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Abstract
CORRELATION BETWEEN EXCITED STATE ORBITAL PARENTAGE AND
EXCITED STATE ACID-BASE BEHAVIOR IN TRANSITION METAL

COMPLEXES.
by

Jim Dimitrakopoulos

Adviser: Professor Harry D. Gafney

Chromium (IIl) polypyridyl and rhodium (III) polypyridyl complexes have been the
subjects of considerable interest because of their extraordinary rich photophysical and
photochemical properties. The following complexes were synthesized and studied:
bis(2,2'-bipyridine) (2,3-bis (pyridyl)pyrazine) Chromium(III){[Cr(bpy)zdpp3+]},tris(2,2'—
bipyridine) chromium(III) { [Cr(bpy)3]3+} , bis(1,10-phenanthroline) (2,3-
bis(pyridyl)pyrazine)  chromium(III) {[Cr(phen)zdpp]%}, bis(2,2'-bipyridine)(2,3-
bis(pyridyl)pyrazine) rhodium(III) [Rh(bpy)zdpp3+], tris(2,2'-bipyridine) rhodium(III)
{[Rh(bpy)3]3+}, and bis(2,2"-bipyridine)bis chloride rhodium(III) {[Rh(bpy),CL]"}. All
chromium polypyridyl complexes studied exhibit only metal-centered emissions (d-d);
they display a fluorescence at approximately 695 nm (4A2g — 4ng) and a
phosphorescence at approximately 730 nm (4A2g — 2Eg). Quenching of both emissions
occurs at high pH, while emission is enhanced at low pH. The [Rh(bpy)dpp]’” complex
is found to display both metal-centered and ligand-centered emissions. The metal-

centered emission (d-d) is the dominant luminescence feature at 77 K in ethanol-
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methanol glasses (4:1 v/v), but the ligand-centered (1 — =m*) emission is enhanced
relative to the metal-centered luminescence in fluid acetonitrile solutions. The bis
complex, [Rh(bpy),Cl,]", displays a dominant metal centered emission under all
conditions that were studied. The [Rh(bpy)s,]" complex emits only from ligand-centered
excited states at 77K. From this thesis, it became clear that the excited-state properties of
a complex are related to the energy ordering of its low-energy excited states and,
particularly, to the orbital nature of its lowest excited state. The energy positions of the
MC, MLCT, and LC excited states depend on the ligand field strength, the redox
properties of metal and ligands, and intrinsic properties of the ligands, respectively. Thus,
in a series of complexes of the same metal ion, the energy ordering of the various excited
states, and particularly the orbital nature of the lowest excited state, can be controlled by
the choice of suitable ligands. It is therefore possible to design complexes having, at least

to a certain degree, desired properties.



I dedicate this thesis to my family.
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CHAPTER 1

1. INTRODUCTION

1. A. CONTEXT / GENERAL CONSIDERATIONS

Transition metal complexes with organic ligands have been investigated with
increasing interest over the last few decades, since these complexes exhibit an enormous
potential for the discovery of new physical and chemical properties and applications. For
example, their photo-redox properties can be utilized for solar energy conversion, organic
light emitting diodes, in medicine, for the treatment of cancer and drug delivery systems,
and in genetics, as DNA probes. All of these systems require a specific and controlled
response to an external input of energy, and early investigations of the photophysical and
photochemical properties of coordination compounds suggested that transition metal
complexes were ideal candidates for the fulfillment of many of these functions. Most of
the possible applications are related to the properties of the lowest excited electronic
states. Thus, these are the states that are extensively studied in great detail. In particular,
they exhibit a series of not fully-elucidated electronic properties, which are found neither
in already well-studied pure organic molecules nor in simple metal complexes with d-d*
transitions. More specific, the lowest excited states of [Rh(bpy)3]3+ can be classified as
ligand centered (LC) of (bpy)n-n* ,although slightly distorted by the metal, those of
[Ru(bpy)g]2+ result from metal-to-ligand charge-transfer (MLCT) of (Ru)4d-(bpy)r*
character, while those of [Cr(bpy)s]’" are considered to be metal centered (MC) of
(Cr)3d-3d* character. These three types of transitions may be regarded as three extreme
situations, which lead to distinctly different properties of the corresponding compounds.

Figure 1 shows a generic molecular orbital (MO) diagram for a transition metal complex
1



in octahedral (On) symmetry representing the three aforementioned transition metals.

More information on the molecular orbital diagram shown below is given in section 1. D.
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Figure 1. Schematic orbital energy diagram representing various types of electronic
transitions in octahedral complexes.

1: Metal centered transition (MC)

2a, 2b, 2c, 2d: ligand-to-metal charge transfer transitions (LMCT)

2e, 2f: metal-to-ligand charge transfer transitions (MLCT)

3: Internal ligand transition (LC)



Charge transfer, especially metal-to-ligand charge transfer (MLCT) excited states
generally gather the most attention. Since, the photoredox properties of [Ru(bpy)s]*"
were first suggested by Gafney and Adamson and confirmed by others, Ru(Il) tris-
diimine complexes have been unquestionably one of the most extensively studied
transition metal complexes and most widely used in research laboratories. A unique
combination of chemical stability, redox properties, excited state reactivity, luminescence
emission, and excited state lifetime has attracted the attention of many research workers
first on this complex and then on some several hundred of its derivatives. The great
interest generated by the study of this class of complexes has stimulated the growth of
several branches of pure and applied chemistry. In particular, the Ru(Il)polypyridyl
complexes have played and are still playing a key role in the development of
photochemistry, photophysics, photocatalysis, electrochemistry, photoelectrochemistry.

A few years after the Gafney and Adamson article appeared, Bolleta et al.
presented the first evidence that the ligand-field 2Eg excited state of [Cr(bpy);]’” was a
strong one-electron photooxidant, and displayed a long-lived room temperature
luminescence. However, Cr(Ill) polypyridyl complexes, along with Rh(IIl) polypyridyl
complexes, have received comparatively little attention relative to analogous Ru(Il)
polypyridyl complexes. This neglect may arise in part from the somewhat more difficult
synthetic chemistry of Cr(II) polypyridyl complexes, with efficient means to produce
heteroleptic complexes only afforded by recently published methodologies, and the fact

that Rh(IIl) polypyridyl complexes are not emissive at room temperature.



The aims of this thesis are to synthesize polypyridyl complexes of Cr(IIl) and Rh(III),
collect data concerning the absorption and emission, investigate the excited state
properties of these complexes in solution and compare them with those of Ru(II)
polypyridine complexes. Figures 2 and 3 show the structures of the complexes

synthesized and studied in this thesis.
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Figure 2. Chromium (IIT) polypyridine complexes.
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1. B. QUANTUM MECHANICS IN PERSPECTIVE
The quantitative treatment of electronic excitation and the absorption and emission
of radiation by chemical species falls within the realm of wave mechanics. A
fundamental concept of quantum mechanics is that matter has wave-like properties. This
attribute is normally not evident for macroscopic objects but it dominates the nature of
subatomic particles such as the electron. An electron is described by a wavefunction, ¥,
which is a mathematical function of the position coordinates x, y and z and of the time t.
The wavefunction for an electron is found by solving the Schrédinger equation:
HY=EV¥ (1)
where H is the Hamiltonian operator acting on ¥, the wavefunctions of electrons, to yield
a set of eigenvalues of the energies, E. When this equation is solved for a free electron it
is found that there is no restriction on the energy, so it can exist with all possible
energies. However, when the equation is solved for an electron that that is bound to an
attractive center, it is found that acceptable solutions can be obtained only for certain
energies. Thus, we speak of the energy as being quantized, meaning that species can exist
only in certain defined, discrete energy states. A transition, between two such states of
specific energy, must also have associated with it a definite energy. A direct result of the
quantization of energy levels is that, for each individual species only specific energies,
and therefore frequencies or wavelengths, of radiation can be adsorbed or emitted. The
characteristic line and band spectra of chemical species are a consequence of this
behavior.

Molecules, in addition to electronic energy, which depends on the distance of the



electron from the nucleus and the type of orbital it occupies, possess other sorts of
internal energy: specifically rotational energy and vibrational energy. Each of these
energies is quantized and arises from the periodic oscillations of atoms in a molecule.
When a molecule adsorbs a quantum of radiation, it becomes excited. How the molecule
assimilates that energy- in rotational, vibrational or electronic modes- depends on the
wavelength of the incident radiation. The longer the wavelength of electromagnetic
radiation the lower the energy is. As the molecular rotational and vibrational energy
levels are closer together in energy than the electronic levels, absorption at the lower
energies associated with infra-red radiation usually only leads to transitions between
rotational or vibrational states of the molecules. The energy of radiation in the visible to
ultraviolet region, however, induces transitions between the electronic energy levels of a
molecule. It is assumed for simplicity that electronic, vibrational and rotational energy
are entirely independent because of the great differences in frequency or wavelength
between the three types of motion. This is a known as the Born-Oppenheimer
approximation. A further consequence of this assumption forms the basis of the Franck-
Condon principle. The idea behind the principle is that the nuclei of a molecule can be
assumed to be fixed during an electronic transition, so that the transition can be presented
on a potential energy diagram as a vertical line between upper and lower states as

illustrated in Figure 4.



1. C. ENERGY LEVEL DIAGRAM

One way to view the properties of molecular excited states is shown by the potential
energy diagram in Figure 4, known as a Franck-Condon energy level diagram. The
Franck-Condon principle is of a basic importance for processes involving electronically
excited states. This principle states that electronic transitions are so fast (107 s) in
comparison to nuclear motion (10'12 s) that, during the act of the electronic transition, the
nuclei do not alter appreciably their relative positions or their kinetic energies. This
diagram shows potential energy curves for the ground state (S,), and first excited singlet
state (S,) of a complex as a function of internuclear distance, r. These curves are
sometimes referred to as potential energy wells, because of their shape. The horizontal
lines within each curve represent the vibrational levels of each electronic state. The
lowest vibrational state for each energy level is designated as 0, and the levels above it
are successively 1, 2, and so on. As shown in Figure 4, an excited state will generally
differ from the ground state not only for its higher energy, but also for the different
equilibrium nuclear separation. When considering two atoms bonded to each other, the
bottom of the well corresponds to the equilibrium bond length. Because excitation
involves the movement of electron density from a bonding or non-bonding orbital into an
antibonding orbital, the bond of the complex in the excited state is weakened,
consequently the equilibrium bond length in S; is generally longer than in Sy. This is
illustrated in Figure 4 by the slight displacement of the S; well to the right of the S, well.
At room temperature, most of the complexes are in the lowest (v=0) vibrational level of

the electronic ground state. One key feature of the Franck-Condon principle is that only



vertical transitions are allowed since instantaneous changes in bond length cannot occur,
and results in the complex having excess vibrational energy. The excess vibrational
energy can be dissipated through the non-radiative process of vibrational relaxation,
which returns the complex to the lowest vibrational level of S;. The radiative process of
fluorescence usually occurs from the lowest vibrational level of S;. Because these
transitions occur at lower energies than absorption, fluorescence is observed at longer

wavelengths (L) than absorption (Stokes shift), as shown Figure 4.
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1. D.CRYSTAL FIELD THEORY AND MOLECULAR ORBITAL THEORY
Crystal field theory was first applied to the magnetic properties of the transition
metal ions and has been widely used to explain the so-called d-d spectra of complexes in
the visible region. Moreover, the stability of coordination compounds of the transition
elements could be further understood by applying this theory.
The essence of crystal field theory is that the five d orbitals, which are degenerate
and equal in energy in the gaseous metal ion, become differentiated in the presence of the

electrostatic field due to the ligands.

eg { d2 2,d2

Degenerate
d orbitals

<o = o B m

t2 g dxy xz’ dyz

Free Ion Octahedral

Figure 5. Octahedral ligand field splitting of d orbitals.
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In an octahedral complex the d.,.,» and d., orbitals are raised in energy relative to the d,,,
d,. and d,. orbitals. Those orbitals lying in the direction of the ligands are raised in energy
with respect to those lying away from the ligands. By preferentially filling the low-lying
levels, the d electrons can stabilize the system, as compared to the case of random filling
of the d orbitals. The gain in bonding energy achieved in this way is called the crystal
field stabilization energy (C.F.S.E.). It is caused by the distribution of charge around the
central atom of the complex not being symmetrical. If the d orbitals were occupied
equally, the resulting electron density would have spherical symmetry.

Ligand field theory is the application of molecular orbital (M.O.) theory only to the d
orbitals. In M.O. theory, the wavefunction of a molecule is described as the superposition
of linearly combined atomic orbitals, resulting in the same number of molecular orbitals,
having energies similar to, greater than, and lower than those atomic orbitals. The
electrons are assumed to move in molecular orbitals which extend over all the nuclei of
the system. Figure 1 shows a molecular orbital (MO) diagram for a transition metal
complex in O, symmetry. In this diagram, possible c-donor, n-donor, and m-acceptor
orbitals are included. The subscripts indicate whether the MO is predominantly metal (M)
or ligand (L) in character. The my and oy orbitals in the center of the MO diagram are
predominantly metal d-orbitals with t,, and e, symmetry, respectively. In the case of a
ligand that is exclusively a sigma donor (such as bpy and phen), the my MOs are non-
bonding. For ligands that are both 6- and n-donating (e.g. the halides), the my, MO’s are

antibonding with respect to the M—L bond; and for ligands with dominant m-acceptor
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character, the my MO’s are bonding. Notably, the predominantly metal e, MO’s are
always antibonding with respect to the M—L bond.

Excited configurations can be obtained from the ground state configuration by
promoting one electron from occupied to vacant MO’s. At relatively low energies, one
expects to find electronic transitions of the following types (Figure. 1): metal-centered
(MC) transitions from my orbitals of t,, symmetry to ov orbitals of eg symmetry (1);
ligand-centered (LC) transitions from m orbitals to m_~ orbitals (3); ligand-to-metal
charge-transfer (LMCT) transitions from m, orbitals to oy orbitals of e, symmetry (2b);
and metal-to-ligand charge-transfer (MLCT) transitions from my orbitals of t,, symmetry
n. orbitals (2¢). The relative energy ordering of the resulting excited electronic
configurations depends on the nature of metal and ligands in more or less predictable
ways. Relatively low-energy metal-centered transitions are expected for metals of the
first transition row; such as chromium (III) polypyridyl complexes. Higher energy metal-
to-ligand charge-transfer transitions are expected when the metal is easy to oxidize and a
ligand is easy to reduce, such as ruthenium (II) polypyridyl complexes. Ligand-centered
transitions are expected for aromatic ligands with extended z and z* orbitals and not
easily oxidized metals, such as rhodium(IIl) polypyridyl complexes.

Figure 6 shows the molecular orbital diagram of a chromium(Ill) polypyridyl
complex. The Pauli Exclusion Principle requires that each MO be populated with no
more than two electrons, while the Aufbau principle requires that the orbitals are filled

from the MO with lowest energy to that with the highest. Furthermore, Hund’s rules
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states that the lowest energy state is comprised of the least amount of electron spin

pairing,
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Figure 6. Molecular orbital diagram of Cr(IIl) complex.
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1. E. SELECTION RULES FOR ELECTRONIC TRANSITIONS

It is frequently the spin, orbital momentum, and symmetry properties of the two
wavefunctions in the excited (upper) and ground (lower) states that determine whether or
not an interaction with electromagnetic radiation is possible. Individual electrons possess
both spin angular momentum and orbital angular momentum. These momenta are vector
quantities; there are therefore angular momenta associated with a species resulting from
the vector addition of the spin and orbital angular momenta, a process known as spin-
orbit coupling. This process of combining electron angular momenta by summing first
the spins, then the orbital momenta, and finally the two resultants is called Russell-
Saunders coupling. Level notation is accordingly based on this scheme, and the symbol

S*IL where S is the total spin quantum number, J

characterizing each level has the form

is the total angular momentum quantum number, and L is the orbital quantum number.
The intensities of transitions in complexes depend on the strength with which the

complex couples with the electromagnetic field. Intense transitions indicate strong

coupling, while, weak transitions indicate feeble coupling. The strength of coupling when

an electron makes a transition from a state with wavefunction y; to one with

wavefunction yy is measured by the transition dipole moment, which is defined as the

integral

U = f wr oy dt (2)

where L is the electric dipole moment operator —er, e is charge of the electron and the

integration takes place over spatial coordinates ». An allowed transition is a transition
14



with a nonzero transition dipole moment, and hence nonzero intensity. A forbidden
transition is a transition for which the transition dipole moment is calculated as zero.
The Selection Rules governing transitions between electronic energy levels of

transition metal complexes are:

1. AS =0 The Spin Rule

2. AL =+/-1 The Orbital Rule (Laporte)

The first rule states that allowed transitions must involve the promotion of electrons
without a change in their spin. In other words, transitions that involve a change in
multiplicity are forbidden. The Laporte selection rule reflects the fact that for light to
interact with a molecule and be absorbed there should be a change in dipole moment.
When a transition is forbidden, it means that the transition does not lead to a change in
dipole moment. The Laporte selection rule states that transitions where there is no

change in parity are forbidden:

gAg uAu  gou u—og

Forbidden Allowed

Consequently, charge transfer bands, which are Laporte and spin allowed, are very
intense, while, metal centered, which are Laporte and spin forbidden, are very weak.
Relaxation of these selection rules can occur through: 1) Spin-Orbit coupling, where this
gives rise to weak spin forbidden bands; 2) Vibronic coupling, where an octahedral

complex may have allowed vibrations, thus the complex becomes asymmetric and
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absorption of light at that moment is then possible; 3) Mixing of states, where n-acceptor

and n-donor ligands can mix with the d-orbitals so transitions are no longer purely d-d.

1. F. THE BEER-LAMBERT LAW
Absorption is treated quantitatively by using the Beer-Lambert law. This law gives
the fraction of monochromatic light transmitted through an absorbing system. The
mathematical expression of this law is giving by the following relations:
T = I/ly=10"" (3)
A =-log (I/Iy) = -log (10™) = gbc 4)
where I; and Iy are transmitted and incident light intensities, ¢ is the concentration of the
absorber, b is the pathlength of the sample holder through which the light beam has
passed, and ¢ is molar extinction coefficient. The relationship follows naturally from the
assumption that the rate of loss of photons is proportional to the rate of bimolecular
collisions between photons and the absorbing species. The Beer-Lambert law is of
particular importance in determining the intensity of absorbed radiation in photochemical

experimentation, and in calculating concentrations from absorption measurements.

In I;

\ 4

Figure 7. Diagram of Beer—Lambert absorption of a beam of light as it travels through a
cuvette of width b.
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1. G.LIGHT ABSORPTION AND FATE OF EXCITATION ENERGY

Absorption of light is the first process involved in a photochemical or photophysical

sequence:
D + hv —» D*

The absorption of radiation by an atom or molecule leads to the production of an
electronically excited species that can exhibit new chemistry that is different from that of
the parent, ground state species. Not only does the species possess more energy, but it can
also participate in different reactions as a result of the new electronic arrangement. The
electronically excited molecules obtained must, within a more or less short time, lose
their excess energy in order to place themselves in equilibrium with the surrounding
medium. The deactivation is achieved through either radiative or nonradiative processes.
Radiative processes are always first order processes and involve the emission of light
(figures 8 and 9). The nonradiative processes may be further subdivided into chemical
and physical; chemical are second order processes and involve the interaction of the
excited molecule with a quencher (bimolecular quenching), while physical are pseudo
first order and involve the dissipation of energy absorbed through heat into the

surrounding medium (figures 8 and 9).

Scheme 1
D* — D + hv Radiative deactivation
D* — D + heat Nonradiative deactivation
D* + Q —- D + Q% Nonradiative deactivation

(Bimolecular Quenching)
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1. H. PLAUSIBLE FATES OF EXCITED SPECIES

Figure 9 is a Jablonski diagram for a species with a singlet ground state (S,), two
excited singlet states (S; and S;) and two excited triplet states (T; and T;). As shown,
there are several photophysical pathways for excited state deactivation in addition to
excited state chemical reactions. Internal conversion and fluorescence are non-radiative
and radiative, respectively, transitions between states of the same spin multiplicities.
Vibrational relaxation is an energy dissipation mechanism within the same state.
Intersystem crossing and phosphorescence are non-radiative and radiative transitions,
respectively, between states of different spin multiplicities. Transitions between states of
the same spin multiplicity are allowed and fast, while transitions between states of
different spin multiplicities are forbidden and, thus, slow. Non-radiative decay leads from
the electronic excited state to the ground state without concomitant emission of light. The

possible deactivation pathways and their rates constants are shown in Scheme 1.

Scheme 1.
Excitation hv+So— S Rate =1,
Internal Conversion S; — So + heat Rate = k¢ [S1]
Intersystem Crossing S; — T + heat Rate = kysc [S1]
Intersystem Crossing T; — So + heat Rate = k'1sc [T1]
Phosphorescence T, — So+ hv Rate = kpy [T]
Fluorescence Si — So+ hv Rate = kg [S{]
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Figure 9. Jablonski diagram showing initial excitation to vibrationally excited states of
S, and S,, vibrational relaxation (VR), internal conversion (IC), intersystem crossing
(ISC), back intersystem crossing (BISC), fluorescence (F), phosphorescence (Ph), and
non-radiative decay (NR). By convention, processes involving absorption or emission of
a photon are designated by a straight line, while nonradiative processes are designated
with a doted or wavy arrow.
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1. L. LUMINESCENCE
Luminescence is the emission of light from any substance and occurs from
electronically excited states. Luminescence can be divided into two categories:
phosphorescence and fluorescence. Phosphorescence is the emission of light from triplet-
excited states, in which the electron in the excited orbital has the same spin orientation as
the ground-state electron. Transitions to the ground state are forbidden and the emission
rates are slow (107 to 10° s™), so phosphorescence lifetimes are typically milliseconds to
seconds.
Excited state %— _—

—_— > +hv  (Phosphorescence)

Electron jump
Ground state #’— And spin flip #

|‘

Figure 10. Energy level diagram for phosphorescence.

Fluorescence, on the other hand, is emission of light from singlet-excited states, in
which the electron in the excited orbital has an opposite spin orientation as the electron in
the ground-state orbital. Return to the ground-state is spin-allowed and occurs rapidly by
emission of a photon. Emission rates of fluorescence are typically 10%™, and a typical

fluorescence lifetime is < 10 ns.

Excited state %— _—
_—
Electron jump
Ground state %V— +’—

+hv (Fluorescence)

Figure 11. Energy level diagram for florescence.
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1. J. BIMOLECULAR QUENCHING MECHANISMS

Quenching refers to any process that leads to a decrease in luminescence intensity.
Photophysically, this can occur through a loss of absorption or a decrease in quantum
yield. The quenching of luminescent molecules provides useful information on the nature
of bimolecular interactions in free solution. More specific, analysis of the time-resolved
and steady-state emission data yield invaluable information on the nature of the
interaction and proximity between the fluorophore and the quencher. In most steady-state
luminescence experiments, data is presented in the form of Stern-Volmer plots where the
quenching efficiency is related to the total quencher concentration. In homogeneous
solvents of low viscosity, linear Stern-Volmer plots are obtained and the bimolecular rate
constant may be calculated assuming that the excited-state lifetime of the luminophore is
known.

I/I = 1 + Kkqto[Q] = 1 + Ksv[Q] 6))
where I and I, are the intensities in the presence and absence of quencher, respectively, kq
is the diffusion-controlled bimolecular quenching constant, and 1, is the lifetime in the
absence of the quencher. The product kqt, is labeled as Kgy, the Stern-Volmer constant.

Scheme 1 shows the possible deactivation pathways by a quencher following excitation.

Scheme 1
*D + Q ﬂ D + Q + A Exchange Energy Transfer D
*D + Q k; D + Q* Resonance Energy Transfer (I1)
D + Q K p+ @ Electron Transfer (111)
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where D and *D are the ground and excited state form of the donor species under study.
Q is a quencher which can, on close interaction with the excited donor *D, deactivate it
by a catalytic step (I), and energy transfer (II), or an excited state electron transfer (III).
D* and Q" are the oxidized and reduced forms of the donor and quencher, respectively.
k', k" and k" are the rate constants for each step. In general, these bimolecular quenching
processes may or may not involve diffusional motion of Q and D, depending on how the
system is organized and the type of interaction.

Resonance energy transfer is a long range process, which can occur over
intermolecular distances much greater than collisional diameters. Such a process occurs
as a result of intermolecular dipole-dipole interactions which couple the initial and the
final state of the system. A necessary condition for resonance energy transfer is an
overlap between the donor’s emission spectrum and the quencher’s absorption spectrum.
Exchange energy transfer and electron transfer are short range processes, occurring only
when the donor and the quenching molecules are close enough for the overlapping of
their electron clouds. All of these quenching processes exhibit diffusion-controlled

quenching.

1. K. STATIC OR COLLISIONAL QUENCHING
There are two basic types of quenching processes: static and collisional. Both types
require an interaction between the luminophore and the quencher. Collisional quenching
occurs by the quencher diffusing through solution and interacting with luminophore,

resulting in a deactivation of the excited state. The emission intensity is reduced because,
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in addition to the deactivation pathways available before the presence of quencher, the
presence of quencher now adds another deactivation pathway in competition with
luminescence. This quenching process is controlled by how fast the quencher can diffuse
through solution and collide with the luminophore, and as diffusion is usually a very fast
process in solutions, it can be very efficient. During this process the molecules are not
chemically altered. Linear Stern-Volmer plots can be obtained using equation 5, and it
allows for the experimental determination of the quenching rate constant, kq. Figure 12

illustrates the process of collisional quenching.

[*D]
X ! !
i 0
Thy o |k Kg[ QI
excitation | ]
| i *Q
\ A 4 v
[D]

Figure 12. Schematic illustration of collisional quenching.

Static quenching involves the formation of a complex between the luminophore and
the quencher that does not rely on diffusion of the excited molecule. In this case of static
quenching, quenching molecules Q simply form ground-state complexes with the
luminophore D (Figure 13). These complexes can be excited, but are not luminescent. In
the case of static quenching the lifetime of the sample will not be reduced since those
luminophores which are not complexed will have normal excited state properties and

hence are able to emit after excitation.
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[*D] [*DQ]
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o E——
[D] +Q [DQ]

Figure 13. Schematic illustration of static quenching.

The equilibrium between free and complexed luminophores is controlled by an

association constant K :

D+Q — DQ (6)
Ks= [DQ]/[D][Q] (7
where, [DQ] = [D],- [D] ®)
thus, K= [D],-[D]/[D][Q] ©)
[D], = [D] + K,[D][Q] (10)
dividing by [D] gives, (11)
[D]/[D]=1/1= 1 +K{Q] since I;=k;[D], and I=k;[D] (12)

where [D], [Q] and [DQ] are the concentrations of luminophore, quencher and
luminophore-quencher complexes, respectively. [D], is the total concentration of the

luminophore. ki is the rate of luminescence, either fluorescence or phosphorescence. The
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above modified Stern-Volmer equation, describes the decrease of luminescence intensity
with increasing quencher concentration.

Both static and collisional quenching give linear Stern-Volmer plots, thus to
distinguish between these two processes temperature and lifetime measurements must be
taken under consideration. An increase in temperature leads to an increase in the
diffusion constant of quencher and will generally lead to an increase in collisional
quenching. In contrast, an increase in temperature will generally lead to a decrease in the
association constant between the luminophore and quencher, which will result in an
increase in luminescence intensity and a decrease in static quenching. Furthermore, in
collisional quenching, lifetime is deceased as intensity luminescence is decrease,
whereas, in static quenching, lifetime remains constant as luminescence intensity is

decreased (Figure 14).
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Figure 14. Dynamic Quenching vs. Static Quenching.
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1. L. QUANTUM YIELD AND LIFETIME OF LUMINESCENCE
The quantum yield, @, is defined as the ratio of the number of fluorescence photons

emitted by the sample n; to the number of photons absorbed 7,.

oo (13)

More generally, if the excited state D* directly reached by irradiation gives rise to n
primary processes, the quantum yield of a specific process a is given by the ratio of the
rate constant of that process to the sum of the rates of all the n processes which deactivate
the excited state. Thus, @ is the ratio of the rate of the radiative transition, k., to the rates
of all transitions, which in the simplest cases is the sum of the radiative and non-radiative
rate, k., i.e. (k. + k), in which the excited state is involved. Therefore, any molecular
mechanism leading to a non-radiative depopulation of the excited state reduces the
quantum yield. Each quantum yield is typically a number between 0 and 1, and the total

of all quantum yields for a particular absorption event should sum to one.

Py =—— (14)

b= —— (15)
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The other important characteristic feature of luminescence is its time response,
namely the decay of luminescence intensity following infinitesimally short excitation.
The majority of lifetime measurements involve first-order or pseudo first-order kinetic
processes. The scheme presented in Figure 15 is a simplified Jablonski diagram, which

can be used to explain the basic kinetics of fluorescence.

[D*]
Yy ; Kinetics:
v i d[D*)/dt= -(k; + knr)[D*] (16)
excitation i knr kr
i Solution: integration of (1) gives
v+ [D*](t) =Do* exp(-t/t,) (17)
[D]

Figure 15. Kinetic scheme to illustrate luminescence lifetime and quantum yield.

Figure 15 shows an excitation (hv) with a pulse, whose time duration is short in
comparison to the excited state lifetime, and the population of the excited molecules [D*]
generated at the moment of excitation, t=0, starts to decrease exponentially through the
radiative (k,) and non-radiative (k) transitions to the ground state. The characteristic
time of this process, 1,, is defined as the reciprocal of the summation of the deactivation
rate constants, radiative and non-radiative.
1
(18)



Thus, from Figure 15.

1 (19)

The lifetimes of the lowest spin-allowed (7 (S;)) and spin-forbidden (z (T;)) excited states

in Figure 9 are as follows:

|
(20)
T(S)) =
kic + kf+ kisc
|
oT) = ——— 1)
k,isc + kph

The quantum yields of fluorescence emitted by the lowest spin-allowed excited state, S,
and phosphorescence emitted by the lowest spin-forbidden excited state, T} in Figure 9,

are given by the following expressions:

ky
5 - (2)

kic + kf + kisc

kph + kisc

Dy = (23)
(kph + k ,isc) X (kic + kf + kisc)
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1. M. LIGANDS

The bpy, phen and dpp ligands are remarkable for the wide range of formal oxidation
states with which they can be associated. Even in a single metal, it is possible to find
these ligands associated with formal oxidation states ranging from -2 to +7. The principle
interaction between the metal and the ligand is the o-bonding resulting from an
interaction of a vacant d orbital on the metal and the lone pairs on the nitrogen atoms.
Associated with this, is the presence of filled © and vacant ©* orbitals on the rings; the
precise energies of the m and n* orbitals depend on the metal ion, and the matching of
energies enables these ligands to act as a m-donor to high oxidation state complexes and a

n-acceptor in low oxidation state complexes.

Figure 16. Ligands: 1, 10- Phenanthroline (phen), 2, 3-bis (2-pyridyl) pyrazine (dpp),
2, 2'-Bipyridine (bpy).
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CHAPTER 2

2. EXPERIMENTAL

2. A. MATERIALS

2. A. 1. SYNTHETIC REAGENTS

1, 10- Phenanthroline monohydrate (phen, C;;HsN,-H,0, 198.23 g/mol, Alfa-Aesar,
Lot: 10159345), 2, 3-bis (2-pyridyl) pyrazine (dpp, Ci4H;oN4, 234.26 g/mol, Sigma-
Aldrich, Lot: 34297LJ), Rhodium (III) hydrate (RhCl;-xH,O, 209.26 g/mol, Sigma-
Aldrich, Lot: 09207E), 2, 2'-Bipyridine (bpy, C;oHsN,, 156.19 g/mol, Sigma-Aldrich,
Lot: 01223DO ), Chromium(IIT) Chloride, Anhydrous (CrCls,158.35 g/mol, Alfa-Aesar,
Lot: H30R051), Zinc Metal Dust ( Zn, 65.37 g/mol, Mallinckrodt Chemical Works, Lot:
8681), Potassium Hexafluorophosphate ( KPFs, 184.06 g/mol, Alfa Aesar, Lot:
A31Y004), Trifluoromethanesulfonic Acid ( triflic acid, CF;SO;H, 150.08 g/mol, Alfa-
Aesar, Lot: F10X056), Potassium Chloride ( KCIl, 74.56 g/mol, Fisher Scientific
Chemical Company, Lot: 960064), Tetrabutylammonium Hexafluorophosphate
(BusNPFs, Ci6H36F6NP, 387.43 g/mol, Fluka Chemica, Lot: 2214726 ), Sodium Acetate
(C,H30;Na, 82.03 g/mol, Sigma-Aldrich, Lot: 05418TH), Acetic Acid, Glacial (C,H40O,,
60.05 g/mol, Pharmco-Aaper, Lot: PLO01508AAG), Hydrazine monohydrochloride
( H,NNH,*HCI, 68.51 g/mol, Sigma-Aldrich, Lot: 05816KH), Sodium Hydroxide Pellets
(NaOH, 40.00 g/mol, J.T. Baker Chemical Co, Lot: 3722-05), Drierite Non-Indicating,
Calcium Sulfate Anhydrous (CaSO4, 136.15 g/mol, EMD Chemicals Inc., Lot:
TAI8AZEMS), N,N-Dimethylformamide, Anhydrous ( DMF, C;H7NO, 73.09 g/mol,

Alfa Aesar, Lot: D12S033) were all used as received.
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2. A. 2. SOLVENTS

Ethanol (EtOH, C,HcO, 46.07 g/mol, Macron Chemicals, Lot: K30B10), Diethyl
Ether ( C4H;00, 74.12 g/mol, Fisher Scientific, Lot: 113760 ), Methanol, Anhydrous
( MeOH, CH40, 32.04 g/mol, Sigma- Aldrich, Lot: 00236EC), Acetone ( C3H¢O, 58.08
g/mol, Spectrum, Lot: ZC0526), Acetonitrile ( C;H3N, 41.05 g/mol, Sigma-Aldrich, Lot:
10096EK), Dichloromethane ( methylene chloride, CH,Cl,, 84.93 g/mol, Sigma-Aldrich,
Lot: 991961J), Ethylene Glycol (C,H¢O,, 62.07 g/mol, J.T. Baker Chemical Co, Lot:

9300-03) were all used as received.

2. A. 3. CHROMATOGRAPHIC MATERIALS

DOWEX 1X8 ion-exchange resin ((C;oH;2.CioH;0.CsHs.CsH9N)x, Sigma-Aldrich,
Batch#: 12129CH), CM Sephadex C-25 (Sigma-Aldrich, Lot: 125K1355), Aluminum
Oxide, Activated, Neutral, Brockmann I , STD grade ( Al;03,101.96 g/mol, Sigma-

Aldrich, lot: S57681-288) were all as received.

2. A. 4. BUFFERS

Buffer solutions (Fisher Scientific Chemical Company) at pH 1 (KCI/HCI, Lot:
074117), pH 2 (KCIV/HCI, Lot: 073771), pH 3 (CsHsO4K/HCI, Lot: 075391), pH 4
(CgHsO4K/HCI, Lot: 092867), pH 5 (CsHsO4K/NaOH, Lot: 071202), pH 6
(KH,PO4/NaOH, Lot: 075931), pH 7 (KH,PO4NaOH, Lot: 076515), pH 8
(KH,PO4/NaOH, Lot: 075930), pH 9 (H3BO3;/KCI/NaOH, Lot: 092656), and pH 10

(K2CO3/K3BO3/KOH, Lot: 076519); were used as obtained. Buffer solutions (Ricca
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Chemical Company) pH 11 (Na,HPO,/NaOH, Lot: 2710252), pH 12 (NaOH/KCI, Lot:

2709201), pH 13 (NaOH/KCI, Lot: 2712345); were used as obtained.

2. B. 1. SYNTHESIS OF [Cr(phen),Cl,]Cl*2H,0O

The synthesis of [Cr(phen),Cl,]Cl was similar to the synthesis reported by Burstall et
al'*  Anhydrous chromic chloride (1.5 g, 9.48x10” mol) and 1,10- phenanthroline
monohydrate (5.7 g, 2.88x10” mol) in ethanol (50 mL) were mixed in a round-bottom
flask, fitted with a condenser and heated to boiling after addition of a trace of zinc dust
(2 mg) as a catalyst. A vigorous reaction took place, the chromic chloride dissolving to a
deep green-brown solution. The mixture was kept at the boiling point for 1 hour and
allowed to cool. The dark-red crystals separated and were filtered off and recrystallized
using a small quantity of hot water to remove traces of catalytic zinc. This solution was
filtered and allowed to crystallize in an ice water bath for approximately 20 minutes; the
chromium complex separated as dark brown crystals which were filtered off and dried in
an 80°C oven overnight; after drying the crystals had turned a green color. Yield: 3.9g,

6.60x10° mol, 70%.

2. B. 2. SYNTHESIS OF [Cr(phen);(CF3S03),] (CF350;3)
[Cr(phen),(CF3S03),](CF5S0O3;) was prepared by a modification of the literature

15, 41
d.”

metho In a three-necked round-bottom flask, trifluoromethanesulfonic acid (10 mL)

was slowly added to [Cr(phen),CL]CI-2H,0 (2.1 g, 3.79x10” mol) under an atmosphere

of dinitrogen. The resultant reddish brown solution was warmed to and maintained at 90-

34



100°C and a stream of dinitrogen bubbled through it until the evolution of HCl had
ceased. This required approximately 4 hours, at which point the effluent gas no longer
produced a white AgCl precipitate when bubbled through an aqueous solution of AgNOs.
While maintaining the atmosphere of dinitrogen, the solution was cooled in an ice water
bath to 0°C. With vigorous mechanical stirring, anhydrous diethyl ether was added drop
wise via a syringe and septum until formation of a pink precipitate was complete (~95
mL). The solid was isolated by vacuum filtration, washed three times with 30 mL
portions of diethyl ether. Due to the apparent air sensitivity of the complex, the complex
was stored in the desiccator under vacuum until required for the next step in the
synthesis. The compound was used in the next synthetic step without further purification
or characterization. Yield: 2.91g, 3.39x10mol (89%). The supernatant was retained and

. . . . 41
the excess trifluoromethanesulfonic acid was recovered as the sodium salt.

2. B. 3. SYNTHESIS OF [Cr(phen).dpp] (CF3503);

This synthesis was similar to the synthesis reported by Barker et al.'® A complete
schematic representation of this synthesis is shown in Figures 17 and 18. A mixture of
0.0436 g (1.86x10" mol) of dpp and 0.105 g (1.17x10™* mol) of cis-
[Cr(phen),(CF3S03),]CF3SO; in 55 ml of CH,Cl, was refluxed with stirring for 27
hours. The light brown solid produced during reflux was filtered at room temperature,
washed with 50 ml of CH,Cl,, then 50 ml of ether and dried under vacuum. Yield: 0.0987
g (75%). C, H, N elemental analysis for CrCs1H26NgF9S309: C, 43.55; H, 2.30; N, 9.91.

Found: C, 43.23; H, 2.27; N, 9.83%.
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2. B. 4. SYNTHESIS OF [Cr(phen);] (CF3S03);°2H,0

The synthesis of [Cr(phen)s;] (CF3S03)322H,0 was similar to the synthesis reported
by Barker et al.'® To a 0.145 g (7.24 x 10™ mol) sample of 1,10- phenanthroline
monohydrate in 10 ml of dichloromethane was added 0.216 g (2.412 x 10 mol) of cis-
[Cr(phen),(CF3S03),] (CF3S03). The mixture was refluxed for 4.5 hours, which resulted
in a red to yellow solution color change and the formation of a bright yellow precipitate.
The product was filtered, washed with 50 ml of diethyl ether, then with 50 ml of
dichloromethane, and then with an additional 50 ml of diethyl ether. It was dried in a
vacuum oven at 45°C for an hour and then stored in a desiccator. Yield: 0.191 g

(1.746x10™* mol, 72%).

2. B. 5. SYNTHESIS OF [Cr(bpy),Cl,] Cl*2H,0

The synthesis of [Cr(bpy),Cl,]Cl was similar to the synthesis reported by Burstall et
al."* Anhydrous chromic chloride (1.5 g, 9.48x10™ mol) and 2, 2"-bipyridine (4.7 g,
3.01x107 mol) in methanol (70 mL) were mixed in a 125 mL Erlenmeyer flask and
heated to boiling after the addition of a trace of zinc dust (~2 mg) as a catalyst. A
vigorous reaction took place, the chromic chloride dissolving to a deep brown solution.
The mixture was kept at the boiling point for 15 minutes and allowed to cool to room
temperature. Subsequently, the solution was cooled in an ice water bath; green crystals
separated and were filtered off. Recrystallization was performed using a small quantity
of hot water to remove traces of catalytic zinc. This solution was filtered and the filtrate

was allowed to crystallize in an ice water bath for approximately 20 minutes; the
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chromium complex separated as olive green colored crystals which were dried in an 80°C
oven overnight. Yield: 4.2 g, 8.29x10™ mol, 87%. This compound was used without any

further purification.

2. B. 6. SYNTHESIS OF [Cr(bpy),(CF3503),] (CF3S03)

The synthesis of [Cr(bpy).(CF3S03),](CF3S0O3) was similar to the synthesis reported
by Ryu er al.'® Under a dinitrogen atmosphere in a three-necked round-bottom flask,
trifluoromethanesulfonic acid (5 mL) was slowly added to solid cis-
[Cr(bpy)>Cl,]C12H,0 (1.1g, 2.17 x 10~ mol) to give a red-orange solution. Dinitrogen
was bubbled through the stirring solution until the evolution of HCI ceased. Periodically
the effluent gas was bubbled through a solution of AgNOs to confirm the evolution of
HCI, and to establish completion of the reaction. No further white AgCl precipitate was
produced after approximately 25 hours at room temperature. Subsequently the solution
was cooled in an ice-bath to 0°C; while maintaining the dinitrogen atmosphere, diethyl
ether was added drop wise with vigorous stirring with a stirring bar until the formation of
a beige-peach precipitate was complete (ca. 210 mL). The solid was isolated by vacuum
filtration, washed three times with 30 mL portions of diethyl ether, and dried in a vacuum
oven at 100°C for three hours. The dried solid was then placed in desiccator over
anhydrous CaSO,. 1.51 g (86%) of the compound was recovered and was used without
any further purification. The supernatant was retained and the excess

. . . . 41
trifluoromethanesulfonic acid was recovered as the sodium salt.

37



2. B. 7. SYNTHESIS OF [Cr(bpy);] (PFs)3

The synthesis of [Cr(bpy)s]’" was similar to the synthesis reported by Barker et al.'®
A 0.184 g (1.18x107 mol) sample of 2, 2'-bipyridine was dissolved in 17 ml of CH;CN
in a round-bottom flask, and 0313 g (3.86x10* mol) of solid cis-
[Cr(bpy)2(CF3S05),]CF3SO3; was added. A condenser was fitted to the round-bottom
flask and the solution mixture was refluxed for 25 min, and then evaporated to dryness
under a nitrogen gas stream (ca.10 hours). The dry solid was extracted via room
temperature sonication with 6 ml of water. After filtering off some undissolved material,
an aqueous solution of saturated KPF¢ was added and a bright yellow precipitate formed
immediately. Recrystallization using a minimum amount of hot water was performed to

remove impurities. Yield: 0.256 g, 2.74x10™ mol, 71%.

2. B. 8. SYNTHESIS OF [Cr(bpy).dpp] (CF3S03); and [Cr(bpy).dpp] (PF);

The synthesis was adapted from Vandiver ef al. ** A 0.214 g (2.64x10™* mol) sample
of cis-[Cr(bpy)>(CF3S0;3),]CF3SO; was combined with 0.080 g (3.43x10™* mol) of dpp,
and the mixture was refluxed in 18 mL of anhydrous CH,Cl, solution while stirring for
80 min. After brief sonication, the yellow-brown [Cr(bpy).dpp](CF5;SO3); product was
filtered at room temperature, and washed with 20 mL of CH,Cl,, 60 mL of ether. After
suction dried, the yield was 0.201g (1.92x10™ mol). This initial product was then
extracted with sonication into 7.5 mL of water at room temperature, and the solution

filtered to remove undissolved material. The product was purified using cation exchange
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chromatography on CM Sephadex C-25 with an aqueous 0.5 M NaCl solution as the
eluent. The PF¢ salt was isolated from the eluent by the addition of saturated KPFe. The
product of [Cr(bpy).dpp](PFs); was filtered and washed with 1 mL of water, 60 mL of
ether, and then suction dried. Yield: 0.179 g, 1.73x10™ mol, (66%). C, H, N elemental
analysis for CrC;sHysNgP3Fs: C, 39.50; H, 2.52; N, 10.83. Found: C, 39.10; H, 2.61; N,

10.54%.

2. B. 9. SYNTHESIS OF [cis-[Rh(bpy),Cl,] [PF]

This synthesis is modeled after one reported by Amarante et al.'® RhClzexH,O
(0.200 g, 9.56x10™* mol), 2,2"-bipyridine (0.328 g, 2.10x10™ mol), 16 mL of ethylene
glycol and 0.2 mL of water were placed in a 50 mL double-necked round-bottom flask,
fitted with a condenser, and degassed by stirring under dinitrogen for 30 min. The open
neck was sealed with a septum. The reaction mixture was heated at 130°C for 20 min
under dinitrogen. The solution changed from maroon to yellow-orange. Using a syringe,
saturated aqueous KPFg (23 mL) was added to the warm solution to precipitate the
product. After stirring on ice for 30 min, the resulting pale-yellow solid was vacuum
filtered, and rinsed with water followed by three 30 mL portions of diethyl ether. The
product was then purified by neutral alumina chromatography using a 1:1 (v/v)
acetonitrile/ethanol solvent mixture as the eluent. The first band eluted was the unreacted
ligand followed by a second bright yellow band which was the desired product. This
purification was carried out in a fume hood to avoid acetonitrile inhalation. The solution

was concentrated by rotary evaporation, cooled on ice water for 30 minutes and
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approximately 300 mL of diethyl ether was slowly added to induce precipitation, while
using vigorous mechanical stirring. The precipitate was again separated by vacuum
filtration and washed with diethyl ether. This chromatographic procedure was repeated
twice to ensure product purity. The final product was recrystallized from hot ethanol,
collected and dried in a vacuum oven at 80°C for three hours to produce 0.537 g
(9.56x10 mol, 89%) of purified pale yellow, microcrystalline product. After drying, it

was kept in a desiccator over anhydrous CaSOs.

2. B. 10. SYNTHESIS OF [Rh(bpy).dpp] [NO3/ 3

The synthesis was adapted from Burke ef al. '' The synthesis is shown schematically
in Figure 19. 0.300 g (4.75x10* mol) of [cis-[Rh(bpy),CL][PFs] and 0.114g (4.87x10™
mol) of dpp in 25 mL aqueous ethanol (95% ) were placed in a 50 mL round-bottom
flask, fitted with a condenser, and degassed by stirring under dinitrogen for 30 min. The
solution was then heated to reflux for 24 hours at 70°C, while maintaining the dinitrogen
atmosphere. The pale pink solution was cooled in an ice water bath for 20 minutes.
Saturated aqueous solution of KPFg was added drop wise to the solution. An off-white
precipitate, which immediately formed, was filtered off, and collected. 30 ml of Dowex
1-X8, a strongly basic ion-exchange resin, was loaded onto a 25 cm chromatography
column, washed first with distilled water, and then rinsed with 2.0 liters of 6M sodium
nitrate solution until no more Cl” was detectable in the eluent by testing with a 0.1M
solution of AgNOs. The column was finally rinsed several times with distilled water. The

precipitate was dissolved in a minimum volume of a 25% acetonitrile/water (v/v)
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mixture, charged onto the column, and eluted with the same solvent mixture. To the
collected solution an equal volume of 95% ethanol was added to assist in the evaporation
of acetonitrile/water by creating an azeotrope of lower boiling point, and the solution is
evaporated to dryness using a rotary evaporator. The residue was dissolved in a minimum
amount of acetonitrile. Thin layer chromatography was performed to determine which
solvents and at which ratio gives the best separation of the components in the mixture.
This ratio was determined to be 40:3:1 acetonitrile/water/ethanol by volume. The solution
was loaded to a 25 cm chromatography column of neutral alumina and eluted with the
aforementioned mixture of solvents. In this purification, the first fraction is faintly yellow
and contains any remaining unreacted dpp ligand and excess sodium nitrate, the second
yellow fraction is the unreacted starting material (Rh(bpy)»(Cl);"). The third light red
fraction, which was the [Rh(bpy)2(dpp)’’] complex, was collected, and the eluent was
removed by evaporation. A fourth deep red-colored fraction, which is the bimetallic
[(bpy):Rh(dpp)Rh(bpy),](NO3)s, was discarded. 0.205g (2.45x10™* mol, 52%) of
[Rh(bpy)2(dpp)]I(NO3); were recovered. A small amount of the compound was
precipitated as a PFg salt and sent for elemental analysis. C, H, N elemental analysis for

Ci4HosNgRhF3P5: C, 37.62; H, 2.40; N, 10.32. Found: C, 37.59; H, 2.35; N, 10.21%.

2. B. 11. SYNTHESIS OF [Rh(bpy);] [PF¢];
This synthesis is similar to the synthesis reported by Gidney e al.'’A mixture of
RhC13°xH,0 (0.209 g, 1x10mol, in 20 mL of H,0), 2, 2-bipyridine (0.515 g, 3.3x107

mol, in 10 mL of ethanol), and a catalytic amount of hydrazine monohydrochloride
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(0.021 g, 0.3x10™ mol) was heated at reflux for 30 minutes. The resulting pale yellow
solution was cooled on ice water for 15 minutes and aqueous saturated KPF¢ solution
(~35 mL) was added. The fine white crystals that precipitated were removed by vacuum
filtration, then washed with 30 mL of water, 30 mL of ethanol, and 45 mL of diethyl
ether sequentially, and air-dried overnight. The resulting product was dissolved in a
minimum amount of acetonitrile then purified by neutral alumina chromatography using
a 1:1 (v/v) acetonitrile/ethanol solvent mixture as the eluent. The first pale yellow band
eluted was probably the (Rh(bpy),(Cl),") along with unreacted bpy ligand followed by a
second band which was the desired product. This purification was carried out in a fume
hood to avoid acetonitrile inhalation. The solution was concentrated by rotary
evaporation, then cooled in an ice water bath for 30 minutes. While maintaining vigorous
mechanical stirring, approximately 160 mL of diethyl ether was slowly added to induce
precipitation. The precipitate was again separated by vacuum filtration and washed with
diethyl ether. The final product was recrystallized from hot ethanol. The purified white,
microcrystalline product was collected and dried in a vacuum oven at 80°C for three
hours. 0.725 g (7.2x10™ mol, 72%) of the product were collected and it was kept in a
desiccator over anhydrous CaSO4. C, H, N elemental analysis for C;oH4NgRhF3P3: C,

35.78; H, 2.36; N, 8.35. Found: C, 35.74; H, 2.41; N, 8.28%.
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2.B. 12. ELEMENTAL ANALYSIS
Chromium and Rhodium complexes were analyzed for carbon, hydrogen and nitrogen
composition by Galbraith Laboratories, Inc. Samples of approximately 20 mg were used

for the analysis.
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Figure 17. Synthetic scheme of [Cr(phen),(dpp)](PFe);. Part L.
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Figure 18. Synthetic scheme of [Cr(phen),(dpp)](PFs)s. Part II.
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Figure 19. Synthetic scheme of [Rh(bpy).(dpp)](NO3);



2. C. INSTRUMENTAL
2. C. 1. ELECTRONIC ABSORPTION SPECTROSCOPY

All ultraviolet-visible (UV-VIS) absorption spectra were obtained on a Varian-Cary
5000 UV-Vis-NIR scanning double beam spectrophotometer. Spectral data were exported
as .txt files (wavelength, absorbance), and imported into spreadsheet software for further
analysis and presentation. The solutions were analyzed using a quartz cuvette with 1 cm
path length, customized with a top joint of 14 mm x 20 mm (H.S. Martin Incorporated).
All electronic absorption spectra were obtained in room temperature spectrophotometric

grade acetonitrile or deionized water.

2. C. 2. LUMINESCECE SPECTROSCOPY

Steady-state emission spectra were collected using standard techniques. All steady-
state emission spectra were obtained on a FluoroMax-3 emission spectrometer by Jobin
Yvon Horiba. The instrument was controlled with the factory standard FluoroMax
software suite. Emission spectra were recorded in room temperature spectroscopic grade
acetonitrile and deionized water using a quartz cuvette with 1 cm path length, customized
with a top joint of 14 mm x 20 mm (H.S. Martin Incorporated). Low temperature
emission spectra were obtained from 4:1 v/v ethanol/methanol solutions immersed in a
liquid nitrogen filled finger Dewar flask (77 K) using NMR test tubes ( 5 mm economy,

77, 600 MHz, Wilmad LabGlass).
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2. C. 3. TIME-RESOLVED EMISSION SPECTROSCOPY
A considerable amount of time was invested in mastering the usage and
troubleshooting for various problems of the ICCD time-resolved emission spectrometer,
which will hence be described in extensive detail. A diagram of the ICCD
camera/spectrograph/laser/timing-generator/computer system used is shown in Figure 20.
2.C.3.a. OVERVIEW
The laser used for time-resolved experiments, is a Quanta Ray DCR-2A pulsed Nd:
YAG (Neodymium doped yttrium aluminum garnet) laser fitted with a HG-2 harmonic
generator and an amplifier, giving optimum output at 10Hz. The output pulse has a
diameter of 6.4mm, and the linewidth at the fundamental, 1064 nanometers (nm), is less

than 1 cm™. The different laser outputs are listed in Table 1.

TABLE 1. Quanta Ray DCR-2A pulsed Nd: YAG laser outputs.

Wavelength Pulse Energy Pulse Pulse
(nm) Width Stability Energy Energy
(ns) (mJ/pulse), | (ml/pulse),
oscillator amplifier
1064 8-9 + 1% 300 800
532 6-7 +3% 150 360
355 5-6 + 3% 60 150
266 4-5 + 5% 20 60

The oscillator begins the firing sequence in the pulsed laser that is followed by the
flashlamps, the Q-switch, and then the pulse. A harmonic generator mixes the 1064 nm

fundamental to produce the 532 nm, 355 nm, and 265 nm harmonic wavelengths above it.
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Both the 532 nm line and the 355 nm line were extensively used throughout this project.
The laser can be externally controlled at each stage via inputs at the oscillator,
flashlamps, and Q-switched. Both the oscillator and Q-switch are triggered externally in
this system. A variable output timed from the Q-switch can be used to trigger a shutter in
the camera system (Figure 20). The amplifier was never employed. A system of dichroic
high-energy laser mirrors were employed to reflect the 355 nm line (Model BSR-31-
1537, CVI Laser Corporation, Lot 64024), and the 532 nm line (Model BSR-51-1525,
CVI Laser Corporation, Lot 130938). When the 355 nm line is used, mirror M1 reflects
primarily the higher energy 355nm light to another similar mirror M2, which reflects the
pulse onto the sample compartment. When the 532 nm line is used, mirror M3 reflects the
light to another similar mirror M4, which reflects the pulse also onto the sample
compartment (Figure 20). When one exciting wavelength is in use, the other is blocked.
Beyond the M 1/3 mirror, a 90° elbow of %2 inch diameter copper tubing serves as a
photon trap for the powerful 1064 nm pulse. Both excitation pulses (355 nm or 532 nm)
proceed through the sample compartment at close to right angles to the entrance slit of
the spectrograph, which is a SpectraPro Model SP-308 (Acton Research Corporation).
Since the 532 nm pulse is predominantly used and can damage the camera, a 532 nm
holographic notch filter (Model HNF 532.0-1.0, Kaiser Optical Systems, Inc.), F1, is
placed before the entrance slit of the spectrograph to block scattering of the laser pulse

light from entering.
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Figure 20. Nd: YAG Laser/ICCD Camera Setup
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2.C.3.b. Nd: YAG LASER THEORY

The term laser is an acronym for light amplification by stimulated emission of
radiation. As a consequence of their light-amplifying characteristics, lasers produce
spatially narrow, extremely intense beams of light. The process of stimulated emission
produces a beam of highly monochromatic and remarkably coherent radiation.

The Nd: YAG laser is a solid state laser. It consists of neodymium (III) ions [Nd**]
in a host crystal of yttrium aluminum garnet. The Nd** ions provide the electrons for
excitation; while the crystalline matrix propagates the energy between ions. This system
offers the advantage of being a four-level laser (Figure 22), which makes it much easier
to achieve population inversion. The Nd: YAG laser has a very high radiant power at
1064 nm, which is doubled to give an intense line at 532 nm and tripled to give a line at
355nm. The host material in a Nd: YAG laser is a complex crystal of yttrium aluminum
garnet with the chemical composition Y3Al;O,,. The YAG crystal has a relatively high
thermal conductivity, which improves thermal dissipation in the laser cavity, so
continuous wave operation up to a few hundred Watts is possible. When operated in a
pulsed mode, high pulsing rates can be achieved, and average powers of up to 1 kW are
available. The actual lasant is the Nd™ ions which have been doped into a YAG crystal.
The YAG crystal is transparent and colorless. When doped with approximately 1% Nd,
the crystal takes on a light blue color.

The essential features of a Nd: YAG Laser are shown in Figure 21. The lasing
material is contained within a cylindrical tube with a mirror at each end. One of these

mirrors is totally reflecting, while the other one is partial reflecting to enable some of the
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light being produced to be utilized. The laser cavity is made to be resonant at the
wavelength of the radiation, so that as the radiation traverses the medium the intensity
increases through constructive interference. In the excited system, some of the excited
species will lose their energy by spontaneous emission. The photons produced in this way
can then interact with further excited species to stimulate the emission of more photons,
and so on, thus greatly amplifying the radiation. Spontaneous emission seeds the process
of stimulated emission. The light amplification can continue until the population
inversion is destroyed, so that the light is produced in pulses as population inversions are

created and destroyed.

Optical
Resonator
Highly .
Reflective Partlal}y
Mi Reflective
frror Flash Lamp Mirror
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' Output
=== N
Flash Lamp
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Figure 21. Schematic representation of a Nd: YAG laser.
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The energy levels in Figure 22 arise from the three inner-shell 4f electrons of the
Nd** ion, which are effectively screened by eight outer electrons (5s* and 5p°). The
crystal field of YAG only weakly influences energy levels, so the Russell-Saunders
coupling scheme of atomic physics can be used. In figure 22, there are four energy levels,
with energies E;, E,, Ei, Ea, and populations N;, N,, N3, Ni, respectively. The
energies of each level are such that E; < E, < E3 < E4. Nd*>* ions have two absorption
bands, and excitation is done by optical pumping using flash lamps. In this system, the
pumping transition excites the atoms in the ground state (level 1) into the excited state
(level 4). From level 4, the atoms again decay by a fast, nonradiative transition into the
level 3. Since the lifetime of the laser transition is long compared to that of the
nonradiative transition to level 3, a population accumulates in level 3 (the upper laser
level), which may relax by spontaneous or stimulated emission into level 2 (the lower
laser level) and the wavelengths of the emitted photons are 1.06 um. This level likewise
has a fast, nonradiative decay into the ground state. The presence of a fast, nonradiative
decay transitions result in population of the level 4 being quickly depleted (N4 = 0). In
this four-level system, any atom in the lower laser level E; is also quickly de-excited,
leading to a negligible population in that state (N, = 0). This is important, since any
appreciable population accumulating in level 3, the upper laser level, will form a
population inversion with respect to level 2. That is, as long as N3 > 0, then N3 > N, and a
population inversion is achieved. Thus optical amplification, and laser operation, can take

place.
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2.C.3.c. ICCD CAMERA

The system used in these experiments (Figure 20) employs a Princeton Instruments
PI Max ICCD Camera (Roper Scientific) with a Generation II Intensifier (red enhanced).
The CCD array is 1024 pixels wide by 256 pixels high, each pixel being 26 um x 26 pum,
with a well capacity of 500 keV. The 18mm wide intensifier, using 1:1 fiber optic
coupling, is bonded to the front of the CCD array which is just over 26mm. 4mm on
either side of the intensifier is not illuminated. A gain of 6-8 electrons per photon count is
possible, and the sensitivity ranging from 1-70 counts depending on the adjustment of the
signal gain. The phosphor screen (P43) has a decay time of 2ms. The intensifier gating
on/off ratio is 5x10°% 1, and can be gated to a window (resolution) of 1.7ns. Jitter is less
than 100 ps when the ICCD is cooled to -11°C, which is its normal operating
temperature. The camera controller, a Princeton Instruments Model ST-133 (Roper
Scientific), houses the analog-to-digital (A/D) converter, reads the temperature of the
CCD array, powers the camera, and is the interface by which the computer controls the
camera. The A/D converter can handle 1 megapixel per second at 16 bits. The controller
reads out 1 pixel per microsecond (1.024ms to read the entire row of 1024 pixels), and it
takes 15 microseconds to move to the next row on the CCD. The camera is connected via
a serial cable to a high-speed PCI card installed on the computer for data processing and
display. Data can be displayed nearly in “real time” with the fast readout, digitizing, and
output ability of the controller, coupled with the high-speed serial interface and fast

processor of the computer.
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2.C. 3.d. COMPUTER AND SOFTWARE

A PC with 1000Mhz AMD Athlon Processor, 256MB Ram, 6GB Hard drive, and
installed GPIB/PCI Card and High-Speed 89 Serial PCI Card running Windows XP (SP2)
are used to control the instrumentation, set experiment parameters, run experiments,
process data, and display data. WinSpec32 software package provided by Princeton
Instruments (Roper Scientific) serves as the interface, controlling the spectrograph,
timing generator, and camera controller. WinSpec32 allows for display of time-resolved
and steady state data, and it contains a functionality that allows to convert and to export

data files in ASCII format to be further analyzed using Microsoft’s excel software.

2.C.3.e. SPECTROGRAPH

Incoming light is dispersed by a SpectraPro 300i series (SP-308) spectrograph (Acton
Research Corporation). It has a 0.300 meter focal length, f/4 aperture ratio, and focal
plane 27mm wide by 14mm high which extends 1.0” outside at the CCD port for ease of
mounting an ICCD camera. Manually adjustable micrometers at the entrance slit and two
exit slits (chosen by a motorized mirror) can range from 10um to 3mm. Light passing
through the entrance slit is directed by the entrance mirror onto a back mirror and then
onto a triple grating turret, which is driven electronically. Three gratings are mounted on
the turret: the first with 600 grooves/mm is blazed for optimum reflectivity at 500 nm
(600/500 shorthand), the second with 150 grooves/mm is blazed for 500 nm (150/500
shorthand), and the third with 150 grooves/mm is blazed for optimum reflectivity at

800nm (150/800 shorthand). The two gratings with 150 grooves/mm allow display of the
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full spectrum of a typical luminescent compound throughout the visible spectrum. The
grating with higher resolution allows focusing in on features of a particular emission.
Dispersed light from the grating is then reflected off another back mirror onto the
motorized exit mirror which reflects the dispersed light across the ICCD. The
spectrograph comes with its own software and can be used as a monochromator. The
spectrograph is connected via cable from the RS232 interface to the COM2 port on the

computer. The WinSpec32 software is able to control the SP-308.

2.C. 3. f. TIMING GENERATOR

The sequence of events and their timing is initiated by the computer software and
controlled by a Model-DG535 Digital Delay/Pulse Generator (Stanford Research
Systems, Inc.) which has a 5 picosecond (ps) resolution. Four delay outputs (2-3
nanosecond rise time) are available, A,B,C,D, or various combinations (AB, -AB, CD, -
CD) in addition to time zero Ty, and all can terminate at 50 Q or high impedance, and
deliver a variety of output levels including transistor-transistor logic (TTL, 0 to 4Vdc,
normal or inverted), emitter-coupled logic (ECL, -1.8to -0.8 Vdc, normal or inverted),
nuclear instrumentation module (NIM, -0.8 to 0 Vdc, normal or inverted), and variable
(ranging from -3Vdc to +4Vdc). This setup employs TTL at 4V, normal, terminating in
high impedance load. The generator uses a 25ppm crystal oscillator timebase, and RMS
jitter from T, to any output is 50ps + delay x 10™®. It is connected via cable from the
IEEE488 GPIB (General Purpose Interface Bus) interface to a specially installed

GPIB/PCI card from National Instruments. This allows the computer to control the
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generator and initiate the timing, quickly advancing the time delay as set forth by the

WinSpec 32 experiment acquisition parameters.

2.C.3.g. TIMING SEQUENCE

A diagram for the timing sequence is provided in Figure 23. When the computer
initiates the DG535 (Point 1, Figure 23), the Ty output pulses the oscillator input on the
laser (Point 2, Figure 23). Approximately 210 microseconds after the oscillator fires, the
flash lamps of the laser fire (Point 3, Figure 23). The laser Q-switch is externally
controlled by the DG535 through output C (Point 4, Figure 23) which is at a fixed time
delay of 3.242 milliseconds from T, to achieve the maximum intensity of the laser pulse.
Since the laser pulse itself appears approximately 50ns after the Q-switch voltage drops
to nominal voltage (Point 5, Figure 23), this affords a clear and convenient starting point
for data acquisition, and thus the camera is able to capture data starting just before the
pulse is delivered to the sample. Therefore, output A of the DG535 which turns on the
camera intensifier (Point 6, Figure 23), is set to start at 3.242 ms after Ty, and is advanced
forward according to experimental conditions which were usually every 2 ns for
Rhodium complexes and 50 ps for Chromium complexes. Output B of the DG535, which
turns off the camera intensifier (point 7, Figure 23) occurs at a fixed time delay after
Output A. The time between Outputs A and B defines the width of the exposure window,
and in turn the time resolution of the camera. As stated above, the intensifier can be gated
on and off down to a 1.7 ns window, but 2 ns and 2 ms windows are used for Rhodium

complexes and a 50 pus window for Chromium complexes. Output D is timed to output B
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(also Point 7, Figure 23) and being connected to the “external sync” input of the camera

controller, initiates a readout cycle of the data. Once the controller begins to readout data

from the CCD array, it sends a signal through the NOT SCAN output to the INHIBIT

input on the timing generator (Point 8, Figure 23) which prevents another timing

sequence from occurring until readout is complete. The controller A/D converter digitizes

the data and sends it to the computer for processing and display (Point 9, Figure 23).>*

Nd:YAG Laser/ICCD Camera Timing Sequence

LASER Q-switchis Signal fhrough
externally controlled by Channel A of DG535 NOT SCAN output
DG535 through cannel C fums on camera 1o INHIBIT ingut
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camera infensifier Channel DD compl
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approximately 120ms controller, initiates a readout
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Figure 23. Nd:YAG Laser/ICCD Camera Timing Sequence
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2. D. ELECTROCHEMICAL MEASUREMENTS
2.D.a. THEORY AND APPLICATION

Electrochemistry is often used to characterize electroactive transition metal
complexes, including those incorporating polypyridine ligands. Cyclic voltammetry (CV)
is commonly used to evaluate relative energies of various donor and acceptor orbitals of
the species of interest. CV also provides information about electron transfer kinetics at
the electrode surface and also details about chemical steps competing with electron
transfer processes. Bulk electrolysis provides the number of electrons per molecule per
electrochemical step and for evaluating the electronic structure and electronic absorption
properties of electrochemical products. Changes to the electronic absorption properties
following oxidation or reduction of a light absorbing metal complex are helpful in

assigning the nature of electrochemically active orbitals or optical transitions.

2.D.b. CYCLIC VOLTAMMETRY

Cyclic voltammetry is a linear sweep technique that gives important information
about the frontier orbitals of an analyte. CV often is a technique performed using a three
electrode system that changes the redox state of material at the electrode surface. Figure
24 shows a typical three electrode cell setup for CV measurements. This cell consists of a
working electrode, counter electrode, reference electrode, and electrolytic solution. The
working electrode’s potential is varied linearly with time, while the reference electrode
maintains a constant potential. The counter electrode conducts electricity from the signal

source to the working electrode. The purpose of the electrolytic solution is to provide ions
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to the electrodes during oxidation and reduction.

Reference
Electrode

) Counter
Working Electrode

Electrode - /

/ Solvent,

Electrolyte,
Analyte

Figure 24. The design of a three electrode, single compartment cell commonly employed
in transient electrochemical techniques, including cyclic voltammetry.

The potential of the working electrode is measured against a reference electrode
which maintains a constant potential, and the resulting applied potential produces an
excitation signal such as that in Figure 25. In the forward scan of figure 25, the potential
first scans negatively, starting from a greater potential (a) and ending at a lower potential
(d). The potential extreme (d) is call the switching potential, and is the point where the
voltage is sufficient enough to have caused an oxidation or reduction of an analyte. The
reverse scan occurs from (d) to (g), and is where the potential scans positively. Figure 25
shows a typical reduction occurring from (a) to (d) and an oxidation occurring from (d) to

(g). It is important to note that some analytes undergo oxidation first, in which case the
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potential would first scan positively. This cycle can be repeated, and the scan rate can be
varied. The slope of the excitation signal gives the scan rate used.

In Figure 26, the reduction process occurs from (a) the initial potential to (d) the
switching potential. In this region the potential is scanned negatively to cause a reduction.
The resulting current is called cathodic current (i,c). The corresponding peak potential
occurs at (c), and is called the cathodic peak potential (E,). The E,. is reached when all
of the analyte at the surface of the electrode has been reduced. After the switching
potential has been reached (d), the potential scans positively from (d) to (g). This results
in anodic current (ip,) and oxidation to occur. The peak potential at (f) is called the anodic
peak potential (Ep,), and is reached when all of the analyte at the surface of the electrode

has been oxidized.

Prtential W

>
Time (g)

Figure 25. Triangular potential sweep function applied in a two segmented cyclic
voltammetry experiment like Figure 26 at a scan rate (v) of 100 mV/s.
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Figure 26. Cyclic voltammogram of an n = 1 redox couple that follows reversible
Nernstian behavior, where cathodic and anodic peak potentials are denoted by E,,c and Ep,
respectively and the analogous peak currents are iy and ip,.

For a reversible system, the ratio of the anodic peak current to the cathodic peak
current is ideally equal to unity (ip./ipc = 1). Potentials for a reversible system are often
reported as the formal reduction potential (E°) which is the average of the cathodic and
anodic peak potentials (£, and Ey;,) for a specific couple (24).

M +¢ o M (24)

Irreversible electrochemical processes perturb the cyclic voltammogram giving a

characteristic current vs. potential curve that is unlike the one shown in Figure 26. In an

irreversible cyclic voltammogram point (f) is missing. Chemical reactions following the

electron transfer step compete with back electron transfer (25), and for such reactions the
ratio ipa/ipc 1s always less than unity.

M"+ ¢ < M — Products (25)
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2. D. c. METHOD DEVELOPMENT

All electrochemistry was performed using a CH Instruments 760C electrochemical
analyzer employing three-electrode, single chamber cell, Figure 24. Solutions of the
rhodium(Il)polypyridyl complexes were made by using 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFy) as the supporting electrolyte in spectrophotometric grade
acetonitrile. Solutions of the chromium(Ill)polypyridyl complexes were made by using
0.1 M potassium chloride (KCl) as the supporting electrolyte in distilled water. The
working electrode was a Pt disk, the auxiliary electrode was a Pt wire and potentials were
measured against a Ag/AgCl (3M NaCl) reference electrode. Cyclic voltammetry (CV)
was typically performed at a scan rate of 100 mV/s. The scan rate dependent
electrochemical behavior of some redox processes were examined by changing the

potential scan rate (varied from 10 mV/s to 6250 mV/s).

2. E. QUANTUM YIELD DETERMINATIONS
2. E.a. THEORY

Absolute quantum yield determinations require accounting for the total emission from
a sample in all directions as compared to the known amount of irradiation. Determining
the total amount of emitted photons in a spherical emission is a challenging process
requiring specialized equipment and techniques. However, this process can be simplified
by comparing a sample of unknown quantum yield to one of known quantum yield.

For determining relative quantum yields, it is important to note that two solutions with

the same absorbance at a given wavelength can be expected to absorb the same number
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of photons, thus the ratio of their integrated emission spectrum (which is proportional to
the total number of emitted photons), is the same as the ratio of their quantum yields,
assuming that concentration effects such as self-quenching'® and inner filter effects® are
kept to a minimum. If the solutions are in different solvents, the solvent refractive indices
must be accounted for. Thus, the selection of the standard is extremely important. The
standard and unknown both need to absorb at a common excitation wavelength sufficient
to populate the emitting state, and both need to have similar emission profiles with
similar emission maxima. This comparative method described by Williams et al.”, is
time consuming but it provides high accuracy by comparing the integrated fluorescence
intensity and the absorption for unknown sample and standard.

The integrated emission is determined for a series of samples with varying absorption
values at the excitation wavelength, such as 0.02, 0.04, 0.06, 0.08, and 0.1. By keeping all
absorption values no greater than 0.1, inner filter effects are kept to a minimum. The

quantum yield of the unknown, @ known can be calculated from the following equation:

2 2
? unknown Nunknown

Dunknown = Pstandard (26)

2 2
v standard TMstandard
Dgangara 1S the quantum yield of the standard, ?unknown and ‘ﬁ’mndard are the gradients
(slopes) of integrated emission intensity vs. absorbance, and nzunknown and nzstandard are the
squares of the refractive indices of the respective solvents used at room temperature. The
integrated emission intensity vs. absorbance should produce a linear graph with intercept

at zero and a slope equal to the gradient.
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To determine the quantum yield of Rhodium (III) complex a slightly different
method was used. This method was developed by Demas and Crosby.”® The integrated
emission of the [Rh(bpy)dpp]>" complex was compared relative to that of the standard

[Rh(bpy),Cl,]" according to the eq.27. Both measurements were made back to back.

(Dunknown = (Dstandard (Iunknown/ Aunknown) (Astandard/ Istandard) (nunknown/ T]standard)z (27)

In this expression, @ynxnown aNd Dgiandara are the emission quantum yields of the unknown
and standard, respectively, under the conditions of the measurement. The quantities
Lunknown and Igandard are the integrated emission intensities of the unknown and the
standard, respectively. The quantities Aynknown and Aswndara are the absorbances of the
unknown and the standard, respectively, at the excitation wavelength. Care was taken to
ensure that these are both close to 0.1. Finally Munknown and Mstandara are the indices of
refraction of the unknown and the standard solution, respectively. Since the same solvent
was used in both measurements, the last term in eq. 27 can be ignored. For these
measurements, absorption spectra were recorded before and after the emission
measurements to ensure that the measurements were not biased by a photo induced

change in the complex.

2. E.b. METHOD DEVELOPMENT

[Cr(phen);](CF3S0s3); and [Cr(phen),dpp](CF5;SO3); were dissolved in distilled water,
to varying concentrations leading to absorptions at the excitation wavelengths ranging
from 0.02 to 0.10 in order to avoid inner-filter effects. All solutions were deareated by

bubbling with Argon gas for 5 minutes. Since [Rh(bpy),Cl,](PFs) is not emissive at room
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temperature, both [Rh(bpy),CL](PFs) and [Rh(bpy).dpp](PFs); were dissolved in
ethanol/methanol mixture (4:1 by volume) and their emissions were recorded at 77K. The
steady-state emission spectra were recorded on the FluoroMax-3 spectrometer, while
absorption spectra were obtained using the Varian-Cary 5000. The excitation wavelength
for the Rhodium complexes was set to 319 nm, whereas for the Chromium complexes the
excitation wavelength was set to 400 nm. The areas under the steady state emission
curves were calculated using the built-in area calculator functions in the software
program of the instrument. Relative quantum yields [Cr(phen),dpp](CFs;SOs); were
obtained by direct comparison of the gradients (slopes) of the emission vs. absorption

plots (vide infra).

2. F. BUFFER TITRATIONS

Stock solutions of [Cr(phen)z(dpp)]%, [Cr(bpy)z(dpp)]3+ and [Rh(bpy)z(dpp)]3+ in
water were prepared to an approximate concentration of 10 M. Solution were made by
diluting the stock solutions of each complex using 5 mL volumetric flasks with buffers
solutions ranging from pH 1 to pHI14. The ratio of buffer solution to complex stock
solution was 4:1 by volume. Argon gas was bubbled through all solutions for 5 minutes.
The ICCD camera was used to obtain time-resolved (355 nm excitation wavelength)
emission spectra and the steady-state emission data were obtained by the FluoroMax-3
emission spectrometer using various excitation wavelengths (vide infra). In the case of
steady state emissions, any emission from blank buffer solutions was obtained and

subtracted.
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CHAPTER 3

3. RESULTS
3. A. Characterization of [Cr(phen),dpp)] (PFs)s and [Cr(bpy).dpp)] (PFs)3
3. A.1. Electronic Spectroscopy of [Cr(phen):dpp)] (PFe)3

The electronic spectrum of [Cr(phen),(dpp)]”" appear in Figures 27 and 28. Figure 28
displays the absorption spectrum of the chromium(Ill) complex only between
wavelengths 370-500 nm using a more concentrated sample in order to enhance the
Laporte forbidden but spin-allowed metal-centered d-d transitions. The UV-Vis spectra
of [Cr(phen),(dpp)]** show the characteristic absorption features previously observed for

tris(polypyridyl)chromium(III) complexes.?®
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Figure 27. Absorption spectrum of 7.76 x 10~> M [Cr(phen)»(dpp)]>* in Water ( r.t.).
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Assuming an octahedral microsymmetry for [Cr(phen),(dpp)]**, the absorption spectrum
consists of three spin-allowed quartet bands: *Ase—"Tig, *Asg—"Tig and *Ar—"Ts,

(refer to Figure 28). The molar extinction coefficients of these three d-d transitions are
1370, 995, 386 M'em™ respectively. The lowest energy band (4A2g—>4T2g) gives the
value of the ligand field parameter A. Another feature of the absorption spectra shown in
Figure 27 are the intense ligand-centered n—m* transitions observed in the UV range; the
lowest energy absorption transition at ~363 nm has a molar extinction coefficient of 3230

Mem™, which is at the lower range for a symmetry allowed electronic transition.
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Figure 28. Absorption spectrum of 2.01x 10 M [Cr(phen),(dpp)]>” in Water ( r.t.).
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The Cr(Ill) complex yields a narrow phosphorescence emission (2Eg — 4A2g) and a
weak shoulder fluorescence (4T2g — 4Azg) , with a wavelength maxima at 728 nm and
696 nm, respectively, in water at room temperature (Figure 30). Both the dominant
phosphorescence and the weak fluorescence are not wavelength dependent: excitation
throughout the d-d region consistently results in the 728 nm and 696 nm emissions. The
excitation spectrum shown in Figure 29 confirms that the emissions arise solely from the
lower energy d-d transitions, with maximal excitation occurring at 400 nm, which
corresponds to the 4A2g — 4T2g ligand field transition. Its assignment is thus metal
centered d-d. Another prominent feature shown in the excitation spectrum of Figure 29 is

the overtone at 364 nm of the 728 nm excitation wavelength.
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Figure 29. Excitation spectrum [Cr(phen)g(dpp)]3+ in Water ( r.t.), monitored at 728 nm
shows at maximum at 400 nm.
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Figure 30. Emission of 7.76 x 10~ M [Cr(phen),(dpp)]’" in Water ( r.t.). Excitation
wavelength 400 nm.
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3. A.2. Time Resolved emission Spectroscopy of [Cr(phen),dpp] (PF¢);

The time-resolved spectrum of [Cr(phen),(dpp)]>" was examined using the ICCD
camera system described above. The full time-resolved three-dimensional spectrum is
shown in Figure 31. The trace at the maximum emission intensity (728 nm) going from
time zero (T,) onwards is shown in Figure 32, which includes the grow-in of the
emission. This grow-in is arguably only a function of the pulse profile, which has a finite
rise and decay profile. Fitting just the decay portion, using IGOR software and the

Equation (28), led to a single exponential decay with a lifetime of 87 £ 1 ps.

Y = Yot A exp[-(x-Xo)/1] (28)

In equation 28, A is the pre-exponential factor at a specific wavelength and 1 is the

lifetime. Within overall experimental error, these lifetimes are essentially independent of

wavelength. Fitting the decay of the phosphorescence at various wavelengths (710 nm —

750 nm) leads to the same lifetime.
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7.76x10° M [Cr(phen)y(dpp)]’" (r.t.).

Figure 31. 3D time-resolved emission spect
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Figure 32. Time-resolved emission spectra of [Cr(phen),(dpp)]’” showing full trace with
fit at 728 nm.
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3. A.3. Electronic Spectroscopy of [Cr(bpy)>dpp)] (PFs)3

The electronic spectrum of [Cr(bpy).(dpp)]*" appears in Figures 33 and 34. The UV—
Vis absorption spectra (Figure 33) in aqueous solution of the [Cr(bpy)(dpp)]>" complex
are strongly reminiscent of those observed for related tris(homoleptic) and
tris(heteroleptic) Cr(IIl) complexes.” Similar to [Cr(phen),(dpp)]’*, the UV-Vis spectra
of [Cr(bpy)(dpp)]’" show the intense ligand-centered m—m* absorptions in the UV
range. The Laporte forbidden metal-centered d-d transitions above 380 nm are barely
visible. The [Cr(bpy)x(dpp)]’" complex yields the characteristic narrow phosphorescence
emission (2Eg — 4Azg) at 726 nm with the weak shoulder fluorescence (4T2g — 4Azg) at

694 nm (Figure 34).
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Figure 33. Absorption spectrum of 5.32 x 10> M [Cr(bpy)2(dpp)]>" in Water ( r.t.).
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Figure 34. Emission of 4.62 x 10~ M [Cr(bpy)(dpp)]>” in Water ( r.t.).

Excitation wavelength 400 nm.
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The time-resolved spectrum of [Cr(bpy)z(dpp)]3+ was examined using the ICCD
camera system. The full time-resolved three-dimensional spectrum is shown in Figure 35.
The trace at the maximum emission intensity (726 nm) going from time zero (T,)
onwards is shown in Figure 37, which includes the grow-in of the emission. Fitting just
the decay portion using IGOR led to a single exponential decay with a lifetime of 327 + 7
us (Figure 37). Measuring the lifetime at various wavelengths yields exactly the same
lifetime as the 726 nm wavelength, suggesting that the lifetime of the [Cr(bpy)2(dpp)]**
complex is wavelength independent. Another prominent feature in Figure 35 is the
fluorescence at 694 nm, which appears only in the first frame and disappears thereafter

due to its short lifetime (Figure 36).

Figure 35. 3D time-resolved emission spectrum of 4.62x10™ M [Cr(bpy)(dpp)]>” (r.t.).
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Figure 36. Time-resolved emission spectrum of 4.62x10™* M [Cr(bpy)>(dpp)]>" (r.t.).

A. at frame 1 and B. at frame 2.
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Figure 37. Time-resolved emission spectra of [Cr(bpy).(dpp)]’” showing full trace with
fit at 726 nm.

3. B. Characterization of [Rh(bpy)s] (PFs)3 and [Rh(bpy):dpp)] (PFs)3

3. B.1. Electronic Spectroscopy of [Rh(bpy);] (PFs);

The electronic absorption and emission spectra of [Rh(bpy)s]’" appear in Figures 38,
39a and 39b. They are in perfect agreement with literature sources '*’. The [Rh(bpy)s]*"
complex can be used to exemplify the typical photophysical behavior of this class of
Rhodium(III) polypyridine complexes. The complex absorbs strongly in UV region, with
prominent absorptions at 242, 306 and 319 nm, and molar extinction coefficients of
59,091 M'lcm'l, 54,927 M lem™ and 59,818 M'lem! respectively. After the 319 nm peak
the absorption spectrum sharply terminates. Transitions in the UV region of the spectrum
can be assigned to bpy (n—mn*) transitions. [Rh(bpy);]’" exhibits in 77 K

ethanol/methanol (4:1, v/v) glass an intense, long-lived (z,, ca. 62 ms), highly structured
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emission (4 = 447, 479, 504, 543 nm) assigned as ligand-centered phosphorescence;

emission from a z7—* triplet state ("T;—'A ) essentially localized on the bpy ligands. In

room-temperature fluid acetonitrile or ethanol/methanol (4:1, v/v) solutions, [Rh(bpy)g]3+

is practically non-emitting (Figure 39b). '’
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Figure 38. Absorption spectra of 5.5x10°M [Rh(bpy)s]*" in Water (r.t.).
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Figure 39a. Emission spectra of 4.5x10"*M [Rh(bpy)g]3+ in clear ethanol-methanol (4:1
v/v) glass at 77 K. Excitation wavelength 319 nm.
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Figure 39b. Emission spectra of 4.5x10™*M [Rh(bpy)s]*" in clear ethanol-methanol (4:1,
v/v) glass at room temperature. Excitation wavelength 319 nm.

3. B.3. Electronic Spectroscopy of [Rh(bpy)>dpp)](PF)3

The electronic absorption spectrum of [Rh(bpy).dpp]’” in water at room temperature
appears in Figure 40. Similarly to the [Rh(bpy)s]’" analogue, the [Rh(bpy).dpp]’”
complex absorbs strongly in UV region, with prominent absorptions at 314, 241, 284,
295, 307 and 320 nm. After the 320 nm peak, the absorption spectrum sharply ends.
These absorptions are the ligand centered m—mn* transitions; the lowest intensity
absorption at 295 nm has a molar extinction coefficient of 41,695 M'em™. By comparing
Figures 38 and 40, the transitions at 284 nm and 295nm can be assigned to the dpp

ligand, whereas the 307 nm and 320 nm can be assigned to the bpy ligand.
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Figure 40. Absorption spectrum of 2.1 x 10> M [Rh(bpy)2(dpp)]>" in Water ( r.t.).

The [Rh(bpy).dpp]’" complex exhibits in 77 K ethanol/methanol (4:1, v/v) glass
an intense emission (Figure 41, A,,, = 570 nm). This emission was examined using the
Nd: YAG laser with an excitation pulse of 355 nm and gave a lifetime of 75 pus. However,
in contrast to the [Rh(bpy)3]3+ complex, which does not show an emission in room
temperature aqueous solution, [Rh(bpy)zdpp]3 " exhibits an intense, broad emission with a
wavelength maximum at 443 nm in aqueous solution at room temperature (Figure 42).
The location of this emission corresponds with a n—m* (3T1—>1A1) transition localized on
the ligands. This emission is short lived with a lifetime of 17+3 ns; the time-resolved
spectrum is shown in Figure 43A. The trace at the maximum emission intensity (448 nm)

going from time zero (T,) onwards is shown in Figure 43B. Curiously though, the
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excitation spectrum for emission does not mirror the absorption spectrum. Shown in
smaller graph in Figure 42, the excitation was monitored at 443 nm shows a maximum at

377 nm, in water (r.t.).

20000

18000 -

16000 -

14000 -

u.)

12000 -

10000 -

8000 -

Emission Intensity (a

6000 -

4000 -

2000 -

-

450 490 530 570 610 650 690 730 770 810 850

0

Wavelength (nm)

Figure 41. Emission spectra of 4.5x10™*M [Rh(bpy),dpp]*" in clear ethanol-methanol
(4:1, v/v) glass at 77 K. Excitation wavelength 319 nm.
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Figure 42. Emission of 4.25 x 10~ M [Rh(bpy)(dpp)]’" in Water ( r.t.).
Excitation wavelength 319 nm. Excitation spectrum of Rh(bpy).(dpp)]>" shown in
smaller figure monitored at 443 nm with a maximum at 377 nm, in water ( 1.t.) .
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Figure 43. Time-resolved emission spectra of [Rh(bpy)2(dpp)]’" (A),showing full trace
with fit at 448 nm (B).



3. C. Quantum Yield Determinations
3. C.1. Quantum Yield Determination of [Cr(phen)dpp]’"

[Cr(bpy)s]”" is more thoroughly characterized in the literature than [Cr(phen);]*";
thus, it was used as a standard to determine the quantum yield of [Cr(phen),dpp]*".

1. °" experimentally calculated the quantum yield of [Cr(bpy)s]’” to be

Sriram et a
0.081. This value was reported in deareated aqueous solution at pH=5 and temperature of
22°C. Figure 45 shows the emission data for [Cr(bpy);]*" and [Cr(phen),dpp]’" at various
concentrations in buffer solution of pH=5 and at approximately 22°C. The side-by-side
comparison of absorbance vs. emission area and the gradients are shown in Figure 44.

Using Equation 26 and the ratio of the gradients from Figure 44 the quantum yield of

emission for [Cr(phen),dpp]’” was determined to be 0.0911 + 0.0002.

According to equation 14, the quantum yields of radiative and non-radiative decay,

®., and O, respectively, are

k.
@ =
em = — 27
kr + knr ( )
and
kn}"
b, = (28)
kr + knr

Quantum yield can be thought of as the probability that absorption of one photon will
lead to a particular radiative or non-radiative event. Since all possible events must be

accounted for, it is clear that
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Do + Dy = 1 (29)

Applying Equation18 and the experimentally obtained values of ®.y, and tos (or simply

designated 1), the radiative and non-radiative rate constants can be determined from

k= (30)

(1)

With the quantum yield available, the radiative and non-radiative rate constants, k; and
K, are calculated from equations (30) and (31). For [Cr(phen),(dpp)]*", k, = 1.05 x10° 5™

and k,, = 1.04 x10%™".
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Figure 44. Plots of emission area vs. absorbance at 400 nm for [Cr(phen),(dpp)]’* (#)
and for [Cr(bpy);)]’" (A): Gradients.
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Figure 45. Emission spectra of (A) [Cr(phen),dpp]>" and (B) [Cr(bpy)s]’" as a function
of the concentration of each complex. All solutions were excited at 400 nm which
corresponds to *Agg — “Tig.
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3. C.2. Quantum Yield Determination of [Rh(bpy)dpp]’"

Since cis-[Rh(bpy),Cl,]” is more thoroughly characterized in the literature than
[Rh(bpy)s]*", it was used as a standard to determine the quantum yield of emission for
[Rh(bpy).dpp]’>". Demas et al. ® experimentally calculated the quantum yield of cis-
[Rh(bpy)>Cl,]" to be 0.037; results were reported for an ethanol-methanol glass (4:1; v/v)
at 77°K. Representative absorption and emission spectra of [Rh(bpy).dpp]’" and
[Rh(bpy)>CL]" are shown in Figures 46 and 47. For [Rh(bpy).dpp]’” the excitation
wavelength was chosen to be 319 nm and for [Rh(bpy).Cl,]” was 314 nm wavelength.
The emission of the [Rh(bpy),Cl,]" is very weak with a wavelength maximum at 685 nm
and it is a d-d transition”. Using the data from Tables 2.1 and 2.2 and Equation 27 the

quantum yield of [Rh(bpy),dpp]’" is determined to be 0.0760.

TABLE 2.1. [Rh(bpy),Cly] " data.

Sample Absorbance at 314nm Integrated Emission,
Aex=314nm
1 0.11 128,402
2 0.087 101,549
3 0.056 64,901
4 0.025 29,181

TABLE2.2. [Rh(bpy).dpp]’" data.

Sample Absorbance at 320nm Integrated Emission,
Aex=320nm
1 0.037 548,458
2 0.022 359,258
3 0.014 235,145
4 0.005 120,145
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Figure 46. (A)Absorption spectrum of 4.5x10™*M [Rh(bpy).dpp]’" in ethanol-methanol
(4:1, v/v) (B) Absorption spectrum of 6.7x10*M [Rh(bpy),Cl,]” in ethanol-methanol

(4:1, v/v).
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Figure 47. (A)Emission spectrum of 4.5x10*M [Rh(bpy).dpp]’” in clear ethanol-
methanol (4:1, v/v) glass at 77 K, excitation wavelength 319 nm. (B)Emission spectrum
of 6.7x10*M [Rh(bpy),Cl,]" in clear ethanol-methanol (4:1, v/v) glass at 77 K, excitation
wavelength 314 nm.
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3. D. Electrochemical Measurements
3. D.1. Electrochemical Behavior of [Cr(diimine);]’" Complexes

The electrochemical properties of [Cr(bpy).(dpp)]’", [Cr(phen)»(dpp)]*’,
[Cr(phen);]*" and [Cr(bpy)s;]’" were investigated by cyclic voltammetry. The cyclic
voltammograms of [Cr(phen),(dpp)]*" and [Cr(bpy).(dpp)]’" are shown in Figures 48
and 49 respectively, and a complete listing of the Cr’ /Cr*" reduction potentials obtained
are presented in table 3. All Cr(diimine)s>” complexes exhibit a reversible Cr’*/Cr**
couple, from which values for the standard reduction potentials, E°(Cr’*/Cr*"), were
determined. For the homoleptics Cr(bpy)33+ and Cr(phen);”", the reduction potentials are
slightly less negative than those reported by Brunschwig and Sutin under somewhat
different conditions (IM LiCl solution).”” A clear dependence of E°(Cr’*/Cr’") on
diimine ligand type is evident from the data in Table 3, with the ease of Cr’" reduction
most favored by the presence of bpy/dpp and least favored when phen/dpp are ligands.
TABLE 3.

Electrochemical data of polypyridine Chromium (IIT) complexes (Cr(diimine)s>") in
aqueous solution (r.t.).

Complex E°/V(Cr/Cr™)
Cr(bpy)s*" -0.24
Cr(phen);”* -0.26
Cr(phen),(dpp)** -0.52
Cr(bpy)x(dpp)™* -0.23

3. D.2. Electrochemical Behavior of[Rh(diimine)3]3+ Complexes

The electrochemical properties of [Rh(bpy)(dpp)]’", and [Rh(bpy)s]*" were also
investigated by cyclic voltammetry. The cyclic voltammograms of [Rh(bpy)z(dpp)]3+ and
[Rh(bpy)s]*" are shown in Figures 50 and 51 respectively. Both Rh(diimine);>
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complexes undergo a chemically irreversible two-electron reduction from Rh(III) to Rh(I)
with a concomitant change in coordination number and geometry from octahedral
(CN=6) to square planar (CN= 4). The chemical irreversibility of the initial reduction
wave arises from ejection of a ligand after electrochemical reduction of the parent
compound. This reduction is followed by two reversible one-electron reductions of the
remaining diimine ligands.®®®” Electrochemical potentials for both Rhodium(III)
complexes are given in Table 4, The Rh(bpy)s'" data are in agreement with data of
DeArmond et al.” Both [Rh(bpy).(dpp)]’" and [Rh(bpy);]’" complexes show a
chemically irreversible two-electron wave at approximately -0.83V followed by two
chemically reversible, one-electron bpy and dpp waves. The chemically irreversible two-
electron wave corresponds to the Rh(III) to Rh(I) reduction and the simultaneous loss of a
ligand as a result of the preference of Rh(I) d* complexes for the four-coordinate square-

planar geometry. According to DeArmond et al.”

the Rh(II) complex accepts one
electron to form the Rh(II) complex, which rapidly loses a bpy ligand and picks up a
solvent molecule to achieve an 18-electron, five-coordinate complex. This complex then
picks up the second electron, making it Rh(I), which rapidly loses the solvent molecule to
form the four-coordinate, 16-electron, square-planar geometry preferred by a d* metal.
TABLE 4.

Electrochemical data of polypyridine Rhodium (III) complexes (Rh(diimine);*") in
acetonitrile solution (r.t.).

Complex E,/V(Rh’*/Rh")
Rh(bpy)x(dpp)** | -0.85
Rh(bpy);** -0.79
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Figure 48. Cyclic voltammogram of [Cr(phen).dpp](CF3SO;3); in 0.1 M KCI aqueous
solution at a platinum disc working electrode versus Ag/AgCl (3M NaCl) and with
platinum wire counter electrode. Scan rate (v) = 100mV/s.
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Figure 49. Cyclic voltammogram of [Cr(bpy).dpp](CF3SO3); in 0.1 M KCI aqueous
solution at a platinum disc working electrode versus Ag/AgCl (3M NaCl) and with
platinum wire counter electrode. Scan rate (v) = 100mV/s.
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Figure 50. Cyclic voltammogram of [Rh(bpy)2(dpp)](PFs)3 in 0.1 M BusNPFs acetonitrile
at a platinum disc working electrode versus Ag/AgCl (3M NaCl) and with platinum wire
counter electrode. Scan rate (v) = 100 mV/s.
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Figure 51. Cyclic voltammogram of [Rh(bpy)3](PFs)3 in 0.1 M Bu4aNPFs acetonitrile at a

platinum disc working electrode versus Ag/AgCl (3M NaCl) and with platinum wire
counter electrode. Scan rate (v) = 100 mV/s.
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3. E. TITRATIONS
3. E.1. Absorption and Emission Spectra of [Cr(phen)(dpp)]’"

The emission of [Cr(phen),(dpp)]’" monitored in buffer solutions ranging from pH1
to pH10 is shown in Figure 52. Both the phosphorescence and fluorescence are gradually
decreasing with increasing pH, with a dramatic decrease in intensity at pH9 and with
complete quenching occurring at pH10. The pH titration plots of the phosphorescence at
728 nm and fluorescence at 696 nm show an inflection point at 8.7 (Figures 53 and 54).
For each solution the lifetime was recorded. The lifetime remained relatively constant at

87+3 s, suggesting that static quenching is occurring (Figure 55).
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Figure 52. Emission spectra of pH titration of [Cr(phen),(dpp)]>", Aex=400nm.
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Figure 53.

Emission titration plot of [Cr(phen),dpp]>" monitored at 728nm.
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Figure 54.

Emission titration plot of [Cr(phen),dpp]’" monitored at 695nm.
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1.2

Figure 55. Emission lifetime data, (t,/t), vs. pH for [Cr(phen),dpp]”".

The absorption spectra of [Cr(phen),(dpp)]’" going from pHI to pH10 is shown in
Figures 56 and 57. At wavelengths 307 and 311 nm, a gradual decrease in absorbance
occurs, while at the 281 nm, an increase in absorbance occurs, showing the presence of
an isosbestic point at approximately 290 nm. Titration curve plots with absorbances
monitored at 307nm and 281nm are shown in figures 58 and 59 respectively. Both of
them show at inflection point occurring roughly at pH=5. In Figure 57 the absorption
spectra of the chromium(III) complex is shown between wavelengths 370nm and 500 nm,
these absorptions correspond to the d-d transitions; there is a noticeable increase in the

absorbance at wavelengths 400 nm and 430 nm between pH1- pH2 and pH3- pH10.
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Figure 56. Absorption spectra of pH titration for [Cr(phen),(dpp)]*".
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Figure 57. Absorption spectra of pH titration of [Cr(phen)»(dpp)]*using concentrated
samples between wavelengths 370 and 500nm.
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Figure 58. Absorption titration curve for [Cr(phen),(dpp)]’" with absorbance monitored
at 307 nm.
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Figure 59. Absorption titration curve for [Cr(phen)z(dpp)]3+ with absorbance monitored
at 281 nm.
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3. E.2. Emission Spectra of [Cr(bpy):(dpp)]’"

The emission of [Cr(bpy),(dpp)]’" monitored in buffer solutions ranging from pHI to
pHI11 is shown in Figure 60. Both the phosphorescence and fluorescence are gradually
decreasing with increasing pH, with a dramatic decrease in intensity at pH10 and with
complete quenching occurring at pH11. A pH titration plot of the phosphorescence at 726
nm and fluorescence at 695nm show an inflection point at approximately pH9.5 (Figures
61 and 62). For each solution the lifetime of phosphorescence was recorded. The lifetime

remained relatively constant at 327+11 ps, suggesting that static quenching is occurring

(Figure 63).
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Figure 60. Emission spectra of pH titration of [Cr(bpy)z(dpp)]3+, Aex=400nm (r.t.).
102



600000
500000
400000 +
300000
200000 -
100000

O T T T T T T T T T T ‘?

Emission Intensity (a.u.)

pH

Figure 61. Emission titration plot of [Cr(bpy).dpp]’” monitored at 726nm.
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Figure 62. Emission titration plot of [Cr(bpy)>dpp]®" monitored at 695nm.
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Figure 63. Emission lifetime data, (t,/t), vs. pH for [Cr(bpy).dpp]” "
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3. E.3. Emission Spectra of [Cr(phen),(dpp)]’* with NaOH titration

The emission quenching of the d-d phosphorescence of [Cr(phen),(dpp)]>" was

further investigated with a sodium hydroxide titration. Six solutions of 5.2x10°M

[Cr(phen)»(dpp)]*" were made and in each a small amount of sodium hydroxide was

added (1puL) ranging from 0.01M to 0.1M . For each deareated sample the lifetime was

measured. As seen in Figure 64 the both the phosphorescent and fluorescent emissions

are being quenched by the hydroxide ion. Stern-Volmer plots are presented in Figure 65.
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Figure 64. Emission spectra of [OH] titration of [Cr(phen)z(dpp)]3+, Aex=400nm (1.t.).
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Figure 65. Stern—Volmer plots for emission quenching of a deareated 2.5x10™* M

solution of Cr(phen),(dpp)’* by hydroxide ions (Aex = 400nm): (m) steady-state emission

intensity data, (®,/®); (@) emission lifetime data, (t,/t). Temperature = 25 °C.
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3. E.4. Absorption and Emission Spectra of [Rh(bpy)»(dpp)]®*

The emission of [Rh(bpy)>(dpp)]>" monitored in buffer solutions ranging from pH
of one to pH of twelve is shown in Figure 67. The emission intensity decreases with
decreasing pH. A careful look at the emission in the 2 to 7 pH range shows a slight blue-
shift of the emission maximum. At pH = 2 the emission maximum occurs at 438 nm, and
at pH8-9 it shifts to longer wavelengths with a maximum close to 448 nm. A dramatic
increase in intensity with a concomitant slight red-shift of the emission maximum is
occurring at pH10 though pH12. A pH titration plot of the emission at 448 nm shows an

inflection point at approximately pH9.5 (Figures 68).
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Figure 67. Emission spectra of pH titration of [Rh(bpy)z(dpp)]3+ (r.t).
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Figure 68. Emission titration curve for [Rh(bpy)z(dpp)]3 " with emission monitored at 448
nm.

The absorption spectra of [Rh(bpy),(dpp)]’" going from pHI to pH12 is shown in
Figure 69. At wavelengths 306 and 320 nm, a gradual increase in absorbance in
occurring, while at wavelength 284 nm a decrease is occurring. Titration curve plots with
absorbances monitored at 306nm and 284nm are shown in figures 70 and 71 respectively.

Both show an inflection point occurring roughly at pH8.5.
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Figure 69. Absorption spectra of pH titration of [Rh(bpy)»(dpp)]** ( r.t.).
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Figure 70. Absorption titration curve for [Rh(bpy)»(dpp)]’" with absorbance monitored at
306 nm.
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Figure 71. Absorption titration curve for [Rh(bpy),(dpp)]’" with absorbance monitored at
284 nm.
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3. F. Electronic Spectroscopy of [Ru(bpy).dpp)] (NO3)3

The absorption and emission spectra of [Ru(bpy)(dpp)]**

appear in Figures 72
and 73. Similar to the original published report,103 two clear MLCT transitions are
evident in the 400-500 nm range of the absorption spectrum at 426 nm and 484 nm with
molar extinction coefficients of 11452 M cm™ and 10990 M'cm™ respectively. The
transition at 426 nm is assigned to the bpy localized MLCT ligand, whereas the 484 nm is
assigned to the dpp localized MLCT ligand. Several more intense, m—n* transitions are
also evident in the UV range.

The complex yields a broad emission, with a wavelength maximum at 683 nm in
water (Figure 73). The emission is not wavelength dependent: excitation throughout the
MLCT transition region consistently results in the 683 nm emission. The excitation
spectrum, shown in Figure 74, confirms that the emission arises solely from the lower
energy transition, with maximum excitation occurring at 468 nm. Its assignment is thus
d—m* charge transfer the dpp ligand.

The time-resolved spectrum of [Ru(bpy)z(dpp)]2+ was examined using the ICCD
camera system. The full time-resolved three-dimensional spectrum is shown in Figure 75.
The trace at the maximum emission intensity (683 nm) going from time zero (T,)
onwards, Figure 76, includes the grow-in of the emission. Fitting just the decay portion
using IGOR led to a single exponential decay with a lifetime of 203 + 4 ns (Figure 76).
Measuring the lifetime at various wavelengths yields exactly the same lifetime as the 683

]2+

nm wavelength, establishing that the lifetime of the [Ru(bpy).(dpp)]” complex is

wavelength independent.
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Figure 72. Absorption spectrum of 1.6 x 10°M [Ru(bpy)z(dpp)]2+ (r.t.).
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Figure 73. Emission spectrum of 1.6 x 10 M [Ru(bpy)»(dpp)]*" (r.t.).
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Figure 74. Excitation spectrum of 1.6 x 10° M [Ru(bpy)a(dpp)]*", Aex=683nm (r.t.).

Figure 75. 3D time-resolved emission spectrum of 1.6 x 10-5 M [Ru(bpy)»(dpp)]**(r.t.).
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Figure 76. Time-resolved emission spectra of [Ru(bpy)2(dpp)]>” showing full trace with

fit at 683 nm.
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CHAPTER 4

4. DISCUSSION
4. A. SYNTHESIS OF CHROMIUM (11I) AND RHODIUM (111) POLYPYRIDINE
COMPLEXES

A significant amount of time was invested in understanding and mastering
synthetic and purification procedures and techniques. Trying to adopt existing synthetic
preparations available in literature to synthesize analogous complexes is challenging to
say the least. When things do not go as expected trying to understand and to decipher
what went wrong and how to make things right is a time consuming and tedious process.

Synthesis of the [Cr(bpy)zdpp]3+ proved difficult and problematic due to the
tendency of chromium-bpy complexes to undergo ligand scrambling reactions; a fact that
was discovered later on by reading Basolo and Pearson’. In order to avoid ligand
scrambling, phen was used instead of bpy since it appears to have a much higher
formation constant’.

One of the most invaluable and important synthetic tools employed in the
synthesis of the chromium (III) complexes was the usage of trifluoromethanesulfonic
acid (Figure 77). Trifluoromethanesulfonic acid, also known as triflic acid, is a sulfonic
acid with the chemical formula CF;SOs;H. It is one of the strongest acids, with a K,=
8.OX1014(pKa~—15), which qualifies it as a superacid. Triflic acid is a hygroscopic,
colorless liquid at room temperature, and it is soluble in polar solvents such as DMF, and
acetonitrile. Triflic acid owes many of its useful properties to its great thermal and

chemical stability. The trifluoromethanesulfonyl group (CF;SO,), by virtue of the large
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inductive effect of the trifluoromethyl group, is one of the strongest electron-withdrawing
groups known. Consequently, the trifluoromethanesulfonate anion (CF3;SOs3") has found
use as an excellent leaving group in nucleophilic substitution reactions in organic
chemistry and acts as a unidentate ligand in inorganic coordination chemistry."’

The synthesis of the rhodium (III) complexes proved to be more straight forward
than that of the chromium (III) complexes. However, their synthesis did required longer
reflux times and extensive column chromatography to purify them. Chromium and

Rhodium complexes were analyzed for carbon, hydrogen and nitrogen composition by Galbraith

Laboratories. (Table 5)

I
O
F—~L0
]
OH

Figure 77. Chemical structure of Trifluoromethanesulfonic acid.

114



TABLE 5. Elemental analysis of Chromium and Rhodium complexes

Compound Calculated Found
[C‘fc(f;f;ﬁjgfggﬁoﬁz C, 43.55; H, 2.30; N, 9.91 C,43.23; H, 2.27; N, 9.83%.
[C(irc(zfiﬁﬁfﬁjgfﬁh C,39.50; H,2.52;N, 10.83 | C,39.10; H, 2.61; N, 10.54%.
[CI:(}: gfﬁiﬁg;ﬁ C,35.78; H, 2.36; N, 8.35 C, 35.74; H, 2.41; N, 8.28%.
Ej‘ I({]zmﬁﬁgl]gfﬁ% C,37.62; H,2.40;N, 1032 | C,37.59; H, 2.35; N, 10.21%

4. B. 1. ABSORPTION AND EMISSION SPECTRA OF [Cr(phen)z(dpp)]3+ and
Cr(bpy)2dpp)]™*

The shorthand electronic configuration of the Cr(IIl) ion is [Ar]3d>. In its octahedral
(On) complexes, the degeneracy of the chromium d orbitals is lifted, resulting in two
orbital subsets of ty, and e, symmetry. The 4Azg ground state has the electronic
configuration (tzg)3, with the d orbitals filled with one electron in each of the t,, orbitals,
according to Hund’s Rule. Two excited states with (tzg)z(eg)l electronic configuration
result from promotion of a ty, electron to an e, orbital while preserving electronic spin.
Six such spin-allowed promotions are possible, which in O, symmetry are divided into
two sets differing in the magnitude of the interelectronic repulsion terms. The related
quartet excited states generated are labeled 4T2g and 4T1g. For almost all octahedral
Cr(IIT) complexes studied, the two lowest-lying excited states are the 2T1g and zEg levels

of the (tzg)3 electronic configuration, where spin-pairing has occurred within the ty,
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subshell. A qualitative orbital energy level diagram depicting the electron occupation of

the relevant electronic ground and excited states discussed above is provided in Figure78.

An energy level diagram for octahedral Cr(IIT) compounds is presented in Figure
80. Consistent with this diagram, for the majority of Cr(Ill) complexes the 2Eg state has
the lower energy of the two doublet excited states . The ground 4A2g level and the three
lowest doublet levels, “E,, °Ti, and Ty, are derived from the (ty,)’ electronic
configuration. The lowest excited quartet states, 4T2g and *T, o, are derived from (tzg)z(eg)1
configuration. The *Ajg, ’Eg, and T, states are independent of the octahedral field
strength, 4,, while the 4T2g and 4T1g, energies are proportional to 4,. The 2Eg and 2T1g
states are identical, but the degeneracy can be removed through a configuration
interaction. Although the variation of the doublet-state energies with 4, is small, the 2Eg

energy does depend upon the interelectronic repulsion (Figure 79). The dominant ligand
field bands in the UV-visible absorption spectra are associated with the 4A2g —>4T2g and
4A2g —>4T1g transitions, since the corresponding absorptions generating the two doublet
excited states are both Laporte and spin multiplicity forbidden (Figures 28 and 80). The
spin-allowed absorption bands for the 4A2g - 4ng and 4A2g - 4T1 ¢ transitions are broad
(Figure 28). This is a consequence of the 4T2g and 4T1g excited states both having an
electron residing in an e, antibonding ¢” orbital (Figure 78), which results in a large
nuclear displacement relative to the ground state. For excitation into the higher lying T, g
level, very fast internal conversion occurs to the 4T2g state with near unit efficiency.*’

Both [Cr(phen)»(dpp)]*" and [Cr(bpy)>(dpp)]’ ‘complexes exhibit intense, long-lived zEg

— 4 2¢ phosphorescence spectra in aqueous solutions at room temperature (Figures 30
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and 34). The [Cr(phen)z(dpp)]3+ complex shows a maximum emission at 728 nm with a
corresponding lifetime of 87us, whereas the [Cr(bpy).(dpp)]’" complex shows a
maximum emission at 726 nm with a longer lifetime of 327 ps. The phosphorescence
spectra display sharp, highly resolved fine structures, due to the small geometric change
that is expected between the 4A2g ground state and 2Eg excited state, due their common

(tzg)3 orbital parentage. Another feature of the emission spectra is the very weak 4T2g -

4A2g fluorescence observed at 695 nm (Figures 30 and 34). This fluorescence emission is

weak due to 4T2g —>2Eg intersystem crossing (ISC) being an unusually rapid process * '*~

!> and often occurring with high efficiency. A noticeable feature with these types of
chromium (III) complexes is a relatively large Stoke’s shift. The 2Eg — 4 2 transition 1s
shifted to substantially longer wavelengths. This lowering of the 2Eg energy, which is
ascribed to reduction of the interelectronic repulsion between the d electrons, is called the
nephelauxetic effect. Large decreases in 2Eg are induced by ligands with low-lying T

antibonding orbitals that decrease electron repulsion by delocalizing the d electrons onto

the ligands.

GM*(eg) — — 4— — — — —

R/ S S/ S S AL A

Ve T I 1 v Lz
A “Tog, *Tig ’E, T

Figure 78. Electronic configurations for ¢° complexes [Cr(II)] in O, symmetry.
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Figure 79. Tanabe-Sugano diagram for d’ electron configuration.
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Figure 80. Simplified Jablonski state energy level diagram for Oy Cr(III) complexes,
showing the principal processes that may occur subsequent to vertical excitation to a T,
or *T}, Franck—Condon excited state and the rate constants for each of these processes.
Full arrows represent radiative processes (absorption or emission), whereas dashed
arrows designate radiationless deactivation processes.

4. B. 2. ABSORPTION AND EMISSION SPECTRA OF [Rh(bpy)dpp)]*", Rh(bpy)s]**
and [Rh(bpy)>Cl]"

Although not as popular as other transition metals, e.g., Ruthenium, Rhodium has
received considerable attention in the field of inorganic photochemistry. Rhodium (III)
polypyridine complexes display photophysical properties of considerable interest, both
from a fundamental viewpoint and in terms of the possible applications. In Rhodium (III)

polypyridine complexes, the photophysics and photochemistry are determined by the

119



interplay between LC and MC excited states, with relative energies depending critically
on the metal coordination environment. In one the most studied rhodium (III)
polypyridine complexes, [Rh(bpy)s]*", it is generally agreed that the lowest excited state
can be classified as a triplet (T;) being mainly ligand centered (LC) of n-n* character,
while the ground state is a singlet (So). However, the metal ion Rh** with a 4d® electron

configuration distinctly influences these states, but its importance is not yet fully clear.

In order to contribute to the understanding of the photophysical behavior of
Rh(III) polypyridine complexes, one homoleptic and two heteroleptic complexes of the
type cis-Rh(bpy), XY™ (X=Y= bpy, n = 3; X=Y= Cl, n = 1; X=Y= dpp, n = 3) were
synthesized and studied. The approach is that of using the X and Y ligands to change the
energy of the MC states in a predictable way without substantially affecting that of the
LC state and to look for qualitative effects of the change in the LC-MC energy difference

on the emission properties of these complexes.

The absorption spectrum in aqueous solutions and emission spectrum in 77 K
glasses of [Rh(bpy),Cl,]" are shown in Figure 81 and 82 respectively. The absorption
spectrum shows an intense intraligand transition in the ultraviolet region (314 nm) as well
as a much lower intensity, longer wavelength shoulder, which suggest ligand field
absorption. The emission spectrum shows a broad Gaussian band with maximum at about
675nm. Lifetime measurements gave an exponential decay with relatively short lifetime
of 28.3 ps. The spectral properties found for [Rh(bpy),Cl,]" are in agreement with those
previously reported, and these characteristics are consistent with the assignment of this

- 3 84
emission to a metal-centered “d-d phosphorescence.
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Figure 81. Absorption spectra of [Rh(bpy)s]’", [Rh(bpy).CL]" [Rh(bpy).dpp]’” in

ethanol-methanol (4:1, v/v) r.t. Arranged from left to right.
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Figure 82. Emission spectra of [Rh(bpy)s]’" (Aex=319 nm), [Rh(bpy),CL]" (Aex=314 nm),
[Rh(bpy)zdpp]3+ (Aex=319 nm), in ethanol-methanol (4:1, v/v) glass at 77 K. Arranged

from left to right.
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Figure 83. Emission spectrum of [Rh(bpy).dpp]’” in ethanol-methanol (4:1, v/v) r.t.
Excitation wavelength 319 nm.

In contrast to the results seen for the dichloro bis(bpy) rhodium (III) complex, the
photophysical properties of the tris(bpy) rhodium (III) complex are dramatically
different. In low-temperature glasses, the [Rh(bpy)s]’" complex displays a long-lived (62
ms) structured emission with the 0-0 transition identified at 479 nm (Figures 38 and 82).
The emission from [Rh(bpy)s]’" is undoubtedly n-n* in nature. This assignment can be
made on the basis of the obvious similarities of both the location and the structure of the
phosphorescence band observed from a glass at 77 K to those of the free ligand, although
the lifetime is significantly shorter than that of the free ligand (bpy t = 819 ms). Thus, it
is clear that coordination to the metal introduces new radiative pathways to the ground.”
The n-n* nature of the emitting state was confirmed by Komada e al.*’ he established
that excitation is localized on ligands, especially on a single ligand molecule, to produce
St-m* states of ligands that are only slightly perturbed by chelating to Rh(III) ions.

Moreover, the shortening of the triplet lifetime in the rhodium complex was attributed to
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spin-orbit coupling between the emitting *n-n* state and *'d-n* charge-transfer state.®’
In fluid acetonitrile or ethanol/methanol solutions (297 K) an exceedingly weak emission
was observed, however, it was considerable blue-shifted (0-0 energy ~ 440 nm) (Figure
39b). Attempts to measure the luminescence lifetime at this temperature in fluid
acetonitrile showed the lifetime to be shorter than the pulse from the laser used for
excitation (< 3.5 ns).

A different emission spectrum was found for the [Rh(bpy)zdpp]3+ complex in the
77 K methanol-ethanol glass (Figure 41 and 82). The predominant characteristic is an
intense, broad band centered at 570 nm. The lifetime of the intense, broad emission,
monitored at the 570 nm maximum, is 75 ps. At higher temperatures and more
specifically at room temperature there is a significant change in the emission properties
of the rhodium complex. Under these conditions, in either acetonitrile or ethanol-
methanol (4:1 by volume) solutions the emission is dominated by a broad Gaussian band
with a maximum intensity at 443 nm. The lifetime of this emission in fluid solutions was
measured to be 17 ns, which was very close to the laser pulse lifetime used to excite the
complex.

The emission data described above will be discussed in terms of two key features:
firstly, the relative qualitative similarity of the emission spectra of the dichloro bis(bpy)
rhodium complex along with the similar lifetime, and secondly, the marked differences in
excited-state luminescence properties of the tris(bpy) rhodium complex. As previously
stated, the broad Gaussian emission and relatively short excited-state lifetime of

[Rh(bpy)>Cl,]" (28.3 ps at 77 K) led to the assignment of the lowest energy, emitting
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excited state of this complex as a triplet MC state. ™ On the basis of the similar in energy
Gaussian band shape at 570 nm and short lifetime of the [Rh(bpy).dpp]>" emission, the
analogous excited-state assignment in this case would be appropriate. Although initial
319 nm excitation is into m-n* intraligand absorption bands, it has been well established
that internal conversion/intersystem crossing to the lowest excited state is very rapid. '*°
A similar argument can be for the higher energy band in the emission spectrum of the
[Rh(bpy).dpp]’>" at room temperature by comparing it with the [Rh(bpy)s]’" complex;
based on the location, this emission is ligand centered m-n* in nature. Thus,
[Rh(bpy),dpp]**, exhibits two independent emissions, one at low temperature and one at
high temperature where the two have different orbital parentages. By keeping the two bpy
ligands as the common factor between the three rhodium complexes ([Rh(bpy).dpp]’”,
[Rh(bpy)>CL]", [Rh(bpy);]*"), and changing the third ligand by either two chlorines or
one bpy and one dpp the symmetry of the complex changes and this change in symmetry
has a profound effect on the emission properties of each complex. The change in the
coordination environment of the rhodium metal, results in the change of the Rh—N bond
length and bond angles. Qualitatively, one might expect that the twisting of the bpy
would reduce the m-acceptor ability of the rings as well as reduce the overlap between the
pyridyl nitrogen ¢ orbitals and metal orbitals of the same symmetry. In the case of the
[Rh(bpy)>Cl,]", this twisting is more pronounced thus making the MC states lower in
energy. When the tris(bpy) rhodium complex is considered, the distortion noted above is
less pronounced, lowering the LC state energies of the[Rh(bpy)s]’" complex relative to

the other two complexes.
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Observation of only n-n* emission under the higher temperature conditions
implies that the radiative rate constant from the n-n* state is likely to be much smaller

than that from the MC excited state,106

thus, that the LC excited state has the greater
population and is therefore lower in energy. The noticeable intensity enhancement of the
n-n* emission relative to the MC emission upon the phase change to the liquid
acetonitrile medium at 297 K is consistent with equilibration of the two states, which,
according to the present analysis, should result in a substantial increase in population of
the lower energy n-m* state. A very surprising and puzzling finding was the extremely
short lifetime of the [Rh(bpy).dpp]’” emission in fluid solution. The lifetime 17 ns,
which was recorded in both acetonitrile and ethanol/methanol (4:1,v/v) solutions, was
extremely short to be considered either a MC d-d or a LC n-n* phosphorescence. As
previously state, for the analogous polypyridine Rh (III) complexes, the MC lifetimes are
expected to be in the pus domain, whereas the LC lifetimes are expected to be in the ms
domain. One plausible explanation would be that, in room temperature the two state are
closer in energy and the LC n-n* triplet state undergoes fast thermal equilibrium with the
MC d-d state. Thus, the two states would appear to behave as a single excite state.®” This
could suggest that at low temperature the two states fail to interconvert efficiently, due to
a significant differences in the geometries of the two states and in the structures of the
associated hydration spheres. Consequently, this can result in large, viscosity-dependent
activation barriers for the nonradiative transitions between these states. Thus, once the
MC and LC excited states are populated by competing internal-conversion/ intersystem

crossing/vibrational relaxation pathways (Figure 9) from the upper states formed by
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initial excitation, the rates of internal conversion between them are slower than the
independent deactivation processes to the ground state. At higher temperatures and lower
viscosities, solvent reorganizational barriers are reduced, and the thermal energy of the
system becomes sufficient to overcome the remaining activation barriers. '’ Unlike the
other complexes studied in this thesis, the emission properties of the [Rh(bpy).dpp]’"
complex are strongly depended upon the solvent phase change from solid to liquid. This
result suggests that the formation of the m-m* requires a geometry change that is
particularly strongly influenced by interactions with the solvent cage. Thus, some
required twisting about the bridging bond between the pyridine rings, leads to large

solvent induced barriers to formation of the n-nt* state.
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Figure 84. Potential energy curves for a Rhodium (III) polypyridine complex, relative
energy ordering of LC and MC states depending on the complex. The photophysical
behavior of Rh(IIl) polypyridine complexes are influenced by the two relevant low-
energy excited states: the lowest triplet state centered on the polypyridine ligands and the
lowest triplet state centered on the metal.

As previously state the photophysical properties of the rhodium (III) polypyridine
complexes depend on the coordination environment of the metal. The higher symmetry
(D3) and less perturbed [Rh(bpy)3]3+ exhibits only a LC emission, [Rh(bpy),Cl,]" with
C,y symmetry exhibits only MC emission and the lowest symmetry (C,) [Rh(bpy)zdpp]3+
exhibits both MC and LC emissions. In the latter case, it is clear that the pyridine group
in the position ortho to the C-C bond linking to the pyridine and pyrazine rings of the dpp
ligand have served to alter the energies of both d-d and n-n* excited states. Relative to
[Rh(bpy)3]3+, the energy of the metal-centered state is apparently the more greatly

affected by the dpp ligand since MC emission is not seen in the [Rh(bpy)s]*" complex but
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is the major contributor for the [Rh(bpy).dpp]’" complex. This lowering of the MC state
energies can be rationalized in terms of the ligand out-of-plane distortion causing
decreased overlap between metal and ligand o orbitals. The result is the decrease in the
effective ligand field strengths of the distorted ligands. Figure 84, shows potential energy
curves of the MC and LC states as a function of metal-ligand stretching. The MC excited
states of d® octahedral complexes are strongly displaced with respect to the ground-state

9 When the lowest excited state is

geometry along metal-ligand vibration coordinates.
MC, it undergoes fast radiationless deactivation to the ground state and/or ligand
dissociation reactions (Figure 85). As a consequence, at room temperature the excited-

. . . . . 12
state lifetime is very short, no luminescence emission can be observed'*’

, and very rarely
bimolecular reactions can take place. LC and MLCT excited states are usually not
strongly displaced compared to the ground-state geometry. Thus, when the lowest excited
state is LC or MLCT (Figure 85) it does not undergo fast radiationless decay to the
ground state and luminescence can usually be observed, except at high temperature when
thermally activated radiationless deactivation via upper lying MC excited states can
occur.''® The radiative deactivation rate constant is somewhat higher for *MLCT than for
’LC because of the larger spin—orbit coupling effect. For this reason, the *LC excited
states are longer lived at low temperature in a rigid matrix (e.g. [Rh(bpy):]’") and the
SMLCT excited states are more likely to exhibit luminescence at room temperature in

fluid solution (e.g. [Ru(bpy)3]2+).118
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Figure 85. Potential well diagrams involving relative energies of the *MC *LCand *MLCT for
Rh(IIT) and Ru(II) polypyridyl complexes.

4. B. 3. ABSORPTION AND EMISSION SPECTRA OF [Ru(bpy),dpp)]**

In 1936, F. H. Burnstall published the first synthesis and characterization of
[Ru(bpy)3]2+.108 In 1965 Crosby et al'® characterized the luminescence of the
[Ru(bpy)s]*" complex; this complex exhibits a long-lived (~650 ns) metal to ligand
charge transfer (MLCT) excited state. In 1972, Gafney and Adamson'" found that it was
capable of excited state energy and electron transfer; this paper, established [Ru(bpy)3]2+
as a relatively efficient excited state electron transfer agent, capable of transferring one
electron to a substrate. Thus, [Ru(bpy)3]2+, gained a prominent role in photochemical

111-114

schemes. Subsequent studies by other research groups, showed that this complex
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has a unique combination of chemical stability, redox properties, excited state reactivity,
and excited state lifetime. Shortly thereafter it was recognized that, because of its
photoredox properties, [Ru(bpy);]*" might function as a photocatalyst for the
decomposition of water into hydrogen and oxygen.''® Since then, the interest in the study
of the photochemistry of Ru(Il) polypyridine complexes has increased exponentially.'"
Ru(II) polypyridine complexes are good visible light absorbers, feature relatively intense
and long-lived luminescence, and can undergo reversible redox processes in both the
ground and excited states. A wide variety of [Ru(bpy)s]*" analogs have been synthesized
and characterized; in the Gafney group, [Ru(bpy).dpp]*” was extensively studied by Dr.
Jose Zambrana, '’ and it was the first complex that I experiment with to get my feet wet.
The spectroscopic and electrochemical properties of transition metal complexes,
as previously stated in the introduction, are typically described using molecular orbitals.
For pseudo octahedral d® metal complexes, like Ru(Il) polypyridine complexes, the
molecular orbital picture 1s commonly described by the linear combination of atomic
orbitals (LCAO) theory (Figure 86). Figure 86 depicts a molecular orbital diagram for an
octahedral complex with both ¢ bonding and n back-bonding. The s, p, and d metal
orbitals combine with the ¢ and & ligand orbitals to form molecular orbitals. The highest
occupied molecular orbitals (HOMOs) for the Ru(Il) complex are mainly localized on the
metal and are metal-based (dr) in character. The lowest unoccupied molecular orbitals
(LUMOs) for the Ru(Il) complex are mainly localized on the ligands and are ligand based
(m*) in character. These frontier orbitals play a key role in photochemical and redox

processes. The HOMO will be the orbital involved in oxidation, the LUMO in reduction.
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Figure 86. Molecular Orbital Representation of Octahedral Ru(I) Complexes.

Ru(Il) is a d° system and the polypyridine ligands are molecules possessing o-

donor orbitals localized on the nitrogen atoms and m donor and n* acceptor orbitals more

or less delocalized on aromatic rings. Following a single-configuration one-electron

description of the excited state in octahedral symmetry (Figures 86 and 87), promotion of

an electron from a m,, metal orbital to the m, * ligand orbitals gives rise to MLCT excited

states, whereas promotion of an electron from my to o,* orbitals gives rise to MC excited
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states. LC excited states can be obtained by promoting an electron from m, to m *. All
these excited states may have singlet or triplet multiplicity, although spin-orbit coupling
causes singlet-triplet mixing, particularly in the MC and MLCT excited states. For Ru(II)
polypyridine complexes, the lowest excited state is a *MLCT level (or, as Figure 87
shows, a cluster of closely spaced *MLCT levels), which undergoes relatively slow

radiationless transitions and thus exhibits relatively long lifetime and intense

. . 118
luminescence emission.
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Figure 87. The d orbital diagram for the electronic ground and excited states for low spin
d° Ru(IT) complexes in O, symmetry.
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Figure 88. Tanabe-Sugano diagram for d° electron configuration.

The absorption spectrum of [Ru(bpy)dpp]*" is shown in Figure 72 along with the
proposed assignments. The bands at 188 nm and 286 nm have been assigned to spin-
allowed LC n-n* transitions. The remaining intense bands at 248 and between 420-488
nm have been assigned to spin allowed MLCT d-m* transitions. The shoulder at
approximately 330 nm has been assigned to MC transitions. In the long-wavelength tail

of the absorption spectrum a shoulder is present at about 530 nm. This absorption feature
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is thought to be due to spin-forbidden MLCT transitions. As mentioned in the
Introduction, the upper excited states of transition metal complexes usually undergo
radiationless deactivation to the lowest excited state. For [Ru(bpy).dpp]*" the lowest
lying excited state is typically Ru(d)—>dpp(7t*) charge transfer. Excitation of
[Ru(bpy)2dpp]*" in any of its absorption bands leads to a luminescence emission observed

in Figure 73. This *MLCT has an emission lifetime of 203 + 8 ns.

4. C. 1. ELECTROCHEMICAL BEHAVIOR OF CHROMIUM (111) POLYPYRIDINE
COMPLEXES.

Unlike the widely investigated [Ru(diimine);]*" complexes, charge transfer states
do not dominate the chemistry of the Cr(Ill) analogs; instead, the lowest energy excited
states are the metal centered ligand field doublet states. Thus, [Cr(diimine);]*" ions
generally show long-lived metal centered phosphorescence at about 730 nm. The excited
state reduction potential, E°(CCr’*/Cr*") can be estimated from the 2Eg — 4A2g emission
energy (Eoo) and the ground state reduction potential E°(Cr*/Cr). Notably, the metal
centered ligand field excited state, [ Cr(phen),dpp]’™ is a significantly stronger oxidant

than the MLCT excited state [*Ru(bpy)zdpp]2+ (Figures 89 and 92).

For all four chromium complexes investigated by cyclic voltammetry(Pt working
electrode, 0.1 M KCI aqueous solution), a reversible [Cr(diimine)s]*"/[Cr(diimine)s;]*"
couple was observed prior to the water reduction wave. Cyclic voltammograms are
provided in Figures 48 and 49 for the [Cr(phen),(dpp)]>" and [Cr(bpy).dpp]’" complexes,

respectively, and a complete listing of the Cr’"/Cr*" reduction potentials obtained are
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presented in Table 3, along with similar [Cr(diimine);]**/[Cr(diimine);]* systems for
comparison reasons (Table 6).'**4*° For the homoleptic complexes [Cr(phen)s]*" and
[Cr(bpy)s]*", the reduction potentials are slightly less negative than those reported by
Brunschwig and Sutin’ under somewhat different conditions (1 M LiCl solution). The
literature value of -0.23 V and -0.25 V for the Cr’’/Cr*" reduction potential of
[Cr(bpy)s]®" and [Cr(phen)s]*", respectively, are in agreement with my corresponding
values of -0.24 and -0.26 V (Table 3) obtained by a CV investigation of the much more
water soluble CF3SO;~ salt. Of particular interest with regard to future Cr(diimine)s>*
studies is the oxidizing power of the 2Eg excited state, E°(*Cr’"/Cr™"), for this series of

[Cr(diimine);]*" complexes (second column, Table 6).

TABLE 6. Electrochemical data of polypyridine chromium (III) complexes
([Cr(diimine);]*") in aqueous solution. r.t.

Complex E°/V(Cr/Cr™) | E°/V(*Cr /Cr®h)
Cr(phen),(DPPZ)’" -0.17 1.53
Cr(bpy)s" -0.23 1.47
Cr(phen),(bpy)’" -0.25 1.45
Cr(phen);” -0.25 1.45
Cr(phen)(TMP),” -0.40 1.28
Cr(TMP);"" -0.49 1.19
Cr(phen),(dpp)’" -0.52 1.18
Cr(bpy)-(dpp)’” -0.23 1.48

These values were estimated from the difference between their emission energies
expressed in V and standard reduction potentials, E°(Cr/Cr™). Tt is noteworthy that the
complex [Cr(bpy).(dpp)]’” is estimated from Table 6 to have a 30 mV greater excited

state oxidizing power, E°(*Cr’*/Cr*"), than the [Cr(phen)sdpp] *" complex.
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*[Cr(phen),dpp]>" Excited State

2Eg
Oxidizing Power °E,
(1.18V)
Emission
(1.703V)
[Cr(phen),dpp]*” Ground State
CV (0.52V)

[Cr(phen),dpp]’” Ground State

*[Cr(bpy)zdpp]3+ Excited State

2Eg
Oxidizing Power 2Eg
(1.48V)
Emission
(1.708V) -
[Cr(bpy).dpp]” Ground State
CV (0.23V)

[Cr(bpy).dpp]®" Ground State

Figure 89. Energies and potentials related to the excited and ground state redox
properties of the [Cr(phen),dpp]’" and [Cr(bpy).dpp]’>" complexes.
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4. C. 2. ELECTROCHEMICAL BEHAVIOR OF RHODIUM (11l) POLYPYRIDINE
COMPLEXES.

The d® Rh(IIl) polypyridine complexes have been much less thoroughly
investigated than their isoelectronic Ru(Il) polypyridine counterparts. As previously
stated, the lowest lying excited state of [Rh(bpy)s]*" differs from that of [Ru(bpy)s;]*".
The lowest lying excited state in Ru(Il) polypyridine complexes is Ru(d) — bpy(n*) CT
based, whereas the lowest lying excited state of [Rh(bpy)s]’" has been reported to be
largely ligand based (1 — =w*). The MLCT nature of the [Ru(bpy)s] ** lowest lying
excited state results in different properties than the 1 — m* nature of the [Rh(bpy)g]3+
lowest lying excited state. Although [Rh(bpy)3]3 " and [Ru(bpy)g]2+ are isoelectronic and
isostructural, [Rh(bpy)3]3+ is not a desirable excited state electron transfer agent. In
principle, [Rh(bpy)g]3+ has outstanding oxidizing properties in their lowest excited state,
with E° values of approximately +1.96V, (Figure 90 the reduction potential of the
[Rh(bpy)s]*"/Rh(bpy)s]*" couple is -0.79V and the excited-state spectroscopic energy of
the 1 — n* state 2.75V). In theory, this means that *[Rh(bpy)3]3+ is expected to be a
much stronger oxidant than all the excited Ru(Il) and Cr(II) complexes. In spite of this,
the practical use of these photosensitizers in excited-state electron transfer studies has
been extremely limited. This is no doubt due to the fact that Rh(III) polypyridine
complexes are essentially non-luminescent in room-temperature fluid solutions, a feature
which has made the monitoring of excited-state bimolecular processes with these systems
a very difficult task. Thus, there are distinct differences in the electrochemistry of the
[Rh(bpy);]3+ and [Ru(bpy)g]2+ complexes. The first reduction displayed in the CV of
[Rh(bpy)s]*" is rhodium based followed by ligand based reductions, there are no
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oxidations present in the electrochemistry of the rhodium in this complex (Figure 51).

The [Rh(bpy).dpp]’” complex displays a similar cyclic voltammogram (Figure 50).

*Rh(II) (T*) g

1.96 V

275V

Rh(I)

-0.79 V

Rh(II]) (1) =X

Figure 90. Redox energy level diagram for [Rh(bpy);]>" complex.

DeArmond et al.”®”

examined the electrochemical properties of several Rh(III)
polypyridine complexes. A cyclic voltammetry study of [Rh(bpy)3]3+ showed the first
reduction to be at rhodium, followed by subsequent reductions of the bpy ligands. The
two-electron reduction of [Rh(bpy)g]3+ results in the loss of a bpy ligand and in the
conversion of the rhodium from d® to d®. In the initial complex [Rh(bpy)3]3+, the d°
rhodium is pseudo-octahedral. Upon conversion from the Rh(IIl) d° electron
configuration to Rh(I) d*, the stable rhodium geometry becomes square planar. Therefore,
the two-electron reduction product of [Rh(bpy);]*" is the square planar Rh(I) complex,

[Rh(bpy).]~.”*" As seen in Figure 91, after the Rh(III) center is reduced by one electron,
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a rapid chemical step occurs. The subsequent rhodium reduction [Rh(II/I)] is also
followed by a rapid loss of one bpy ligand, which results in [Rh(bpy),]". These steps
encompass the ECEC portion of the electrochemical mechanism, which was proposed by
DeArmond ef al.,” and could successfully explain the electrochemical mechanism of the

related [Rh(bpy).dpp]’" complex.

[Rh(bpy)s]™*
1T 1€ E
[Rh(bpy)s]**
+Y | (Very Fast) C
[Rh(bpy)2Y]*" + bpy
It 1le E
[Rh(bpy).Y]"
| (Very Fast) C
[Rh(bpy),]” + Y
it le
[Rh(bpy).]”
i le
[Rh(bpy).]
Figure 91. Proposed ECEC Mechanism for the two-electron Reduction of [Rh(bpy)3]3+
by cyclic voltammetry, where ECEC = electrochemical-chemical-electrochemical-

chemical, Y = acetonitrile.
Proposed reaction sequence adapted from reference 79.
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4. C. 3. ELECTROCHEMICAL BEHAVIOR OF RUTHENIUM (II) POLYPYRIDINE
COMPLEXES.

As previously mentioned, the complexes of the Ru(Il) polypyridine family are
particularly interesting as excited state reactants or products in electron transfer
processes. A fundamental requirement for playing these roles is the stability of the
oxidized and/or reduced forms, i.e. the reversibility of the oxidation and/or reduction
processes in the ground state. A plethora of information is available on the
electrochemical behavior of Ru(Il) polypyridine complexes, and the most widely used
electrochemical method has been CV in non-aqueous aprotic solvents. Oxidation of
Ru(Il) polypyridine complexes usually involves a metal centered [my (t2g)] orbital, with
formation of Ru(IIl) complexes (low spin 4d’ configuration) which are inert to ligand
substitution.'?! Electrochemical experiments on the [Ru(bpy)zdpp]2+ complex were not
conducted during my research. According to Braustein et al.'® the [Ru(bpy)zdpp]2+
complex exhibits a metal centered one electron reversible oxidation with a mean half-

104

wave potential of 1.34 V' (in acetonitrile, working electrode Pt, SCE).
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*[Ru(bpy)dpp]*" Excited State

(0.42V)

[Ru(bpy)dpp]' " Ground
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(1.759V)

CV (1.34V)
[AYA)

[Ru(bpy)zdpp]2+ Ground State

Figure 92. Energies and potentials related to the excited and ground state redox
properties of the [Ru(bpy).dpp]*" complex.

4. D. TITRATIONS

The ground and excited states of both chromium (III) complexes,
[Cr(phen),(dpp)]>" and [Cr(bpy)(dpp)]’", were probed using buffer solutions. The
emission properties of [Cr(phen),(dpp)]’” were further investigated using sodium
hydroxide. The complexes [Cr(phen),(dpp)]’" and [Cr(bpy).(dpp)]’" emit strongly in
room temperature aqueous solution, with long emission lifetimes of 87 us and 327 ps in

N saturated solution, respectively.

141



In solutions of high pH, strong quenching of the 727 nm steady-state 2Eg—>4A2g
phosphorescence signal of both chromium complexes is observed (Figures 52 and 60), as
well as quenching of the corresponding emission lifetime. This result is exactly the

** complex'"”, where quenching of

opposite of that observed for the [Ru(bpy).(dpp)
Ru(Il) luminescence signals occur in strong acidic media. Moreover, in the case of the
[Rh(bpy)2(dpp)]>" complex, a moderate intensification of the Rh(III) luminescence signal
occurs in high pH, whereas in low pH the luminescence signal appears to be unaffected
(Figure 67).

The single inflection point in the titration plot of the emission spectra vs. pH
(Figures 53 and 61) is indicative of one protonation step with a characteristic pKa_ at the
inflection point. The inflection points indicate an excited state pKa'of 8.5 and 9.5, for the
[Cr(phen),(dpp)]>" and [Cr(bpy)(dpp)]>" complexes, respectively. The absorption
spectrum of the [Cr(phen)»(dpp)]’" was monitored at 280 nm and 307 nm, which
correspond to the dpp and bpy ligands, respectively. The absorption band at 280 nm
shows an increase in intensity, whereas the one at 307 nm shows a decrease. Titration
curves are presented in Figures 58 and 59. A single inflection point is present at
approximately 5+0.3. The moderate inflection change, as opposed to a sharp, steep
change, may be indicative of a weak acid-weak base titration in buffer solutions or may
reflect the kinetics of protonation. The inflection point shows a ground state pK, of 5+0.3
(Figures 58 and 59). Comparison of the excited and ground state pK, values of the
[Cr(phen)y(dpp)]’" complex shows that the excited state is a much stronger base than the

ground state.
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As previously stated the emission properties of the for [Cr(phen)z(dpp)]3+ were
further investigated using aqueous solutions of sodium hydroxide. A gradual decrease in
the phosphorescence signal occurs with increasing hydroxide concentration. The [OH]
Stern-Volmer lifetime quenching plot for [Cr(phen)z(dpp)]3+ at r.t. in N, saturated shows
a good straight line fit (Figures 65) in accordance with collisional quenching of unbound
[Cr(phen)»(dpp)]*" by the hydroxide ion. Dividing the slope by the complex lifetime in

the absence of hydroxide ion yields a bimolecular quenching rate constant of

7 -1-1
3x10 M s . However, the analogous Stern-Volmer steady-state emission-quenching

plot (Figure 65) exhibits marked upward curvature with increasing OH™ concentration.

The curvature is attributed to static quenching associated with (OH’)-bound

3+
[Cr(phen),(dpp)] , which is non-luminescent. Consistent with this rationalization, the

initial [Cr(phen)z(dpp)]yr phosphorescence intensity in timed-resolved emission studies
decreases significantly as the hydroxide ion concentration is increased. From the
difference between the emission energy and standard reduction potential in aqueous
solution, I have previously estimated that [Cr(phen),(dpp)]’” has an excited state
oxidizing power of 1.18 V. The emission quenching of this complex by hydroxide ions

can be rationalized by the significantly high oxidizing power of the 2Eg excited state.

Examination of the emission spectrum of [Rh(bpy)2(dpp)]>" shows that there is a
noticeable enhancement of the 440 nm emission at high pH. The single inflection point in
the titration plot of the emission spectra vs. pH (Figure 68) yields a pKa' of 9.5 for

[Rh(bpy)(dpp)]>” complex. The absorption spectrum of the [Rh(bpy).(dpp)]’” was also
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monitored at 280 nm and 307 nm. The absorption band at 280 nm shows an increase in
absorption intensity, whereas the one at 307 nm shows a decrease. This result is the
inverse of that observed for the [Cr(phen),(dpp)]’" complex. Titration curves are
presented in Figures 58 and 59, both show an inflection point at approximately 8.5. It is
noteworthy that the difference in pK, values between ground state and excited is much
smaller for the rhodium complex compared to that of the chromium complex.

Furthermore, due to the extremely short lifetime of [Rh(bpy)(dpp)]’" complex in room

temperature, meaningful lifetime measurements could not be conducted.
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CHAPTER 5

5. CONCLUSION
5. A. GENERAL DISCUSSION

Transition metal complexes with organic ligands have found an increasing interest,
since these complexes exhibit an enormous potential for the discovery of new physical
and chemical properties and applications. Most of the possible applications are related to
properties of the lowest excited electronic states which, therefore, are intensively
investigated. In addition, there is substantial scientific interest to come to a better
understanding of these metal complexes with organic ligands, especially since they
exhibit new electronic and vibronic properties, which are found neither in pure and well-
studied organic molecules'” nor in simple transition metal complexes with d-d*
transitions.'> For example, complexes with electronic states of metal-to-ligand- charge-
transfer (MLCT) character, like [Ru(bpy)3]2+,118 complexes with a very small amount of
metal-d contributions in the lowest excited states, like [Rh(bpy)3]3+ SBOS8T93.124 and
complexes with electronic states of metal center character (MC), like [Cr(bpy)3]3+. For
these it is still a challenge to derive a comprehensive description of their excited states’
properties. Different combinations of coordination metals and aromatic ligands give rise
to different characters of the lowest excited states depending on the ligand-field
parameters and magnitudes of oxidation potentials of the metal ions. The lowest excited
n-n*, d-n*, and d-d* states have been found for different complexes of the diimine

ligands: bpy, dpp, and phen. The energies of transition-metal-complex excited states can
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be modified with the usage of ligand substituents. The use of ligand substituents to alter
absorption and emission properties in this manner has been termed “tuning”, and such
molecular engineering has proved especially successful in modifying the photochemical
properties of various pyridyl, polypyridyl, and similar nitrogen aromatic heterocyclic
transition-metal complexes. In most of these cases the substituent role is largely confined
to electronic effects on the o- and n-donor and -acceptor properties of the heterocyclic

ligands.

Chromium (IIT) tris-diimine and Rhodium (III) tris-diimine complexes were
synthesized, characterized and studied by electrochemistry, electronic absorption

spectroscopy, luminescence spectroscopy, and time resolved luminescence spectroscopy.

By attaching the dpp ligand to the metal, the complex itself then can be
considered to be a weak base due to the non-ligating nitrogens. This has some interesting
and distinctive results, differentiating each metal from the other. In the case of the
[Ru(bpy)dpp]>” complex protonation of those sites results in quenching of the MLCT
emission. In the case of both the [Cr(bpy).dpp]’” and [Cr(phen),dpp]’" protonation
results in enhancement of the both phosphorescence and fluorescence emissions, meaning
that somehow the radiative rates has increase with respect to the nonradiative rates,
whereas, in the [Ru(bpy).dpp]*" complex, protonation doesn’t seem to effect it’s the
room temperature emission. Furthermore, in both Chromium (III) complexes,
[Cr(bpy)zdpp]3+ and [ Cr(phen)zdpp]H, the emissions are quenched in basic solutions,
whereas, the emission of [Rh(bpy),dpp]’" is enhanced. The luminescence properties of

the rhodium complexes are greatly affected by the symmetry environment of the
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complex. The usage of different ligands causes significant disturbances to the bond
angles and bond distances. Consequently, one could expect the energies of excited states
involving m-symmetry ligand orbitals to be affected due to decreased delocalization
between the rings.? Furthermore, the twisting of the bpy and dpp ligands would reduce
the m-acceptor ability of the rings as well as reduce the overlap between the pyridyl
nitrogen ¢ orbitals and metal orbitals of the same symmetry. In the case of the
[Rh(bpy).dpp]>" complex the dpp ligand plays a crucial role in its emission properties.
Tables 7 and 8 summarize the absorption and emission for rhodium, chromium and
ruthenium complexes. In contrast to the rhodium, the emission properties of the
analogous chromium and ruthenium complexes are not significantly affected by the
coordination environment; their emission assignments remain the same with a noticeable

change in lifetimes.

TABLE 7. Electronic absorption data for a series of chromium, rhodium and ruthenium
polypyridyl complexes.

Complex Wavelength (nm) Assignment
[Ru(bpy)(dpp)]** 286 bpy T — m*

426 Ru(d) — bpy(n*) MLCT

484 Ru(d) — dpp(n*) MLCT
[Cr(phen)(dpp)]** 283 dpp © — m*

314 bpy t — m*

400-460 Crd—d
[Rh(bpy)a(dpp)]*” 286 dpp m — *

307 bpy n — m*

320 bpy 1 — n*
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TABLE 8. Emission spectral data and lifetimes for a series of chromium, rhodium and
ruthenium complexes.

Complex Emission Max (nm) T, Assignment
[Ru(bpy)a(dpp)]** 683 203 ns d—n* MLCT (r.t.)
[Ru(bpy)s]** 430 650 ns d—n* MLCT (r.t.)
[Cr(phen),(dpp)]** 728 87us d—d MC(t)
[Cr(bpy)a(dpp)]*” 726 327us d—d  MC(rt.)
[Cr(bpy)s]*" 730 67 ps d—d MC(t)
[Cr(phen);]** 730 351us  d—d  MC(rt)
[Rh(bpy)>(dpp)]** 570 75us d—d MC(77K)
443 17 ns T — mw* LC (r.t)
[Rh(bpy)s]*" 479 62ms nw—xn* LC(77K)
Py
[Rh(bpy)>Cly]" 675 28us d—d MC((77K)

5. B. FUTURE DIRECTIONS

Chromium (III) tris-diimine complexes like those presented herein show efficient
photochemistry with DNA, making them interesting biologically relevant
photochemicals. The interaction of M(diimine);"" complexes with DNA has matured into
a vital sub-discipline of bioinorganic chemistry. To date, literature reports have been
restricted almost exclusively to low-spin d® complexes, such as Ru®"; and d* complexes,
like Cr(diimine);’", provides an attractive alternative to these species because of their
strong room temperature luminescence (ZEg—>4A2g phosphorescence), and the well-

documented oxidizing power of the “Eg excited state.
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