Modification of Excited State Behavior with Ligand Substitution in
Ru(Il),Rh(111) Bimetallic Supramolecular Complexes

Hannah J. Sayre

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

Master of Science
In
Chemistry

James M. Tanko (Chair)
Karen J. Brewer (Co-Chair)
Amanda J. Morris
Paul A. Deck

May 11, 2015
Blacksburg, VA

Keywords: supramolecule, photochemistry, electron-withdrawing, excited state lifetime,
water reduction

Copyright 2015



Modification of Excited State Behavior with Ligand Substitution in
Ru(Il),Rh(111) Bimetallic Supramolecular Complexes

Hannah J. Sayre

Abstract

The terminal ligand in [(Phzphen).Ru(dpp)RhCI>(TL)](PFe)3s (Phzphen = 4,7-diphenyl-
1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine; TL = terminal ligand — a 4,4'-di-
substituted-2,2'-bipyridine where the substituent was carbomethoxy (dcmbpy), hydrogen
(bpy) or methyl (Me2bpy)). The electron-withdrawing ability of the substituent was
shown to increase the rate of chloride loss upon electrochemical reduction, facilitating
catalytic water reduction. The electronic properties of the terminal ligand also impact the
photophysical properties of the molecule. The excited state lifetime of the complex with
a dembpy terminal ligand was 93 ns while the excited state lifetimes of the complexes
with a bpy or Mexbpy terminal ligand were 44 ns and 47 ns, respectively. Ligand
substitution was shown to influence the photocatalytic water reduction activity of these
complexes with the dcmbpy complex producing approximately twice the amount of

hydrogen (62 + 7 turnovers in 20 h) as the other two complexes.
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1. Introduction
1.1. Solar Energy

Development of alternative energy sources is essential to meet the rising global
energy demand. Fossil fuels do not provide a sustainable source of energy due to their
limited supply and their impact on climate change. Solar energy offers a plausible
solution to the energy crisis. Worldwide energy consumption in 2010 was less than

0.02% of the potential energy reaching the earth’s surface in one year.!

Capturing and storing solar energy are the primary difficulties associated with making
solar energy competitive with fossil fuels.!® Systems capable of capturing energy from
sunlight and converting it to usable fuel are therefore of great interest.'*? Photocatalytic
reduction of water to produce molecular hydrogen provides a means to capture solar
energy and store that energy as a high-density fuel.

Photocatalytic water reduction requires light absorption, electron relay, an electron
source and an active catalytic site. Most of the energy from light striking the earth’s
surface is in the visible range of the solar spectrum (Figure 1.1).3 Since water does not
absorb visible light, a light absorber is necessary to capture the energy from light. The
excited light absorber promotes an electron into an electron relay, which transfers an

electron to the active catalytic site.
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Figure 1.1: Solar energy power at the earth’s surface per square meter for each
wavelength.

The first Ru(ll),Rh(Ill) system developed to reduce water photocatalytically used
multiple components to capture energy from light, excite an electron into an excited state
and relay the electron to an active catalyst.* This system required a light absorber, an
electron donor, an electron relay and an electron collector (Figure 1.2). Intermolecular
electron transfer in multicomponent systems requires molecular interaction among all the
components in solution. The rate of diffusion limits overall efficiency so relatively high
concentrations are required. The concentration requirements of multicomponent systems

are undesirable due to the expensive and sparingly soluble components.
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Figure 1.2: Catalytic mechanism for the first reported multicomponent system for
photocatalytic water reduction. The LA is [Ru(bpy)s]** (bpy = 2,2"-bipyridine), ED is
triethanolamine , ER is [Rh(bpy)s]** and EC is colloidal Pt. This mechanism is reported
in reference 2.

1.2. Supramolecular Chemistry

Supramolecular complexes covalently bind multiple components while
maintaining the unique function of each component.® Electron transfer in supramolecular
complexes occurs intramolecularly, which permits lower concentrations. Many
supramolecular motifs have been reported which absorb light and transfer energy or
electrons. The Brewer Group has studied many supramolecular photocatalysts for water
reduction in which the light absorber and active catalytic site are covalently connected

through a bridging ligand (Figure 1.3).”

OH



Figure 1.2: Block diagram of a supramolecule (TL = terminal ligand; LA = light
absorber; BL = bridging ligand) and a supramolecular photocatalyst
[{(bpy)2Ru(dpp)}2RhClI2](PFe)s (bpy = 2,2"-bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine).

1.3. Photochemistry

Ru polypyridyl light absorbers have promising solar energy applications.”®® Upon
absorption of light, Ru polypyridyl complexes promote an electron from a Ru-based
molecular orbital (MO) into a ligand-based MO, generating a metal-to-ligand charge
transfer (:MLCT) excited state.®® The electron undergoes intersystem crossing to

populate the SMLCT excited state at near unit efficiency.®

Population of a *IMLCT excited state upon light absorption and unit population of
SMLCT excited state is also observed in the supramolecular complexes reported by
Brewer.!! Excitation by light results in multiple paths of relaxation. Radiative decay
from the 3MLCT excited state back to the ground state is observed as phosphorescent
emission and is catalytically unproductive. Non-radiative decay processes from the
SMLCT and 3MMCT excited states back to the ground state are also competing,

unproductive processes (Figure 1.4).
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Figure 1.3:  State diagram depicting photoexcitation of a supramolecular
photocatalyst and the multiple forms of relaxation (hv = photoexcitation; ki = rate
constant for fluorescence; kic = rate constant for internal conversion; kisc = rate constant
for intersystem crossing; ky = rate constant for vibronic relaxation; k, = rate constant for
phosphorescence; ket = rate constant for electron transfer; k. = rate constant for radiative
decay; krxn = rate constant for reaction; radiative decay processes are depicted as — ;
non-radiative decay processes are depicted as ),

The most active supramolecular photocatalysts have excited state energy levels that
optimize energy flow from the *MLCT excited state to populate a metal-to-metal charge
transfer (MMCT) excited state.”*™ Complexes with a bridging ligand-based LUMO
prevent electron flow to Rh."®7%12 An additional consideration is the energy level of the
3MLCT excited state relative to the reduction potential of the sacrificial electron donor.
Water reduction with these photocatalysts requires sufficient driving force for quenching
of the 3MLCT excited state by the electron donor.” The ultimate goal of this type of
research is to couple photocatalytic water reduction with water oxidation, obviating the

sacrificial electron donor, but that is beyond the scope of this discussion.

Structural modifications that either stabilize the unoccupied Rh eg* orbitals or
destabilize the bridging ligand are of interest since the bridging ligand-based and Rh-
based unoccupied orbitals are close in energy.”” Both Rh stabilization and bridging
ligand destabilization result in an increased energy gap between the SMLCT and SMMCT

excited states, increasing the driving force to populate the 3MMCT excited state.



One method to stabilize unoccupied Rh orbitals is to decrease the o-donating ability
of coordinated halide. The Rh""""! reduction potential in [Rh(bpy)2X2]* complexes shifts
to more positive potential as the c-donating ability of the coordinated halide decreases
(Figure 1.5).2® The A, is smallest when iodide is coordinated to Rh and increases as
halide size decreases.

12 5

10 F

I (uA)

Figure 1.5: Cyclic voltammograms of [Rh(bpy)2X2]" in 0.1 M BusNPF¢/DMF with
Ag/AgCI reference electrode at room temperature. The scan rate applied was 100
mV-sL. Coordinated halide, X = CI (—), Br (---), | (). This image is copied from
reference 13.

The energy level of the MMCT excited state relative to the reduction potentials of
water and of the 3MLCT excited state are important for the rate of water reduction based
on Marcus theory.}* The Eyring equation (eq. 1.1) shows that outside of the Marcus
inverted region, ke increases with increasing energy gap.’® The frequency factor is Z,
AG* is the free energy of activation, R is the ideal gas constant and T is temperature.
Outside the Marcus inverted region, ke increases as the energy gap between the SMLCT
excited state and *MMCT excited state reduction potentials expands.

— 7 o~AGH/RT

k

et

(1.1)



1.4. Methods

Several analytical methods are required to investigate the relative energy levels of
molecular orbitals and the relative energies of excited states. Electronic absorption
spectroscopy and emission spectroscopy provide the excited state energies of the tMLCT
and *MLCT excited states, respectively, relative to the ground state. The *MLCT excited
state energy is approximately equal to the energy gap between the metal-based MO and
the ligand-based MO. Cyclic voltammetry provides the ground state energy gap between
the highest occupied molecular orbital (HOMO) and the LUMO. To gain a complete
picture of orbital energetics and excited state reactions, electrochemical and

photophysical data must be considered together.

Emission spectroscopy measures the radiative decay of an excited state.
Fluorescence, which is radiative decay from a singlet excited state, is not observed due to
immediate and quantitative intersystem crossing to population of the 3MLCT state.®
Radiative decay is observed after the electron undergoes a spin flip to populate the
SMLCT excited state. An approximation of the 3MLCT energy level is obtained from the
wavelength of room temperature phosphorescence but vibronic relaxation interferes with
obtaining the reduction potential of the 3MLCT excited state at room temperature. The
SMLCT excited state energy level relative to the ground state (Eoo) is obtained by
measuring the emission at 77 K. The reduction potential of the SMLCT excited state
(Ru®2*(LL") in Figure 1.6) is calculated using the Eqo from 77 K emission and the
reduction potential of the ligand (eq. 1.2 and 1.3).1” This method is somewhat limited
due to possible inaccuracies in the ligand reduction potentials, which will be discussed in

more detail later.

[RU3*LL],T*

LLO/f(R u3+) Ru3+/2+(|_|_—)

EOO

[RUBLL] > [RuzLL] o > [Ruz*LL7]
Ru3+/2+(|_|_) LLO/f(RUZ‘L)

Figure 1.6: Scheme for determining the reduction potential of the SMLCT excited state.
This image is adapted from reference 17.



E(LLM— (RHH:]) — E(RREHHELLJJ— Ey, (1.2)

E(Ru®*/* (L)) = E (LL (Ru™) ) + Eq (L.3)

Room temperature emission quantum yield (®*™) is the ratio of radiative decay to the
sum of all deactivation pathways from the 3MLCT excited state (eq. 1.4). Quantum yield
of population (®pop) IS assumed to be unity. Lower emission quantum yields indicate
more efficient quenching by the *MMCT excited state and a greater rate constant for
electron transfer (Ket).

k (1.4)

Hem — pop r

SmLct kr + knr + ket

Time-resolved emission spectroscopy is a pulsed laser technique that measures the
decay of emission from the SMLCT excited state over time. The lifetime (1) of an excited
state is the inverse of the sum of all forms of relaxation from the excited state (eq. 1.5).
The ket is determined by comparing the observed lifetime to that of a model complex in
which electron transfer from the 3MLCT excited state to the *MMCT excited state does
not occur (eq. 1.6). A Ru-Ru bimetallic with the same bridging and terminal ligands as
the molecule of interest is typically used as the model (Figure 1.7). It is assumed that k;

and knr remain constant.

1 (1.5)
Sk 4k, Kk,

T

. (1.6)
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Figure 1.7: An example of a Ru-Ru bimetallic model, [{(Phzphen).Ru}.dpp](PFe)4
(Phzphen = 4,7-diphenyl-1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine).

Cyclic voltammetry (CV) is a potential sweep method used to determine the relative
orbital energetics of the studied species in the ground state. The ground state energy
level of the HOMO is assigned to the first anodic couple E°. The E° of the first cathodic

couple is assigned to the ground state energy level of the LUMO.

CV is limited to providing the relative energies of the HOMO and LUMO only.
Oxidation of the HOMO and reduction of the LUMO alters the orbital energetics, making
any E° past the HOMO and LUMO an inaccurate description of orbital energetics. The
LUMO in many of Brewer’s supramolecules resides primarily on Rh rather than on the
ligand. The calculation of the *MLCT excited state reduction potential (eq. 1.3) is
limited since an accurate E° of the ligand can only be obtained if the LUMO is ligand-

based.

Variable scan rate CV is used to identify reversible electrochemical processes and
study non-reversible electrochemical processes.’® Non-reversibility of a redox couple
indicates a chemical reaction following the electrochemical reaction. Reversibility of the
couple increases with increasing scan rate if the chemical reaction occurs on the CV time

scale.

The nature of the LUMO — whether it is predominantly bridging ligand-based or Rh-
based — is determined by the reversibility of the first cathodic current. Non-reversibility
of a cathodic couple indicates an irreversible chemical reaction following reduction.
Reduction of a Rh-based orbital is expected to result in chloride loss due to a decrease in
bond order. The rate of a follow-up chemical reaction might be determined if it can be

matched by the potential scan rate. Variation of scan rates is necessary to determine



reversibility of reduction couples and has been used to determine the nature of the LUMO

and provide mechanistic insight into catalysis.’*°
1.5. Ligand Effects on Rhodium Reduction in Rh Polypyridyl Complexes

The general effects of 6-donating, n-donating and w-accepting ligands on molecular
orbitals of octahedral metal complexes are fairly well understood.?’ The orbital overlap
between metal-based orbitals and ligand-based orbitals affects the energy levels of the
combined molecular orbitals. Light-activated reactions and catalysis are impacted by

minute changes in orbital energetics.

A ligand’s c-donating ability strongly influences orbital energetics of octahedral d®
metal complexes. Ligands that have more orbital overlap with the metal are better o-
donors and stabilize the eq bonding orbital (Figure 1.8). Simultaneous destabilization of
the antibonding eg* occurs with stabilization of the bonding e; MO and increases A, the

energy gap between the tog and eg* MOs.
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Figure 1.8: Molecular orbital diagram of a d® octahedral metal complex with c-donating
ligands. This image is adapted from reference 20.

The electrochemical analysis of Rh polypyridyl complexes by DeArmond in the
1970s provides a foundation for studying the orbital energetics of Rh supramolecular
photocatalysts. The LUMO in both [Rh(bpy)2Cl2]* and Rh(phen).Cl2]* (bpy = 2,2'-
bipyridine; phen = 4,7-phenanthroline) is Rh-based and the first cathodic couple is
irreversible even at scan rates as fast as 32 V-s 12! Halide loss is rapid upon Rh"/!"!
reduction.  There are two independent ligand reductions, indicating electronic
communication between polypyridyl ligands.?* Although phen is reduced at a more
positive potential than bpy, the Rh"W' E;5, is consistent in [Rh(bpy)2Cl2]* and
Rh(phen).Cl,]*.*
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The energy of the ligand field excited state in rhodium polypyridyl dibromide
complexes decreases as the electronegativity of the reduction of the polypyridyl ligand
shifts more positive (Figure 1.9, Table 1.1).1* Increased electronegativity of the ligand
stabilizes the ligand field excited state. Stabilization of the ligand field excited state in

low-spin d® metals coincides with stabilization of eg* MOs.

PRV U R s R
WP BBy RIS S

[Rh(bpy),Br,](PFe) [Rh(dpp),Br,](PFs) [Rh(dpa),Br,](PFe) [Rh(dpb),Br,](PFs)

Figure 1.9: Rhodium polypyridyl complexes with two coordinated bromides (bpy = 2,2'-
bipyridine; dpp = 2,3-bis(2-pyridyl)pyrazine; dpq = 2,3-bis(2-pyridyl)quinoxaline; dpb =
2,3-bis(2-pyridyl)benzoquinoxaline).

Table 1.1: Ligand reduction (referenced to Ag/AgCl) and ligand field 77 K emission
wavelengths of rhodium polypyridyl dibromide complexes as reported in reference 11.

Complex E12 (V vs. Ag/AQCI) A*™ (nm)

[Rh(bpy)2Br2]* -1.30 660
—-1.50

[Rh(dpp)2Br2]* -1.05 707
-1.19

[Rh(dpq)2Br2]* —0.85 737
—-1.49

[Rh(dpb)2Br2]* —0.39 N/A?

& Emission could not be detected due to the low red detection of the photomultiplier tube.
1.6. Ru(I1),Rh(111) Bimetallic Complexes for Photocatalysis

The Brewer Group has investigated variations in the halide and the terminal ligand on
Rh (Figure 1.10).7%7*" A correlation exists between the c-donating ability of the halide
and the rate of halide loss which is a significant step in the catalytic mechanism of these
molecules.”® The terminal ligand on Rh also plays an important role in the catalytic
ability of the bimetallic to reduce water.”’%™ Consideration of the steric and electronic
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characteristics of the terminal ligand are crucial in the development of active bimetallic

photocatalysts.”
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[(bpy),Ru(dpp)RhCl,(‘Bu,bpy)1(PFe);  [(Ph,phen),Ru(dpp)RhCl,(‘Bu,bpy)1(PFe)s

[(Phphen),Ru(dpp)RNCI,(Phzphen)](PFe);  [(Phophen),Ru(dpp)RhBr,(Ph,phen)](PFe)s

Figure 1.10: Previously published Ru(Il),Rh(111) bimetallic complexes analyzed for H.O
reduction in the Brewer group (phen = 1,10-phenanthroline; dpp = 2,3-bis(2-
pyridyl)pyrazine; bpy = 2,2'-bipyridine; Buxbpy = 4,4'-di-tert-butyl-2,2'-bipyridine;
Phzphen = 4,7-diphenyl-1,10-phenanthroline).

The first Ru(ll),Rh(1l) bimetallic analyzed for H> production by Brewer was
[(phen)2Ru(dpp)RhCl2(bpy)](PFe)3 (Figure 1.10).™ The bimetallic
[(phen)2Ru(dpp)RhCl2(bpy)](PFe)s absorbs light and transfers an electron to Rh.
Electronic absorption spectra during photo-reduction and electrochemical reduction are
nearly identical (Figure 1.11).7% Cyclic voltammetry shows the first cathodic reduction
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current is non-reversible, indicating that the LUMO is Rh-based, with halide loss upon
Rh reduction (Figure 1.12a).”"Y Most of the photochemical and electrochemical data
indicate that [(phen)2Ru(dpp)RhCl2(bpy)](PFe)3 should act as an active photocatalyst for
water reduction. The first cathodic couple is non-reversible, indicating halide loss upon

Rh reduction.
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Figure 1.11: Electronic absorption spectroscopic changes resulting from reduction of
[(phen)z2Ru(dpp)R"'Cl2(bpy)](PFe)s to [(phen)zRu(dpp)Rh'Cl2(bpy)] (PFs)
photochemically (A) and electrochemically (B) in acetonitrile. This image is copied from
reference 7d.

Although the photochemical and electrochemical reductions suggest a successful
photocatalyst, the bimetallic forms a Rh-Rh dimer upon Rh reduction. Bulk electrolysis
at —0.60 V immediately followed by mass spectrometry provides evidence of
dimerization with a molecular ion peak of the Rh-Rh dimer and several fragments of the
dimer.” Cyclic voltammetry prior to bulk electrolysis shows one reversible Ru oxidation
with E° = 1.6 V vs. Ag/AgCI (Figure 1.12a).”% A cyclic voltammogram following bulk
electrolysis shows an additional oxidation with E° = 1.0 V vs. Ag/AgCl, indicating the
presence of a new Ru species (Figure 1.12b). The lack of photocatalytic activity by
[(phen).Ru(dpp)RhCl2(bpy)](PFe)s to reduce water is attributed to the dimerization at
Rh.”® The bpy ligand does not provide significant steric hindrance to prevent Rh-Rh
dimerization.
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Figure 1.12: Cyclic voltammetry in 01 M BusNPFs/CH3CN of

[(phen)2Ru(dpp)RhCl2(bpy)](PFs)s before (a) and after bulk electrolysis at —0.60 V in an
H-cell (b) (phen = 1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine; bpy = 2,2'-
bipyridine). This image is copied from reference 7d, supporting information.

Evidence of dimer formation led to incorporation of more sterically bulky terminal
ligands on Rh. Two bimetallic complexes with sterically bulky terminal ligands,
[(bpy)2Ru(dpp)RhCl2(‘Buzbpy)](PFs)s and [(Phzphen).Ru(dpp)RhCl2(Phzphen)](PFs)s,
were analyzed for photocatalytic activity.”" Although both bimetallic complexes have
sterically bulky terminal ligands, only [(Phzphen)2Ru(dpp)RhCI2(Phzphen)](PFe)s is an
active  photocatalyst ~ for ~ water  reduction.”” The inability  of
[(bpy)2Ru(dpp)RhCI2(‘Buzbpy)](PFes)s to produce hydrogen was attributed to the
electron-donating ability of the tert-butyl substituent.™ However, it is known that
[(Phzaphen).Ru(dpp)](PFe)2 light absorbers coordinated to Rh are better photocatalysts
than [(bpy)2Ru(dpp)](PFs)2 and the difference in water reducing ability is likely due in

part to variation of the light absorbing unit.”

The o-donating ability of ligands plays an important role in the catalytic activity of
these supramolecules. The [(Phzphen)2Ru(dpp)RhCl2(Phophen)](PFs)s  bimetallic
complex produces molecular hydrogen at about half the rate of the analogous
[{(Phzphen)2Ru(dpp)}.RhCI]**  trimetallic complex (Table 1.2) while the
[(bpy)2Ru(dpp)RhCl2(‘Buzbpy)](PFs)s bimetallic complex does not photocatalyze water
reduction under identical conditions.™ The o-donating properties of the tert-butyl
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substituent increase electron density at Rh, debilitating electron collection and catalytic
activity at the Rh.

Table 1.2: Ha production with [{(Phzphen)Ru(dpp)}-RhClI2](PFs)s and
[(Phzphen)2Ru(dpp)RhCl2(Ph2phen)](PFs)s in CH3CN, with 65 uM photocatalyst, 1.5 M
DMA, 0.62 M H20 and 0.11 mM [CFsSOs ]-[DMAH?] after 20 h photolysis with 470
nm light.

Complex 2 TON P Volume H2 (mL)
[(Ph2phen),Ru(dpp)RhClz(Phzphen)](PFe)a 70 + 10 0.48 £ 0.08
[{(Phzphen).Ru(dpp)}-RhCI2](PFs)s 150 + 10 1.1+0.1

3 Ref 7h. ® mol Hz/mol catalyst.

Ligands on Rh that are stronger o-donors decrease the Rh characteristic of the
LUMO. The reported electrochemical analysis of
[(Phzphen)2Ru(dpp)RhCl2(‘Bu2bpy)](PFe)s,  [(Phzphen).Ru(dpp)RhCl2(Phzphen)](PFe)s
and [(Phzphen)Ru(dpp)RhBr2(Phzphen)](PFs)s claims orbital inversion of the LUMO
with terminal ligand variation (Figure 1.13).79 The stronger c-donating '‘Buzbpy ligand
destabilizes the Rh-based eg* MOs and the first cathodic current observed is a reversible
ligand-based  reduction. The  first  reduction  potential in  both
[(Phzphen)2Ru(dpp)RhCl2(Phzphen)](PFs)s and
[(Phzphen).Ru(dpp)RhBr2(Phzphen)](PFe)z is non-reversible, indicating a follow-up
chemical reaction upon reduction (Figure 1.13).” The phenyl substituents in the
Phophen ligand are electron-withdrawing by induction, decreasing the o-donating ability
of the phenanthroline. The Rh-based eq* MOs, which are filled during population of the
SMMCT excited state, are lower in energy with the Phophen terminal ligand than the
‘Buzbpy terminal ligand and the Rh(Ph.phen) complexes are active water reduction

catalysts.
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Figure 1.13: Cyclic voltammograms of [(Ph2phen)Ru(dpp)RhBr2(Ph2phen)](PFs)s
(blue), [(Ph2phen) Ru(dpp)RhCI2(Phophen)](PFs)3 (green) and
[(Phzphen)zRu(dpp)RhBr2(‘Buzbpy)](PFs)s (red) with 0.1 M BusNPFs in CHs:CN
supporting electrolyte. The scan rate applied was 100 mV-s. This image is copied
from reference 7g.

The first cathodic couple for bimetallic complexes with the Phophen ligand on Rh
involves Rh""" reduction which is followed by halide loss. The second reduction
potential is assigned as a Rh''X, reduction, where X = Cl or Br.”9 The existence of the
second peak current demonstrates that halide loss upon initial reduction is incomplete in

these systems. There are multiple mechanisms following the first reduction of Rh.

The ratio of the second to first peak currents over varying scan rates provides
information about the concentration of the fully halogenated species after the first
reduction and the rate of halide loss. The Randles-Sevcik equation is limited to fully
reversible reductions (eq. 1.7), so the information obtained through plots of iy vs. v/? for
non-reversible reductions is merely qualitative. The i,%un/io%g ratio vs. vi2 provides an

approximate ratio of the concentration of Rh''X; to the concentration of unreduced
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bimetallic, if all other terms remain constant. However, multiple mechanisms with

differing numbers of electrons complicate the equation.

(1.7)

nFvD )152

i, = (Constant HFAC(
L ( j RT

The o-donating ability of coordinated halide affects catalytic activity. The ipu/ip®u
ratio increases with increasing c-donating ability of ligands (Figure 1.14).79 A smaller
value of i, indicates lower concentration of Rh("X; and a greater percentage of halide
loss upon the first reduction. The [(Phzphen)2Ru(dpp)RhBr2(Phzphen)](PFe)z bimetallic
complex has the weakest o-donating ligands and the fastest rate of halide loss since a

lesser amount of energy is required to populate the e; antibonding MO.
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Figure 1.144: Ratio of the second cathodic peak current to the first cathodic peak current
vs. the square root of scan rate for [(Phzphen):Ru(dpp)RhCl2(‘Buzbpy)](PFs)s (red
diamonds),  [(Phzphen)Ru(dpp)RhCl2(Phzphen)](PFe)s  (green  squares)  and
[(PhzphenzRu(dpp)RhBr2(Phzphen)](PFs)s (blue circles) with 0.1 M BusNPFe in CH3CN
supporting electrolyte. This image is copied from reference 7g.

1.7. Thesis Statement
The o-donating ability of the ligands on Rh has been shown to affect catalytic activity
of Ru(I),Rh(II1) bimetallic complexes. The electron-withdrawing substituent,

carbomethoxy, decreases the pKa and the o-donating ability of protonated pyridine
(Table 1.3).22 Carbomethoxy will be placed on the 4,4' position of 2,2'-bipyridine. The
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substituted terminal ligand on Rh will stabilize Rh-based eg* MOs. Lowering the energy
of Rh-based es* MOs coincides with stabilization of the SMMCT excited state and
increasing ket. Bimetallic complexes with more electron-donating terminal ligands on Rh,
4,4'-dimethyl-2,2'-bipyridine and 2,2'-bipyridine, will be compared with the bimetallic
complex with a 4,4'-dicarbomethoxy-2,2'-bipyridine terminal ligand on Rh (Figure 1.15).

The bimetallic complex with an electron-withdrawing substituent on the terminal ligand

will produce more H> than the complexes with electron-donating substituents.

Q (PFg)3

R = CH,

COOCH,

Figure 1.15: Chemical  structures of the bimetallic complexes
[(Phzphen)2Ru(dpp)RhCl2(Mez2bpy)](PFs)s, [(Phzphen)Ru(dpp)RhCl2(bpy)](PFs)s and
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s (Phzphen = 4,7-diphenyl-1,10-phenanthroline;
dpp = 2,3-bis(2-pyridyl)pyrazine; Mezbpy = 4,4'-dimethyl-2,2'-bipyridine; bpy = 2,2’
bipyridine; dcmbpy = 4,4’-dicarbomethoxy-2,2'-bipyridine).

Table 1.3: Listed pKa values for the conjugate acid of substituted pyridines.

Conjugate Base pKa of Conjugate Acid Reference
Pyridine 5.17 22 b
4-methylpyridine 6.05 22 a
4-carbomethoxypyridine 3.38 22 a

2. Experimental
2.1. General Methods

Reagent grade solvents, purchased from Spectrum Chemicals, were used without
further purification with the exception of spectrophotometric grade acetonitrile used in
spectroscopy experiments. Metal chloride salts, Phophen and bpy (Aldrich) and Mezbpy
(Atomax Chemicals) were used as received. Stationary phases for chromatography were

commercially obtained. Activated neutral alumina was purchased from Alfa Aesar and
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deactivated with methanol. Sephadex® LH-20 resin was purchased from Aldrich and
used as received. The 4,4'-dicarbomethoxy-2,2'-bipyridine (dcmbpy) ligand was
synthesized similar to the literature for 4,4'-dicarboethoxy-2,2"-bipyridine, substituting
methanol for ethanol.?  (Phzphen),RuCl; and [(Phzphen).Ru(dpp)](PFs). were prepared
according to published procedures and the cyclic voltammograms of the products
compared with literature values.?* (Mezbpy)RhCls-DMF was synthesized similarly to a
reported procedure and the product extracted with chloroform.?> Attempts to synthesize
(bpy)RhCl3-DMF resulted in low yields. The [(bpy)RhCl3-MeOH](MeOH) complex was

synthesized according to literature methods.®2
2.2. Synthetic Procedures

2.2.1. Preparation of (dcmbpy)RhCl3-DMF

The new Rh monometallic complex was synthesized similarly to reported procedure
for (bpy)RhCl3-DMF.%® RhCl; - xH20 (0.20 g, 0.76 mmol) and 4,4’-dicarbomethoxy-
2,2'-bipyridine (0.26 g, 0.92 mmol) were dissolved in 2 mL dimethylformamide and
heated in an oil bath at 60 °C for 2h. The solution was cooled to room temperature and
added to stirred diethyl ether (200 mL) to induce precipitation. The precipitate was
collected on a filter using suction and then dissolved in chloroform and rinsed through the
filter into a clean flask. Evaporation of the filtrate yielded 0.34 g, 0.61 mmol, 79% vyield
of a yellowish-orange solid. ESI-MS: [M + NH4]" m/z = 570.98.

2.2.2. Preparation of [(Phophen)Ru(dpp)RhCl>(Me2bpy)](PFs)s

The new Ru(Il),Rh(I1l) bimetallic complex was synthesized similarly to previously
reported [(bpy)2Ru(dpp)RhCl2(bpy)](PF6)3.2" [(Phzphen).Ru(dpp)](PFs)2 (0.48 g, 0.37
mmol) and (Me2bpy)RhCl3-DMF (0.24 g, 0.51 mmol) were dissolved in 30 mL 2:1
ethanol/water (v/v) and heated at reflux for 3 h. After cooling, the solution was
precipitated in 200 mL saturated aqueous NHsPFs. The precipitate was collected on a
filter with suction and washed with 500 mL of water then 100 mL of diethyl ether. The
dry, crude product was purified using size exclusion chromatography on Sephadex® LH-
20 resin. The sample was loaded as a concentrated acetonitrile and eluted with a 2:1
ethanol/acetonitrile (v/v) solvent mixture. Eight fractions were collected and analyzed

with electronic absorption and emission. Fractions 4 - 6 which did not emit at 680 nm

20



when excited at 520 nm and had matching electronic absorbance spectra were combined.
Purified product was dissolved in minimal acetonitrile and precipitated in diethyl ether.
Final product was air-dried, yielding 0.10 g, 0.074 mmol, 15% of a dark red solid. H
NMR analysis was complicated by multiple stereo and geometric isomers. ESI-MS: [M —
PFs]" m/z = 1647.12. UV-vis (CH3CN): Amax =512 nm (g = 2.0 x 10* Mtcm™).

2.2.3. Preparation of [(Phophen),Ru(dpp)RhCl>(bpy)](PFe)s3

The new Ru(Il),Rh(I1l) bimetallic complex was synthesized similarly to previously
reported [(bpy)2Ru(dpp)RhCl2(bpy)](PF6)3.2" [(Phzphen)Ru(dpp)](PFe)2 (0.47 g, 0.37
mmol) and [(bpy)RhCl3-MeOH](MeOH) (0.21 g, 0.50 mmol) were dissolved in 30 mL
2:1 ethanol/water (v/v) and heated at reflux for 3 h. After cooling, the solution was
precipitated in 200 mL saturated aqueous NH4PFs. The precipitate was collected on a
filter and washed with 500 mL of water then 100 mL of diethyl ether. The dry, crude
product was purified using size exclusion chromatography on Sephadex® LH-20 resin.
The sample was loaded as a concentrated acetonitrile solution and eluted with a 2:1
ethanol/acetonitrile (v/v) solvent mixture. Nine fractions were collected and analyzed
with electronic absorption and emission. Fractions 3 - 5 which did not emit at 680 nm
when excited at 520 nm and had matching electronic absorbance spectra were combined.
Purified product was dissolved in minimal acetonitrile and precipitated in diethyl ether.
Final product was air-dried, yielding 0.23 g, 0.17 mmol 35% of a deep red solid. *H
NMR was complicated by multiple isomers. ESI-MS: [M — PFg]* m/z = 1619.10. UV-
vis (CH3CN): Amax =512 nm (e = 1.9 x 10* Mtcm™).

2.2.4. Preparation of [(Phophen)Ru(dpp)RhCl>(dcmbpy)](PFs)s

The new Ru(Il),Rh(I1l) bimetallic complex was synthesized similarly to previously
reported [(bpy)2Ru(dpp)RhCl2(bpy)](PF6)3.2" [(Phzphen).Ru(dpp)](PFs)2 (0.48 g, 0.37
mmol) and (dcmbpy)RhClz-DMF (0.29g, 0.51 mmol) were dissolved in 30 mL 2:1
ethanol/water (v/v) and heated at reflux for 3 h. After cooling, the solution was
precipitated in 200 mL saturated aqueous NHsPFs. The precipitate was collected on a
filter and washed with 500 mL of water then 100 mL of diethyl ether. The dry, crude
product was purified using size exclusion chromatography on Sephadex® LH-20 resin.
The sample was loaded as a concentrated acetonitrile solution and eluted with a 2:1
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ethanol/acetonitrile (v/v) solvent mixture. Eight fractions were collected and analyzed
with electronic absorption and emission. Fractions 3 - 5 which did not emit at 680 nm
when excited at 520 nm and had matching electronic absorbance spectra were combined.
Purified product was dissolved in minimal acetonitrile and precipitated in diethyl ether.
Final product was air-dried, yielding 0.12 g, 0.083 mmol 18% of a deep red solid. H
NMR was complicated by multiple geometric and stereo isomers. ESI-MS: [M — PFe]*
m/z = 1735.10. UV-vis (CH3CN): Amax =520 nm (g = 1.8 x 10* Mcm™).

2.3. Experimental Methods
2.3.1. Electrochemistry

Electrochemical experiments were performed in a single cell fitted with a glassy-
carbon working electrode, a Pt wire auxiliary and a Ag/AgCl reference electrode
calibrated with ferrocene (E° = 0.46 V vs. Ag/AgCI). The supporting electrolyte was 0.1
M BusNPFs in spectrophotometric grade acetonitrile. The solution was purged with
acetonitrile-saturated argon prior to CV scans and blanketed with acetonitrile-saturated
argon during scans. Variable scan rate CV was performed with a Princeton Applied
Research (PAR) model 283 potentiostat. Electrochemistry was also performed on a
Bioanalytical Systems (BAS) Epsilon potentiostat. DigiSim software was used to model
CVs obtained with the BAS potentiostat due to insufficient iR compensation. A
reversible electrochemical step followed by an irreversible chemical step was entered in
DigiSim as eq. 2.1 and eq. 2.2. Both 100 mV-s ! and 1000 mV-s* were modeled and
compared with experimental CVs. The modelled equilibrium constant (Keq) was 1 x 10%°,
Internal resistance, the E1 and the rate constant for the forward chemical reaction were

adjusted to match the experimental voltammograms.
A+e =B (2.1)
B=C (2.2)

2.3.2. Electronic Absorption Spectroscopy

The extinction coefficients were determined by measuring the absorption of known

concentrations. Each bimetallic complex (20 to 30 mg) was dissolved in 25.00 mL
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spectrophotometric grade acetonitrile. The solution was sonicated for a minimum of 30
seconds. Three aliquots (0.750 to 1.000 mL) were diluted to 10.00 mL to obtain a final
concentration of about 4.5 x 10> M. The electronic absorption of each diluted sample
was measured in a Starna 0.2 cm quartz cell using a Hewlett-Packard 8452A diode array
spectrophotometer. Each experiment was repeated twice. Extinction coefficients were
calculated with eq. 2.3 in which € is the extinction coefficient, A is absorption, C is

concentration and | is path length of the cell.

(2.3)

A
fT Tl

2.3.3. Steady-State Emission Spectroscopy

Emission spectra were collected with a Quanta Master Model QM-200-45E
fluorimeter from Photon Technologies, Incorporated. A water-cooled 150 W Xenon arc
lamp excitation source was used to excite samples in a 1 cm Starna quartz cell and a
thermoelectric-cooled Hamamatsu R2658 photomultiplier tube was employed to detect
emission at a 90° angle to the excitation source. Room temperature experiments were
performed on molecules of interest dissolved in spectrophotometric grade acetonitrile.
The absorption of all samples was about 0.3 a.u. Samples were purged with argon for 10
min in a 1 cm Starna quartz cell fitted with a screw top. The ®°" of Ru(ll),Rh(1lI)
bimetallic complexes were determined by referencing the emission of the sample to
[Os(bpy)3](PF6)2 (D°™ = 4.62 x 107°) (eq. 2.4).28 Emission profiles were corrected for
PMT response (Figure 2.1).
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Figure 2.1: Correction factor for PMT response in the 500 to 1000 nm wavelength
range.

2.3.4. Time-Resolved Emission Spectroscopy

Time-resolved spectroscopy experiments were completed by Theodore Canterbury at
Virginia Tech. The lifetime of the *MLCT excited state was measured with a tunable dye
(PL-201) N2 laser (PL-2300) from Photon Technologies, Incorporated. Samples with an
absorption of about 0.3 were prepared in a Starna 1 cm quartz cell in spectrophotometric
grade acetonitrile and purged with argon for 10 min. The lifetimes of the complexes
were determined with a mono-exponential decay fit (eq. 2.5) of emission intensities vs.
time in OriginPro8.

(2.5)

— -x/T
Y=y, t+4de

2.3.5. Photocatalytic Water Reduction

Photolysis experiments were performed in triplicate inside 20-mL cells fitted with air-
tight septa. Catalyst solutions were prepared in spectrophotometric grade DMF and
concentrations determined with electronic absorption spectroscopy. Solutions were
purged with argon for 10 min prior to addition of the sacrificial electron donor, dimethyl

aniline (DMA). The DMA was separately purged with argon for 10 min. The reaction
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volumes were 14.5 mL (130 uM catalyst, 0.62 M H.0, 1.5 M DMA and 0.11 mM
[DMAH*]-[CF3SO37]), leaving a 15.5 mL headspace. Solutions were photolyzed with a
470 nm LED light source for 24 hours. Hydrogen production was monitored with HY -
OPTIMA 700 H: sensors from Hzscan.

3. Results and Discussion
3.1. General Overview

The  supramolecular  complexes  [(Phzphen)zRu(dpp)RhCl2(Me2bpy)](PFs)s,
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)z and [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)3
were synthesized using a building block approach. The three complexes were
characterized with ESI mass spectrometry. The large number of geometric and
stereoisomers, however, prevented characterization with NMR spectroscopy or X-ray
crystallography. The electrochemical and photophysical properties of these complexes
were analyzed prior to testing them for photocatalytic water reduction. The results show
interesting differences between the carbomethoxy substituted catalyst and the other two

complexes.
3.2. Synthesis

The bimetallic complexes discussed herein were synthesized with a building block
approach (Figure 3.1) to increase purity of the final product. The Ru starting material,
(Phzphen)2RuClz, and the Ru monometallic complex, [(Ph2phen).Ru(dpp)](PFs)2 were
purified with alumina chromatography to remove [Ru(Phzphen)s](PFe)> and
[{(Phzphen)2Ru}2(dpp)](PFe)s, respectively. The Rh monometallic complex was purified
by solubility differences from the starting materials and byproduct. The desired Rh
monometallic complex is soluble in CHCIs while the RhCl3 starting material and Rh-Rh
dimer byproduct do not dissolve in CHCIz. The bimetallic complexes were purified with
size exclusion chromatography to remove any residual monometallic reagent. Identity of
the product was confirmed with ESI mass spectrometry (Appendix) and purity
ascertained with emission spectroscopy. The [Ru(Phzphen)s]** monometallic reagent
emits with Amax = 680 nm while the bimetallic complexes emit near 800 nm. Although
size exclusion chromatography resulted in high purity, significant product mass was lost

and synthetic yields were low.
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Figure 3.1: Synthetic scheme for [(Ph2phen).Ru(dpp)RhCI2(R2bpy)](PFe)s (Phophen =
4,7-diphenyl-1,10-phenanthroline; dpp = 2,3-bis(2-pyridyl)pyrazine; Rzbpy = 4,4'-
disubstituted-2,2'-bipyridine where the substituent is CHz, H or COOCHa.

3.3. Electrochemistry

Electrochemical data indicates significant differences in the reductive mechanisms of
the three complexes in the series (Table 3.1 and Figure 3.2). The Ru""" oxidation
potential remains constant within the series, indicating that the energy of the Ru-based
HOMO is not affected by terminal ligand at Rh. The cathodic region suggests complex
kinetics with two possible mechanistic pathways following the Rh'""'Cl, reduction for all
three complexes. The first reduction is reversible when an electrochemical step is
followed by a second electrochemical step prior to a chemical reaction (EEC). A non-
reversible reduction occurs with an electrochemical step followed by an irreversible

chemical process prior to a second electrochemical step (ECE).
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Table 3.1: Electrochemical potentials of [(Phzphen)2Ru(dpp)RhCl2(Mezbpy)](PFe)s,
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)s and [(Phzphen).Ru(dpp)RhClz(dcmbpy)](PFs)s.

Complex Ep” Ep* Eu2” Assignment
[(Phaphen)2Ru(dpp)RhCl2(Mezbpy)](PFe)s  1.59 1.52 156  Ru""
-0.37  —0.44  —-041 Rh"Cl,
-0.82 RhII/IC|2
—-096  -1.08  -1.02 (dpp”")Rh'
[(Phzphen)zRu(dpp)RhCl2(bpy)](PFs)s 1.60 1.49 155  Ru"M
-0.38  -0.44  -0.41 Rh"'Cl,
-0.80 RhII/IC|2
-091  -111  -1.01 (dpp”)RK
[(Phzphen).Ru(dpp)RhClz(decmbpy)](PFe)s  1.61 1.48 155  Ru""
-0.41 Rh"CI,
RhII/IC|
—0.68 Rh”“CIz
-0.92 -1.13  -1.03 dpp””

“ CVs performed with a glassy carbon working electrode, Pt wire auxiliary, and
Ag/AgCI reference in 0.1 M BusNPFg supporting electrolyte. Potentials reported as V vs.

Ag/AgCI.
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Figure 3.2:  Cyclic voltammograms of [(Phzphen):Ru(dpp)RhCl2(Me2bpy)](PFs)3
(orange), [(Phzphen)2Ru(dpp)RhCl2(bpy)](PFe)3 (green) and
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s  (purple) with 0.1 M BusNPFs/CH3CN
supporting electrolyte and a 100 mV/s applied scan rate.

The electron-withdrawing ability of the terminal ligand on Rh dictates which of the
two mechanisms is dominant, although both mechanisms occur to some extent in all three
molecules. An EEC mechanism is dominant in the
[(Phzaphen).Ru(dpp)RhCl2(Me2bpy)](PFs)s  and  [(Phzphen)Ru(dpp)RhCl2(bpy)](PFs)3
complexes while the predominant mechanism at slow scan rates in
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFs)s is ECE . In the EEC mechanism, the Rh''CI,
species is stabilized by the electron-donating terminal ligands on Rh and a separate
Rh"ICI, reduction is observed at —0.8 V vs. Ag/AgCl. Rapid halide loss occurs upon
Rh"'CI, reduction in the ECE mechanism. The Rh"!CI reduction following initial

halide loss overlaps with the Rh""!'CI; reduction in the ECE mechanism.

The ECE reductive mechanism is typical in Rh polypyridyl dihalide complexes. The
rate of chloride loss in both [Rh(bpy)2Cl]* and [Rh(phen).Cl,]" is too fast to be analyzed
in the cyclic voltammetry time scale.?* Even at scan rates as fast as 80 V/s, the Rh'""/!V!

reduction is irreversible.?* Electron-donating substitution of the polypyridyl ligand does
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not alter the reductive mechanism and Rh(Mezbpy).Cl>]* also undergoes a two-electron

irreversible reduction.28?

Coordination to Ru does not preclude the ECE reductive mechanism in Rh
polypyridyl dihalide complexes. As expected, trimetallic Ru2RhCl> polypyridyl
complexes lacking electronic communication between the different metals behave
electrochemically like comparable monometallic complexes.?® The reductive mechanism
is also ECE in trimetallic Ru2RhCl2 polypyridyl complexes in which electronic

communication does occur between Ru and Rh.”&¢

The ECE reductive mechanism of Rh polypyridyl dihalide complexes is not
surprising. Rh' polypyridyl complexes are unstable and rapidly decompose into Rh' and
Rh" (eq. 3.1-3.3).3° Rh'! is stable in Rh paddlewheel complexes containing polypyridyl
ligands and can photocatalyze water reduction.3* However, Rh' is not observed in the

electrochemistry of most polypyridyl Ru(l1),Rh(II1) bimetallic compounds.®?
[Rh"(bpy)aJ* + &~ =2 [Rh"(bpy)el?* (3.1)

[RN"(bpy)s]?* <=2 [Rh"(bpy),]2* + bpy (3-2)

2[RA'(bpy),J** + 2X- =2 [RNI(bpy),]* + [Rh"(bpy),X,1" (33)

Ru(I),Rh(111) bimetallic complexes reported by Brewer are unique in that a separate
Rh"'X, reduction is observed electrochemically.”®"9™27 The presence of the Rh'"'X
reduction indicates an EEC mechanism in which the rate of halide loss is not as fast on
the CV timescale. The first reduction is mixed dpp-Rh in character and overlaps with the
Rh"'X reduction following the initial halide loss. The dominance of dpp or Rh in the
first reduction and the tendency to follow an EEC or ECE mechanism are dictated by the
electronic properties of the terminal ligands on Rh.”9"" The second reduction is a Rh'"'X

reduction prior to halide loss.™

The reversibility of the first reductive couple was studied with variable scan rate

cyclic voltammetry in order to determine the relative rates of chloride loss within the
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series. A correlation between faster rates of halide loss, o-donating ability of the ligands
on Rh and greater photocatalytic activity for water reduction exists among
[(Phzphen).Ru(dpp)RhCl(‘Buzbpy)](PFe)s and
[(Phzphen)2Ru(dpp)RhX2(Phophen)](PFe)s (X = CI or Br).’%3® Faster chloride loss
coincides with less reversible reduction because the chemical step following
electrochemical reduction occurs faster than the reverse electrochemical process at slow

scan rates.

The rate of chloride loss sometimes occurs on a timescale that can be monitored with
cyclic voltammetry.’® The ratio of the anodic peak current to the cathodic peak current
(ip?ip°) has a value of 1.0 for reversible processes. Non-reversible reductions, which are
followed by a chemical step, have an i,¥/i, value less than 1.0. An i,%ip° value that
increases with increasing scan rate indicates that the follow-up chemical step occurs on a

timescale that can be monitored with cyclic voltammetry (eq. 3.4 and 3.5).

o (3.4)
Rh!Cl, == Rh''CI,
o

K ¢y (3.5)
Rh''Cl, == Rh''CI

The i,%ip° for the first reduction in [(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFs)s and
[(Phzphen).Ru(dpp)RhCl2(bpy)](PFe)s is unity even at slow scan rates, whereas in
[(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)3, the ratio is less than 1.0 at slow scan rates
and increases with increasing scan rate (Figure 3.3). The molecular species in the
complexes with methyl-substituted and unsubstituted bipyridine remain mostly intact
following the first reduction while the complex with carbomethoxy-substituted bipyridine
undergoes a chemical change. The most probable chemical reaction is chloride loss due
to a decrease in bonding order. The increasing reversibility of the first reduction with
increasing scan rate suggests chloride loss in [(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)3
occurs on the CV timescale.
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Figure 3.3: Ratio of anodic to cathodic peak current vs. scan rate. Variable scan rate
cyclic voltammograms of [(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFs)s (orange triangles),
[(Phzphen).Ru(dpp)RhCl2(bpy)](PFs)3 (green circles) and
[(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)z (purple squares) with a glassy carbon working
electrode, Pt wire auxiliary, and Ag/AgCl reference in 0.1 M BusNPFs/CH3CN
supporting electrolyte. Potential sweeps were applied with a BAS potentiostat.

The rate constants for chloride loss following the Rh""!" reduction were quantified
with  DigiSim  modeling for  [(Phzphen)Ru(dpp)RhCl2(Mezbpy)](PFe)s  and
[(Phz2phen).Ru(dpp)RhCl2(dcmbpy)](PFe)s, the complexes with electron-donating and
electron-withdrawing substituents. The DigiSim models overlaid with experimental CVs
for [(Phzphen)2Ru(dpp)RhCl2(Mez2bpy)](PFs)3 and
[(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)z are shown in Figure 3.4. The rate constant
for chloride loss in [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)sz was calculated to be 0.7
s 1. Modeling with rate constants in the 0.6 s to 0.8 s range and varying internal
resistance all produce comparable matches. The return wave in the quasi-reversible
reduction does not match perfectly with the model because non-Faradaic current was
present in the experimental CV and a blank was not subtracted. The chloride loss rate
constant in [(Phzphen).Ru(dpp)RhCl2(Mezbpy)](PFe)s is 0.2 s. The experimental CV
for both complexes shows the onset of a second reduction at —0.6 V vs. Ag/AgCl,

precluding a perfect simulation.
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Figure 3.4: DigiSim models (dashed lines) overlaid with experimental CVs (solid lines)
for [(Phzphen)2Ru(dpp)RhCl2(Mezbpy)](PFe)s (orange) and
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s (purple). Experimental CVs were obtained
with a 0.1 M BusNPFe¢/CH3CN supporting electrolyte. A potential sweep of 100 mV/s
was applied with a BAS potentiostat.

Non-integer peak current ratios for the first and second cathodic couples indicate
complicated kinetic mechanisms. Cyclic voltammograms obtained with several scan
rates are shown in Figure 3.5. The ratio of the second to first cathodic peak (ipSu/ip®m)

increases with increasing scan rate (Figure 3.6). At faster scan rates, the electrochemical
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reaction observed in the second peak is faster than the chemical reaction initiated by the

first reduction.

Variation in the slope of the plot of i“un/ip°q) vS. scan rate indicates competitive
mechanistic pathways for all three complexes. There are two linear regions in which
each mechanism dominates (Figure 3.6). The dominant mechanism at slower scan rates
is an ECE mechanism with chloride loss following the first reduction. At faster scan
rates, the second Rh reduction occurs faster than chloride loss and an EEC mechanism

dominates.

The intersection of the two linear regions provides an approximate rate constant for
chloride loss. The intersection point for [(Phzphen)Ru(dpp)RhCl>(dcmbpy)](PFs)3
occurs at approximately 0.7 V-s, consistent with DigiSim modeling. The intersection
for [(Phzphen)2Ru(dpp)RhCl2(bpy)](PFe)s is observed at approximately 0.5 V-sX. Two
linear regions cannot be distinguished for [(Phzphen)2Ru(dpp)RhCl2(Mez2bpy)](PFe)a.
Error due to baseline measurements and instrument noise at slow scan rates obscure the
intersection point. Nevertheless, a trend of increasing rate of chloride loss with
decreasing o-donating ability of the polypyridyl terminal ligand is observed. More facile
population of the antibonding orbital with less c-donating ligands enables more rapid
cleavage of the Rh-Cl bond.
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Figure 3.5: Variable scan rate cyclic voltammograms of

[(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFs)s (a), [(Phzphen)Ru(dpp)RhCl2(bpy)](PFe)s (b)
and [(Phzphen):Ru(dpp)RhCl2(dcmbpy)](PFe)s (c) with a glassy carbon working
electrode, Pt wire auxiliary, and Ag/AgCl reference in 0.1 M BusNPFs/CH3CN
supporting electrolyte. A PAR potentiostat with IR compensation was used. CVs shown
had an applied scan rate of 100 (purple), 500 (blue), 900 (green), 1500 (orange) and 2000
(red) mV-st,
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Figure  3.6: Peak current ratio  ip°apfipsy vs. scan  rate  for
[(Ph2phen).Ru(dpp)RhCl2(Me2bpy)](PFs)3 (orange triangles),
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFe)3 (green circles) and

[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s (purple squares). A PAR potentiostat with iR
compensation was used to apply 100, 300, 500, 700, 900, 1200, 1500, 1700, 2000, 2500
and 2800 mV-s* scan rates.

The Ei12 of the second reduction of [(Phzphen)Ru(dpp)RhClz(dcmbpy)](PFe)s is
shifted positive compared with the second reduction of
[(Phzphen)2Ru(dpp)RhCl2(Mezbpy)](PFs)s and  [(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)3
(Figure 3.5). The positive shift by 0.12 V indicates that either the Rh" MOs are
stabilized with the electron-withdrawing substituent or the rate of chloride loss following
Rh""" reduction increases.® Halide loss is thought to be an important step in the catalytic
mechanism of these complexes and a positive shift in the E1» of the second reduction

may correlate with increased hydrogen production.

Variable electron-withdrawing ability of ligands on Rh has been shown to shift the
Rh Ei in several polypyridyl Rh monometallic complexes. Increased electron-
withdrawing ability of the halide in [Rh(bpy)2X2]" monometallic complexes results in a
positive shift of the Rh"!"! E1/,.13 Similarly, a positive shift is observed when increasing

the aromaticity of polypyridyl ligands.!

Substituted bipyridine has been shown to shift the Rh Ei2 in mixed-ligand Rh
monometallic complexes. Steckhan et al. reported positive shifts in Rh Ey in Rh
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polypyridyl  pentamethylcyclopentadiene  complexes with  electron-withdrawing
substitution of the bipyridine.®®> A more thorough investigation of ligand electronic effects
in [RhCI(MesCp)(X2bpy)]Cl (MesCp is pentamethylcyclopentadiene; Xobpy is 4,4'-di-
substituted-2,2'-bipyridine) by Ltz et al. with eight different substituents in the 4,4’
position demonstrates a strong correlation between electron-withdrawing ability of the

substituent on bipyridine and the E1, of the Rh reduction.®

The electron-withdrawing ability of terminal ligands also impacts photochemical
reduction of Rh. Sutin and Creutz analyzed the rate constant for emission quenching of
[Ru(bpy)s]?* and [Ru(phen)s]?* by bipyridinium derivatives and observed an increase in
the quenching rate constant as the bipyridinium derivative reduction potential shifts to
more positive potentials.®” Although quenching rate constants were not determined with
substituted Rh polypyridyl complexes, reduction potentials of [Rh(R2bpy)]™ (R2bpy =
4.4'-di-substituted-2,2’-bipyridine) shifted positive with increased electron-withdrawing
ability of the substituent.3” Since the quenching rate constant increases with a more easily

reduced bipyridinium derivative, it may also increase with a more easily reduced
[Rh(R2bpy)]".

3.4.Electronic Absorption Spectroscopy

The electronic absorption properties of the Ru(ll),Rh(1Il) bimetallic complexes
reported herein are consistent with those of previously published Ru(I1),Rh(111) bimetallic
complexes with a [(Phzphen).Ru(dpp)]?* light absorbing unit. The UV region is
dominated by intraligand transitions (1 — =*) (Figure 3.7, Table 3.2). The highest
energy charge transfer excitation is a *MLCT transition (Ru dt — Phyphen m*) with Amax
= 426 nm for all three complexes. The lowest energy excitation is a *MLCT transition
(Ru dr — dpp n*) in the visible region with Amax = 512 nm for
[(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFs)3 and [(Phzphen)Ru(dpp)RhCl2(bpy)](PFe)s (e
=2.0x10*Mlecmtand 1.9 x 10* M tcm2, respectively) and Amax = 520 nm (e = 1.8 x
10~* M~tecm™) for [(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFs)s. Although there are subtle
differences, the electronic absorption properties of all complexes studied are nearly

identical.
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The light absorbing characteristics of these bimetallic complexes are typical of a Ru
polypyridyl light absorber covalently coordinated to Rh.’97M192732-3838 The Ry dn —
bridging ligand =* transition is red-shifted in Ru compounds coordinated to Rh compared
with a Ru polypyridyl complex with an open coordination site. Kalyanasundaram et al.
report the Ru dm — dpp n* transition as having Amax = 468 nm in [(bpy)2Ru(dpp)](PFs)2
and shifting to 514 nm upon coordination to Rh in [(bpy)zRu(dpp)Rh(bpy)2](PFe)s.2
Coordination to Rh stabilizes the *MLCT excited state.
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Figure 3.7: Electronic absorption spectra of [(Phophen)Ru(dpp)RhCl2(Me2bpy)](PFs)3,
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)s and [(Phzphen)2Ru(dpp)RhClz(dcmbpy)](PFs)s in
spectrophotometric grade acetonitrile.
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Table 3.2: Electronic absorption properties of

[(Phzphen)zRu(dpp)RhCl2(Mezbpy)](PFs)s, [(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)s and
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s in spectrophotometric grade acetonitrile at

room temperature.

Complex 2205 (nm) Assignment
[(Phzphen).Ru(dpp)RhCl2(Me2bpy)](PFs)3 273 Phophen © — w*
363 dpp © — n*
426 Ru dn — Phzphen n*
512 Ru dn — dpp ©*
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)3 275 Phzphen 1 — *
361 dpp 1 — w*
426 Ru dn — Phophen ©*
512 Ru dn — dpp ©*
[(Phzphen)2Ru(dpp)RhClz2(dcmbpy)](PFe)s 273 Phophen © — 7*
368 dpp 1 — w*
427 Ru dn — Phophen ©*
520 Ru dn — dpp ©*
3.5. Emission Spectroscopy

The three molecules in the series undergo radiative decay from the *MLCT excited

state as phosphorescence. Excited state emission spectroscopy provides an approximate
energy of the MLCT excited state. Electronic communication exists between ligands on
the same metal in a supramolecular complex.> The energy of the SMLCT excited state
may be slightly affected by the energetics of the terminal ligand on Rh. The maximum
emission wavelength (A*™) of [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFe)3 (787 + 10 nm) is
slightly blue shifted relative to the 2*™ of [(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFe)s and
[(Phzphen).Ru(dpp)RhCl2(bpy)](PFs)s (808 + 10 nm) but is nearly within error (Figure
3.8, Table 3.3). All three complexes have the same light absorbing component
([(Phzphen)2Ru(dpp)]?*) so the energy levels of the SMLCT excited states are expected to
be comparable. The slight variance is likely due to electronic communication between

dpp and the terminal ligand on Rh.
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Quantum vyield of emission (®*™) is the ratio of the number of photon emitted to the
number of photons absorbed (eq. 3.6). If 100% of the light absorbed populates a given
excited state, the ®@*™ is the ratio of the rate constant for phosphorescence to the sum of
all rate constants of deactivation from the excited state (eq. 3.7). The 3MLCT excited
state of Ru polypyridyl complexes is populated with unit efficiency, based on the studies
by Bolletta et al. with excited [Ru(bpy)s]**" and S20¢*", producing SO4> with unit

efficiency.®®

em — photons emitted (3.6)
B photons absorbed
(3.7)
$M = HPOP P

kp + knr + ket

A greater ®°" js expected for the higher energy 3MLCT excited state of
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFs)z based on the energy gap law, which states that
non-radiative decay occurs more slowly when the energy difference between states is
greater.®® The [(Phzphen).Ru(dpp)RhCl>(dcmbpy)](PFe)s ®*" is (6.4 + 0.6) x 1074,
slightly greater than the ®°" of [(Phzphen).Ru(dpp)RhCl2(Mezbpy)](PFs)s and
[(Phzphen).Ru(dpp)RhCl2(bpy)](PFe)s ((5.2 = 0.5) x 10* and (4.7 £ 0.5) x 1074
respectively) (Table 3.3). Similarly, the quantum yield of [Ru(dcmbpy)s]?* is greater
than that of [Ru(Rzbpy)s]>" complexes with electron-donating substituents.** Although
the substituted ligand is coordinated to Rh rather than to Ru, the ester properties appear to
affect the Ru to dpp 3MLCT excited state.

A small amount of the emissive Ru monometallic  complex,
[(Phzphen):Ru(dpp)](PFe)2, causes an increase in the ®°*" calculation for
[(Phz2phen).Ru(dpp)RhCl2(Mezbpy)](PFs)a. In the absence of the
[(Phzaphen).Ru(dpp)](PFe)2 impurity, the emission of
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)z and  [(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFs)3
are probably identical. The quantum yields of the two complexes are within error of one

another even with the known impurity.
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Figure 3.8: Steady-state emission spectra of [(Phzphen)Ru(dpp)RhCl2(Me2bpy)](PFe)3
(orange), [(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)3 (green),
[(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFe)z (purple) collected at room temperature in
deaerated spectrophotometric grade acetonitrile.

Table 3.3: Summary of room temperature emission spectroscopic data in deaerated
acetonitrile.

Complex 22" (nm) @M (x 10™%) 1 (ns)

[(Phzphen)2Ru(dpp)RhCl2(Mezbpy)](PFs)s 808 + 10 52+05 47+5
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFe)3 808 + 10 47+05 44 + 4
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s 787 £ 10 6.4+0.6 93+9

The excited state lifetime (1) is the time required for the molecule in the *MLCT
excited state to relax back to the ground state. It is the inverse of all forms of
deactivation from the 3MLCT excited state. All decay plots fit well (R? > 0.97) with
mono-exponential decay. The 1 of [(Phzphen)Ru(dpp)RhCl2(dcmbpy)](PFe)s is longer-
lived (93 ns = 9 ns) compared with that of [(Ph2phen)2Ru(dpp)RhCl2(Mezbpy)](PFe)z and
[(Phzphen).Ru(dpp)RhCl2(bpy)](PFs): (47 ns + 5 ns and 44 ns + 4 ns, respectively), as
shown in Table 3.3. Lifetime decay plots are provided in the Appendix.

The electron-withdrawing substituent on the terminal ligand on Rh in
[(Phzphen)zRu(dpp)RhCl2(dcmbpy)](PFs)s was expected to stabilize the *MMCT excited
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state and increase the driving force for electron transfer from the *MLCT excited state.
The long lifetime of [(Phzphen)2Ru(dpp)RhClz2(dcmbpy)](PFs)3 is unexpected. Assuming
the rate constants for radiative and non-radiative decay remain constant with a constant
light absorber, the ke in [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFe)s is lesser than in
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)s or [(Phzphen)2Ru(dpp)RhClz(Mezbpy)](PFs)s.

It is possible that the extended lifetime of [(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)3
is due to qualities of the carbomethoxy substituent other than its electron-withdrawing
ability. Bipyridyl substitution with both electron-donating and electron-withdrawing
groups in [Ru(R2bpy)s]** complexes usually lowers the lifetime and emission quantum
yield compared with [Ru(bpy)s]** but the lifetime and quantum yield of ruthenium(ll)
tris-4,4"-biscarboxyethyl-2,2"-bipyridine ([Ru(deeb)s]**) is significantly greater than other
complexes (t = 1.65 ps for [Ru(deeb)s]* compared with t = 0.25 ps for
[Ru((NO2)2bpy)s]?* in 4:1 EtOH/MeOH v/v at room temperature).*? The ester-substituted
complex also has a greater ki and lower ko than most [Ru(Rzbpy)s]>* complexes,

accounting for the increased @M.+

The 3MLCT excited state properties of [Ru(R2bpy)s]** complexes offer some insight
into the excited state properties of Ru(ll), Rh(Ill) bimetallic complexes. However, it is
important to keep in mind that the *MLCT excited state properties and deactivation
pathways of the complexes studied in this work are significantly different than a Ru
substituted polypyridyl monometallic complex. The 3MLCT excited state lifetime of
[(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)3s may be extended by decreased non-radiative
decay associated with the ester group, which seems doubtful given the distance between
the Ru and dcmbpy ligand even though the dpp bridging ligand is influenced.
Alternatively, the increased lifetime may be the result of an electron-withdrawing group
stabilizing the SMMCT excited state. Kalyanasundaram et al. observed increased excited
state lifetimes with increased electron-withdrawing ability of carboxy substituents in
[Ru(Rzbpy)s]>*.* Although the driving force is increased by stabilization of the SMMCT
excited state, the energy gap increases and ket is a non-radiative process.
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3.6. Photocatalytic Water Reduction

All three molecules are active photocatalysts for water reduction (Figure 3.9).
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s, which has an electron-withdrawing
substituent on the Rh terminal ligand, produces significantly more hydrogen than the two
complexes without an electron-withdrawing substituent. The turnover number (TON) is
reported as moles hydrogen per mole catalyst. After photolysis for 20 hours, the TON
with [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)z is 63, while it is only 30 with
[(Phzphen)2Ru(dpp)RhCl2(Mezbpy)](PFe)3 and 35 with
[(Phzphen)Ru(dpp)RhCl2(bpy)](PFe)s.  The amount of hydrogen produced with
[(Phzphen).Ru(dpp)RhCl>(dcmbpy)](PFe)z is nearly twice that produced with the
complexes that do not have an electron-withdrawing substituent.
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Figure 3.9: Photocatalytically produced hydrogen with
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)3 (purple squares),
[(Phzphen).Ru(dpp)RhCl2(bpy)](PFs)3 (green circles) and

[(Phzphen).Ru(dpp)RhCl>(Me2bpy)](PFs)s (orange triangles) in DMF. Total solution
volume was 4.5 mL (130 pumol catalyst, 0.62 M H.O, 1.5 M DMA, 0.11 mM
[DMA*][CF3S0O37]) and 15.5 mL headspace.

Direct comparison to other photocatalytic systems is difficult and is often misleading.

Catalysts that do not involve light absorption can more easily be compared with their
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turnover frequencies (TOF), moles product per mole catalyst per unit time. The
efficiency of photocatalysis, however, is affected not only by catalyst concentration but
also by the concentration of light absorber and the permittivity of light through solution.

The ratio of light absorber to catalyst in different systems is rarely the same.

There are indeed numerous reports of photocatalysts for water reduction that are more
efficient than the currently examined complexes — both in different and similar systems.
Ishitani et al. recently reported photocatalytic water reduction with a TOF of 190 h!
based on the amount of light absorber used.*® The 586 h™* TOF with respect to 5 uM
cobalt catalyst concentration reported by Thummel et al. decreased to 172 h™* with 20
uM catalyst but a TOF calculation with respect to the 0.4 mM [Ru(bpy)s]?* light absorber
would be even more drastically decreased.*® Numerous variations in experimental

conditions and analysis of results obscure determination of a superior photocatalyst.

Comparison of photocatalysts is most accurately done among similar systems,
although slight variations in experimental conditions can convolute collation. The
trimetallic complex [{(Phzphen).Ru(dpp)}RhCI-]** photocatalyzes water reduction with
a 7.5 h™* TOF with respect to Rh using 65 pM catalyst.’® Photocatalysis with 65 uM
[(Phzphen).Ru(dpp)RhCl2(Phzphen)](PFs)s reduces water with a TOF of 3.5 h™* and 130
uM catalyst reduces water with a TOF of 2.5 h™? with respect to Rh.”" Subsequent
photocatalysis experiments with Ru(ll), Rh(IIl) bimetallic polypyridyl supramolecules
have used 130 uM catalyst in order to maintain a consistent number of Ru light absorbing

units with previously reported Ru(ll), Rh(111), Ru(I1) trimetallic photocatalysts.33

The [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)s complex is not the most efficient
photocatalyst (TOF = 3.1 h™! with respect to 130 pM Rh) but valuable information can be
gleaned from the photochemical analysis. It has been seen that incorporation of a less -
donating halide on Rh improves photocatalysis.””’®3 This work demonstrates
enhancement of photocatalytic water reduction with electron-withdrawing substitution of
the terminal ligand on Rh.  [(Phzphen)Ru(dpp)RhCl2(dcmbpy)](PFs)s produces a
comparable amount of hydrogen as the recently reported
[(Phzphen).Ru(dpp)RhBr2(Phzphen)](PFe)s (TOF = 3.1 h™1) under identical experimental

conditions.33
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The electronegativities of the coordinated bromide and the carbomethoxy substituent
effectively draw electron density toward the catalytic Rh site. Density functional theory
(DFT) calculations of [Ru(bpy)2LL]?* in which LL is a substituted bipyridine suggest that
the LUMO resides primarily on LL with electron-withdrawing substitution.** The
molecular  orbitals in  complexes  with  extensive  aromaticity, like
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s, are highly delocalized. The LUMO is likely
a mixed molecular orbital residing on both the bridging ligand and the Rh metal.” Cyclic
voltammetry shows that the LUMO of [(Phzphen)2Ru(dpp)RhCI2(Phzphen)](PFe)z is
more dpp-based and less Rh-based than the LUMO of
[(Phzphen)2Ru(dpp)RhBr2(Phzphen)](PFs)s and it is an inferior photocatalyst.”%*® The
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)s and [(Phzphen)Ru(dpp)RhCl2(Me2bpy)](PFe)3
complexes  which  have  more  reversible = LUMO  reductions  than
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)z also catalyze water reduction less efficiently.
The electron-withdrawing substituent in the dcmbpy ligand causes the LUMO to be more

Rh-based and facilitates water reduction.

The long-lived *MLCT excited state of [(Phzphen).Ru(dpp)RhClz(dcmbpy)](PFs)s
also contributes to the enhanced hydrogen production compared with the
[(Phzphen)2Ru(dpp)RhCl2(Mez2bpy)](PFs)s and  [(Phzphen)2Ru(dpp)RhCl2(bpy)](PFs)3
complexes.  Photocatalytic water reduction by other polypyridyl Ru(ll), Rh(IlI)
supramolecules has also increased with longer 3MLCT excited state lifetimes. The
[{(Phzphen)2Ru(dpp)}RhBr2](PFe)s trimetallic complex has a significantly longer lived
SMLCT excited state (t = 40 ns) than [{(bpy)2Ru(dpp)}.RhBr2](PFe)s (t = 26 ns) but
[{(Phzphen)2Ru(dpp})2RhBr2](PFs)s produces more hydrogen (TOF = 31 h! for
[{(Ph2phen)2Ru(dpp) }2RhBr2](PFs)s and TOF = 27 ht for
[{(bpy)2Ru(dpp)}2RhBr2](PFe)s in DMF).™>7¢

The rate constant for electron transfer (ket) which determines t© when radiative and
nonradiative decay rate constants are held constant, is most likely not the rate-
determining step in photocatalysis. Intermolecular quenching of the *MLCT excited state
by a sacrificial electron donor fills the electron hole on Ru.” The ke for
[{(Phzphen)Ru(dpp)}RhBr2]** (ke = 2.0 x 10" st) is less than that of
[{(bpy)2Ru(dpp)}2RhBr2]°" (ket = 2.3 x 107 s71).7*” However, the longer *MLCT excited
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state lifetime of [{(Phzphen).Ru(dpp)}.RhBr,]°* provides more time for intermolecular
quenching. The excited state lifetime of [(Phzphen).Ru(dpp)RhCl>(dcmbpy)](PFe)s
allows twice as much time for intermolecular quenching by the sacrificial electron donor
than the lifetimes of [(Phzphen)2Ru(dpp)RhCl2(Mezbpy)](PFs)3 and
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFes)s. The extended lifetime resulting from

carbomethoxy substitution produces significantly more hydrogen.
4. Conclusions and Future Work
4.1. Conclusions

Electron-withdrawing substitution of the terminal ligand on Rh with carbomethoxy
substituents in these Ru(ll), Rh(l1l) supramolecular complexes increases photocatalytic
water reduction compared with complexes containing non-substituted or electron-
donating substituted terminal ligands. [(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFs)3
photocatalyzes water reduction with a 3.1 h? TOF compared with
[(Phzphen)2Ru(dpp)RhCl2(bpy)](PFe)s and [(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFe)3
which photocatalytically reduce water with a TOF of 1.8 h™* and 1.5 h?, respectively, in
the  first 20  hours. The  increased  hydrogen  production  of
[(Phzphen)2Ru(dpp)RhCl2(dcmbpy)](PFe)z  is likely due to a combination of the
increased rate of chloride loss and longer *MLCT excited state lifetime. The electron-
withdrawing substituent may stabilize the *MMCT excited state into the Marcus inverted
region, but that cannot be determined within the scope of the current analysis.

The rate of chloride loss upon Rh reduction increases with electron-withdrawing
substitution and correlates with enhanced water reduction. The rate constant for chloride
loss upon Rh""!" reduction is 0.7 s™* with the decmbpy terminal ligand and 0.2 s™* with
Mebpy. Stabilization of Rh-based orbitals is unclear. The positive shift of the Ei for
the first and second reductions in [(Phzphen)Ru(dpp)RhCl2(dcmbpy)](PFe)s may be
attributed to orbital stabilization, increased rate of halide loss, or both. Importantly, the
rate at which the water substrate can interact with the catalytic Rh site increases as the
chloride leaves more quickly.

The long-lived *MLCT excited state of [(Phzphen).Ru(dpp)RhClz(dcmbpy)](PFs)s

combined with the increased hydrogen production suggest that the rate-determining step
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is intermolecular electron transfer from the sacrificial donor. The rate of hydrogen
production should increase with increasing ke and decrease with increasing t if
intramolecular electron transfer is the rate-determining step. The ket in the carbomethoxy
substituted complex is less than that in both the methyl and unsubstituted catalysts,
assuming the k. and knr are constant with a consistent light absorbing unit, but it
photocatalyzes water reduction at an increased rate compared with the other two
complexes. The concentration of [(Phzphen)2Ru(dpp)RhClz2(dcmbpy)](PFs)s in the
SMLCT excited state is higher than the 3MLCT excited state concentration of the other
two complexes at any given time because of the greater t and thus has more opportunity

for bimolecular quenching by the sacrificial donor.

It is assumed in the previous argument that radiative and non-radiative decay rate
constants remain constant within the three complexes discussed because the light
absorbing unit is held constant. Based on the differences in the t, kr and ki of
[Ru(deeb)s]?*, it is possible that the radiative and non-radiative decay mechanisms of the
3MLCT excited state of [(Phzphen)2Ru(dpp)RhClz(dcmbpy)](PFs)s is different from the
3MLCT excited state deactivation of [(Phzphen).Ru(dpp)RhCl2(bpy)](PFs)z and
[(Phzphen)2Ru(dpp)RhCl2(Me2bpy)](PFs)s. While the longer T suggests stabilization of
the SMMCT excited state into the Marcus inverted region, the T of comparable molecules
with other electron-withdrawing groups should be examined prior to concluding
stabilization into the Marcus inverted region.

4.2. Future Work

A greater T implies a lower ki, knr Or ket (€g. 1.5). The cause of the long-lived t of
[(Phzphen).Ru(dpp)RhCl2(dcmbpy)](PFe)s is not quantified. Because of the difference in
the *MLCT excited state energy among the three complexes, it cannot be assumed that
the kr and knr remain constant. The ke of the complex with an electron-withdrawing
substituent was expected to be greater than that of the other two complexes. The
electrochemical data suggests possible stabilization of the unoccupied Rh orbitals, which
coincides with SMMCT excited state stabilization. Investigation of the ke with
femtosecond transient absorption spectroscopy will provide more information about

excited state behavior.
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The results of this work indicate that electron-withdrawing substitution of the
terminal ligand of Rh generates a better photocatalyst for water reduction. A more
complete analysis should involve investigation of photocatalysis with other electron-
withdrawing substituents. Synthesis and characterization of a molecule containing the
terminal ligand 4,4'-bis(trifluoromethyl)-2,2"-bipyridine ((CFs)2bpy) would be useful to
understanding possible stabilization of the 3MMCT excited state into the Marcus inverted
region. The CF3 substituents are electron-withdrawing but do not greatly alter the t, kr or
knr Of RuU((CFs)2bpy)s]>*.** A more extensive series of molecules containing carboxy-
substituted bipyridine and other electron-withdrawing groups would allow for a more

thorough analysis of "MMCT excited state stabilization.
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6. Appendix
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Figure A.1: Mass spectrum molecular ion peak of (dcmbpy)RhCls-DMF.
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Figure A.2: Mass spectrum of [(Phzphen)Ru(dpp)RhCl2(Mezbpy)](PFs)s. Molecular
ion peak is [[(Phzphen).Ru(dpp)RhCl2(Me2bpy)](PFs)2]".
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Figure A.3: Mass spectrum of [(Phzphen)Ru(dpp)RhClz(bpy)](PFs)s. Molecular ion
peak is [[(Phzphen)2Ru(dpp)RhCl.(bpy)](PFs)2]".

57



x10 2 |Cpd 1: : +ES| Scan (0.140-0.421 min, 18 Scuns) Frag=225.0V dum_bpy_148_esi_u.d Subuact

[

©
7

1735.0981

1737.097

o]
a
1736.1030
~ 1738.0999

- 17341007

Iaz)

b
1733.0093
1739.1022

M+

(A
¢ @
0976
1740.1022

[
¢
1732

17366013
1737.500
17411041
I

1.0097
17355854

o
—

1

1728 1729 1730 1731 1732 1733 1734 1735 1736 1737 1738 1739 1740 1741 1742 1743
Counts vs. Mass-to-Charge (m/z)

Figure A.4: Mass spectrum of [(Phzphen)Ru(dpp)RhCl2(dcmbpy)](PFs)s. Molecular
ion peak is [[(Phzphen).Ru(dpp)RhCl(dcmbpy)](PFs)2]".
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Figure A.5: Excited state decay plot for [(Phzphen).Ru(dpp)RhCl2(Mezbpy)](PFs)s3 in
deaerated acetonitrile.
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Figure A.6: Excited state decay plot for [(Phzphen).Ru(dpp)RhCl2(bpy)](PFs)s in
deaerated acetonitrile.
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Figure A.7: Excited state decay plot for [(Phzphen)z2Ru(dpp)RhCl2(dcmbpy)](PFe)s in
deaerated acetonitrile.
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