT transition of the monometallic [(bpy)2Ru(dpp)]2+

abs 1.2 × 104 M 1cm 1).38 The same trend is observed 

for [(bpy)2Ru(bpm)RhCl2(phen)]3+, whereby coordination of the Rh(III) metal center to bpm shifts the 
1MLCT transition from 5 9.1 × 103 M 1cm 1) for [(bpy)2Ru(bpm)]2+ to 594 
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9.9 × 103 M 1cm 1) for [(bpy)2Ru(bpm)RhCl2(phen)]3+.54,62 Enhanced absorptivity at lower 
1MLCT transition is important when designing 

solar photocatalysts, as much of the energy that reaches the Earth’s surface from the sun occurs within 

the visible and near-infrared regions of the spectrum, Figure 1.2.

The pyrazine-

orbital set in comparison to the Ru monometallic analogue. 
3MLCT excited state for [(bpy)2Ru(dpp)Rh(bpy)2]5+ em ns) and 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ em = 786 nm; em = 2.3 × 10 4) is greatly red-shifted when 

compared with the [(bpy)2Ru(dpp)]2+ em = 660 nm),63 providing further 
54,60 The [(bpy)2Ru(dpp)Ru(bpy)2]4+ bimetallic is used as a model for 

- 3MLCT 
em em = 1.4 × 10 3).  This model is substantiated by similar band shapes, 

energies, and excited lifetimes at 77 K for Ru(II),Ru(II) and Ru(II),Rh(III) bimetallics where 

intramolecular electron transfer is prohibited due to the large structural reorganization needed but is 

prohibited in a rigid matrix.  Values of ket ~ 2 × 107 s 1 are lower than would be initially expected given 

the close proximity of the Ru(II) and Rh(III) subunits, however the nature of the dpp BL and lack of 

conformational flexibility (the pyridine rings of dpp cannot move past each other when a metal center is 

coordinated to each side of dpp) may account for these observed ket values. No RT emission was 

observed for the [(bpy)2Ru(bpm)RhCl2(phen)]3+ bimetallic complex due to the expected weak and more 

red-shifted emission for bpm-bridged Ru(II) complexe em em × 10 4 for 

[(bpy)2Ru(bpm)Ru(bpy)2]4+ in CH3CN at RT).47

Coupling two Ru(II) LA and Rh(III) metal centers through a pyrazine-containing BL greatly 

perturbs the electrochemical properties of the newly formed trimetallic relative to the Ru(II) and Rh(III) 

monometallic units.  The trimetallic complexes [{(bpy)2Ru(dpp)}2RhCl2]5+ and 

[{(bpy)2Ru(dpp)}2RhBr2]5+ electronically couple the Ru(II) and Rh(III) metal centers through the 

pyrazine-type bridge, resulting in stabilization of the Ru-based oxidation, as well as the Rh- and BL-

based reductions.64-67 Orbital energetics for the Ru(II),Rh(III),Ru(II) trimetallics are very similar to 

those of the Ru(II),Rh(III) bimetallics. Briefly, the only relevant anodic features within the solvent 

window are the RuII/III oxidations which occur at ca. 1.59 V. Scanning cathodically, the first reduction

encountered 34 V vs. Ag/AgCl and is assigned to a RhIII/II/I
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reduction, indicating that the LUMO is primarily Rh-based.66,67 Following the Rh reduction, there are

reversible . It should be noted 

that these reductions are not overlapping, indicating that there is electronic communication between the 

dpp BLs across the Rh center similar to the Ru(II),Ru(II) bimetallic complexes.66,67

The electronic absorption spectra of pyrazine-bridged Ru(II),Rh(III),Ru(II) trimetallics 

[{(bpy)2Ru(dpp)}2RhCl2]5+ and [{(bpy)2Ru(dpp)}2RhBr2]5+ , similar to 

the Ru(II),Rh(III) bimetallic complexes.66,67 Similar to Ru(II),Ru(II) homobimetallic complex and 

heterobimetallic Ru(II),Pt(II) and Ru(II),Rh(III) complexes, coordination of the Rh(III) metal center to 

the uncoordinated BL sites shifts the BL-based transitions to lower energy.  The dpp-bridged complexes 
1 abs = 520 2.6 × 104

M 1cm 1) for both [{(bpy)2Ru(dpp)}2RhCl2]5+ and [{(bpy)2Ru(dpp)}2RhBr2]5+ in CH3CN at RT.64,66,67

1MLCT transition 

is important when designing solar photocatalysts. Similarly, the e
3MLCT excited state for [{(bpy)2Ru(dpp)}2RhCl2]5+ em = 760 24 ns) is greatly red-shifted 

when compared with the [(bpy)2Ru(dpp)]2+ monometallic precurs em = 660 nm),63 providing further 
64,66,67 The trimetallics display similar behavior to the Ru(II),Ru(II) and 

Ru(II),Rh(III) bimetallic complexes at low temperatures, displaying blue-shifted emission profiles and 

dramatically increased excited state lifetimes.
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Table 1.2: Electrochemical and Spectroscopic Data for Ru(II),Ru(II), Ru(II),Pt(II), Ru(II),Rh(III), and 
Ru(II),Rh(III),Ru(II) Complexes a

Complex E1/2
ox (V) b E1/2

red (V) b abs (nm)
-1cm-1)

em

(nm)
[(bpy)2Ru(dpp)Ru(bpy)2]4+ c 1.43 (RuII/III) 0.61 (dpp )

1.09 (dpp )

1.52 (bpy )

523 (23,000) 758 130

[(bpy)2Ru(dpp)PtCl2]2+ d 1.51 (PtII/III) e

1.61 (RuII/III)

0.50 (dpp )

1.07 (dpp )

1.45 (bpy )

509 (15,200) 760 f 46 f

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ g 1.60 (RuII/III) 0.38 (RhIII/II)

0.72 (RhII/I) h

0.99 (dpp )

508 (15,000) 780 30

[{(bpy)2Ru(dpp)}2RhCl2]5+ i 1.59 (RuII/III) 0.34 (RhIII/II/I) h

0.78 (dpp )

1.05 (dpp )

520 (26,000) 760 24

a Measured in RT CH3 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  b Potentials vs. Ag/AgCl.  c From references 38 and 47. Experimental error associated 
with emission maxima is ± 3 nm and emission lifetime is ± 10 %.  d From reference 52. No error 
reported.  e Potential corresponds to . f From reference 53. No error reported. g From reference 54.
No error reported. h Potential corresponds to . i From reference 64. No error reported.

1.4.  Water Reduction Catalysis

1.4.1.  Multicomponent Systems

Given the rich light absorbing properties and strong oxidizing/reducing power of the long-lived 
3MLCT excited state of [Ru(bpy)3]2+ and related Ru(II)-polyazine photosensitizer (PS) units, these 

complexes have found an important role in photocatalytic H2O reduction schemes to harness energy 

from visible light. One of the earliest reported multicomponent photocatalytic systems for reduction of 

H2O to H2 utilizes a [Ru(bpy)3]2+ PS with a 3MLCT excited state which provides an appropriate driving 

force for intermolecular electron transfer to a methyl viologen (MV2+) electron relay (ER) to give an 
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oxidized PS, [Ru(bpy)3]3+ and a reduced ER, MV•+.68,69 In the presence of a heterogeneous Pt catalyst, 

the electrons are transferred from multiple MV•+ ERs to the H2O substrate to produce H2 and OH . A 

sacrificial electron donor (ED), in this case EDTA (ethylenediaminetetraacetic acid), regenerates the 

[Ru(bpy)3]2+ PS through another intermolecular electron transfer event to avoid undesirable back 

electron transfer from MV•+ to [Ru(bpy)3]3+. This catalytic cycle occurs with an efficiency of ca. 10% in 

aqueous solution. Related systems utilize a [Rh(bpy)3]3+ ER.70-72

Figure 1.18: Scheme depicting the catalytic cycle in the multi-component photocatalysis system with a 
photosensitizer, electron relay, sacrificial electron donor, reactive metal, and H2O substrate.  The 2x 
indicate that the photosensitization and electron relay cycles must occur twice each per molecule of H2
generated.

The multicomponent system for H2O reduction (Figure 1.18) to produce H2 poses two major 

limitations. First, the efficiency of the catalytic cycle relies on collision of the excited state PS with the 

ER within the PS’s excited state lifetime. This is followed by the necessity for the ED to efficiently 

reduce the oxidized PS back to its original state so it can participate in the next cycle. Additionally, the 

use of a heterogeneous colloidal Pt catalyst is economically undesirable, as only the Pt atoms on the 

surface of a particle can be utilized in catalysis, and the atoms on the interior are unused. Photocatalysts 

with the PS, ER, and reactive metal (RM) incorporated into a single molecule provide the ability to 

circumvent the diffusion limited PS to ER electron transfer, and each Pt atom is utilized in the catalytic 

cycle.

h

ED

ED+
2 H+

H2

ED

2 H2O

H2 + 2 OH-

2x2x
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1.4.2.  Single Component Systems

Supramolecular complexes can be designed to incorporate the PS, ER, and RM into single 

molecules to act as catalysts to drive the less thermodynamically demanding multielectron H2O

reduction to produce H2 (Section 1.2.3). These complexes must be able to absorb light, collect multiple 

electrons, and utilize the electrons to reduce H2O by breaking and forming bonds while regenerating the 

supramolecular photocatalyst to its original state for continued participation in the cycle.73

1.4.2.1.  Photoinitiated Electron Collection

A variety of Ru(II)-

collecting reducing equivalents in the presence of visible light and an ED (Figure 1.19). Achieving 

photoinitiated electron collection (PEC) is complicated by a coulombic barrier which prevents the 

localization of more than one electron on the same ligand, rendering most [(TL)2Ru(BL)Ru(TL)2]4+

complexes unable to collect more than one electron (for example, where BL = dpp, dpq, dpb, or bpm).  

Design considerations for PMDs to undergo PEC necessitate separating the LA and electron collector 

(EC) to circumvent this coulombic barrier. The first reported PMD to act as a PEC, 

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

each ligand.74 Later the bimetallic supramolecules of the form [(phen)2Ru(BL)Ru(phen)2]4+ (BL = tatpp 

= 9,11,20,22- tetraazatetrapyrido[3,2- - - -n]pentacene or tatpq = 9,11,20,22-

tetraazatetrapyrido[3,2- - - -n]pentacene-10,21-quinone) were reported to collect two 
75,76 A Ru(II) monometallic complex 

with an NAD+ model ligand (NAD+ = nicotinamide adenine dinucleotide), [(bpy)2Ru(pbn)]2+ (pbn = 2-

(2-pyridyl)benzo[b]-1,5- naphthyridine), undergoes two proton coupled electron transfers in the 

presence of an ED.77,78 In spite of their PEC abilities, the lack of RM in these systems renders them 

unable to catalyze the reduction of H2O to H2.
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Figure 1.19: Structural representations of three photoinitiated electron collectors.  ED = electron donor, 
-bipyridine, dpb = 2,3-bis(2-pyridyl)benzoquinoxaline, pbn = 2-(2-pyridyl)benzo[b]-1,5-

naphthyridine, phen = 1,10-phenanthroline, and tatpq = 9,11,20,22-tetraazatetrapyrido[3,2- -
- -n]pentacene-10,21-quinone.

1.3.2.2.  Supramolecular H2O Reduction Photocatalysts

Recently, several reports of supramolecular photocatalysts for H2O reduction that feature one or 

more [Ru(bpy)3]2+-like LA and a RM such as Pt,79-85 Pd,86-88 Co,89,90 Fe,91 and Rh46,64,92-96 have emerged, 

and some notable examples are discussed herein (Figure 1.20). The first photoinitiated electron 

collector reported to act as an active photocatalyst in H2O reduction, [{(bpy)2Ru(dpp)}2RhCl2]5+,65,93

was modified by Brewer and coworkers to result in the more active complex 

[{(Ph2phen)2Ru(dpp)}2RhBr2]5+ H2) of 0.073 and 610 TON (turnovers) in 

20 h in the presence of N,N-dimethylaniline (DMA).46 The impact of TL variation in this 

supramolecular architecture is surprising, as the use of Ph2phen only slightly extends the excited state 

lifetime compared to the TL = bpy analogue.   The TL impact is likely a result of enhanced visible light 

absorption and increased steric bulk preventing Rh(I)-Rh(I) dimer formation due to the Ph2phen ligand 

compared to the smaller bpy ligand. Rh(I)-Rh(I) dimer formation is a significant deactivation pathway 

in RhIII/I catalytic cycles, including the water reduction photocatalysis used by Brewer and coworkers.97

The complex [(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ was the first reported Ru,Rh bimetallic complex to 

function as a photocatalyst for H2 production from H2O, relying on a balance between steric and 

electronic factors to promote efficient catalysis.96 Both the [{(bpy)2Ru(dpp)}2RhCl2]5+ and the 

[(Ph2phen)2Ru(dpp)RhCl2(Ph2phen)]3+ architectures and their analogues with different terminal ligands 
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are effectively quenched by DMA, as interrogated by extensive Stern-Volmer quenching studies.98 A

system with RM = Co coupled to Ru LA produces H2 from H2O with [(bpy)2Ru(L-

pyr)Co(dmgBF2)2(OH2)]2+ (L-pyr = (4-pyridine)oxazolo-[4,5-f]phenanthroline, dmgBF2 = 

(difluoroboryl)dimethylglyoximate) affording 56 turnovers (turnover numbers, TON) in 4 h when 

photolyzed in the presence of triethylamine (Et3N) and [Et3NH]+.89 A bimetallic complex with a cis-

PdIICl2 RM site, [(tBu2bpy)2Ru(tpphz)PdCl2]2+ (tBu2 -di-tert-butyl- -bipyridine, tpphz = 

tetrapyrido[3,2- - - -j]phenazine), was reported to produce H2 with 56 TON in 30 h.99

Several complexes incorporating a cis-PtIICl2 RM have been reported to effectively produce H2.  The 

first reported photocatalyst of this type, [(bpy)2Ru(phenNHCO(COOHbpy))PtCl2]2+, was reported to 

undergo 5 TON in 10 h in catalytic H2 production from H2
H2 = 0.01).81,100,101 Population of the 

3CS (charge separated) excited state.  This electron transfer toward the cis-

PtIICl2 RM site is controlled by varying the R group to tune the bpy acceptor energy.  The other class of 

Ru(II),Pt(II) H2 evolving photocatalysts are larger molecular architectures that also function through the 

generation of a 3CS state, followed by electron transfer to the cis-PtIICl2 RM center.  Tetrametallic and 

trimetallic Ru(II),Pt(II) complexes of the form [{(TL)2Ru(dpp)}2Ru(BL)PtCl2]6+ and 

[(TL)2Ru(dpp)Ru(bpy)(BL)PtCl2]4+ are also active water reduction catalyst that function through the 

formation of long lived 3CS states (TL = bpy, phen or Ph2phen, BL = dpp or dpq, bpy = 2,2’-bipyridine, 

phen = 1,10-phenanthroline, Ph2phen = 4,7-diphenyl-1,10-phenanthroline, dpp = 2,3-bis(2-

pyridyl)pyrazine, dpq = 2,3-bis(2-pyridyl)quinoxaline).79,84,85 A fascinating finding during investigating 

the Ru(II),Pt(II) trimetallics is that they are more effective water reduction catalysts by almost a factor 

of 2 compared to the tetrametallics, regardless of BL identity.
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Figure 1.20: Structural representations of supramolecular complexes with Ru(II)-polyazine light 
absorbers which function as photocatalysts for the reduction of H2O to H2 -bipyridine, 
tBu2 -di-tert-butyl-2,2’-bipyridine, tpphz = tetrapyrido[3,2- - - -j]phenazine, 
L-pyr = (4-pyridine)oxazolo[4,5-f]phenanthroline, dmgBF2 = (difluoroboryl)dimethylglyoximate, 
Ph2phen = 4,7- diphenyl-1,10-phenanthroline, dpp = 2,3-bis(2-pyridyl)pyrazine.

1.5.  Molecular Deuteration Effects

Substituting deuterium for hydrogen provides several useful changes in the properties of a 

chemical compound.  In the realm of chemical kinetics, deuterium substitution can be useful in 

determining the rate-limiting step in a reaction through the observation of a kinetic isotope effect.102 In 

the realm of spectroscopy, deuteration of molecules can change the energy required for a resonant 

6+
4+
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transition in the appropriate energy range or render portions of the molecule invisible.  In 1H NMR, any 

D atoms substituted for H in the molecule cannot be detected during a typical 1H experiment because D 

is a quadrupolar nucleus.36 When D atoms are incorporated into molecules and investigated by infrared 

spectroscopy, there is a characteristic red shift in the vibrational frequency of normal modes associated 

with the D atoms.36,102 This behavior is an isotope effect due to the differences in atomic mass between 

H and D and is also seen when other atoms are replaced by different isotopes like 16O and 18O, 14N and 
15N, and 12C and 13C.  Changing the mass of an atom changes the resonant vibrational frequency of any 

bonds in which those atoms participate.  This isotope effect is also important in any process that is 

strongly coupled to those vibrational modes.  Ground state electronic transitions are essentially 

unchanged by H-to-D substitution, but excited state electronic structure and decay rates are strongly 

coupled to vibrational modes in several relaxation pathways like vibrational relaxation within a given 

excited state (kvr) and nonradiative decay from an excited state to the ground state (knr).  When D atoms 

are substituted for H in a molecule, the kvr pathway happens rapidly (10-100 fs) and effectively, while 

the knr deactivation pathway becomes less effective at dissipating excitation energy. This is attributed to 

the increased mass of deuterium decreases the stretching frequency of C-D vs. C-H bonds, resulting in a 

decreased rate of non-radiative deactivation of excited state to the ground state.103 Decreasing frequency 

of the non-radiative deactivating vibrational modes decreases the overlap between the excited state and 

ground state potential energy surfaces, changing the number of vibrational quanta required to dissipate 

the electronic excitation energy.

Structural assignment of mono- and multimetallic complexes containing bidentate 

polypyridyl ligands using 1H NMR spectroscopy is difficult given the large number of nearly equivalent 

aromatic protons, the number of structural isomers and low symmetry of the complexes.  Deuteration of 

select TL or BL permits assignment of the 1H NMR spectrum of non-deuterated ligands within the 

supramolecular assembly.104-108 This was demonstrated with the complex [(bpy)2Ru(L)]2+ (L = 

5,6,10,11-tetrahydro-16,18-diazadipyrido[2,3-a:3’,2’-n]pentacene).105,106 Substitution of bpy for d8-bpy 

reduces the number of non-equivalent aromatic proton signals associated with bpy and L from 26 to 10, 

leaving proton signals unique to L. This clarifies the 1H NMR spectrum and allows for full assignment 

of previously indistinguishable signals from L.105,106 Another study utilizing selectively deuterated 

polyazine ligands found that the 1H NMR spectra of [(bpy)2Ru(2,5-dpp)]2+ (2,5-dpp = 2,5-bis(2-

pyridyl)pyrazine) could be fully assigned by substituting either d8-bpy or d10-(2,5-dpp) into the 
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molecular architecture.104 Simplification of the 1H NMR using deuterated TLs or BLs allows for 

enhanced structural characterization while also offering a method to study H2O reducing photocatalysts 

during reduction or photocatalysis to gain insight into the photocatalytic functioning.   

Ligand deuteration has also been shown to influence the excited state properties of 

complexes.103,104,109-118 Ligand deuteration modifies the stretching frequency and amplitude associated 

with the knr modes of the excited states of inorganic complexes.  In deuterated species, the rate of

nonradiative deactivation is lower than that for protiated ligands due to the increased mass of deuterium 

damping vibrational modes associated with C-D bonds compared to equivalent C-H bonds. When the 

deuterated ligand is associated with the emitting excited state, the lower stretching frequency decreases 

the overlap between the excited and ground states, causing a decrease in the rate constant for 

nonradiative deactivation and an increase in the observed excited state lifetime.33,103,109,119-121 This effect 

was demonstrated with complexes of the type [Ru(bpy)2(L3)]+, [Ru(bpy)2(L4)]+ and [Ru(bpy)2(HL4)]2+,

where L3 = 3-(pyridin-2-yl)-1,2,4-triazole, L4 = 3-(pyrazin-2-yl)-1,2,4-triazole and HL4 = 2-(4H-1,2,4-

triazole-3-yl)pyrazine (Figure 1.21). The excited state lifetimes were measured with and without select 

deuteration of the ligands to determine the nature of the emitting state: increases in the excited-state 

lifetime and luminescence intensity upon incorporation of a deuterated ligand indicate that the emitting 

state is localized on that deuterated ligand. Upon deuteration of the bpy ligand in both [(bpy)2Ru(L3)]+

and [(bpy)2Ru(L4)]+ the lifetime increases from 145 ns to 250 ns and 230 ns to 290 ns, respectively, 

while deuteration of the L3 and L4 ligand has no appreciable effect on the lifetime. This demonstrates 
3MLCT.103,114 In [(bpy)2Ru

(HL4)] 2+, bpy deuteration has no effect on the excited state lifetime, while deuteration of HL4 caused the 
4

3MLCT.103,114
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Figure 1.21: Structure of ligands used in the study of deuteration effects on heteroleptic ruthenium 
polypyridyl complexes adapted from reference 111.

1.6.  Isomerism in Octahedral Metals

Developing transition metal complexes that have a well-defined and stable absolute 

stereochemistry is vitally important for studying the interactions of metal complexes with large 

biomolecules like DNA, RNA and proteins.122-127 Only isomers derived from d6 metal ions and 

bidentate chelating terminal and bridging ligands, like bpy and dpp, will be discussed because only d6

metal ions can show detectable stereoisomerism.  [Ru(bpy)3]2+ is a prototypical pseudooctahedral

trischelate d6 metal complex and is described by the D3 symmetry group.  Arranging the three bpy 

ligands around the Ru(II) metal center leads to two different nonsuperimposable configurations.  The 

two configurations are defined by looking at a trigonal face composed of one pyridine ring from each of 

the three bpy ligands and following each bpy ligand from front to back.  If the bpy ligands wrap 

counterclockwise from front to back, the isomer is termed the la (Figure 1.22).  The 

and nomenclature is analogous to the L and D used in organic chemistry to define the left- and right-

handed optical rotation behavior of organic molecules.  However, and do not strictly correspond to 

left- and right-handed optical rotations due to other confounding factors like the type of optical 

transition, change in dipole moment, etc. It should also be noted that one of the chelating ligands can be 

replaced by two monodentate ligands in a cis arrangement and the resulting complex ion can still be 

described as being either or or as a single, achiral trans isomer if the two monodentate ligands are 

trans to each other (Figure 1.22).37,128 Interconversion between enantiomers of a pseudooctahedral 

metal complex can occur by a dissociative mechanism or a non-dissociative mechanism.37,128 The most 

important dissociative mechanism is the Berry pseudorotation involving cleavage of one metal-ligand 

bond to generate a trigonal bipyramidal geometry, followed by rotation of the axial groups past one pair 

of equatorial groups (Figure 1.23).  Alternatively, a chiral pseudooctahedral metal complex can 
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isomerize without breaking any bonds through one of two trigonal twist mechanisms (Figures 1.24 and 

1.25).  In the Bailar twist (Figure 1.24), the primary trigonal faces, defined as being perpendicular to the 

primary rotational axis of the complex, rotate 60° past each other from one enantiomer (D3 symmetry) 

through a trigonal prism configuration (D3h symmetry) to the opposite enantiomer (D3 symmetry). In 

the Rây – Dutt twist (Figure 1.25), a pair of non-primary faces rotate 60° past each other from one 

enantiomer (D3 symmetry) through a trigonal prism configuration (C2v symmetry) to the opposite 

enantiomer (D3 symmetry).  Racemization can occur as a result of many different environmental factors 

including heat and impinging radiation and under properly controlled conditions, the mechanism can be 

determined.

Figure 1.22:  Relevant optical isomers of d6 octahedral metal complexes with three bidentate chelating 
ligands (far left and far right complexes) or two bidentate chelating ligands and two coordinated halides
(central three complexes). bpy = 2,2’-bipyridine.

Figure 1.23: Berry psuedorotation mechanism for a trigonal bipyramidal [Fe(CO)5] complex.

2+ 2+
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Figure 1.24 metal complex.

Figure 1.25: Rây –

Starting with enantiomerically pure building blocks, large multimetallic complexes with high 

enantiopurity can be synthesized through organic coupling reactions. Macdonnell and coworkers 

reported the synthesis of inorganic supramolecular complexes coupling 2, 4, 6, and 10 chiral Ru(II) 

centers,129-133 chiral Ru(II) coordination polymers,134 and mixed metal supramolecules containing 12 

1

5 3

26

4

1

35

2 4

6

1

35

6

2

4

or right hand screw
D3 Symmetry

or left hand screw
D3 Symmetry

Trigonal Prism
D3h Symmetry

1

5 3

26

4

4

16

3 2

5

4

23

5

6

1

or right hand screw
D3 Symmetry

or left hand screw
D3 Symmetry

Trigonal Prism
C2v Symmetry

2

4 3

16

5

4

23

6 1

5

40
 
 

 

 



metal centers, half of which were chiral Ru(II) or Os(II) units.135 Briefly, chiral [Ru(phen)3]2+ and 

[(phen)2Ru(phendione)]2+ units (phen = 1,10-phenanthroline, phendione = 1,10-phenanthroline-5,6-

dione) were synthesized and separated on a preparative scale using selective precipitation of the 

diastereomers formed between the chiral Ru(II) units and chiral sodium arsenyl-L-tartrate counterions or 

by chromatographic methods.132,136,137 The enantiopure Ru(II) units can be further derivatized without 

affecting their chiral purity.  Chiral [Ru(phen)3]2+ complexes can be directly oxidized in the presence of 

aqueous H2SO4/HNO3/NaBr to form [Ru(phendione)3]2+.138 Analogously, the ketone groups in chiral 

[(phen)2Ru(phendione)]2+ and [Ru(phendione)3]2+ units can be reduced to amine groups via oxime 

intermediates, yielding [(phen)2Ru(phendiamine)]2+ and [Ru(phendiamine)3]2+ (phendiamine = 1,10-

phenanthroline-5,6-diamine).132 Finally, the larger multimetallic complexes (Figure 1.26) are 

synthesized by condensation of matching phendione and phendiamine ligands to form conjugated 

organic tpphz bridges between chiral Ru(II) centers (tpphz = tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-h:2’’,3’’-

j]phenazine).132
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Figure 1.26: Bimetallic and tetrametallic complexes composed of chiral [(phen)2Ru(tpphz)]2+ units and 
chiral [Ru(tpphz)3]2+ units. phen = 1,10-phenanthroline and tpphz = tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-
h:2’’,3’’-j]phenazine.

Recently, there has been a revolution in the way chiral [Ru(TL)3]2+ metal complexes are 

obtained: the complexes can be directly synthesized in high chiral excess. Using a special subset of 

chelating ligands, termed chiral auxiliaries, transition metal polypyridyl complexes can be synthesized 

with high chiral excesses from racemic metal complex starting materials, completely removing the need 

for chiral separations.139-145 Another extremely attractive property of chiral auxiliary ligands is their 

ease of removal and substitution by other bidentate chelating ligands. The first of these recent studies 

utilized chiral salicyloxazolines (Salox) to impart chirality to achiral Ru(II) polypyridyl starting 

materials, then replaced the salicyloxazoline with bpy in the presence of trifluoroacetic acid.140 Other 

organic chelating ligand classes (Figure 1.27) like substituted salicyloxazolines, 2-sulfinylphenols (SO), 

N-acetly-tert-butanesulfinamide (ASA) were developed as chiral auxiliaries and were utilized in nearly 

identical fashion.141-143,145 Previously known ligands useful in organometallic catalysis, like 2-

diphenylphosphino- -hydroxy- -binaphthyl (HO-MOP) were also found to be effective as chiral 

8+

4+
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auxiliaries.  However, the major downside to all of these new chiral auxiliaries is their high cost and 

lengthy synthetic procedures, limiting their overall effectiveness and adoption.  Meggers and coworkers 

then turned their attention to a well-studied, versatile catalyst for asymmetric organic transformations: 

the amino acid, proline.144 Using proline as a chiral auxiliary for synthesizing chiral Ru(II) polypyridyl 

complexes in high chiral excess proved to be just as effective as their previous generation of auxiliaries

under nearly identical reaction conditions, but reduced the cost of generating chiral products by at least 

one order of magnitude. Recently, the same researchers developed a novel chiral-at-metal Ir(III) catalyst 

with two substitutionally labile monodentate ligands synthesized using their previously reported 

methods that retains its chirality throughout a Friedel-Crafts catalytic cycle.146

Figure 1.27: Chiral auxiliaries used for enantiopure synthesis of chiral [Ru(TL)3]2+ syntheses.  Adapted 
from reference 138.

The goal of this research is to use component and structural modification in Ru(II),Rh(III) and 

Ru(II),Pt(II)  supramolecular complexes to understand the complicated redox and photophysical 

properties and how to improve their function as single component catalysts through detailed analysis.  

Systematic component variation of the Ru(II),Rh(III) bimetallic and trimetallic  supramolecular 

architectures [(TL)2Ru(BL)RhCl2(TL’)]3+ and [{(TL)2Ru(BL)}2RhCl2]5+, where TL and TL’ = bpy or d8-

bpy and BL = dpp or d10-dpp, and comparison to the monometallic precursors [(TL)2Ru(BL)]2+ provides 

insight into how ligand deuteration affects the redox, spectroscopic, photophysical and photochemical 

properties.  Controlling the absolute stereochemistry of the light absorbing units gives a unique 
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spectroscopic window for following the complexes and allows in-depth study of the long-term stability 

and degradation mechanisms of Ru(II), Ru(II),Pt(II) and Ru(II),Rh(III),Ru(II) complexes in solution.
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2.  Experimental

2.1.  Design and Synthetic Approach

The goal of this research is to study the electrochemical, photophysical, and photochemical 

properties of polyazine-bridged supramolecular complexes incorporate unique spectroscopic handles 

into the Ru(II) light absorber subunits of a series of Ru(II),Rh(III) and Ru(II),Pt(II) complexes and use

those handles to follow processes relevant to catalyst functioning.  This dissertation presents a 

collection of studies of photoactive multimetallic complexes with diverse supramolecular architectures 

allowing variation of coordinated ligands, the number of light absorbers and the reactive metal center.  

Structural diversity provides unique windows into the photophysics, stability and functioning of 

molecular complexes built to perform specific functions.  As mentioned before, the supramolecular 

architectures presented in this work have all been reported by the Brewer group;54,65,67,92,97,147-151

however, the modified light absorbers discussed in this dissertation render them distinct from their 

previous incarnations.

2.1.1.  Synthesis

The supramolecular complexes were synthesized according to a building block procedure

in which smaller components were covalently coupled to construct larger systems composed of

multiple units each having specific functions.  The building block schemes for assembling the target 

monometallic [(TL)2RuCl2 3(DMF)], and [(TL)2Ru(BL)]2+; bimetallic 

[(TL)2Ru(BL)Ru(TL)2]4+, [(TL)2Ru(BL)RhCl2
3+, and [(TL)2Ru(BL)PtCl2]2+; and trimetallic 

[{(TL)2Ru(BL)}2RhCl2]5+ architectures are depicted in Figure 2.1.  This building block method is 

perfectly suited for systematic variation TL, BL and structure as well as for purification and analysis of 

reaction intermediates.  Synthetic control, purification and characterization at each synthetic step are 

crucial to understanding the properties of supramolecular systems.
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Figure 2.1: Generic building block scheme for the synthesi 3(DMF)],  [(TL)2Ru(BL)]2+,
(TL)2Ru(BL)PtCl2]2+,  [(TL)2Ru(BL)RhCl2

3+, and [{(TL)2Ru(BL)}2RhCl2]5+

= terminal polypyridyl ligand, LA = light absorber metal center, BL = polyazine bridging ligand, RM = 
reactive metal center.

Ligand deuteration was carried out on bpy and dpp via the methods reported by Vos et. al.112

Reaction schemes are shown in Figure 2.2.  In D2O/NaOD (pD = 12) media, D/H exchange was 

achieved under high temperature (473 K) and pressure in a Teflon cup seated inside of a sealed 

stainless steel bomb calorimeter.
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Figure 2.2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine, d8-bpy = perdeuterated bpy, d10-dpp = perdeuterated dpp.  a Adapted from reference 
112. b estimated from the 1H NMR spectrum of [(d8-bpy)2Ru(dpp)]2+ or [(bpy)2Ru(d10-dpp)]2+.

Rh monometallic precursors were synthesized by coupling a polyazine TL with a Rh center in a 

moderately coordinating solvent like DMF or CH3OH to form the [(TL)RhCl3(solvent)] precursor.  Ru 

monometallic precursors were synthesized by coupling two polyazine TLs to a Ru center to form the 

[(TL)2RuCl2] synthon.  [(TL)2RuCl2] was purified, characterized and then reacted with excess BL to 

produce the monometallic [(TL)2Ru(BL)]2+ complexes.  This procedure was interrupted by another 

synthetic step when the chirality of the Ru monometallic building block was controlled.  The 

[(TL)2RuCl2] was reacted with the appropriate enantiomer of proline to form the [(TL)2Ru(prolinate)]+

complex which was purified, characterized and then reacted with trifluoroacetic acid (TFA) in the 

presence of excess BL to produce the chiral monometallic [(TL)2Ru(BL)]2+ complexes.  Synthetic 

schemes for the monometallic precursors [(bpy)RhCl3(DMF)], [(bpy)2RuCl2], [(bpy)2Ru(dpp)]2+ -

(S)-[(bpy)2Ru(L-prolinate)]+ -[( bpy)2Ru(dpp)]2+ are depicted in Figure 2.3.
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Figure 2.3: Synthetic schemes for [(bpy)2RuCl2], [(bpy)RhCl3(DMF)], [(bpy)2Ru(dpp)]2+ -(S)-
[(bpy)2Ru(L-prolinate)]+ -[(bpy)2Ru(dpp)]2+ -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine, DMF = N,N-dimethylformamide.  a Adapted from reference 160.  b Adapted from 
reference 161.  c Adapted from reference 162.  d Adapted from reference 143.
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The Ru(II) homobimetallic complexes [(TL)2Ru(BL)Ru(TL)2]4+ were synthesized by coupling 

two [(TL)2RuCl2] complexes in the presence of one equivalent of BL.  Heterobimetallic Ru(II),Rh(III) 

[(TL)2Ru(BL)RhCl2
3+ and Ru(II),Pt(II) [(TL)2Ru(BL)PtCl2]2+ complexes were synthesized by 

coupling a monometallic [(TL)2Ru(BL)]2+
3(solvent)] or [PtCl2(DMSO)2]

RM center.  The synthetic schemes for production of [(bpy)2Ru(dpp)Ru(bpy)2]4+,

[(bpy)Ru(dpp)RhCl2(bpy)]3+ and [(bpy)2Ru(dpp)PtCl2]2+ are provided in Figure 2.4.  Trimetallic 

Ru(II),Rh(III),Ru(II) complexes [{(TL)2Ru(BL)}2RhCl2]5+ were synthesized by coupling two 

monometallic [(TL)2Ru(BL)]2+ LA subunits through a cis-RhCl2 RM center via reaction with 

RhCl3•3H2O.  The synthetic scheme for [{(bpy)2Ru(dpp)}2RhCl2]5+ is given in Figure 2.5.

Figure 2.4: Synthetic schemes for [(bpy)2Ru(dpp)Ru(bpy)2]4+, [(bpy)Ru(dpp)RhCl2(bpy)]3+ and 
[(bpy)2Ru(dpp)PtCl2]2+. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, DMF = N,N-
dimethylformamide, DMSO = dimethylsulfoxide.  a Adapted from reference 160.  b Adapted from 
reference 54.  c Adapted from references 52 and 53.
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Figure 2.5: Synthetic scheme for [{(bpy)2Ru(dpp)}2RhCl2]5+ -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  a Adapted from references 66 and 67.

2.1.2.  Purification

The complexes discussed above were separated from byproducts and left over starting material 

by differing methods based upon differences in solubility, charge and size between the desired product 

and impurities present.  For the remainder of this section, the solid phases used for column 

chromatography are methanol-deactivated alumina, denoted Al2O3, or Sephadex® LH-20 resin, 

denoted LH-20.  The Rh(III) monometallic complexes were purified by precipitation in diethyl ether, 

filtration on a fritted glass funnel and washing with water, ethanol and diethyl ether to remove excess 

starting materials leaving pure [(TL)RhCl3(DMF)].  All Ru(II) monometallic complexes were purified 

using column chromatography, although additional liquid extraction steps were necessary for the 

prolinate complexes before chromatography.  [(TL)2RuCl2] was purified by column chromatography 

using an Al2O3 stationary phase and a 1:1 CH2Cl2/acetone (v/v) mobile phase.  The nonpolar mobile 

phase allowed uncoordinated TL to elute rapidly, followed by the nonpolar desired product, 

[(TL)2RuCl2] while leftover RuCl3•3H2O and [Ru(TL)3]2+ byproduct stick to the top of the column.  

[(TL)2Ru(prolinate)]+ complexes were purified by liquid extraction to remove the ethylene glycol 

reaction solvent and leftover proline before column chromatography.144 Without initial liquid 

extraction, the column separation was very poor because some of the molecules to be separated 

precipitated on top of the stationary phase and slowly dissolved later.  Liquid extraction was performed 

using CH2Cl2 and water at least three times before column chromatography using Al2O3 and a 2:3 

CH3CN/toluene (v/v) mobile phase yielded the target [(TL)2Ru(prolinate)]+.  All [(TL)2Ru(BL)]2+

complexes were purified using an Al2O3 column and a 2:3 CH3CN/toluene (v/v) mobile phase, leaving 

the [(TL)2Ru(BL)Ru(TL)2]4+ byproduct on the column. Multimetallic complexes of the forms 
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[(TL)2Ru(BL)Ru(TL)2]4+, [(TL)2Ru(BL)RhCl2(TL)]3+, [(TL)2Ru(BL)PtCl2]2+, and 

[{(TL)2Ru(BL)}2RhCl2]5+ were all purified by LH-20 column chromatography, primarily a size 

exclusion separation using 2:1 EtOH/CH3CN (v/v) mobile phase.  The large target complexes eluted 

first, followed by unreacted [(TL)2Ru(BL)]2+ precursors in a clean, reproducible separation.  Unreacted 

Ru(II), Pt(II) or Rh(III) salts and byproducts were removed by syringe filtration before loading onto the

column.

2.1.3.  Electrochemical and Spectroscopic Purity Determination

The building block methodology enables purification and analysis at each step of the synthetic 

scheme.  1H NMR is a useful characterization technique for determining the purity of the 

monometallic complexes, however  NMR is not useful for characterizing larger supramolecular 

complexes due to the large number of aromatic protons and the mixture of isomers formed throughout 

the synthesis (discussed in Chapters 3 and 4).  A combination of additional techniques, such as ESI-

MS, square wave voltammetry, electronic absorption spectroscopy, and emission spectroscopy, as 

well as subunit variation, provides evidence  that  the  products  are  consistent  with  proposed  

structures  and  of  purity  with  respect  to electroactive and photoactive by-products.  Products of 

repeated syntheses are compared to assure purity. The precursors, desired products, and common 

impurities have characteristic redox and spectroscopic properties, enabling detection of predicted 

impurities through electrochemical and spectroscopic analyses.  For  example,  a  common  impurity  

in  the  [(TL)2RuCl2]  synthesis  is  the  tris-homoleptic  [Ru(TL)3]2+ complex.   [Ru(TL)3]Cl2 is 
em = 0.02-0.37 depending on the solvent)32,35,38,152 while no emission is detected 

for the analogous [(TL)2RuCl2] complexes, so the amount of [Ru(TL)3]Cl2 in the [(TL)2RuCl2]

sample can be detected by monitoring the relative emission intensity compared to [Ru(TL)3]2+

samples.  The low detection limit of ca. 10 M makes this technique quite useful in detection of 

highly emissive species.  In the synthesis of [{(TL)2Ru(BL)}2RhCl2]5+,  a common impurity is 

unreacted [(TL)2Ru(BL)]2+.  Emission spectroscopy can be a suitable means of detection for this 

impurity as it is more emissive than the desired product; however, major differences in the 

electrochemistry exist between the desired [{(TL)2Ru(BL)}2RhCl2]5+ product and the 

[(TL)2Ru(BL)]2+ starting material.   Specifically, the anodic electrochemistry of 

[{(TL)2Ru(BL)}2RhCl2]5+ exhibits one couple ca. 1.6 V vs. Ag/AgCl, while the precursor 
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[(TL)2Ru(BL)]2+ exhibits one couple around 1.4 V.  The presence of a redox couple ca. 1.4 V in a 

[{(TL)2Ru(BL)}2RhCl2]5+ sample suggests that the precursor is present and further purification is 

required.  Square wave voltammetric analysis is useful as it has a detection limit of 10 M.153

Careful analysis of potential impurities in the desired complexes allows use of both electrochemical 

and spectroscopic methods in determining the composition and purity of products.

2.2.  Materials

All materials for syntheses, purifications, characterizations, and photolysis experiments were 

used as received unless otherwise stated.  The precursor cis-dichlorobis(dimethylsulfoxide)platinum(II)

([PtCl2(DMSO)2]) was synthesized by previously reported methods.154 Ruthenium trichloride trihydrate 

(RuCl3•3H2O), rhodium trichloride trihydrate (RhCl3•3H2O), lithium chloride (LiCl), silver 

trifluoromethanesulfonate (AgSO3CF3), trifluoromethanesulfonic acid (CF3SO3H), and 4,7-diphenyl-

1,10-phenanthroline (Ph2phen) were purchased from Alfa Aesar.  Sephadex® LH- -bipyridine 

(bpy), L-proline, D-proline, DL-proline, 2,3-bis(2-pyridyl)pyrazine (dpp), trifluoroacetic acid (TFA) and 

N,N-dimethylaniline (DMA) were purchased from Aldrich Chemical Company.  Tetra-n-

butylammonium hexafluorophosphate (Bu4NPF6) was purchased from Fluka.  Ammonium 

hexafluorophosphate (NH4PF6) and cis- - bipyridine)ruthenium(II) ([(bpy)2RuCl2]) were 

purchased from Strem Chemicals, Inc.  Ethanol (EtOH) was purchased from Decon Labs.  Spectral 

grade acetonitrile (CH3CN) and N,N-dimethylformamide (DMF) were purchased from Burdick and 

Jackson.  Acetone, acetonitrile (CH3CN), chloroform (CHCl3), dichloromethane (CH2Cl2), diethyl ether, 

methanol (MeOH), N,N-dimethylformamide (DMF), toluene, ethylene glycol, and 80-200 mesh alumina 

were purchased from Fisher Scientific.  Deactivated alumina was prepared by covering activated 

alumina with MeOH and allowing the MeOH to evaporate overnight.

2.3.  Instrumentation and Methods

2.3.1.  Mass Spectrometry

Mass spectrometery was used as a non-spectroscopic method to confirm the identity of the 

supramolecular complexes synthesized.  Positive ion electrospray ionization mass spectrometry, (+)ESI-

MS, experiments were performed in the Virginia Tech Chemistry Department Analytical Services 
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laboratory by Mr. William Bebout using an Agilent Technologies 6220 Accurate-Mass time-of-flight 

(TOF) instrument with a dual ESI source.  The samples were dissolved in HPLC grade CH3CN and 

directly injected into the instrument source through a preloading capillary at +1.2 kV with a 0.4 mL/min 

flow rate.  N2 gas at a pressure of 60 psig was used as the inert nebulizing gas.  The charging voltage 

was 2000 V, the fragmentor voltage was 125 V, and the skimmer voltage was 65 V.  Isotopic 

distribution patterns were simulated using ChemCalc and compared to the observed molecular ion 

peaks.155

2.3.2.  NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy was utilized to determine the extent of 

deuteration and for determination of geometric isomer distributions of complexes in solution. 1H NMR, 
13C NMR, 1H-1H COSY and 1H-13C HSQC spectra were recorded on either a Varian MR 400 MHz, 

Varian INOVA 400 MHZ, or JEOL 500 MHz NMR spectrometer at 298 K in either d6-acetone or d3-

acetonitrile.  Spectra were referenced to residual protiated solvent in the liquid samples.

2.3.3.  Electrochemistry

Electrochemical measurements provide a measure of the ground state frontier orbital energetics 

and provide the ability to screen complexes for water reduction catalytic ability.  Electrochemical

experiments were performed with an Epsilon potentiostat from Bioanalytical Systems, Inc. using a

one compartment, three electrode cell with a glassy carbon or Pt disk working electrode, Ag/AgCl (3 M 

NaCl) reference electrode, and a platinum wire auxiliary electrode (Figure 2 .6). The working 

electrode was polished with 0.5 alumina paste prior to each experiment. The CH3CN electrolyte

solution containing 0.1 M Bu4NPF6 was deoxygenated by bubbling with Ar for 10 minutes and a

background scan was performed to ensure the absence of electrochemically active impurities.

Cyclic voltammetry (CV) studies were performed at a scan rate of 0.1 V/s. Osteryoung square wave

voltammetry (SWV) studies were performed with pulse frequency = 15 Hz, pulse time (tp) = 30 ms,

fixed pulse potential magnitude p) = 25 mV, and potential step s) = 4 mV. The CV triangular

waveform and the SWV pulsed staircase waveform are depicted in Figure 2.7 .31,153 CV gives

information about reversibility of redox couples, while SWV gives a higher signal-to-noise ratio. The

potentiostat resolution is ± 10 mV.
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Linear sweep methods like cyclic voltammetry utilize a simple waveform that is presently 

available on most commercial potentiostats that ramps the applied potential linearly with time while 

measuring the current over time. Information about peak reversibility can be obtained using cyclic 

voltammetry, an important aspect in the study of multimetallic systems.14 For potential step methods, 

like SWV, main advantage is the capability of discriminating between the faradaic current (analyte 

signal) and the capacitive current or charging current (background). This is accomplished by taking 

advantage of the fact that the faradaic current decays as a function of 1/t1/2 whereas the capacitive 

current has an exponential decay. The waveform for pulsed voltammetric techniques is made up of a 

series of pulses or steps of the applied potential followed by a short pause after each step where the 

capacitive current diminishes faster than the faradaic current, after which the current is measured. This 

waveform results in higher signal to noise ratio, a lower limit of detection, and a larger accessible 

potential window, as a result of the decreased charging current.14,153

Figure 2.6: Diagram of the one-compartment, three electrode cell using a Pt disk or glassy carbon
working electrode, Pt wire auxiliary electrode, and an Ag/AgCl reference electrode. Argon was bubbled
through the electrolyte/solvent system.
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Figure 2.7: (A) Triangular waveform used for cyclic voltammetric analysis, where Einitial = initial
potential, ESP1= first switching potential, ESP2 = second switching potential, Efinal = final potential. ( B)
Pulsed staircase waveform used for Osteryoung square wave voltammetric analysis, where p = fixed
pulse potential magnitude, tp = pulse time, = pulse frequency, s = potential step.

2.3.4.  Electronic Absorbance Spectroscopy

The light absorbing properties of supramolecular complexes need to be quantified to determine 

whether the complex will be effective at harvesting solar energy for conversion to chemical energy.  

Also, since the amount of the complexes necessary to catalyze water reduction is extremely small, 

weighing the complex is nearly impossible: the amount of complex must be determined from the 

concentration in a known solution volume.  Electronic absorption spectra were measured using an

Agilent 8453 diode array UV-Vis spectrophotometer with 1 nm resolution and a spectral range of 190 

to 1100 nm. Samples were dissolved in RT spectral grade CH3CN and measured in a 1 cm or 0.2

cm pathlength quartz cuvette (Starna Cells, Inc.; Atascadero, CA, USA). Molar absorption 

coefficient measurements were performed in triplicate with each solution prepared gravimetrically.  

several factors.  According to Beer’s Law (Equation 1.11

the absorbance (A) at that wavelength, the concentration of the sample (c), and the pathlength of the cell 

(b).  The absorbance at each maximum fell within the linear region of Beer’s Law to minimize error.

The number of significant figure

gravimetrically to produce a standard solution.  The mass of the sample (approximately 0.030 g, limited 

by balance accuracy) limits the accuracy to two significant figures.  As the c has fewer significant 
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figure figures.  Error was also introduced in the 

variation between measurements as the experiment was performed in triplicate.  The values presented 

are an average of three experiments, and the error associated is one standard deviation from the three 

experiments.  The standard deviations in molar absorption coefficient reported are one significant figure,

10,000 M 1cm 1 and 1,000 M 1cm 1

2.3.5.  Electronic Circular Dichroism Spectroscopy

Electronic circular dichroism spectroscopy was used to determine the chiral excess of 

supramolecular complexes in solution. Electronic circular dichroism spectra were measured using a 

Jasco J-815 Circular Dichroism spectrometer (Figure 2.8) with a spectral range of 163 to 900 nm 

equipped with a Jasco PFD-425S/15 Peltier temperature controller.  Spectral resolution varies 

throughout the UV and visible spectrum, but the relevant ranges are ±0.1 nm from 180 to 250 nm, ±0.3 

nm from 250 to 500 nm and ±0.8 nm from 500 to 800 nm.156 Samples were dissolved in RT spectral 

grade CH3CN and measured in a 1 cm or 0.2 cm pathlength quartz cuvette (Starna Cells).  Spectra were 

recorded from 200 to 700 nm with standard sensitivity (±0.01 mdeg at ±200 mdeg full scale ellipticity), 

a one second digital integration time, 1 nm data pitch and 100 nm/min scan rate.  Spectra were 

background subtracted and are the average of three accumulations.  The spectrometer recorded both the 

electronic circular dichroism spectrum and the electronic absorbance spectrum simultaneously.  The 

electronic circular dichroism signal, ellipticity, was recorded in units of millidgrees and converted to 

Equation 2.1,

=  . (2.1)

unitless.157 The conversion from ellipticity to 

requires several constant conversion factors which are all accounted for in the 32.982 value found in 

Equation 2.1.

Equation 2.2,
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=  (2.2)

where b is the pathlength of the cell in cm and c is the concentration in M.

The raw signal from the Jasco J-815 ECD spectrometer is ellipticity, which is converted into

defined in Equation 2.3:

=  (2.3)

where ALCP and ARCP are the measured absorbance of LCP light and RCP light, respectively.  Using 

Equation 2.2

assign the overall stereochemistry of the Ru(II) polyazine complexes discussed in this dissertation.  

Equation 2.3

Experimentally, this principle is only applicable for the bpy 

electronic transition of the complexes.123 Another useful feature of ECD spectra of complexes 

containing chiral moieties is the ability to easily locate individual optical transitions associated with the 

chiral units, a difficult task for basic electronic absorbance spectroscopy of Ru(II) polyazine 

complexes.123

is most affected by the masses used to ca

significant figure, 10 M 1cm 1 1cm 1
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Figure 2.8: Schematic diagram of the Jasco J-815 spectrometer for electronic circular dichroism 
spectroscopy (top) and simplified block diagram for electronic circular dichroism measurement 
(bottom).

2.3.6.  Steady-State Luminescence Spectroscopy

Steady-state luminescence spectroscopy was used to determine the luminescence quantum yield, 

an important piece of data needed to determine the excited-state rate constants kr, knr, and ket. Steady-
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state emission was measured using a QuantaMaster Model QM-200-45E fluorimeter (Figure 2.9) from 

Photon Technologies International, Inc.  The excitation source was a 150 W Xe arc lamp that was 

cooled by water circulation.  The arc lamp output profile is given in Figure 2.10, adapted from the 

manufacturer’s website.158 The emission was collected at a 90° angle with a thermoelectrically cooled 

Hamamatsu 1527 photomultiplier tube (PMT) in photon counting mode with a 0.25 nm resolution.  The 

monochromator used Czerny-Turner style grating set to 1200 lines/mm and 750 nm blaze.  The slit 

widths for the excitation and emission monochromators were adjusted to 1.5 mm, which corresponds to 

±6 nm.  The sample was dissolved in RT spectrophotometric grade CH3CN with an absorbance ca. 0.3 at 
exc).  The solutions were deoxygenated by bubbling with Ar for 10 

minutes prior to analysis.  Recorded spectra were an average of three scans unless otherwise stated.  The 

quantum em) were calculated with [Os(bpy)3](PF6)2 as a standard using Equation 

2.4,

=   ×  × (2.4)

where is the quantum yield of emission of the sample, is the quantum yield of emission of 

[Os(bpy)3](PF6)2
em = 0.0046 in RT deoxygenated CH3CN, Figure 2.11)48, Areasam is the area under 

the curve of the sample’s emission profile, Areastd is the area under the curve of the standard’s emission 

profile, Abssam is the measured absorbance of the sample at the excitation wavelength, and Absstd is the 

measured absorbance of the standard at the excitation wavelength.  All emission spectra were corrected 

for PMT response using the manufacturer supplied correction file.
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Figure 2.9: Schematic diagram of the experimental set-up for steady-state emission spectroscopy.

Figure 2.10: Output profile for the 150 W Xe arc lamp excitation source. Figure adapted from reference 
158.
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Figure 2.11: Emission profile for the reference compound [Os(bpy)3](PF6)2 excited at 540 nm 
(absorbance = 0.30), measured at room temperature in CH3CN using a 1 cm quartz cuvette, and 
corrected for PMT response.  Excitation and emission monochromator compartment entrance and exit 
slit widths set to 1.25 mm (corresponds to ± 5 -bipyridine.

2.3.7.  Time-Resolved Luminescence Spectroscopy

Time-resolved luminescence spectroscopy allows for the determination of the lifetime of an 

excited state and the determination of kr, knr, and ket. Time-resolved emission spectroscopy

measurements were performed using a Photon Technologies International, Inc. PL-2300 N2 laser with

a PL-201 tunable dye laser (Figure 2.12).  The dye used was Coumarin 540A (10 mM in EtOH). An

emission monochromator was set to the maximum emission wavelength determined by steady-state

emission measurements. A Hamamatsu R928 PMT operating in direct mode collected the time

profile at a 90° angle relative to the excitation source. The signal was recorded on either a LeCroy

9361 Dual 300 MHz oscilloscope (2.5 Gs/s) or a Tektronix TDS-3052 500MHz two channel 

oscilloscope (5Gs/s). The data were fitted to an exponential decay function, Equation 2.5,

( ) =  (2.5)

where I(t) is the intensity of the signal at time t after the laser pulse, i ai is the sum of the fractions

that are contributed by each component to the overall observed decay, i is the component, and i is the 
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excited state lifetime of each component. The signals measured as potential (V) were plotted versus

time, and a plot of ln(V) versus time yields a straight line with a slope that corresponds to

(Figure 2.13). Samples were prepared by dissolving in RT spectrophotometric grade CH3CN with an

absorbance ca. 0.3 at the chosen excitation wavelength exc). The solutions were deoxygenated by

bubbling with Ar for at least 10 minutes prior to analysis.

Figure 2.12: Schematic diagram of the experimental set-up for time-resolved emission spectroscopy.

Figure 2.13: Time-resolved luminescence profile depicting intensity vs. time (left panel) and  
ln(intensity) vs. time (right panel) for [(bpy)2Ru(dpp)Ru(bpy)2](PF6)4 excited at 540 nm and emission 
monitored at 750 nm in deoxygenated CH3CN.  Emission monochromator compartment entrance and 
exit slit widths set to 1.25 mm (corresponds to ± 5 nm).  The slope of the decay curve provides a 
measured excited state lifetime of 140 ns, in good agreement with cited reference values.47   -
bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine.

2.3.8.  Photoinitiated Racemization

Electronic circular dichroism spectroscopy was used to monitor the racemization as a result of 

photolysis of a solution containing a chiral supramolecular complex.  A solution containing ~20 μM 
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complex in spectral CH3CN in a 1 cm quartz cuvette was photolyzed with a high intensity (4 individual 

LEDs) 470 nm LED light source (Figure 2.14) and the spectra were measured every 15 minutes until 

the complex became racemic (if less than 8 hours of photolysis) or every 30-120 minutes until a 

photostable steady state was reached (if greater than 8 hours of photolysis), depending on the complex.  

The samples were kept out of direct light between photolysis and measurement to minimize stray light 

interactions.

2.3.9.  Photoinitiated Ligand Substitution

Electronic circular dichroism and electronic absorbance spectrocopies were used to monitor the 

racemization and spectral shifts as a result of photolysis of a solution containing a chiral supramolecular 

-bipyridine, bpy.  A solution containing ~20 μM complex and 2 

mM bpy in spectral CH3CN in a 1 cm quartz cuvette was photolyzed with a high intensity (4 individual 

LEDs) 470 nm LED light source (Figure 2.14) and spectra were measured every 15 minutes until the 

complex became racemic (if less than 8 hours of photolysis) or every 30-120 minutes until a photostable 

steady state was reached (if greater than 8 hours of photolysis), depending on the complex.  The samples 

were kept out of direct light between photolysis and measurement to minimize stray light interactions.

2.3.10.  Photocatalytic H2 Production

2.3.10.1.  LED Array

Photolysis studies were performed using two LED arrays constructed in our laboratory, Figure 

2.14, for small scale and large scale photocatalytic studies.159,160 The LEDs used were blue Luxeon® V 

Star LEDs with a spectral coverage of 470 ± 10 nm.  The flux of each LED was measured using a power 

meter and the average value was 2.36 ± 0.05 x 1019 photons/min for the small scale LED array.   For the 

large scale array, the LED power was not adjustable and the average total flux of four LEDs was 6.27 ± 

0.01 x 1019 photons/min.160
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Figure 2.14: Small scale LED array used for photocatalytic H2 production experiments (left) with five
exc = 470 ± 10 nm blue LEDs. Up to five HY-OPTIMATM H2 sensors were used for to permit

simultaneous, real-time analysis of multiple samples. Large scale LED array used for 
photoracemization and photosubstitution experiments (right) with four exc = 470 ± 10 nm blue LEDs
surrounding one photolysis reaction cell.

2.3.10.2.  Real Time H2 Sensors

The quantity of H2 produced was monitored in real-time using HY-OPTIMATM 700 Process

Hydrogen Analyzer solid state sensors from H2scan (Valencia, CA, USA) connected to the photolysis

reaction cells, Figure 2.15. The sensors contained factory calibrated H2 values that were preset to a

voltage or current analog output that was converted to a digital output for RS232 serial COM connector

compatibility. Multiple sensors were used simultaneously by connection to a USB-8COMi-RM data

communication serial port (Vision Systems; Norderstedt, Germany) to allow interface of multiple

sensors to the computer. To ensure proper functioning of the sensors, calibration curves for H2

sensitivity were generated by injecting known quantities of H2 gas into the reaction cells connected to 

the sensors. The sensors are functional from 0.1% to 100% H2 by volume at 1 atm with 2-3% relative

error for each measurement.
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Figure 2.15: Picture of a HY-OPTIMATM 700 Process Hydrogen Analyzer connected to a photolysis
reaction cell used for photocatalytic H2 production experiments.

2.3.10.3.  Gas Chromatography

A series 580 GOW-MAC gas chromatograph equipped with a rhenium-tungsten thermal

conductivity detector and a 5 Å molecular sieves column using ultra-high purity argon as the carrier

gas was used to qualitatively or quantitatively analyze the reaction cell headspace.  A 100 sample 

from the reaction cell headspace was injected into the gas chromatograph using an air tight syringe.

The gas chromatograph signal was amplified with a Vernier Software instrument amplifier and

recorded using Logger Pro 3.4.5 software.  The gas chromatograph was calibrated for H2 signal

sensitivity by injecting known amounts of H2 gas and generating a calibration curve.

2.3.10.4.  Real-Time Experiments

Glass photolysis reaction cells were designed locally and manufactured by the Virginia

Tech Chemistry Department Glassblowing Shop by Tom Wertalik. The two-neck reaction cell enables

an air-tight connection of the H2 sensor while providing an air-tight septum for deoxygenation and

solution injection. The septum-capped cells were tightly attached to the H2 sensor, and air was

removed from the system with an Ar flow for 30 minutes. The sensors were powered on and a 5 %

volume (ca. 1 mL) of H2 was injected into each cell to prime the sensors. After 10 minutes of H2

exposure, the cells were purged with Ar for 30 minutes to remove H2. The metal complex stock 

solution in spectral grade CH3CN, with a concentration determined by the absorbance and extinction
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coefficient at a given wavelength, and H2O acidified to pH 2 with HSO3CF3 were injected into the

reaction cells. The solution was deoxygenated by bubbling with Ar for 15 minutes. The sacrificial 

electron donor, DMA, was deoxygenated separately and injected into the cell immediately prior to

photolysis. The LEDs were turned on to begin photolysis directly after injection of DMA. The cells

were covered with aluminum foil to minimize interference of ambient light from the laboratory. The

evolution of H2 was monitored in real time using MOXA Pcomm Lite terminal emulator software.

The % H2 output was converted to moles of H2, and the TON (turnover number) of the catalyst was

calculated using Equation 2.6.

=       (2.6)

The quantum yield of H2 production at time t was calculated using Equation 2.7.

( ) =         × 2 (2.7)

The number of incident photons into the sample was calculated using the light flux. The ratio of

moles of H2 produced and the moles of incident photons was multiplied by two due to the need for

two photons to produce one H2 molecule. Experiments were performed in triplicate.
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3. Enhancement of Catalytic H2 Production by Polyazine Ligand Deuteration161

The complexes discussed in this chapter were synthesized to possess increased excited-state 

lifetime and quantum yield of emission, enhancing their water reduction catalysis abilities.  Previously, 

the Brewer group and other inorganic photochemistry investigators have modulated the polypyridyl 

ligands used to synthesize Ru(II) supramolecular complexes.45,51,84,85,147,152,162,163 For example, varying 

-bipyridine (bpy) to 1,10-phenanthroline (phen) to 4,7-diphenyl-1,10-

phenanthroline (Ph2phen) in [Ru(TL)3]2+ results in excited-state lifetimes of 850, 400, and 4700 ns in 

acetonitrile, respectively.26,152 Unfortunately, terminal ligand variation does not always produce 

beneficial physical properties as solubility and a host of other important factors depend strongly on the 

ligand identity.  The [Ru(TL)3]2+ series discussed in Section 1.3.2 shows decreasing water solubility as 

the terminal ligands are varied from bpy to phen to Ph2phen because of decreasing hydrophilicity of the 

ligands themselves.  An innovative method for modulating excited-state properties without changing 

other physical properties was utilized by Meyer, Vos, and and several other researchers: substitute 

deuterium for hydrogen in the ligands.103-105,110-113,116,164-166 The main motivation for the research of 

Meyer, Vos, and others was simplification of 1H NMR and FTIR spectra, but they also found that the 

excited-state lifetimes increased upon ligand deuteration.  With this knowledge, the Brewer group set 

out to improve their mixed metal water reduction catalysts, which depend upon population of the excited 

state to drive catalysis, by incorporating deuterated ligands into existing supramolecular architectures.

Ligand deuteration has been shown to influence the excited-state properties of 

complexes.103,104,109-118 H-to-D substitution modifies the stretching frequency and amplitude associated 

with the nonradiative decay modes of the excited states of inorganic complexes. Changing the mass of 

an atom changes the resonant vibrational frequency of any bonds in which those atoms participate,

resulting in an isotope effect. Isotope effects are important in any process which is strongly coupled to 

the affected vibrational modes.  Ground state electronic transitions are essentially unchanged by H-to-D

substitution. However, excited-state electronic structure and decay rates are strongly coupled to 

vibrational modes in several relaxation pathways. Two examples are vibrational relaxation within a 

given excited state (kivr) and nonradiative decay from an excited state to the ground state (knr).  When D 

atoms are substituted for H in a molecule, vibrational relaxation happens rapidly (10-100 fs) and 

effectively, while the knr deactivation pathways become less effective at dissipating excitation energy.  
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Attenuated deactivation pathways are attributed to the increased mass of deuterium decrease the 

frequency of C-D vs. C-H vibrations, resulting in a decreased rate of non-radiative deactivation of 

excited state to the ground state.103,165,166 For [Ru(bpy)3]2+, relaxation from the excited state to the 

ground state does not involve a single vibrational mode.  Rather, a number of aromatic ring breathing 

and C-C-H bending modes with frequencies between 1200 and 1400 cm 1 all contribute to dissipating 

the excited state energy.116,165 Decreasing the frequency of the non-radiative deactivating vibrational 

modes interferes with resonant internal conversion from the excited state to the ground state.  When the 

deuterated ligand is associated with the emitting excited state, the lower stretching frequency decreases 

the overlap between the excited and ground states, causing a decrease in the rate constant for 

nonradiative deactivation and an increase in the observed excited-state lifetime.33,103,109,119-121

In this project, deuteration of polyazine ligands was not expected to change any ground state 

properties: electrochemical potentials and electronic absorbance spectra were expected to be identical, 

within experimental error.  However, 1H NMR and excited-state luminescence spectra were expected to 

differ significantly based on which supramolecular building block was deuterated.  1H NMR spectra 

should be simplified, allowing at least qualitative assignment of the 1H resonances to terminal or 

bridging ligands.  Also, careful choice of the location of single deuterated ligands within the 

supramolecule is expected to confirm the number of geometric isomers in a supramolecular complex.  

As discussed above, deuterated bridging ligands are expected to increase the quantum yield of emission 

and excited-state lifetime of the complexes.  Finally, due to increased excited-state lifetimes, complexes 

with deuterated bridging ligands should be more effective water reduction catalysts.

3.1.  Synthesis

Following the synthetic schemes outlined in Section 2.1.1, two selectively deuterated 

polypyridyl ligands and four different supramolecular architectures were synthesized for use in this 

study, all of which are shown in Figure 3.1.  In this section, both the bpy terminal ligands (TL) and the 

dpp bridging ligands (BL) can be deuterated or undeuterated.  The initial synthetic steps substitute D for 

H in the polypyridyl ligands, then generate a racemic starting material, [(TL)2RuCl2]. The Cl ligands 

are replaced by a BL resulting in [(TL)2Ru(BL)]2+ monometallics.  After attaching dpp another metal 

center is attached, generating either a bimetallic or trimetallic complex.  Coupling a second 

[(TL)2RuCl2] center generates [(TL)2Ru(BL)Ru(TL)2]4+ bimetallics, while attaching a cis-RhIIICl2
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unit results in the [(TL)2Ru(BL)RhCl2
3+ bimetallics.  Coupling two of the [(TL)2Ru(BL)]2+

monometallics together through a cis-RhIIICl2 unit results in [{(TL)2Ru(BL)}2RhCl2]5+ trimetallics.

Figure 3.1: Selectively deuterated supramolecular complexes utilized in this study.  bpy = 2,2 -
bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.
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3.1.1.  Deuterated Terminal and Bridging Ligands

Figure 3.2: Ligand deuteration reaction scheme.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine, d8-bpy = perdeuterated bpy, d10-dpp = perdeuterated dpp.  a Adapted from reference 
112. b estimated from the 1H NMR spectrum of [(d8-bpy)2Ru(dpp)]2+ or [(bpy)2Ru(d10-dpp)]2+.

All D/H exchange reactions were carried out according to previously recorded methods.105,112 A

Teflon® cup containing bpy (2.5 g, 15 mmol) or dpp (2.5 g, 10 mmol) and NaOD/D2O (pD = 12) was 

placed in a stainless steel bomb calorimeter, sealed, and placed in an oven at 473 K for 7 days.  After 

cooling to room temperature, a white or tan solid formed which was collected by filtration.  The solid 

was washed with H2O (15 mL) and 200 proof EtOH (2 mL) and dried under vacuum, yielding 1.9 g d8-

bpy (80% yield, 0.012 mol) or 1.9 g d10-dpp (80% yield, 0.008 mol).  Samples were analyzed by 1H

NMR, where only broad, weak resonances due to residual protons were observed.  1H NMR in 

(CD3)2 d8-bpy: 8.68 (br, 1H), 8.43 (br, 1H), 7.90 (br, 1H), 7.43 (br, 1H); d10-dpp: 

8.72 (br, 1H), 8.25 (br, 1H), 7.86 (br, 2H), 7.29 (br, 1H).
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3.1.2.  [(TL)2RuCl2] Complexes

Figure 3.3: Synthetic scheme for [(bpy)2RuCl2].  bpy = 2,2 -bipyridine, DMF = N,N-
dimethylformamide.  Adapted from reference 167.

A round bottom flask was charged with RuCl3•3H2O (1.0 g, 3.83 mmol), LiCl (2.0 g, 48.78 

mmol) and either bpy (1.20 g, 7.66 mmol) or d8-bpy (1.26 g, 7.66 mmol) dissolved in 20 mL of DMF.  

The solution was heated at reflux for 6 h, which caused the golden yellow solution to turn deep purple.  

The reaction was cooled to room temperature, 60 mL acetone was added, and the flask was placed in the 

refrigerator overnight to induce precipitation.  The precipitate was collected by vacuum filtration, 

washed with 50 mL H2O and 50 mL diethyl ether and dried under vacuum.  The solid was purified by 

column chromatography using methanol deactivated adsorption alumina with a 1:1 CH2Cl2/acetone (v/v) 

mobile phase.  The desired [(TL)2RuCl2] product was collected as a purple band, while unreacted

RuCl3•3H2O and [Ru(TL)3]2+ byproduct remained at the top of the column.  The yield was 40% (0.73 g, 

1.5 mmol) for [(bpy)2RuCl2] and 40% (0.75 g, 1.5 mmol) for [(d8-bpy)2RuCl2].  Purity assayed by 

monitoring steady state luminescence spectroscopy for the presence of highly emissive [Ru(TL)3]2+

byproduct.

3.1.3.  [(TL)RhCl3(DMF)] Complexes

Figure 3.4: Synthetic scheme for [(bpy)RhCl3(DMF)].  bpy = 2,2 -bipyridine, DMF = N,N-
dimethylformamide.  Adapted from reference 167.
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A round bottom flask was charged with RhCl3•3H2O (0.100 g, 0.38 mmol) and either bpy (0.060 

g, 0.38 mmol) or d8-bpy (0.062 g, 0.38 mmol) and 3 mL DMF.  The mixture was heated for 3 hours at 

338 K, causing the reddish suspension to turn orange.  After cooling to room temperature, 20 mL diethyl 

ether was added to induce precipitation and the mixture was filtered on a fritted glass funnel.  The 

precipitate was washed with 10 mL H2O, 10 mL 200 proof EtOH and 20 mL diethyl ether, then allowed 

to dry under vacuum.  The yield was 75% (0.14 g, 0.29 mmol) for [(bpy)RhCl3(DMF)] and 70% (0.12 g, 

0.27 mmol) for [(d8-bpy)RhCl3(DMF)], respectively.  1H NMR of [(bpy)RhCl3(DMF)] in CDCl3, 400 

, 9.11 (d, 1H), 8.65 (s, 1H, DMF), 8.10 (dt, 4H), 7.68 (t, 1H), 7.58 (t, 1H), 

3.23 (s, 3H, DMF), 3.19 (s, 3H, DMF).167 [(bpy)RhCl3(DMF)] ESI-MS: [M+NH4]+, m/z Found = 

456.59, Calculated = 455.79.  [(d8-bpy)RhCl3(DMF)] ESI-MS: [M+NH4]+, m/z Found = 464.63, 

Calculated = 463.97.

3.1.4.  [(TL)2Ru(BL)](PF6)2 Complexes

Figure 3.5: Synthetic scheme for [(bpy)2Ru(dpp)]2+.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  Adapted from reference 167.

The deuterated versions of the [(TL)2Ru(BL)](PF6)2 monometallic complexes were synthesized 

via a modification of a previously published method.168 The starting material [(d8-bpy)2RuCl2] (1.0 g, 

2.0 mmol) and dpp (0.65 g, 2.8 mmol) were dissolved in 30 mL of 2:1 200 proof EtOH/H2O (v/v) and 

heated at reflux for 3 hours.  After cooling to room temperature, the solution was added to 75 mL of a 

0.1 M NH4PF6 (aq) solution and allowed to stir 15 min.  The red/brown precipitate was filtered, washed 

with H2O and diethyl ether.  The monometallic complex was purified using column chromatography 

with methanol deactivated adsorption alumina with a 2:3 acetonitrile/toluene (v/v) mobile phase.  The 

orange band was collected and precipitated using diethyl ether to afford [(d8-bpy)2Ru(dpp)](PF6)2, an 

orange solid that was dried under vacuum (1.2 g, 1.3 mmol, average yield = 67 %).  ESI-MS: [M PF6]+,
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m/z Found = 808.76, Calculated = 809.13.  1H NMR in CD3CN ppm; 8.64 (1H, d), 8.48 (1H, d), 8.12 

(1H, t), 7.96 (1H, d), 7.88 (1H, d), 7,76 (1H, d), 7.63 (2H, m), 7.30 (1H, t), 7.20 (1H, d).

The [(bpy)2Ru(d10-dpp)](PF6)2 analogue was synthesized as described above utilizing 

[(bpy)2RuCl2] (0.43 g, 0.82 mmol) and d10-dpp (0.30 g, 1.2 mmol) to afford an orange solid (0.5 g, 0.52 

mmol, average yield = 64 %). ESI-MS: [M PF6]+, m/z Found = 802.72, Calculated = 803.10.  1H NMR 

in CD3CN ppm; 8.5-8.55 (4H, m), 8.75-8.15 (4H, m), 7.95 (1H, d), 7.69-7.75 (3H, m), 7.41-7.55 (4H, 

m).

3.1.5.  [(TL)2Ru(BL)Ru(TL)2](PF6)4 Complexes

Figure 3.6: Synthetic scheme for [(bpy)2Ru(dpp)Ru(bpy)2]4+. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  Adapted from reference 167.

The deuterated versions of the [(TL)2Ru(BL)Ru(TL)2](PF6)4 bimetallic complexes were 

synthesized via a modification of a previously published method.47,168 The starting material 

[(bpy)2RuCl2] (0.50 g, 1.0 mmol) and dpp (0.12 g, 0.50 mmol) were dissolved in 15 mL 200 proof EtOH

and 7.5 mL H2O, respectively, with gentle heating.  The dpp solution was added drop-wise to the 

[(bpy)2RuCl2] solution and heated at reflux for 3 h.  After cooling to room temperature, the solution was 

added to 100 mL 0.1 M NH4PF6 (aq) solution to induce precipitation and allowed to stir for 10 min.  The 

precipitate was collected by vacuum filtration, washed with H2O (45 mL) and diethyl ether (90 mL).  

The bimetallic complex was purified using SephadexTM LH-20 size exclusion chromatography in 2:1 

200 proof EtOH/acetonitrile (v/v) solvent system.  The purple band was collected and precipitated using 

diethyl ether to afford [(bpy)2Ru(dpp)Ru(bpy)2](PF6)4, a purple solid that was dried under vacuum (0.29 

g, 0.18 mmol, yield = 35%). 
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The [(d8-bpy)2Ru(dpp)Ru(d8-bpy)2](PF6)4 analogue was synthesized as described above utilizing 

[(d8-bpy)2RuCl2] (0.17 g, 0.34 mmol) and dpp (0.04 g, 0.17 mmol) to afford a purple solid (0.091 g, 

0.054 mmol, yield = 32 %).  ESI-MS: [M PF6]+, m/z Found = 1531.26, Calculated = 1532.10.

The [(bpy)2Ru(d10-dpp)Ru(bpy)2](PF6)4 analogue was synthesized as described above utilizing 

[(bpy)2RuCl2] (0.71 g, 1.5 mmol) and d10-dpp (0.18 g, 0.73 mmol) to afford a purple solid (0.32 g, 0.19 

mmol, yield = 28 %).  ESI-MS: [M PF6]+, m/z Found = 1509.13, Calculated = 1509.72.

3.1.6.  [(TL)2Ru(BL)RhCl2(TL )](PF6)3 Complexes

Figure 3.7: Synthetic scheme for [(bpy)Ru(dpp)RhCl2(bpy)]3+. -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  Adapted from reference 147.

The [(TL)2Ru(BL)RhCl2(TL )](PF6)3 bimetallic complexes were synthesized via a modification 

of a previously published method.147 The monometallic precursor [(bpy)2Ru(dpp)](PF6)2 (0.10 g, 0.11 

mmol) and [RhCl3(bpy)(DMF)] (0.057 g, 0.13 mmol) were dissolved in 8 mL of 200 proof EtOH and 4 

mL of H2O, respectively, with gentle heating.  The [(bpy)2Ru(dpp)](PF6)2 solution was added drop-wise 

to the [RhCl3(bpy)(DMF)] solution and heated at reflux for 1 h. After cooling to room temperature, the 

solution was added to 60 mL of a 0.1 M NH4PF6 (aq) solution to induce precipitation and allowed to stir 

for 10 minutes.  The precipitate was collected by vacuum filtration, washed with H2O and diethyl ether.  

The bimetallic complex was purified using SephadexTM LH-20 size exclusion chromatography with a 

2:1 200 proof EtOH:acetonitrile mobile phase.  The purple band was collected and precipitated using 

diethyl ether to afford [(bpy)2Ru(dpp)RhCl2(bpy)](PF6)3, a purple solid that was dried under vacuum 

(0.043 g, 0.030 mmol, yield = 41%).  ESI-MS: [M PF6]+, m/z Found = 1267.26, Calculated = 1266.97.

The [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)](PF6)3 analogue was synthesized as described above 

utilizing [(d8-bpy)2Ru(dpp)](PF6)2 (0.068 g, 0.073 mmol) and  [RhCl3(d8-bpy)(DMF)] (0.039 g, 0.087 
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mmol) to afford a purple solid (0.043 g, 0.030 mmol, yield = 41%). ESI-MS: [M PF6]+, m/z Found = 

1291.12, Calculated = 1290.99.

The [(bpy)2Ru(d10-dpp)RhCl2(bpy)](PF6)3 analogue was synthesized as described above utilizing 

[(bpy)2Ru(d10-dpp)](PF6)2 (0.11 g, 0.11 mmol) and  [RhCl3(bpy)(DMF)] (0.050 g, 0.12 mmol) to afford 

a purple solid (0.070 g, 0.50 mmol, yield = 45%). ESI-MS: [M PF6]+, m/z Found = 1277.03, Calculated 

= 1276.96.

The [(d8-bpy)2Ru(d10-dpp)RhCl2(bpy)](PF6)3 analogue was synthesized as described above 

utilizing [(d8-bpy)2Ru(d10-dpp)](PF6)2 (0.10 g, 0.11 mmol) and  [RhCl3(bpy)(DMF)] (0.048 g, 0.12 

mmol) to afford a purple solid (0.065 g, 0.046 mmol, yield = 42%).  ESI-MS: [M PF6]+, m/z Found = 

1293.30, Calculated = 1293.03.

3.1.7.  [{(TL)2Ru(BL)}2RhCl2](PF6)5 Complexes

Figure 3.8: Synthetic scheme for [{(bpy)2Ru(dpp)}2RhCl2]5+.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  Adapted from references 66 and 67.

The [{(TL)2Ru(BL)}2RhCl2](PF6)5 trimetallic complexes were synthesized via a modification of 

a previously published method.66,67 The monometallic precursor [(bpy)2Ru(dpp)](PF6)2 (0.141 g, 0.15

mmol) and RhCl3•3H2O (0.022 g, 0.083 mmol) were dissolved in 15 mL of 2:1 200 proof EtOH/H2O

(v/v) and heated at reflux for 3 h.  After cooling to room temperature, the solution was added to 60 mL 

0.1 M NH4PF6 (aq) solution to induce precipitation and allowed to stir for 10 min.  The precipitate was 

collected by vacuum filtration, washed with 45 mL of H2O followed by 45 mL of diethyl ether.  The 

trimetallic complex was purified using SephadexTM LH-20 size exclusion chromatography with a 2:1 

200 proof EtOH/acetonitrile (v/v) mobile phase.  The purple band was collected and precipitated using 

diethyl ether to afford [{(bpy)2Ru(dpp)}2RhCl2](PF6)5, a purple solid that was dried under vacuum 

(0.066 g, 0.030 mmol, yield = 41%).  ESI-MS: [M 2PF6]2+, m/z Found = 952.29, Calculated = 952.00.
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The [{(d8-bpy)2Ru(dpp)}2RhCl2](PF6)5 analogue was synthesized as described above utilizing 

[(d8-bpy)2Ru(dpp)](PF6)2 (0.160 g, 0.168 mmol) and  RhCl3•3H2O (0.024 g, 0.091 mmol) to afford a 

purple solid (0.090 g, 0.040 mmol, yield = 48%). ESI-MS: [M 2PF6]2+, m/z Found = 967.58,

Calculated = 967.97.

The [{(bpy)2Ru(d10-dpp)}2RhCl2](PF6)5 analogue was synthesized as described above utilizing 

[(bpy)2Ru(d10-dpp)](PF6)2 (0.180 g, 0.190 mmol) and  RhCl3•3H2O (0.026 g, 0.099 mmol) to afford a 

purple solid (0.092 g, 0.042 mmol, yield = 44%). ESI-MS: [M 2PF6]2+, m/z Found = 961.55,

Calculated = 962.10.

3.2.  Characterization

3.2.1.  NMR Spectroscopy

1-D 1H NMR and 2-D 1H-1H Correlation Spectroscopy (COSY) and 1H-13C Heteronuclear Single 

Quantum Correlation (HSQC) NMR experiments were used to characterize the Ru(II) monometallic, 

Ru(II),Ru(II) bimetallic, Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) trimetallic complexes 

discussed in this report. 1H NMR spectroscopy is a common method for identifying and analyzing metal 

complexes in solution.  Three common factors that influence the chemical shifts of protons in 

polypyridyl metal complexes here are the electron withdrawing effect from metal-ligand bonding, the 

ring current effect, and the electron withdrawing effect of any bound halide ligand.169,170 Ru(II) and 

Rh(III) metals act as Lewis acids and have a strong electron withdrawing effect on ligands.  Upon 

coordination, the deshielding effect from metal center causes proton resonances to shift downfield when 

electron density is drawn from the ligand orbitals into metal d .  The ring current effect is

perpendicular to the ring under an external magnetic field.  This additional magnetic field causes protons 

located above and below the ring to shift upfield while protons on the side of the ring to shift downfield.  

The ring current is often strong and overpowers the deshielding effect of metal coordination, imparting 

an overall upfield shift to a ligand proton below or above an aromatic ring system.  In polypyridyl 

supramolecular complexes, the presence of multiple aromatic rings often results in many complicated 

ring current effects and proton resonance shifts.  The third common effect in polypyridyl complexes is 

the electron withdrawing effect from anionic ligands, such as Cl , Br , and SCN , which impose a strong 
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deshielding effect to neighboring protons through space.  The deshielding effect from anionic ligands 

usually is stronger than either the electron withdrawing effect from metal-ligand bonding or the ring 

current effect, as in the case of [Ru(bpy)2Cl2], where protons around Cl (through space) exhibit the 

highest frequency.171 Given that these three effects often coexist for one aromatic proton in the title 

complexes, care must be taken when making assignments for protons on polyazine ligands.

Inclusion of deuterated ligands into the supramolecular architecture permits detailed analysis of 

the unsymmetrical monometallic complexes.  In the monometallic complexes, d10-dpp substitution 

results in the complex exhibiting only 1H signals from the remaining bpy ligands and vice versa when 

d8-bpy is substituted.  Figure 3.9 shows the 1H NMR spectra for [(bpy)2Ru(dpp)]2+, [(d8-

bpy)2Ru(dpp)]2+, and [(bpy)2Ru(d10-dpp)]2+. Figures 3.10 and 3.11 show 1H-1H-COSY spectral maps 

of [(d8-bpy)2Ru(dpp)]2+ and [(bpy)2Ru(d10-dpp)]2+. Proton resonances were assigned using the 

integration, multiplicity, and COSY maps for both [(d8-bpy)2Ru(dpp)]2+ and [(bpy)2Ru(d10-dpp)]2+.

For [(d8-bpy)2Ru(dpp)]2+ (top of Figure 3.9, Figure 3.10), the pyrazine protons labeled H5 and 

H6 are sharp doublets at 8.47 and 7.87 ppm and are only coupled to each other in the COSY map.  H5 is 

assigned as further downfield due to interaction with the ring current of the adjacent bpy ligands, 

deshielding it relative to H6.  Using the same argument, H1 should be a doublet shifted far downfield that 

is only coupled to H2.  H2 is a triplet coupled to H1 and H3, while H3 is also a triplet coupled to H2 and 

H4.  H7 – H10 are slightly more difficult to assign because there are no protons shifted far downfield due 

to interaction with an aromatic ring current because the unbound pyridyl ring is rotated perpendicular to 

the bound pyridyl ring to alleviate steric interaction between H4 and H10.  However, H8 is in a nearly 

identical environment to H2, both should be found between 7.60 and 7.65 ppm, and was used as the 

starting point for assigning H7 – H10 in an identical manner as H1 – H4.  The resonances appearing at 

8.53, 7.93, 7.7, and 7.4 – 7.5 ppm are due to undeuterated bpy impurity amounting to <0.5% in the 

sample by NMR integration.

Assigning resonances for [(bpy)2Ru(d10-dpp)]2+ (bottom of Figure 3.9, Figure 3.11) is more 

straightforward because two of the four types of bpy protons found in the molecule are in identical 

environments.  H3 and H4 integrate as four protons each and H3, shifted furthest downfield due to ring 

current interactions, is only coupled to H4 in the COSY map.  H4 is coupled to H3 and H5, while H5 is 
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coupled to H4, H6, and H6* in the COSY map.  H6 is divided into two separate signals because the H6

proton nearest to the pyrazine ring of the d10-dpp BL is in a different chemical environment than the 

other H6 protons which are all next to pyridine rings.  H6* is shifted further downfield than the other H6

protons due proximity to the more electron deficient dpp pyrazine ring.  The resonances appearing at 

8.64, 8.47, 7.95, 7.87, 7.63, 7.28, and 7.18 ppm are due to undeuterated dpp impurity amounting to 

<0.5% in the sample by NMR integration.
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Figure 3.9: Downfield (aromatic) region of the 1H NMR spectra of [(d8-bpy)2Ru(dpp)]2+ (top), 
[(bpy)2Ru(dpp)]2+ (middle) and [(bpy)2Ru(d10-dpp)]2+ (bottom) recorded at 400 MHz in CD3CN.  bpy = 
2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine. 
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Figure 3.10: 1H-1H COSY spectral map of [(d8-bpy)2Ru(dpp)]2+ recorded at 400 MHz in CD3CN.  bpy = 
-bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 3.11: 1H-1H COSY spectral map of [(bpy)2Ru(d10-dpp)]2+ recorded at 400 MHz in CD3CN. bpy 
= 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine. 

Substitution of deuterated ligands into the multimetallic architectures was hypothesized to yield 

results similar to those observed in the monometallic complexes.  However, this trend was not observed 

to the same extent due to the number of structural isomers present and the lack of diagnostic resonances 

in the Ru(II),Ru(II),  Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) multimetallic complexes (Figures 3.12-

3.14 respectively).  A discussion of the number and types of isomers relevant to this NMR analysis 

appears in Section 4.2.1 of this dissertation.  The 1H NMR spectra of the selectively deuterated 

Ru(II),Rh(III) bimetallics do show qualitative differences and allow general assignment of the proton 

resonances as originating from either bpy or dpp.  The Ru(II),Ru(II) bimetallic complexes show a large 

H3 H4
H6 H5

H6*
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number of signals in their 1H NMR spectra (Figure 3.12) due to the inequivalence of the two bpy 

ligands on each Ru(II) center induced by the non-symmetrical BL dpp and additional geometric isomers.

A large number of proton signals results in a decrease in the signal intensity, shown in the 1H NMR 

spectrum of [(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+. Ru(II),Rh(III) bimetallic complexes also show 

complicated 1H NMR spectra (Figure 3.13) due to the number of structural isomers generated during 

synthesis, but rational complex design allows interrogation of all different types of available protons in 

the Ru(II),Rh(III).  This observed NMR behavior is exacerbated in the Ru(II),Rh(III),Ru(II) trimetallic 

complexes as the number of possible isomers grows with the number of octahedral metal centers and 

increasing number of geometric isomers.  1H NMR for the trimetallics (Figure 3.14) show very few 

sharp, identifiable resonances due to the large number of isomers present and other NMR techniques like 

COSY and HSQC suffer from a decrease in usable signal as the number of different distinct 1H and 13C

nuclei increase.
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Figure 3.12: Downfield (aromatic) region of the 1H NMR spectra of [(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+

(top), [(bpy)2Ru(dpp)Ru(bpy)2]4+ (middle) and [(bpy)2Ru(d10-dpp)Ru(bpy)2]4+ (bottom) recorded at 400 
MHz in CD3CN.  bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 3.13: Downfield (aromatic) region of the 1H NMR spectra of [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+

(top), [(bpy)2Ru(dpp)RhCl2(bpy)]3+ (middle) and [(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ (bottom) recorded at 
400 MHz in d6-acetone.  bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 3.14: Downfield (aromatic) region of the 1H NMR spectra of [{(d8-bpy)2Ru(dpp)}2RhCl2]5+

(top), [{(bpy)2Ru(dpp)}2RhCl2]5+ (middle) and [{(bpy)2Ru(d10-dpp)}2RhCl2]5+ (bottom) recorded at 500 
MHz in d6-acetone.  bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

Ru(II),Rh(III) bimetallic complexes also show complicated 1H NMR spectra due to the number 

of structural isomers generated during synthesis.  These isomers arise from the use of the dpp bridging 

ligand, an AB chelating ligand, connecting the Ru(II) and Rh(III) metal centers and from the different 

orientations of the ligands on the asymmetrical Rh(III) center (Figure 3.18).  Through the use of rational 

complex design and appropriate NMR techniques, many of the proton resonances were assigned and the 
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number of isomers synthesized was verified.  Figure 3.15 shows the effect of coordination of a Rh(III) 

metal center to the unbound side of the dpp BL in a Ru(II) monometallic complex to form a 

Ru(II),Rh(III) bimetallic complex.  The bpy ligands used in the complex were deuterated to reduce the 

complexity of the NMR spectra and follow the 10 distinct dpp resonances before and after coordination.

The proton resonances marked with a prime in Figure 3.15 indicate the difference in chemical shift due 

to different environments in the two different geometric isomers found in this selectively deuterated 

complex.  Upon coordination of the Rh(III) metal center, the dpp proton resonances shift further 

downfield and are split into two distinct resonances due to the presence of two different ligand types on 

the Rh(III) center: two identical chloride ligands and a bpy ligand (TL ).  The dpp 13C resonances in the 

Ru(II) monometallic were assigned using 1H-13C HSQC (Figure 3.16) and those resonances were 

monitored again by HSQC of the Ru(II),Rh(III) bimetallic to follow proton resonance shifts and 

splitting.167 The splitting of the dpp proton resonances is due to the location of their ring (A, B or C in

Figure 3.15) with respect to the Cl ligands and the bpy ligand (TL ) on the Rh(III) center, generating 

two geometric isomers for the dpp protons.  Isomer 1 (top right structure in Figure 3.18) has dpp 

pyrazine (ring A) cis to Cl  and trans to bpy (TL ) and dpp pyridine (ring C) trans to Cl  and cis to bpy 

(TL ).  Isomer 2 (bottom left structure in Figure 3.18) has dpp pyrazine cis to bpy (TL ) and trans to Cl

while the dpp pyridine (ring C) is trans to bpy (TL ) and cis to Cl .
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Figure 3.15: Downfield (aromatic) region of the 1H NMR spectra of [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+

(top) and [(d8-bpy)2Ru(dpp)]2+ (bottom) recorded at 400 MHz in d6-acetone.  bpy = 2,2 -bipyridine and 
dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 3.16: 1H-13C HSQC spectral map of [(d8-bpy)2Ru(dpp)]2+ recorded at 400 MHz in d6-acetone. 
bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine. 

Inserting a deuterated ligand in a different location in the Ru(II),Rh(III) bimetallic complex, the 

bpy attached to the Rh(III) metal center, the total number of geometric isomers in the Ru(II),Rh(III) 

bimetallic complex were determined.  The complex using deuterated bpy TLs on the Ru(II) center and a 

deuterated dpp BL, [(d8-bpy)2Ru(d10-dpp)RhCl2(bpy)]3+, shows only proton signals from the bpy 

attached to the Rh(III) center (Figure 3.17).  The integration of the resonances in the 1H NMR spectrum 

adds up to 34.5 protons, approximately four times the number of protons found on a bpy ligand (8 

protons are found on an individual bpy TL). These results suggest the presence of four different 

magnetic environments for each bpy proton, each arising from a different geometric isomer of the 

Ru(II),Rh(III) complex (Figure 3.18).  The integrations of resonances between 9.6 and 9.9 ppm also 

indicate that the four isomers occur in ca. a 1:1:1:1 population distribution.  A distribution of isomers 
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similar to this is expected for multimetallic complexes utilizing an asymmetrical BL.  Representations of 

the four different isomers are shown in Figure 3.18.

Figure 3.17: Downfield (aromatic) region of the 1H NMR spectrum of [(d8-bpy)2Ru(d10-
dpp)RhCl2(bpy)]3+ recorded at 400 MHz in d6-acetone.  bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-
pyridyl)pyrazine.

89



Figure 3.18: Geometric isomers of [(bpy)2Ru(dpp)RhCl2(bpy)]3+.  Structures generated using Scigress 
7.7.1 molecular modeling software; red (Rh); gold (Ru); green (Cl); blue (N); gray (C); white (H).  bpy 
= 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

NMR analysis of the selectively deuterated complexes investigated in this chapter proved that 

the H atoms on the ligands could be successfully replaced by D atoms using previously reported 

conditions.  Incorporation of deuterated ligands into supramolecular complexes allowed for absolute 

assignment of signals in 1H and 13C NMR spectra for monometallic complexes and determine that the 

NMR signals are not affected by stereochemistry about Ru(II) centers.  Larger bi- and trimetallic 

complexes have NMR spectra that can be qualitatively assigned, but 1H signals are broad and 

overlapping due to the large number of geometric isomers.  Since all complex architectures can be 

qualitatively assigned by 1H NMR, NMR provides a technique for evaluating the success of 

incorporating deuterated ligands into other supramolecular architectures in the future.  Finally, with 

creative use of deuterated ligands, it is possible to determine the number of isomers present in a 

supramolecular complex based on characteristic 1H NMR signals.

Cl1 trans to N on pyridine
Ring C pointing up

Cl1 trans to N on pyridine
Ring C pointing down

Cl1 trans to N on pyrazine
Ring C pointing down

Cl1 trans to N on pyrazine
Ring C pointing up
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3.2.2.  Redox Properties

Electrochemical analysis of the supramolecular complexes provides information about their 

frontier molecular orbitals and allows inference of the catalytic activity of the complex.   Cyclic 

voltammetry (CV) provides insight into the reversibility of a redox event and the number of electrons 

transferred, while Osteryoung square wave voltammetry (SWV) suggests the number of electrons 

transferred in a redox process and has greatly increased signal-to-noise compared to CV, but provides no 

information about redox reversibility. Figure 3.19 depicts a cyclic voltammogram and square wave 

voltammogram of [(bpy)2Ru(dpp)]2+ recorded in acetonitrile illustrating the increased signal response of 

SWV and the reversibility information available form CV.  The energy of a molecular orbital can be 

obtained using either electrochemical technique, although care must be taken when interpreting a redox 

couple that is not the first oxidation or reduction as the oxidation state of the molecule has changed,

influencing the remaining redox potentials. Table 3.1 displays the redox potentials for the four different 

supramolecular architectures discussed in this deuteration study and Figure 3.21 display these redox 

potentials for each architecture graphically.
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Figure 3.19: Stacked square wave voltammogram (top) and cyclic voltammogram (bottom) for 
[(bpy)2Ru(dpp)]2+ measured in RT CH3CN with 0.1 M Bu4NPF6 supporting electrolyte under Ar.  The 
scan rate was 0.1 V/s and the voltammograms were recorded using a glassy carbon working electrode, a
Pt wire auxiliary electrode and a Ag/AgCl (3 M NaCl) reference electrode. Cyclic voltammograms
were recorded beginning at 0 V scanning anodically, then cathodically and ending at 0 V.  Square wave 
voltammograms were recorded beginning at the most positive potential, scanning cathodically, and 
ending at the most negative potential. bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

Electrochemical analysis of Ru(II)-polyazine complexes provides insight into the orbital 

energetics within each structural motif given their rich cathodic and anodic electrochemistry.  The 

supramolecular architectures retain the properties of the individual building blocks while also producing 

properties unique to the newly formed products.  Scanning anodically, RuII/III oxidations are observed at 

- -accepting nature of the coordinated ligands, electronic coupling 

to another metal center through a coordinated bridging ligand (BL), as well as the overall charge of the 

complex and solvent identity.31 Scanning cathodically displays a variety of ligand- and Rh-based 

reductions depending on the molecular architecture in question.  The first observed reductions are 

reversible BL-based, followed by additional ligand-based reductions in the electrochemical solvent 

window.  In the absence of a cis-RhCl2 subunit, these observations establish a Ru-based highest 
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occupied molecular orbital (HOMO) and a BL-based lowest unoccupied molecular orbital (LUMO),

suggesting the presence of low lying metal-to-ligand charge transfer (MLCT) excited state upon 

photoexcitation.  In the presence of a cis-RhCl2 subunit, the HOMO is Ru-based and the LUMO is now 

Rh-based, suggesting the presence of a lowest lying metal-to-metal charge transfer (MMCT) excited 

state upon photoexcitation.  This behavior is consistent with previously reported supramolecular 

architectures discussed in this deuteration study.47,66,67,147,168
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Figure 3.20: Cyclic voltammograms of [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)Ru(bpy)2]4+,
[(bpy)2Ru(dpp)RhCl2(bpy)]3+ and [{(bpy)2Ru(dpp)}2RhCl2]5+ using 0.1 M Bu4NPF6 in CH3CN at RT 
and referenced against Ag/AgCl (E1/2 (ferrocene/ferrocene+) = 0.46 V vs. Ag/AgCl). bpy = 2,2 -
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.  Voltammograms were recorded by scanning anodically, 
followed by scanning cathodically.
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The electrochemistry of the Ru(II) monometallic complexes show a single RuII/III oxidation and 

three ligand-based reductions between +2 and 2 V vs. Ag/AgCl (Figures 3.20 and 3.21).  For 

[(bpy)2Ru(dpp)](PF6)2, scanning anodically shows a reversible, one electron RuII/III oxidation with an 

E1/2 of +1.48 V using CV.  Scanning cathodically reveals three sequential reductions at 

reduction, followed by two sequential bpy  reductions.  

Although the two bpy ligands are in identical environments, they are electronically coupled through the 

Ru metal center resulting in different reduction potentials.  These redox potentials are consistent with 

previously reported values.172 Incorporation of selectively deuterated ligands does not perturb the redox 

potentials of the molecule, within experimental error.

Attaching an additional Ru(II) light absorbing unit to the open coordination site of the dpp BL 

modulates the energy of the frontier orbitals compared to the Ru(II) monometallic starting material.  The 

electrochemistry of the Ru(II),Ru(II) homobimetallic complexes show a pair of RuII/III oxidations and 

three ligand based reductions between + Figures 3.20 and 3.21).  For 

[(bpy)2Ru(dpp)Ru(bpy)2]4+, scanning anodically reveals two separate one electron RuII/III oxidations 

with E1/2 of +1.44 and +1.61 V.  The two Ru oxidations are separated due to electronic communication 

between the metal centers through the BL.  Scanning cathodically shows three ligand reductions at 

and dpp , followed by a bpy  reduction.  Binding a second metal center to the open coordination site 

of the dpp BL causes the dpp reduction potential to shift to more positive potential.  These redox 

potentials are consistent with previously reported values.97  Modification of the supramolecule by 

incorporation of selectively deuterated ligands does not perturb the redox potentials of the molecule, 

within experimental error.

Exchanging the second Ru(II) light absorbing unit for a cis-RhCl2 reactive metal center further 

perturbs the frontier orbitals in the complex and introduces the possibility for a new lowest lying excited 

state.  The electrochemistry of Ru(II),Rh(III) heterobimetallic complexes show a RuII/III oxidation, a 

RhIII/II reduction, a RhII/I reduction and a dpp reduction between +

(Figures 3.20 and 3.21).  For [(bpy)2Ru(dpp)RhCl2(bpy)]3+, scanning anodically shows a reversible one 

electron RuII/III oxidation with an E1/2 of +1.60 V.  Scanning cathodically reveals two low energy Rh-

based reductions followed by a BL-based
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reductions are both one electron RhIII/II and RhII/I reductions, although the RhIII/II is quasi-reversible and 

the RhII/I is irreversible based on previous electrochemical studies of this complex and analogues 

utilizing 1,10-phenanthroline as the terminal ligand (TL).54,173-175 The RhIII/II reduction is quasi-

reversible because it is followed by a slow chemical step, the loss of a bound chloride ligand, and is scan 

rate dependent.  The RhII/I reduction is irreversible because it is followed by very rapid loss of the 

remaining bound chloride ligand to yield a RhI species.  Finally, the dpp reduction is a reversible, one 

electron reduction of the BL demonstrating the energet

in this bimetallic motif.  Modification of the supramolecule by incorporation of selectively deuterated 

ligands does not perturb the redox potentials of the molecule, within experimental error. 

Replacing the polyazine TL on the Rh metal center with another Ru(II) light absorbing unit 

changes the reactivity of the Rh(III) metal center.  The electrochemistry of Ru(II),Rh(III),Ru(II) 

trimetallic complexes show overlapping RuII/III oxidations, a RhIII/II/I reduction and two sequential dpp

reductions between + Figures 3.20 and 3.21).  For 

[{(bpy)2Ru(dpp)}2RhCl2]5+, scanning anodically reveals two overlapping, reversible, one electron RuII/III

oxidations with an E1/2 of +1.60 V vs. Ag/AgCl

vs. Ag/AgCl corresponding to a RhIII/II/I reduction followed by two sequential dpp

reductions.  The RhIII/II/I reduction is actually two overlapping one electron reductions, both of which are 

irreversible processes, in accordance with previous characterizations of this complex.64-67 Assignment 

of the RhIII/II/I redox couple is supported by previous electrochemical analyses of Rh(III) monometallics 

of the design [(NN)2RhCl2]+ (NN = bidentate, polypyridyl terminal or bridging ligands) displayed two 

sets of alternating electron transfer and chemical steps, an ECEC mechanism.174-176  After reduction of 

the complex with a potential of 0.50 V vs. Ag/AgCl, Cl appears in solution and due to loss from the 

complex during formation of the reduced RhI species.  The behavior of the Ru(II),Rh(III),Ru(II) 

trimetallic complexes is less complex than for the analogous Ru(II),Rh(III) bimetallics because the 

Rh(III) center is in a more symmetric, less sterically constrained environment in the trimetallic complex, 

resulting in overlapping one electron RhIII/II and RhII/I potentials in the trimetallic.  Even though both dpp 

bridging ligands are in identical environments, the two independent dpp reductions arise due to 

electronic communication through the Rh center: once the first dpp is reduced, the second dpp reduction 

becomes more difficult due to increased electron density localized nearby in the molecule.  As with the 
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Ru(II),Rh(III) bimetallics, the similar energy of these reduction processes speaks to the proximity of the 

  Due to the ordering of the orbitals, the LUMO 

of the molecule is established as being localized on Rh and

MMCT excited state.  Modification of the supramolecule by incorporation of selectively deuterated 

ligands does not perturb the redox potentials of the molecule, within experimental error. 

Table 3.1: Electrochemical Properties of Selectively Deuterated Complexes.
Complex a Oxidation E1/2 (V) Reduction E1/2 (V)

[(d8-bpy)2Ru(dpp)]2+ 1.48 (RuII/III) 0.98 (dpp0/ ) 1.40 (d8-bpy0/ ) 1.69 (d8-bpy0/ ) 

[(bpy)2Ru(d10-dpp)]2+ 1.49 (RuII/III) 0.98 (d10-dpp0/ ) 1.40 (bpy0/ ) 1.69 (bpy0/ ) 

[(bpy)2Ru(dpp)]2+ b 1.48 (RuII/III) 0.98 (dpp0/ ) 1.40 (bpy0/ ) 1.69 (bpy0/ ) 

[(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+ 1.44 (RuII/III) 0.61 (dpp0/ ) 1.12 (dpp ) 1.41 (d8-bpy0/ ) 

[(bpy)2Ru(d10-dpp)Ru(bpy)2]4+ 1.45 (RuII/III) 0.61 (d10-dpp0/ ) 1.11 (d10-dpp ) 1.41 (bpy0/ ) 

[(bpy)2Ru(dpp)Ru(bpy)2]4+ c 1.44 (RuII/III) 0.61 (dpp0/ ) 1.12 (dpp ) 1.40 (bpy0/ ) 

[(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ 1.61 (RuII/III) 0.38 (RhIII/II)e 0.72 (RhII/I)e 0.99 (dpp0/ ) 

[(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ 1.61 (RuII/III) 0.38 (RhIII/II)e 0.72 (RhII/I)e 0.99 (d10-dpp0/ ) 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ d 1.60 (RuII/III) 0.38 (RhIII/II)e 0.72 (RhII/I)e 0.99 (dpp0/ ) 

[{(d8-bpy)2Ru(dpp)}2RhCl2]5+ 1.58 (RuII/III) 0.32 (RhIII/II/I) 0.79 (dpp0/ ) 1.05 (dpp0/ ) 

[{(bpy)2Ru(d10-dpp)}2RhCl2]5+ 1.59 (RuII/III) 0.34 (RhIII/II/I) 0.79 (d10-dpp0/ ) 1.05 (d10-dpp0/ ) 

[{(bpy)2Ru(dpp)}2RhCl2]5+ f 1.60 (RuII/III) 0.32 (RhIII/II/I) 0.77 (dpp0/ ) 1.04 (dpp0/ ) 
a Measurements made in deoxygenated CH3CN at RT with 0.1 M Bu4NPF6 supporting electrolyte.  
Potentials referenced against Ag/AgCl using ferrocene (Fe(C5H5)2

0/+ = 0.46 V vs. Ag/AgCl). bpy = 2,2 -
bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine.  Instrumental resolution is ±10 mV.  b From reference 172.  
c Assignments consistent with reference 155. d Assignments consistent with reference 54. e

Assignments consistent with references 95 and 177.  f Assignments consistent with references 64-67.
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Figure 3.21: Orbital energy diagram of [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)Ru(bpy)2]4+,
[(bpy)2Ru(dpp)RhCl2(bpy)]3+ and [{(bpy)2Ru(dpp)}2RhCl2]5+. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.

3.2.3.  Light Absorbing Properties

Electronic absorbance spectroscopy provides a measure of the light absorbing properties of 

Ru(II) monometallic, Ru(II),Ru(II) bimetallic, Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) 

trimetallic complexes.  Light absorption of each complex is dominated by polyazine-based intraligand 

throughout the visible region.  All of the complexes discussed here are efficient light absorbers 

throughout the UV and visible spectrum arising from the absorptions characteristic of the individual

molecular building blocks and new absorption features are generated by covalently connecting the 
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building blocks together.  Exchange of H-D in the TL or BL does not impact the light absorbing 

properties of these complexes as their ground electronic state energy is not altered upon deuterium 

incorporation.  Tables 3.2 and 3.3 summarize the characteristic transitions for the Ru(II) monometallic, 

Ru(II),Ru(II) bimetallic, Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) trimetallic complexes.

Figure 3.22: Electronic absorption spectra of (A) selectively deuterated [(bpy)2Ru(dpp)]2+ monometallic 
complexes; (B) selectively deuterated [(bpy)2Ru(dpp)Ru(bpy)2]4+ bimetallic complexes; (C) selectively 
deuterated [(bpy)2Ru(dpp)RhCl2(bpy)]3+ bimetallic complexes; (D) selectively deuterated 
[{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes in RT spectrophotometric grade CH3CN.  Red lines 
indicate bpy deuteration only, green lines indicate dpp deuteration only and purple lines indicate no 
deuteration.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Ru(II)-polyazine monometallic complexes are efficient light absorbers throughout the UV and 

visible regions of the electromagnetic spectrum.  The electronic absorption spectra of [(bpy)2Ru(dpp)]2+,

[(d8-bpy)2Ru(dpp)]2+, and [(bpy)2Ru(d10-dpp)]2+ are shown in Figure 3.22A.  Selective deuteration of 

the ligands does not change the ground state light absorbing properties, resulting in transitions of the 

same energy and for all three monometallic complexes.  The TL and BL 

or d8-bpy and BL = dpp or d10-dpp) in these complexes are intense and are centered at 282 nm ( ×

104 M 1cm 1) and 310 nm ( × 104 M 1cm 1) a sharp, distinct peak, 

1CT transitions centered at 420

nm ( = 1.2 × 104 M 1 cm 1) and 460 nm ( = 1.3 × 104 M 1 cm 1).

Table 3.2: Light Absorbing Properties of Selectively Deuterated Monometallic Complexes.

Complex a abs (nm) × 10 4 (M 1cm 1) Assignment

[(d8-bpy)2Ru(dpp)]2+ 282 6.8 ± 0.1 d8-
310(sh) 2.6 ± 0.1

420 1.1 ± 0.1 d8-
460 1.2 ± 0.1

[(bpy)2Ru(d10-dpp)]2+ 282 6.8 ± 0.1
310(sh) 2.6 ± 0.1 d10-

420 1.2 ± 0.1
460 1.3 ± 0.1 d10-

[(bpy)2Ru(dpp)]2+ b 282 6.9 ± 0.1
310(sh) 2.9 ± 0.1

420 1.2 ± 0.1
460 1.3 ± 0.1

a Measurements made in CH3CN at RT (bpy = 2,2 -bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine).  b

Values consistent with those reported in references 47, 167, and 172.

Coupling an additional electropositive metal to the Ru(II) monometallic complexes to generate 

Ru(II),Ru(II) bimetallic, Ru(II),Rh(III) bimetallic, or Ru(II),Rh(III),Ru(II) trimetallic complexes results 

is stabilized due to the 

coordination of an additional metal center to the open coordination sites of the BL (Figure 3.22B-D).  In 

-shifted 20-30 nm and the 
1CT transitions are red-shifted 40-60 nm.  The extinction coefficients remain relatively 
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constant, unless there is a change in the number of identical components involved in the absorbance.  

[(bpy)2Ru(dpp)]2+ and 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ there are two bpy ligands in the Ru(II) light absorber, yielding ×

104 M 1cm 1 × 104 M 1cm 1, respectively, while [(bpy)2Ru(dpp)Ru(bpy)2]4+

approximately doubles to × 104 M 1cm 1.  Another manifestation of the stabilization of the BL 

1 1CT transitions.  The 

Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) trimetallic complexes are also expected to have Rh-

-based transitions and 

are
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Table 3.3: Light Absorbing Properties of Selectively Deuterated Bimetallic and Trimetallic Complexes.

Complex a abs (nm) × 10 4 (M 1cm 1) Assignment

[(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+ 284 9.4 ± 1 d8-
340(sh) 2.3 ± 0.1

427 1.8 ± 0.1 d8-
526 2.2 ± 0.1

[(bpy)2Ru(d10-dpp)Ru(bpy)2]4+ 284 9.3 ± 1
340(sh) 2.2 ± 0.1 d10-

427 1.8 ± 0.1
524 2.3 ± 0.1 d10-

[(bpy)2Ru(dpp)Ru(bpy)2]4+ b 284 9.5 ± 1
340(sh) 2.3 ± 0.1

427 1.8 ± 0.1
526 2.3 ± 0.1

[(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ 283 6.5 ± 0.1 d8-
330 2.6 ± 0.1
411 0.9 ± 0.1 d8-
508 1.6 ± 0.1

[(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ 283 6.1 ± 0.1
330 2.6 ± 0.1 d10-
411 0.9 ± 0.1
508 1.5 ± 0.1 d10-

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ c 283 6.0 ± 0.1
330 2.5 ± 0.1
414 0.8 ± 0.1
508 1.5 ± 0.1

[{(d8-bpy)2Ru(dpp)}2RhCl2]5+ 286 12 ± 1 d8-
330 4.1 ± 0.1
421 2.2 ± 0.1 d8-
510 2.7 ± 0.1

[{(bpy)2Ru(d10-dpp)}2RhCl2]5+ 285 12 ± 1
330 4.3 ± 0.1 d10-
420 2.1 ± 0.1
510 2.8 ± 0.1 d10-

[{(bpy)2Ru(dpp)}2RhCl2]5+ d 287 12 ± 1
330 3.9 ± 0.1
421 2.2 ± 0.1
509 2.7 ± 0.1

a Measurements made in CH3CN at RT (bpy = 2,2 -bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine).  b

Values consistent with those reported in references 47 and 167.  c Values consistent with those reported 
in references 54, 173, and 177.  d Values consistent with those reported in references 66 and 67.
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3.2.4. Excited-state Properties

Steady-state luminescence spectroscopy provides insight into the excited-state (ES) dynamics of 

the Ru(II) monometallic, Ru(II),Ru(II) bimetallic, Ru(II),Rh(III) bimetallic, and Ru(II),Rh(III),Ru(II) 

trimetallic complexes. Please see Section 2.2.6 for an explanation of the experimental setup and data 
em, in Equation 2.3.  Error in 

em comes from determining the concentration of the samples in relatively dilute samples (30 – 50 μM, 

depending on the sample and excitation wavelength) by electronic absorbance.  The luminescence 

spectra of Ru(II) monometallic and Ru(II),Rh(III) bimetallic complexes were measured at RT in CH3CN 

and at 77 K in a 4:1 EtOH/MeOH rigid glass matrix in order to study the impact of deuteration on their 

photophysical properties.  Table 3.4 summarizes the excited-state properties for the selectively 

deuterated mono-, bi- 1MLCT 
3MLCT excited state by intersystem 

crossing (kisc), Figure 3.23, with ca. unit probability.40 em = 670 nm from 
3MLCT state was observed for each of the monometallic complexes at RT 

(Figure 3.24A), with an increased quantum yield of emission for [(bpy)2Ru(d10-dpp)]2+ ( em = 1.6 × 

10 2) when compared to [(d8-bpy)2Ru(dpp)]2+ ( em = 1.3 × 10 2) and [(bpy)2Ru(dpp)]2+ ( em = 1.2 × 

10 2).  In alcoholic glass at 77 K, the emission remained broad but shifted to higher energy for all three 

Ru(II) monometallic complexes.167

Figure 3.23: State diagram for Ru(II) monometallic and Ru(II),Ru(II) bimetallic (left) and 
Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) trimetallic (right) complexes. GS: ground state; 
MLCT = metal-to-ligand charge-transfer; MMCT = metal-to-metal charge-transfer; kr = rate constant for 
radiative decay; knr = rate constant for non-radiative decay; kisc = rate constant for intersystem crossing; 
ket = rate constant for intramolecular electron transfer.
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Figure 3.24: Steady-state luminescence spectra of (A) selectively deuterated [(bpy)2Ru(dpp)]2+

monometallic complexes; (B) selectively deuterated [(bpy)2Ru(dpp)Ru(bpy)2]4+ bimetallic complexes;
(C) selectively deuterated [(bpy)2Ru(dpp)RhCl2(bpy)]3+ bimetallic complexes; (D) selectively 
deuterated [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes in RT spectrophotometric grade CH3CN 
after argon purge to remove dissolved oxygen.  Red lines indicate d8-bpy deuteration only, green lines 
indicate d10-dpp deuteration only, and purple lines indicate no deuteration.  bpy = 2,2 -bipyridine, dpp = 
2,3-bis(2-pyridyl)pyrazine.

In the analysis of Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) trimetallic complexes, 

[{(bpy)2Ru}2(dpp)](PF6)4, which lacks a Rh(III) electron collection center, is employed as a model 

complex to calculate rate constants of radiative (kr) and nonradiative (knr) decay for the 3MLCT excited 

state. The Ru(II),Ru(II) bimetallic is used as a model because it possesses a dpp 3MLCT
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excited state of similar energy to the dpp 3MLCT transitions present in the Ru(II),Rh(III) 

bimetallic and trimetallic complexes, but lacks a 3MMCT excited state.38,47,67,74,177,178 The lack of 
3MMCT excited state indicates that the decreased emission of the Ru(II),Rh(III) bimetallic and 

trimetallic complexes is due to depopulation of the dpp 3MLCT excited state through 

electron transfer to the Rh(III) center.98 This Ru(II),Ru(II) bimetallic complex features a 3MLCT 

excited state energy and solid-matrix excited state lifetime that are similar to the Ru(II),Rh(III) and 

Ru(II),Rh(III),Ru(II) complexes with same LA.  The 77 K studies in solid alcoholic glass matrices 

reveal that the excited-state emission properties of the Ru(II),Ru(II) bimetallic and the mixed metal 

complexes are nearly identical. The reason the Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) complexes 

behave like the Ru(II),Ru(II) model complex is because electron transfer over longer distances is 

completely inhibited by the large reorganization energy in the rigid alcoholic glass matrix.56  Also, the 

77 K studies support the presence of 3MMCT excited state as the lifetimes of the Ru(II),Ru(II) model 

and Ru(II),Rh(III) bi- and trimetallics are all very similar, indicating that the 3MLCT excited state is 

depopulated by identical mechanisms.  Ru(II),Ru(II) bimetallics display excited state emission centered 

at 75 em = 8.9 × 10 4
3CN (Figure 

3.24B).54  For this model complex, due to the absence of the low-

dpp 3MLCT was not quenched by the population of the 3MMCT state, resulting in larger 
em

The RT quantum yield of emission (Figure 3.24) of the Ru(II),Rh(III) bimetallic complexes is 

substantially smaller ( em = 1.3-1.6 × 10 4) compared to the corresponding Ru(II) monometallic 

complexes ( em = 1.2-1.6 × 10 2) and the Ru(II),Ru(II) bimetallic complexes em = 1.4-1.7 × 10 3), 

which lack Rh(III) reactive metal centers.  The Ru(II),Ru(II) bimetallics, [(bpy)2Ru(dpp)Ru(bpy)2]4+,

[(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+ and [(bpy)2Ru(d10-dpp)Ru(bpy)2]4+, are used as models for knr and kr of 
3MLCT excited state.  Without the use of a model complex, determining ket for the 

Ru(II),Rh(III) complexes would not be possible at room temperature as both knr and ket would be 

unknown and Equation 3.2 would be unsolvable.  All three Ru(II),Rh(III) bimetallic complexes display 

dpp 3MLCT excited state centered around 780 nm (Figure 

3.24C) em for this 3MLCT state is attributed to efficient intramolecular electron transfer 

(ket) from the 3 3MMCT excited state, Figure 3.24.
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Assuming that kr and knr are identical for the model Ru(II),Ru(II) and for Ru(II),Rh(III) bimetallic 

complexes and using Equations 3.1-3.3, ket to populate the non-emissive 3MMCT states in the 

Ru(II),Rh(III) bimetallics is 2.0-2.6 × 107 s 1 em for the mixed-metal bimetallic complexes is 

reduced by two orders of magnitude compared to the monometallic complexes, the dpp BL deuteration 

variants are the most emissive in both cases.  Similar to [(bpy)2Ru(d10-dpp)]2+, the bimetallic complex 

[(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ showed a small, but consistent enhancement of the em (1.6 × 10 4)

compared to [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ ( em = 1.3 × 10 4) and [(bpy)2Ru(dpp)RhCl2(bpy)]3+

( em = 1.3 × 10 4).  In both the monometallic and bimetallic complexes exchange of the heavier 

deuterium in the BL architecture leads to an increase in emission quantum yield.

=  (3.1)

=  (3.2)

=  (3.3)

Like the Ru(II),Rh(III) bimetallic complexes, the Ru(II),Rh(III),Ru(II) trimetallic complexes 

show changes in emission quantum yield and excited-state lifetime upon incorporation of deuterated 

ligands into the molecular architecture.  The trimetallic complexes display emission that is markedly 

decreased compared to their analogous Ru(II) monometallic precursors and model Ru(II),Ru(II) 

bimetallic complexes.  The Ru(II),Ru(II) bimetallic complexes are used as models for the energy of the 

excited state and as models for kr and knr
3MLCT excited state.  All three 

Ru(II),Rh(III),Ru(II) trimetallic complexes display broad emission from the dpp 3MLCT 

excited state centered around 790 nm (Figure 3.24D em

compared to their Ru(II),Ru(II) bimetallic models attributed to efficient ket populating a 
3MMCT excited state.  Similar to the Ru(II),Rh(III) bimetallic complexes, ket is large 

(1.3-1.6 × 107 s 1) compared to kr and knr for the trimetallic complexes (Equations 3.1-3.3 em for the 

mixed metal trimetallic complexes is significantly reduced compared to the Ru(II) monometallic and 

Ru(II),Ru(II) bimetallic complexes, but the same trend remains: deuteration of the dpp BL results in 

enhanced excited-state properties.  [{(bpy)2Ru(dpp)}2RhCl2]5+and [{(d8-bpy)2Ru(dpp)}2RhCl2]5+ have 
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the same (within experimental error) em at 2.1 ×10 4 and 2.2 × 10 4, and both have the same ket value, 

1.6 × 107 s 1, within error.  [{(bpy)2Ru(d10-dpp)}2RhCl2]5+, on the other hand, has increased em at 2.6 × 

10 4 and slightly decreased ket at 1.3 × 107 s 1.

Table 3.4: Photophysical Properties of Selectively Deuterated Complexes.
RT a 77 K b

Complex max
em

/nm

em c

/× 10 4

d

/ns

kr

/× 104

s 1

knr

/× 106

s 1

ket

/× 107

s 1

max
em

/nm

[(bpy)2Ru(dpp)]2+ e 670 120 410 2.9 2.4 - 616 6.0
[(d8-bpy)2Ru(dpp)]2+ 670 130 460 2.8 2.1 - 618 6.6
[(bpy)2Ru(d10-dpp)]2+ 670 160 520 2.8 1.8 - 616 7.7
[(bpy)2Ru(dpp)Ru(bpy)2]4+ e 746 14 130 1.1 7.7 - 700 2.4
[(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+ 746 14 150 0.93 6.6 - 703 2.6
[(bpy)2Ru(d10-dpp)Ru(bpy)2]4+ 744 17 170 0.98 5.9 - 701 3.2
[(bpy)2Ru(dpp)RhCl2(bpy)]3+ f 780 1.3 30 1.1 g 7.7 g 2.6 710 1.8
[(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ 779 1.3 31 0.93 g 6.6 g 2.6 710 2.2
[(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ 782 1.6 38 0.98 g 5.9 g 2.0 714 2.7
[{(bpy)2Ru(dpp)}2RhCl2]5+ h 790 2.1 43 1.1 g 7.7 g 1.6 730 i 1.9 i

[{(d8-bpy)2Ru(dpp)}2RhCl2]5+ 790 2.2 45 0.93 g 6.6 g 1.6 - -
[{(bpy)2Ru(d10-dpp)}2RhCl2]5+ 792 2.6 50 0.98 g 5.9 g 1.3 - -

a Measured at room temperature in CH3
em of 

monometallics measured using absorbance matched samples with [(bpy)2Ru(dpp)]2+ em = 1.2 ×
10 2).95 em of bimetallics measured using absorbance matched samples with [Os(bpy)3]2+ (4.6 ×
10 3).48 b Measured at 77 K in 4:1 v/v EtOH/MeOH rigid glass matrix.  c Error associated with quantum 
yield measurements ± 3%  d Error associated with excited-state lifetimes ± 5%. e Consistent with 
references 47, 167, and 172. f Consistent with references 54, 173, and 177. g Values correspond to kr
and knr for analogous Ru(II),Ru(II) bimetallic complexes used as models to calculate ket.  Emission 
spectra corrected for PMT response. h Consistent with references 66 and 67. i From reference 171. bpy 

-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Time-resolved luminescence spectroscopy provides the excited-state lifetime of the observed 

emissive state.  Ru(II)-polyazine complexes typically emit from the 3MLCT excited state, giving rise to 

lifetimes ranging from picoseconds to microseconds depending on the ligand set in the complex.179   The 

decay of the 3MLCT excited state of the mono-, bi-, and trimetallic complexes fits well to a single-

exponential decay, with a representative example found in Figure 2.8. Excited-state lifetime data can be 
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fitted equally effectively as either an exponential decay or transformed into a linear form by taking the 

natural logarithm of the detector signal.  The uncertainty in lifetime measurements is based on the laser 

pulse width, detector response, and sampling rate of the oscilloscope used to record the data. In RT 

CH3 2Ru(dpp)]2+ and [(d8-bpy)2Ru(dpp)]2+ are 410 and 460 ns, respectively, while 

2Ru(d10-dpp)]2+

2Ru(dpp)]2+, [(d8-bpy)2Ru(dpp)]2+, and [(bpy)2Ru(d10-dpp)]2+, respectively.  The 

Ru(II),Ru(II), Ru(II),Rh(III), and Ru(II),Rh(III),Ru(II) complexes display similar increases in excited-

state lifetime as their monometallic synthons upon incorporation of the deuterated dpp BL.

Incorporation of the deuterated dpp BL in this supramolecular architecture leads to a 27%

increase in the excited-state lifetime of the fully deuterated Ru(II) monometallic, 31% increase for the 

Ru(II),Ru(II) bimetallic complex, a 27% increase for the Ru(II),Rh(III) bimetallic complex, and a 17% 

increase for the Ru(II),Rh(III),Ru(II) trimetallic.  The Ru(II),Rh(III) bimetallic complex does not show 

as large an increase in excited-state lifetime compared to the Ru(II),Ru(II) model bimetallic complex 

because there is competing depopulation of the excited state through formation of the 
3MMCT state via the electron transfer pathway.  The Ru(II),Rh(III),Ru(II) trimetallic complex shows a 

less pronounced increase in excited-state lifetime compared to the Ru(II),Rh(III) bimetallic complex due 

to less efficient electron transfer to the Rh(III) reactive metal center.  Electron transfer to the Rh(III) is 

impeded because of the presence of dpp BL, with its increased electron density, in the trimetallic instead 

of a bpy TL in the bimetallic.

Decreases in knr are attributed to the increased mass of deuterium decreasing the bending

frequency of C-D vs. C-H bonds, resulting in a decreased rate constant for non-radiative deactivation of 

excited state to the ground state.103 Decreasing the frequency of the non-radiative deactivating 

vibrational modes decreases the overlap between the excited state and ground state potential energy 

surfaces, interfering with the resonant transfer of energy from the excited state to the ground state.

Vibrational deactivation of the excited state in the Ru(II) monometallics requires dissipation of ~11 

quanta of the 1350 cm 1 C-H bending vibrations, while the deuterated complexes require 14-15 quanta 

of the lower frequency (1200 cm 1) C-D bending modes.  The bi- and trimetallic complexes require 

dissipation of 9-10 quanta of C-H bending vibrations, while the deuterated complexes require 11-12

quanta of C-D bending vibrations to dissipate the excited-state energy.
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In the monometallic complexes, coordination of the d10-dpp leads to a knr value of  1.9 × 106 s 1

in [(bpy)2Ru(d10-dpp)]2+ compared to knr = 2.4 × 106 s 1 and 2.1 × 10 6 s 1 for [(bpy)2Ru(dpp)]2+ and 

[(d8-bpy)2Ru(dpp)]2+, respectively.  Deuteration of ligands has no effect on kr in the monometallic 
em of [(bpy)2Ru(d10-dpp)]2+ is dominated by the decrease 

in knr.  A nearly identical trend is observed for the Ru(II),Ru(II) bimetallic complexes. In the 

2Ru(d10-dpp)RhCl2(bpy)]3+ is due to the 

decrease in knr. Ru(II),Rh(III),Ru(II) trimetallic complexes follow the same trends as the Ru(II),Rh(III) 

bimetallic complexes due to the similarity in the excited states and energy decay pathways of the two 

molecular architectures. Given the presence of a low-lying 3MMCT excited state that competitively 

deactivates the 3MLCT state through the electron transfer pathway, accurate calculation of the knr and kr

values becomes complicated due to increased complexity of the bimetallic excited-state dynamics.  

However, incorporation of a d10-dpp BL into both the monometallic and bimetallic complexes causes an 

increase in the excited-state lifetimes, while incorporation of d8-bpy had no significant effect on the 

excited-state properties.  This result further suggests that the photoactive states within the Ru(II),Rh(III) 

bimetallic and Ru(II),Rh(III),Ru(II) trimetallic a dpp 3MLCT and 
3MMCT in nature.  The Ru(II),Ru(II) model gives kr and knr for the Ru(II),Rh(III) and 

Ru(II),Rh(III),Ru(II) systems based on the similarity of the nature and energy of the 3MLCT excited 

states in the two types of architectures. Changes in excited-state lifetimes upon deuteration of the dpp 

BL for the 3MLCT state are evident both at room temperature and 77K for the Ru(II) monometallic, 

Ru(II),Ru(II) bimetallic and Ru(II),Rh(III) bimetallic.

3.2.5.  Photocatalytic H2 Production 

After extensive spectroelectrochemical and excited-state quenching analyses of the 

Ru(II),Rh(III) bimetallic and Ru(II),Rh(III),Ru(II) trimetallic complexes, both architectures were 

determined capable of collecting multiple reducing equivalents to generate a Rh(I) center required for 

active photocatalysis.  Also, based on the enhanced excited-state properties for the BL deuterated 

variants of both the bimetallic and trimetallic complexes, BL deuteration is expected to enhance H2

em via a decrease in knr.  In the past, 

Ru(II),Rh(III),Ru(II) complexes varying the ligands on Rh(III) from Br to Cl , but this is most likely 
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-donating ability of Cl .98 Photocatalytic H2 production studies were performed in 

organic solvent in the presence of a sacrificial electron donor, N,N-dimethylaniline (DMA), and H2O to 

investigate the ability of the bimetallic and trimetallic complexes to reduce H2O to H2 in solution.  Table 

3.5 provides a summary of the results of the photolysis experiments using 1.5 M DMA, 0.62 M H2O, 

0.11 mM [DMAH+][CF3SO3 ] in a DMF solvent system photolyzed with 470 ± 10 nm light for at least 

20 h.  The photocatalyst  concentration was manipulated to give a 

subunits in solution in order to more directly compare H2 production efficiency by Ru(II),Rh(III) 

bimetallic and Ru(II),Rh(III),Ru(II) trimetallic complexes.  Thus, the Ru(II),Rh(III) bimetallic 

complexes required 130 μM complex and the Ru(II),Rh(III),Ru(II) trimetallics only required 65 μM 

complex.  The headspace of the cells was also varied in an effort to lower the limit of detection for the 

systems using real time H2 sensors.  H2 production was monitored in real time using HY-OPTIMA™ 

700 in-line process solid state hydrogen sensor from H2scan attached to each individual reaction vessel.

Table 3.5: Photocatalytic H2 Production from H2O using Ru(II),Rh(III) Bimetallic and 
Ru(II),Rh(III),Ru(II) Trimetallic Complexes

Complex a Photolysis 
Time/h

H2/mL H2/μmol TON b

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ c 48 0.04 ± 0.02 e 1.8 ± 0.7 3 ± 1

[(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ c 48 0.05 ± 0.02 e 1.9 ± 0.7 3 ± 1

[(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ c 48 0.08 ± 0.01 3.0 ± 0.4 6 ± 2

[{(bpy)2Ru(dpp)}2RhCl2]5+ d 20 0.21 ± 0.02 8.7 ± 1.1 30 ± 3

[{(d8-bpy)2Ru(dpp)}2RhCl2]5+ d 20 0.12 ± 0.01 5.1 ± 0.6 17 ± 2

[{(bpy)2Ru(d10-dpp)}2RhCl2]5+ d 20 0.18 ± 0.02 7.7 ± 0.7 26 ± 3
a Results correspond to photolysis using a 470 ± 10 nm LED (flux = 2.36 × 1019 photons/min) performed 
in triplicate with [DMA] = 1.5 M, [H2O] = 0.62 M, [DMAH+][CF3SO3 ] = 0.11 mM in deoxygenated 

-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.  b TON = turnover number.  
Values correspond to mol H2 produced per mol Rh catalytic center.  c [photocatalyst] = 130 μM 
(determined using electronic absorbance spectroscopy), reaction solution volume = 4.5 mL, head space 
volume = 5.5 mL.  d [photocatalyst] = 65 μM (determined using electronic absorbance spectroscopy), 
reaction solution volume = 4.5 mL, head space volume = 15.5 mL.  e Amount of H2 produced measured 
by GC.

The Ru(II),Rh(III) bimetallic complexes function as homogenous H2O reduction catalysts in 

organic solution, similar to the Ru(II),Rh(III),Ru(II) complex shown in Figure 3.25, in the presence of 
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the sacrificial electron donor DMA by funneling electrons from the Ru(II) light absorber through the 

dpp BL to the Rh(III) center, reducing the metal to Rh(I) with concurrent loss of two equivalents of 

chloride ion.  However, compared to other recently developed bimetallic water reduction catalysts, the 

title Ru(II),Rh(III) complexes with bpy TLs are relatively inefficient due to their propensity to form 

Rh(I)-Rh(I) dimers in solution under previously reported catalytic conditions.96,97 Hydrogen production 

experiments are conducted in 4.5 mL CH3CN with 130 μM complex, 1.5 M DMA, 0.62 M H2O and 

0.11 mM [DMAH+][CF3SO3 ] and the solutions are irradiated with 470 nm light with a flux of 2.36 × 

1019 photons/min. Both [(bpy)2Ru(dpp)RhCl2(bpy)]3+ and [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ underwent 

photoreduction and produced an average of 1.8 ± 0.4 and 1.9 ± 0.4 μmol of H2 gas, respectively, after 48

h, verified by gas chromatography.  Variation of the BL to the deuterated variant, [(bpy)2Ru(d10-

dpp)RhCl2(bpy)]3+, increased the amount of H2 produced to 3.0 ± 0.4 μmol over 48 h (Figure 3.26).  

The real time H2 data shown in Figure 3.24 shows a step pattern due to the different times the amount 

of H2 produced in the reaction cells increased past the detection limit of the sensors.  The 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ and [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ variants did produce H2,

confirmed by GC analysis of a 100 μL aliquot of photolysis headspace, but the amount produced was 

below the limit of detection for the real time H2 sensors used in these studies, even with reduced 

headspace volumes, so no real time traces are available.

Figure 3.25: Movement of electrons from the Ru(II) light absorbers, through the dpp BLs, to the Rh(III) 
reactive metal center in [{(bpy)2Ru(dpp)}2RhCl2]5+ upon photoexcitation in the presence of sacrificial 
electron donor.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 3.26: Hydrogen production for [(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ in deoxygenated DMF under 
Ar gas. [complex 2O] = 0.62 M; [DMAH+][CF3SO3 ] = 0.11 mM; 
solution volume = 4.5 mL; headspace = 5.5 irrad = 470 nm Data is the average of three individual 
runs performed at room temperature.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Conversely, the Ru(II),Rh(III),Ru(II) complexes are part of a well-established class of efficient 

water reduction catalysts and far outperform their Ru(II),Rh(III) bimetallic counterparts.  The 

Ru(II),Rh(III),Ru(II) trimetallics photocatalytically reduce H2O to H2 when illuminated with 470 nm 

light (flux of 2.36 × 1019 photons/min) under inert atmosphere.  H2 production profiles normally show 

an induction period of 30-60 minutes after initiating photolysis before H2 is detected by the real time 

sensors.  The sensors’ limit of detection is 0.5% H2 in the headspace, translating into 50-100 μL H2, and 

an induction period of several hours.  However, the limit of detection does not result in different H2

responses as the shape of the H2 production curves and final amounts produced is consistent. As 

shown in Figure 3.27, the Ru(II),Rh(III),Ru(II) trimetallic complexes all produce H2, but the trend 

observed in the Ru(II),Rh(III) bimetallics is not followed.  [{(bpy)2Ru(dpp)}2RhCl2]5+ and

[{(bpy)2Ru(d10-dpp)}2RhCl2]5+ produce, within error, the same amount of H2 (8.7 ± 1.1 and 7.7 ± 0.7 

μmol, respectively), while [{(d8-bpy)2Ru(dpp)}2RhCl2]5+ produces about 2/3 the amount of H2 (5.1 ± 0.6 

μmol).
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Figure 3.27: Hydrogen production for [{(TL)2Ru(BL)}2RhCl2]5+ in deoxygenated DMF under inert gas.
[complex] = 65 2O] = 0.62 M; [DMAH+][CF3SO3 ] = 0.11 mM; solution 
volume = 4.5 mL; headspace = 1 irrad = 470 nm  Data is the average of three individual runs 
performed at room temperature.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

The increased H2 production for the deuterated Ru(II),Rh(III) bimetallics is consistent with the 

increase in excited-state lifetime and concurrent decrease in knr observed upon BL deuteration.

However, for the Ru(II),Rh(III),Ru(II) trimetallic complexes, BL deuteration does not substantially 

impact the amount of H2 produced.  Interestingly, TL deuteration did result in a decrease in H2

production, a result inconsistent with the bimetallic photocatalyst system.  The difference in H2

production upon TL deuteration in the trimetallic architecture likely arises from a combination of two 

factors.  First, the bimetallic complexes are inherently inefficient water reduction catalysts due to their 

propensity to form catalytically inactive Rh(I)-Rh(I) dimers.97 The amounts of H2 generated by these 

catalysts are very similar, although for the TL deuterated and undeuterated bimetallics, H2 was only 

detected via GC analysis of headspace, while the BL deuterated bimetallic produced H2 within the 

detection limit of the real time H2 sensors, corroborated by GC analysis.  Differing amounts of 

experimental error in H2 detection between the two methods and very small amounts of H2 produced 

overall results in the probability that the suggested increase in H2 production is not significant.  Looking 

at the selectively deuterated trimetallic complexes, the expected enhancement in H2 production does not 

occur even though the excited-state properties predict an enhancement in H2 production.  Second, ket
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varies for the trimetallic complexes based on bridging ligand identity.  A lower ket results in less 

effective H2 production for complexes with the same excited-state lifetime because the Rh(III) catalytic 

center cannot be reduced to Rh(I) as frequently.  Less active Rh(I) species in solution results in less H2

production, a trend seen before for the Ru(II),Rh(III) bimetallic complexes due to Rh(I)-Rh(I) dimer 

formation.97 The combination of increased lifetime, but decreased ket resulted in no difference in H2

production for the selectively deuterated Ru(II),Rh(III),Ru(II) trimetallics .
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4. Racemization of Enantiomerically Pure Ru(II) Light Absorbers

In solution, Ru(II) polyazine complexes are prone to ligand substitution and exchange, in 

addition to outright degradation, depending on the solvent.  Complexes with enantiomerically pure 

Ru(II) light absorbing units were used to directly study the long term stability and decomposition

mechanisms in solution.  Solutions of Ru(II) polyazine complexes change color with exposure to light 

over the course of days to weeks to months.  The products of this long term exposure are not well 

understood, except for a few special cases, because ligand exchange mechanisms are difficult to track 

without specialized equipment.25,29,30,39,180,181 An excellent review of the properties, including the ligand 

loss and substitution efficiency among other topics, of [Ru(bpy)3]2+ was recently published.182 The 

review discusses several studies of photoinitiated ligand substitution of [Ru(bpy)3]2+ and two related 

Ru(II) monometallic complexes studied with laser flash photolysis and ultrafast transient absorption 

equipment.  Instead of using expensive and complicated spectroscopic methods, the decomposition 

processes of the complexes can be tracked using specialized Ru(II) chromophores.  The simplest way to 

follow substitution processes is using NMR techniques.  However, as seen in Section 3.2.3, the number 

of isomers present in a sample of the multimetallic complexes is typically large and makes interpretation 

of NMR ineffective.  Instead, a characterization technique looking exclusively at the Ru(II) light 

absorbing unit, a common building block throughout Brewer group complexes, would be the most useful 

and widely applicable.  Finding a spectroscopic technique to follow changes in the light absorbing 

properties of the complexes during physical and/or chemical changes in real-time would be preferred.  

Synthesizing chiral Ru(II) light absorbing units and incorporating them into supramolecular complexes  

provides a unique spectroscopic handle used to follow chemical changes and has other useful side-

effects.144 Controlling stereochemistry reduces the number of isomers in a chemical sample and, as 

shown by many previous studies, changing the stereochemistry of the light absorber will not affect the 

light absorbing or emitting properties of the complex.129,130,132,134,138,144 Also, from a sustainability 

standpoint, synthesizing only the isomer of interest reduces waste by removing the need for inefficient 

separations of enantiomers by chiral column chromatography or separation of diastereomers by 

precipitation with costly reagents. Electronic circular dichroism (ECD) spectroscopy provides the 

ability to measure the chiral excess of a Ru(II) light absorber using circularly polarized (CP) light while 

simultaneously measuring unpolarized electronic absorbance.
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Before beginning this work, the chiral monometallic complexes were hypothesized to lose the 

chiral excess imparted during synthesis rapidly.  The bi- and trimetallic complexes presented two 

possibilities: becoming racemic very slowly without losing the Pt(II) and Rh(III) metal centers into 

solution or becoming racemic rapidly after decomplexation of the Pt(II) and Rh(III) metal centers from 

the chiral LAs.  The Brewer group has evidence for both of these possibilities for a fraction of their

supramolecular complexes, but the ability to determine how a given supramolecular architecture 

behaves in solution is necessary for a full mechanistic understanding.79,85,183 A novel Ru(II),Rh(I) 

bimetallic complex was synthesized and characterized by Dr. Rongwei Zhou and was shown to 

decompose into a Ru(II) LA fragment and a square planar Rh(I) fragment by increasing the coordinating 

ability of the solvent.183 Large Ru(II),Pt(II) tri- and tetrametallics studied by Dr. Jessica Knoll were 

found to be stable under reducing conditions toward the loss of the cis-PtIICl2 unit (and subsequent 

formation of colloidal Pt) by poisoning the catalytic system with Hg0 without a consequent loss of 

catalytic activity.79,85 Neither method is applicable to the wide range of complexes studied in the 

broader inorganic photochemistry community. A broadly applicable method for determining the 

propensity of supramolecular complexes to dissociate during irradiation is necessary to characterize their 

long-term stability.

For the purposes of this dissertation, only isomers derived from d6 metal ions and bidentate 

chelating terminal and bridging ligands, like bpy and dpp, will be discussed.  [Ru(bpy)3]2+ is the

prototypical pseudooctahedral trischelate d6 metal complex and is described by the D3 symmetry group.  

Arranging the three bpy ligands around the Ru(II) metal center leads to two different nonsuperimposable

configurations.  The two configurations are defined by looking at a trigonal face composed of one 

pyridine ring from each of the three bpy ligands (highlighted in red in Figure 4.1) and following each 

bpy ligand from front to back.  If the bpy ligands wrap clockwise from front to back, the isomer is 

Figure 4.1).  The and nomenclature is analogous to the L and D 

used in organic chemistry to define the left- and right-handed optical rotation behavior of organic 

molecules.  However, and do not strictly correspond to left- and right-handed optical rotations due 

to other confounding factors like the type of optical transition, change in dipole moment for a given 

transition, etc.  It should also be noted that one of the chelating ligands can be replaced by two 

monodentate ligands in a cis arrangement and the resulting complex ion can still be described as being 
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either or a single, achiral trans isomer can be formed if the two monodentate ligands 

are trans to each other (Figure 4.1).37,128

Figure 4.1: Optical isomers of d6 octahedral metal monometallic complexes with three bidentate 
chelating ligands (far left and far right complexes) or two bidentate chelating ligands and two 
coordinated halides (central three complexes).  Gold = Ru, blue = N, gray = C, white = H, bpy = 2,2 -
bipyridine.

4.1.  Synthesis

Following the synthetic scheme outlined in Section 2.3.1, four different supramolecular 

architectures were synthesized for use in this study, all of which are shown in Figure 4.2.  The initial 

synthetic steps impart chirality to a racemic starting material, [(bpy)2RuCl2], by replacing the chloride 

ligands with a chiral directing ligand, proline, resulting in the [(bpy)2Ru(prolinate)]+ monometallic 

complexes.  The proline ligand is then replaced by a dpp bridging ligand (BL) while the Ru(II) metal 

center retains its chirality resulting in [(bpy)2Ru(dpp)]2+ monometallics.  After attaching dpp another 

metal center is attached, generating either a bimetallic or trimetallic complex.  Attaching a cis-PtIICl2

unit does not affect the chirality of the Ru(II) center, but results in the [(bpy)2Ru(dpp)PtCl2]2+

bimetallics.  Finally, coupling two of the [(bpy)2Ru(dpp)]2+ monometallics together through a cis-

RhIIICl2 unit results in [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallics where both Ru(II) centers retain their 

2+ 2+

2+ 2+
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initially imparted chirality. Under all synthetic transformations, no racemization of the supramolecular 

complexes in solution is expected to occur in the absence of light, even at elevated temperatures as 

demonstrated for [Ru(bpy)3]2+ and other analogous Ru(II) polypyridyl complexes.25,29,144,182

Figure 4.2: Chiral supramolecular complexes synthesized and utilized in this study.  bpy = 2,2 -
bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

Due to the photolability of Ru(II) monometallic complexes in solution, extra care was taken 

during the syntheses described in this section to reduce all stray light, especially during any heating 

steps. It was also common practice to cover all chromatography columns with aluminum foil when 

fractions were not being collected in the interest of reducing possible photorearrangements of the target 

complexes. When dealing with enantiomers and diastereomers of metal complexes, it is very important 

,(rac), -[{(bpy)2Ru(dpp)}2RhCl2]5+ ,(rac), -[{(bpy)2Ru(dpp)}2RhCl2]5+
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to use a reliable naming system to prevent contamination and confusion of the common variants of each 

complex.  For these complexes, the simplest convention arises from the stereochemical assignment of 

A racemic mixture of light 

absorbers for each of the complexes was synthesized to validate the modified synthetic methods and this 

mixture is denoted rac.  Figures shown in this chapter show stereochemistry only where the chirality of 

a building block was known or controlled, otherwise stereochemistry is not defined indicating a racemic 

mixture of isomers.

4.1.1. [(bpy)2Ru(prolinate)](PF6) Complexes

Figure 4.3: Synthetic scheme for -(S)-[(bpy)2Ru(L-prolinate)]+.  bpy = 2,2 -bipyridine. Adapted 
from reference 144.

The [(bpy)2Ru(prolinate)](PF6) monometallic complexes were synthesized via a modification of 

a previously published method.144 The monometallic precursor [(bpy)2RuCl2] (4.0 g, 7.7 mmol), L-

proline (1.77 g, 15.4 mmol) and K2CO3 (0.54 g, 3.9 mmol) were dissolved in 35 mL ethylene glycol in a 

100 mL roundbottom flask capped with a rubber septum.  The reaction mixture was covered with Al foil 

and degassed for 10 min with Ar, then heated in a temperature controlled oil bath with stirring at ca. 465 

K for 5 min.  The reaction mixture was cooled to room temperature (RT) and 120 mL of 0.1 M NH4PF6

(aq) was added to metathesize the product to a PF6 salt.  Following counterion metathesis, 100 mL 

CH2Cl2 was added to the reaction mixture to partition the ethylene glycol, carbonate salts, and unreacted 

proline into the aqueous layer.  [Note: If the liquid extraction was not performed before the column 

chromatography, the separation was much less effective due to the presence of the ethylene glycol.]  The 

CH2Cl2 layer was removed and the aqueous layer was washed with CH2Cl2 (3 × 100 mL).  The CH2Cl2
washes were combined and the solvent was removed under vacuum to afford a crude product.  The 

monometallic complex was purified using column chromatography on methanol deactivated adsorption 
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alumina with a 2:3 acetonitrile/toluene (v/v) mobile phase to remove the highly emissive impurity 

[Ru(bpy)3]2+. -(S)-

[(bpy)2Ru(L-prolinate)](PF6), a reddish-purple solid that was dried under vacuum (2.69 g, 4.0 mmol, 

yield = 52%, >97% diastereomeric purity by circular dichroism and 1H NMR).  ESI-MS: [M-PF6]+, m/z

Found = 528.09, Calculated = 528.10. 1H NMR in CD3CN  ppm; 9.18 (d, 1H), 9.05 (d, 1H), 8.49 (d, 

1H), 8.43 (d, 1H), 8.31 (t, 2H), 8.14 (t, 1H), 8.03 (t, 1H), 7.95 (d, 1H), 7.75 (m, 4H), 7.35 (d, 1H), 7.10 

(m, 2H), 5.09 (m, 1H), 3.87 (m, 1H), 1.77 (m, 1H), 1.40 (m, 3H). 

-[(bpy)2Ru(D-prolinate)](PF6) analogue was synthesized as described above utilizing 

[(bpy)2RuCl2] (4.0 g, 7.7 mmol), D-proline (1.77 g, 15.4 mmol) and K2CO3 (0.54 g, 3.9 mmol) to afford 

a reddish-purple solid (2.71 g, 4.0 mmol, yield = 52%, >97% diastereomeric purity by circular 

dichroism and 1H NMR). ESI-MS: [M-PF6]+, m/z Found = 528.09, Calculated = 528.10. 1H NMR in 

CD3CN  ppm; 9.18 (d, 1H), 9.05 (d, 1H), 8.49 (d, 1H), 8.43 (d, 1H), 8.31 (t, 2H), 8.14 (t, 1H), 8.03 (t, 

1H), 7.95 (d, 1H), 7.75 (m, 4H), 7.35 (d, 1H), 7.10 (m, 2H), 5.09 (m, 1H), 3.87 (m, 1H), 1.77 (m, 1H), 

1.40 (m, 3H). 

The (rac)-[(bpy)2Ru(DL-prolinate)](PF6) analogue was synthesized as described above utilizing 

[(bpy)2RuCl2] (2.0 g, 3.85 mmol), DL-proline (0.89 g, 7.7 mmol) and K2CO3 (0.27 g, 1.93 mmol) to 

afford a reddish-purple solid (1.77 g, 2.63 mmol, yield = 68%, racemic mixture as judged by circular 

dichroism and 1H NMR). ESI-MS: [M-PF6]+, m/z Found = 528.09, Calculated = 528.10. 1H NMR in 

CD3CN  ppm; 9.24 (d, 1H), 9.04 (d, 1H), 8.49 (d, 1H), 8.43 (d, 1H), 8.31 (t, 2H), 8.14 (t, 1H), 8.03 (t, 

1H), 7.95 (d, 1H), 7.75 (m, 4H), 7.35 (d, 1H), 7.10 (m, 2H), 5.20 (m, 1H), 3.88 (m, 1H), 1.76 (m, 1H), 

1.40 (m, 3H). 

4.1.2.  [(bpy)2Ru(dpp)](PF6)2 Complexes

Figure 4.4: Synthetic scheme for -[(bpy)2Ru(dpp)]2+.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine. Adapted from reference 144, which reported yields of 80% for proline substitution 
with similar polyazine ligands. 
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The (rac)-[(bpy)2Ru(dpp)](PF6)2 analogue was synthesized by a modification of a previously 

published method that is distinct from the method used to synthesize the rac-[(bpy)2Ru(dpp)](PF6)2

variant.144 The starting materials (rac)-[(bpy)2Ru(DL-prolinate)](PF6) (0.45 g, 0.67 mmol),

trifluoroacetic acid (36 μL, 2.4 mmol), and dpp (1.02 g, 4.36 mmol) were dissolved in 5 mL of 

acetonitrile and heated at 385 K for 3 h in the dark under Ar.  After cooling to room temperature, the 

solution was added to 75 mL of a 0.1 M NH4PF6 (aq) solution and allowed to stir 15 minutes.  The 

red/brown precipitate was filtered, washed with water, then diethyl ether to dry.  The monometallic 

complex was purified using column chromatography with methanol deactivated adsorption alumina with 

a 2:3 acetonitrile/toluene (v/v) mobile phase.  The orange band was collected and precipitated in diethyl 

ether to afford (rac)-[(bpy)2Ru(dpp)](PF6)2, an orange solid that was dried under vacuum (0.308 g, 0.33

mmol, yield = 49%, racemic mixture as judged by circular dichroism spectroscopy). [Note: Yields were 

decreased by about 20% overall compared to the original synthetic procedure reported by Fu, et. al. due 

to use of less free polypyridyl ligand: Fu, et. al. used a 15 fold excess of polypyridyl ligand, whereas the 

procedures reported here typically used only a 3-4 fold excess.144 Yields for the rac variant were lower 

due to decreased solubility of the prolinate starting material in acetonitrile, even at elevated 

temperatures.] ESI-MS: [M-PF6]+, m/z Found = 793.09, Calculated = 793.10.

-[(bpy)2Ru(dpp)](PF6)2 analogue was synthesized as described above utilizing -(S)-

[(bpy)2Ru(L-prolinate)](PF6) (1.50 g, 2.23 mmol), trifluoroacetic acid (342 μL, 4.46 mmol), and dpp 

(1.57 g, 6.69 mmol) to afford an orange solid (1.15 g, 1.23 mmol, yield = 55%, >97% enantiomeric 

purity as judged by circular dichroism).  ESI-MS: [M-PF6]+, m/z Found = 793.10, Calculated = 793.10.

-[(bpy)2Ru(dpp)](PF6)2 -

[(bpy)2Ru(D-prolinate)](PF6) (1.50 g, 2.23 mmol), trifluoroacetic acid (342 μL, 4.46 mmol), and dpp 

(2.10 g, 8.92 mmol) to afford an orange solid (1.44 g, 1.54 mmol, yield = 69%, >97% enantiomeric 

purity as judged by circular dichroism).  ESI-MS: [M-PF6]+, m/z Found = 793.10, Calculated = 793.10.
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4.1.3.  [(bpy)2Ru(dpp)PtCl2](PF6)2 Complexes

Figure 4.5: Synthetic scheme for [(bpy)2Ru(dpp)PtCl2]2+. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine, DMSO = dimethylsulfoxide. Adapted from references 52 and 53, which reported 
yields of ca. 50%.

The [(bpy)2Ru(dpp)PtCl2](PF6)2 bimetallic complexes were synthesized via a modification of a 

previously published method.52,53 The monometallic precursor (rac)-[(bpy)2Ru(dpp)](PF6)2 (0.10 g, 

0.11 mmol) and PtCl2(DMSO)2 (0.230 g, 0.55 mmol) were dissolved in 8 mL of 2:1 EtOH:H2O and 

heated at reflux for 3 h.  After cooling to room temperature, the solution was added to 40 mL of a 0.1 M 

NH4PF6 (aq) solution to induce precipitation and allowed to stir for 10 minutes.  The precipitate was 

collected by vacuum filtration, washed with 25 mL water and 25 mL diethyl ether.  The bimetallic 

complex was purified using SephadexTM LH-20 size exclusion chromatography with a 2:1 EtOH/

CH3CN (v/v) mobile phase.  The purple band was collected and precipitated using diethyl ether to afford 

(rac)-[(bpy)2Ru(dpp)PtCl2](PF6)2, a purple solid that was dried under vacuum (0.048 g, 0.04 mmol, 

yield = 36%, judged to be racemic by circular dichroism).  ESI-MS: [M-PF6]+, m/z Found = 1057.53,

Calculated = 1057.96.

-[(bpy)2Ru(dpp)PtCl2](PF6)2 -

[(bpy)2Ru(dpp)](PF6)2 (0.21 g, 0.22 mmol) and  PtCl2(DMSO)2 (0.276 g, 0.66 mmol) to afford a purple 

solid (0.106 g, 0.088 mmol, yield = 40%, >97% enantiomeric purity as judged by circular dichroism).

ESI-MS: [M-PF6]+, m/z Found = 1058.14, Calculated = 1057.96.

-[(bpy)2Ru(dpp)PtCl2](PF6)2 -

[(bpy)2Ru(dpp)](PF6)2 (0.21 g, 0.22 mmol) and  PtCl2(DMSO)2 (0.276 g, 0.66 mmol) to afford a purple 

solid (0.111 g, 0.092 mmol, yield = 42%, >97% enantiomeric purity as judged by circular dichroism).

ESI-MS: [M-PF6]+, m/z Found = 1057.88, Calculated = 1057.96.
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4.1.4.  [{(bpy)2Ru(dpp)}2RhCl2](PF6)5 Complexes

Figure 4.6: Synthetic scheme for [{(bpy)2Ru(dpp)}2RhCl2]5+ -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.  Adapted from references 66 and 67, which reported yields of ca. 50%.

The [{(bpy)2Ru(dpp)}2RhCl2](PF6)5 trimetallic complexes were synthesized via a modification 

of a previously published method.66,67 The monometallic precursor rac-[(bpy)2Ru(dpp)](PF6)2 (0.141 g, 

0.15 mmol) and RhCl3•3H2O (0.022 g, 0.083 mmol) were dissolved in 15 mL of 2:1 (v/v) EtOH/H2O

and heated at reflux for 3 h.  After cooling to room temperature, the solution was added to 60 mL of a 

0.1 M NH4PF6 (aq) solution to induce precipitation and allowed to stir for 10 min.  The precipitate was 

collected by vacuum filtration, washed with 45 mL water and 45 mL diethyl ether. The trimetallic 

complex was purified using SephadexTM LH-20 size exclusion chromatography with a 2:1 (v/v) 

EtOH/CH3CN mobile phase.  The purple band was collected and precipitated using diethyl ether to 

afford rac,rac,rac-[{(bpy)2Ru(dpp)}2RhCl2](PF6)5, a purple solid that was dried under vacuum (0.066 g, 

0.030 mmol, yield = 41%, judged to be racemic by circular dichroism).

rac -[{(bpy)2Ru(dpp)}2RhCl2](PF6)5 analogue was synthesized as described above 

-[(bpy)2Ru(dpp)](PF6)2 (0.25 g, 0.27 mmol) and  RhCl3•3H2O (0.043 g, 0.12 mmol) to afford 

a purple solid (0.096 g, 0.044 mmol, yield = 37%, >97% enantiomeric purity as judged by circular 

dichroism). ESI-MS: [M-2PF6]2+, m/z Found = 952.00, Calculated = 952.00.

rac -[{(bpy)2Ru(dpp)}2RhCl2](PF6)5 analogue was synthesized as described above 

-[(bpy)2Ru(dpp)](PF6)2 (0.25 g, 0.27 mmol) and  RhCl3•3H2O (0.044 g, 0.12 mmol) to afford 

a purple solid (0.11 g, 0.050 mmol, yield = 42%, >97% enantiomeric purity as judged by circular 

dichroism). ESI-MS: [M-2PF6]2+, m/z Found = 951.99, Calculated = 952.00.
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4.2.  Characterization

In this project, incorporation of enantiomerically pure light absorbing units was not expected to 

change any redox or (unpolarized) spectroscopic properties.  Electrochemical potentials, 1H NMR,

(unpolarized) electronic absorbance, and luminescence spectra were expected to be identical, within 

experimental error regardless of light absorbing unit stereochemistry.  However, spectroscopy using 

polarized light as the probe, like electronic circular dichroism (ECD), was expected to differ 

significantly based on the absolute configuration of the light absorbing unit(s).  Another result of using 

enantiomerically pure building block(s) is a reduction of the number of possible isomers of the large 

supramolecular complexes.  Using ECD to follow the enantiomerically pure light absorbers should 

provide the ability to follow racemization of the light absorbers and determine their mechanism of 

racemization.  Racemization mechanisms also should provide insight into what happens to the 

supramolecular water reduction photocatalysts after their H2 production plateaus. 

4.2.1.  Discussion of Isomers 

Characterization of large multimetallic complexes is complicated by the number of possible 

isomers in each sample.  

isomer, and the chelating nature of certain polyazine ligands can lead to a mixture of geometric isomers.  

Beginning with the architecture where chirality is initially imparted by a chiral auxiliary, the 

[(bpy)2Ru(prolinate)]+ complexes, the Ru(II) center will adopt a preferred configuration based on the 

chirality of proline.  The preferred configuration is more thermodynamically stable because the bpy ring 

protons do not run into the prolinate group (refer to Figure 4.9).139,140,142,144 Using a racemic mixture of 

proline, DL-proline, results in a racemic mixture of  and  Ru(II) centers.  Using L-proline as the 

chiral auxiliary results in a configuration at the Ru(II) while using D-proline results in a 

configuration at the Ru(II) center.  The chirality of the bound proline ligands also must be considered 

and results in characterizing the synthesized [(bpy)2Ru(prolinate)]+ complexes as two of four possible 

diastereomers, -(S)-[(bpy)2Ru(L-prolinate)]+ -(R)-[(bpy)2Ru(D-prolinate)]+, rather than simple 

enantiomers (Figure 4.7).  Substitution of dpp bridging ligand (BL) for proline under the appropriate 

conditions results in retention of configuration at the Ru(II) center and a pair of enantiomers: -(S)-

[(bpy)2Ru(L-prolinate)]+ -[(bpy)2Ru(dpp)]2+ -(R)-[(bpy)2Ru(D-prolinate)]+ -

[(bpy)2Ru(dpp)]2+ (Figure 4.7). 
124



Figure 4.7: Structures of -(S)-[(bpy)2Ru(L-prolinate)]+ -(R)-[(bpy)2Ru(D-prolinate)]+ (top row), 
-[(bpy)2Ru(dpp)]2+ -[(bpy)2Ru(dpp)]2+ (middle row), and -[(bpy)2Ru(dpp)PtCl2]2+ -

[(bpy)2Ru(dpp)PtCl2]2+ (bottom row).  bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

Coupling an additional metal center to the open coordination site of the dpp BL in 

[(bpy)2Ru(dpp)]2+ influences the number of isomers present in the new bimetallic complex.  The dpp BL 

is an AB chelating ligand, impacting the number of geometric isomers for a given molecular 

architecture.  Coupling a square planar metal center, like a cis-PtIICl2 group, the number of isomers is 

unchanged due to the symmetry of the cis-PtCl2 group (Figure 4.7).  Coupling a different 

pseudooctahedral metal results in additional optical isomers and may result in a number of geometric 

isomers, depending on the symmetry of the coordination environment around the new metal center.  A 

simple case is the coupling of another RuII(bpy)2 center to create [(bpy)2Ru(dpp)Ru(bpy)2]4+, resulting in 

The dpp BL does not give rise to any geometric isomers for this complex because of the symmetry of 

the new Ru(II) metal center.  Instead, if a cis-RhIIICl2(bpy) is coupled to the open coordination sites of 
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dpp giving [(bpy)2Ru(dpp)RhCl2(bpy)]3+, a total of eight isomers result: a pair of geometric isomers 

described in Section 3.2.3 and four possible combinations of optical isomers from the two metal centers.

If two [(bpy)2Ru(dpp)]2+ are connected by a cis-RhIIICl2 group to give 

[{(bpy)2Ru(dpp)}2RhCl2]5+, there are 18 possible isomers. The three possible geometric isomers for the 

central (dpp)2RhIIICl2 unit, where each the two dpp BLs are considered equivalent as they are each 

coordinated to an identical RuII(bpy)2 unit, are the easiest to identify.  In all cases, the two Cl ligands 

are cis to each other, while the pyrazine ring (pz) and pyridine ring (py) of the two bidentate dpp BLs 

can be arranged one of three ways: 1) pz trans cis trans cis to 

py trans cis 2RhIIICl2

figuration, resulting in a total of six isomers stemming from the Rh(III) metal center (Figure 4.8).  

Introducing the two RuII(bpy)2

c bpy ligand.  Multiplying the six isomers due to 

the central Rh(III) unit by the four combinations  of optical isomers from the Ru(II) light absorbers gives 

24 possible isomers.  The permutations of optical isomers for a [{(bpy)2Ru(dpp)}2RhCl2]5+ complex are 
II(bpy)2 light absorbers are 

equivalent, they are indistinguishable from each other and result in a decrease in the actual number of 

are equivalent and

isomers are also equivalent

representations of these 18 isomers appear in Figures 4.9 and A-1 through A-6.
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Figure 4.8
(dpp)2RhIIICl2 unit of a Ru(II),Rh(III),Ru(II) trimetallic complex.  dpp = 2,3-bis(2-pyridyl)pyrazine, pz =
pyrazine, and py = pyridine.

Figure 4.9: All possible geometric isomers of [{bpy)2Ru(dpp)}2RhCl2]5+ from synthesis without 
stereochemical control over any of the three octahedral metal centers.  -bipyridine and dpp = 
2,3-bis(2-pyridyl)pyrazine.  Structures generated using Scigress 7.7.1 molecular modeling software; red 
(Rh); gold (Ru); green (Cl); blue (N); gray (C); white (H).
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In the literature, the redox and photophysical properties of stereochemically defined samples of

[Ru{(tpphz)Ru(phen)2}3]8+ (Figure 1.26) were found to be indistinguishable between different 

stereoisomers.130  The trimetallic complexes discussed in this dissertation may be influenced by

isomerization, as varied distances between the Ru(II) light absorber and the Rh(III) reactive metal

acceptor could impact reactivity, charge separation distance, and molecular orbital overlap.  Figures A-1 

to A-6 depict three dimensional models of the isomers of [{(bpy)2Ru(dpp)}2RhCl2]5+ to highlight the 

impact of structure conformation on the steric bulk around the Rh(III) RM.

4.2.2.  NMR Spectroscopy 

1-D 1H NMR and 2-D 1H-1H Correlation Spectroscopy (COSY) NMR experiments were used to 

characterize the chiral [(bpy)2Ru(prolinate)]+ and [(bpy)2Ru(dpp)]2+ complexes discussed here. 1H

NMR spectroscopy is a common method used to identify and analyze metal complexes in solution and 

determine their purity.  1H NMR could be used to identify any reaction byproducts and optimize 

reaction conditions to eliminate unwanted reaction byproducts.  Three common factors that influence the 

chemical shifts of protons in polypyridyl metal complexes are the electron withdrawing effect from 

metal-ligand bonding, the ring current effect, and the electron withdrawing effect any bound halide 

ligand.169,170 RuII and RhIII metals have a strong electron withdrawing effect on ligands acting as Lewis 

acid while ligands are Lewis bases and donate electron density to the metal center, even though 

-back bonding ability.  Upon coordination, the deshielding effect from 

metal center causes proton resonances to shift downfield.  The ring current effect is characteristic for an 

ring under an external magnetic field.  This additional magnetic field causes protons located above and 

below the ring to shift upfield while protons on the side of the ring to shift downfield.  The ring current 

is often strong and overpowers the deshielding effect of metal coordination, imparting an overall upfield 

shift to a ligand proton below or above an aromatic ring system.  In polypyridyl supramolecular 

complexes, the presence of multiple aromatic rings often results in many complicated ring current 

effects and proton resonance shifts. 

Drawing upon insight gained from the selective deuteration of Ru(II) polyazine complexes 

discussed in Section 3.2.3, 1H NMR was a useful characterization technique for chiral 
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[(bpy)2Ru(prolinate)]+ and [(bpy)2Ru(dpp)]2+complexes due to the relatively small number of aromatic 

protons and small number of possible isomers in each architecture.  The 1H NMR spectra of -(S)-

[(bpy)2Ru(L-pro)]+ and -(S)-[(bpy)2Ru(L-pro)]+, the minor diastereomer that can result from 

incomplete reaction, were reported by Fu, et. al. in 2012.144 The two diastereomers of [(bpy)2Ru(L-

pro)]+ show the same proton splitting pattern but many of the chemical shifts differ, making 1H NMR a 

useful purity assay that is not tied to using ECD to determine purity.  An especially useful diagnostic 

comes from comparing the intensities of the doublets at 9.05 ppm and 8.95 ppm to determine the ratio of 

the major diastereomer (desired product, most stable) to the minor diastereomer (unwanted byproduct, 

least stable), respectively.  The proton corresponding to this resonance is labeled A6 in Figure 4.11 and 

the difference in chemical shifts between the two diastereomers becomes apparent after examining three 

dimensional models of the complexes (Figure 4.10).  Proton A6 is pointing into empty space in the 

major diastereomer, -(S)-[(bpy)2Ru(L-pro)]+, and pointing directly into the proline ring in the minor 

diastereomer, -(S)-[(bpy)2Ru(L-pro)]+.

Figure 4.10: -(S)-[(bpy)2Ru(L-pro)]+ and -(S)-[(bpy)2Ru(L-pro)]+ with proton A6 highlighted.  
Structures generated using Scigress 7.7.1 molecular modeling software and energy minimized at the 
MM3 level.  Gold = Ru, red = O, blue = N, gray = C, white = H, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine, L-pro = L-proline.

A6

-(S)-[(bpy)2Ru(L-pro)]+ -(S)-[(bpy)2Ru(L-pro)]+
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Figure 4.11: -(S)-[(bpy)2Ru(L-pro)]+ with 1H NMR labeling scheme and downfield (aromatic) region 
of the 1H NMR spectra of -(S)-[(bpy)2Ru(L-pro)]+ (red), (rac)-[(bpy)2Ru(DL-pro)]+ (purple) and -
(R)-[(bpy)2Ru(D-pro)]+ (blue) recorded at 400 MHz in CD3CN.  bpy = 2,2 -bipyridine, L-pro = L-
proline, D-pro = D-proline, and DL-pro = DL-proline.
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Substituting dpp for proline in the complexes resulted in retention of stereochemistry at the 

Ru(II) center and identical 1H NMR spectra to those assigned in Section 3.2.3.  The resulting 1H NMR 

spectra are also useful for assaying the purity of [(bpy)2Ru(dpp)]2+ with respect to the intermediate of 

the substitution reaction, [(bpy)2Ru(CH3CN)2]2+.  Unlike the [(bpy)2Ru(prolinate)]+ complexes, the 

enantiomers of [(bpy)2Ru(dpp)]2+ are indistinguishable from each other using 1H NMR (Figure 4.12).  

Coupling additional metal centers to [(bpy)2Ru(dpp)]2+ results in more complicated 1H NMR spectra 

similar to those seen in Section 3.2.3 for [(bpy)2Ru(dpp)Ru(bpy)2]4+, [(bpy)2Ru(dpp)RhCl2(bpy)]3+, and 

[{(bpy)2Ru(dpp)}2RhCl2]5+.
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Figure 4.12: -[(bpy)2Ru(dpp)]2+ with 1H NMR labeling scheme and downfield (aromatic) region of the 
1H NMR spectra of -[(bpy)2Ru(dpp)]2+ (red), (rac)-[(bpy)2Ru(dpp)]2+ (purple) and -
[(bpy)2Ru(dpp)]2+ (blue) recorded at 400 MHz in CD3CN.  bpy = 2,2 -bipyridine and dpp = 2,3-bis(2-
pyridyl)pyrazine. 

4.2.3.  Redox Properties

Electrochemical analysis of the supramolecular complexes provides information about their 

frontier molecular orbitals and allows inference of the catalytic activity of the complexes, given their 

rich cathodic and anodic electrochemistry.  The electrochemical properties of supramolecular 

architectures retain the properties of the individual building blocks while also producing properties 

unique to the newly formed coupling products.  Scanning anodically, RuII/III oxidations are observed at 
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to another metal center through a coordinated bridging ligand (BL), as well as the overall charge of the 

complex and solvent identity.31   Also observed are PtII/IV and prolinate /0/+ oxidations for the 

Ru(II),Pt(II) bimetallic and Ru(II) prolinate monometallic complexes, respectively.52,53,184  Scanning 

cathodically displays a variety of ligand- and Rh-based reductions depending on the studied molecular 

architecture.  The first observed reductions are reversible and are BL-based in the absence of low-lying 

metal-based acceptor orbitals, followed by additional ligand-based reductions in the electrochemical 

solvent window.  In the absence of a cis-RhCl2 subunit, these observations establish a Ru-based highest 

occupied molecular orbital (HOMO) and a BL-based lowest unoccupied molecular orbital (LUMO),

suggesting the presence of low lying metal-to-ligand charge transfer (MLCT) excited state upon 

photoexcitation.  In the presence of a cis-RhCl2 subunit, the HOMO is Ru-based and the LUMO is now 

Rh-based, suggesting the presence of a lowest lying metal-to-metal charge transfer (MMCT) excited 

state upon photoexcitation.  This behavior is consistent with previously reported supramolecular 

architectures discussed in this dissertation.47,52,53,66,67,168,184

Cyclic voltammetry (CV) provides insight into the reversibility of a redox event and the number 

of electrons transferred, while Osteryoung square wave voltammetry (SWV) suggests the number of 

electrons transferred in a redox process and has greatly increased signal-to-noise compared to CV, but 

provides no information about redox reversibility (see Figure 3.19). The relative orbital energetics can 

be obtained using either electrochemical technique, although care must be taken when interpreting a 

redox couple that is not the first oxidation or reduction as the oxidation state of the molecule has 

changed, influencing the remaining redox potentials.  Figure 4.13 shows the CVs of each class of 

supramolecular complex, Table 4.1 displays the redox potentials for the four different supramolecular 

architectures, and Figure 4.14 displays redox potentials for each architecture graphically. 
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Figure 4.13: Cyclic voltammograms of (rac)-[(bpy)2Ru(prolinate)]+, (rac)-[(bpy)2Ru(dpp)]2+, (rac)-
[(bpy)2Ru(dpp)PtCl2]2+, and rac,rac,rac-[{(bpy)2Ru(dpp)}2RhCl2]5+ using 0.1 M Bu4NPF6 in CH3CN at 
RT and referenced against Ag/AgCl (E1/2 (ferrocene/ferrocene+) = +0.46 V vs. Ag/AgCl). bpy = 2,2 -
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.  Voltammograms were recorded by scanning anodically, 
followed by scanning cathodically.
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The electrochemistry of the [(bpy)2Ru(prolinate)]+ monometallic complexes show a RuII/III

oxidation, a pair of prolinate oxidations, and single ligand-based reduction between +2 and 1.5 V vs. 

Ag/AgCl (Figures 4.13 and 4.14).  Scanning anodically shows a reversible, one electron RuII/III

oxidation with an E1/2 of +1.48 V using either CV or SWV. Also evident are two partially overlapping 

prolinate oxidations between ca.  +1.2 and +0.75 V, one of which looks reversible (ca. +1.1 V) and the 

other appears irreversible (ca. +0.8 V), tentatively assigned as O /0 and N0/+ respectively.  Ru(II) 

aminoacidate complexes have a set of oxidation processes characteristic of O /0 and N0/+, although the 

position of the redox couples varies based on the side-chain identity.185 The N0/+ couple is irreversible in 

Ru(aminoacidate) complexes because the oxidation is followed by a fast chemical step, either the loss of 

a bound proton or Ru-N bond cleavage. Scanning cathodically reveals a reduction at 1.40 V, which 

corresponds to a bpy reduction. Varying the stereochemistry at the Ru(II) center does not perturb the 

redox potentials.

[(bpy)2Ru(dpp)]2+ monometallic complexes show a single RuII/III oxidation and three ligand-

based reductions between +2 and 2 V vs. Ag/AgCl (Figures 4.13 and 4.14).  Scanning anodically 

shows a reversible, one electron RuII/III oxidation with an E1/2 of +1.48 V using either CV or SWV.  

Scanning cathodically reveals three sequential reductions at 

correspond to a dpp reduction, followed by two sequential bpy reductions.  Although the two bpy 

ligands are in identical environments, they are electronically coupled through the Ru metal center 

resulting in different reduction potentials.  These redox potentials are consistent with previously reported 

values.168,172 Varying the stereochemistry at the Ru(II) center does not perturb the redox potentials,

within experimental error.

Coordination of a Pt(II) reactive metal unit to the open coordination site of the dpp BL

in[(bpy)2Ru(dpp)]2+ modulates the energy of the frontier orbitals. The electrochemistry of the 

[(bpy)2Ru(dpp)PtCl2]2+ complexes show a RuII/III oxidation, a PtII/IV oxidation and three ligand based 

reductions between + 6 V vs. Ag/AgCl (Figures 4.13 and 4.14).  Scanning anodically reveals a

reversible one electron RuII/III oxidation with E1/2 of +1.61 V.  The PtII/IV couple at ca. +1.5 V is 

irreversible and partially overlaps the RuII/III oxidation.  Scanning cathodically shows three ligand 

50 V corresponding to a dpp reduction, followed by two sequential 

bpy reductions.  Although the two bpy ligands are in identical environments, they are electronically 
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coupled through the Ru metal center resulting in different reduction potentials, as with the 

[(bpy)2Ru(dpp)]2+ monometallic complexes.  These redox potentials are consistent with previously 

reported values.52,53 Varying the stereochemistry at the Ru(II) center does not perturb the redox 

potentials, within experimental error.

Finally, replacing the Pt(II) center with a Rh(III) metal center bound to another Ru(II) light 

absorbing unit results in a different catalytically active supramolecular architecture.  The 

electrochemistry of [{(bpy)2Ru(dpp)}2RhCl2]5+complexes show overlapping RuII/III oxidations, a RhIII/II/I

reduction and two sequential dpp reductions between + Figures 4.13 and 

4.14).  For [{(bpy)2Ru(dpp)}2RhCl2]5+, scanning anodically reveals two overlapping, reversible, one 

electron RuII/III oxidations with an E1/2 of +1.60 V.  Scanning cathodically shows three reductions at 
III/II/I reduction followed by two sequential dpp

reductions.  The RhIII/II/I reduction is actually two overlapping one electron reductions, both of which are 

irreversible processes, in accordance with previous characterizations of this complex.64-67 Assignment 

of the RhIII/II/I redox couple is supported by previous electrochemical analyses of Rh(III) monometallics 

of the design [(NN)2RhCl2]+ (NN = bidentate, polypyridyl terminal or bridging ligands) displayed two 

sets of alternating electron transfer and chemical steps.174-176 Even though both dpp bridging ligands are 

in identical environments, the two independent dpp reductions arise due to electronic communication 

through the Rh center: once the first dpp is reduced, the second dpp reduction becomes more difficult 

due to increased electron density localized nearby in the molecule.  Due to the ordering of the orbitals, 

the LUMO of the molecule is established as being localized on Rh and suggests the presence of a 

Varying the stereochemistry at the Ru(II) centers does not 

perturb the redox potentials, within experimental error.
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Table 4.1: Electrochemical Properties of Ru(II)-Polyazine Monometallic, Bimetallic and Trimetallic 
Complexes with Enantiopure Light Absorbers 
Complex a RuII/III Oxidation 

E1/2 (V) Reduction E1/2 (V)

-(S)-[(bpy)2Ru(L-pro)]+ +1.37 (RuII/III) 1.39 (bpy ) 

(rac)-[(bpy)2Ru(DL-pro)]+ +1.40 (RuII/III) 1.37 (bpy ) 

-(R)-[(bpy)2Ru(D-pro)]+ +1.38 (RuII/III) 1.37 (bpy ) 

-[(bpy)2Ru(dpp)]2+ +1.48 (RuII/III) 0.98 (dpp ) 1.41 (bpy ) 1.70 (bpy ) 

rac-[(bpy)2Ru(dpp)]2+ b +1.48 (RuII/III) 0.98 (dpp ) 1.40 (bpy ) 1.69 (bpy ) 

-[(bpy)2Ru(dpp)]2+ +1.48 (RuII/III) 0.98 (dpp ) 1.40 (bpy ) 1.69 (bpy ) 

-[(bpy)2Ru(dpp)PtCl2]2+ +1.61 (RuII/III) 0.50 (dpp ) 1.07 (bpy ) 1.47 (bpy ) 

rac-[(bpy)2Ru(dpp)PtCl2]2+ c +1.61 (RuII/III) 0.50 (dpp ) 1.05 (bpy ) 1.49 (bpy ) 

-[(bpy)2Ru(dpp)PtCl2]2+ +1.60 (RuII/III) 0.52 (dpp ) 1.08 (bpy ) 1.47 (bpy ) 

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ +1.58 (RuII/III) 0.32 (RhIII/II/I) 0.79 (dpp ) 1.05 (dpp ) 

rac,rac,rac-[{(bpy)2Ru(dpp)}2RhCl2]5+ d +1.59 (RuII/III) 0.34 (RhIII/II/I) 0.79 (dpp ) 1.05 (dpp ) 

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ +1.60 (RuII/III) 0.32 (RhIII/II/I) 0.77 (dpp ) 1.04 (dpp ) 
a Measurements made in deoxygenated CH3CN at RT with 0.1 M Bu4NPF6 supporting electrolyte.  
Potentials referenced against Ag/AgCl using ferrocene (Fe(C5H5)2

0/+ -
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.  Instrumental resolution is ±10 mV.  b Assignments 
consistent with references 167 and 172. c Assignments consistent with references 52 and 53.  d

Assignments consistent with references 64-67, 95, and 184. 
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Figure 4.14: Orbital energy diagram of (rac)-[(bpy)2Ru(prolinate)]+, (rac)-[(bpy)2Ru(dpp)]2+, (rac)-
[(bpy)2Ru(dpp)PtCl2]2+ and rac,rac,rac-[{(bpy)2Ru(dpp)}2RhCl2]5+.  Potential is measured vs. Ag/AgCl.  
bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

4.2.4. Light Absorbing Properties

Electronic absorbance spectroscopy provides a measure of the light absorbing properties of 

[(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and [{(bpy)2Ru(dpp)}2RhCl2]5+

complexes.  Light absorption of each complex is dominated by polyazine-based intraligand (IL)

visible region.  All of the complexes discussed here are efficient light absorbers throughout the UV and 

visible spectrum arising from the absorptions characteristic of the molecular building blocks alone and 

new absorptions generated by covalently connecting the building blocks together.  Variation of the 

stereochemistry at the Ru(II) center does not impact the light absorbing properties of these complexes as 
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their ground state electronic structure is not altered upon variation of light absorber stereochemistry.

Tables 4.2 and 4.3 summarize the characteristic transitions for the [(bpy)2Ru(prolinate)]+,

[(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes.

Figure 4.15: Electronic absorption spectra of (A) [(bpy)2Ru(prolinate)]+ monometallic complexes; (B)
[(bpy)2Ru(dpp)]2+ monometallic complexes; (C) [(bpy)2Ru(dpp)PtCl2]2+ bimetallic complexes; (D)
[{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes in RT spectrophotometric grade CH3CN.  Red lines 

bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Ru(II)-polyazine monometallic complexes are efficient light absorbers throughout the UV and 

visible regions of the electromagnetic spectrum.  The electronic absorption spectra of -(S)-

[(bpy)2Ru(L-pro)]+, (rac)-[(bpy)2Ru(DL-pro)]+, and -(R)-[(bpy)2Ru(D-pro)]+ are shown in Figure 

4.15A. Changing the stereochemistry around the Ru(II) center does not change the ground state light 
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absorbing properties, resulting in transitions of the same energy and for all three monometallic 

complexes.  The bpy intense and are centered at 292 nm (

6.5 × 104 M 1cm 1).  The visible portion of the spectrum is dominated by a bpy 1CT 

transition centered at 511 nm ( = 1.1 × 104 M 1 cm 1). The bpy 1CT in Ru(II) complexes 

containing coordinated electron withdrawing anionic ligands, like [(bpy)2RuCl2], exhibit stabilized bpy 

Replacing the bidentate 

prolinate ligand with dpp, a bidentate polyazine BL, results in a series of [(bpy)2Ru(dpp)]2+ complexes.

The electronic absorption spectra of -[(bpy)2Ru(dpp)]2+, (rac)-[(bpy)2Ru(dpp)]2+, and -

[(bpy)2Ru(dpp)]2+ are shown in Figure 4.15B. As with the [(bpy)2Ru(prolinate)]+ monometallic 

complexes, changing the stereochemistry around the Ru(II) center does not alter the light absorbing 

properties of the complexes. The bpy and dpp intense and are

centered at 282 nm ( × 104 M 1cm 1) and 310 nm ( × 104 M 1cm 1).  The bpy

transition is a sharp, distinct peak, while the dpp bpy

bpy

dpp 1CT transitions centered at 420 nm ( = 1.2 × 104 M 1 cm 1) and 460 nm ( = 1.3 ×

104 M 1 cm 1).
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Table 4.2: Light Absorbing Properties of Monometallic Complexes with Enantiopure Light Absorbers. 

Complex a abs (nm) × 10 4 (M 1cm 1) Assignment

-(S)-[(bpy)2Ru(L-pro)]+ b 292 6.7 ± 1
511 1.1 ± 0.1

(rac)-[(bpy)2Ru(DL-pro)]+ 292 6.5 ± 1
511 1.1 ± 0.1

-(R)-[(bpy)2Ru(D-pro)]+ 292 6.4 ± 1
512 1.1 ± 0.1

-[(bpy)2Ru(dpp)]2+ 282 6.8 ± 1
310(sh) 2.6 ± 0.1

420 1.1 ± 0.1
460 1.2 ± 0.1

(rac)-[(bpy)2Ru(dpp)]2+ c 282 6.8 ± 1
310(sh) 2.6 ± 0.1

420 1.2 ± 0.1
460 1.3 ± 0.1

-[(bpy)2Ru(dpp)]2+ 282 6.9 ± 1
310(sh) 2.9 ± 0.1

420 1.2 ± 0.1
460 1.3 ± 0.1

a Measurements made in CH3CN at RT (bpy = 2,2 -bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine).  b

Values consistent with those reported in reference 143. c Values consistent with those reported in 
references 47 and 167. 

Coupling an additional electropositive metal to the [(bpy)2Ru(dpp)]2+ complexes to generate 

[(bpy)2Ru(dpp)PtCl2]2+ bimetallic or [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes results in a 

stabilization of all orbitals involving the dpp as the dpp by coordination of an 

additional metal center to the open coordination sites (Figure 4.15C-D).  In all bimetallic and trimetallic 

complexes, the dpp -shifted 20- dpp 1CT transitions 

are red-shifted 40-60 nm.  The extinction coefficients remain relatively constant, unless there is a change 

in the number of identical components involved in the absorbance.  Another manifestation of the 

stabilization of the dpp is that upon coordination of an additional metal center to the Ru(II) 

dpp 1 bpy
1CT transitions. The trimetallic complexes synthesized with chiral light absorbers display a

hypsochromic shift in their dpp 1CT transitions and a decrease in intensity of the dpp 
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electronic environment in or around the molecule, most notably as solvatochromism observed when 

varying the solvent.36,128,186 However, spectral shifts and intensity changes can also arise from 

geometric changes in the molecule and shifts due to this phenomenon have been characterized before in 

a set of large Ru(II) polypyridyl complexes.131,133,134 The [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic 

complexes are also expected to have Rh-

weak compared to Ru-based transitions and are masked by the more intense bpy and dpp

transitions.

Table 4.3: Light Absorbing Properties of Bimetallic and Trimetallic Complexes with Enantiopure Light 
Absorbers.

-[(bpy)2Ru(dpp)PtCl2]2+ 285 6.5 ± 1
330 2.6 ± 0.1
420 1.2 ± 0.1
505 1.7 ± 0.1

(rac)-[(bpy)2Ru(dpp)PtCl2]2+ b 285 6.6 ± 1 bpy
330 2.6 ± 0.1
420 1.2 ± 0.1
505 1.6 ± 0.1

-[(bpy)2Ru(dpp)PtCl2]2+ 285 6.6 ± 1
330 2.7 ± 0.1
420 1.3 ± 0.1
505 1.7 ± 0.1

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ 286 12 ± 1
330 4.1 ± 0.1
421 2.2 ± 0.1
510 2.7 ± 0.1

rac,rac,rac-[{(bpy)2Ru(dpp)}2RhCl2]5+ c 285 12 ± 1
330 4.3 ± 0.1
420 2.1 ± 0.1 CT
510 2.8 ± 0.1

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ 287 12 ± 1
330 3.9 ± 0.1
421 2.2 ± 0.1
509 2.7 ± 0.1

a Measurements made in CH3 -bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine).  b
Values consistent with those reported in references 52 and 53.  c Values consistent with those reported in 
references 66 and 67.
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Since these complexes all incorporate enantiomerically pure Ru(II) light absorbing units, they 

are sensitive to small changes in the polarization of absorbed light in the UV-Vis region, specifically to 

circularly polarized (CP) light.  Using an electronic circular dichroism (ECD) spectrometer with a 

sensitive PMT detector, the small changes in absorbance for left-hand circularly polarized (LCP) and 

right-

preference for LCP light over RCP light for a given transition.  A transition preference for LCP light 

differential nature of ECD also allows broad electronic transitions to be separated into individual 

transitions in chiral molecules, validating absorption assignments.187  For all four supramolecular 

absorber subunit have a positive 

ECD signal for the same transition.  Other electronic transitions do not show the same consistency 

between architectures, s

determine the configuration of the Ru(II) light absorber(s) in an unknown sample. 
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Figure 4.16: Electronic Circular Dichroism spectra of (A) [(bpy)2Ru(prolinate)]+, (B) [(bpy)2Ru(dpp)]2+,
(C) [(bpy)2Ru(dpp)PtCl2]2+, and (D) [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes containing enantiomerically 

bpy = 2,2 -bipyridine, 
dpp = 2,3-bis(2-pyridyl)pyrazine.

All electronic transitions of chiral Ru(II)-polyazine monometallic complexes possess a 

preference for CP light due to their asymmetric environment.  [(bpy)2Ru(prolinate)]+ monometallic 

complexes are efficient light absorbers and their electronic transitions indicate their chirality.  The ECD

spectra of -(S)-[(bpy)2Ru(L-pro)]+, (rac)-[(bpy)2Ru(DL-pro)]+, and -(R)-[(bpy)2Ru(D-pro)]+ are 

shown in Figure 4.16A. Changing the stereochemistry around the Ru(II) center changes the complexes’ 

propensity for absorbing LCP and RCP light, resulting in transitions of the same energy and magnitude 

of for the -(S)-[(bpy)2Ru(L-pro)]+ and -(R)-[(bpy)2Ru(D-pro)]+, but opposite signs (see Table 4.4

for signs of these CP light absorbing transitions).  ECD reveals two bpy 

complexes centered at 282 | = 73 M 1cm 1 | = 190 M 1cm 1).  The visible 

portion of the ECD spectrum is dominated by a pair of broad | = 16.5 
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M 1cm 1 | = 10 M 1cm 1

(MC) transition and the bpy 1CT transitions.182  The CP absorption intensity of the 

bpy 1CT transitions is low in this series of complexes but is comparable to previously 

reported chiral Ru(II) complexes.129,130,132,138  Replacing the bidentate prolinate ligand with dpp results 

in -[(bpy)2Ru(dpp)]2+, (rac)-[(bpy)2Ru(dpp)]2+, and -[(bpy)2Ru(dpp)]2+. As with the 

[(bpy)2Ru(prolinate)]+ monometallic complexes, changing the stereochemistry around the Ru(II) center 

changes the complexes’ preference for LCP and RCP light (Figure 4.16B). The bpy and 

transitions in these complexes are centered at 273 | = 35 M 1cm 1) and 289 nm | = 95 

M 1cm 1).  The bpy s are a sharp, distinct peaks, while the dpp

as a shoulder on the bpy 

bpy dpp 1CT transitions centered at 4 | = 10 M 1cm 1) and 468 

nm | = 5.0 M 1cm 1). obscured by the 

broad CT transitions. 

Coupling an additional electropositive metal to the [(bpy)2Ru(dpp)]2+ complexes to generate 

chiral [(bpy)2Ru(dpp)PtCl2]2+ bimetallic or [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes results in 

significant changes in all transitions involving the dpp as the ligand loses its fixed spatial orientation by 

coordination of an additional metal center (Figure 4.16C-D).  In all bimetallic and trimetallic 

complexes, the dpp appear as low intensity shoulders on  and 

dpp 1CT transitions completely disappear from the ECD spectra.  The side of the dpp 

environment when bonded to either an achiral Pt(II) or racemic Rh(III) metal center.  A final interesting 

feature is the bpy 3CT absorption appearing between ca. 550 and 650 nm in the chiral 

[(bpy)2Ru(dpp)PtCl2]2+ bimetallic complexes, reinforcing that all transitions involving bpy have a CP 

light preference.
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Table 4.4: Circularly Polarized Light Absorbing Properties of Complexes Incorporating Enantiopure 
Light Absorbers. 

Complex a abs/nm

1cm 1

[(bpy)2Ru(prolinate)]+ 220 11 ± 1 b +14 ± 1
282 72 ± 1 b +73 ± 1
297 +190 ± 10 b 190 ± 10
358 +17 ± 1 b 17 ± 1
415 9.8 ± 1 b +10 ± 1

[(bpy)2Ru(dpp)]2+ 220 14 ± 1 +14 ± 1
273 35 ± 1 +35 ± 1
289 +97 ± 1 95 ± 1
405 10 ± 1 +9.6 ± 1
468 +4.9 ± 0.1 5.4 ± 0.1

[(bpy)2Ru(dpp)PtCl2]2+ 233 23 ± 1 +21 ± 1
269 27 ± 1 +26 ± 1
288 +100 ± 10 100 ± 10
352 8.5 ± 1 +8.1 ± 1
406 8.6 ± 1 +8.4 ± 1
600 +3.8 ± 0.1 2.9 ± 0.1

[{(bpy)2Ru(dpp)}2RhCl2]5+ 221 21 ± 1 +25 ± 1
236 24 ± 1 +17 ± 1
271 35 ± 1 +37 ± 1
292 +190 ± 10 190 ± 10
410 15 ± 1 +13 ± 1

a Measurements made in CH3CN at RT.  -bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine.
b Values consistent with those reported in references 138, 139, 141, and 143. 

4.2.5.  Excited State Properties

Steady-state luminescence spectroscopy provides insight into the excited-state dynamics of 

chiral [(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and 

[{(bpy)2Ru(dpp)}2RhCl2]5+ complexes. Table 4.5 summarizes the excited-state properties for the chiral

mono-, bi- and trimetallic complexes.  Unlike the selectively deuterated complexes in Chapter 3, the 

chiral complexes discussed here cannot be grouped together in the same manner based on their excited-

state photophysical properties.  Exchanging a neutral, bidentate, aromatic polypyridyl ligand for an 

anionic, non-aromatic prolinate ligand significantly changes the energy of the excited states in the 

[(bpy)2Ru(dpp)]2+ and [(bpy)2Ru(prolinate)]+ complexes.25,105 Although their excited-state behavior can 

be explained by the same types of excited-state manifold, the [(bpy)2Ru(prolinate)]+ complexes emit 

from a lower energy excited state and also display emission from two excited states that are very similar 
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in energy to one another.  Similarly, exchanging the cis-RhIIICl2 reactive metal center for a cis-PtIICl2

results in differences in the way electrons behave in the ES and differences in the nomenclature for those 

excited states.  In the Rh(III) containing systems, excited electrons are funneled from the Ru(II) centers 

through the dpp BLs and are collected at the Rh(III) center in a metal-to-metal charge transfer (3MMCT) 

excited state.  Complexes containing Pt(II) cannot collect additional electrons on the Pt(II) center, 

resulting on excited-state electrons remaining on the dpp BL.  These types of excited state are termed 

charge separated (3CS) states and are important for catalyst functioning by regenerating the active form 

of the photocatalyst, but are considered distinct from 3MMCT states.  Without formal electron transfer to 

the Pt(II) center, the [(bpy)2Ru(dpp)PtCl2]2+ complexes do not have reported ket values.  The emissive 
3MLCT state energies for either type of multimetallic architecture are nearly identical due to the 
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Figure 4.17: Steady-state luminescence spectra of (A) chiral [(bpy)2Ru(prolinate)]+ monometallic 
complexes; (B) chiral [(bpy)2Ru(dpp)]2+ monometallic complexes; (C) chiral [(bpy)2Ru(dpp)PtCl2]2+

bimetallic complexes; (D) [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes containing chiral Ru(II) 
LAs in RT spectrophotometric grade CH3CN after argon purge.  Red lines indicate LAs, purple lines 
indicate (rac) LAs, and blue lines indicate . bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.

The monometallic complexes behave similarly after electron promotion into the manifold of 

excited states.  Photoexcitation into the 1MLCT excited state is followed by unity population of the 
3MLCT excited state by intersystem crossing (kisc), Figure 4.18. em = 750

nm ( em = 7.7 × 10 4) from the bpy 3MLCT state for the chiral [(bpy)2Ru(prolinate)]+

monometallics or centered at em = 670 nm ( em = 1.1 × 10 4) from the dpp 3MLCT state
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for the chiral [(bpy)2Ru(dpp)]2+ monometallics was observed at RT (Figure 4.17A-B).  Due to the 

asymmetric nature of the prolinate ligand, the two bpy ligands are no longer equivalent to each other and 

the [(bpy)2Ru(prolinate)]+ complexes show a prominent low energy shoulder on their emission profiles, 

with the two emissive states are separated by ca. 0.1 eV.

Figure 4.18: State diagram for chiral [(bpy)2Ru(prolinate)]+ and [(bpy)2Ru(dpp)]2+ complexes (left) and 
[(bpy)2Ru(dpp)PtCl2]2+ and [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes (right). GS = ground state, MLCT = 
metal-to-ligand charge-transfer, CS = charge separated state, MMCT = metal-to-metal charge-transfer, kr
= rate constant for radiative decay, knr = rate constant for non-radiative decay, kisc = rate constant for 
intersystem crossing, ket = rate constant for intramolecular electron transfer.

The RT quantum yield of emission of the chiral [(bpy)2Ru(dpp)PtCl2]2+ bimetallic complexes is 

substantially weaker ( em = 1.3-1.6 × 10 4) than the corresponding chiral [(bpy)2Ru(dpp)]2+ complexes.

All three chiral [(bpy)2Ru(dpp)PtCl2]2+ bimetallic complexes display broad emission from the 

dpp 3MLCT excited state centered around 790 nm (Figure 4.17C) em for 

this 3MLCT state is attributed to efficient intramolecular electron transfer (ket) from the 3MLCT state to 

populate a charge separated excited state, Figure 4.18. See Section 3.2.4 for an in depth discussion of 

assumptions made when interpreting emission spectra and methods for calculating excited-state rates.

Like the chiral [(bpy)2Ru(dpp)PtCl2]2+ bimetallic complexes, the chiral [{(bpy)2Ru(dpp)}2RhCl2]5+

trimetallic complexes show no changes in emission or excited-state lifetime based on the 

stereochemistry of the Ru(II) light absorbers.  The trimetallic complexes display emission that is 

markedly decreased compared to their analogous chiral [(bpy)2Ru(dpp)]2+ monometallic precursors.  All 

three chiral [{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallic complexes display broad emission from the 

dpp 3MLCT excited state centered around 790 nm (Figure 4.17D).  The trimetallics all 
em compared to their Ru(II),Ru(II) bimetallic models attributed to efficient ket

populating a 3MMCT excited state.  Similar to the chiral [(bpy)2Ru(dpp)PtCl2]2+

3CS or 3MMCT
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bimetallic complexes, ket is large (1.6 × 107 s 1) compared to kr and knr for the trimetallic complexes 

(Equations 3.1-3.3).

Table 4.5: Room Temperature Photophysical Properties of Complexes with Enantiopure Light 
Absorbers. 

Complex a max
em

/nm 

em b

/× 10 4

c

/ns 
kr/× 104

s 1
knr/×

106 s 1
ket/×

107 s 1

-(S)-[(bpy)2Ru(L-pro)]+ 750 7.7 31 2.4 32
(rac)-[(bpy)2Ru(DL-pro)]+ 748 7.8 33 2.4 30

-(R)-[(bpy)2Ru(D-pro)]+ 750 7.8 32 2.4 31
-[(bpy)2Ru(dpp)]2+ 670 110 400 2.8 2.5

(rac)-[(bpy)2Ru(dpp)]2+ d 668 110 400 2.8 2.5
-[(bpy)2Ru(dpp)]2+ 671 110 398 2.8 2.5
-[(bpy)2Ru(dpp)PtCl2]2+ 788 5.5 42 1.3 24

(rac)-[(bpy)2Ru(dpp)PtCl2]2+ e 787 5.6 43 1.3 23
-[(bpy)2Ru(dpp)PtCl2]2+ 790 5.5 42 1.3 24

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ 791 2.3 42 1.1 g 7.7 g 1.6
rac,rac,rac-[{(bpy)2Ru(dpp)}2RhCl2]5+ f 790 2.2 43 1.1 g 7.7 g 1.6

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ 790 2.3 45 1.1 g 7.7 g 1.5
a Measured at room temperature in CH3CN. em of chiral [(bpy)2Ru(dpp)]2+ measured using absorbance 
matched samples with [(bpy)2Ru(dpp)]2+ em = 1.2 × 10 2).95 em of chiral [(bpy)2Ru(prolinate)]+

monometallics and all chiral multimetallics measured using absorbance matched samples with 
[Os(bpy)3]2+ (4.6 × 10 3).48 b Error associated with quantum yield measurements ± 3%.  c Errors 
associated with excited-state lifetimes ± 10%. d Consistent with references 47, 167, and 172.  e

Consistent with references 52 and 53. f Consistent with references 66 and 67. g Values correspond to kr
and knr for Ru(II),Ru(II) model bimetallic complexes used as models to calculate ket.  Emission spectra 
corrected for PMT response. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, L-pro = L-
proline, D-pro = D-proline, DL-pro = DL-proline.

4.2.6.  Photochemical Properties 

After synthetic development and characterization of [(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+,

[(bpy)2Ru(dpp)PtCl2]2+, and [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes containing enantiopure Ru(II) LAs, 

their stability under intense irradiation was studied. Electronic circular dichroism spectroscopy, with the 

appropriate set of photolysis experiments, should provide information to determine the mechanism of 

racemization.  Photolysis experiments were all performed at RT in Ar purged spectrophotometric grade 

CH3CN, with and without free -bipyridine (bpy) irr =
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470 ± 10 nm) with a known photon flux (6.27 ± 0.01 × 1019 photons/min) in capped 1 cm quartz cells 

(Figure 2.9).  In pure CH3CN solvent, spectra were recorded from 200 – 700 nm while the addition of 

free -bipyridine necessitated narrowing the spectral window to 300 – 700 nm. Table 4.6 summarizes 

the photoracemization kinetics and quantum yields for the complexes studied in this chapter. krac was 

time for each complex to a single exponential decay.  It was found that the decay of all ECD spectral 

features yielded the same decay kinetics and could be used to determine krac, but the most intense 

features were used to simplify data analysis. ECD signal decay curves are shown in Figure A-9 for 

irradiation in pure CH3CN and in the presence of free bpy.  Kinetic data were fitted with 

monoexponential decay parameters because racemization and ligand substitution are both governed by 

first order kinetic behavior. rac values were calculated using the experimentally determined 

racemization rate constants, krac, for each complex and the total photon exposure. [Ru(bpy)3]2+ is 

photolabile towards NCS substitution in CH2Cl2 NCS = 0.07 at 25 °C.  

Solvents with a higher coordinating ability, like DMSO and CH3CN, compete with NCS substitution as 

they are present in a much higher quantity.

Table 4.6: Racemization Kinetics of Complexes with Enantiopure Light Absorbers.
Complex a krac/× 10 4 min 1 rac/× 10 8

-(S)-[(bpy)2Ru(L-pro)]+ 297 170 230
-(R)-[(bpy)2Ru(D-pro)]+ 297 160 230
-[(bpy)2Ru(dpp)]2+ 289 16 18
-[(bpy)2Ru(dpp)]2+ 289 17 20
-[(bpy)2Ru(dpp)PtCl2]2+ 288 1.5 2.6
-[(bpy)2Ru(dpp)PtCl2]2+ 288 1.5 2.7

rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ 292 2.1 0.72
rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ 292 2.2 0.73

a Measured at room temperature spectrophotometric grade CH3 irr = 470 ± 10 nm, photon flux = 
6.27 ± 0.01 × 1019 photons/min -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, L-pro = L-
prolinate, D-pro = D-prolinate.

4.2.6.1.  [(bpy)2Ru(prolinate)](PF6) Complexes

Irradiation of the [(bpy)2Ru(prolinate)]+ complexes resulted in rapid decay of the ellipticity 

signal from the ECD spectrometer for either enantiomer studied over the course of 3.5 h (Figure 4.19).  
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Decreasing ellipticity is indicative of a loss of chiral excess of the sample: in other words, the sample is 

becoming a racemic mixture in solution.  Based solely on the ECD data, the identity of the species in 

solution cannot be determined.  As mentioned previously, the ECD spectrometer records the ECD signal 

and electronic absorbance simultaneously, allowing identification of species in solution.  The electronic 

absorbance spectra (Figure A-10A -(S)-[(bpy)2Ru(L-

pro)]+ in solution is changing into one other species.  Logically, without the addition of anything to the 

-(S)-[(bpy)2Ru(L-pro)]+ or 

[(bpy)2Ru(CH3CN)2]2+ -(S)-[(bpy)2Ru(L-pro)]+ into it -(S)-

[(bpy)2Ru(L-pro)]+ should only show a change in the ECD spectra without any significant change in the 

electronic absorbance spectra.  This is not the case, so the remaining plausible possibility is loss of the 

L-prolinate ligand and addition of two CH3CN solvent molecules to form [(bpy)2Ru(CH3CN)2]2+, a 

dissociative process.  A separate 1H NMR experiment was conducted in CD3CN and showed 

substitution of L-prolinate for two CD3CN molecules (Figure A-14).  Since [(bpy)2Ru(CH3CN)2]2+ is 

not a tris-chelate complex, it should racemize immediately upon formation.  Finally, a photostable 

stationary state is reached after ca. 3.5 h and further irradiation does not result in a change in the 

electronic absorbance or 1H NMR spectra, due to a ligand substitution equilibrium between 

[(bpy)2Ru(L-pro)]+ and [(bpy)2Ru(CH3CN)2]2+.  Equilibrium is reached due to the insolubility of L-

prolinate in pure CH3CN and the need for L-prolinate (as an anion) to act as a counterion for 

[(bpy)2Ru(CH3CN)2]2+ keeping it in close proximity to the Ru(II) complex.  Based on the chiral 

templating effect L- -(S)-[(bpy)2Ru(L-pro)]+, the speed with which the complexes 

became racemic was unexpected.

152



Figure 4.19 -(S)-[(bpy)2Ru(L-pro)]+ in CH3 irr = 470 ± 10 
nm, total irradiation time = 200 min., photon flux = 6.27 ± 0.01 × 1019 photons/min. Arrows indicate 
increasing irradiation time. -bipyridine, L-pro = L-prolinate.

Changing the experimental parameters by including an excess of free bpy in the photolysis 

solution resulted in a similar racemization behavior by ECD (Figure 4.20).  However, examination of 

the electronic absorbance spectra (Figure A-10B) shows the presence of a species with different 

absorbance properties than those in the absence of free bpy, most likely [Ru(bpy)3]2+, in solution.  The 

solutions were investigated by emission spectroscopy and a blue-shift in the max
em was observed, 

although the intensities were very low and reliable assignment of emission maxima were difficult.  From 

these studies, and identical studies on the (rac)-[(bpy)2Ru(DL-pro)]+ and -(R)-[(bpy)2Ru(D-pro)]+,

prolinate loss and racemization are occurring, along with ligand substitution.  Again, a separate 1H NMR 

study was performed and corroborates the findings of L-prolinate loss and substitution by CD3CN and 

eventually bpy (Figure A-15).  After long irradiation times, an equilibrium mixture is reached for ligand 

exchange between two CH3CN and free bpy, consistent with previous findings.182
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Figure 4.20 -(S)-[(bpy)2Ru(L-pro)]+ in CH3CN with 2 mM bpy monitored by 
irr = 470 ± 10 nm, total irradiation time = 200 min., photon flux = 6.27 ± 0.01 × 1019

photons/min. Arrows indicate increasing irradiation time. -bipyridine, L-pro = L-prolinate.

4.2.6.2.  [(bpy)2Ru(dpp)](PF6)2 Complexes

Irradiation of the [(bpy)2Ru(dpp)]2+ complexes resulted in rapid decay of the ellipticity signal 

from the ECD spectrometer for either enantiomer studied over the course of 3 h (Figure 4.21).  

Decreasing ellipticity is indicative of a loss of chiral excess of the sample.  As with the 

[(bpy)2Ru(prolinate)]+ complexes, based solely on the ECD data the identity of the species in solution 

cannot be determined.  Examining the electronic absorbance spectra (Figure A-11A) shows a 

the presence of an isosbestic 

point and formation of [(bpy)2Ru(CH3CN)2]2+.  However, a separate 1H NMR study in CD3CN reveals a 

small, but detectable amount of dpp ligand loss and substitution by two CD3CN solvent molecules 

(Figure A-16).  These results indicate that there are two processes occurring in pure CH3CN: a fast 

racemization process that occurring through a non-dissociative mechanism and a slow dpp substitution 

mechanism.  The racemization process is evidenced by the rapid loss of chiral excess seen in Figure 

4.21, followed by slow ligand substitution after forming a racemate in solution.

Changing the experimental parameters by including an excess of free bpy in the photolysis 

solution resulted in identical racemization behavior by ECD (Figure 4.22).  Since the [(bpy)2Ru(dpp)]2+

complex does not form significant amounts [(bpy)2Ru(CH3CN)2]2+, there is no formation of [Ru(bpy)3]2+

(Figure A-11B).  A separate 1H NMR study shows that the presence of a large excess of another 

polypyridyl ligand suppresses any replacement of dpp with CH3CN (Figure A-17).  The irradiated 
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solutions were investigated by emission spectroscopy and no noticeable shift in the max
em was observed, 

although the intensities were decreased due to the photobleach of the in 

pure solvent and in the presence of free bpy.

Based on the ECD, 1H NMR, and steady-state emission data, a single racemization mechanism 

could not be determined for all reaction conditions. According to the 1H NMR spectra, there was a

competition between dpp ligand loss and racemization of the complex without ligand loss.  

Racemization without ligand loss was the dominant mechanism based on the long irradiation times 

required to cause detectable ligand loss in the 1H NMR spectra. In the presence of another neutral 

polypyridyl ligand, dpp ligand loss was almost completely suppressed, leading to racemization without 

ligand loss. Concurrently, if there was a large amount of dpp ligand loss, the excited-state emission 

would become nearly undetectable as [(bpy)2Ru(CH3CN)2]2+ is an extremely weak emitter compared to 

[(bpy)2Ru(dpp)]2+. Finally, the ECD spectra would show a drastic change in their spectral features in 

the 300 – 450 nm range upon dpp ligand loss: both [(bpy)2Ru(CH3CN)2]2+ and [Ru(bpy)3]2+ show ECD 

signals with the opposite sign from those of [(bpy)2Ru(dpp)]2+ in this spectral range.  For comparison, 

there are a host of examples of Ru(II) polypyridyl complexes decomposing via ligand loss: 

photoactivated chemotherapy candidates188-191, SCN substitution25,29,182, and solvent coordination.180

Early in the study of Ru(II) polyazine complexes, their reactions in pure solvents were probed and the 

complexes were found to be very stable toward solvent substitution in non-coordinating solvents like 

CH2Cl2 and acetone.  In coordinating solvents like CH3CN and DMSO, the complexes readily lost 

ligands to form solvato complexes.25,29,180,182 In the presence of a free ligand, Ru(II) complexes were 

found to undergo facile ligand loss and subsequent substitution regardless of the solvent’s coordinating 

ability.182 The [(bpy)2Ru(dpp)]2+ complexes behave similarly to previously reported Ru(II) complexes, 

except that they appeared to be more stable.
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Figure 4.21 -[(bpy)2Ru(dpp)]2+ in CH3 irr = 470 ± 10 nm, 
total irradiation time = 260 min., photon flux = 6.27 ± 0.01 × 1019 photons/min. Arrows indicate 
increasing irradiation time. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Figure 4.22 -[(bpy)2Ru(dpp)]2+ in CH3CN with 2 mM bpy monitored by ECD.  
irr = 470 ± 10 nm, total irradiation time = 400 min., photon flux = 6.27 ± 0.01 × 1019 photons/min.

Arrows indicate increasing irradiation time. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

4.2.6.3.  [(bpy)2Ru(dpp)PtCl2](PF6)2 Complexes

Coupling a cis-PtIICl2 group to [(bpy)2Ru(dpp)]2+ results in stabilization of the complex which 

manifests in the electrochemistry (Section 4.2.3), electronic absorbance (Section 4.2.4) and excited-state 

properties (Section 4.2.5).  Additional stability of [(bpy)2Ru(dpp)PtCl2]2+ complexes should also 

manifest in the racemization and photosubstitution studies as drastically increased time required for 

racemization compared to the [(bpy)2Ru(dpp)]2+ units.  Irradiation of the [(bpy)2Ru(dpp)PtCl2]2+
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complexes resulted in decay of the ellipticity signal for either enantiomer studied over the course of 163 

h (Figure 4.23).  As with the chiral Ru(II) monometallic complexes, based solely on the ECD data the 

identity of the species in solution cannot be determined, although there is an indication that the 

[(bpy)2Ru(dpp)PtCl2]2+ complexes do not dissociate because the unique shape of the ECD spectra is 

retained.  Examining the electronic absorbance spectra (Figure A-12A) shows a photobleach of the dpp 

the [(bpy)2Ru(dpp)PtCl2]2+ complex becomes racemic through a non-dissociative process.  Changing the 

experimental parameters by including an excess of free bpy in the photolysis solution resulted in 

identical racemization behavior by ECD (Figure 4.24).  Since the [(bpy)2Ru(dpp)PtCl2]2+ complex does 

not dissociate, there is no formation of [Ru(bpy)3]2+ (Figure A-12B).  The long times required for full 

racemization were remarkable and for the purposes of the data shown here, ca. 20% of the 

[(bpy)2Ru(dpp)PtCl2]2+ complexes retained their synthetically imparted chirality.  The irradiated 

solutions were investigated by emission spectroscopy and no noticeable shift in the max
em was observed, 

although the intensities were extremely low due to the photobleach of the 

transitions and detection of emission maxima was impossible. The lack of max
em shift and absence of Pt 

colloid/mirror formation were strongly suggestive that no Pt was lost from the complexes to form the 

highly emissive [(bpy)2Ru(dpp)]2+ unit in solution.  Based on this data, it is not possible to distinguish 

between the two non-dissociative racemization mechanisms (Bailar twist and Rây-Dutt twist), but the

LAs of bimetallic complexes were interchanging stereochemistry through a twist mechanism.

Considering the electrochemical and spectroscopic evidence accrued in this dissertation and previously 

published work, [(bpy)2Ru(dpp)PtCl2]2+ complexes should be much more stable than monometallic 

Ru(II) complexes reported in the literature.25,29,39,182,192
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Figure 4.23 -[(bpy)2Ru(dpp)PtCl2]2+ in CH3 irr = 470 ± 10 
nm, total irradiation time = 163 hours, photon flux = 6.27 ± 0.01 × 1019 photons/min. Arrows indicate 
increasing irradiation time. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Figure 4.24 -[(bpy)2Ru(dpp)PtCl2]2+ in CH3CN with 2 mM bpy monitored by 
irr = 470 ± 10 nm, total irradiation time = 180 hours, photon flux = 6.27 ± 0.01 × 1019

photons/min. Arrows indicate increasing irradiation time. bpy = -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.

4.2.6.4.  [{(bpy)2Ru(dpp)}2RhCl2](PF6)5 Complexes

Coupling a cis-RhIIICl2 group in between two chiral [(bpy)2Ru(dpp)]2+ units results in 

stabilization of the complex which manifests in the electrochemistry (Section 4.2.3), electronic 

absorbance (Section 4.2.4) and excited-state properties (Section 4.2.5).  Additional stability of 
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[{(bpy)2Ru(dpp)}2RhCl2]5+ complexes should also manifest in the racemization and photosubstitution 

studies as drastically increased time required for racemization compared to the [(bpy)2Ru(dpp)]2+ units.  

Irradiation of the [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes resulted in decay of the ellipticity signal for 

either enantiomer studied over the course of at least 106 h (Figure 4.25).  As with the chiral Ru(II) 

monometallic complexes, based solely on the ECD data the identity of the species in solution cannot be 

determined, although there is an indication that the [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes do not 

dissociate because the unique shape of the ECD spectra is retained.  Examining the electronic 

absorbance spectra (Figure A-13A

transitions without the presence of an isosbestic point, indicating that only a single species exists in 

solution: a photoexcited [{(bpy)2Ru(dpp)}2RhCl2]5+ species.  Changing the experimental parameters by 

including an excess of free bpy in the photolysis solution resulted in identical racemization behavior by 

ECD (Figure 4.26).  Since the [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes do not dissociate, there is no 

formation of [Ru(bpy)3]2+ (Figure A-13B).  The long times required for full racemization were 

demonstrate the increased stability imparted to the light absorbing units upon coordination of another 

metal center and for the data shown here, ca. 50% of the [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes retained 

their synthetically imparted chirality.

In an effort to confirm the identity of the species present in solution and provide evidence for a 

racemization mechanism, additional tests were performed on the solutions containing 

[{(bpy)2Ru(dpp)}2RhCl2]5+ complexes after lengthy irradiation. The irradiated solutions were 

investigated by luminescence spectroscopy and no noticeable shift in the max
em was observed, although 

the intensities were extremely low due to the photobleach of the and 

detection of emission maxima was impossible. Luminescence spectroscopy is capable of detecting 

minute quantities of the [(bpy)2Ru(dpp)]2+ light absorber due to their strong excited-state emission 

compared to the trimetallic complex. Detection of free dpp ligand and [(bpy)2Ru(dpp)]2+ light absorbers 

by 1H NMR were attempted: the spectra contained no sharp features whatsoever, indicating that no free 

dpp or [(bpy)2Ru(dpp)]2+ light absorbers were present in the sample after 50 hours of irradiation.  

Samples that were irradiated for long times were exposed to a sacrificial electron donor, N,N-

dimethylaniline, and a nearly complete recovery of the Ru(d ) dpp( *) transition was observed 

(Figure 4.27) by electronic absorbance spectroscopy.  Recovery of a photobleached transition indicates 

that an oxidized species was reduced to give the initial [{(bpy)2Ru(dpp)}2RhCl2]5+ complex. Based on 
159

 
 

 

 



this data, it is not possible to distinguish between the two non-dissociative racemization mechanisms 

(Bailar twist and Rây-Dutt twist), but the trimetallic complexes with two chiral LAs are interchanging 

stereochemistry through a twist mechanism.  For large multimetallic supramolecular complexes of this 

type, racemization by a trigonal twist mechanism has not been reported, but only because decomposition 

in these systems was not well-studied like [Ru(bpy)3]2+ and other small polypyridyl 

complexes.66,67,79,84,85,130,131,133,135

Figure 4.25 rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ in CH3 irr
= 470 ± 10 nm, total irradiation time = 106 hours, photon flux = 6.27 ± 0.01 × 1019 photons/min.
Arrows indicate increasing irradiation time. -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 4.26 rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ in CH3CN with 2 mM bpy 
irr = 470 ± 10 nm, total irradiation time = 180 hours, photon flux = 6.27 ± 0.01 ×

1019 photons/min. Arrow indicates increasing irradiation time. -bipyridine, dpp = 2,3-bis(2-
pyridyl)pyrazine.

Figure 4.27: Electronic absorbance spectra of rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ in CH3CN upon 
irradiation, followed by addition of H2 irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 × 1019

photons/min. bpy = -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, DMA = N,N-dimethylaniline.
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5.  Conclusions and Future Work

5.1.  Conclusions

In the two projects outlined in this dissertation, two series of polyazine-bridged mixed metal 

supramolecular complexes with specialized spectroscopic handles were synthesized, characterized, and 

analyzed to probe perturbation of excited-state properties by ligand deuteration and long-term stability 

via racemization of light absorbing subunits.  In order to perturb excited-state properties, deuterated 

polyazine ligands were selectively incorporated into four supramolecular architectures of the design 

[(TL)2Ru(BL)]2+, [(TL)2Ru(BL)Ru(TL)2]4+, [(TL)2Ru(BL)RhCl2(TL )]3+, and [{(TL)2Ru(BL)}2RhCl2]5+

(TL = bpy or d8-bpy; BL = dpp or d10-dpp) using a building block synthetic approach, yielding eight 

previously unreported complexes.  Characterization of the selectively deuterated supramolecules was 

performed by ESI-mass spectrometry, NMR spectroscopy, electrochemistry, electronic absorbance 

spectroscopy, steady-state and time-resolved luminescence spectroscopy, and photocatalytic water 

reduction.  The eight new selectively deuterated supramolecular complexes maintained identical ground-

state properties of the previously reported undeuterated variants, but the excited-state behavior differed 

significantly.  Probing the long-term stability was accomplished by synthetically imparting chirality to 

the light absorbing units in four supramolecular architectures of the design [(bpy)2Ru(prolinate)]+,

[(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and [{(bpy)2Ru(dpp)}2RhCl2]5+ using a chiral directing 

prolinate ligand in the first step of a building block synthetic approach, yielding seven previously 

unreported complexes.  Characterization of the chirally controlled supramolecules was performed by 

ESI-mass spectrometry, electrochemistry, electronic absorbance and circular dichroism spectroscopy, 

steady-state and time-resolved luminescence spectroscopy, and photoinduced racemization and ligand 

substitution.  The seven new supramolecular complexes with chiral light absorbing subunits behaved 

identically to variants synthesized without any chiral control, except under the influence of circularly 

polarized light as a structural probe.

Incorporating deuterated polypyridyl ligands into the [(TL)2Ru(BL)]2+, [(TL)2Ru(BL)Ru(TL)2]4+,

[(TL)2Ru(BL)RhCl2(TL )]3+, and [{(TL)2Ru(BL)}2RhCl2]5+ architectures simplified 1H NMR spectra 

and allowed at least qualitative assignment of 1H resonances.  Investigating the selectively deuterated 

[(TL)2Ru(BL)]2+ complexes by NMR showed dramatically simplified 1H NMR spectra: the 10 non-

equivalent protons in [(d8-bpy)2Ru(dpp)]2+ were fully assigned and the 16 non-equivalent protons in 
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[(bpy)2Ru(d10-dpp)]2+ were fully assigned with the help of 1H-1H COSY maps.  Using the asymmetrical 

nature of the [(TL)2Ru(BL)RhCl2(TL )]3+ complexes and their added local synthetic control allowed 

assignment of all protons in the complexes and experimental determination of the number of geometric 

isomers without X-ray crystallography-quality crystals.  Investigation of [(d8-bpy)2Ru(dpp)RhCl2(d8-

bpy)]3+ with 1H NMR, 1H-1H COSY and 1H-13C HSQC spectroscopic methods allowed all dpp protons 

to be assigned, but the number of geometric isomers and different TL vs. TL environments prevented 

assignment of protons in [(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+.  However, one additional complex unique to 

this Ru(II),Rh(III) bimetallic architecture, [(d8-bpy)2Ru(d10-dpp)RhCl2(bpy)]3+, allowed qualitative 

assignment of protons present on TL and assignment of the total number of geometric isomers in the 

molecule based on the integration of individual proton resonances from TL . The 1H NMR spectra 

[(TL)2Ru(BL)Ru(TL)2]4+ bimetallic and [{(TL)2Ru(BL)}2RhCl2]5+ trimetallic supramolecular 

architectures were dramatically simplified, but were not fully assigned due to the presence of a large 

number of geometric isomers.  The [(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+ complex showed only protons from 

the dpp bridging ligand while the [(bpy)2Ru(d10-dpp)Ru(bpy)2]4+ complex showed protons from the bpy 

terminal ligands but in each case, the resonances were broad and overlapping and could not be assigned.  

Likewise, the [{(d8-bpy)2Ru(dpp)}2RhCl2]5+ complex showed only protons arising from the dpp 

bridging ligand while the [{(bpy)2Ru(d10-dpp)}2RhCl2]5+ complex showed protons from the bpy 

terminal ligands, but the resonances could not be assigned.  After assignment of protons in the 

selectively deuterated complexes, 1H NMR spectra for the chiral [(bpy)2Ru(dpp)]2+ monometallics was 

straightforward.  1H NMR spectra for the -(S)-[(bpy)2Ru(L-prolinate)]+ complex were previously 

reported and allowed assignment of the other [(bpy)2Ru(prolinate)]+ complexes.144 The 1H NMR spectra 

of [(bpy)2Ru(dpp)PtCl2]2+ and [{(bpy)2Ru(dpp)}2RhCl2]5+ complexes were unassignable due to the 

increased number of geometric isomers.

The structural diversity of the supramolecular complexes with specialized spectroscopic handles 

was impressive in scope and possess rich electrochemical properties, but the redox properties were 

unchanged from their previously reported motifs.  All redox potentials listed here are relative to an 

Ag/AgCl reference electrode.  The selectively deuterated [(TL)2Ru(BL)]2+ complexes all possessed 

RuII/III oxidations at +1.48 V, dpp0/ reductions at 0.98 V, and two sequential bpy0/ reductions at 1.40

and 1.70 V.  The selectively deuterated [(TL)2Ru(BL)Ru(TL)2]4+ bimetallic complexes all possessed

two separate one electron RuII/III oxidations with E1/2 of +1.44 and +1.61 V, sequential dpp and dpp
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reductions at 0.61 and V and a bpy0/ reduction at 1.40 V.  Incorporating a Rh(III) metal center 

introduced additional reductive processes that allowed the [(TL)2Ru(BL)RhCl2(TL )]3+ and 

[{(TL)2Ru(BL)}2RhCl2]5+ complexes to function as water reduction catalysts.  The selectively 

deuterated [(TL)2Ru(BL)RhCl2(TL )]3+ bimetallics all possessed a RuII/III oxidation at +1.60 V, separate 

one electron RhIII/II and RhII/I reductions at 0.38 and V, and a dpp reduction at 0.99 V and 

suggest the presence of a catalytically active 3MMCT excited state.  The trimetallic 

[{(TL)2Ru(BL)}2RhCl2]5+ complexes all possessed two overlapping, one electron RuII/III oxidations at 

+1.60 V, a RhIII/II/I reduction at 0.32 V, and two sequential dpp reductions at 0.77 and 1.04 V and 

suggest the presence of a catalytically active 3MMCT excited state.  Changing the 

spectroscopic handle from selectively deuterated polypyridyl ligands to chiral light absorber units did 

not result in changes to the redox properties of Ru(II) complexes.  Chiral [(bpy)2Ru(prolinate)]+

complexes possessed RuII/III oxidations at ca. +1.40 V, prolinate /0/+ oxidations between +1.20 and +0.75 

V, and bpy0/ reductions at 1.38 V.  The chiral [(bpy)2Ru(dpp)]2+ architectures had identical behavior 

to the selectively deuterated variants discussed earlier.  Attaching a cis-PtIICl2 moiety to the chiral 

[(bpy)2Ru(dpp)]2+ monometallics resulted in chiral [(bpy)2Ru(dpp)PtCl2]2+ bimetallics with RuII/III and 

PtII/IV oxidations at +1.61 and +1.50 V, a dpp reduction at 0.50 V, and two sequential bpy0/

reductions at 1.05 and 1.50 V.  The chiral [{(bpy)2Ru(dpp)}2RhCl2]5+complexes behaved identically 

to their selectively deuterated variants.

The electronic absorbance spectroscopic properties of all architectures used in the selective 

deuteration and chiral control studies were consistent with previously reported variants synthesized with 

no chiral control or deuterated building blocks.47,52-54,66,67,144,168,172,173,193 The complexes were all 

efficient light absorbers in both the UV and visible regions of the electromagnetic spectrum.  In the UV, 

the complexes all displayed intense ligand-based bpy * transitions and dpp * transitions while 

the visible region was dominated by intense Ru(d Ru(d -to-ligand 

charge transfer (MLCT) transitions.  Of greater interest, the chiral supramolecular complexes also 

displayed electronic circular dichroism throughout the UV and visible spectrum due to the molecular 

asymmetry of different enantiomers.  The sign of the CD signal fo * transition was 

indicative of the configuration of the polypyridyl ligands around the Ru(II) metal center in the light 

-hand propeller) and a negative 

CD signal indicated -hand propeller).  The remaining ligand-based and MLCT 
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transitions associated with the light absorbing unit displayed CD responses but were not indicative of the 

stereochemical configuration.  MLCT transitions could be used as a “fingerprint” to distinguish between 

the chiral [(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and 

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

Incorporation of deuterated ligands into supramolecular complexes modulated the excited-state 

properties across the [(TL)2Ru(BL)]2+, [(TL)2Ru(BL)Ru(TL)2]4+, [(TL)2Ru(BL)RhCl2(TL )]3+, and 

[{(TL)2Ru(BL)}2RhCl2]5+ architectures.  The location of the deuterated ligand(s) in the complexes 

determined whether their excited-state quantum yield ( em) and lifetime ( ) were identical to the 

undeuterated variants or were enhanced.  Deuteration of the bpy terminal ligands resulted in no change 

in em and for [(d8-bpy)2Ru(dpp)Ru(d8-bpy)2]4+, [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+, and [{(d8-

bpy)2Ru(dpp)}2RhCl2]5+ multimetallic complexes compared to their undeuterated variants.  The [(d8-

bpy)2Ru(dpp)]2+ monometallic complex showed increased em and × 10 2 and 460 ns) compared 

to [(bpy)2Ru(dpp)]2+ (1.2 × 10 2 and 410 ns) in degassed CH3

orbitals in the Ru(II) polypyridyl monometallic complexes was well established and resulted in 

enhanced excited-state properties in the monometallic [(d8-bpy)2Ru(dpp)]2+, but not the [(d8-

bpy)2Ru(dpp)Ru(d8-bpy)2]4+, [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+, and [{(d8-bpy)2Ru(dpp)}2RhCl2]5+

multimetallic complexes.38,47,164,165,182,192,194 Multimetallic complexes possessed stabilized dpp bridging 

ligand * orbitals as a result of coordination of a second metal center and the dpp * orbitals did not mix 

with the d8-bpy terminal ligand * orbitals.  Deuteration of the dpp bridging ligand resulted in increased 
em and em and between 17 and 31% 

em and knr arising from less efficient vibrational 

relaxation from the 3MLCT excited state to ground electronic state in all cases.  Incorporating chiral 

light absorbers into the [(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and 

[{(bpy)2Ru(dpp)}2RhCl2]5+ architectures did not change their excited-state properties.  The excited-state 

properties of [(bpy)2Ru(prolinate)]+ complexes had never been reported, but are interesting  due to the 

asymmetry of the prolinate ligand.  The [(bpy)2Ru(prolinate)]+ complexes displayed emission centered 

at 750 nm with a small shoulder at ca. 810 nm with em = 7.8 × 10 4 and 

Excited-state properties were expected to correlate with the observed photochemical properties 

of the complexes, yielding insights into catalyst functioning and stability.  Hydrogen production from 

water was theorized to be dependent on the excited-state lifetime and the rate of intramolecular electron 
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transfer in Ru(II),Rh(III) supramolecular complexes of the types investigated here.160,179 Selective 

deuteration of Ru(II),Rh(III) bimetallics to give [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+ and [(bpy)2Ru(d10-

dpp)RhCl2(bpy)]3+ yielded increased excited-state lifetime for the d10-dpp variant only.  As 

hypothesized, the [(bpy)2Ru(d10-dpp)RhCl2(bpy)]3+ produced more H2, 3.0 ± 0.4 μmol, than either 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ or [(d8-bpy)2Ru(dpp)RhCl2(d8-bpy)]3+, 1.8 ± 0.7 and 1.9 ± 0.7 μmol,

under the same experimental conditions.  The observed trend in hydrogen production for the 

Ru(II),Rh(III) bimetallic complexes can be predicted be comparing the excited-state lifetimes of the 

three complexes.  The same hypothesis was used when examining the hydrogen production efficiency of 

the selectively deuterated Ru(II),Rh(III),Ru(II) trimetallic complexes.  However, hydrogen production 

efficiency catalyzed by the selectively deuterated Ru(II),Rh(III),Ru(II) trimetallic complexes could not 

be predicted using only the excited-state lifetime.  [{(bpy)2Ru(dpp)}2RhCl2]5+ produced 8.7 ± 1.1 μmol, 

[{(d8-bpy)2Ru(dpp)}2RhCl2]5+ produced 5.1 ± 0.6 μmol, and [{(bpy)2Ru(d10-dpp)}2RhCl2]5+ produced 

7.7 ± 0.7 μmol though their excited-state lifetimes were 43, 45, and 50 ns respectively.  The 

Ru(II),Rh(III),Ru(II) complexes were affected by the rate of electron transfer to the Rh(III) center, 1.6 ×

107, 1.6 × 107, and 1.3 × 107 s 1 for [{(bpy)2Ru(dpp)}2RhCl2]5+, [{(d8-bpy)2Ru(dpp)}2RhCl2]5+, and 

[{(bpy)2Ru(d10-dpp)}2RhCl2]5+ respectively, decreasing hydrogen production.  Taken together, excited-

state lifetime and the rate of electron transfer determined the efficiency of hydrogen production for 

Ru(II),Rh(III),Ru(II) trimetallic supramolecules.

Stability of bi- and trimetallic supramolecular complexes could not effectively be followed using 

selective deuteration, so chiral light absorbers were incorporated into the complexes.  The 

[(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and [{(bpy)2Ru(dpp)}2RhCl2]5+

complex architectures dissolved in CH3CN were irradiated with a constant flux, 6.27 × 1019

photons/min, of 470 nm light and monitored by electronic absorbance and circular dichroism 

spectroscopies.  As hypothesized, complexes with multiple metal centers coupled through bridging 

ligands, the Ru(II),Pt(II) bimetallics and the Ru(II),Rh(III),Ru(II) trimetallics, were the most stable 

while the Ru(II) monometallics were the least stable.  The [(bpy)2Ru(prolinate)]+ monometallics were 

found to be less stable toward racemization than the [(bpy)2Ru(dpp)]2+ monometallics by more than an 

order of magnitude, showing the increased stability of tris-polypyridyl Ru(II) complexes vs. mixed tris-

chelate complexes.  Likewise, the [(bpy)2Ru(dpp)PtCl2]2+ bimetallics were less stable than the 

[{(bpy)2Ru(dpp)}2RhCl2]5+ trimetallics by a factor of four, illustrating the effect supramolecular size had 
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on complex stability.  The [(bpy)2Ru(prolinate)]+, [(bpy)2Ru(dpp)]2+, [(bpy)2Ru(dpp)PtCl2]2+, and 

[{(bpy)2Ru(dpp)}2RhCl2]5+ complex architectures were also irradiated in the presence of free bpy 

terminal ligand to probe the racemization mechanism.  For the least stable supramolecular architecture, 

the [(bpy)2Ru(prolinate)]+, there was 1H NMR evidence for a dissociative racemization mechanism.  The 

[(bpy)2Ru(dpp)]2+ complex, also followed by 1H NMR, showed evidence for a small amount of dpp 

ligand dissociation, but most of the racemization proceeded through a non-dissociative trigonal twist 

mechanism.  The bi- and trimetallic complexes displayed photobleaches of their Ru(d

transitions and became racemic on the same timescales whether bpy was present or not via a non-

dissociative trigonal twist mechanism.

5.2.  Future Work

5.2.1.  Partial Deuteration of Bridging Ligands

Deuterated terminal and bridging ligands proved to be useful to modulate the excited-state 

properties of a variety of supramolecular complexes.  Ligand deuteration proved most advantageous in 

[(TL)2Ru(BL)]2+ monometallic complexes because in addition to enhanced excited-state properties, the 

monometallic complexes could be interrogated thoroughly by NMR spectroscopy.  Larger bi- and 

trimetallic complexes of the forms [(TL)2Ru(BL)Ru(TL)2]4+, [(TL)2Ru(BL)RhCl2(TL )]3+,

[(TL)2Ru(BL)PtCl2]2+, and [{(TL)2Ru(BL)}2RhCl2]5+ could not be probed by NMR spectroscopy due to 

the presence of geometric isomers absent in the monometallic complexes.  An elegant way to make the 

larger multimetallic complexes NMR compatible is to utilize a more specialized deuterated ligand: d8-

dpp (Figure 5.1).  Utilizing d8-dpp would further simplify complicated 1H NMR spectra by removing 

the resonances arising from the pyridyl rings of dpp.  An example of what the 1H NMR spectrum of the 

monometallic building block, [(d8-bpy)2Ru(d8-dpp)]2+, should look like upon synthesis is shown in 

Figure 5.2.  The partially deuterated d8-dpp bridging ligand cannot be produced through the deuteration 

scheme used in this dissertation because there is no selectivity in the high temperature, catalyzed 

reaction conditions.  Instead, the complex would have to be synthesized from deuterated -pyridil and 

ethylene diamine (Figure 5.1).195 Using both d8-bpy and d8-dpp in multimetallic complexes should 

result in dramatically simplified 1H NMR spectra where only the two pyrazine resonances from d8-dpp 
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appear.  Following the two pyrazine resonances should allow structural characterization of intermediates 

in real-time water reduction experiments to be collected using NMR.

Figure 5.1: Proposed synthesis of partially deuterated dpp, d8-dpp, for use in multimetallic complexes 
beginning with commercially available -pyridil and ethylene diamine.  Based on the work of 
Goodwin and Lions.195 dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure 5.2: Proton resonances (predicted) remaining upon incorporation of the d8-dpp bridging ligand
into [(d8-bpy)2Ru(d8-dpp)]2+. -bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

5.2.2. Additional Chiral Supramolecular Complexes

A set of multimetallic supramolecular complexes of the forms [(bpy)2Ru(dpp)PtCl2]2+ and 

[{(bpy)2Ru(dpp)}2RhCl2]5+ which all incorporate enantiomerically pure light absorber subunits has been 

synthesized and thoroughly characterized.  The next steps in this project should be synthesis of a set of 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ complexes from an enantiomerically pure light absorber unit and a Rh(III) 

monometallic unit using previously established synthetic procedures.54,167 Ru(II),Rh(III) bimetallic 

complexes of this type are interesting and applicable towards understanding water reduction processes 

and as photodynamic therapy agents.  Also of interest is using the established chiral auxiliary-assisted 

synthesis of enantiomerically pure light absorbers using either different polypyridyl ligands or an Os(II) 

center, both of which are synthetically feasible (Figure 5.3).  Previously, Fu, et. al. reported the broad 

applicability of proline as a chiral directing ligand in a series of Ru(II) polypyridyl complexes.144

However, the researchers did not report the use of 4,7-diphenyl-1,10-phenanthroline (Ph2phen) in their 

study, most likely due to the huge variety of polypyridyl ligands available.  The Brewer group has found 

that substituting the larger Ph2phen for bpy results in enhanced absorbance properties and hydrogen 

production efficiency in Ru(II),Rh(III) and Ru(II),Rh(III),Ru(II) complexes.  Using the steric bulk of 

Ph2phen, only a subset of the 18 possible geometric isomers in a Ru(II),Rh(III),Ru(II) complex should 

be thermodynamically stable enough to form during synthesis.  Substituting Os(II) for Ru(II) in a light 
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absorber subunit results in red-shifted absorbance by direct population of the 3MLCT excited state from 

the singlet ground state.30,164,182 Red-shifted absorbance into the near-IR is perfectly suited to 

photodynamic therapy because near-IR radiation has greatly enhanced penetration depth in human tissue 

compared to UV or visible radiation.196,197

Figure 5.3: Electronic circular dichroism -(S)-[(Ph2phen)2Ru(L-prolinate)]+ -
(S)-[(bpy)2Os(L-prolinate)]+ (bottom) recorded in spectrometric grade CH3CN.  -bipyridine
and Ph2phen = 4,7-diphenyl-1,10-phenanthroline.
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5.2.3.  Chiral Rh(III) Metal Center Incorporation

A much more synthetically challenging modification to the Ru(II),Rh(III) and 

Ru(II),Rh(III),Ru(II) supramolecular complexes used by the Brewer group is imparting chirality to the 

Rh(III) metal center using proline as the chiral directing ligand.  Meggers, et. al. recently published two 

separate reports of imparting stable chirality to Ir(III) and Rh(III) centers using chiral auxiliaries and 

sterically demanding cyclometallating ligands.146,198 Under the appropriate conditions, it should be 

possible to generate a chiral [Rh(prolinate)3] or [(L)2Rh(prolinate)2]+ or a prochiral [(L)4Rh(prolinate)]2+

from a [Rh(L)6]3+ species, where L is a labile monodentate ligand or coordinated solvent.  However, 

synthetic methods used to generate [(bpy)2Ru(dpp)RhCl2(bpy)]3+ and [{(bpy)2Ru(dpp)}2RhCl2]5+, for 

example, use RhCl3•3H2O as the starting material.  RhCl3•3H2O works well when the desired product 

contains at least one Cl bound to the Rh(III) center.  However, removing all Cl from a sample of 

RhCl3•3H2O is difficult because of the stability of the Rh-Cl bonds and requires carefully optimized 

synthetic conditions to remove all Cl .199 Generation of a Rh(III) species with at least one prolinate 

ligand would allow coupling to [(bpy)2Ru(dpp)]2+ light absorber subunits to generate 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ or [{(bpy)2Ru(dpp)}2RhCl2]5+ with chiral Rh(III) catalytic centers.

5.2.4.  Biological Activity Testing with Chiral Supramolecules

Previous research has shown that both the [(bpy)2Ru(dpp)PtCl2]2+ and 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ architectures are effective photodynamic therapy agents.51,97,149,196,200-203

Human DNA (B-DNA) is a right-handed double helix and -metal complexes 

that intercalate between base pairs.122,204 Both the [(bpy)2Ru(dpp)PtCl2]2+ and 

[(bpy)2Ru(dpp)RhCl2(bpy)]3+ architectures are likely too large to bind to DNA via an intercalation 

mechanism, but initially associate with DNA by an electrostatic attraction.  After association, the 

complexes can fit into either the major or minor groove of DNA, based on their size. Since DNA is a 

right- -light absorbers will bind 

most strongly to DNA.  Strong binding should lead to enhanced DNA cleavage when irradiated and 

should lower the required dosage of the photodynamic therapy agent relative to a racemic mixture.  

Testing in this area will involve determination of the DNA binding constant for each individual 

enantiomer of a particular complex and its racemic mixture using a spectrometric DNA binding titration 
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incubated with DNA to allow binding, excess complex solution will be removed, and the DNA-complex 

aggregate will be photolyzed.  The products of photolysis will be separated and characterized using gel 

electrophoresis to determine whether DNA was cleaved effectively after complex binding.
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Figure A-1: Geometric isomers of , , -[{(bpy)2Ru(dpp)}2RhCl2]5+. Structures generated using 
Scigress 7.7.1 molecular modeling software. Gold = Ru, green = Cl, blue = N, gray = C, white = H, red 
= Rh, pz = pyrazine, py = pyridine, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Figure A-2: Geometric isomers of , , -[{(bpy)2Ru(dpp)}2RhCl2]5+. Structures generated using 
Scigress 7.7.1 molecular modeling software. Gold = Ru, green = Cl, blue = N, gray = C, white = H, red 
= Rh, pz = pyrazine, py = pyridine, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-3: Geometric isomers of , , -[{(bpy)2Ru(dpp)}2RhCl2]5+. Structures generated using 
Scigress 7.7.1 molecular modeling software. Gold = Ru, green = Cl, blue = N, gray = C, white = H, red 
= Rh, pz = pyrazine, py = pyridine, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Figure A-4: Geometric isomers of , , -[{(bpy)2Ru(dpp)}2RhCl2]5+. Structures generated using 
Scigress 7.7.1 molecular modeling software. Gold = Ru, green = Cl, blue = N, gray = C, white = H, red 
= Rh, pz = pyrazine, py = pyridine, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-5: Geometric isomers of , , -[{(bpy)2Ru(dpp)}2RhCl2]5+. Structures generated using 
Scigress 7.7.1 molecular modeling software. Gold = Ru, green = Cl, blue = N, gray = C, white = H, red 
= Rh, pz = pyrazine, py = pyridine, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Figure A-6: Geometric isomers of , , -[{(bpy)2Ru(dpp)}2RhCl2]5+. Structures generated using 
Scigress 7.7.1 molecular modeling software. Gold = Ru, green = Cl, blue = N, gray = C, white = H, red 
= Rh, pz = pyrazine, py = pyridine, bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-7: Downfield (aromatic) region of the 1H-1H COSY map of -(S)-[(bpy)2Ru(L-pro)]+

recorded at 400 MHz in CD3CN.  bpy = 2,2 -bipyridine, L-pro = L-proline.
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Figure A-8: Downfield (aromatic) region of the 1H-1H COSY map of -[(bpy)2Ru(dpp)]2+ recorded at 
400 MHz in CD3CN.  bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-9 spectrophotometric grade 
CH3CN (top) and photosubstitution with 2 mM free bpy in spectrophotometric grade CH3CN (bottom).

irr = 470 ± 10 nm, photon flux = 
6.27 ± 0.01 × 1019 photons/min. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

0
10
20
30
40
50
60
70
80
90

100

0 1000 2000 3000 4000 5000 6000 7000

N
or

m
ai

liz
ed

 
E

lli
pt

ic
ity

/m
ill

id
eg

re
e

Irradiation Time/min

[(bpy)2Ru(prolinate)]+

[(bpy)2Ru(dpp)]2+

[(bpy)2Ru(dpp)PtCl2]2+

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

0
10
20
30
40
50
60
70
80
90

100

0 1000 2000 3000 4000 5000 6000 7000

N
or

m
ai

liz
ed

 
E

lli
pt

ic
ity

/m
ill

id
eg

re
e

Irradiation Time/min

[(bpy)2Ru(prolinate)]+

[(bpy)2Ru(dpp)]2+

[(bpy)2Ru(dpp)PtCl2]2+

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



194
 

Figure A-10: Electronic absorbance spectra of -(S)-[(bpy)2Ru(L-pro)]+ during A) racemization in
spectrophotometric grade CH3CN for 200 min. and B) photosubstitution with 2 mM free bpy in 
spectrophotometric grade CH3CN for 200 min.. Samples irradiated to induce racemization and/or 
photosubstitution, irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 × 1019 photons/min. bpy = 2,2 -
bipyridine, L-pro = L-prolinate.

  
Figure A-11: -[(bpy)2Ru(dpp)]2+ during A) racemization in 
spectrophotometric grade CH3CN for 260 min. and B) photosubstitution with 2 mM free bpy in 
spectrophotometric grade CH3CN for 400 min..  Samples irradiated to induce racemization and/or 

irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 × 1019 photons/min. bpy = 2,2 -
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-12 -[(bpy)2Ru(dpp)PtCl2]2+ during A) racemization in 
spectrophotometric grade CH3CN for 163 h and B) photosubstitution with 2 mM free bpy in 
spectrophotometric grade CH3CN for 180 h.  Samples irradiated to induce racemization and/or 

irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 × 1019 photons/min. bpy = 2,2 -
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

Figure A-13: Electronic absorbance spectra of A) rac -[{(bpy)2Ru(dpp)}2RhCl2]5+ racemization in 
spectrophotometric grade CH3CN for 106 h and B) rac -[{(bpy)2Ru(dpp)}2RhCl2]5+

photosubstitution with 2 mM free bpy in spectrophotometric grade CH3CN for 180 h.  Samples 
irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 

× 1019 photons/min. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-14: Downfield (aromatic) region of the 1H NMR spectra of -(S)-[(bpy)2Ru(L-pro)]+ during 
irradiation recorded at 400 MHz in CD3CN. irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 × 1019

photons/min. bpy = 2,2 -bipyridine, L-pro = L-proline.
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Figure A-15: Downfield (aromatic) region of the 1H NMR spectra of -(S)-[(bpy)2Ru(L-pro)]+ in the 
presence of 10mM free bpy during irradiation recorded at 400 MHz in CD3CN. irr = 470 ± 10 nm, 
photon flux = 6.27 ± 0.01 × 1019 photons/min. bpy = 2,2 -bipyridine, L-pro = L-proline.
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Figure A-16: Downfield (aromatic) region of the 1H NMR spectra of -[(bpy)2Ru(dpp)]2+ during 
irradiation recorded at 400 MHz in CD3CN. irr = 470 ± 10 nm, photon flux = 6.27 ± 0.01 × 1019

photons/min. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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Figure A-17: Downfield (aromatic) region of the 1H NMR spectra of -[(bpy)2Ru(dpp)]2+ in the 
presence of 10mM free bpy during irradiation recorded at 400 MHz in CD3CN. irr = 470 ± 10 nm, 
photon flux = 6.27 ± 0.01 × 1019 photons/min. bpy = 2,2 -bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.
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