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(ABSTRACT)

In this research, photochemical molecular devices were designed to perform
photoinitiated electron collection. These devices were synthesized, characterized and their
spectroscopic, photochemical and electrochemical properties investigated. The general
formula for these systems is {[(bpy):Ru(BL)];MCl}** (M = Ir™ and BL = dpq (2,3-bis(2-
pyridyl)quinoxaline) or dpb (2,3-bis(2-pyridyl)benzoquinoxaline), or M = Rh™, BL = dpp
(2,3-bis(2-pyridyl)pyrazine)). The functioning of these devices as photoinitiated electron
collectors was determined. Through the use of a sacrificial electron donor in a photolysis
experiment, the functioning of the {[(bpy)Ru(dpb)]2IrCl,}*" trimetallic complex as a
photochemical molecular device for photoinitiated electron collection was established.
The interaction of the electron donor with the trimetallic complex was also investigated

through a Stern-Volmer quenching study.



To tune the properties of the chromophoric units, [Ru(bpy)2(BL)]*’, the bridging
ligand was varied. The dpq bridging ligand was modified through the incorporation of
electron donating and electron withdrawing substituents. The 6,7-dimethyl-2,3-bis(2’-
pyridyl)quinoxaline and 6,7-chloro-2,3-bis(2’-pyridyl)quinoxaline bridging ligands were
synthesized and characterized. The ruthenium mono- and bimetallic complexes utilizing
these bridging ligands, as well as dpb, were synthesized and investigated. It was shown
that the light absorbing and electrochemical properties of these [Ru(bpy)(BL)]**

chromophores can be varied by altering the m-acceptor nature of the bridging ligand.
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CHAPTER 1.

INTRODUCTION.

The goals of the research detailed herein were to design, synthesize, and determine
the photophysical properties and functioning of a photochemical molecular device (PMD)
developed for photoinitiated electron collection (PIEC). An orbital energy level diagram
for a photoinitiated electron collector has been proposed in the literature’, yet an actual
functioning device had not materialized.

Photochemical Molecular Devices.
A device by definition is: “device (dé vis): a thing that is made, usually for a

2 A molecular device (MD) is a device on the molecular scale

particular working purpose.
composed of subunits. Each subunit is designed to execute a specific task. Multiple
subunits executing their task in a given sequence yields an overall function that the device
has performed. Supramolecular complexes are often thought of as the connective
assemblies of such molecular subunits. Many of these devices involve the absorption
and/or emission of light, and, therefore, have been termed photochemical molecular
devices. Photobiological devices perform a variety of functions, such as photosynthesis
and vision.! Natural systems are remarkably complex and their exact replication would be
synthetically challenging. Artificial systems that carry out similar tasks, however, can be
devised.

In 1987 Vincenzo Balzani proposed orbital energy diagrams for a multitude of

photochemical molecular devices.! One specific PMD described by Balzani was a



photoinitiated electron collector. The purpose of such a device was to use light energy to
initiate a sequence of events which, in the end, yielded the collection of multiple electrons.
Once collected, the electrons could aubsequently be used to facilitate the multielectron
reduction of a variety of substrates. Figure 1 shows a modified depiction of Balzani's
orbital energy diagram corresponding to a photoinitiated electron collector. The device is
constructed of three main subunits: an electron donor (ED); a light absorber (LA); and an
electron collector (EC). Multiple electrons are collected on the device through a sequence
of events. Mapping the flow of such a sequence of events is facilitated by focusing on one
half of the device, prior to viewing the system as a whole. The sequence of events for a
ED-LA-EC section of the device are: (1) the LA absorbs a photon; (2) the ED donates
an electron to fill the hole created; and (3) the promoted electron, resulting from step 1,
propagates to lower energy orbital on the central EC. After the performance of all three
steps, the result is one oxidized ED and a singly reduced EC. Duplication of the same
sequence of events, by the other half of the device, produces two oxidized electron donors
and a doubly reduced electron collector. For the purposes of the work detailed herein, it
should be noted that all subunits are covalently attached in his proposed PMD for PIEC.
The PMDs designed for PIEC in this research are mixed-metal trimetallic systems
of the form {[(bpy).Ru(BL)],MCl,}(PFs)s (M= Ir"™ and BL = dpq (2,3-bis(2-
pyridyl)quinoxaline) and dpb (2,3-bis(2-pyridyl)benzoquinoxaline), M = Rh™,
BL = dpp (2,3-bis(2-pyridyl)pyrazine)). Some of the device’s monometallic subunits
device have been previously studied. Before highlighting the research pertaining to these

monometallic complexes, and discussing the research herein, a brief prologue is provided
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Figure 1. Orbital Energy Diagram for the Design of a Molecular Device for
Photoinitiated Electron Collection. The first diagram shows the initial orbital energy
diagram of the device. The abbreviations for these subunits are electron donor (ED), light
absorber (LA), and electron collector (EC). The final diagram shows the orbital energy
diagram of the device after it has performed its function.



to orient the reader to pertinent concepts and establish a terminology basis. This
discussion will give a cursory overview of electronic transitions, cyclic voltammetry, and
excited state phenomena.

Electronic Transitions.

In discussing the characterization and photophysical parameters of the PMDs it
will be useful to use a localized molecular orbital approach. The transition metal centers
contained in the trimetallic PMDs for PIEC, and their monometallic subunits, possess
pseudo-octahedral symmetry. The molecular orbital (MO) diagram for an octahedral
complex involving both 6 and m bonding is shown in Figure 2.> This “block-MO”
diagram is a simplified molecular orbital representation incorporating a localized MO
concept.* Each ‘block’ represents multiple molecular orbitals. The MO block’s subscript
denotes the predominant contributor to that set of MOs ((block)y = dominant metal
contribution and (block), = a dominant ligand contribution). Various types of optical
exitations can occur between these orbitals.

Octahedral complexes can undergo many types of optical excitations. Referring to
Figure 2*, there are three general types of transitions for octahedral metal complexes:
metal-centered transitions, ligand-centered transitions, and transitions involving both metal
and ligand based orbitals. Metal-centered transitions (1) are referred to as d-d transitions
or ligand field (LF) transitions. Ligand based transitions (2) are referred to as intraligand

transitions (IL). Intraligand transitions commonly involve the m bonding, nonbonding N

based orbitals and antibonding orbitals ( n,— ©*;, m, — ®w*L). Transitions involving both
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Figure 2. Block Molecular Orbital Energy Diagram for an Octahedral Complex, MLs.
The cross-hatching of a ‘block’ denotes the extent of electron occupation of that block.



metal and ligand based orbitals are classified as either a metal-to-ligand charge transfer
(MLCT) or a ligand-to-metal charge transfer (LMCT).> MLCT transitions (3) may be
from the filled t,, or partially filled e;,*. The most common example of a MLCT transition
is (mm— ©*L). A LMCT transition originates from any of the filled ligand orbitals (m. or
om ) and terminates in any of the empty metal orbitals. A common LMCT (4) transition is
from the 7, to the op*.* After excitation of a molecule there is an alteration of the
electronic state of the complex. There are many ways to deactivate and characterize the
excited state created by the promotion of an electron to a higher energy orbital.

Excited State Phenomena.

An excited state may lose energy by radiative, nonradiative and quenching
pathways. A state diagram, or Jablonski diagram, for a d° octahedral complex can be used
to visually illustrate these basic pathways (Figure 3).° Radiative deactivation occurs
through both fluorescence (k;, emission from S;) and phosphorescence (k,, emission from
Th). Although other deactivation pathways include heat loss (k. and k., nonradiative
decay), and interaction with another molecule (kx., quenching), phosphorescence
deactivates most complexes of the type described herein.

Quantum Yields. A mathematical relationship, known as quantum yields, is used
to indicate the efficiences of excited state processes. An example would be the emission
quantum yield (®). The ratio of the quanta of light emitted versus quanta of light
absorbed by the system, (Equation 1), yields a numerical value for the emission quantum

yield.
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@™ = (Quanta of photons emitted)/(Quanta of photons absorbed) (1)

Quantum yields can be expressed for any process. For instance, one can determine
the quantum yields for intersystem crossing, phosphorescence, fluorescence, or for the
production of products from a photochemical reaction. The quantum yield for any
process resulting from a directly and optically populated state is expressed by equation 2.8

Dprocess = Kprocess | Z ki 2)

The quantum yield for any process (@process) from an optically populated state is the
ratio of the rate constant for that process (kprocess) and the summation of all the rate
constants for all processes (Zk;) that deactivate that state. This equation, however,
becomes more complicated when considering an indirectly and optically populated state,®

Dprocess = Ppoputation Kprocess Zki) 3)
Phosphorescence is an example of an indirectly and optically populated state. The
quantum yield expression for phophorescence is shown below, as seen in Equation 3 and

expressed exclusively in terms of relevant rate constants.

(Dp = cI)ISC(kp / [kp + knr'])

k

ISC

k
ksct Kt kf LkP.'- knr’

IsC nr

“)
Excited State Lifetimes. Another characteristic of the excited state is its lifetime.
An excited state lifetime is an important characteristic to know since it determines the

amount of time in which excited state reactions may occur.


















































































































