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The overall goal of this work was to design, synthesize and characterize various
series of platinum-acetylide oligomers in order to better understand the structure-
property relationships in these types of materials. Specifically, this research sought to
further define the photophysical properties of both triplet excitons and negative polarons
in these molecules by means of both steady-state and time-resolved methods. The
results of this work not only provide insight into the synthesis of monodisperse
organometallic oligomers, but they also provide a more in-depth understanding of both
the structure and dynamics of excited and charged states within conjugated systems
that feature organometallic or metal-organic moieties.

First, we report the synthesis and characterization of a series of monodisperse
platinum-acetylide oligomers Pt,NDI;, where NDI is an easily reducible end group. The
oligomers were synthesized via an iterative-convergent approach utilizing
organometallic synthons that feature orthogonally protected terminal acetylene units.
The oligomers were characterized by electrochemistry, UV-visible absorption and

photoluminescence spectroscopy. The emission spectra reveal that the triplet exciton is
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efficiently quenched in the NDI end-capped oligomers, and the quenching is thought to
arise due to exciton migration followed by photoinduced charge separation.

Variable temperature steady-state emission studies, pulse radiolysis
measurements and ultrafast transient absorption measurements were applied to
examine the transport dynamics of negative polaron and triplet exciton states in the
Pt,NDI; series. Ultrafast single shot experiments, compared to simulated random-walk
data, reveal trapping of the anion radical for Pt;oNDI; in short times with the lifetime for
polaron diffusion estimated to be ~27 ps. Low temperature emission studies reveal that
the rate-limiting step for exciton quenching is exciton diffusion. Femtosecond transient
absorption data was coupled with simulation data to extract a triplet exciton hopping
rate of ~27.2 ps.

Another series of platinum-acetylide oligomers Ph,Pt, were also synthesized,
consisting of a phenylene ethynylene core of varying length capped by platinum end
groups. The study was meant to examine the effects on excited state properties
between two platinum moieties of increasing organic spacer distances. Optical data
conclude that the singlet exciton remains highly delocalized throughout the series, but
approaching its limit. The extent of delocalization in triplet exciton seems to have been
reached by PhyPt,, and phosphorescence yields at ambient temperatures decreased

with increasing spacer length until emission was almost elusive in the n=9 oligomer.

13



CHAPTER 1
INTRODUCTION TO PLATINUM ACETYLIDE MATERIALS

Platinum acetylide materials have attracted much attention over the last decade,
owing to both the unique photophysical properties they exhibit as well as their
application to optical and electronic fields. To gain a better understanding of these
materials, this chapter has been divided into two major sections. The first section
provides an overview of the basic concepts of photophysics such as light absorption,
emission, and photoinduced electron and energy transfer. The second section broadly
introduces platinum acetylide materials including synthetic methods and photophysical
properties.

Introduction to Photophysics

The Nature of Light and Matter

Light emission is generated as a result of energy changes of the valence electrons
in atoms and molecules. Because of the direct relationship between light and matter,
theories of both atomic structure and the nature of light have developed
simultaneously.’® The scientific understanding of the nature of light began with Sir
Isaac Newton’s particle theory, introduced in his Opticks, published in 1704.* According
to Newton, "Light is composed of tiny particles, or corpuscles, emitted by luminous
bodies.” Around the same time, Huygens introduced his wave theory of light; however
this concept was not widely accepted until the 19th century when Maxwell developed
the classical electromagnetic theory. With the addition of a single term to existing laws,
the Maxwell equations converged the theories of electricity, magnetism and optics into
one single concept: the electromagnetic field. Maxwell had also discovered a

fundamental constant of nature, the speed of light (3 x 10 m s™). Concurrently, our
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understanding of atomic theory was of the classical sense, describing electrons as
particles that obey Newton’s laws of classical mechanics.

The conflicting models of the wave nature of light and the particle nature of
electrons were altered in the 1900s after Planck carried out his now famous blackbody
experiment. He suggested that the distribution of energy emitted by a blackbody was
not continuous but rather emitted in discrete packets called “quanta”. Inspired by his
findings, Einstein developed the modern theory of wave-particle duality of photons
(incorporating his observations of the photoelectric effect), concluding that energy of a
photon is proportional to its frequency. Following Einstein’s lead, de Broglie
revolutionized the concept that electrons, and all matter, behave with dual wave-particle
nature. His formula, relating wavelength and momentum, was confirmed for electrons
by electron diffraction experiments. Schrodinger developed the proper mathematical
formulation describing the wavefunction of electrons. Now known as quantum theory,
this model has defined our current understanding of atomic structure. Today we
describe the nature of light and electrons as both waves and particles.”

Absorption of Light

The interaction of light with matter can provide useful information about molecular
electronic structure. When an atom or molecule absorbs light, electromagnetic radiation
is taken up by matter, typically via a valence shell electron, promoting it to a higher
energy level. Because the energy levels of the electrons in a molecule are not
continuous but discrete, the frequency of the incident light must equal the molecular
resonant frequency for absorption to occur. The energy of light absorbed therefore

provides the energy difference of the two molecular orbitals involved in the transition.
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The relationship between the frequency of light absorbed and its energy is described in
Equation 1-1 below:

E = hv = (hc/)) (1-1)
where h is Planck’s constant (6.63 x 10°* J-s), v is the frequency of light absorbed (sec’
1, ¢ is the speed of light (3.0 x 10® m-s™) and A is the wavelength of light (m).

Another important feature of light absorption is the intensity of the light that is
absorbed by a molecule at a particular frequency, the absorbance. The relationship
between molecular absorbance and light intensity is described by the Beer-Lambert
Law (Equation 1-2):

A =-log (I/l,) =-log T = ebc (1-2)
in which A is the absorbance at a particular frequency of light, Iy is the intensity of
incident light, | is the intensity of exiting light, T is the transmittance, ¢ is the molar
absorptivity of the molecule (L-mol™*-cm™), b is the pathlength of the light (cm) and ¢ is
the concentration of the absorbing species (mol-L™). The molar absorptivity is a
measure of the probability of the electronic transition; this property is proportional to the
transition dipole moment between the two electronic states.

While an electronic transition absorbs at a discrete energy by definition (Equation
1-1), molecular absorption spectra typically consist of broad absorption bands rather
than sharp lines. This phenomenon originates from the collective electronic transitions
that accompany the various vibrational states of the molecular bonds. These vibronic
transitions are explained by the Franck-Condon Principle;®’ electronic transitions occur

very rapidly (10 s) compared to nuclear motions (103 s).
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From a classical perspective, the principle approximates all electronic transitions
as originating from an instantaneous, motionless state of the molecule; nuclear motions
resume after the electronic transition has taken place. This is depicted in Figure 1-1.
Here, the Morse potentials of both the ground and excited states are shown with their
respective equilibrium geometries. Vertical transitions occur from the lowest vibrational
level of the ground state to vibrational levels of the excited electronic state. From a
guantum mechanical perspective, the probability of each vibronic transition occurring
(defining the intensity of the absorption) is proportional to the square of the vertical
overlap of the vibrational wavefunctions of the ground and excited state. In solution,
particularly in solvents of high dielectric constants, vibronic bands are not well resolved

due to solvation effects with the excited state chromophore.

Intensity
-h-\

\ A
T
\ /
...,

s Nuclear Configuration

Figure 1-1. The Franck-Condon principle. The figure was adopted from Atkins.*
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Excited State Properties

From initial excitation to the first (‘hot’) electronic excited state, the molecule
quickly relaxes to the lowest vibrational level of that state via either thermal or collisional
relaxation (Kasha’s Rule). For solvated molecules, the rate of relaxation is dependent
on the viscosity of the solvent. Generally, solvent relaxation is short compared to the
lifetime of the excited state (103-10™? s), allowing full relaxation of the excited state. In
the case of highly viscous solvents or short-lived excited states, however, other
processes may occur prior to complete equilibration of the excited molecule.

When the initial electronic state of the molecule is neutral, the electrons are
generally paired and of opposite spin states, according to Hund’s Rule. Upon excitation
the electron does not change spin states, in keeping with spin restriction rules imposed
by quantum mechanics, and the initial excited state formed is termed a singlet excited
state (S1). In some instances, however, the spin of the promoted electron can flip,
changing the overall spin momentum of the excited molecule to three. This process is
referred to as intersystem crossing (ISC). The resulting state, a triplet state (T1), is
characterized by an excited state with electrons with parallel spins. Similar to initial
formation of the singlet excited state, the triplet excited state is initially formed in a ‘hot’
state via coupling of equal energy singlet and triplet vibrational levels before relaxation
to the lowest vibrational level.

Intersystem crossing is “forbidden” by quantum rules (due to conservation of
momentum), and in organic molecules it typically occurs at a slow rate and therefore
generates low yields of triplet. When strong spin-orbit coupling is present, however, the
rate and yield of ISC are greatly increased. Spin-orbit coupling is facilitated by the

heavy atom effect: this occurs when the spin angular momentum and orbital angular
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momentum can interact in such a way that the total orbital momentum is conserved.
For this reason, ISC yields are typically higher in organometallic and inorganic
molecules—including platinum acetylides, the focus of this study.

The energy of the first triplet excited state is always lower in energy than that of
the first singlet excited state. Coulombic repulsion is higher for the singlet as the
electron spins are paired and are not forbidden to occupy the same space; for the
triplet, the spins are parallel and therefore forbidden to occupy the same region. The
singlet-triplet energy splitting (Es.t) is then larger for small molecules than for larger
molecules, typically.®

Upon equilibration of either metastable excited state, an electron will eventually
return to ground state configuration by one of two mechanisms: radiative or nonradiative
decay. For radiative decay processes, the excited electron deactivates by emission of a
photon equaling the energy difference from the equilibrated excited state to some
vibronic level of the ground state (similar to the absorption of a photon). Emission from
the singlet excited state is termed fluorescence (F); emission from the triplet excited
state is termed phosphorescence (P). Fluorescence is a quantum mechanically allowed
process as it involves a transition from states with the same spin, and it is therefore a
fast process (10% s1).° Phosphorescence is a forbidden process, and although
facilitated by spin-orbit coupling it is much slower (10°-10? s™). A third type of radiative
decay is called delayed fluorescence. The lifetime of this process is somewhat longer
as S; is populated via an indirect route, namely via a thermally assisted T1>S;
mechanism or via bimolecular triplet-triplet T;+T1>So+S1 annihilation mechanism.

Another phenomenon of radiative decay that is commonly seen is the Stokes shift;
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recall that vibrational relaxation to the lowest excited state, v=0, is typically fast,
therefore the energy of the radiative decay will be smaller than that of absorption. This
results in fluorescence emission of a longer wavelength than absorption, and the extent
of the Stokes shift correlates to the structural differences between the ground and
singlet excited states.

Nonradiative decay is the other deactivation mechanism involved in excited state
relaxation. Here, the energy difference between two states of the same spin is
dissipated as heat. Both nonradiative decay and vibrational relaxation processes are
referred to as internal conversion (IC). The relative rate of this process is defined by the
energy gap law which relates a decrease in excited state energy with an exponential
increase in the rate of nonradiative decay. The energy gap law has been applied to
aromatic hydrocarbons, rare earth ions and more recently Pt-containing conjugated
polymers and monomers—the focus of the present study.*

All of the above mentioned processes are depicted in the Jablonski diagram
shown in Figure 1-2. From these transitions, two additional characteristics of the
excited state need defining, as they will be frequently discussed herein: the
photoluminescence quantum yield, ®p., and the lifetime, t, of an excited state process.
The photoluminescence (PL) quantum yield defines the efficiency of a PL process; it is
calculated as a ratio of the number of photons emitted to the number of photons
absorbed. Itis also defined as the ratio of the rate PL decay from a particular excited
state to the sum of the rates of all processes of decay from that excited state, given as:

Dp = kp / (zkdecays) (1-3)
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where ®p_ is the quantum yield for a particular photoluminescence process, kg, is rate
constant of the emission process and Kqecays includes all other rate constants for decay
pathways from that excited state. Experimentally, the fluorescence or phosphorescence
guantum yields can be found by measuring the photoluminescence of a known
fluorophore with the same experimental parameters as the molecule being

characterized.*

AT Vi3
S e ve1
1 X ——— =0 ISC
i P IC =
1 | Vf
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! :
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1 1
SO W \:f W \I/

Figure 1-2. Jabloski diagram illustrating possible transitions.

The photoluminescence lifetime, tp, is defined as the time for the luminescence
signal to decay to 1/e of its initial value. This value is equal to the inverse of the sum of
all decay processes, both radiative and nonradiative, from the excited state being
studied:
=17k + ZKny) (1-4)

where k; defines all radiative pathways and k,, defines all nonradiative pathways.
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Energy Transfer

As well as the self-relaxation pathways from the excited state previously
discussed, an excited state may also return to the ground state via an energy transfer
mechanism. In the presence of an acceptor moiety, deactivation of the excited state
could occur by the bimolecular process given:

D*+A->D+A* (1-5)
where D is the donor, A is the acceptor and * denotes the excited state. For this
process to occur, it is necessary that (1) the energy of D* is higher than the energy of A*
for the exchange to be thermodynamically favorable, and (2) the rate of energy transfer
must be within the lifetime of D*. Several different mechanisms of energy transfer
exists, but they can be broadly classified as either radiative transfer or radiationless
transfer processes.

Radiative energy transfer involves emission of D* followed by reabsorption of that
energy by the acceptor A, as shown below.
D + hv > D*
D*> D+ hv
A+hv > A* (1-6)
It is necessary in this process that the absorption energies of A and the emission
energies of D* overlap to some extent. The solvent viscosity does not affect the rate of
energy transfer, and energy transfer is effective even from longer distances. Also
notable, the lifetime of D* is unaffected by the energy transfer process.

There are two main mechanisms of radiationless energy transfer: the dipole-
dipole (Coulombic) process and the electron exchange process. The Coulombic

(Forster) mechanism is a long-range (up to 100 A) energy transfer process that involves
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the coupling of both the ground and excited state oscillating dipoles.'? This interaction
causes perturbation of the electronic structures in both the donor and acceptor, leading
to excitation of the electron on the acceptor and deactivation of the donor electron. No
contact between the donor and acceptor is required, but the mechanism does
necessitate sufficient overlap of the absorption of A and the emission of D*, and only
singlet-singlet transfer is allowed. This mechanism is represented in Figure 1-3. The
probability for this mechanism is proportional to 1/R° (where R is the distance between
the donor and the acceptor). The rate of energy transfer is independent of the solvent

viscosity, however the lifetime of the donor will be shortened by the process.
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Figure 1-3. Coulombic (Férster) mechanism for long-range energy transfer.

The electron exchange (Dexter), or collisional, mechanism involves overlap of
the orbitals between the donor and acceptor involved in the transfer.®®* Therefore, this
process occurs for molecules that are in close proximity to one another (~10-15 A). The
rate of energy transfer is limited by molecular diffusion of D* and A, and it is therefore
dependent on both the temperature and viscosity of the solvent. Both S-S and T-T
transfer mechanisms are allowed by this process, and this is the dominant mechanism
in triplet-triplet energy transfer. A schematic of this process is given in Figure 1-4.

Triplet-triplet energy transfer is forbidden by the dipole-dipole mechanism, but it

is allowed by the electron exchange mechanism. Because the lifetimes of triplet excited
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states are relatively long, they are often used to facilitate the energy transfer process as
donors with acceptor molecules that possess a low quantum yield of generated triplet.
This is a way of effectively enhancing the triplet yield of the acceptor, in a process
referred to as triplet sensitization. The triplet-triplet transfer rate is dependent on the

difference in the donor and acceptor triplet energies (AE+.7).
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Figure 1-4. Electron exchange (Dexter) mechanism for short-range energy transfer.
Electron Transfer

Photoinduced electron transfer (PET) is one of the most fundamental
mechanisms in natural systems. All processes of respiration and photosynthesis (from
which energy is stored or released) rely totally on electron transfer reactions of
cofactors in proteins. Scientists continually endeavor to gain a better understanding of
such processes in attempts to exploit the development of new technology.** However,
controlling these reactions remains a challenge at the forefront of scientific research,
applied to areas such as electrical energy storage, chemical sensing, memory devices,
etc.

Upon excitation of a chromophore, systems with donor-acceptor characteristics
may facilitate a PET as another form of molecular deactivation. PET is characterized by
transfer of an electron either from an excited donor molecule (D*) to a ground state

acceptor (A) or from an excited state acceptor (A*) to a donor (D).
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D*+A>D"+A

D+A*>D "+ A 1-7)
The electron transfer process would be highly endothermic without photoexcitation, but
the process is more favorable with promotion of an electron to a higher energy level
(Figure 1-5). The products of such a process are a reactive radical cation/anion
(contact) pair. The decay pathways of the PET intermediate are outlined in Figure 1-6.
While the individual spins of either the cation or anion radical formed, after initial PET
from the singlet excited state, is a doublet, the overall spin of the contact pair is either a
singlet or a triplet. The ion pair can decay either by recombination—returning to the
ground state, separation to form a isolated ion pair, or formation of an excited state
triplet; however, should no other deactivation process occur, recombination of charge is

inevitable.*>16

Electron
hv Transfer

- _l_ Electron %
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Figure 1-5. A schematic presentation of a photoinduced electron transfer process.
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Figure 1-6. Decay pathways of photoinduced electron transfer.*>°

Marcus theory.

A theoretical description of electron transfer was developed by Marcus in the
1960s, and the Nobel Prize was awarded for his advances in 1992.*" For electron
transfer processes, no chemical bonds are broken, only structural changes occur in
reactants and the neighboring solvent molecules. Therefore, a description of electron
transfer may be presented by using reaction coordinates based on the potential energy
surfaces of the reactants and products. Electron transfer is then defined as the crossing
from the well of the reactants’ potential energy surface to the well of the products’
potential energy. Marcus developed an equation that relates the rate of electron
transfer within D/A systems with the free energy of reaction and the electronic
interaction between the donor and the acceptor:

0.4:2
Kgr = Z_EVDEA (—11') e_%

h (4mAT)2
(1-8)
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where AG? is the free energy of reaction, Vpa is the electronic coupling between the
donor and acceptor, and A is the total reorganizational energy for the donor, acceptor
and solvent involved in electron transfer.®

This expression describes a nonlinear behavior of the electron transfer rate on
the reaction free energy. This is quite different from the typical thinking of a linear free
energy relationship between the rate of a reaction and its equilibrium constant, which
predicts the rate of electron transfer should increase with the free energy for the
reaction -AG®. Rather, the Marcus equation demonstrates how the rate of electron
transfer will increase with -AG® until a maximum rate is observed for -AG° = A, followed
by a decrease in rate, a phenomenon known as the “Marcus inverted region” which has
been observed experimentally.’*%° In other words, the Marcus theory predicts that the
rate for electron transfer will decrease if the driving force is high, that is, if the process is
highly exothermic.

Solution phase electron transfer.

There are two types of reorganizational energy involved in electron transfer. Ain
refers to the free energy change associated with nuclear bond length changes within the
reactant molecules. Aoy refers to the free energy change associated with the slow
changes in the polarization of the surrounding solvent molecules preceding ET; this
term is dependent on solvent polarity, separation of the redox sites and the shape of the
reacting molecules.?* Most PET studies are performed in solution phase. In solution,
when a reactant is photoexcited, a series of short-lived ion-pair intermediates is created
due to the interaction between an excited state and the ground state. Solvation and

electrostatics can determine the extent of stability of the created ion pairs. An ion-pair
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that is separated by several solvent molecules results in a pair of geminate ions is
called a solvent-separated ion pair (SSIP); the driving force of ET in this type is given by
Rehm-Weller equation (Equation 1-9):

AGssip = E°(D/D) - EX(AJIA) -AG* + wp-Wr (1-9)
in which E°(D*/D) is the oxidation potential of the donor, E°(A/A") is the reduction
potential of the acceptor, AG* is the free-energy of the equilibrated excited-state, and wp
and wg are the work terms for electrostatic interaction in the product (P) and in the
reactant (R) states. The work terms describe the influences of the donor and acceptor
charges (Zp. and Z,) and their center-to-center distances from one another (dcc) in
relation to the static dielectric constant (es) of the solvent as shown (Equation 1-10).

W = ZpZae? | dec € (1-10)
This relationship describes a greater influence of electrostatics in nonpolar solvents and
predicts the greater feasibility for ion dissociation in more polar solvents.

The collision of neutral reactants within the solvent cage is said to form either a
contact ion pair (CIP) or an intimate CT complex, an exciplex. Solvent polarity and
reactant structures heavily influence the production of either; nonpolar solvents are
typically favored for exciplex formation, however, and this intermediate is generally
distinguished by the emission of light observed in the emission spectrum.

Spin dynamics of PET.

As PET can occur from either the singlet or triplet state, spin restriction rules
dictate that electron spin is usually conserved. However, there are some examples of
systems in which singlet-triplet intersystem crossing of an ion pair has been observed;

major factors that contribute to this conversion are hyperfine coupling, Zeeman splitting,
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and spin-orbit coupling.?> When a force whose energy is stronger than the exchange
interaction, or charge separation energy (J), operates during electron transfer process,
electron spin multiplicity changes and ISC occurs.

Hyperfine coupling involves the interaction between the spin magnetic moment of
an unpaired electron and the nuclear spin magnetic moment. When J, between the
singlet and triplet, becomes smaller than this energy (AEy: > J), a spin flip takes place by
hyperfine coupling. For a solvent-separated ion pair or free ion, ISC is operated by the
hyperfine coupling mechanism because J becomes negligible at such large distances;
for a contact ion pair or exciplex, J becomes large due to small distance. The Zeeman
Effect describes splitting of degenerate electronic energies upon exposure to a
magnetic field; with increasing applied strength of the external field, Zeeman splitting
breaks up the Ty degeneracy into T, and T. sublevels and may induce a spin flip via a
S-T transition. Spin-orbit coupling is generally not a common mechanism for ionic
intersystem crossing, as it usually involves the interaction of electrons about a single
atomic nucleus.

PET in metal-organic dyads.

A dyad is a supramolecular assembly consisting of a light-absorbing chromophore
and an electron donor or acceptor moiety. Much early work in the PET field has
focused on organic donor-acceptor systems (which most recently has encompassed
Cso, porphyrins and phthalocyanines moieties),?>?® but research quickly began to
incorporate transition metals. While initial systems focused on bimolecular PET
dynamics, the development of unimolecular, covalently linked chromophore-quencher
systems grew increasingly popular concurrently with advancements in instrumentation

as well as synthetic methodologies. These systems provide the benefit of negating
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diffusion dynamics by controlling the length and orientation of the spacer while also
allowing control or variation of the spacer between the donor and acceptor moieties;
they are generally characterized by long lifetimes of the charge separated (CS) state
which allows the possibility to collect the charges at corresponding electrodes in
photovoltaic devices, thus generating photocurrent. Because the field of PET is
extremely diverse, only metal-organic dyads will be mentioned.

Metal-organic dyads consist of a transition metal complex that serves as the light
absorbing chromophore, as well as an organic electron donor or acceptor. More
commonly, these systems contain a metal with a d° electronic configuration; the lowest
excited state arises from a metal to ligand charge transfer (MLCT) transition that
involves promotion of a metal centered d electron into a ligand based =* level. Two
modes of decay from this state are possible, separating metal-organic dyads into two

categories (Types 1 and 2), as shown in Figure 1-7.

A) Type 1 Dyad B) Type 2 Dyad

*L-M(d)-A *L-M(d)-D

5. . ° e 6
+hv L-M(d")-A +hv L-M(d")-D
A

BET
L-M(d%-A L-M(d%-D

Figure 1-7. Type 1 and 2 metal-organic dyads.

A Type 1 metal-organic dyad consists of an electron acceptor covalently linked to

the d® metal chromophore. Forward electron transfer (FET) occurs via donation of the
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promoted MLCT electron to the empty n* orbital of the organic acceptor. Back electron
transfer (BET) then occurs via electron transfer from the =* orbital of the organic
acceptor back to the d-shell of the transition metal (Figure 1-7a). A Type 2 metal-
organic dyad consists of an electron donor covalently linked to the d® metal
chromophore. FET occurs via electron transfer from a = orbital of the organic donor to
the hole left in the d-shell of the transition metal from MLCT. BET then occurs via
charge recombination between the organic radical anion radical cations. (Figure 1-7b).
Several examples of these types exist in the literature, far too many to mention within.

Photophysical Properties of Conjugated Materials

Conjugated materials are unsaturated, meaning the entire molecule consists of
atoms with a continuous = orbital system. The first report concerning the conductivity in
these types of materials described the redox properties of polyacetylene.?® Shirakawa,
Heeger,and MacDiarmid were more recently acknowledged in 2000 with the Nobel
Prize in Chemistry for their insights, as conjugated polymers have since been found
useful for a wide variety of applications, mainly in devices. Research has seen success
with these types of materials in light emitting diodes, light emitting electrochemical cells,
plastic lasers, and thin-film transistors.>’ A wide variety of conjugated polymer
structures have been reported, a few of which are depicted in Figure 1-8. These
organic conjugated polymers, other than polyacetylene, generally feature aromatic or
heteroaromatic rings that are either directly connected or connected by conjugated vinyl

or ethynyl linkers.
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Figure 1-8. Examples of organic conjugated polymer structures.
Molecular wires in conjugated organic systems

One major reason why conjugated polymers make excellent candidates for
electronic, electro-optical and optical applications is that they provide exceptional
transport properties for charges and excitons. Much research has focused on
understanding carrier transport properties in these materials, especially in
understanding bulk properties of polymers in films.***> However, another area in the
field remains focused on the transport properties of these materials as single-chain
‘molecular wires”, or single molecules acting as one-dimensional carriers.

For a molecule to exhibit “molecular wire” properties, the appropriate molecular
geometry is required, as well as the molecule’s ability to adopt a predictable
conformation. In addition, the material must be an excellent charge carrier and must
display similar energetics over a long distance of the molecule.®*® Several examples of
conjugated organic materials used as molecular wires are known.*”*® The concept of

an organic molecular electronics device was first proposed by Aviram and Ratner®, but
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it was not until the measurement of electrical conduction through a single benzene-1,4-
dithiol molecule that molecular-scale electronics attracted serious attention.*® In a more
recent example, a linear terphenyl molecule was spanned across two gold electrodes
via thiol substituents.** Upon application of a potential across the electrodes, the
terphenyl moiety undergoes a conformational change and completes the circuit between

the electrodes with a measurable conductivity and resistivity (Figure 1-9).
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Figure 1-9. A conjugated oligomer in use as a molecular wire.**
Charge in organic conjugated systems

Electronically conducting polymers are believed to possess a spatially delocalized
band-like electronic structure much like that of a solid-state semiconductor, stemming
from the splitting of interacting molecular orbitals of the constituent monomer units.3%42
The mechanism of conductivity for these materials that is generally accepted is based
on the motion of charged defects within the conjugated framework. The charge carriers,
either positive (p-type) or negative (n-type), are produced via oxidation or reduction of
the polymer, respectively.*>*

Oxidation of a conjugated material initially generates a positive polaron with both

spin and charge (Figure 1-10). A positive polaron, generally referred to as a radical

cation, consists of both the hole site and the structural distortion which accompanies it.
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(However, radical cations by strict definition are slightly different in that the term
particularly refers to self-trapped polarons). The cation and radical moieties form bound
species. Calculations have shown that the combination of nearby polarons would
produce a lower energy bipolaron (of the singlet spin pattern).***> Analogously,
reduction of a conjugated material would generate a radical anion species, or a negative
polaron. Lattice polarization (deformation about the charge carrier moiety) acts as a
potential well that hinders the movements of the charge, thus decreasing its mobility.
Assuming the charge defect is located between the same conjugated moieties, the
same energy barrier to migration exists in either direction of movement, meaning the
charge defect can migrate along the conjugated backbone of the material in either
direction without changing the energy of the backbone. This property is referred to as
the charge mobility of the polymer.

Charge transport, or electron transport (ET), on the intramolecular scale is viewed
as an interaction between an electron donor (D) linked to an electron acceptor (A)
through some bridging species (B). In general, there are two mechanisms for ET in
these D-B-A systems: superexchange and hopping mechanisms. Superexchange
occurs via a tunneling process; the electron never occupies the bridging unit during
ET.*® Transport via a hopping mechanism involves reduction (or oxidation) of the bridge
by the donor, then to the acceptor.*’ The two processes may occur concurrently in the
same system, where the overall rate of electron transfer is equal to the additive rates of

each process.
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Figure 1-10. Depiction of a polaron (a) and a bipolaron (b) in a poly(phenylene)
material.

Excited states of organic conjugated systems

Much of the interest in conjugated polymers has been on the optical properties of
phenyl-based light emitting systems, including both linear and nonlinear optical
transitions. The valence electrons of conjugated organic molecules absorb in the UV-
Vis region of the electromagnetic spectrum; for strong dipole coupling between the
ground state and singlet excited state, a singlet excited state is typically produced in
high quantum yields. It is found that the lowest excited state of this type has exciton
character (the hole and the electron are bound). The singlet exciton is defined as a
highly delocalized excited state, typically spanning 10-20 repeat units of the material. In
terms of luminescence properties, the S;> S, transition, if highly polarized, generally
relaxes back to the ground state via fluorescence.

ISC is generally slow in these materials (as discussed previously), thus generating
triplet excitons in low quantum yields. Nevertheless, triplet excited state properties are
of interest in these materials, as applications in optical properties of these materials is
becoming more prevalent: areas of interest include organic light emitting diodes
(OLEDSs), field-effect transistors, electronic semiconducting materials, light harvesters,
photosensitizing and nonlinear applications.***? Understanding more about the triplet

state is of particular interest pertaining to OLEDs where electroluminescence is
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generated via the recombination of electrons and holes. Emission yields are limited by
spin statistics for the recombination events, a large portion of which populate the non-
emissive triplet states of these materials.

Burrows and coworkers have measured the quantum yields of ISC in various
conjugated polymers using photoacoustic calorimetry.®® Polythiophenes generally
measured higher triplet yields (0.5-0.8) than poly(p-phenylene vinylene)s (0.01-0.04)
due to efficient spin-orbit coupling induced by the sulfur atom.

Singlet and triplet energies of various conjugated polymers were measured by
Burrows and Monkman using pulse radiolysis and energy transfer techniques.>* They
found a linear correlation between the triplet and singlet energy gaps for the polymers
studied. They also found that while planarity of the materials enhanced singlet state
delocalization and torsional angles localized the state, both had little effect on the triplet
state properties, concluding that the triplet exciton is much more localized than the
singlet exciton.

There has been a great deal of interest in studying the transport of excitons along
single chain conjugated materials. These investigations are typically performed in dilute
solutions, minimizing the probability of interchain interactions.>> One method of
investigating exciton transport in conjugated molecules involves the incorporation of low
energy trap sites within the molecule.®*>° Another method of investigation involves the
binding of small molecule quenchers to the conjugated material.®®®? In either scenario,
after photoexcitation of the conjugated material, exciton transfer is confirmed by the
guenching of the emission via either a PET process or emission from the lower energy

trap.
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Platinum Acetylide Materials

Platinum acetylides are a class of organometallic compounds which exhibit useful
photophysical properties that lend to potential applications in areas such as optical
limiting®® or electroluminescent devices.®* These compounds are air-stable, -
conjugated organometallic materials. The structure of platinum acetylides (Figure 1-11)
consists of a typical repeat unit of [-C=C-Pt(PR3),-C=C-Ar-] in which the aryl moiety
(such as a phenyl, thiophenyl, pyridinyl, or other group) is bonded to the platinum via an
acetylide bridge. The alkyl groups of the neutral phosphine ligands (commonly 1-8
carbons) facilitate in solubilizing the materials in common organic solvents. The Pt(ll)

center typically adopts a trans-square planar geometry.
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Figure 1-11. The general structural unit of a platinum acetylide.
Synthesis

Hagihara and coworkers first prepared platinum acetylide materials in 1977.%°
Shortly after, they further described the synthesis of cis and trans-dialkynyl compounds
of Pt(Il) complexes.®® The coupling of a platinum chloride complex with an acetylene
was best accomplished in the presence of an alkylamine base and catalyzed by
copper(l) iodide. The addition of base facilitates the deprotonation of the acetylide
ligand, while copper(l) activates the coupling reaction via coordination to the acetylide
bond. Inert conditions are necessary to prevent oxidation of the copper catalyst. The

same reaction conditions have been applied to polymer synthesis,®” however higher
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molecular weights are afforded with the reaction of trimethyltin-protected acetylides and
platinum chloride under conditions of heat.®®

It was more recently found that either the cis or trans-Pt(PR3)Cl, starting complex
could be used to yield a trans-platinum acetylide product, as cis-trans isomerization is
known to occur in the presence of tertiary amines. Either isomer can be distinguished
by 3P NMR,**"* observing the coupling between phosphorus and an NMR active
isotope; Jpip (*°Pt, 1=1/2, 33.8% natural abundance), is generally below 2500 Hz for
trans isomers and above 2500 Hz for cis isomers.

Photophysics

On a more fundamental level, platinum acetylide materials provide a platform for
investigation of & conjugation mediated by metal dr/carbon pr interactions.”
Introduction of a heavy metal such as platinum into the conjugated backbone of organic
structures provides insight into the triplet excited state that had been elusive in strictly
organic systems. The strong spin-orbit coupling induced by heavy metals provide an
increase both the rate of ISC and radiative decay from the triplet; direct measurement of
phosphorescence readily provides information as to the energy, vibrational structure
and lifetime of the T, state.”

In general, isoenergetic d-orbitals of transition metals lose degeneracy when in the
electronic environment of the ligands (ligand field theory). For the d® metal Pt(ll), a
square planar complex, the d orbitals (d*,?) that align with the four ligands are
destabilized, and the orbitals out of the plane (dyy, dy;, dx, and d,%) are less destabilized

by this interaction.” This leads to the energy splitting of the d orbitals (Figure 1-12) in
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which electronic transitions involving Pt(ll) would involve the d,, (HOMO) and dxz.y2

(LUMO) energy levels.
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Figure 1-12. Ligand field splitting of the d orbitals of a square planar Pt(Il) complex.

In platinum acetylide compounds, optical transitions involve both the platinum d
and ligand p/x orbitals due to mixing.”>”> The extent of hybridization between the
metal and ligands varies depending on the spacer used. For acetylene or
phenylacetylene ligands, mixing with the d orbitals in Pt(ll) is also exhibited in the
photophysics of the compounds. Chawdhury et al.”® have demonstrated the
preservation of conjugation through the platinum centers in a series of thienyl-platinum
acetylide dimers and polymers, noting the lowering of the Sy—>S; transition energy with
the introduction of platinum. In general, the emission bands of platinum acetylides
generally show significant vibronic progressions; this feature is common for MLCT or =-
7* transition states, but not common for d-d transitions which are usually sharp and
structureless. The phosphorescent lifetimes are also intermediate between common *r-

m* and *MLCT lifetimes, indicating again the hybridization of the orbitals. In general,
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studies find that the fundamental optical transitions in these materials originates from

mainly 7-7* transitions in ligand with some contributions from Pt(Il) d-orbitals.”’

Much of the initial photochemical characterization of platinum acetylides was

carried out by Lewis, Friend and coworkers.'%®7:76.7886 pglymers and monomers

containing phenylene-ethynylene spacers generally absorb around 300-400 nm (Figure

1-13).”® Polymeric structures typically absorbed at lower energies than the respective

monomers, indication a higher extent of delocalization in the ground state geometry.
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Figure 1-13. Absorption and emission spectra of Pt-phenylethynyl monomer and
polymer films. The figure was adopted from Kohler.”
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Fluorescence emission spectra (between 400-450 nm) were also red-shifted in
polymers compared to the monomers, suggesting the S; state was also more highly
delocalized in the polymers. No differences, however, between the polymers and
monomers were seen in the phosphorescence spectra (500-600 nm), indicating a highly
localized T, state that is confined between two Pt centers. T;-T, absorption of the
compounds was between 600-800 nm with the polymers absorbing at lower energies
than the analogous monomers. This also suggests that the T, states of the polymers
are more highly delocalized than the monomer units.?’

A more thorough study of exciton delocalization within phenylene-ethynylene-
linked Pt-acetylides was reported by Lui and coworkers.®® Absorption and emission
data were reported for a series of monomers ranging from 1 to 7 repeat units (Figure 1-
14). Results again indicate a higher degree of delocalization in both the ground and
singlet excited states, while the triplet excited state remains highly confined between
two platinum moieties. More insightful in this study, however, is the decrease in the
extent of red-shifting in both ground state absorptions and fluorescence emissions
between n=5 and n=7 units; results conclude that the effective conjugation length of the
S; state is about 6 repeat units. The S;-T; energy gap was not constant in this oligomer
series, varying from 0.91 to 0.78 eV as the oligomers lengthened.

Wilson and coworkers systematically varied the aryl group of the platinum
acetylide spacers in the polymer materials (Figure 1-15) to study the effect of excited
state energies on triplet state evolution.?® The onset of singlet absorption varied from
1.7 to 3.0 eV within the series, depending on the spacer used. Photophysical results

revealed a decrease in both the lifetimes and emission intensities from the triplet state
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as the energy of the triplet state also decreased as non-radiative decay rates increased.
Later results concluded that the exponential increase in non-radiative decay rates with
decreasing triplet energy levels correlated well with the energy gap law.’® Results of
this series also revealed a constant singlet-triplet energy splitting (~0.7 eV) reguardless

of spacer used.
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Figure 1-14. Series of platinum acetylide oligomers studied by Liu.®®

The study was further extended with a more extensive investigation of aryl spacers
(Figure 1-16).”® In all cases, the singlet state was lower in energy for the polymers than
the representative monomer materials; the triplet energies between polymer and
monomers remained fairly constant throughout the series, however. It was concluded
that the singlet state was highly delocalized, reguardless of aryl spacer used, and the

triplet state was highly confined across the series. Again, the singlet-triplet splitting
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energies remained constant at ~0.7 eV (Figure 1-17). These results are useful in

predicting the singlet-triplet energy gap for analogous platinum acetylides.
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Figure 1-15. Platinum acetylide polymer series studied by Wilson and coworkers.®

Rogers and coworkers®” have studied the relationship between ligand conjugation
length and photophysical properties in platinum acetylide oligomers (Figure 1-18).
Results of the work concluded that the effect of the heavy metal to induce strong spin-
orbit coupling was reduced as the length of the conjugated organic ligand increased
within the series; both ground state (So-S1) and triplet state (T;-T,) absorption red-
shifted with increasing conjugation. The effect on the triplet excited state properties in
molecules with increasing conjugation of the organic spacer between two platinum
atoms was studied by Farley and coworkers (Figure 1 -19).%° Triplet emission was

assigned to mainly *r,7* character in the diplatinum polyynediyl oligomer series.
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Figure 1-16. More extensive series of platinum acetylides studied by Kohler.**:"®

Phosphorescence at low temperature was noted to red-shift with increasing
acetylene spacer length, and emission lifetimes were noted to decrease with decreasing
triplet energy. Triplet-triplet absorption was evident at ambient temperatures and also

revealed mainly *x,n* character. The results also revealed non-radiative decay trends

that were quantitative with the energy gap law.
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Figure 1-17. Singlet, triplet, and single-triplet splitting energies for a series of polymers
and monomers studied by Kohler.”
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Objectives of the Current Study

From previous studies, our group has concluded that both the triplet excited state
and the charged ion states of platinum acetylide materials are more spatially confined--
restricted within one or two repeat units. In continuation of our investigation into these
systems, we seek to further define the properties of these states via both
thermodynamic and kinetic experimentation. Herein, we have designed various
platinum acetylide oligomer structures to study the properties of both charged and
excited states.

In view of these more recent results, it is logical to ask two questions: (1) How
rapidly does the triplet exciton or charge (a polaron) migrate along a Pt-acetylide chain?
(2) To what extent is the triplet state localized between two platinum atoms in platinum
acetylides as the spacer chromophore, phenylene ethynylene, is lengthened? While
these guestions are of a fundamental nature, the answers apply directly to the
application of conjugated materials in molecular electronic devices.

We have investigated the dynamics of both triplet exciton and charge migration
along single chains of platinum acetylides through the study of suitably designed
platinum acetylide oligomers. First, a series of mono-disperse platinum acetylide
oligomers of varying chain lengths were synthesized with low energy, easily reducible
naphthalene diimide end-caps to act as triplet energy or electron traps. Ultrafast laser
flash photolysis and pulse radiolysis experiments were used to study the dynamics of
exciton and charge transport along the chain to the trap sites in the mono-disperse
oligomers. To increase the chance of success in measuring the dynamics (which were

believed to be relatively fast), oligomers with ultimately relatively long chains were
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needed. An iterative-convergent approach was used to successfully synthesize the
series in a minimal amount of steps with ease in purification.

The effect of platinum on the triplet state in oligoynes was mentioned earlier. Rigid
rod systems such as these are interesting in their potential application toward molecular
wire transport of excitons or polarons. The incorporation of platinum into phenylene-
ethynylene materials is expected to promote the formation of the triplet excited state,
just as in typical platinum acetylide materials. The incorporation of platinum into these
organic oligomers is also useful for further study the effective conjugation length and
properties of the triplet states in platinum acetylide materials. A series of phenylene-
ethynylene spacers of varying length were end-capped with platinum atoms.
Photophysical characterization of the properties (absorption, emission, lifetime, etc.) of
the ground and excited states of these oligomers has provided insight into the influence

of platinum in these systems.
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CHAPTER 2
SYNTHESIS OF MONODISPERSE PLATINUM-ACETYLIDE OLIGOMERS END-
CAPPED WITH NAPHTHALENE DIIMIDE UNITS

Introduction

There has been much research in the field of conjugated polymers toward the
advancement of new optical and electronic applications.***°®® For over two decades,
most of the research has focused on the use of purely organic materials, however
investigations of organometallic and metal-organic frameworks are becoming
increasingly popular.®*®" Interest in the incorporation of heavy metals into conjugated
materials includes both studies of fundamental photophysical properties of these
compounds as well as their application in areas of non-linear optics and
optoelectronics.®%9-102

One promising field that our group has focused on has been the study of platinum
(Pt)-acetylide materials of the type [-Pt(PR3),-C=C-Ar-C=C-], where Ar is an organic
arene and the stereochemistry at the square planar Pt(ll) center is trans- 88103102
Studies have provided considerable insight into the effect of the platinum center within a
n-conjugated electronic system. These polymers have demonstrated useful application
in organic solar cells and as non-linear absorption materials.®®%1921% The addition of
the platinum center most significantly effects the tr-framework via a strong spin-orbit
coupling, effectively mixing the singlet and triplet excited states which leads to efficient
production of long-lived triplet excitons.”? """

Our group as previously described the results of spectroscopic studies designed

toward characterizing the properties of triplet excitons in Pt-acetylide oligomers and

polymers.281%31% More recently, we have performed pulse radiolysis'®’ experiments to
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characterize the spectroscopy and spatial extent of negative ion-radicals (polarons)
produced by reduction of the platinum acetylide oligomers.'® The conclusions of the
spectroscopic and pulse radiolysis studies reveal that triplet excitons and negative
polarons are spatially confined on the Pt-acetylide chain, delocalized to an extent
corresponded to approximately a single repeat unit, e.g., [-Pt-C=C-Ph-C=C-Pt-], where
Ph = 1,4-phenylene.'®*% As a continuation of these findings, we have developed a
series of Pt-acetylide oligomers that are end-capped with molecular units that can act as
“traps” for triplet excitons or negative polarons produced on the chains. Time-resolved
spectroscopic studies of such end-capped oligomers carried out using laser flash
photolysis and pulse radiolysis have provided considerable insight into the kinetics of
triplet exciton and negative polaron diffusion rates in Pt-acetylide materials.

This chapter reports the synthetic work accomplished towards the objective of
synthesizing a series of mono-disperse Pt-acetylide oligomers that are end-capped with
naphthalene diimide units, Pt,NDI,, Figure 2-1. The goal of the synthetic work was to
prepare relatively long oligomer chains in order to more successfully measure the
dynamics of exciton and polaron hopping along the chains as well as intrinsically
increasing the relative concentration of the Pt-acetylide units vs. end-cap units.>®19%-12
The synthetic approach used to construct these oligomers is based on an iterative-
convergent method; this approach involves application of organometallic synthons with
orthogonally protected terminal acetylenes. There has been considerable research
focused on the synthesis of mono-disperse, organic n-conjugated oligomers, %1320

however relatively few studies have been reported describing the preparation of

oligomers that contain regular repeats of metal centers in the n-conjugated
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sequence.?®'?! The synthetic work described herein is useful, as the protecting group
approach that is developed is general and could be used towards the synthesis of a
variety of Pt-acetylide based oligomers and dendrimers.

Results and Discussion
Molecular Synthesis and Design

The structures of the end-capped Pt-acetylide oligomers synthesized, Pt,NDI; (n
=2, 3, 6 and 10), are shown in Figure 2-1 below. Each of these oligomers features a
Pt-acetylide chain with the repeat unit structure [-Pt(PBus),-C=C-Ph-C=C-] (Ph = 1,4-
phenylene) in the core of the molecule, as well as 1,4,5,8-naphthalenediimide (NDI)
units as end-caps. The NDI unit was chosen as an end-cap because this moiety is
reduced at a relatively low potential, therefore it is a lower energy electron acceptor for
trapping negative polarons or triplet excitons produced on the chains by pulse radiolysis
or optical excitation, respectively.'?*?® A reference material for comparison of
photophysical characterizations was also necessary, therefore the previously

synthesized dimeric complex Pt-2%81% was chosen.

CgHi7-N Q N@%Wt%@N Q N-CgH;7
O O PBu; /p o} o

Pt,NDI,
FI’Bu3 Fl’Bu3
/' Ny =pt-= Y=—pt—= o
<_> | N/ | \
PBu, PBu,
Pt-2

Figure 2-1. Chemical structures of the end-capped Pt-acetylide oligomers.
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The synthesis of the longer oligomers of the series (i.e., n = 6 and 10) presented a
general synthetic challenge. Three basic synthetic routes were considered when
outlining the synthesis, as each had advantages and drawbacks. The simplest
synthetic approach would perhaps have been use of the fractionation method.* Here, a
short-lived AA/BB type polymerization reaction of Pt(PBus).Cl, and 1,4-
diethynylbenzene could be carried out, followed by quenching the reaction early with the
appropriate end-cap. The drawback in this approach would be the separation and
isolation of the oligomers because the reaction would be uncontrolled, resulting in a
complex mixture of oligomers with different chain lengths. A stepwise, totally directed
approach® was perhaps most obvious, but this would involve a completely linear
synthesis with group protection/deprotection needed at each step in the sequence.
While product isolation via this route would be much less difficult, the synthesis would
require many steps, compromising the overall yields of the target oligomers.*?*

Previously, our group as applied the iterative method toward preparation of
monodisperse platinum acetylide oligomers,?®19319419 however because of the need for
longer chain lengths in the for dynamics experiments we chose the iterative-convergent
approach for the task.®®*?*!% This method involves the synthesis of an unsymmetric
platinum acetylide oligomer segment containing orthogonal protecting groups as a
primary synthon (structure 7, Figure 2-2). Synthetically building from the center of the
oligomer and out also ultimately reduced the number of overall steps involved in
assembly of the longer oligomers.

Synthesis

The route used to construct the primary synthon 7 is outlined in Figure 2-2 below.

Monomeric complex 3 was first prepared via selective deprotection of the
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Figure 2-2. Synthesis of orthogonally-protected synthon 7.

hydroxymethyl (HOM) group of known compound 1% to afford an unsymmetrically
protected 1,4-diethynybenzene (2a) in which one of the ethynyl groups is free and the
other is protected with the triisopropylsilyl (TIPS) unit. The use of the Hagihara
coupling®® of cis-Pt(PBus),Cl, with 2a in refluxing diethylamine afforded the mono-
substituted product 3 in a 58% overall yield from 1. A copper-catalyzed Hagihara
coupling of complex 3 was then run with compound 2b, which contains one free ethynyl
group and one protected with the HOM group. This reaction produced the orthogonally-
protected organometallic intermediate 6a, a key building block toward the synthesis of
the longer oligomers, in 60% yield. Either of the acetylene protecting groups (HOM or
TIPS) of 6a can be selectively removed. Moreover, the complex is soluble in non-polar
solvents due to incorporation of alkyl groups, and it can be easily separated by silica
chromatography from less polar impurities due to the polar HOM unit that interacts more

strongly with the silica support, increasing its retention time on a column. Deprotection
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of the HOM group from 6a produces 6b which was coupled with cis-Pt(PBu3).Cl, to
afford the TIPS-protected synthon 7 in an 89% vyield.

Synthesis of the shorter oligomers 11 and 12 did not require synthon 7 as the
synthesis was relatively straight forward (Figure 2-3). The end-capped dimer, Pt;NDI,
(11), was prepared by the copper(l) catalyzed Hagihara coupling of known compounds
8'%% and 10.1® The end-capped trimer, PtsNDI, (12), was prepared by coupling known

complex 5% with the NDI synthon 9. Synthon 9 was previously prepared via Hagihara

coupling of cis-Pt(PBus3).Cl, with 8.

PBus PBug

C|—P,t%©;ﬁ’t cl

PBu,

3
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al 48%
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9: R=Pt(PBu,),Cl o CoHN = N-CgHyy
PBu3

a) cis-Pt(PBus),Cl,, iPr,NH/MeCN, reflux, 12h; b) cat. Cul, THF/Et,NH, rt, 3h; ¢) 5, cat. Cul,

THF/Et;NH, rt, 3h.

Figure 2-3. Synthesis of Pt,NDI; (11) and Pt3NDI; (12).

The synthons 7 and 9 were both used to afford rapid construction of the longer end-
capped oligomers PtsNDI, and PtgNDI, (15 and 17) as shown in Figure 2-4. Both end-
capped oligomers were synthesized via tetramer 14a, which was synthesized in high
yield by coupling two equivalents of synthon 7 with diethynylbenzene. Deprotection of
the TIPS groups in 14a using tetrabutylammonium fluoride (TBAF) followed by coupling

of the resulting free acetylenes in tetramer 14b with the NDI end-cap 9 afforded
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Pt¢NDI,. Finally, the final decamer Pt;oNDI, was synthesized via copper(l) catalyzed
coupling of 14b with synthon 7 to yield octamer 16a. The TIPS protecting groups were
then removed from 16a with TBAF, and the resulting free acetylenes of the deprotected

octamer (16b) were coupled with end-cap 9 to yield the decamer Pt1oNDI.

a | =
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b[gf% . Q O o ﬁ’Bus o O 0
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10
17
a) 7, THF/Et;NH, cat. Cul, rt, 4h; b) TBAF, THF, rt, 1h; ¢) 9, THF/Et;NH, cat. Cul, rt, 3h.
Figure 2-4. Synthesis of PtgNDI, (15) and Pt;oNDI, (17) oligomers

31p NMR Characterization

The oligomer structures were confirmed by *H NMR, *P NMR and elemental
analysis as further described in the experimental section. The 3P NMR spectra of the
oligomers are especially interesting in revealing characteristics of the oligomer
structures (Figure 2-5). The 3!P spectra appear as a pattern of three resonances
centered at 5 ~ 4 ppm for each oligomer; the weak “doublet” with J ~ 2350 Hz is
characteristic of the 1**Pt-*'P coupling, and the central resonance is due to the PtP,
units with NMR inactive Pt isotopes. Splitting of the three individual resonance peaks is

observed for the trimer, hexamer and decamer and is discussed below. The trans
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stereochemistry of the PtP, units is confirmed by the magnitude of the ***Pt-**P coupling

constant.®®

qu m,,*,;‘wj A A “’)\VWW ML&-—‘#*JM
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L
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Figure 2-5. 3P NMR spectra for the Pt,NDI, series. (a) n=2; (b)n=3;(c) n=6; (d) n
=10
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To better discuss the pattern of splitting which results from the oligomer structures,
we focus attention on the central resonance (6 ~ 4 ppm). The expanded insets of
Figure 2-5 highlight these signals. In Figure 2-5a, the central resonance signal for
Pt,NDI; is a singlet. This observation is consistent with the fact that the two PtP,
centers are equivalent in the dimer. For the trimer, PtsNDI, (Figure 2-5b), the center
resonance appears as two closely spaced singlets with the downfield:upfield ratio of
approximately 2:1. This splitting is consistent with the fact that there are two chemically
inequivalent sets of phosphines in the oligomer structure: those on the terminal PtP,
units and those on the central PtP, unit. On the basis of the ratios for each signal, we
conclude that the resonance for the terminal PtP, units is downfield by ca. 0.2 ppm
relative to that for the central PtP,. The downfield shift for the terminal PtP, units may
arise due to the electron withdrawing effect of the NDI unit, which is a relatively strong
n-acceptor. Examining the signals for the hexamer, PtgNDI5, in Figure 2-5c is also
interesting; the center resonance also appears as two closely spaced singlets, however
the downfield:upfield ratio is 1:2, reversed from that of the trimer. This spectrum is also
consistent with the structure of the hexamer, which features two terminal PtP, units and
four central PtP, units: on the basis of the structure we would predict the ratio of the
terminal and central resonance peaks to be 1:2. Finally, the decamer, Pt;oNDI,, shows
a similar trend in which the downfield peak apparently due to the terminal PtP, units is
considerably weaker compared to the upfield signal due to the central PtPt; units.
While we are unable to report the numerical integration values for the two signals,

inspection of the expanded spectrum in Figure 2-5d indicates that the downfield:upfield
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peak ratio is in qualitative agreement with the 1:4 ratio expected on the basis of the
oligomer’s structure.
Electrochemistry

The objective of the synthesis of the NDI end-capped Pt-acetylide oligomers is to
use them to investigate charge and exciton transport in n-conjugated organometallic
systems. In order to understand the properties of the excited and charged states of
these systems, it is essential to characterize the accessible redox states within the
materials. Hence, cyclic voltammetry was performed on the simplest oligomer of the
series, Pt,NDI;,, to obtain information regarding the redox states of both the core and
the end-groups together.

The cyclic voltammagram of Pt;NDI, in Figure 2-6 features two reversible
cathodic waves with E;, = -0.65 and -1.05 V, as well as a single reversible anodic wave
at E1» = 0.89 V (potentials vs. SCE). The cathodic waves are assigned to sequential
one-electron reduction of the two NDI end-groups. Most likely, each cathodic wave
likely corresponds to simultaneous one-electron reduction of both of the NDI units, for
example for the first wave at E1j; = -0.65 V: NDI-Pt,-NDI + 2e” — (NDI™* -Pt,-NDI™*)%,
however quantitative measurements with ferrocene proved difficult to further lend to this
assumption. This assignment is supported by a number of previous studies of the NDI
unit (including a study of a platinum acetylide complex that contains NDI units) which
demonstrate that the NDI electrophore is reduced in two sequential one-electron
processes at potentials in the range -0.6 and -0.8 V vs. SCE.1?2123126

The anodic wave observed for Pt,NDI; is assigned to a one-electron oxidation of

an electrophore consisting of the platinum acetylide unit, [-Pt(PBus),-C=C-Ph-C=C-
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Pt(PBus),-]. This assignment is in agreement with our recent work on the
electrochemical properties of the model complex Pt-2; a series of platinum acetylide
oligomers with a repeat unit structure [-Pt(PBus),-C=C-Ph-C=C-], were previously
characterized.’®® The study showed that Pt-2 exhibits a one-electron oxidation at Eyj, =
0.89 V, while the longer oligomers display similar waves at slightly less anodic

potentials.
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Figure 2-6. Cyclic voltammagram of Pt,NDI, (11) in methylene chloride with 0.1 M
TBAH as electrolyte, vs. SCE.

Absorption and Photoluminescence Spectroscopy

The UV-visible absorption spectra of the Pt,NDI, oligomer series were measured in
THF (Figure 2-7, left). Each of the molecules exhibit strong absorption in the near UV
region, with the molar absorptivity increasing with chain length to a maximum of nearly
800,000 M™cm™ for the decamer. The near-UV absorption arises from r,n* transitions
localized on the Pt-acetylide chain and on the NDI end-groups (both chromophores
absorb in the 340 — 370 nm region). Interestingly, the shape of the near-UV absorption
varies within the series. In particular, for the PtoNDI, and Pt3NDI, oligomers, there are

two well-defined absorption band maxima at ca. 360 and 375 nm; however, for the
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hexamer and decamer the band sharpens and only a single band maximum is seen at
370 nm. This variation is believed to arise due to the relative contribution of the
platinum acetylide chain and NDI chromophores across the series. More specifically,
the absorption is dominated by =, n* transitions localized on the NDI end-group
chromophore for the shorter oligomers. The absorption of the NDI chromophore

features a pronounced vibronic progression with maxima at 360 and 380 nm,*?? which
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Figure 2-7. UV-Vis (left) and steady state emission spectra (right) of Pt,NDI, series in
degassed THF at 298K.

are clearly resolved in the Pt,NDI, spectrum. The near-UV absorption is increasingly
dominated by the long-axis polarized r,n* transition localized on the organometallic
conjugated core segment as the length of the Pt-acetylide chain increases. The near-
UV absorption in Pt;oNDI, measures ca. 85% absorption on the Pt-acetylide chain, with
ca. 15% or less of the oscillator strength on the NDI end-caps. The series of weaker
transitions at higher energy also become more prominent in the longer oligomers; these
transitions have been previously assigned as arising from short-axis polarized n,*

transitions on the platinum acetylide chain.?®*?
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Photoluminescence spectroscopy is also important in the characterization of these
materials as it provides insight into the excited state dynamics of the NDI end-capped
oligomers. A comparison in the emission of the Pt,NDI, series with the emission of the
model complex, Pt-2 is plotted in Figure 2-8 (right). The spectra were measured for
argon-degassed solutions and the intensities are normalized to demonstrate the relative
emission quantum yields of the NDI end-capped oligomers vs. the model comparison
compound Pt-2. The Pt-2 the emission is dominated by a structured band with Amax =
519 nm with a vibronic shoulder at lower energy. This emission is observed for all
platinum acetylide oligomers with the repeat unit structure [-Pt(PBu3),-C=C-Ph-C=C-]
and has phosphorescence characterized as arising from the triplet excited state
(exciton). Previous studies have shown that the phosphorescence energy is invariant
with oligomer chain length, an observation that suggests that the spatially confined
nature of the triplet exciton to a relatively short chain segment.®1%*

Notably, the phosphorescence emission is hardly observed for any of the Pt,NDI,
oligomers, a result which clearly indicates the accessibility of a more competative non-
radiative pathway that very efficiently quenches the triplet exciton prior to
phosphorescence. Emission quantum yield studies were performed and conclude that
the quenching of the Pt-acetylide phosphorescence is nearly quantitative, with the
guantum yields for the NDI end-capped oligomers in the range ®p ~ 0.1-0.2 %
compared to the yield of Pt-2 which has ®p ~ 5%.%

The electrochemical studies of Pt,NDI; provide insight concerning the mechanism
for the triplet exciton quenching. In particular, on the basis of the cyclic voltammetry

studies it is concluded that a charge separated state in which one NDI acceptor is
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reduced and the Pt-acetylide chain is oxidized, e.g., NDI-[-(Pt(PBus),-C=C-Ph-C=C-)"]-
NDI, lies at ca. 1.55 eV relative to the ground state. (The charge transfer state energy
is estimated by taking the difference in the oxidation and reduction potentials of
Pt,NDI,.)** This state lies well below the energy of the triplet exciton state, which lies
at ca. 2.4 eV, as estimated from the band maximum of the phosphorescence. Thus, we
conclude that the triplet quenching arises from rapid intramolecular photoinduced
electron transfer,

NDI-[-*(Pt(PBus),-C=C-Ph-C=C-)*]-NDI — NDI-[-(Pt(PBus3),-C=C-Ph-C=C-"*)]-NDI",
which is much faster compared to radiative decay of the triplet exciton. In the following
chapter details of picosecond transient absorption spectroscopy experiments will be
provided that confirm that this process occurs, and that also provide very significant
insight concerning the dynamics of triplet exciton diffusion within the longer platinum
acetylide oligomers.

Summary and Conclusions

An iterative-convergent synthetic method to prepare a series of mono-disperse
platinum acetylide oligomers that contain as many as 10 repeat units has been
successfully developed. The oligomers are end-functionalized with naphthalene diimide
electron acceptors for use in studies of exciton and electron transport. The iterative-
convergent synthetic approach uses organometallic synthons that feature either (or
both) HOM or TIPS as protecting groups for the terminal acetylene moieties. These
protecting groups are orthogonal: they are removed under different conditions in high
synthetic yields affording monofunctional synthons that can be used in subsequent

iterative react-deprotect sequences to construct the longer oligomers. In addition to
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serving as a protecting group, the polar nature of the HOM unit also has the benefit of
facilitating the chromatographic separations. In particular, oligomers that are end-
functionalized with the HOM group elute more slowly on silica gel columns compared to
the (less polar) reaction by-products and oligomers that contain only the TIPS protecting
groups.

Precedence for the use of the HOM and TIPS as orthogonal protecting groups in

synthesis of oligomers comes from the work of Godt et al;***

this group demonstrated
the strategy in the synthesis of phenylene ethynylene oligomers with nine repeat units.
Takahashi et al*** used a TIPS protected terminal acetylene organometallic
intermediate in a platinum acetylide dendrimer synthesis that was carried out through
four generations. However, prior to this work we are unaware of the prior use of

orthogonal acetylene protecting groups in the synthesis of organometallic oligomers.

Experimental
Materials and Instruments

All solvents and chemicals used for synthesis of the platinum acetylide oligomers
were reagent grade and used without purification unless noted. Silica gel (Silicycle Inc.,
230-400 mesh, 40-63 microns, 60 A) was used for all flash chromatography. All silyl-
acetylene starting materials were purchased from GFS Chemical; potassium
tetrachloroplatinate and palladium-bis(triphenylphosphyl) dichloride were purchased
from Strem Chemicals; all other chemicals were purchased from Sigma-Aldrich. *H and
3P NMR spectra were obtained on a Varian 300-MHz spectrometer using deuterated
chloroform (CDCI3) as the solvent and tetramethylsilane (TMS) as the internal
reference. Elemental analysis was performed from Robertson Microlit Laboratories for

all of the final oligomers. Decomposition temperatures were also estimated for all
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oligomers synthesized using a standard Melt-temp apparatus. All newly-synthesized
intermediates were characterized by TOF-MS and elemental analysis.

Cyclic voltammetry experiments were performed in dry methylene chloride
(CH.CI,) solution containing 0.1 M tetra-n-butylammonimum hexafluorophosphate
(TBAHFP) as the supporting electrolyte. The three-electrode setup consisted of a
platinum microdisk (2 mm?) working electrode, a platinum wire auxiliary electrode and a
silver wire reference electrode. Solutions were degassed with argon flow prior to
measurements, maintaining positive argon pressure during the measurements. The
concentrations of oligomers in the solutions were 1 mM. A scan rate of 100 mV/s was
used. All potentials were internally calibrated against the ferrocene/ferricinium couple (E
=0.43 V vs. SCE in CH,Cl,) and potentials plotted vs. SCE.

Steady-state absorption spectra were recorded on a Varian Cary 100 dual-beam
spectrophotometer. Corrected steady-state emission measurements were conducted
on a SPEX F-112 fluorescence spectrometer. Samples were degassed by argon
purging for 30 min and concentrations were adjusted to produce “optically dilute”
solutions (i.e., Amax< 0.20) in THF. Quantum yields were calculated using Ru(byp)sCl»
as a known reference.®

Synthesis

cis-bis(Tributylphosphine)dichloroplatinum(ll) was prepared by literature methods.
Yield = 1.45 g (89.5%). M.p. 138-139°C.**°

3-{4-[(Triisopropylsilyl)-ethynyl]-phenyl}-prop-2-yn-1-ol (1). This compound was
synthesized by literature methods. 8103104108 vije|d 3.1 g (32.7%). M.p. 61-63°C. *H

NMR (300 MHz, CDCl3) & 1.20 (s, 21H), 3.82 (br s, 1H), 4.58 (s, 2H), 7.40 (dd, 4H).
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1-Ethynyl-4-(tri-iso-propylsilylethynyl)-benzene (2a) was prepared by literature
methodology.*®® Yield = 1.31 g (71.2%). M.p. 47-48°C. *H NMR (75 MHz, CDCls) 5 1.18
(s, 21H), 3.15 (s, 1H), 7.45 (s, 4H). Mass spec. (DIP-CI-HRMS) calc’'d for C19H26Si
[M+H]" 283.1877, found [M+H]" 283.1867.

3-(4-Ethynyl-phenyl)-prop-2-yn-1-ol (2b). To a 25 mL round bottom flask with a
stir bar was added 1 (1.5 g, 4.80 mmol) and THF (5 mL). The solution was degassed 5
min under argon, followed by the addition of TBAF, 1 M in THF (11.9 mL, 11.9 mmol).
The reaction was let stir at room temperature for 1 h. After this time, the solution was
diluted with Et,O and washed with both D.l. water and brine. The organic layer was
then dried over NaSQOy). The solvent was evaporated to give a crude brown solid that
was purified by flash chromatography (silica gel, 1:1 to 3:1 hexane/CH,Cl,, then addition
of 1% MeOH to afford fraction 2 as product). The solvent of the second fraction was
evaporated to afford a dark brown oil as the product. Yield 0.70 g (93%). *H NMR (300
MHz, CDCls) & 1.25 (br, 1H), 3.15 (s, 1H), 4.45 (s, 2H), 7.38 (dd, 4H). M.p. 70-71°C.**

trans-Bis(tributylphosphine)chloro{(4-Ethynyl-phenylethynyl)-triisopropyl-
silane}platinum(ll) (3). 2a (0.36 g, 1.28 mmol) and HNEt, (30 mL) were added to a
round bottom flask with a stir bar. The mixture was stirred and degassed with argon for
10 min, follow by the addition of cis-Pt(PBus), Cl; (0.95 g, 1.41 mmol). The reaction
was stirred at reflux under argon overnight, then cooled and diluted with CH,Cl,. The
organic solution was washed with both d.i. water and brine then dried over NaSO ).
TLC in 5:1 hexane/CH,CI, gave 4 spots (spot 3 was product). Solvent was evaporated
to give a crude solid that was purified by flash chromatography (silica gel, 9:1 to 3:1

hexane/CH,Cl,). Fraction 3 solvent was evaporated to afford a yellow crystalline solid

64



that did not phosphoresce under a long wave UV lamp. Yield 0.97 g (82.6%). M.p. 65-
67°C. 'H NMR (300 MHz, CDCl3) & 0.89 (t, 18H), 1.18 (s, 21H), 1.3-1.6 (br m, 24H),
1.98 (br m, 12H), 7.14 (d, 2H), 7.31 (d, 2H). *P NMR (CDCls) 5 8.0 (J = 2356 Hz).
Mass Spec. (+TOF-HRMS) Calc’'d for C43H-9CIP,PtSiNa [M+Na]* 939.4658; Found
[M+Na]" 939.4685. Anal. Calcd. for C43H79CIP,PtSi : C, 56.34; H, 8.69; N, 0.0. Found
C, 56.62; H, 9.05; N, 0.01.
trans-Bis(tributylphosphine)bis{(4-Ethynyl-phenylethynyl)-triisopropyl-
silane}platinum(ll) (4). To a 50 mL round bottom flask with a stir bar was added 2a
(0.30 g, 1.06 mmol), cis-Pt (PBu3).Cl, (0.33 g, 0.48 mmol) and HNEt, (10 mL). The
solution was degassed with argon for 10 min, followed by the addition of Cul (~3 mg).
Within minutes, the reaction was a bright yellow color with salt formation. After 1 h, the
solvent was evaporated and the solid diluted with CH,Cl,. The organic solution was
washed with D.I. water and brine, then dried over NaSOy). Evaporation of solvent
afforded a crude yellow oil that was purified by flash chromatography (silica gel, 100%
hexane to 4:1 hexane/CH,Cl). Fractions 1 and 2 were impurities; fraction 3 was eluted
as a large yellow band. Solvent was removed to yield a yellow crystalline solid as
product. Yield 0.32 g (57%). M.p. 65-68°C. *H NMR (300 MHz, CDCls) 5 0.88 (t, 17H),
1.08 (s, 39H), 1.19 (sextet, 12H), 1.55 (br m, 12H), 2.05 (br m, 12H), 7.13 (d, 4H), 7.29
(d, 4H); *'P NMR (CDCls) 5 4.2 (Jpip = 2346.94 Hz).%®
trans-Bis(tributylphosphine)bis(4-ethynyl-phenylethynyl)platinum(ll) (5). To a 25
mL round bottom flask with a stir bar was added 4 (300 mg, 0.26 mmol) and THF (5
mL). The solution was degassed 5 min with argon, followed by the addition of TBAF, 1

M in THF (0.77 mL, 0.77 mmol). The reaction was stirred at room temperature for 1 h.
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TLC (silica, 10:1 hexane/acetone) revealed complete transformation of the starting
material. The solution was diluted with Et,O and washed with both D.I. water and brine.
The organic solution was dried over MgSQys), and the solvent was removed to give a
crude yellow solid that was purified by a short flash chromatography column (silica gel,
10:1 hexane/acetone). The eluted yellow fraction solvent was evaporated to afford a
yellow crystalline solid (starburst-like crystals). Yield 218 mg (99%). M.p. 85-88°C. *H
NMR (300 MHz, CDCl3) 8 0.91 (t, 18H), 1.45 (m, 12H), 1.55 (m, 12H), 2.10 (br m, 12H),
3.09 (s, 2H), 7.19 (d, 4H), 7.32 (d, 4H).5®

trans-Bis(tributylphosphine)-[2-{4-(prop-1-yn-3-ol)phenyl}ethyne]-[2-{4-(2-
triisopropylsilyl-1-phenylethynyl}ethyne (6a). To a round bottom flask with a stir bar was
added 3 (0.55 g, 0.60 mmol) and 2b (94 mg, 0.60 mmol). HNEt; (15 mL) was added
and the solution was degassed for 10 min under argon. Cul (2 mg) was then added
under argon flow, and the reaction was let stir at room temperature overnight. The
solution was then diluted with CH,Cl, and washed with D.I. water and brine. The bright
yellow organic solution was dried over MgSQOys), then solvent was evaporated to give a
dark yellow oil. The crude product was purified by flash chromatography (silica gel,
CHCl,). Fraction 2, a bright yellow band on the column, was evaporated to afford a
yellow solid. Yield 0.37 g (60%). *H NMR (300 MHz, CDCl3) 8 1.0 (t, 19 H), 1.2 (s,
21H), 1.4-1.8 (br m, 24H), 2.05 (br, 1H), 2.21 (br m, 12H), 4.60 (br s, 2H), 7.28 (dd, 4H),
7.41 (dd, 4H); *P NMR (CDCl3) & 4.1(Jpp = 2346.33 Hz).

Complex (6b). To a 100 mL round bottom flask with a stir bar was added 6 (0.40
g, 0.39 mmol) and Et,O (20 mL). The solution was degassed with argon, followed by

the addition of powdered KOH (0.22 g, 8.86 mmol) and activated MnO, (0.67 g, 7.72
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mmol). The reaction was let stir at room temperature for 12 h, and then it was
guenched with D.I. water. The solution was diluted with Et,O and washed with 5%
HClg), D.I. water, and brine. The organic layer was dried over NaSQOy), and the
solvent was removed to give a crude orange oil that was purified by flash
chromatography (silica gel, 9:1 CH,Cl,/hexane). Fraction 1 eluted as a yellow band off
of the column, and this was evaporated to give the product as a yellow oil. Yield = 0.38
g (96%). *H NMR (300 MHz, CDCl3) & 0.91 (t, 18H), 1.13 (s, 20H), 1.35-1.70 (br m,
24H), 2.10 (br m, 12H), 3.1 (s, 1H), 7.19 (dd, 4H), 7.35 (dd, 4H); **P NMR (CDCls) &
4.1(Jpep = 2346.34 Hz).

Complex (7). To a 100 mL round bottom flask with a stir bar was added 6b (250
mg, 0.25 mmol) and HNEt; (30 mL). The mixture was stirred and degassed at room
temperature under argon for 10 min, followed by the addition of cis-PtCl,(PBus), (200
mg, 0.30 mmol). The reaction was heated to reflux and let stir under argon overnight.
After 15 h, the reaction was cooled and the solvent evaporated to give a crude yellow
oil. The sample was diluted with CH,Cl, and washed with D.l. water and brine. The
organic layer was dried over NaSQys), and then the solvent was removed to afford a
yellow oil. The crude oil was purified by flash chromatography (silica gel, 4:1 then 2:1
hexane/CH,Cl,). Fraction 2 moved as a large yellow band through the column. Solvent
was evaporated then put under vacuum 2 h to give a yellow solid product, although
residual hexane was difficult to completely remove. Yield = 380 mg (93%). M.p. 73-
74°C. *H NMR (300 MHz, CDCl3) 8 0.8-1.0 (m, 45H *some hexane incorporated), 1.12
(s, 21H), 1.26 (m, *hexane), 1.37-1.70 (br m, 50H), 1.92-2.22 (br m, 24H), 7.07 (dd, 4H),

7.18 (d, 2H), 7.30 (d, 2H); **P NMR (CDCl3) & 4.2 (Jpip = 2346.34 Hz). Mass Spec.
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(+TOF-HRMS) Calc’d for C154H274CloPgPt4 SioNay [2M+2Na]*? 1663.3327; Found
[2M+2Na]+2 1663.8327. Anal. Calcd. for C77H137CIP4Pt,Si : C, 56.37; H, 8.42; N, 0.0.
Found C, 56.65; H, 8.75; N, 0.04.

N-(4*-Ethynylphenyl)-N*-(octyl)naphthalene-1,8:4,5-tetracarboxydiimide (8). This
compound was prepared via routes previously decribed in the literature. All intermediate
data given. N-(n-octyl)naphthalene-1,8-dicarboxyanhydride-4,5-dicarboximide®?*: Yield
= 2.87 g (20.4%). 1H NMR (300 MHz, CDCl5) & 0.88 (t, 3H), 1.30 (br m, 12H), 4.20 (t,
2H), 8.80 (s, 4H). M.p. 173-175°C. Mass spec. (DIP-CI-HRMS) calc’d for C,,H»1NOs,
[M+H]" 380.1492; found, [M+H]* 380.1510. N-(4*-iodophenyl)-N-(octyl)naphthalene-
1,8:4,5-tetracarboxydiimide®!: Yield 1.31 g (85.6%). *H NMR (300 MHz, CDCls) & 0.90
(t, 3H), 1.30 (br m, 10H), 1.70 (m, 2H), 4.20 (t, 2H), 7.2 (d, 2H), 7.6 (d, 2H), 8.80 (s, 4H).
M.p. 252-253°C. Mass spec. (DIP-CI-HRMS) calc’d for CagH25N2041 [M+H]" 581.0932,
found [M+H]" 581.0884. Anal. Calcd. for CogH2sN204l: C, 57.94; H, 4.34; N, 4.83.
Found C, 58.23; H, 4.27; N, 4.77.

N-(4’-(2-Triisopropylsilyl-ethynylphenyl)-N -(octyl)naphthalene-1,8:4,5-
tetracarboxydiimide. To a 250 mL schlenk flask with stir bar was added N-(4'-
iodophenyl)-N’-(octyl)naphthalene-1,8:4,5-tetracarboxydiimide (1.88 g, 3.24 mmol) and
1:1:1 THF/iPr,NH/CH3CN (120 mL). The solution was stirred and degassed at room
temperature for 30 min, followed by addition of Pd(PPhj3)4/Cul via schlenk technique.
The solution was further degassed and heated to 40°C, followed by addition of TIPS
acetylene (1.18 g, 6.48 mmol) via syringe. The light yellow solution turned a darker
yellow color immediately, and the reaction was let stir under argon for 12 h, in which

time the reaction turned a dark brown color. After 12 h the solution was cooled and
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diluted with CHCIs, then washed with satd’ NH4Clg), 10% HCl,g), and brine. The
organic layer was dried over NaSOy(s), then the solvent was evaporated to give a crude
brown solid. The product was purified by flash chromatography (silica, CHCI3). The
second fraction was isolated as the yellow solid product. Yield = 1.97g (95.6%). M.p.
253-255°C. H NMR (300 MHz, CDCls) 8 0.88 (t, 3H), 1.15 (s, 21H), 1.30 (br m, 10H),
1.70 (m, 2H), 4.20 (t, 2H), 7.28 (d, 2H), 7.68 (d, 2H), 8.80 (s, 4H). Mass Spec. (+TOF-
HRMS) Calc’d for CagHaeN 20,4SiNa [M+Na]® 657.3119; Found [M+Na]* 657.3119. Anal.
Calcd. for C39H4sN204SI: C, 73.78; H, 7.30; N, 4.41. Found C, 73.51; H, 7.51; N, 4.28.

N-(4*-Ethynylphenyl)-N*(octyl)naphthalene-1,8:4,5-tetracarboxydiimide (8): To a
round bottom flask with a stir bar was added N-(4’-(2-TIPS-ethynylphenyl)-N’-
(octyl)naphthalene-1,8:4,5-tetracarboxydiimide (1.97 g, 3.10 mmol) and THF (45 mL).
The solution was stirred and degassed under argon for 15 min, followed by addition of
TBAF, 1M in THF (6.83 mL, 6.83 mmol) to the reaction. This was stirred at room
temperature for 4 h, followed by dilution with CH,Cl,. The organic layer was washed
with D.I. water and brine, then it was dried over NaSOy). The solvent was evaporated
to give a dark yellow solid. Flash chromatography (silica gel, 10:1 CHCls/Hexane, 4:1
CHCI3/THF) was used to purify the solid. The product was recovered as a yellow solid
in the second eluted fraction. Yield = 1.07 g (72.3%). M.p. 257-259°C. *H NMR (300
MHz, CDCl3) & 0.88 (t, 3 H), 1.30 (br m, 10H), 1.75 (m, 2H), 3.10 (s, 1H), 4.20 (t, 2H),
7.28 (d, 2H), 7.68 (d, 2 H), 8.80 (s, 4H). Mass spec. (DIP-CI-HRMS) for CzoH26N204
[M+H]* 479.1965, found [M+H]* 479.1972.*%

Complex (9). To a 200 mL round bottom flask equipped with a stir bar was added

8 (0.82, 1.71 mmol), iPr,NH (30 mL) and MeCN (60 mL). The mixture was stirred and
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degassed with argon for 10 min, followed by addition of cis-Pt(PBus), Cl, (1.49 g, 2.23
mmol). The reactions was refluxed overnight, then cooled to room temperature and
diluted with CH,Cl,. The organic solution was washed with D.l. water and brine, then it
was dried over NaSOy). The solvent was removed to give a dark red solid. The crude
product was purified by flash chromatography (silica gel, CH,Cl,). The first fraction
eluted was a yellow band of Pt (ll) starting material; the second fraction was the pure
product 9 as a bright orange band. All other color remained at the top of the column.
The solvent was evaporated from fraction 2 to yield an orange powder. This product
was recrystalized in hexane to afford a very small, shiny needle-like powder. Yield
0.91g (48%). M.p. 145-146°C. *H NMR (300 MHz, CDCls) 5 0.8-1.0 (br m, 19H), 1.2-
1.8 (br m, 25H), 2.0 (br m, 11H), 4.20 (t, 2H), 7.15 (d, 2H), 7.40 (d, 2H), 8.80 (s, 4H); *'P
NMR (CDCl3) 6 8.1 (Jpr.p = 2365.26). Mass Spec. (+TOF-MS) Calc’d for
Cs4H79CIN,O4P,PtNa [M+Na]* 1135.4751; Found [M+Na]* 1135.4768. Anal. Calcd. for
Cs4H79CIN2O4P,Pt: C, 58.29; H, 7.16; N, 2.52. Found C, 58.43; H, 7.36; N, 2.42.

Complex (10). This compound was prepared by literature procedure.®® Yield =
0.58 g (90%). M.p. 103-104°C. *H NMR (75 MHz, CDCl3) 5 0.91 (t, 36H), 1.45 (m,
24H), 1.55 (m, 24H), 2.0 (br m, 24H), 7.05 (s, 4H); **C NMR (300 MHz, CDCl3) & 14.0,
22.1, 24.5, 26.3, 101.6, 215.3, 130.5; **P NMR (121 MHz, CDCl3) & +7.89 (Jpr.p =
2390.8 Hz). Mass Spec. (+TOF-HRMS) Calc’'d for CsgH112Cl.P4PtNa [M+Na]*
1416.6276; Found [M+Na]* 1416.6275.

Pt,NDI, (11). To a 50 mL flask with stir bar was added the 8 (60 mg, 0.13 mmol),
10 (80 mg, 0.06 mmol), THF (3.5 mL) and diethylamine (2 mL). The solution was stirred

and degassed with argon for 30 min, followed by the addition of Cul (3 mg) under argon
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flow. The reaction was stirred at room temperature for 1.5 h. The orange/brown
reaction mixture was diluted with CH,Cl,, then washed with D.I. water and brine, and
dried over NaSOys). Evaporation of the organic solvent gave a crude dark green solid.
The product was purified by flash chromatography (silica gel, 1:1 hexane/CH,Cl,, then
5:2:1 CH,CI,/CHCIls/hexane) to elute the product as the second fraction. Solvent was
evaporated to give the product as a dark green solid. Yield = 90 mg (69.4%).
Decomposition temperature: 197-199°C. *H NMR (300 MHz, CDCl3) & 0.90 (m, 42H),
1.20-1.80 (br m, 74H), 2.15 (br m, 27H), 4.20 (t, 4H), 7.15 (d, 8H), 7.42 (d, 4H), 8.80 (s,
8H); *'P NMR (CDCls) 5 4.27 (Jpip = 2354.33 Hz). Mass Spec. (MALDI-TOF) Calc'd for
C118H126N40gP4Pt; [M*] 2278.07; Found [M*] 2278.06. Anal. Calcd. for
C118H126N4OgP4Pt: C, 62.20; H, 7.17; N, 2.46. Found C, 62.40; H, 7.22; N, 2.27.

Pt3NDI, (12). To a 50 mL round bottom flask equipped with a stir bar was added 5
(76 mg, 89.9 umol), 9 (220 mg, 0.20 mmol), HNEt, (5 mL) and THF (3 mL). The
solution was degassed under argon for 10 min, followed by the addition of Cul (~1 mg)
to the solution. The reaction was stirred under argon for 2 h. In this time, the mixture
turned from a light orange color to a dark orange/brown color. TLC (silica, 1:1
hexane/CH,CIl,) revealed a complete consumption of the starting materials. The
solution was diluted with CH,Cl, and washed with both D.l. water and brine. The
organic layer was dried over NaSOy), and the solvent was removed to give a dark
green solid that was purified by flash chromatography (silica gel, 1:1:0 to 1:1:(1%)
hexane/CH,Cl,/(acetone)). Fraction 2 moved as a dark orange band down the column;
solvent was removed to afford a green solid product. Yield 290 mg (49%).

Decomposition temp. 216-217°C. *H NMR (300 MHz, CDCl3) & 0.8-1.1 (br m, 59H),
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1.1-1.8 (br m, 99H), 2.08 (br m, 34H), 4.20 (t, 4H), 7.1 (br m, 12H), 7.41 (d, 4H), 8.80 (s,
8H); 3P NMR (CDCl3) 8 4.2 (Jpp = 2355.49 Hz), 4.0 (Jpep = 2363.43 Hz). Anal. Calcd.
for C152H220N4OgP6Pts: C, 60.81; H, 7.39; N, 1.87. Found C, 60.62; H, 7.40; N, 1.78.

1,4-Diethynylbenzene (13) was prepared by previous literature methods.81%
Yield = 0.92 g (88.5%). M.p. 91-93°C (90-94°C). 'H NMR (300 MHz, CDCl5) 5 3.18 (s,
2H), 7.42 (s, 4H).

Complex (14a). To a 50 mL round bottom flask with stir bar was added 1,4-
diethynylbenzene 13 (15 mg, 0.12 mmol), 7 (425 mg, 0.26 mmol), THF (5 mL) and
HNEt; (15 mL). The solution was degassed for 10 min under argon, followed by the
addition of Cul (3 mg). The reaction was stirred under argon for 3 h at room
temperature, followed by quenching it with D.I. water. The solution was diluted with
CHCl,, washed with D.l. water and brine, and dried over NaSOy). The solvent was
evaporated to afford a crude yellow solid that was purified by flash chromatography
(silica gel, 100:1 hexane/ acetone). Fraction 1 traveled as a yellow band down the
column, and solvent was evaporated to give a yellow solid as product. Yield =0.38 g
(95%). M.p. 161-162°C. *H NMR (300 MHz, CDCl5) & 0.91 (t, 72H), 1.13 (s, 42H),
1.38-1.48 (br m, 99H), 2.15 (br m, 49H), 7.10 (s, 12H), 7.18 (d, 4H), 7.32 (d, 4H); *'P
NMR (CDCls) 8 4.0 (Jpip = 2365.87 Hz), 4.2 (Jprp = 2355.49 Hz). Mass Spec. (MALDI-
TOF-HRMS with HABA as matrix) Calc’d for C1es4H278PsPts Siz [M]" 3333.7813; Found
[M]* 3333.7568.

Complex (14b). To a 25 mL round bottom flask with a stir bar was added 14a (230
mg, 0.07 mmol) and THF (5 mL). The mixture was degassed for 10 min, followed by

the addition of TBAF, 1 M in THF (0.69 mL, 0.69 mmol) via syringe. The reaction was
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let stir at room temperature with the flask covered in aluminum foil for 1 h, and then it
was quenched with D.l. water and diluted with CH,Cl,. The organic layer was washed
with D.1. H,O and brine, and it was dried over NaSOys). Once the organic solvent was
evaporated, the crude yellow solid was purified by flash chromatography (silica gel, 20:1
hexane/acetone). Fraction 1 was collected as a yellow solution. The solvent was
evaporated to afford a light yellow solid as product. Yield = 210 mg (96%). *H NMR
(CDCI3) 8 0.91 (t, 71H), 1.05 (s, 5H *TIPS-F salt contaminate in NMR sample), 1.38-
1.48 (br m, 99H), 2.15 (br, 48H), 3.09 (s, 2H), 7.10 (s, 12H), 7.18 (d, 4H), 7.32 (d, 4H) ;
3P NMR (CDCl3) & 3.95 (Jprp = 2352.43 Hz), 4.2 (Jpr.p = 2356 Hz).

PtsNDI, (15). To a 50 mL round bottom flask with a stir bar was added 9 (163 mg,
146 pmol), 14b (200 mg, 66 umol), THF (5 mL) and HNEt; (5 mL). The solution was
degassed with argon for 5 min, followed by the addition of Cul (2 mg). Within 2 min the
reaction turned a dark orange color and became somewhat opaque with salt formation.
After 3 h, the reaction was quenched with D.I. H,0O, diluted with CH,Cl, and washed
twice with brine. The organic layer was dried over NaSOy) and then the solvent
removed to give a crude green/brown solid. The product was purified by flash
chromatography (silica gel, 2:1 CHCls/hexane), eluting the product as a red band down
the column. Solvent was removed from this fraction to afford a dark green solid
product, although some residual hexane proved difficult to remove. Yield 170 mg
(50.1%). Decomposition Temp. > 400°C. *H NMR (300 MHz, CDCl5) 5 0.90 (m, 108H)
1.2-1.7 (br m, 171H), 2.15 (br m, 74H), 4.20 (t, 4H), 7.0-7.2 (br d, 25H), 7.42 (d, 4H), 8.8

(s, 7H); *'P NMR (CDCl3) d 4.04 (Jpr.p = 2365.3 Hz), 4.28 (Jpip = 2356.1 Hz); Anal.
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Calcd. for Cus54H394N4OgP12Pts: C, 58.96; H, 7.68; N, 1.08. Found C, 58.78; H, 8.00; N,
0.98.

Complex (16a). To a 50 mL round bottom flask with a stir bar was added 14b (218
mg, 0.07 mmol), 7 (249 mg, 0.15 mmol), iProNH (8 mL) and THF (3 mL). The solution
was degassed with argon for 10 min, followed by addition of Cul (~1 mg). The reaction
was stirred under argon at room temperature overnight. After 15 h, the solvent was
evaporated and the crude solid diluted in CH,Cl,. The organic solution was washed
with D.I. water and brine, and then dried with NaSOy). The solvent was evaporated to
give a crude yellow solid that was purified by flash chromatography (silica gel, 1:1 to 2:1
CH.Cl/hexane) as fraction 2 (fraction 1 was a very small band on the column; fraction 2
was a very large yellow band). Solvent was evaporated from this fraction to afford a
light yellow solid as product. Yield 395 mg (90%). *H NMR (300 MHz, CDCl3) & 0.90 (t,
145H), 1.12 (s, 40H), 1.3-1.7 (br m, 201H), 2.15 (br m, 97H), 7.05-7.20 (m, 30H), 7.32
(d, 4H); *'P NMR (CDCls) 5 4.0 (Jpip = 2349.38 Hz), 4.2 (Jpp = 2369.53 Hz).

Complex (16b). To a 25 mL round bottom flask with a stir bar was added 16a (120
mg, 19 umol) and THF (5 mL). The solution was degassed with argon for 5 min,
followed by the addition of TBAF, 1 M in THF (56.4 uL, 56.5 pmol) via syringe. The
reaction was stirred at room temperature under argon with the flask covered in
aluminum foil (to prevent light exposure) for 1 h. After this time, the reaction was diluted
with CH,Cl, and washed with D.l. water and brine. The organic layer was dried over
NaSO,s) and solvent then evaporated to afford a crude yellow solid. The product was
purified by flash chromatography (silica gel, 3:1 CH,Cl,/hexane). Fraction 1, a yellow

band on the column, was collected and the solvent evaporated to give a yellow solid
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product, however some residual hexane proved difficult to remove. Yield 100 mg
(96%). *H NMR (300 MHz, CDCls) 8 0.90 (br t, 180H *with hydrocarbon solvents), 1.26
(s, 42H *TIPS-F salt contaminate), 1.3-1.7 (br m, 203H *with hc solvents), 2.15 (br m,
96H), 3.10 (s, 2H), 7.05-7.20 (m, 31H), 7.32 (d, 4H); *'P NMR (300 MHz, CDCl3) 3 4.0
(Jpep = 2366.87 Hz), 4.2 (Jprp = 2348.24 Hz).

Pt;0NDI, (17). To a 25 mL round bottom flask with a stir bar was added 16b (400
mg, 65.9 umol), 9 (161 mg, 145.2 umol), HNEt; (8 mL) and THF (8 mL). The solution
was degassed under argon for 10 min, followed by the addition of Cul (~1 mg). The
reaction was stirred at room temperature under argon for 4 h. After this time, the
solution was diluted with CH,Cl, and washed with both D.l. water and brine. The
organic layer was dried over NaSQys), and then the solvent was evaporated to give a
dark green crude solid. The product mixture was purified by flash chromatography
(silica gel, 2:1:(1%) to 3:1:(1%) to 5:1:(1%) CH,Cl,/hexane/(MeOH) ). Fractions 1 and
2 (both yellow color) were degraded starting materials, and fraction 3 (dark orange
band) was eluted, samples collected and solvent evaporated to afford a dark green solid
as product. Yield 240 mg (45.0%). Decomposition temp. > 400°C. *H NMR (300 MHz,
CDCl3) 8 0.95 (m, 188H), 1.1-1.9 (br m, 263H), 2.15 (br s, 120H), 4.20 (br t, 4H), 7.13
(br s, 38H), 7.45 (br d, 4H), 8.80 (s, 8H) ; *'P NMR (CDCl3) 3 4.0 (Jpip = 2365.26 Hz),
4.2 (Jpr.p = 2365 Hz ); Anal. Calcd. C390Hg26N4OgP20Pt1o: C, 58.05; H, 7.82; N, 0.69.

Found C, 57.98; H 7.68; N, 0.72.
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CHAPTER 3
NEGATIVE POLARON AND TRIPLET EXCITON DIFFUSION DYNAMICS IN
PLATINUM-ACETYLIDE OLIGOMERS

Introduction

Electron and energy transfer are two of the most significant and fundamental
processes in chemistry and in biology, and especially so for optical and electronic
applications. However, while many issues remain to be clarified for these materials,
even more challenges occur in trying to manipulate, by synthesis, positioning and
excitation, the rate processes within these materials. Conjugated organic materials
have been the focus of a vast amount of research directed toward addressing
fundamental scientific questions, as well as developing new advanced materials, for
these applications.*® While a great deal of effort has been directed toward organic
materials, the more recent incorporation of various transition metals (i.e. Ir'"', Pd", Pt",
Ru", 0s", Hg', etc.) within the framework of selected conjugated organic chromophores
has created a wide range of new materials that exhibit interesting photophysical
properties.** 314! One such example has been in the area of organic light emitting
diode (OLED) research, where the use of metal-organic materials has increased the
device efficiencies substantially to afford more efficient electrophosphorescence.®142147
Among these metal-organic materials, platinum-acetylides have generated attention in
both optical and optoelectronic applications due to both their interesting excited state
properties which are dominated by highly populated, long-lived triplet states, as well as
their known charge carrier properties, 8103104108

In our group’s ongoing efforts to explore the fundamental properties of these
materials, we have previously defined the triplet exciton as a spatially confined state

localized on a chromophore consisting of one to two Pt-acetylide repeat units.'***%
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Experimental results and DFT calculations also imply that delocalization in these
materials is heavily influenced by the relative conformation of the phenylene rings and
the square planar PtL,C; units along the backbone.*® More recent work suggests that
charge is also relatively localized within the cation and anion radicals, with the
confinement of the anion radical (negative polaron) being somewhat more
pronounced.'®® Evidence of exciton and polaron diffusion were also described,
addressing the question of transport mechanisms in these materials.

By focusing energy or charge transfer processes within a given molecule, i.e. the
platinum acetylide moiety, it may be possible to characterize both the response
(kinetics) and the mechanism for such transfers.**® Therefore, in continuation of our
ongoing work, development toward further understanding of the dynamics of both the
charge and triplet exciton migration is crucial in gaining insight into the nature of these
states—a need recently highlighted by several senior researchers in the field.*

The methods used in this study as well as other techniques have been
successfully applied in investigations of charge and energy transport in all-organic
conjugated compounds, as well as in a few metal-organic systems more recently
reported.?®*® This current project expands on work from the previous chapter,
providing the spectroscopic analysis of a series of monodisperse Pt-acetylide oligomers
end-capped with naphthalene diimide units designed to act as electron traps (Pt,NDIy,
where n = 2, 3, 6, and 10 shown in Figure 3-1). Variable temperature steady state
emission studies, pulse radiolysis measurements and ultrafast transient absorption
measurements were applied to study the transport dynamics of both Pt-acetylide

negative polaron and triplet exciton diffusion, respectively.
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Figure 3-1. Structures of the current study: Pt,NDI,, Pt,, Pt4, and NDI-H.
Experimental
Synthesis

In an effort directed towards developing an understanding of charge and energy
transfer in conjugated metal-organic materials, an extended series of naphthalene
diimide (NDI) end-capped Pt-acetylide oligomers, Pt,NDI,, have been prepared, where
n=2,3,6,and 10 (Figure 3-1). Preparation of these compounds was described in
Chapter 2.

Steady State Photophysics

Steady-state absorption spectra were recorded on a Varian Cary 100 dual-beam
spectrophotometer. Corrected steady-state emission measurements were conducted
on a SPEX F-112 fluorescence spectrometer. Samples were degassed by argon

purging for 30 min and concentrations were adjusted to produce “optically dilute”
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solutions (i.e., Amax < 0.20). Photoluminescence quantum yields were determined
according to the “optically dilute” method described by Demas and Crosby.*** Low-
temperature fluorescence measurements were made by cooling the samples in a LN2
cooled Oxford Instruments OptistatDN-1704 optical cryostat connected to an Omega
CYC3200 temperature controller, and emission measurements were conducted on a
PTI fluorescence spectrometer. Samples were degassed by four repeated cycles of
freeze-pump-thaw on a high vacuum line.

Electrochemistry

Cyclic voltammetry (CV) experiments were performed in a dry methylene chloride
(CH.ClI,) solution containing 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAHFP) as the supporting electrolyte. The three-electrode setup consisted of a
platinum microdisk (2 mm?) working electrode, a platinum wire auxiliary electrode and a
silver wire reference electrode. Solutions were degassed with argon flow prior to
measurements, maintaining positive argon pressure during the measurements. The
concentrations of oligomers in the solutions were 1 mM. A 100 mV/s scan rate was
used. All potentials were internally calibrated against the ferrocene/ferricinium couple
(E = 0.43 V vs. SCE in CH,Cl,) and potentials plotted vs. SCE.***

Pulse Radiolysis
This work was carried out at the Brookhaven National Laboratory Laser-Electron
Accelerator Facility (LEAF). The LEAF facility and the methods used are described

107152153 a5 are application to conjugated polymers.* %0 Briefly, the

elsewhere,
electron pulse (< 50 ps duration) was focused into a quartz cell with an optical path
length of 20 or 5 mm containing tetrahydrofuran (THF) solutions under argon. The

monitoring light source was a pulsed xenon arc lamp. Wavelengths were selected
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using either 40 nm or 10 nm bandpass interference filters. Transient absorption signals
were detected with either silicon (EG&G FND-100Q, < 1000 nm), or InGaAs (GPD
Optoelectronics GAP-500L, = 1100 nm) photodiodes or a biplanar phototube
(Hamamatsu R1328U-03, < 650 nm) and digitized with a LeCroy 8620A-oscilloscope.
While most measurements have 2-4 ns time resolution, 125 ps system rise time was
attained in the visible using the biplanar phototube, and short path cells. Molar
extinction coefficients of the radical anions were calculated using G(e tur)=0.60 in
THF,***1%> where G is the radiation chemical yield. To account for capture of geminate
electrons, many of which decay in times near 1 ns, electron decay in neat THF was
analyzed within Figure 3-2 below. The extinction coefficients obtained were smaller
than those reported earlier for Pt, ions.'®

The Optical Fiber Single-Shot (OFSS) system obtains still faster time resolution. It
operates on a beamline at LEAF where the electron pulse is compressed to ~5 ps
duration. The OFSS system is a new instrument that obtains 15 ps overall time
resolution using single electron pulses.™® Signal to noise is enhanced by averaging
data from ~25 pulses. Briefly it measures transient absorption utilizing laser probe
pulses with wavelengths selected by an optical parametric amplifier. Each probe pulse
passes through an optical fiber bundle composed of ~100 fibers having different
lengths, separating the probe pulse into 100 mini-pulses having different time delays.
The bundle is then imaged into the region of the sample irradiated by the 5 ps electron
pulse, and then imaged on a CCD array camera.

Charge transport to the NDI end caps was analyzed in the scheme below (Figure

3-2). Fast electrons pass through the sample cell creating ionization that primarily
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results in reactive solvated electrons (e ) in THF, abbreviated as RH in the scheme.
The electrons are thermalized within a few ps and attach to the oligomers in bimolecular
charge transfer reactions 1-2. The solvent cations RH™* fragment to solvated protons in
RH." and radicals R*.**" Neither RH," or radicals R° react with the oligomers on the
time scales investigated, but both react with radical anions of the oligomers in geminate
and homogeneous recombination.

RH—> RH™ +¢” (ionization) 0)

e’ — es”  (thermalization, solvation) (i)

RH"™ +RH — R*+ RH," (proton transfer) (ii)

es” + Pt,NDl, — Pt,"NDlI,(e” attachment) Q)

es” + Pt,NDIl, —» Pt,NDI,* (e attachment) 2

Pt,*NDI, + RH," , R® — products (3)

es" +RH,", R’ — products (4)

Pt.°NDIl, — Pt,NDI,™* (intramolecular ET) (5)

Figure 3-2. Scheme depicting the transport of charge to the NDI end caps via pulse
radiolysis.

The reaction rate constants were determined within this scheme to account for
both geminate and homogeneous recombination with the counter ions by dividing the
system into a homogeneous fraction and two geminate fractions. In the geminate
fractions k3 and k4 are faster. A kinetic model was fit to the data using non-linear least
squares fitting in Igor Pro software (Wavemetrics). Where not stated, uncertainties are
15%.

Ultrafast Transient Absorption Spectrometry

Femtosecond time-resolved experiments were performed using the spectrometer
available at the Ohio Laboratory for Kinetic Spectroscopy at Bowling Green State

University. The laser system output consisted of pulses of 352 nm, 0.5 mW, 1 uJ/pulse,
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100 fs (FWHM) operating at a repetition rate of 1 kHz. Additional details of the
experimental parameters have been cited elsewhere.*®

Results
Oligomer Structure

The Pt,NDI, oligomers synthesized were designed for two different aspects of
study: the investigation of dynamics of triplet exciton migration and dynamics of a
charge (e-) transport. The Pt-acetylide core was chosen because the well-
characterized excited state properties of these materials are dominated by highly
populated, long-lived triplet states which are highly phosphorescent and are thus easily
monitored by photoluminescence spectroscopy.®***#Furthermore, polymers of these
materials are easily synthesized by use of copper iodide catalyzed Hagihara
condensation polymerization; these materials possess a rigid rod “molecular wire”
structure which has many benefits in optioelectric applications, and they have also
demonstrated excellent charge carrier properties.!?®*1%1 The endcaps were intended
to act as electron traps. The NDI moiety suited this design, as it is known to be easily
reducible.*??

The dynamics of negative polaron diffusion in the oligomers would be
investigated by pulse radiolysis techniques (Figure 3-3a) by monitoring spectral
differences in the transient absorption of charges on the chain vs. the trap. Diffusion-
controlled electron attachment would produce radical anions statistically within the
oligomers. Electrons captured within the Pt-core of the oligomers would undergo
subsequent electron transport before being trapped at the NDI endcap, while electrons

captured directly near the endcap would be trapped instantly.
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Dynamics of triplet exciton migration would be monitored in the endcapped
oligomers via spectral differences in the transient absorption of the Pt-acetylide triplet
exciton vs. the charge-separated (CS) species (Figure 3-3b). Photoexcitation of the Pt-
acetylide core, followed by fast ISC would produce high yields of the localized triplet.
Photoinduced electron transfer (PET) from the triplet state of the PAO core to a
neighboring diimide (DI) trap would yield the CS species. Excitons residing within the
Pt-core would have to diffuse toward the chain-end before being quenched, while
excitons directly neighboring an endcap would be instantaneously quenched. Itis
envisioned that both triplet exciton and negative polaron diffusion occur via a random
walk mechanism along the chain, meaning “steps” in either direction within the core are
isoenergetic and equally favorable; only when directly at the chain end would the states

be trapped by electron transfer to the DI endcap.

a) ‘e-
\\/ charge migration
=

\L charge trapped

at endcap

b) hv

\’ exciton migration
=

\L charge separation at

endca
[ = - + p

Figure 3-3. Schematic of charge (a) and exciton (b) migration in Pt,NDI, oligomers.
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The dynamics of either process were expected to be very fast within the PAO
core. Therefore, to increase the chance of success in measuring the e- hopping or
exciton migration dynamics, oligomers with relatively long chains were prepared to
increase the overall lifetimes of the exciton or polaron. Known compounds NDIH®*, Pt,
and Pt,%1% were used in understanding the properties of the Pt,NDI, series.
Characterization

The steady state photophysical and electrochemical characterization of these
compounds were a meaningful prerequisite to pulse radiolytic and transient absorption
studies. Results are summarized in Table 3-1 below. The UV-Vis absorption spectra
(Figure 2-7) of the oligomers were recorded in THF; Pt,NDI; displays a strong
absorption band at Amax = 359 nm (~3.4 eV). As the core Pt-acetylide chain was
extended, the maximum absorbance shifted to Amax = 361, 376 and 376 nm,
respectively. The cyclic voltammagram of Pt,NDI; displayed two different standard half

potentials (Figure 2-6) of +0.89 V and -0.66 V, correlating well to oxidation within the

Ofs+ IO/'

core (Pt,Y"*) and reduction of the endcap (NDI*"-), respectively.** This result confirmed
that the NDI trap is reduced at a potential that is ca. 0.7 V less negative than the PAO

core and gave rise to the energy of the charge separated species Ecs ~ +1.54 V (Figure

3-4).

Table 3-1. Table of Energetics

Oligomer  Esinget/€V  Eripiet /€V  Ered /V? Ex/V?*  Ecs/V°
pt-2108.162 3.32 2.40 -1.27 0.89
Pt-4108.162 3.19 2.39 -1.30 0.89/0.88
Pt,NDI, 3.12 2.41 -0.65 0.89 1.54
NDI-H 3.21 2.04 -0.53'%

& potential reported versus SCE
bECS = Eox - Ered
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Figure 3-4. Energy level diagram of different charged and excited states of the Pt,NDI,
oligomers.

Pulse Radiolysis and Negative Polaron Migration

Pulse radiolysis was carried out on THF solutions of the NDI end-capped oligomers
Pt,NDI,, PtsNDI,, Pt;oNDI, and model compounds Pt; and NDI-H. As described in the
experimental section (Figure 3-2), electron beam irradiation in THF rapidly produces
solvated electrons (e’s) which serve as a promiscuous reducing agent, rapidly
generating anion radical states of the oligomers. The electron attachment (reduction)
reaction is pseudo-first order in the (oligomer) substrate, and therefore in order to
decrease the timescale of the reduction reaction pulse radiolysis was carried out at
relatively high oligomer concentration, 7.3 mM.

Figure 3-5 compares the visible region absorption spectra for the radical anions of
Pt4, NDI-H and Pt;oNDI, observed ~20 ns following pulse radiolysis in THF solution.
The spectra also feature near infrared bands shown in an extended version of the plot

(Figure 3-6). The absorption spectra of the anion radicals of Pt,NDI, and PtsNDI5,
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shown in Figure 3-7, are similar to that for Pt;oNDI, and the isolated end-cap anion

NDI-H.

IIIIIIIIII IlllIIII]I]]IIIIIIII]IIIIIIIII

IIIIIIIIIIIIIIII

ulllllllllllllllllllllllll-

FERNE SRR NE AR AN AN AN RN A
500 600 700 800
A (nm)

Figure 3-5. Spectra of Pt;oNDI,™ and NDIH™ obtained from transient absorptions at 60
and 30 ns after pulse radiolysis in THF. The spectra are compared with that

for Pt .
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Figure 3-6. Visible and near infrared spectra of Pt;oNDI,™* and NDIH™ obtained from
transient absorptions at 60 and 30 ns after pulse radiolysis in THF. The
spectra are compared with that for Pts™.

With the exception of Pt4, the spectra of all of the anion radicals are the same with
Amax ~ 475 nm and weaker bands at 610, 700 and 780 nm:; this is consistent with the

spectrum of the naphthalene diimide anion radical, NDI"*.**®* The spectrum observed for
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Pt, features a prominent absorption with Anax ~ 540 nm, and the spectrum is the same

as reported in our earlier study,'®®

where the band was assigned to the platinum
acetylide chain localized negative polaron state, -(PtL,-C=C-Ph-C=C-),*. The important
conclusion that can be made on the basis of the transient absorption spectra is that
electrons attached to Pt;NDI,, PtsNDI, and Pt;oNDI, appear rapidly (t < 20 ns) on the
NDI groups. From this we can infer that even in the long oligomers PtgNDI, and
Pt;0NDlI,, transport of the negative polaron to the NDI end-groups is rapid, occurring on
a timescale faster than is accessible on the conventional pulse radiolysis system used
for the transient absorption spectral studies (risetime ~ 2 ns, k > 5 x 10® s). As
outlined below, kinetic studies on Pt;oNDI, using the optical fiber single-shot (OFSS)

system which has significantly better time resolution (risetime ~ 15 ps) provides direct

insight into the polaron transport dynamics.
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Figure 3-7. Spectra of Pt;NDI,™* and PtgsNDI,™ obtained from transient absorptions at 60
and 30 ns after pulse radiolysis in THF.

Prior to discussing the OFSS data, we report rate constants for electron
attachment, which are needed to evaluate of rates of polaron transport, reaction 5 in

Figure 3-2. Rate constants for attachment of solvated electrons in THF to oligomers
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having NDI endcaps are given in Table 3-2, along with those recently reported*®® for
attachment to a series of Pt,Ph, oligomers, n=1-5.

Table 3-2. Rate Constants for electron attachment to Platinum oligomer molecules (M)
in THF at 296 K.

M k (MTsT) M k (M'sH™®
Pt,NDI, 1.24 x10** Py 9.8 x 10%°
PtsNDlI, 1.70 x10**  Pt, 1.7 x 10%*
Pt;oNDI, 3.60 x10**  Ptg 2.1 x 101
NDIH 4.78x10*° pPt, 25x10%

Ptg 3.2x 10"

Using the OFSS pulse radiolysis system, we reexamined the fast-timescale
dynamics of the Pt;oNDI, oligomer anion states to seek insight regarding the dynamics
of polaron transport from the platinum acetylide chain to the NDI end-groups. As can be
seen in Figure 3-5, the absorption spectrum of the chain localized polaron exhibits a
maximum at 540 nm, whereas the NDI localized anion radical absorbs at shorter
wavelength (475 nm). Thus, by monitoring the transient absorption at 540 nm it is
possible to monitor the dynamics of the chain localized polaron state, with little
interference from the NDI anion radical state (the ratio of the chain polaron:NDI end-
group absorptivity at 540 nm is ~ 4:1). Figure 3-8 compares the transient absorption
dynamics at 540 nm for Pt; (c = 19 mM) and Pt;oNDI;, (c = 7.3 mM) in THF solution
obtained using the OFSS system. The Pt, anions are seen to form in a prompt
component (t < 20 ps) followed by an additional 160 ps growth component which is due
to attachment of solvated electrons. The prompt component is due to capture of

electrons before they are solvated,'®

that is prior to step (ii) in Figure 3-2. The
efficiency of this prompt capture of unsolvated or “dry electrons” was recently found to

be proportional to the length of polymer or oligomers, making Pt, a good reference for
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Pt;0NDI, when used at a concentration almost three times larger, although the slower
component due to capture of solvated electrons is faster (160 ps) in the 19 mM Pty

solution than in the 7.3 mM Pt;oNDI; solution (300 ps).

(540 nm)
3
UL I T 1 1 I UL I L L I T 1 1 I T T
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Figure 3-8. Transient absorption at 540 nm of 7.3 mM Pt;oNDI, in THF compared with
that for Pt, and with neat THF solvent. The single-shot instrument enabled 15
ps time resolution. Fits with the kinetic model in Figure 3-2 are shown passing
through the data. For Pt1oNDI; the fits indicate that electrons in the Pt chains
transport to and are captured by the NDI end caps with two rates with 1/k=
540 ps (0.53) and 140 ps (0.09). Also shown is the fit curve with both
components of k; set to infinity.

Interestingly, the transient absorption profile at 540 nm for Pt;oNDI; is distinctly
different compared to that of the Pt, reference. In particular, the absorption exhibits
only a prompt rise component and then a small amplitude decay occurs over a 500 ps
timescale. The final transient absorption amplitude is ~ 4 times less than that of Pt4,
consistent with the weaker absorption of the NDI™ state at 540 nm. It is important to
note that the transient absorption dynamics of the Pt;oNDI, anion at 540 nm do not
feature a slow rise as observed for Pt;. Qualitatively this difference in the observed
dynamics arises because of a superposition of a decay (due to disappearance of the

chain localized anion state) on the rise due to the attachment of solvated electrons.
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In order to extract more quantitative information from the Pt;oNDI, anion dynamics,
the data in Figure 3-8 was fitted using the reactions in Figure 3-2. (Before fitting, a
small contribution from Pt, triplet excited states was subtracted. This correction utilized
a measured triplet contribution triplet absorption at 650 nm and the ratio extinction
coefficients for the triplet determined in the photoexcitation experiments.) The fitting
strategy, discussed previously,'® begins with a description of electron production and
decay in neat THF solvent. The solvent parameters are then held fixed during fitting the
attachment dynamics to Pt4, and decay of Pt;”, before fitting Pt;oNDI,. In Figure 3-8,
absorbance due to Pt;” is seen to grow with a time constant of 0.13 ns. This is faster by
a factor of 1.6 than expected from the rate constant in Table 3-2 due to transient terms
found for diffusion-controlled reactions of long molecules.'®*'®® Measurement of fast
transport is facilitated by fast production of a fraction of the anions in a “step” process
that is complete our 15 ps time resolution. The step process is due to capture of
electrons prior to solvation, which occurs with probability 1-exp(-qc), where c is the
concentration of the Pt, or Pt;oNDI, molecules. As expected, capture of pre-solvation
electrons is found to be more effective for Pt;oNDl,, (q=72 M™) than for the shorter Pt,,
(g=29.9 M. Fitting the OFSS data for PtoNDI, with the kinetic model in Figure 3-2
find that electron transport from the platinum acetylide chain to the NDI end groups
occurs with biexponential kinetics: 540 ps (0.53) and 140 ps (0.09), where the fractions
(parenthesized) refer to the total number electrons attached to Pt;oNDI,. The fit curve
giving these rates is seen passing through the data in Figure 3-8. The results indicate
that a substantial fraction, 0.38, of electrons attached to Pt;oNDI, are captured

immediately (<< 10 ps) by the NDI trap groups. The NDI trap groups are similar in size
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to one repeat unit of the Pt chain, so Pt;oNDI, can be considered to comprise twelve
units. If each of these twelve units captures electrons with equal probability, then the
observed 38% immediate capture corresponds to electrons attached centering on the
NDI groups and the first 1.3 Pt units adjacent to NDI: if a Pt” polaron is centered on or
within 1.3 repeat units of and NDI, it transfers immediately to the NDI. Those polarons
formed in the central 7.4 units of the chain are observed as Pt” that must diffuse along
the chain to react with the NDI trap.

It would be desirable to monitor the 475 nm absorption due to NDI™ in order to
observe fast appearance of electrons at the NDI end groups. However, measurement
at 475 nm is difficult because the intense absorption of ground state neutral Pt;oNDI>
molecules at the high concentration needed to capture electrons reduces the analyzing
light intensity by a factor of ~100. In addition the OFSS instrument is not yet able to
operate effectively at 475 nm. A measurement at 480 nm with a biplanar phototube
detector (150 ps nominal resolution) is shown in Figure 3-9. While the data are very
noisy because of the low transmittance of the solution and consequently weak probe
light intensity, it does indicate that the NDI™ absorption rises within 500 ps to the level
expected based on the Pt;oNDI,™ absorption spectrum in Figure 3-5. While the S/N of
this data does not allow quantitative determination of the growth rate of the NDI™
absorption, the data is fully consistent with the observations at 540 nm, supporting the
conclusion that almost all electrons attached to Pt;oNDI, appear within 700 ps on the

NDI end groups.
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Figure 3-9. Transient absorption at 480 nm showing the formation of NDI,™ in a 5.2 mM
solution of Pt;oNDI, in THF. The data are very noisy due to intense
absorption by the Pt;oNDI, molecules, which reduces the probe light intensity
by a factor of ~100 at this high concentration. In addition to noise the data
are affected during the first ~300 ps by emission. The noisy measurements
on Pt oNDI, are compared with observations on Pt, at 480 nm, and at the 540
nm spectral maximum of Pt,*. The absorption at 480 nm in the Pt;oNDI,
solution, relative to those in the Pt solution, is consistent with nearly
complete transfer of electrons to the NDI end groups by ~500 ps.

Photophysics and Exciton Transport

The second investigation for these oligomers was to examine the dynamics of
triplet exciton transport along the Pt-acetylide chain (Figure 3-3b). Because absorption
spectra of the PAOs are dominated by =,n* transitions from the Pt-acetylide backbone,
photoexcitation mainly affords excitons which are localized on the conjugated chain.
Due to incorporation of the heavy metal in the backbone, intersystem crossing is rapid
(~10*? s™) and relatively high yields of the triplet exciton are generated:; fluorescence
yields are relatively low due to the slower rate of radiative decay (~10° s™). Therefore,
within very short times of excitation the triplet state is almost quantitatively poplulated. It
has been shown that the triplet exciton in these systems is spatially confined, with a

chromophore structure consisting of the single -[-Pt(PR3z),-C=C-Ar-C=C-Pt(PR3),-]- unit,
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and the exciton was demonstrated to be transient species that diffuses along the PAO
backbone.'®

It is envisioned that exciton diffusion is a random walk along the chain until it
encounters the NDI trap, triggering a PET reaction. Charge recombination of the
Pt,NDI,*"~ ion pair is a non-radiative decay process; therefore, for every PET process
that occurs, some amount of phosphorescence decay from the triplet exciton is
guenched. Should exciton migration and subsequent charge transfer processes occur
more quickly than radiative decay processes, it was expected that the triplet emission
guantum yields should be quenched by some amount, depending on the rate
differences of either kinetic process.

Steady state emission.

The steady state emission spectra of the Pt,NDI, oligomers were previously
measured in deoxygenated THF solutions at room temperature with an excitation
wavelength corresponding to the maximum absorbance energy for all oligomers (Figure
2-7). A summary of this data, discussed in Chapter 2, is given in Table 3-1. The
phosphorescence of a Pt-acetylide moiety has a characteristic triplet emission at ca.
520 nm (ca. 3.4 eV). The photoluminescence quantum yields at room temperature for
the Pt,NDI; series indicated strong emission quenching compared to the Pt, model
oligomer.

Based on these findings, steady state emission spectra were also recorded in
deoxygenated 2-MeTHF (T4 = 137 K) at lower temperatures. The Pt,NDI, spectra,
along with NDI-H, are shown in Figure 3-10. As the temperature was decreased, the
triplet-based emission intensity was slowly recovered (ca. 520 nm) forthen=6 and n =

10 oligomers once the solvent had reached glass transition temperatures (T<140 K).
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Figure 3-10. Variable temperature steady state emission spectra of the Pt,NDI,
oligomers vs. the low temperature emission of the NDI-H endcap (bottom) in
degassed THF.

However, for the n = 2 and n = 3 oligomers relatively no gain in phosphorescence yield

is seen, even at 80 K. The weak emission seen in Pt,NDI, and Pt3NDI; at cryogenic
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temperatures correlates with the fluorescence (ca. 400 nm) and phosphorescence (ca.
610 and 670 nm) of the NDI endcaps. Although this emission also exists in the longer
oligomers, it is elusive due to its relatively low intensity vs. the phosphorescence seen in
these spectra.

Recall that the triplet exciton was defined as being localized across two Pt-atoms
in Pt-acetylides oligomers, and the singlet exciton was defined as being somewhat more
delocalized through several repeat units.®® This suggests that for all of the Pt,NDI,
oligomers, the singlet exciton generated is always in direct contact, spatially, with the
trap, while the more confined triplet exciton is only always directly neighboring a trap in
the shorter oligomers Pt,NDI, and Pt3NDI, (Figure 3-11). Therefore, no diffusion of the
confined triplet exciton or delocalized singlet exciton would be necessary for PET to
occur in the shorter molecules.

The absence of phosphorescence in the shorter oligomers, even at 80 K, suggests
two things: the activation barrier for the PET reaction is extremely low, due to the large
-AG°, and the process perhaps requires little change in structural geometry of the
molecule (as the oligomers are frozen and relatively immobile in a glass at low
temperature). Insight into whether PET is occurring directly after excitation from the
singlet excited state, or if it is occurring after ISC to the triplet state, is evasive in these
systems, however, because the excitons of both spin states would directly neighbor the
trap in these shorter chains. The recovery of phosphorescence emission below the
glass transition temperature for the n=6 and n=10 oligomers does prove that indeed the
triplet exciton is formed, but diffusion to the trap is slowed by a thermal barrier. The

results of this data imply that electron transfer is not the rate determining step for
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exciton quenching in the longer oligomers, but rather the triplet migration is the slow,

rate determining step.
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Figure 3-11. Confinement of the triplet and singlet exciton in relation to distance to the
NDI trap for PtzNDI, and PtgNDI,.

Previous low temperature studies of Pt-acetylide oligomers found that in glass
solvents, Pt, oligomers exhibited luminescence similar to the longer Pt,NDI, oligomers
arising from several states due to differences in conformers that do not interconvert
during the lifetime of the triplet state in frozen glass.’®* The different conformation
states were said to arise as a result of rotation of the phenylene rings relative to the
planes defined by the square planar PtP,C, units (Figure 3-12). DFT calculations
agreed with experimental observations, citing that the energy minimal ground state

conformation for a Pt, chain—in which all phenylene units are twisted out of the plane
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(ttt)—lies ca. 3.1 kcal‘mol™ higher in energy than the minimum energy conformer of the
localized triplet state—in which one phenylene unit is parallel to the PtP,C, plane (tpt).
Triplet exciton diffusion, or hopping, was found to be accompanied by a small activation
energy arising from a reorganizational energy caused by the geometric difference
between the two states/conformers—a phenomenon known as conformational gating.
The loss of phosphorescence emission in the n = 6 and 10 oligomers above 140 K
(Tg = 137 K) is consistent with these previous findings in that at ambient temperatures,
triplet exciton hopping via configurational reorganization is thermally accessible.
However, at cryogenic temperatures (T<140 K in glass solvent) it is slowed such that

hopping is competitive with the lifetime of the exciton (us)'®’

affording emission prior to
diffusion/quenching of the triplet. The slowing of the triplet hopping via conformational
gating is consistent with the notion that the migration does indeed have a small/medium

activation barrier (~3-5 kcal-mol™), thus triplet migration is the rate-determining step of

the quenching process.
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Figure 3-12. Conformational differences between energy minima of the ground state
(left) and triplet state (right) of Pt,. Figure adapted from Glusac et al.***
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Femtosecond transient absorption.

By use of ultrafast transient absorption spectroscopy (Aex = 352 nm), both the rise
times of the NDI"* and the decay times of the (°,%)-PAO core were determined. The

spectra for the Pt,NDI; series are presented in Figure 3-13.

AA S a.u.

500 550 600 650 700 7a0 500 550 600 650 700 750
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Figure 3-13. Spectra of radical anion at various time intervals for n = 2 (top left), 3
(bottom left), 6 (top right) and 10 (bottom right).

Comparison of the spectra in the 550-750 nm region within the series show both a
broadening with a systematic red-shifting as ‘n’ becomes larger (Figure 3-13). This can
be attributed to further delocalization, or increased length, of the triplet exciton as the
PAO core is expanded, which shifts the absorbance to lower energies and also
enhances band broadening. Again, the spectral absorbance at Amax~ 480 nm is
consistent with the absorbance spectra of the NDI™ previously reported by Wasielewski

et al.'®®
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Figure 3-14. Plot of the normalized TA kinetic traces of the Pt,NDI, series at 650 nm
(top), 478 nm (middle) and simulated decay of the triplet exciton (bottom)
assuming 27.2 ps/step.

The kinetic traces for the Pt,NDI; series at 478 nm and 650 nm are plotted in
Figure 3-14. As seen the middle plot, the decay kinetics of the (*n,n) PAO core at ca.
650 nm contain both a fast and slow component, which could be explained by both
initial location of the created triplet exciton with respect to proximity to the end cap, and
also by the proposed random-walk hopping mechanism described in which some
excitons are quenched statistically more quickly than others. The overall decay rates

for the series do differ, however. The lifetime of the triplet exciton for Pt,NDI,,
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measured at 650 nm, is extremely short, Tt ~ 0.43 ps (Table 3-3). For Pt;oNDIy,
however, the overall decay of the triplet at 650 nm is somewhat slower, tt ~ 373 ps.

The kinetics intrinsically include both PET and statistical exciton diffusion processes,

lending to the longer lifetime of the triplet.

Figure 3-14(top) presents the normalized kinetic traces of each end-capped
oligomer at ca. 480 nm. The initial rise of the signal is fast for all oligomers (~2 ps <
AAmax < 200 ps), but does show a trend of slowing down in overall growth as chain

length increases.

Table 3-3. Kinetics of triplet exciton decay at 650 nm for the Pt,NDI; series.

n Tav, 650 nm (PS) Kav, 650 nm (S-l)
2 0.43 2.32 x 10%¢

3 8.3 1.20 x 10!

6 203 4.93 x 10°
10 373 2.68 x 10°

Random walk numerical simulation.

To simulate the random walk process numerically, a program was written with
Visual Basic in SigmaPlot. Briefly, the oligomer chain length (defined as ‘m’, not
including the trap sites on both ends) and the desired number of program repetitions (n)
are input as simulation parameters. A random integer is generated representing where
the exciton is initially created, IniPos, within the oligomer chain (1 < IniPos < m). If the
IniPos is in the middle of the chain (1 < IniPos < m), another random number between
0-1 is generated. If this number is in the range between 0.5 and 1, the IniPos is moved
to the right (IniPos + 1). Otherwise, it is moved to the left (IniPos - 1). In either case,

the counter for random walk steps is increased by 1 (Steps + 1). When the IniPos
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reaches the chain end (IniPos = 1 or IniPos = m), the random walk stops and the
counter for steps (Steps) is recorded. The same procedure is repeated for the desired
number of repetition times (n), and the obtained numbers of random walk steps (Steps)
are subjected to histogram analysis (Bin Width = 5). A visual representation of how the
program is written and run is presented in Figure 3-15 below.

As an example, shown in Figure 3-14 is the comparison of the experimental
(middle) and the simulated (bottom) results. In this particular case, the chain length for
the oligomer Pt,NDI; is considered to be n + 1. Thus, for the corresponding oligomers n
=3,60r 10, 'm =4, 7 or 11, respectively. For m = 4, the histogram can be sufficiently
fit with a single exponential function. However, for m = 11, a double exponential
function has to be used. For m = 7, either single or double exponential function gives a
reasonably good fit. The only variable used to fit experimentally obtained data with
simulated data is the time per step. As shown in the figure, the simulation reproduces
the experimental data relatively well when each step for the random walk simulation

was fitted to be about 27.2 ps.
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Figure 3-15. Schematic of the random walk simulation program.
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Discussion

States are Concentrated

As discussed previously, optical data obtained from previous studies of the Pt,
series reveal that the polarons in PAOs are spatially confined.’®® More specifically,
absorption spectra of the negative polarons generated via pulse radiolysis ionization
techniques for the Pt, series conclude virtually no change in spectra from the Pt; to Pt;
oligomers; spectra of the Pt,” generated display a characteristic maximum absorption at
540 nm. Similarly, the triplet exciton of the Pt, series was found to be spatially
concentrated between two platinum atoms; this conclusion was based on similar 3z,
phosphorescence emission energies (ca. 520 nm) throughout the series, as well as very
similar triplet-triplet absorption energies (ca. 650 nm) regardless of oligomer length.®®

The spatial confinement of these states exists due to lattice polarization, or
structural deformities, within the backbone that disrupt conjugation along the chains.
Density functional calculations of both the triplet exciton and negative polaron of Pt,
revealed differences in minimal energy geometries between the ground state species
and the exciton or polaron states that contribute to the localization of these states.?*!%®
Specifically, the lowest energy geometry of the ground state exists with all phenyl
groups of Pt; in the plane perpendicular to the square planar platinum atoms (as
discussed previously); the minimum energy geometry of the negative polaron was
calculated with all phenyl moieties parallel to this plane. The calculated barrier to
rotation of the phenyl ring in the radical anion species was estimated to be ~ 15
kcal/mol. The calculated geometry energy minimum for the triplet exciton exists with

only the center phenylene unit in plane; barrier to rotation was estimated to be ~ 3.1
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kcal/mol. Compare this to the ground state barrier to phenylene rotation, calculated as
~0.5-0.8 kcal/mol.’** Results of these studies allude to the dependence on structural
conformations to the energetics of exciton or polaron confinement.

Mechanism of Transport

Charges and triplet excitons created in the Pt, chains have been found to be
localized to approximately two repeat units. These polarons are trapped in a part of the
chain only by structural relaxation (reorganization). A polaron may move, in random
directions, to adjacent locations on the chain, generating a diffusion ending at the trap.
Figure 3-16 depicts this mechanism. Alternatively, it may leap directly to the trap.

O =\ kB PBu — _ BBu — BBy PBu
HN L) "N == A==\ ==\ ?t“
(6]

PBug PBug PBug PBug PBug

Figure 3-16. Polaron or exciton diffusion via a random hopping mechanism. Half (5
units) of a Pt;oNDI, molecule is shown. A polaron, either an exciton or
electron, spread over ~2 repeat units near the middle of the chain is depicted
as a solid magenta elipse at the right. Diffusion of the polaron to a location
near the NDI trap group (dashed elipse) is followed by rapid transfer to the
NDI trap.

The transitions that constitute diffusive steps along the chain or transfer from the
chain to the trap require electronic couplings and nuclear overlap. Electronic couplings
can arise from dipole (Forster resonance energy transfer, FRET) and exchange
interactions. FRET does not apply to transfer of electrons, and dipole couplings are
negligibly small for triplet excitons. FRET can occur only during the brief, ~1 ps, lifetime
of the excitons as singlet excited states. For experiments on electrons and triplets in
the chains, only one and two-electron exchange interactions are important. These fall
exponentially with distance, giving rates that decrease by a factor of ten for each 1-3 A

change in distance.*®®"" For this reason, we will argue below that the dominant
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mechanism is diffusive polaron transport to the ends of the chains. As depicted in
Figure 3-16, the final step is transfer to the trap when the electron or exciton has
reached a point sufficiently close, probably just a few A from the trap. This “chain-end-
polaron” might actually contact the end of the conjugated chain, or might be slightly
farther from the trap as depicted.

Designating the rate of diffusional transport to the chain end as kj, diffusion away
from the end as k-1 and transfer from the chain end to the trap as k»,, we have the
equation in Figure 3-17 below. The symbols designate a charge or exciton as a polaron
in the chain (P.), at the chain end (Pe) or on the trap (T). Kinetics for this scheme are
well-known; the scheme is similar to the Michaelis-Menten mechanism for enzyme
kinetics. We will analyze our observations assuming the limit, in which k; is fast. In that
case, ko >> ki, the observed rate approaches k;. This assumption will be examined and
other possibilities will be considered below. The diffusional transport, ki, is not a single
rate. We will describe it using numerical solutions for a random walk process described

above. In that treatment, k5 is not separate but is inherent in the random walk.

kq K
PC ‘k— Pe — T k— k1 for k2 >> kl, k.]_
1

Figure 3-17. Calculating the rate of diffusional transport to the chain end.

For electron injection and transport in Pt;oNDI, (Figure 3-8), fits to the
experimental data found that the capture of electrons in the Pt;p chains by the NDI end
caps was described by biexponential decay. The random walk model with tsep=27 ps is
in excellent agreement with the biexponential decay, as seen in Figure 3-18 below.

Decay of triplet excitons could be observed in four lengths of Pt,NDI,. Random

walk simulations describe those decays also with tse,=27.2 ps. The simulations are in
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fair agreement with the observations, with some differences. Notable is the slower
decay in simulated traces compared to experimental ones in Figure 3-14. This
difference could signal that relaxation of the polarons in the Pt, chains is still occurring
over the first ~100 ps, stabilizing the polaron and deepening the “self-trapping” which
move with it. Transport would be slower after such a relaxation than before it.

Structural reorganizations tend to be larger for triplets than for singlets or ions.
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Figure 3-18. The bi-exponential function found to describe decay of electrons injected
into the Pt chains of Pt;oNDI, molecules compared with random walk
simulations having steps of 27 ps in which each step moves one repeat unit
left or right along the Pty chain.

The discussion above assumed that observed rates of disappearance of Pt chain
anions or triplets, and the appearance of NDI anions, measures the rate of transport
because transport is rate limiting; k; is fast (>>k;). If k, were slower than k;, the overall
rate would approximately equal k,, independent of length of the Pt, chain. For the
triplets where rates were obtained for n = 3, 6 and 10, this is contrary to observation. In
the absence of a direct measurement of k; it is useful to make a rough estimate by

analogy to known rates. When electrons are injected into the chain k; is the rate of
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electron transfer from an anion at the end of the chain, through two saturated bonds to
the NDI group. From redox potentials in Table 3-1, the free energy change of this
reaction is AG° = -0.65 eV. Closs'®® reported rates of intermolecular electron transfer
from biphenyl anions to naphthalene, AG° = -0.05 eV, separated by 4-10 saturated
bonds. Extrapolated of their fastest rate, 4 x 10° s, from 4 to 2 saturated bonds, yields
a value of 3 x 10'° s™*. For AG® = -0.65 eV for ET from the Pt chain to NDI, the rate
would be expected to further by a factor of 100 to 3 x 10** s™ (0.3 ps). This is 2000
times faster than the observed ki, and 100 times faster than the time to diffuse the
length of one repeat unit, tsep=27 ps. While the extrapolated comparison is likely to
contain substantial uncertainty, it seems very likely that k, >>k;.

For triplets, ko comprises two possible reactions, shown in Figure 3-19. The
electron transfer process would be expected to occur with a rate having an order of
magnitude similar to that estimated for anions (~0.3 ps), so again that k, >>k;. The
triplet transfer rate estimated from intramolecular triplet transfer, is slower.*®® Thus, the
triplet transfer route is expected to be a minor one. To the extent it occurs, it would be
followed by rapid relaxation to the lower Pt,"'NDI" charge transfer state, so this ion-pair
is expected to be the product. For triplets it is also very likely that k, >>k1, so the overall
rate closely reflects the rate of transport along the chains.

Triplet transfer 3Pt *NDI — Pt,>NDI* AG® =-0.35 eV
Electron transfer  *Pt,*NDI — 3(Pt,""NDI")  AG° =-0.85 eV

Figure 3-19. Two possible reactions of the triplet excitons for Pt,NDI, oligomers.
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Conclusion

Variable temperature steady-state emission studies, pulse radiolysis experiments
and ultrafast transient absorption measurements were applied to examine the transport
mechanism and dynamics of negative polaron and triplet exciton states in the Pt,NDI,
series. Pulse radiolysis experiments were applied to measure the rate of negative
polaron diffusion within the series. While OFSS data obtained for growth kinetics in the
480 nm region was not quantitative (due to concentration issues as well as experimental
limitations with OFSS), the biexponential decay data at 540 nm fit well with random-walk
simulation data suggesting the time per ‘step’ of the negative polaron in the Pt-acetylide
chain is about 27 ps. This data infers a fast ET from a chain-end polaron to the endcap
and a slower, rate-determining diffusion of the negative polaron within the chain.

Emission spectra for the series at low temperatures (below the glass transition for
Me-THF) revealed recovery of the phosphorescence in the n = 6 and 10 oligomers and
not the n=2 or 3 oligomers. This data demonstrated the effective population of the
triplet via ISC, and results implied the necessity of structural reorganization within the
backbone of the oligomer for triplet exciton diffusion to occur. This was not necessary
for PET processes to occur, as quenching of the triplet was evident for the short-
chained oligomers even in the glass state of the solvent. This data provided evidence
that PET is fast compared to the triplet exciton diffusion, which is rate-determining in the
guenching process.

Ultrafast transient absorption measurements also confirmed population of the
triplet exciton via absorption at ca. 650 nm. The decay of this state was found to be
biexponential: the fast component is suggested to be PET from a triplet exciton at the

chain end directly connected to the NDI trap, whereas the slow component consists of
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random exciton diffusion toward the chain end. When compared to simulated random-
walk decay data, a lifetime of ~27.2 ps/step for the triplet exciton was extrapolated. This
is the first known report of intramolecular negative polaron or exciton hopping rates in

platinum acetylide materials.
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CHAPTER 4
SYNTHESIS AND PHOTOPHYSICS OF PLATINUM CAPPED PHENYLENE
ETHYNYLENE OLIGOMERS

Introduction

There has been a wide range of platinum acetylide structures reported in the
literature, including oligomers, polymers, and dendrimers, used for many different
optical and electronic applications owing to the unique photophysical properties of these
materials. In general, the key aspect toward the advancement of materials applications
is to define distinct relationships between chemical structure and spectroscopic
properties. The nature of the structure-property relationship is also fundamentally
important in understanding the interaction of light with matter and the information that
can be elicited from experiments. One such issue is the relationship between structure
and the delocalization of the singlet and triplet excitons.

As discussed previously, our group has recently focused on studying
delocalization of the singlet and triplet states of platinum acetylide oligomers.®® It was
found that ground state absorbance and fluorescence properties are dependent on the
length of the material, as these states are defined as being delocalized through the
metal-organic framework. The triplet state, however, was concluded to be confined,
and the properties of this state change very little in relation to changes in the length of
the Pt-acetylide.

Most of the studies investigating extended pi conjugation in the organic ligands of
platinum acetylide oligomers focus on a single platinum atom and various ligands, or
oligomers and polymers with identical repeat units; the understanding of delocalization
in excited states is therefore limited. One example of such is a set of studies reported

by Cooper and Rogers, et al.”"8"178182 gymmetrically substituted, mono-substituted
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and asymmetrically substituted platinum acetylides were investigated and compared to

the analogous organic butadienes, as shown in Figure 4-1 below.
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Figure 4-1. Various platinum acetylide compounds studied by Cooper, Rogers, et
a|.77,87,178-182

For the symmetrically substituted materials®’, increased conjugation gave rise to a
red shifting of the So-S; and T;-T,, processes. It was also concluded that the spin-orbit
coupling effect of platinum on the ground and excited-state properties is reduced with
increased conjugation length because the Syp-S; transition is more localized on the
ligand. As the ligand size increased, the transition takes on more n-* character,
therefore decreasing the mixing with orbitals localized on the platinum center. For the
asymmetrically substituted complexes®?, absorption and emission data showed
evidence of singlet exciton delocalization across the central platinum atom. The
phosphorescence from the asymmetric complexes always arises from the largest
ligand, verifying Kasha’s Rule in that the triplet exciton migrates towards the lowest
energy ligand. Comparison of these complexes with the mono-substituted

180

compounds™" concluded that while the singlet exciton was delocalized through the
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platinum atom, the excited triplet states of each analogous compound were nearly
identical, implying that the triplet exciton is confined to the larger organic ligand.

A series of dinuclear platinum acetylides complexes with various short spacers
and end-caps were recently investigated in our group (Figure 4-2).*®% The ground-state
and triplet-state absorbances were altered by the addition of the end-cap, whereas the
triplet emission energies were less dependent on end-cap substitution.
Phosphorescence was observed from both the spacer group and the higher energy
end-cap, however. The results indicated that the singlet Sp ground state, singlet S;
excited state and triplet T, excited state are delocalized throughout the molecule, but
the T, states were localized on the ligand and spacer groups with no significant

delocalization through the platinum atom in the triplet state.
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Figure 4-2. Series of dinuclear platinum acetylide complexes studied by Farley.®®

This current study aims to examine effects of ground state and excited state

delocalization between two platinum atoms as the length of a n-conjugated spacer is
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extended. The spacer to be studied is a phenylene ethynylene repeat unit (Phy) in a

series of platinum end-capped oligomers Ph,Pt, (Figure 4-3).
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Figure 4-3. General structure of the Ph,Pt; series, where n =1, 2, 4, 9.
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Figure 4-4. Oligo(PPE) structures (top), absorption (left) and emission (right) spectra
reported by Godt.***
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The analogous protected oligo(para-phenyleneethynylene)s of the spacers studied
herein were previously synthesized and characterized by absorption and emission
spectroscopy (Figure 4-4).*** Increase of the length resulted in a bathochromic shift of
the absorption and emission maxima. A unique feature of the dimers was the
dinstinctive structure of the absorption and emission band, believed to be due to
vibronically different electronic transitions.

Synthesis

The general synthesis of the Ph,Pt, series was modeled after the synthesis of
monodisperse oligo(para-phenyleneethynylene)s,or oligo(PPE)s, reported by Godt and
coworkers.™* The strategy involved a divergent-convergent synthesis starting from 1,4-
dihexyl-2-(3-hydroxyprop-1-ynyl)-5-[2-(triisopropylsilyl)ethynyllbenzene (25) via Pd/Cu-
catalyzed alkyne-aryl couplings. The orthogonal acetylene protecting groups
hydroxymethyl (HOM) and triisopropylsilyl (TIPS) were used to construct various smaller
synthons that could be selectively deprotected and reacted, as well as to facilitate
purification processes. The incorporation of the alkylated phenyl moieties is
advantageous as well, as the hexyl (Hx) groups provide solubility in typical organic
solvents. Deprotection of either the HOM or TIPS protecting group (one at a time) of
the final oligo(PPE) synthons (top of Figure 4-4) would afford a somewhat stable
terminal acetylene that could be reacted with a mono-substituted Pt(ll) endcap, via
Hagihara conditions, to afford the analogous platinum acetylides of the series, Ph,Pt;
(as shown in Figure 4-3).

An inward-out, symmetrical synthesis of the oligomer was not implemented. Use
of di-protected trialkylsilyl groups would make purification of the materials very difficult,

as the compounds are already relatively nonpolar due to the presence of the alkylated
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phenyl rings. Di-protection with two HOM groups could make the protected
intermediates easier to separate; however, bis(terminal alkyne)s are oxidatively
unstable and are therefore sensitive to the oxidative conditions required to deprotect
both groups at once, ensuing in situ decomposition of the oligomers.*®*

The synthesis of Ph;Pt; is outlined in Figure 4-5 below. A copious amount of the
main starting material, 19, was initially prepared (~ 50 g). lodination of 18 proved to be
a challenge, as repetition of standard literature procedures gave mixed results from
reaction to reaction. A reproducible yield of 19 was finally achieved when acetic
anhydride was used in the reaction with both acetic acid and sulfuric acid, rather than
the use of water as a co-solvent.'®

Subsequent coupling of 19 with two equivalents of TMS-acetylene afforded the
symmetrically-protected intermediate 20 in a high yield. Deprotection of this
intermediate, followed by copper-catalyzed Hagihara coupling with endcap 22 yielded

oligomer Ph;Pt;, as a yellow solid, in 51% overall yield. The structure of this compound

is analogous to the Pt, oligomer studied in previous chapters 2 and 3.

=-TMS Hx Hx
¢ a HX b [ Hx © )\: d )\:
> — — TMS—== =—TMS —» = =
cl 90% HX 7495 Hx | 100% i 90% i
18 19 20 21

Ph—==

e PBu,
PICL(PBUz);  —m @—:P,t cl f

94% PBu 67%
22

Ph;Pt, (23)
a) n-HxMgBr, NiCl,dppp, dry ether, 0->35°C, 20h; b) I,/NalO,4, H,SO,4, AcOH/Ac,0; ¢) Pd(PPh3),Cly/Cul, THF/iProNH,
70°C,12h; d) TBAF, THF, rt, dark, 2h;e) Et,NH, THF, 50°C, 12h; f) Cul, THF/Et,NH, rt, 1.5h.

Figure 4-5. Synthesis of the PhPt, oligomer.
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Construction of the longer oligomers required the use of orthogonal protecting
groups, as discussed previously. Stepwise coupling of propargyl alcohol to 19 (Figure
4-6), followed by coupling of the mono-substituted adduct 24 with TIPS acetylene,
afforded orthogonally-protected 25 in 63% yield overall (versus a statistical 33% overall
yield of a one-pot synthesis). Selective deprotection of the HOM group followed by
coupling with 24 gave the orthogonally-protected dimer 27. Stepwise
deprotection/Hagihara couplings with endcap 22 to each end of the oligomer yielded

Ph,Pt, as a yellow solid.

—/OH TIPS H
p— = X
|| a 24 Hx Hx
HO
I:[ —» Hx  — ﬂ—.i: = =—TIPS
75% 84%  Hx 72% 87% Q O
Hx ” Hx Hx
|

TIPS TIPS 27
24 d
100%
PB
~h
u.
Hx Hx B 22 : Hx Hx
PBu HO = Uy = HO
H O=tez =0==520 2 =0=0
PBU, 72% Hx « FBu 61% Hx Hx
29 28

PBu3 PBu3 _

pt—<: / > =—Pt—=

F’Bu3 PBu3 C/>
thptz (31)

a) Pd(PPhgz),Cl,/Cul, THF/piperidine, 50°C, 12h; b) MnO,/KOH, ether, rt, dark, 12h; c)Pd(PPh3),Cl,/Cul, THF/piperidine,
rt, 12h; d) TBAF, THF, rt, 2h; e) Cul, NHEt,/THF, rt, 4h.

Figure 4-6. Synthesis of the Ph,Pt; oligomer.
The synthesis of Ph,Pt, was carried out in a similar manner. Synthesis of the

orthogonally-protected tetramer 36 (Figure 4-7) was achieved via coupling of the mono-
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HOM-protected iodo dimer 34 with the mono-TIPS protected acetylene dimer 35.
Again, stepwise deprotection/Hagihara couplings of each acetylene with endcap 22

afforded Ph4Pt, in moderate yields (Figure 4-8).

OH

I
OH
OH H><< >—H><
I =-TMmS Il i | Hx Hx
HO
Hx a Hx b Hx a |
0,
Hx 79% Hx I 100% px 54% Hx Hx
! I
™S 34
24 32 33
_._._._.7 Qp=A)=-)="ws
Hx Hx Hx Hx 93%
HO — Y— c 4._.7
= = =-TIps —> = = =TIPS
= 4 70% L ) 36
Hx Hx Hx Hx
27 35

a) Pd(PPh3),Cl,/Cul, THF/piperidine, rt, 12h; b) KOH, MeOH/THF, rt, dark, 2h; c) MnO,/KOH, ether, rt, dark, 12h.

Figure 4-7. Synthesis of orthogonally-protected intermediate 36.

— 0 Q —wsi QS o W o N o U
==X ==X =
Hx Hx Hx Hx

36 PBL 37
C"Rté_Q l:4%
PBu,
22
PBu3 HO PB
— O Q —PBU < _ Q Q _itB“s
62% u
39 38
PBi b
u-itsz%_@ln%
22
PBU Hx Hx Hx Hx PBU
3 3
s Hx Hx Hx Hx 8

Ph4Pt, (40)
a) TBAF, THF, rt, 2h; b) Cul, THF/NHEt,, rt, 4h; c)MnO,/KOH, ether, rt, dark, 4h.

Figure 4-8. Synthesis of the Ph4Pt; oligomer.
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To this point, Sonogashira coupling of an aryl iodide with a free acetylene has
been relatively clean with the use of Pd(PPh3),Cl,/Cul, as homocoupling of the free
acetylene toward dimer formation has been minimal (with sufficient degassing). As the
organic oligomers become longer, their sensitivity towards oxidative conditions
increases, however. For the preparation of PhgPt,, a more active catalyst system was
employed to prevent oxidative coupling of the acetylenes, Pd,(dba)s/Cul/PPhs.
Pentamer 42 and nonamer 43 were both prepared under these conditions (Figure 4-9).
Once again, stepwise deprotection/Hagihara couplings of each end of the nonamer with

22 afforded PhgPt; as a yellow, paint-like solid in moderate yields (Figure 4-10).

Hx Hx Hx Hx Hx Hx Hx Hx

HO = = a = =
=O=0=0=0=mw = =D=0=0=Q = ——
Hx Hx Hx Hx 79% Hx Hx Hx Hx
36 41
Hx b
Ho__ " HX)—\ HX)_\ ¥ % H H H 48%
— — X Hx X X Hx 0
= \=( = \_( = \=( = Ve b HO, = )_\ = )=\ = )_\ = )=\ = )\i}’| - ]
Hx Hx Hx Hx 0, \=( \—( \=( \—( {
52% Hx Hx Hx Hx Hx
37 42
Y
Hx Hx Hx Hx Hx Hx Hx Hx Hx
N =)= =)= =)= =)= =es
Hx Hx Hx Hx Hx Hx Hx Hx Hx

a) MnO,/KOH, ether, rt, dark, 12h; b) Pd,(dba)s/Cul/PPh3, THF/piperidine, rt, 12h.

Figure 4-9. Synthesis of synthon 43.

The final Ph,Pt, oligomers were all characterized by *H and *'P NMR
spectroscopy, as well as APCI high resolution mass spectrometry. The molecular
weight of the PhgPt, oligomer, however, exceeded the limits for this type of ionization
method. Other methods, including MALDI-TOF MS, were attempted but failed;

therefore, this compound was further characterized by elemental analysis.
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The *'P NMR spectra revealed a pattern of three resonances for each final
oligomer centered at 56 ~ 4.5 ppm; each exhibited a weak “doublet” with J ~ 2360 Hz
characteristic of the **Pt-*'P coupling, and a central resonance due to the PtP, units
with NMR inactive Pt isotopes. The trans stereochemistry of the PtP, units was

confirmed by the magnitude of the ***Pt-3'P coupling constant.®®

PhgoPt, (47)

a) TBAF, THF, 2h, dark, rt; b) Cul, NHEt,/THF, rt, 3h; c) MnO,/KOH, ether, dark, rt.

Figure 4-10. Synthesis of the PhgPt, oligomer.
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Results and Discussion
UV-Vis Absorbance
Table 4-1 lists a summary of the photophysical data collected for the Ph,Pt;
oligomers. The absorption spectra for the series in THF solutions are shown below in
Figure 4-11. The Sp—>S; absorption maxima span over ca 0.3 eV range from 355 to
390 nm; these transitions arise from long axis polarized =,n* transitions with some

metal-to-ligand charge transfer (MLCT) character.!”®

(Higher energy, short axis
transitions remain fairly consistent throughout the series). The molar absorptivities for
each of the compounds were measured (Table 4-1); the trend displays an increase with

spacer length throughout the series.

Table 4-1. Summary of spectroscopic data for Ph,Pt, series.

n Eabs, max & EF, max O TF, av EP, max Op ETA, max 1T,
(ev) MTcm?) (€vV) (%) (ns)  (eV) (%) (V) (us)

3.49 67500 3.12 0.2 0.001* 241 26 190 4.18

3.44 92000 3.07 0.1 0.036° 2.21 0.8 1.93 14.0

3.23 115000 2.92 0.2 0.111° 211 03 1.62 8.03
f

3.18 161000 2.92 22 0.179° 2.12° -- 1.67 33.0

71 (o) = 0.404 ns (0.008%); 1, (a) = 0.001 ns (99.992%)

1 (o) = 0.036 ns (99.96%); 1, () = 0.497 ns (0.04%)

7y (o) = 0.101 ns (86.4%); 12 (a2) = 0.550 ns (13.6%)

4 1, (ay) = 0.322 ns (30.5%); 1 (02) = 0.115 ns (69.5%)

¢ Energy of emission recorded via gated-fluorescence TRE experiment.
"No phosphorescence emission was observed at room temperature.

T POIMIN|F

The shortest oligomer Ph;Pt, exhibits the most blue-shifted maximum at 355 nm;
the maximum absorbance is red-shifted to 360 nm for Ph,Pt,. The spectrum for this
oligomer exhibits more fine structure than the others in the series, featuring another
strong absorption at a slightly lower energy (ca 390 nm). Both the Ph4Pt; and PhgPt,
oligomers display further red-shifting to 384 nm and 390 nm, respectively. The spectra
of these larger compounds are slightly broader and less defined, and the change in

absorbance is only slight considering the change in the length of the spacer.
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Figure 4-11. UV-Vis absorption spectra for Ph,Pt, series.

The red-shifting of the absorbance implies an increase in the delocalization of
electrons in the ground state. In general, the absorption energies for the Ph,Pt; series
are all red-shifted compared to the analogous organic oligomers reported by Godt et
al,"** suggesting that the incorporation of platinum has a direct effect on the electronic
structure and conjugation length of the ground state, involving d,x orbital mixing of the
organic spacers with the platinum atoms (Figure 4-12). The shapes of the spectra
remain somewhat similar to their organic analogues, however. The effective
conjugation length of the ground state chromophore seems to have nearly reached its
limit in PhgPt,, as the change in energy from the n = 4 oligomer is relatively small.

Theoretical calculations of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) for similar compounds have provided

insight into these electronic transitions,*®"®® finding that the combination of the platinum

d orbital and the aryl = orbitals contributes to the HOMO, while the LUMO consists of

120



only * orbitals with no contribution from the platinum d orbital. The lack of quantum
chemical methods needed to further study the geometry and orbital configurations of
this series only allows for limited conclusions to be made via comparison with the

organic analogues.***

Hx
PBuj PBu,
@%PI( = = P.t:—©
PBu PBu
3 X 3
Hx X

H
PBu; IStBU3
Q= ===
PBu, . PBu,
X

Hx

Hx Hx HXx Hx
PBus PBu;
D= (=== =r2 )
PBus PBu;
Hx Hx Hx

Hx

Figure 4-12. Delocalization of ground state within the Ph,Pt; series.

Steady State Photoluminescence
Fluorescence.

Steady state photoluminescence (PL) spectra of the series were recorded in THF
at room temperature (Figure 4-13). Fluorescence emission for the oligomers exhibits
red-shifting of the maximum with the extension of the spacer length over a similar range
as ground state absorption (ca 0.3 eV). The fluorescence emissions of this series
demonstrate a larger amount of stokes shifting (~0.3 eV) than for the Pt, series reported
by Liu et al,® but it is fairly consistent with the analogous organic series measured by
Godt,'** as is the general shape of emission. The fluorescence is relatively weak for the

n=1, 2 and 4 oligomers (¢r ~0.2%), but the quantum yield of the S;> S, radiative
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transition increases by an order of magnitude for PhgPt, (Table 4-1). The energy of

emission, however, changes very little from Ph4Pt, (424 nm) to PhgPt,, (425 nm).
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Figure 4-13. Steady state photoluminescence spectra of the Ph,Pt; series.

The fluorescence emission energies suggest that the singlet exciton is delocalized

within the ©* framework of the organic spacer and with the d-orbitals of the platinum

atoms for the n=1, 2 and 4 oligomers (Figure 4-14), as the fluorescence energies

continually decrease with the increase in spacer length, and these energies are

significantly red-shifted in comparison with the organic analogues previously
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reported.** However, the emission from PhgPt, is almost identical to the analogous
organic oligomer 1f reported by Godt. This suggests that the singlet exciton is confined
to the organic spacer and does not extend into the Pt atoms, and implies that the extent
of conjugation involving d,n* mixing of the singlet exciton in the Ph,Pt, series has been
reached. Definitive trends on conjugation length, however, cannot be determined by
this experiment alone. The low yields of fluorescence in the emission spectra for the
series indicates that intersystem crossing via spin-orbit coupling dominates decay of the
singlet excited state. For other platinum-acetylide oligomers, the reported ISC quantum
yields approach unity.®*®’ It is apparent from the data herein, however, that as the
percent heavy metal character decreases in relation to the overall pi framework, the

lower the rate of ISC.

Figure 4-14. Delocalization of the singlet excitons for the Ph,Pt, series.

Fluorescence lifetime data is summarized in Table 4-1. Within the series, the
lifetime of the singlet excited state increases along with the size of the oligomer. This
trend is consistent with the premise that as the excited state is comprised of more =*

character and less d-orbital character from the heavy Pt-atoms, the rate of ISC is
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lowered; thus, the decay rate of the singlet excited state is lowered (it becomes longer-
lived).
Phosphorescence.

The argon-degassed PL samples revealed lower energy phosphorescence
emission at 515 nm, 561 nm and 586 nm in oligomers Ph;Pt,, Ph,Pt, and Ph4Pt,,
respectively (Figure 4-12). At room temperature, these emission signals were generally
broad, lacking vibronic structure. As the spacer length increases for the series, the
maximum emission of phosphorescence red-shifted and the quantum yield decreased
(2.6-0.3%), and no emission from the triplet was detected for PhgPt, at room
temperature in the steady-state experiments. The quantum yield of phosphorescence in
PhgPt, was expected to be significantly less; the lower Pt-metal contribution compared
to organic contribution in this oligomer would lead to lower ISC yields; as well as lower
rates of radiative decay.

To detect the energy of phosphorescence for PhgPt,, a time-resolved emission
experiment was run in which the fluorescence signal was gated out via a 10 us delay
(Figure 4-15). A very weak phosphorescence signal (noted by the noise of the
spectrum) was detected at 583 nm (some back-fluorescence is detected as well at ca.
425 nm). The phosphorescence energy measured for PhgPt; is roughly the same as
the triplet energy measured for the Ph4Pt; oligomer, indicating the extent of
delocalization for the triplet chromophore has been reached by Ph4Pt; in the series; it is
suggested that the triplet exciton is most likely ligand-based in the nonamer, while the
tetramer may include some d-character via delocalization across the Pt-atoms (similar

to Figure 4-14). The reason for this conclusion is discussed below.
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Figure 4-15. Time-resolved emission spectrum of PhgPt; in degassed THF. Excitation
at 355 nm, spectrum recorded at a 10.15 us delay.

The phosphorescence emission in dinuclear platinum compounds is generally
characterized as originating from the n* ligand-based triplet state, even though
population of T, occurs via efficient spin-orbit coupling between the excited organic
ligands and the heavy metal platinum atom. Emission from this state is not typically
seen at room temperature for strictly organic phenylene-ethynylene materials, however
low temperature studies of similar monomers and polymers,” as well theoretical
calculations of similar oligomer structures,'® give insight into the energies of the triplet
states in similar organic structures for comparison with the dinuclear platinum series
herein. PL experiments of PPE films at 80K reveal triplet energies around 1.9 eV;"®
these values most likely correlate to the highest degree of delocalization within the z*
exciton in PPEs. Similarly, qguantum mechanical calculations of OPEs suggest similar
lowest energies in oligomers greater than n = 10 repeat units.*®®

Predicted T; energies for OPEs with ‘n’ repeat units were also reported*®®, and

calculated values can loosely be compared to the Er; of the platinum-capped Ph,Pt;
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series measured herein. Beljonne et al predicted that the Es,-T, for the n=2 OPE
(analogous with Ph,Pt;) would be ~2.5 eV; this is comparatively higher than the
phosphorescence energy measured for PhyPt, (2.21 eV). Similarly, the n=4 OPE triplet
energy is calculated to be ~2.3 eV above ground state—also higher than the measured
value for Ph,Pt; (2.11 eV). The differences in values decrease with the decrease in
overall Pt-character in the Ph,Pt, molecules. The comparisons suggest that perhaps
some d character does exist in the triplet exciton to further lower the energy of this state
for the n = 1, 2 and 4 oligomers, however no real conclusions can be made without
further investigation.

Transient Absorption

Transient absorption for the Ph,Pt, series were measured in deoxygenated THF
solutions and spectra collected 30 ns after excitation by 355 nm pulse (10 ns, 8 mJ
pulse™). The spectra are presented in Figure 4-16; maximum AAmax values and triplet
lifetimes are summarized in Table 4-1.

Intense broad signals are exhibited in the visible region for all of the compounds in
the series. Of all of the oligomers, Ph,Pt, surprisingly displays the most blue-shifted
absorbance at ca 640 nm, a 12 nm shift from Ph,Pt, (652nm). Ph4Pt; displays a
maximum absorbance at ca 760 nm. Of all the TA spectra, PhgPt, exhibits the broadest
absorption; the maximum is centered at ca 745 nm, however there is a distinct broad
shoulder centered around 670 nm as well.

The triplet state lifetimes (Table 4-1) were calculated from transient absorption

decays. PhiPt, exhibits the shortest-lived triplet excited state (4.18 us), followed by

Ph4Pt; (8.03 us). PhgPt, displayed the longest-lived triplet state lifetime at 33.0 ps.
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Again, the Ph,Pt, oligomer fell slightly out of the trend (increasing lifetime with
increasing organic spacer length) with a lifetime of 14.0 us. The reason for this is
unknown, but data eludes to perhaps a different structure of the excited state. While the
relative error in measurement of lifetimes approaches almost 20%, the general trend is
that the lifetime of the triplet exciton increases as the size of the organic spacer is

lengthened (and the contribution of the metal decreases).

A Absorbance / a.u.

400 500 600 700 800

Wavelength / nm
Figure 4-16. Transient absorption spectra of Ph,Pt, series.

The blue-shifting between dinuclear platinum oligomers Ph;Pt; and Ph,Pt; is
rather intriguing. A similar phenomenon has been reported for a related dinuclear Pt
series,'® but this instance involved TA differences between a phenylene-ethynylene
(P) and a biphenylene-ethynylene (BP) moiety in which the BP spacer was suggested to
have an orthogonal-type structure with a ground state dihedral angle of 40°.}"® Due to
the bulky hexyl side chains in the Ph,Pt, series, a similar phenomenon may exist (that is

perhaps most evident in the dimer) even though the phenylene units in this case are
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further spatially separated by an ethynyl linker. However, without quantum chemical
methods to study the geometry and orbital configurations of this series, limited
conclusions can be made. The idea that the central phenyl rings in the dimer-are
twisted, which disrupts the conjugation, could be plausible; this could also explain
oddities in the triplet lifetime of this oligomer, but because the exact conjugation length
is not known for the Ph,Pt; series, it is not possible to determine trends based purely on
conjugation length. The apparent blue-shifting between the n=4 and n=9 oligomers is
not as surprising, as the nonamer does display a very broad absorption spectra in
relation to the tetramer, suggesting multiple geometries of the excited T, state exist in
the longer oligomer. It is believed that the conjugation length of this excited triplet state
had been reached based on the spectral data.

Conclusion

A series of platinum end-capped phenylene-ethynylene oligomers, Ph,Pt, were

synthesized via an iterative-convergent route described by Godt et al***

incorporating
the use of orthogonal protecting groups to produce a variety of intermediate synthons.
The molecules consisted of various sized organic spacer repeat units (n =1, 2, 4 and 9)
spanning two trans-Pt(PBus),(-C=C-Ph) groups; the compounds were designed to
characterize the influence of the heavy metal Pt atoms on the organic systems.

In comparison with the organic analogues previously reported***, it was shown that
the introduction of Pt in these systems affected the ground state absorption energies
throughout the series, in which d,z-mixing was suggested to cause bathochromic

shifting within the oligomers. The singlet excited state was also shown to be affected by

the introduction of the Pt end groups; red-shifting of fluorescence emission was noted
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for oligomers n = 1-4, while the singlet exciton was proposed to be mainly ligand-based
in the nonamer. The fluorescence lifetimes of the oligomers were characterized,
concluding that as the contribution of Pt vs. organic spacer decreased, the lifetimes of
the singlet state increased, owing to less decay via ISC. The conclusion from the data
was that the singlet ground and excited state were delocalized throughout the series,
however the extent of delocalization in these states seemed to be reaching its limits.

Phosphorescence energies exhibited red-shifting (and a decrease in quantum
efficiency) with an increase in spacer length for n=1-4 oligomers, but no emission was
measured for the nonamer at via steady state experiments, as the quantum yield of this
state was too low to detect vs. the fluorescence emission. Gated fluorescence
experiments of the nonamer revealed very weak phosphorescence at the same energy
as the tetramer, suggesting the extent of triplet exciton delocalization had been reached
by n = 4. Population of the triplet state was also apparent in all oligomers, as all
compounds exhibited broad transient absorptions. The general trend for T,
delocalization was similar to other states: an increase in organic spacer implied an
increased conjugation length of the exciton. The data suggested that extent of
delocalization of this state had been reached as well. Ph,Pt; was a bit of an anomaly in
the group, displaying the highest energy TA transition. Reasons for this phenomenon
are inconclusive in this study as more work is needed to investigate the
structure/property relationships of the series.

Experimental
Materials and Instruments

All solvents and chemicals used for synthesis of the platinum acetylide oligomers

were reagent grade and used without purification unless noted. Silica gel (Silicycle Inc.,
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230-400 mesh, 40-63 microns, 60 A) was used for all flash chromatography. All silyl-
acetylene starting materials were purchased from GFS Chemical; potassium
tetrachloroplatinate and palladium-bis(triphenylphosphyl) dichloride were purchased
from Strem Chemicals; all other chemicals were purchased from Sigma-Aldrich. *H and
3P NMR spectra were obtained on a Varian 300-MHz spectrometer using deuterated
chloroform (CDCls3) as the solvent and tetramethylsilane (TMS) as the internal
reference. The synthesis of compounds 18,'®° 19,%%° 22, 88 24-29, 114 32-36'* and 41-
43'* has been previously described in the literature.

Steady-state absorption spectra were recorded on a Varian Cary 100 dual-beam
spectrophotometer. Corrected steady-state emission measurements were conducted
on a PTI fluorescence spectrometer. Samples were degassed by argon purging for 30
min and concentrations were adjusted to produce “optically dilute” solutions (i.e., Anax<
0.20) in THF. Quantum yields were calculated using Ru(byp)sCl, as a known
reference.'?

Time-resolved emission measurements were carried out on a home-built
apparatus consisting of a Continuum Surelite series Nd:YAG laser as the excitation
source (A = 355 nm, 10 ns fwhm, < 1mJ/pulse) and detection measured with a Princeton
Instruments PI-MAX intensified CCD camera detector coupled to an Acton SpectraPro
150 spectrograph. The camera delay was set to 150 ns, and the gate set to 10 us. The
spectrum was recorded as an average of 500 images. The signal was relatively low,
therefore the slit to the CCD was opened up (> 50 microns) until emission was detected.
Samples were degassed in THF for 45 minutes with argon in a longneck fluorescence

cell.
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Transient absorption measurements were conducted on a home-built
apparatus,'® which used a Nd: YAG laser for excitation and PI-Max intensified CCD
camera coupled with spectrograph as a detector. Sample concentration were adjusted
so that Asss nm = 0.8. Triplet lifetimes were calculated using TA decay data via single
exponential global fitting parameters in the SpecFit analysis software.

Fluorescence lifetimes were obtained using the time correlated single photon
counting technique (TCSPC) with a PicoQuant FluoTime 100 Compact Fluorescence
Lifetime Spectrophotometer. Excitation was achieved using a UV pulsed diode laser
(Amax 375 nm, P <10 mW). The laser was pulsed using an external BK Precision 4011A
5 MHz function generator. Decays were obtained using biexponential fitting parameters
within the PicoQuant PicoHarp software.

Synthesis

cis-Bis(tributylphosphine)dichloroplatinum(ll) was prepared by literature methods.
Yield 70%. M.p. 138-139°C.**

1,4-di-n-hexylbenzene (18) is a known compound and was prepared by the
literature method.*® Yield 90%. B.p.(100 mtorr) 90°C. *H NMR (300 MHz, CDCls) &
0.88 (t, 6H), 1.3 (m, 4H), 1.6 (m, 12H), 2.6 (t, 4H), 7.1 (s, 4H).'®

1,4-di-n-hexyl-2,5-diiodobenzene (19) is known and was prepared by literature
procedure.’® Sodium periodate (6.0 g, 28 mmol, 40% excess) and diiodine (21.3 g, 84
mmol, 40% excess) were stirred into a mixture of glacial acetic acid (100 mL) and acetic
anhydride (50 mL) at 5°C. Concentrated sulfuric acid (26.6 mL, 500 mmol) was then
added slowly to the stirring suspension. 1,4-Dihexylbenzene (17.3 g, 70 mmol) was

added to this solution and stirring was continued for 4 h at room temperature. The
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reaction mixture was then poured into an ice-water mixture containing previously
dissolved Na,SOj; (fume hood). Over about 15 minutes, all precipitate was formed and
filtered, washing with cold ethanol. Recrystallization of the product from ethanol
resulted in 26 g of pure white, needle-like crystals. Yield 74%. M.p. 47°C. *H NMR (300
MHz, CDCls) 5 0.88 (t, 6H), 1.35 (m, 12H), 1.55 (m, 4H), 2.6 (t, 4H), 7.6 (s, 2H).***

2,5-Bis-trimethylsilanylethynyl-1,4-dihexylbenzene (20).*** To a round bottom
flask was added 2,5-diiodo-1,4-dihexylbenzene (3.0g, 6.02 mmol), isopropanol (20 mL)
and THF (30 mL). The mixture was stirred and degassed with argon for 20 min, then
Pd(PPh3)Cl; (0.211 g, 0.301 mmol) and Cul (57 mg, 0.301 mmol) were added quickly.
The flask was degassed an additional 5 min, then TMS-acetylene (2.13 mL, 15.1 mmol)
was added via syringe. The solution was heated to 70°C and reacted for 12 h under
argon gas. The solvents were evaporated, then the crude oil was diluted with ether,
washed with water and brine, then dried over NaSOys). The filtered solute was dried
and run through a short silica plug using 90:10 petroleum ether:CH,CI, as eluent. The
product was collected and the solvent evaporated to give 2.7g of a yellow oil. Yield
100%. *H NMR (300 MHz, CDCls3) 5 0.22 (t, 18H), 0.88 (m, 6H), 1.31 (m, 12H), 1.60 (m,
4H), 2.68 (t, 4H), 7.22 (s, 2H). 3C NMR (CDCl3) 5 0.2, 14.4, 22.9, 29.5, 30.9, 32.0,
34.4,99.0, 104.2, 122.8, 132.7, 142.8. The product was used as is toward further
reaction.

2,5-Diethynyl-1,4-dihexylbenzene (21). Methanol (15 mL), THF (10 mL) and 2,5-
bis-trimethylsilanylethynyl-1,4-dihexylbenzene (1.0 g, 2.29 mmol) were degassed with
argon for 30 min, then powdered KOH (0.77 g, 13.7 mmol) was added. The reaction

was stirred in a dark flask for 2 h at room temperature until a crude aliquot confirmed
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the reaction was complete via NMR. The reaction was then quenched with water,
diluted with ether, and the organic layer dried over NaSOgys). After filtration, the solute
was evaporated to afford the crude product as 0.62 g of a pure yellow oil. Yield 93%.
'H NMR (300 MHz, CDCls) 5 0.85 (t, 6H), 1.25 (m, 12H), 1.55 (m, 4H), 2.63 (t, 4H), 3.26
(s, 2H), 7.27 (s, 2H). This crude product was used as is toward further synthesis.

trans-Bis(tributylphosphine)chloro(2-phenylethynyl)-platinum(ll) (22) is a known
compound and was prepared by literature methods.®® Yield 94%. *H NMR (300 MHz,
CDCl3) 5 0.90 (t, 18H), 1.35-1.65 (m, 24H), 2.0 (m, 12H), 7.1-7.3 (m, 5H); *'P NMR
(CDCl3) 8 7.94 (Jpep = 2373.81 Hz).%®

Ph1Pt, (23). The crude 2,5-diethynyl-1,4-dihexylbenzene ( 0.26 g, 0.89 mmol),
trans-bis(tributylphosphine)chloro(2-phenylethynyl)-platinum(ll) (1.5 g, 2.04 mmol),
diethylamine (18 mL) and THF (12 mL) were mixed and degassed with argon for 30
min, followed by the addition of Cul (5 mg, 26.5 umol). The solution was allowed to
react for 1.5 h and then quenched with water. The organics were extracted with CH,Cl,
and dried over NaSOy). After filtration and evaporation of solvent, the crude yellow oil
was loaded onto a column (silica, flash) loaded with 2:1 hexanes/CH,Cl,. Fraction 2
(Rf~0.3) was a dark yellow band that exhibited yellow phosphorescence under long
wave UV light under argon stream. The solvent was evaporated and this fraction was
collected as 1.0 g of solid yellow product. Yield 67%. *H NMR (300 MHz, CDCls3) 5 0.85
(t, 6H), 1.25 (m, 12H), 1.55 (m, 4H), 2.63 (t, 4H), 3.26 (s, 2H), 7.27 (s, 2H). 5P NMR
(CDCl3) © 4.44 (Jp.p = 2367.08 Hz). Mass Spec. (APCI-HR) Calc’'d for CggH146P 4Pt

[M*+H] 1694.9765; Found [M*+H] 1694.9741.
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3-(2,5-Dihexyl-4-iodo-phenyl)-prop-2-yn-1-ol (24) is a known compound and was
prepared by the literature method*** to afford a brown/tan solid. Yield 75%. M.p. 37.5-
38.0°C (Lit. 38.4-38.6°C). *H NMR (300 MHz, CDCl3) 5 0.88 (m, 6H), 1.22-1.42 (m,
12H), 1.47-1.65 (m, 5H), 2.61 (d, 2H), 2.63 (d, 2H), 4.50 (d, 2H), 7.21 (s, 1H), 7.63 (s,
1H).14

3-{2,5-Dihexyl-4-[(triisopropylsilanyl)-ethynyl]-phenyl}-prop-2-yn-1-ol (25) is known
and was prepared by the literature method*** to produce a yellow-orange oil. Yield
84%. *H NMR (300 MHz, CDCl3) 8 0.88 (m, 6H), 1.15 (s, 21H) 1.22-1.42 (m, 12H),
1.58-1.65 (m, 4H), 2.69 (d, 2H), 2.73 (d, 2H), 4.50 (d, 2H), 7.22 (s, 1H), 7.26 (s, 1H).}**

(4-Ethynyl-2,5-dihexyl-phenylethynyl)-triisopropyl-silane (26) is a known compound
and was prepared according to literature method'** to afford an orange oil. Yield 72%.
'H NMR (300 MHz, CDCls) 8 0.85-0.95 (m, 6H), 1.17 (s, 21H) 1.22-1.42 (m, 12H), 1.59-
1.66 (m, 4H), 2.75 (m, 4H), 3.29 (s, 1H), 7.30 (s, 1H), 7.31 (s, 1H).***

3-(4-{2,5-Dihexyl-4-[(triisopropylsilanyl)-ethynyl]-phenylethynyl}-2,5-dihexyl-
phenyl)-prop-2-yn-1-ol (27) is a known compound prepared from literature method*** to
afford the product as a yellow oil. Yield 87%. *H NMR (300 MHz, CDCls) 5 0.82-0.95
(m, 12H), 1.15 (s, 21H) 1.21-1.45 (m, 24H), 1.55 (s, 1H), 1.58-1.72 (m, 8H), 2.66-2.80
(m, 8H), 4.51 (d, 2H), 7.25 (s, 1H), 7.26 (s, 1H), 7.27 (s, 1H), 7.28 (s, 1H).***

3-[4-(4-Ethynyl-2,5-dihexyl-phenylethynyl)-2,5-dihexyl-phenyl]-prop-2-yn-1-ol (28).
To a round bottom flask with a stir bar was added 3-(4-{2,5-Dihexyl-4-
[(triisopropylsilanyl)-ethynyl]-phenylethynyl}-2,5-dihexyl-phenyl)-prop-2-yn-1-ol (1.3 g,
1.73 mmol) and THF (20 mL). The mixture was degassed for 30 min with argon

followed by the addition of TBAF, 1 M in THF (3.47 mL, 3.47 mmol) via syringe. The
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solution was allowed to react at room temperature for 2 h before it was quenched with
water. The organic solution was extracted with ether and dried over magnesium sulfate.
After filtration of the drying agent and evaporation of solvent, 1.3 g of a yellow/brown oil
was collected as the crude product. Yield (crude) 100%. *H NMR (300 MHz, CDCl3) &
0.81-0.92 (m, 12H), 1.15 (s, 21H) 1.20-1.42 (m, 24H), 1.55-1.71 (m, 8H), 2.67-2.80 (m,
8H), 3.29 (s, 1H), 4.51 (s, 2H), 7.26-7.27 (m, 2H), 7.30-7.31 (m, 2H). The product was
used without further purification toward the next step of the synthesis.

Ph,OH;Pt; (29). To a round bottom flask with a stir bar was added 28 (181 mg,
0.252 mmol), 22 (0.40 g, 0.509 mmol), THF (10 mL) and diethylamine (8 mL). The
mixture was degassed with argon for 30 min, followed by the addition of Cul (1.7 mg,
9.1 umol). The solution was reacted for 4 h at room temperature, followed by
evaporation of the solvent once TLC confirmed complete disappearance of the free
acetylene starting material. The crude product was diluted with CH,Cl,, washed with
water and brine, and dried over NaSQOyi). The crude material was concentrated into
and oil and loaded onto a column (silica, flash) prepped with 3:1 hexanes/CH,Cl,. The
third fraction was eluted as yellow band, exhibiting orange phosphorescence on TLC
with long wave UV light under argon flow. Evaporation of the solvent afforded 200 mg
of yellow oil product used as is toward further synthesis. Yield 61%. *H NMR (300
MHz, CDCl3) & 0.84-0.96 (t, 30H), 1.25-1.72 (m, 57H), 2.09-2.17 (m, 12H), 2.69-2.82
(m, 8H), 4.54 (d, 3J.m = 6Hz, 2H), 7.08-7.31 (M, 9H). P NMR (CDCls) 5 4.45 (Jpip =
2360.45 Hz).

Ph,(CCH).Pt; (30). Ph,OH;1Pt; (200 mg, 0.155 mmol) and ether (20 mL) were

stirred and degassed 30 min under argon flow in a dark flask, followed by a total of 5
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sequential additions (at 1 hour intervals) of MnO, (0.336g, 3.87 mmol) and powdered
KOH (87 mg, 1.55 mmol). The reaction was allowed to go to completion at room
temperature overnight, then it was filtered through a silica plug and rinsed with diethyl
ether, to collect the crude deprotected product. The solvent of the filtrate was
evaporated to afford 140 mg of crude product as a yellow oil. Yield (crude) 72%. The
crude product was used as is toward the next step of the synthesis without further
purification.

Ph,Pt, (31). Phy(CCH);Pt; (140 mg, 0.111 mmol), 22 (204 mg, 0.277 mmol),
diethylamine (10 mL) and THF (10 mL) were stirred and degassed with argon for 30
min, followed by the addition of Cul (0.5 mg). The solution was allowed to react at room
temperature for 4 h, and then the solvent was evaporated. The crude product mixture
was diluted with CH,Cl,, washed with water and brine and then dried over NaSOyg).
After filtration and evaporation of solvent, the crude oil was loaded onto a column (silica,
flash) prepped and eluted with 1:1 hexanes/CH,Cl,. The first fraction eluted was a
yellow band whose spot on TLC (long wave UV/argon stream) exhibited orange
phosphorescence. The solvent was evaporated to afford 70 mg of yellow solid product.
Yield 30%. Elemental Analysis for C196H174P4Pt,: Calculated C 64.87%, H 8.94%;
Found C 64.43%, H 8.67%. *H NMR (300 MHz, CDCl;) 8 0.83-0.96 (m, 48H), 1.22-1.72
(m, 80H), 1.95-2.28 (m, 24H), 2.68-2.80 (m, 8H), 7.07-7.31 (m, 14H). *'P NMR (CDCls)
0 4.51 (Jpr.p = 2359.16 Hz).

3-(2,5-Dihexyl-4-trimethylsilanylethynyl-phenyl)-prop-2-yn-1-ol (32) is a known

114

compound prepared by literature procedure" to afford a brown oil product. Yield 79%.

'H NMR (300 MHz, CDCls) & 0.19 (s, 9H), 0.74-0.86 (m, 6H), 1.15-1.32 (m, 12H), 1.43-
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1.58 (m, 4H), 2.10 (br s, 1H), 2.54-2.62 (m, 4H), 4.43 (s, 2H), 7.13 (s, 1H), 7.17 (s,
1H).14
3-(4-Ethynyl-2,5-dihexyl-phenyl)-prop-2-yn-1-ol (33) is known and was prepared
by literature method'** to produce the product as a red/brown oil. Yield 100%. *H NMR
(300 MHz, CDCl3) 6 0.82-0.92 (m, 6H), 1.18-1.40 (m, 12H), 1.51-1.65 (m, 4H), 2.10 (br
s, 1H), 2.62-2.74 (m, 4H), 3.26 (s, 1H), 4.51 (s, 2H), 7.23 (s, 1H), 7.27 (s, 1H).***
3-[4-(2,5-Dihexyl-4-iodo-phenylethynyl)-2,5-dihexyl-phenyl]-prop-2-yn-1-ol (34) is

known and was prepared by literature method™*

to afford the product as a yellow solid.
Yield 54%. M.p. 58.2-59.0°C (Lit. 62°C). *H NMR (300 MHz, CDCl3) & 0.82-1.00 (m,
12H), 1.20-1.51 (m, 24H), 1.51-1.77 (m, 8H), 1.84 (t, 1H), 2.63-2.85 (m, 8H), 4.53 (d,
2H), 7.29-7.34 (3 s, 3H), 7.70 (s, 1H).**

Ph,TIPS;(CCH); (35) is a known compound and was prepared according to
literature method** to afford the product as a brown/red oil. Yield 70%. *H NMR (300
MHz, CDCls) & 0.82-0.95 (m, 12H), 1.15 (s, 21H) 1.22-1.48 (m, 24H), 1.56-1.73 (m, 8H),
2.68-2.8 (m, 8H), 3.37 (s, 1H), 7.32-7.34 (4 s, 4H).***

Ph,TIPS;0Hj; (36) is a known compound prepared similarly to literature
methods,*** only Pd,(dba)s/Cul/PPh; (0.045/0.08/0.15 equiv. vs. starting material,
where 1.0 equiv = 1.12 mmol) was used rather than the Pd(PPh3),Cl,/Cul catalyst
system, minimizing the amount of acetylene dimer formation drastically. Yield 96%. *H
NMR (300 MHz, CDCls) & 0.81-0.98 (m, 24H), 1.16 (s, 21H), 1.35-1.52 (m, 48H), 1.54-
1.79 (m, 16H), 2.71-2.88 (m, 16H), 4.52 (s, 2H), 7.31-33 (2 s, 2H), 7.35-7.36 (2 s, 2H),

7.39-7.40 (2 s, 4H).**
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Ph,OH1(CCH); (37) is known and was prepared according to literature method***,

however the product was purified by column chromatography (silica, flash) prepped and
eluted with 1:1 petroleum ether/CH,Cl,. The product was collected in the first fraction
as a yellow solid. Yield 80%. Mp 89-91°C (Lit. 91°C). *H NMR (300 MHz, CDCl3) &
0.82-0.98 (m, 24H), 1.24-1.48 (m, 48H), 1.59-1.76 (m, 16H), 2.71-2.87 (m, 16H), 3.30
(s, 1H) 4.54 (d, 2H), 7.29 (s, 1H), 7.34 (m, 3H), 7.37-7.39 (m, 4H).***

Ph,OH;Pt; (38). To a round bottom flask were added Ph,OH;(CCH); (0.10 g,
0.089 mmol), 22 (78 mg, 0.106 mmol), THF (7 mL) and diethylamine (10 mL). The
solution was degassed under argon flow for 30 min, followed by the addition of Cul (0.5
mg). The solution was allowed to react at room temperature for 1.5 h until TLC
revealed completion of reaction. The solution was quenched with water and the
organics extracted with CH,Cl, and dried (NaSQy). Filtration of the drying agent and
evaporation of the solvent gave a crude yellow/orange oil that was loaded onto a
column (silica, flash) prepped with 2:1 petroleum ether/CH,ClI,, then switched to 1:1
after elution of fraction 2. The first two fractions that eluted (R,~ 0.8 and 0.5) were
biproducts. The third fraction eluted was a yellow band (R; ~ 0.3); the solvent was
evaporated to yield 70 mg of a yellow oil that slowly became a solid. Yield 44%. *H
NMR (300 MHz, CDCl3) & 0.82-1.00 (m, 42H), 1.21-1.81 (m, 88H), 2.02 -2.22 (m, 12H),
2.69-2.88 (m, 16H), 4.56 (s, 2H), 7.09-7.40 (m, 13H). *'P NMR (CDCl3) 5 4.57 (Jpip =
2361.37 Hz). Mass Spec. (APCI-HR) Calc’d for C115H1740P,Pt [M+CI]* 1864.2392;
Found [M+CI]* 1864.2392.

Ph4(CCH)1Pt; (39). The starting material Ph,OH;Pt; (0.18 g, 0.098 mmol) and

ether (15 mL) were stirred and degassed with argon for 30 min in a dark flask. Hourly
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portions (3 total) of MnO, (0.214 g, 2.46 mmol) and powdered KOH (55 mg, 0.984
mmol) were then added until the reaction was complete. TLC monitoring showed
reaction completion after 4 h. The reaction was filtered through a small plug of silica,
washing with ether, then the concentrated filtrate was separated on a column (silica,
flash) prepped with 3:1 petroleum ether/CH,Cl,. Fraction 1 was a small biproduct of the
deprotection, and fraction 2 (eluted as a light yellow band, TLC showing green
fluorescence and red phosphorescence under long wave UV light/argon flow) was
collected as 110 mg of yellow oil product. Yield 62%. *H NMR (300 MHz, CDCls) &
0.82-0.96 (M, 42H), 1.24-1.51 (m, 60H), 1.52-1.77 (m, 28H), 2.04 -2.20 (m, 12H), 2.71-
2.88 (m, 16H), 3.31 (s, 1H) 4.56 (s, 2H), 7.08-7.39 (m, 13H). *'P NMR (CDCl;) & 4.53
(Jpt-p = 2360.98 Hz). The product was used as is toward further synthesis.

Ph4Pt, (40). Diethylamine (10 mL), Phy(CCH),Pt; (110 mg, 0.0611 mmol) and 22
(204 mg, 0.141 mmol) were stirred and degassed with argon for 30 min, followed by the
addition of Cul (<1 mg, about 0.04 equiv.). The reaction was allowed to stir at room
temperature for 2 h, then quenched with water when TLC revealed that the reaction was
complete. The organics were extracted with CH,Cl, and dried (NaSO,); after filtration of
the drying agent and evaporation of solvent, the crude oil was loaded onto a column
(silica, flash) prepped and eluted with 2:1 hexanes/CH,Cl,. The first fraction eluted as a
yellow band (R ~ 0.25), and TLC revealed the spot as being fluorescent blue/green and
phosphorescent red (with argon flow). Collection of the fraction afforded 110 mg of
yellow solid product. Yield 72%. *H NMR (300 MHz, CDCl3) & 0.82-0.97 (m, 60H),

1.22-1.76 (m, 100H), 2.30-2.25 (m, 24H), 2.71-2.87 (m, 16H), 7.09-7.24 (m, 8H), 7.26-

139



7.31 (m, 6H), 7.33-7.37 (m, 4H). 3P NMR (CDCls) 8 4.54 (Jpip = 2363.43 Hz). Mass
Spec. (APCI-HR) Calc’d for Ci46H230P4Pt2 [M*+H] 2499.6346; Found [M*+H] 2499.6371.

Ph,TIPS1(CCH); (41) is a known compound prepared by literature method*** to
afford the product as a yellow solid. Yield 79%. M.p. 79°C (Lit 79°C). *H NMR (300
MHz, CDCls) & 0.82-0.95 (m, 24H), 1.16 (s, 21H) 1.26-1.50 (m, 48H), 1.59-1.79 (m,
16H), 2.72-2.87 (m, 16H), 3.31 (s, 1H), 7.31-7.4 (m, 8H).**

Phsl,OH; (42) is a known compound prepared by literature method™* to afford a
yellow solid. Yield 52%. M.p. 120°C (Lit. 121°C). *H NMR (300 MHz, CDCl3) & 0.81-
0.99 (m, 30H), 1.25-1.51 (m, 60H), 1.56-1.81 (m, 20H), 2.64-2.90 (m, 20H), 4.58 (s,
2H), 7.31 (s, 1H), 7.34 (s, 1H), 7.36 (s, 1H), 7.40 (br s, 6H), 7.72 (s, 1H).**

PheTIPS;0H; (43) is a known compound prepared by literature method*** to yield
the product as a bright yellow solid. Yield 48%. M.p. 184.5-186.0°C (Lit. 187°C). H
NMR (300 MHz, CDCls) & 0.81-0.98 (m, 54H), 1.16 (s, 21H), 1.26-1.79 (m, 144H), 2.71-
2.89 (m, 36H), 4.52 (s, 2H), 7.31-33 (2 s, 2H), 7.35-7.36 (2 s, 2H), 7.37-7.45 (m,
14H).14

PhgOH;1(CCH); (44). Deprotection of PhgTIPS;0H; (170 mg, 0.065 mmol) was
accomplished by degassing this starting material in THF (15 mL) for 30 min with argon,
followed by the addition of 1 M TBAF in THF (0.176 mL, 0.176 mmol) via syringe. The
reaction was allowed to stir in a dark flask for 2 h until complete, and then quenched
with water. The organic portion was extracted with CH,Cl,, dried over NaSOgs),
followed by filtration of the drying agent and evaporation of the solvent to afford a crude
oil. This crude mixture was loaded onto a column (silica, flash) prepped and eluted with

1:1 petroleum ether/CH,Cl,. The product was eluted as a bright yellow band on the

140



column (R; 0.5), exhibiting bright yellow fluorescence on TLC. The collected fractions
were evaporated to give the product as 160 mg of a bright yellow solid. Yield 99%. 'H
NMR (300 MHz, CDCls) & 0.82-0.97 (m, 54H), 1.25-1.51 (m, 108H), 1.59-1.80 (m 36H),
2.69-2.90 (m, 36H), 3.30 (s, 1H), 4.53 (d, *Jn ) = 6Hz, 2H), 7.28-7.39 (m, 18H). The
material was used as is toward further synthesis.

PhgOH;Pt; (45). To a round bottom flask equipped with stir bar was added
PhgOH;(CCH); (0.150 g, 0.061 mmol), 22 (0.120 g, 0.164 mmol), THF (10 mL) and
diethylamine (9 mL). The solution was stirred and degassed under argon flow for 30
min, followed by the addition of Cul (0.4 mg, 2.20 umol). The reaction was stirred at
room temperature for 3 h until TLC confirmed that all of the limiting reagent was
consumed, and the reaction was quenched with water. The organic portions were
extracted with CH,Cl,, washed with saturated NH4Clq) and brine, and then dried over
NaSOyis). The solvent was evaporated after filtration of the drying agent to give a bright
yellow crude solid that was loaded onto a column (silica, flash) prepped with 3:1
petroleum ether/CH,Cl,. Fractions 1 and 2 were eluted as either starting materials or
side products. The solvent was increased gradually to 2:1 petroleum ether/CH,CI, and
the third fraction (bright yellow band, fluorescent yellow on column) was collected as the
product, 160 mg of a bright yellow solid (no phosphorescence was apparent by TLC
under Ny flow). Yield 83%. *H NMR (300 MHz, CDCls) 5 0.82-1.00 (m, 72H), 1.22-
1.82 (m, 180H), 2.00-2.22 (m, 12H), 2.66-3.02 (m, 36H), 4.56 (s, 2H), 7.09-7.42 (m,
23H). 3P NMR (CDCls) 8 4.55 (Jpi.p = 2357.93 Hz). The compound was used as is

toward further synthesis.
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Phg(CCH).Pt; (46). A mixture of PhgOH;Pt; (160 mg, 50.4 umol) and ether (20
mL) was stirred and degassed under argon flow for 30 min in a dark flask, followed by
five hourly addition of portions of MnO, (107 mg, 1.23 mmol) and powdered KOH (28
mg, 0.49 mmol) until the reaction was complete. After 5 h, the reaction was almost
finished and it was left to run to completion overnight; the solution was filtered through a
silica gel plug, washing with CH,Cl,, and the filtrate was collected and evaporated. The
crude oil was loaded onto a column (silica, flash) prepped with 2:1 petroleum
ether/CH,Cl,. The first fraction was a small amount of byproduct (fluorescent blue on
column). The second fraction to elute was fluorescent yellow on the column. This large
fraction was collected and the solvent evaporated to afford 150 mg of yellow oil as
product. Yield 94%. *H NMR (300 MHz, CDCl3) & 0.72-0.98 (m, 72H), 1.20-1.82 (m,
168H), 2.02-2.24 (m, 12H), 2.66-2.94 (m, 36H), 3.31 (s, 1H), 7.08-7.42 (m, 23H). 3P
NMR (CDCl3) 6 4.54 (Jpi.p = 2362.20 Hz). The compound was used as is for further
reaction.

PhgPt, (47). A round bottom flask was charged with Phg(CCH),Pt; (150 mg, 47.7
umol), 22 (105 mg, 0.143 mmol), THF (10 mL) and diethylamine (15 mL). The solution
was degassed for 45 min under argon flow, followed by the addition of a catalytic
amount of Cul (0.4 mg, 1.91 umol). The reaction was stirred at room temperature for 4
h then quenched with water. The organics were extracted with CH,Cl,, washed with
NH4Claq) and brine, then dried over NaSOui). The drying agent was removed and the
solvent evaporated to afford a crude yellow oil. The crude oil was loaded onto a column
(silica, flash) prepped with 4:1 petroleum ether/CH,CI,. The first few fractions to elute

were organic byproducts and the excess starting material. The third fraction was eluted
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as a yellow band (fluorescent yellow on the column). This fraction was collected and
the solvent evaporated to yield 80 mg of pure yellow (slowly forming) solid product.
(*About 20 mg of product was also collected with the fourth fraction, containing
acetylene starting material byproduct.) Yield 43%. Elemental Analysis for
Ca47H374P4Pt,: Calculated C 76.89%, H 9.78%; Found C 76.81%, H 10.10%. ‘H NMR
(300 MHz, CDCls) 8 0.80-0.97 (m, 90H), 1.22-1.79 (m, 192H), 2.04-2.21 (m, 24H), 2.64-
2.91 (m, 36H), 7.09-7.24 (m, 8H), 7.26-7.32 (m, 6H), 7.34-7.40 (m, 14H). *P NMR

(CDCls) & 4.56 (Jpi.p = 2357.85 Hz).
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CHAPTER 5
CONCLUSION

The previous chapters of this dissertation have reviewed both the synthesis and
photophysics of various types of n-conjugated oligomers containing platinum. The
current studies have focused on further exploration of the fundamental photophysical
properties of both charged and excited states of these materials to better understand
their potential role in device applications, as well as to further investigate the properties
of the triplet excited state that remain relatively elusive in strictly organic materials.

The main challenge in unifying a structure/property relationship in these materials
was to synthesize discrete molecules of varying structures for comparison of properties.
There has been considerable research focused on the synthesis of mono-disperse,
organic n-conjugated oligomers,**12° however relatively few studies have been
reported describing the preparation of oligomers that contain regular repeats of metal
centers in the t-conjugated sequence.?®!?! The synthetic work described in Chapter 2
is useful, as the protecting group approach that was developed is general and could be
used towards the synthesis of a variety of Pt-acetylide based oligomers and dendrimers.
This chapter more specifically reported the synthesis of a series of mono-disperse Pt-
acetylide oligomers that were end-capped with naphthalene diimide units, Pt,NDI,. In
order to more successfully measure the dynamics of exciton and polaron hopping along
the chains, relatively long oligomer chains were needed.*®1%112 The synthetic
approach used to construct these oligomers was based on an iterative-convergent
method incorporating organometallic synthons with orthogonally protected terminal
acetylenes. Oligomers n =2, 3, 6, and 10 were successfully prepared, both quickly and

with ease in separation, via this route. This work was significant as well because it is
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the first know report to utilize orthogonal acetylene protecting groups in the synthesis of
organometallic oligomers.

After synthesis of the monodisperse Pt,NDI; series had been completed, studies
of charge and energy transport in these compounds was investigated and reported in
Chapter 3. Charges and triplet excitons created in platinum acetylide chains have been
found to be localized to approximately two repeat units. These states are said to be
trapped in a part of the chain only by structural relaxation (reorganization), therefore it
was predicted that a polaron or exciton may move in random directions to adjacent
locations on the chain. While evidence of migration had previously been reported, an in
depth investigation of neither the rates of migration nor the mechanism had been
reported. This study utilized ultrafast transient absorption and pulse radiolysis
techniques to experimentally capture the rates of triplet exciton and negative polaron
migration in these chains via spectroscopic evidence of either PET or electron capture
at the NDI unit, respectively. To correlate the somewhat complex kinetics of these
processes with migration rates, simulated data of a random-walk mechanism was
generated and fit to match experimental data. Results conclude that a hopping
mechanism is most likely dominate for both exciton and polaron migration along these
chains; both processes are fast, and hopping rates for each were estimated to be about
27 ps. This is the first known report of intrachain diffusion rate measurements in these
materials.

Another fundamental question that was studied in this dissertation was to further
define the extent of delocalization of the triplet exciton in platinum acetylide compounds.

As stated previously, in typical Pt-acetylides consisting of an ethynyl-phenyl-ethynyl
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spacer between platinum atoms, the exciton had been reported to be highly confined
between one to two repeat units based on optical data; calculations alluded to
geometric constraints in the confinement the triplet exciton. Other work had studied the
extent of triplet delocalization in Pt-capped oligoynes, however in these materials mixing
of the metal and ligand orbitals was found to be minimal. Chapter 4 specifically
addressed the question of the extent of exciton delocalization in phenylene ethynylene-
ligand based platinum-acetylide materials. To study the relationship of increased
conjugation length between two platinum moieties, a series of Ph,Pt, oligomers were
synthesized, where n = 1, 2, 4 and 9. Examination of optical data concluded that the
ground state remains highly delocalized throughout the series while quickly approaching
its limit in the PhoPt, compound. The extent of delocalization in the singlet and triplet
excitons seems to have been reached by Ph4Pt,, as well as the delocalization in the T,
state. Phosphorescence yields at ambient temperatures decreased with increasing
spacer length until emission was almost elusive in the n = 9 oligomer.

There are several avenues of interest that could spawn future work in these areas.
One such project may be to examine differences between intrachain negative and
positive polaron hopping rates in platinum acetylide compounds. The confinement
energies of these states are notably different, therefore it is expected that the diffusional
rates may also differ. Design of molecules would be imperative in this study as well,
and a suitable hole trap would need to be incorporated into a platinum acetylide, ideally
a trap with a distinct spectroscopic fingerprint that absorbs in different regions of the

spectrum than the platinum acetylide radical cations.
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Another avenue of interest would be to further investigate the properties of the
Ph,Pt, series in terms of their potential applications in nonlinear absorption. It is well
known that platinum acetylides are good candidates in this field, and the higher
conjugation lengths between platinum moieties may be of interest toward these
applications. Using a variable-wavelength excitation source such as an optically
parametric oscillator (OPO), a greater understanding of the multiphoton absorption
properties could be investigated. These properties could also be examined on a
temporal scale, that is, through excitation by a short (ps) laser pulse. Such information

is essential in the development of materials for use as broad-band optical limiters.
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APPENDIX
CHARACTERIZATION DATA

APCI-HRMS, [M+H]" isotope pattern of Ph;Pt,

¥103 PO Scan (0.428-0.476 min, 4 scons) Frag=175.0v 13835_EXP 471_Pi_APCI_10d Subliact

84 [M+H)* isotope pattern
924 1634.9741
sj 16339719

88
86-
a4

82

744 1696.9754

54 16929695

4\81 16369768

16919654
lﬂj

1696,
0.24 1630.9571 1700.8721

1689.9535 1702.9444 1703.9374

163 1635 167 1688 1683 1690 1691 6@ 1693 1694 185 16% 1637 168 169 70 101 12 1B 14 16 1706 W07
Counts vs. Mass-to-Charge (m/z)

148



'H NMR of Ph;Pt,

e
T T T T T T v I T
7 6 5 4 2 1 ppm
L b —_ —_—t
12.62 2.33 61.82
3.96 24.00 40.93

3P NMR of Ph;Pt,
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'H NMR of Ph,Pt,

1
T T I T T T T I T T T T ' T T T T ] T T T T l T T T T I T T T T l T T T T ’ T
7 6 5 4 3 2 —¥YO0—1 ppm
—_ [— ’ i i 5
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31p NMR of Ph,Pt,
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APCI-HRMS, [M+H]" isotope pattern of Ph,Pt;

+PC Scan (0.7901.353 min, 36 scans) Frag=175.0v 13832_EXP 487_Pr_APCI_10d Subtract (2)

24996371

24386337
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[M+H]* isotope pattern
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2504.6257
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'H NMR of Ph,Pt,

Pulse Sequence: s2pul

I I I I | T I T
7 6 5 4 3 2 1 ppm
P e e i e I
3.968.08 24.00 38.69 60.68
5.79 15.90 35.94 33.94
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31p NMR of PhyPt,
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H NMR of PhgPt,

T r [t TS MO TR I S 7 v (e S| ~— T T T ——r— -
7 6 5 4 3 2 1 ppm

i e e e

13.949.03 23.43 141.49

5.
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