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C. Ed Whittle
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Chairman: Kirk S. Schanze
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This work comprises several aspects of electron transfer in various different
systems. The first chapter gives a brief and general background of electron transfer and
various aspects of the energy gap law, and then details several different n-conjugated
systems and their applications in organic chemistry. Each of the following chapters has a
separate introduction explains previous work in detail specific to the individual chapter.

The second chapter discusses the mechanistic aspects of cyclizations induced by
inter- and intra-molecular electron transfer processes in aminyl cation radicals. A system
was devised in which an amine, when electron transfer forming an aminyl radical cation,
cyclizes onto an alkene. This system is investigated thoroughly in this chapter. Return
electron transfer usually occurs stepwise. However, in this study, the photophysical data

obtained implies dissociative return electron transfer.
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The third chapter discusses the synthesis and photophysics of a series of bipyridyl
platinum bisacetylides. This study incorporates both bipyridyl and acetylide ligands in a
platinum complex and it has been seen that relatively long lived, highly luminescent
states occur upon excitation. In order to fully investigate this luminescent state, two
series of bipyridyl platinum bisacetylides were synthesized and characterized. The two
systems vary the electron donating ability of the substituents on the bipyridyl and
acetylide ligands to determine the effect on the bipyridyl based MLCT emission.

The final two chapters deal with the synthesis and photophysical characterization
of various macrocycles based on platinum acetylide bonds. The first of these two
chapters discusses the synthesis of platinum squares by self-assembly. It is demonstrated
in this chapter that these squares exhibit quite long lived luminescent excited states that,
unlike the platinum acetylides of the third chapter, are *xt,* based emission. In order for
self assembly of macrocycles to be high yielding, the cyclization step must be highly
reversible so that “self-healing” can occur finally yielding the thermodynamic product
(the macrocycle). The strength of the platinum acetylide bond limits “self-healing” and
thus the yield of macrocyclic product was limited. The final chapter details the
development of a method to keep the terminal acetylene ends in close proximity, thus
increasing the likelihood that formation of the macrocycle would occur. This was
accomplished by linking the sides to a central benzene ring through ester bonds, thus
increasing the localized concentration of the terminal acetylenes. The macrocycle
formed, as with the squares of Chapter 4, exhibit long-lived *r,m* luminescent excited

states. Full photophysical characterization is then employed.

xiv
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CHAPTER 1
INTRODUCTION

Photoinduced Electron Transfer

The definition of a chromophore is, simply put, a molecule that absorbs light.

The idea that a chromophore can and will absorb discrete energy was first realized in the
early part of the twentieth century.' Until that time, it was believed that a chromophore
would absorb a continuum of energies. This absorption of light energy actually promotes
a molecule from, for example, the ground state to its first excited singlet state. The
energy that a chromophore will absorb is the light energy that corresponds to the energy
gap between two electronic energy levels. For the example above, the energy difference
between the Sp and S; energy levels corresponds to the energy of light that the
chromophore will absorb.

To further illustrate this point, let us consider the simple organic molecule
benzophenone. The absorption spectrum of benzophenone in cyclohexane exhibits an
absorption band possessing a maximum wavelength of 260 nm. This band corresponds to
one type of Sg — S, transition, a T — ©* transition. The energy required for this
transition in benzophenone is 110 kcal/mol.> This amount of energy is, in fact, enough
energy to break a H-H bond. One might expect some chemical change to occur,
however, no chemical change does occurs in this molecule because the energy is rapidly

dissipated into the vibrational energy of the solvent.
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After the absorption of light energy, the molecule is in an excited state. This
excited state may facilitate a photoinduced electron transfer instead of dissipating its
energy to the surrounding solvent molecules. Photoinduced electron transfer is an
electron transfer from an excited state donor molecule to a ground state acceptor
molecule, or conversely, an electron transfer from an excited state acceptor molecule to a
ground state donor molecule.

Figure 1-1 illustrates this point. In the figure are the electronic energy levels of an
electron donor (D) and electron acceptor (A). The arrows represent photoinduced
electron transfer in the gas phase between two different redox pairs where EA is the
electron affinity of the acceptor molecule and IP is the ionization potential of the donor
molecule. For the figure at the top, the ground state of the acceptor molecule is depicted
on the left, and the excited state of the same acceptor molecule is depicted on the right. It
can be seen that for the ground state acceptor molecule, energy transfer is uphill in energy
from the donor molecule to acceptor molecule. However, in the acceptor’s excited state,
electron transfer is downhill in energy from the donor to the acceptor. The lower figure
demonstrates the opposite case. Here, the ground state of the donor molecule is located
on the left and the excited state of the donor molecule is on the right. Again, it can be
seen that electron transfer is uphill in energy when the donor molecule is in the ground
state. When the donor molecule is in the excited state, however, electron transfer is

downhill in energy and therefore favorable.
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_ﬂ_ D

A

T *J*\j

'

Figure 1-1. The energetic considerations for the possibility of photoinduced
electron transfer in the gas phase. A* and D* are the excited acceptor and donor,
respectively

D*

The following equations used to determine the free energy of the electron transfer

process can be derived from Figure 1-1:°

AHrer(gasphase) = IP - EA - Eoo (1-1)

AG°mer(soln. phase) = E°p - E°r - Eogo (1-2)

|

E°x - E% (1-3)

AG°ger(soln. phase)

AHCger is the enthalpy of forward electron transfer from the excited state donor to the
ground state acceptor or from the ground state donor to the excited state acceptor; AGrer
is the free energy for back electron transfer in the redox pair to return back to the ground

state donor and acceptor; E°p and E°, are the oxidation potential of the donor and
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reduction potential of the acceptor, respectively, and Eq. is the energy difference between
the ground state and excited state of the chromophore.

For equations (1-2) and (1-3), which correspond to electron transfer systems in
solution phase, IP is replaced by E°p and E, is replaced by Ea. Typically, the excited
state of electron donor or acceptor is a stronger reductant or oxidant, respectively, than its
ground state. This is due to the energy difference between the ground and excited states
(Eoo).- The reduction potential of the excited state electron acceptor and the oxidation

potential of the excited state donor in solution phase are defined as follows:

*EOA = EOA + I'-7'0-0 (1‘4)

E°> - Eoao (1-5)

*E°p

In general, the excited state reduction potential of organic and inorganic molecules is 1.5
to 3.5 eV more positive than the ground state reduction potential because excited state

triplet and singlet energies are typically 1.5 to 3.5 eV above the ground state.*

Marcus Theory of Electron Transfer

Kinetic considerations

A description of electron transfer may be presented by using a reaction coordinate
based on the potential energy surfaces of the reactants and products. This can be done
because electron transfer is a simple, weak interaction process in which there are neither
bonds formed or bonds broken. Figure 1-2 illustrates the reaction coordinate mentioned
above. This system is derived from the semi-classical treatment of electron transfer by

Marcus and later elaborated by Hush and Sutin.'®!” Electron transfer may be defined as
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the crossing from the well of the reactants’ potential energy surface (D,A: D is the

electron donor and A is the electron acceptor) to the well of the products’ potential

energy surface (D*,A™: D" is the oxidized donor; and A is the reduced acceptor). Marcus

developed an analysis of the electron transfer process based on parabolic surfaces to

relate the rate to the activation energy:'°

ker = Axa

A = vike

Ka = exp(-AG™/RT)

AG® = (W4) (1 +AG/A)?
A= An + Aow

ket = A exp[-(M4RT) (1 + AG/A)*]

s ‘\——7 DA

7N\
A DA /
DA
E E,, A

\_AGT

Reaction Coordinate

(1-6)
(1-7)
(1-8)
(1-9)
(1-10)

(1-11)

Figure 1-2. The potential energy surfaces for the reactants (D,A) and products (D*,A")

which describe electron transfer.
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In Figure 1-2, the x-coordinate is the nuclear configuration that defines
displacements in the nuclear coordinates of the system. There are two types of nuclear
coordinates. The first is inner-sphere coordinates that comprise the bond lengths and
bond angles of the reactants. The second is the outer-sphere coordinates that specify the
arrangement of the solvent surrounding the reactants and products. The vertical axis is
the free energy displacements from the local minima.

Quantum mechanical rules dictate that on the timescale of electron transfer the
nuclei of the donor and acceptor cannot move. According to the Franck-Condon
Principle,® electron transfer can only occur at the point where the reactant and product
surfaces cross, because this is where the two states are iso-energetic. Figure 1-2
illustrates that electron transfer occurs at the crossing point of the (D,A) and (D",A")
energy curves. The transition state at the crossing point leading to electron transfer
corresponds to the lowest energy pathway available in the nuclear configuration of the
system.

For equation 1-6, the term A4 in depends on the nature of the electron transfer
reaction (e.g., bimolecular or intramolecular); k, is called the nuclear factor. The term A
can be expressed as the product of v, (the effective nuclear vibrational frequency) and ke
(the electronic factor which ranges from O to 1) as in equation 1-7.

Electron transfer consists of electron movement between orbitals. An electron
may flow from a singly or doubly occupied molecular orbital of the donor to a fully
vacant or half vacant orbital of the acceptor. Therefore, the orbital overlap between the
occupied and unoccupied orbitals must play an important role in electron transfer. The

orbitals act like conductors of the electron. Structural and environmental factors that
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influence their mutual separation, orientation and symmetry, or restrict their freedom of
movement to find the most favorable spatial symmetry, or restrict their freedom of
movement to find the most favorable spatial orientation, can profoundly influence the
rate of electron transfer. When k. is 1 the term 4 is equal to v,; conversely, when kg <<
1 the term 4 is given by v where v, is the electron hopping frequency which is directly
related to the nature and the overlap of the occupied and unoccupied orbitals involved in
electron transfer.

According to Marcus Theory, the initial thermally equilibrated nuclear geometry
of the reactants and surrounding solvent molecules undergoes reorganization in the stages
preceding electron transfer. This brings the reactants and surrounding solvent molecules
into the high energy, distorted and non-equilibrium geometry of the transition state. At
the transition state, electron transfer takes place rapidly. During this brief moment, the
nuclear geometry of the transition state remains fixed. Following electron transfer,
nuclear relaxation rapidly establishes the thermally equilibrated product state. The
nuclear factor «, in equation 1-6 is related to the activation energy AG” by equation 1-8
to 1-10, where AG® is the standard free energy of reaction, l is the total reorganizational
energy composed of vibrational (A, for the inner sphere barrier) and solvational (Aou for
the outer sphere barrier) components. Ai, is the free energy change associated with the
nuclear bond length changes within the reactant molecules, and it can be estimated from a
classical model provided the knowledge of bond lengths and force constants in the
reacting molecules before and after electron transfer is available. Ao is the free energy
change associated with the slow changes in the polarization of the surrounding solvent

molecules prior to electron transfer, and is generally calculated form a classical model
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developed by Marcus and Hush.” A, depends on solvent polarity, separation of the

redox sites, and on the shape of the reacting molecules.
Marcus Inverted Region

One of the most surprising features of the Marcus Theory is the behavior it
predicts in the highly exoergic AG® region, known as the Marcus Inverted Region first
described in 1960. The reaction rate is predicted to decrease as -AG® exceeds A. Initially,
the existence of the inverted region was approached with skepticism since it directly
conflicted with linear free energy relationships. In fact, not until the middle of the 1980’s
did experimental evidence surface to support its existence.

The origin of the Marcus inverted region can be understood by following the
crossing point as the exothermicity of the reaction becomes more negative shown in
figure 1-3. Inspection of equation 1-6 shows that ke will increase as —AG® increases,
reaching a maximum value when —AG® = .. When —-AG®° becomes larger than A, ket will
decrease. Thus a plot of log (ket) vs. —AG® should have the shape of a parabola. Figure 3
depicts three regions predicted by Marcus Theory.!® The far left figure shows the normal
region where reactions are thermally activated. The middle figure shows the
activationless region where the ~AG® = A and the electron transfer reactions are very
exothermic. Therefore, for moderately exothermic reactions the rate of electron transfer
will increase, but for strongly exothermic reactions as shown in the right figure their rate

of electron transfer is predicted to decrease.
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Energy Gap Law

An important class of physical processes is the simple non-radiative decay of an
electronic excited state without any chemical reaction. Characteristics of this type of
reaction are small internal bond displacements and small rearrangements of the external
medium. Since non-radiative decay processes are so important, the theory is well
advanced. The result of the study of the large energy separation between the initial and
final states is the energy gap law. This, simply put, states that the nonradiative decay rate
is found to decrease exponentially with increasing energy separation. There have been
several different derivations of this relationship that vary only slightly in the resulting
equations. The interesting feature of the energy gap law is that the equations are set with
terms that are experimentally measurable, making testing of the law quite simple.

A better definition of the energy gap law is that for a series of related excited
states based on the same chromophore, radiationless decay rates are determined largely
by vibrational overlap between the ground and excited states. The extent of vibrational
coupling is determined by the magnitude of vibrational wave function overlap between
the v = 0 levels in the excited state and highly vibrationally excited isoenergetic levels of
the ground state. The value of the non-radiative decay rate (k) is given approximately

by the equation derived by Englman and Jortner:
knr = P2 M)(1/2thouAE) “exp(-S) exp(~yAE/hoy) (1-12)

Where AE is the internal energy gap between the upper and lower states, ®u is the
frequency of the deactivating mode(s), V is the electron tunneling matrix element, ¥ and

S are defined by equations 1-13 and 1-14 respectively:
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Y =In (2AE/Zhe;A;2) — 1 (1-13a)
¥ ~ ln (2AE/homAM?) — 1 (1-13a)
S =13A}? (1-14)

Where A is the dimensionless fractional displacement between the equilibrium nuclear
configuration of the ground and excited state for the complex’s jth normal mode.
Equation 1-13a can only be simplified to equation 1-13b if the critical high-frequency
mode M undergoes substantial distortion in the excited state.

When one compares a series of excited states, equation 1-12 can be simplified to

equation 1-15 if variations in ¥ and § are relatively small and assuming AE ~ Eep,.
In ke = (In B — S) — (YEew/hoOr) (1-15)

Since In B and y are weakly varying functions of AE, it can be predicted on the basis of
equation 1-15 that if the assumptions made above are appropriate, a linear relationship
should exist between In ko and Eem.

The assumption that variations in V are relatively small for excited states is vital
to the use of equation 1-15. ¥ will not be constant, and appears in the intercept as In FZ.
According to equation 1-12, variations of ¥ on the order of 30~100 cm™ must be too

small to affect the linear relationship between In kqr and E.n,.
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Figure 1-3. Definition of spectral fitting parameters. The complete spectrum is fit to a
series of bands with spacing ho'. The band shapes have a half-width of Avs; and the first
maximum peak occurs at Eq with the peak maximum of the entire spectrum at Ep,.

Line shape analysis of emission spectrum often becomes important in obtaining

important experimental values. One method entails using two vibrational modes with

hoy ~ 1300 cm™ and ha, =300 cm-1. The Franck-Condon envelopes can be calculated

by standard formulas where a Boltzman population in the lower frequency mode is used,
and it is assumed that the vibrational frequencies of the ground and excited states are the
same. Thus, the relative peak intensity can be readily defined by the temperature and the
displacements in the two vibrational modes as measured by the Huang-Rhys factors
(S1.2). The individual vibronic peaks can be represented with Gaussian bandshapes that

have equivalent values for full width half maximum (fwhm) and are centered on their

transition energies. Values of S;, S,, fwhm, ho;, and Eq can then be varied until the

best-fit spectrum is obtained.
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The basic formula used in the line shape analysis described above is given in

equation 1-16.
Lope™ = (647 c/30)Nige(Vor0e) <d>2TT | <xi0 | 502> | 2 (1-16)

Where /[, »™" is the emission intensity between the vibronic states v and v* which occurs
at frequency v, e, and N, is the number of molecules in the v* vibronic level or excited
state. <d> is the transition dipole moment integral between v and v*, and ;. is the
vibrational wave function for mode j in the vibronic state v.
n-Conjugated Polymers
During the past decade the number of n-conjugated n-polymers investigated as
advanced materials for electronic and photonic applications has developed rapidly, and
has cased an ever increasing interest from both academic and industrial research
laboratories. The inherent synthetic flexibility, potential ease of processing, and the
possibility of tailoring characteristic properties to accomplish a desired function makes
them promising candidates for manifold applications in materials science. Thus, they are
used as laser dyes,'! scintillators, '? light-emitting diodes (LED’s)"?, piezoelectric and
pyroelectric materials'?, photoconductors, 15 and are investigated for optical data
storage, '® optical switching and signal processing,'” as well as in nonlinear optical (NLO)
applications.'®
< There are several classes of n-conjugated polymers (Figure 1-4). These nt-
conjugated polymers are often referred to as and are, strictly speaking, a subclass of
“rigid rod” polymers and “molecular wires”. The reason for terming these polymers

“molecular wires” is because an exciton or photo-excited electron can easily travel
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through the electron cloud created along the polymer backbone by extended 7~
conjugation.'® For the purposes of the work presented in this dissertation, only a couple
of classes will be detailed in this introduction: 1) phenylenevinylene (PPV) and
aryleneethynylene-based (PPE) polymers and 2) polymers of the same type that

incorporate a metal either along or directly in the polymer backbone.
=, =1 O
n n n

O-

] =t o4
OOO ctc

n
Figure 1-4. Various m-conjugated polymers.

The concept of n-conjugated polymers acting as molecular wires was extensively
studied by Rothberg'” in his work with PPV polymers. The ground state absorption
spectrum that is typically seen for PPV films are a broad band centered around 400 nm
and the emission spectrum is characterized by an intense fluorescence at around 540 nm.

The excited state energies, specifically the triplet excited state, are very difficult to
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