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Chapter 1

Introduction and Background

1.1. Introduction

A high dielectric constant material is defined as a material with a dielectric
constant comparable to that of the silicon oxide (k>7). The impetus of designing a high
dielectric material is located in extending Moore’s Law, which states the number of
transistors on an integrated circuit doubles approximately every two years. The
development of high dielectric constant, low loss dielectric materials will enable the
miniaturization of the next generation electronics. A high dielectric constant is critical to

1: "' (1) High energy and high power capacitors for

a variety of other applications as wel
defrillators, hybrid cars, pulsed plasma thrusters and electric ships; (2) Complementary
metal oxide semiconductor (CMOS) field effect transistors for printed circuit boards,
electronic switches and converters applications; (3) Memory storage applications; (4)
Photonic band gap materials for use as microlasers, optical switches, optical quantum
computing and biological probes for tumor detection; (5) Smart skin applications
including radar-absorbing materials and microelectromechanical systems (MEMS).

An extensive effort has been made to create a high dielectric constant material
with high dielectric constant, low dielectric loss and high breakdown voltage. Typical

high dielectric constant materials are ceramics, such as silicon oxide, silicon nitride and

barium titanate. They can exhibit high dielectric constant; however, the dielectric loss is



large (>> 0.01) and the processing of materials is very expensive and complicated, in
addition to the high leakage current and low breakdown voltage. Hence, conjugated
polymers have been an attractive alternative for high dielectric constant applications.
Conjugated polymers are n-bonded macromolecules with many repeating units of
fundamental monomers. The delocalization of © electrons along the polymer backbone
offers unique electronic and optical properties to conjugated polymers in comparison to
saturated polymers, metal and ceramic semiconductors. Since the first report of =-
conjugated conductive polyaniline dated back to mid 1800s, a remarkable progress has
been achieved towards the understanding of unique properties of such m-conjugated
polymers. In 1976, Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa discovered
metallic conductivity in iodine-doped polyacetylene and which led them to win the Nobel
Prize in 2000. "*This breakthrough boosted a more extensive research in the photophysics

of a large family of n-conjugated polymers during last three decades. Examples of widely

14-22 23-

investigated m-conjugated polymers are polythiophenes, polyaniline and

2936 Their molecular structures are shown in Figure 1.1. One of the most

*polyfluorene
important characteristics of conjugated polymers is their ability to undergo a transition
between the metal and the insulator state. Generally speaking, the undoped, pristine
conjugated polymers are semiconductors or insulators with a large energy gap between
the highest occupied molecular orbital (HOMO) and the lowest occupied molecular
orbital (LUMO); Whereas, through n-type or p-type doping, conjugated polymers may
show metallic conductivities, typically in the order of 10°-10° S/cm. The resulted

conductivity by doping is due to the movement of generated mobile charge carriers along

the polymer backbone and limited by the disorder in the conjugated polymers. Several



reviews have been conducted on the charge transport properties in conjugated polymers.
73To our particular interest, the conjugated polymers have the ability to show low
dielectric loss and high breakdown voltage, while maintaining good processibility and

excellent thermal stability. The major concern about the conjugated polymers for high

dielectric constant applications is their low dielectric constant (~3 in general).

L OO OO D)

Polythiophene (PT)
Polyaniline (PANI) Polyfluorene (PF)

Figure 1.1 Molecular structures of several conjugated polymer examples. 14.27.32

In order to be competitive with inorganic or metal high dielectric constant
materials, several strategies have been projected towards enhancing the dielectric
constant in conjugated polymers, mainly focused on poly(vinylidene fluoride ) (PVDF)
based ferroelectric polymers. A more detailed discussion on different strategies and
selection of materials will be given in the later part of this chapter. There is no doubt that
the dielectric constant can be greatly enhanced in such ferroelectric polymer systems;
whereas, the dielectric loss and dielectric dispersion are still relatively high especially at
higher frequency range. Our group has performed an extensive research on the electronic
and optical properties of a series of dendrimers. ***Examples of some investigated
dendrimer structures are illustrated in Figure 1.2. And we found an ultrafast
delocalization process in some of these dendritic structures, which may suggest a novel
strategy to create all organic high dielectric constant materials for high frequency
applications. In addition, the properties of the dendritic structures can be easily tailored
by a precise control on the parameters such as molecule weight and size, the morphology,

the branching pattern and the functional group. With the development of synthesis
3



methods, the scope of the application potential in dendritic structures could be extended.
In this dissertation, we will pay particular interests in utilizing the long-range
delocalization in dendritic or hyper-branched structures for high dielectric applications.
And our goal is to design and develop an all-organic high dielectric constant material

with high dielectric constant, low dielectric loss at high frequencies (MHz range)

O
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Figure 1.2 Molecular structures of several conjugated polymer examples. 3044

1.2 Properties of High Dielectric Constant Materials
There are three important electrical properties of the high dielectric constant
materials which are crucial in the realization of above applications.

(1) Dielectric Constant (relative permittivity)

The dielectric constant (k) is the relative permittivity of a dielectric material,
refers to the ability to store the charge under the applied electromagnetic field and then
transmit the energy. It is a function of the temperature, the frequency and the structure of

a material. It is expressed in terms of the ratio between the real permittivity of the

dielectric material to that of the vacuum:

=% (1.1)



Where, ¢, is the real permittivity of the dielectric material, F/m and g is the
permittivity of vacuum, 8.85x10™" F/m.

A high dielectric constant is required as it will control the size of the devices. For

example, the size of a dielectric resonator is proportional to Vk. ** In regards to energy
storage applications, the energy density is proportional to k. Therefore, high dielectric
constant material will be able to achieve high energy density.
(2) Dielectric Loss (loss tangent, dissipation factor)

The dielectric loss (tand) is the energy consumed to overcome the inertia
resistance in an alternating electric field. It is described in terms of the ratio between the

real (g;) and the imaginary (g;) part of the complex dielectric permittivity as:

tan§:i (1.2)
&

A low dielectric loss is necessary for high performance devices as it may result in
higher efficiency and lower noise, * which is especially important for high frequency
applications (e.g. MHz). It also alleviates the thermal failure problem. Moreover, the
frequency and temperature dependence of the dielectric loss provide important
information on the charge transfer mechanisms operative in the materials.

(3) Breakdown Voltage

The breakdown voltage (E) is the field value at which the device fails and
becomes conducting. In generally, it is determined by the average of multiple tests
conducted in contact mode in ramp test (Figure 1.3). *° A high breakdown voltage is
essential as it increases the energy density of the energy storage device, because the

energy density is proportional to E*. It also improves the device lifetime.
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Figure 1.3 the experimental apparatus to measure the dielectric breakdown. *°

1.3 Important Issues Relate to High Dielectric Constant

1.3.1 Polarization Mechanisms

When a dielectric material is exposed to an electromagnetic field, the electric field
will influence the distribution of existing dipoles and induce the formation of new
dipoles. This effect is called the polarization (P, C/cm?). In principle, there are five types
of polarization mechanisms which prevail at different time domains: electronic
polarization (atomic polarization), orientation polarization (dipole polarization), ionic
polarization, interface or surface polarization (Maxwell-Wagner) and hyperelectronic
polarization. In a dielectric material, at least one of these five types of polarization
mechanisms functions under static fields. Here, only a brief and simple discussion on
different polarization mechanisms will be given and a more detailed description on this

topic will be referred to in later chapters.



1.3.1.1 Electronic Polarization

The displacement of the charge center of electrons from the neutral nucleus will
induce a dipole moment and produce an electronic polarization. This polarization is
present in all materials, along with a wide frequency range. In nonpolar solids where
there is no existence of permanent dipoles or ions in the solid, such as silicon (Si), only
electronic polarization exists For other solids, electronic polarization may act
simultaneously with other polarization mechanisms including orientation polarization and
ionic polarization.

To calculate the electronic polarizability, one generally assumes that the atom is
in a perfect spherical symmetry. This assumption is only valid for inert gases consisting
of only one atom, such as Argon (Ar). In this ideal situation, the electronic polarizability
of one atom is expressed as: ¥

a,=4r-&,-R’ (1.3)
Where g is the vacuum permittivity and R is the sphere radius. For ideal solids, the

electronic polarizability is Ne,, where N is the concentration of atoms in the solid and a.

is the electronic polarizability of one atom. Moreover, the electronic polarization in such
a spherical solid is very weak. For molecular solids bounded by weak van der waals
forces, such as sodium chloride (NaCl), each particle (atom or ion) can be treated as a

quasi-isolated particle, therefore, the electronic polarizability becomes > N,«,,, where N;

and o are the concentration and the electronic polarizability of ith particle respectively.

*" The induced dipole moment from the electronic polarization is proportional to the

applied electric field and has no dependence on the frequency. The time required to



induce the electronic polarization is ~ 10" sec, therefore this polarization mechanism is

operative along the wide frequency range (up to 10"°Hz).

1.3.1.2 Orientation Polarization

Orientation polarization usually occurs in polar liquids, gases or polymeric
materials where there are permanent dipoles with the freedom to rotate. The external
electric field will align the existing randomly oriented dipoles to some direction and
produce a polarization. It is operative up to the microwave frequency (10° Hz). The
orientation polarization is strongly dependent on the temperature, as thermal energy is
needed to overcome the resistance from neighboring molecules for alignment. This
temperature dependence is a characteristic of the orientation polarization and helps it to
differentiate from electronic and ionic polarizations, as the latter two types of polarization
have no temperature dependence.

To calculate the orientation polarizability, several models have been developed.
*" The first model is called Langevin function, which is a function of the temperature (T),
the dipole moment () and the field strength (E). **In the situation where dipole moment
is small and field strength is weak, or has high temperature, this model was developed by

Debye and is approximated as: ** >°

2

7]
a = 14
° = 3KT (1.4)

In normal conditions, the contribution from the orientation polarization is larger

than that from the electronic polarization.



1.3.1.3 Ionic Polarization

Ionic polarization exists where the electric field drags the charge center of
positive ions away from that of negative ions yielding a net dipole in ionic solids. Ionic
polarization is operative up to infra-red frequency (10'>-10" Hz), because the alignment
involves the displacement of the entire ions in the lattice and the response to the electric
field becomes slower.

The ionic polarizability is expressed as: *’

2

q
o = 1.5
Y (1.5)

Where, q is the electric charge (1.6x107"°C), Y is Young’s Modulus and do is the
equilibrium distance between atoms. In this case, we also only consider the ideal situation
with symmetrical shape. For the high dielectric constant material dominated by the ionic
polarization, the dielectric loss curve normally exhibits an abrupt loss peak and the
conductivity is relatively large. One effective strategy to enhance the dielectric response
in solids is through ion doping. For example, by doping the polyaniline with iodine, the
polyaniline is oxidized and the dielectric constant can be increased to more than 10 times

higher than the undoped one. '

1.3.1.4 Interface polarization

Interface polarization is present in the surfaces, gain boundaries and inter-phase
boundaries, where dipoles can orient to certain degree under electric field and contribute
to the total polarization of dielectric materials. The interface polarization is operative up
to 10* Hz. The interface polarization has been accounted for the high dielectric response

in many heterogeneous systems, especially the ferroelectric polymers and ceramics. >*
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*And the contribution of interface polarization to the total polarization of material is
remarkable at low frequency range (Hz-KHz), that’s why a lot of dielectric materials
have very high dielectric constant at lower frequencies.

The interface polarization mechanism has been widely used in inorganic/organic
nanocomposites in order to enhance the dielectric response. >**>*’And the degree of the
polarization depends on the size and morphology of the crystalline domain, the defects
and number of boundaries, as well as the difference in the conductivity between inorganic
and organic materials.

Maxwell-Wagner polarization mechanism is generally used to explain the
dielectric relaxation in polycrystalline materials. In addition, interface polarization is a
very complicated mechanism and no satisfactory models have been determined to
calculate the interface polarizability yet.

However, for amorphous solids, we will use the term of hopping polarization to
describe this type of space charge polarization. In an amorphous solid, the localized
charge can hop from one site to another site; therefore form the dipole moment by the
transition between two different potential wells. Depending on the width and height of
the potential barrier between two sites, the localized charge can hop or even tunnel

between neighboring sites. The hopping polarizability is given as: *’

2.2

qr
@, = —R(A>BR(E > A) (1.6)

In this equation, F,(4 — B)F,(B — A) is an ensemble of the average product of

two hopping probabilities (hop from site A to site B and hop from site B to site A); T is

the temperature; K is the Boltzmann constant; r is the distance between A and B sites.
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1.3.1.5 Hyperelectronic polarization

In addition to the above basic polarization mechanisms, another mechanism called
hyperelectronic polarization has been found in some long polymeric molecules with an
extensive electronic orbital delocalization by Pohl et al. °*®" The hyperelectronic
polarization is considered as the principle contributor to high dielectric constant in
polyacene quinone radical (PAQR) polymers (e.g. 14000 at 100Hz for a PAQR polymer).
Hyperelectronic polarization may due to the pliant interaction of charge pairs of excitons,
located on long, polarizable polymers under a low frequency external electric field. The
long-range displacement of charge pairs along the giant macromolecule will result in a
strong polarization delocalized along the entire length or dimension of the
macromolecule. The hyperelectronic polarization shows a non-linear dependence on the
electric field and its magnitude is several orders larger than that of the electronic
polarization, especially during the frequency range (KHz-MHz). We will give more
details about this polarization mechanism later, as this is the major polarization
mechanism we are trying to employ to create an all-organic high dielectric material.

Scheme 1 shows a summary of polarization mechanisms and their response to frequency.

11



A, Interfacial (Maxwell-Wagner) polarization
B, Dipole polarization
E * C, lonic polarization

\ D, Electronic polarization

\\., E, Hyper-electronic polarization

8
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Scheme 1.1 Schematic diagram of polarization mechanisms and their frequency
response.

1.3.2 Energy Transfer

Our major strategy is to use the polaron delocalization to enhance the dielectric
response in hyperbranched or dendritic polymer systems. The understanding of the
polaron formation and the delocalization in such systems will be very helpful to probe the
hyperelectronic polarization contribution to the dielectric constant. Before talking about
the energy transfer in conjugated polymers, we have to define some important terms first.

The first term is the exciton. One likely outcome of the light-polymer interaction
will be the generation of molecular excitons. In this case, the electron and hole have
strong interactions. There will be singlet excitons, biexcitons or triplet excitations and
they can be distinguished by the exciton binding energy, which is defined as the energy
difference between the optical transition and the energy of independent electron and hole
in the polymer. A common exciton binding energy to most conjugated polymers is ~0.3

eV. Also depends on the material, the excited electron hole pairs can be called either

12



Frenkel exciton (localized on the same molecule) or Wannier exciton (localized over
different molecules).

The second term is the polaron. A polaron is formed when the polymer absorbs a
photon and results in strong electron-lattice interactions giving rise to lattice distortions,
and creating an electron-hole pairs with sufficient separation distance. Based on the SSH
Hamiltonian or other tight-binding Hamiltonians, polaron provides two energy levels
located symmetrically about the center of the gap. The location of the polaron levels
relative to the conduction band edge or valence band edge depends on the chain length.

The polaron delocalization in conjugate systems has a correlation with the
excitation energy transfer (EET) process. **"***"Excitation energy transfer generally
takes place after the formation of an electronically excited state in a conjugated polymer.
The polymer excited state is typically spatially delocalized along the polymer chain and
the exciton is changing its spatial position and energy by transferring to other sites. This
transfer may occur along a single polymer chain or hops between chains. If EET is very
efficient, the exciton may travel over a substantial distance during its lifetime and as a
result it may find some specific sites where it may become trapped or dissociated to form
an electron-hole pair. Such a site could be a location on the polymer which significantly
lowers the energy of the excited state (a trap), or even an energy accepting site of a
different nature. Since conjugated polymers generally are associated with strong optical
transitions, the main interaction between the donor and the acceptor in the energy transfer
process is of Columbic nature. A Forster energy transfer process is a weak dipole-dipole
interaction between the donor and the acceptor. Spectral overlap between donor emission

and acceptor absorption spectra, distance between donor and acceptor, and their mutual

13



orientation are the factors controlling this type of energy transfer. In this case, the exciton
hops between neighboring molecules or branches and results in an incoherent energy
transfer. This process is very fast (~ ps) and can extend to long range (100 A). The RET

transfer rate is given by:

ko (r) = 0k’ {9000(11110)

1287° Nn*

6
T

}TFD (ADe () dA
0 (1.7)

Where Qp is the quantum yield of donor in the absence of acceptor; k? is a
relative orientation factor and is usually assumed to be 2/3; 1p is the donor lifetime; r is
the separation distance between donor and acceptor; N is Avogadro’s number; n is the
medium refractive index; F4(A) is the corrected fluorescence intensity of the donor in
terms of the normalized total intensity; €4(A) is the extinction coefficient of the acceptor
at wavelength A. By defining the Forster distance Ry as the distance at which the
probability of intermolecular energy transfer is equal to the relaxation of the donor by

usual radiative and nonradiative ways, the EET rate is given as: ®

ky(r) = L(%)6 (1.8)

D
When the dipole-dipole interaction is strong enough, a Dexter energy transfer
occurs instead by exchangin electron between the donor and the acceptor. The Dexter
energy transfer mechanism requires the overlap between donor and acceptor spectrum,
therefore, it operates very efficiently over short distance (e.g. 15-20 A). The Dexter

. . 68
energy transfer rate is given as:

ko (r) = 2—”Z2TED (W) A4,(A)dA
hog (1.9)
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Where h is the reduced Planck’s constant (6.582x107'® eV s); Ep(}) is the donor

emission intensity; Aa(A) is the extinction coefficient of the acceptor.

If we define L as the sum of the van Del Waals radii of the donor and acceptor,

the energy transfer rate then becomes proportional to ¢~

The energy transfer rate is independent of the oscillator strength, but shows

temperature dependence.
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Scheme 1.2 Diagram of the energy transfer mechanism. o8

1.3.4 Charge Transfer Mechanisms

The electrical properties of conjugated polymers, such as charge carrier mobility,
have great influence on the dielectric properties of conjugated polymers. One fact is that
the movement rate of charge carriers along the macromolecule will affect the response
speed of dielectrics. As we require the dielectric loss to be small and the response to be
quick at high frequency, therefore, the understanding of charge transfer is crucial in the

design of high dielectric materials.
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The investigation of charge transfer in conjugated polymers has been the research
subject to many chemists and physicists in the last several decades due to its importance
in the applications in polymer light emitting diodes (PLEDs), organic thin-film transistors
(OTFTs) and organic photovoltaics (OPVs). 7% A series of techniques have been
applied to characterize the charge transfer properties in conjugated polymers, such as
time-of-flight (TOF), space-charge-limited current (SCLC) et al. The charge transfer
mechanism depends on the factors including electrode type, the structure and property of
the material, the field strength and temperature. Here, we mainly discuss the polaron
hopping, polaron tunneling and Poole-Frenkel effects which are operative in our

investigated dielectric materials.

1.3.4.1 Incoherent Polaron Hopping

Polaron hopping process is well known in non-crystalline materials, such as glass
and disordered amorphous organic solid. ”*7® Actually, with the development of
applications for conjugated polymers, more attention has been directed at developing the
hopping model by adding more factors such as disorder to describe the experimental
observations. In amorphous solids, the density of states (DOS) near the Fermi energy is
localized due to the lack of long range order. When thermal energy is available and
enough to overcome the potential wells between two localized state, the localized state
will hop to the neighboring site and transport charge carriers through the material. In
general, these localized states are close in energy levels, therefore, only small activation
energy is required for the processing of hopping process and the hopping can occur at

very low temperatures. Scheme 1.3 demonstrates a hopping process.
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There are a variety of hopping regimes. Two popular ones are small polaron
hopping and variable range hopping. Small polaron hopping occurs within a distance
approximately one lattice constant. Whereas, the delocalized states will hop to a more
distant neighboring site where less activation energy is required during variable range
hopping process. Small polaron hopping theory was first established by Holstein by

assuming uncorrelated carrier hops and the carrier mobility demonstrates simple

77,78

activation type temperature dependence. Then Emin extends the applicability of this

model by considering the correlation between hops when the hopping rate is faster than

75,79,80

lattice relaxation. In this case, no clear active type variation of carrier mobility is

shown. The nonadiabatic small hopping rate (Wj) is given by Marcus theory: 81

_J2 T

E-E (E.-E)
VKA_— ex J 1_( J 1)
77 h \AE k,T

 2k,T  16Ek,T

E )xexp[

p(kB;, ] (1.10)

Here, J=Jo exp (-rj/b) is the transfer integral between sites with a separation
distance of rjj; E, is the activation energy; E;, E; are the energy level at i, j sites

individually. The conductivity is expected to follow the relation: *'

logooc T
(1.11)

For variable range hopping, as the hopping polarons possess a wide range of
relaxation times, the AC conductivity is frequency dependent. In this case, the

conductivity is expected to follow Mott’s Law: *>%

o =0, exp(—;)”4 (1.12)
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Scheme 1.3 Cartoon of polaron hopping process in amorphous solids

Polaron hopping has been found in various amorphous solids both experimentally
and theoretically, such as pentacene, anthracence and copper phthalocyanine (CuPc).
748485 The theory of polaron hopping is being kept updated upon the emergence of
conflicts with some research data, especially for amorphous solids with high mobilities.
Vidadi studied the CuPc monomer and suggested a hopping and band-type mechanism
which contributed to high dielectric constant. *® Also, Ahmad et al. studied the triclinic
PbPc films sandwiched between gold electrodes and observed the evidence of variable-
range hopping at low temperatures. *’With the aid of ultrafast spectroscopy techniques,
we proved that polaron hopping is a dominating charge transfer mechanism contributes to

high dielectric response in hyper-branched CuPc dendrimers. **The details will be given

in chapter 3.
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1.3.4.2 Polaron Tunneling

The polaron tunneling mechanism is a quantum-mechanical effect in which
electric field at the barrier is sufficiently high to reduce its width at Fermi level, thus the
polaron can tunnel through a potential well even when its kinetic energy is less than the
height of the barrier (Scheme 1.4). V.Babnar et al. suggested the polaron tunneling is one
of the dominating charge transport mechanisms in CuPc, based on the observation of a
high dc conducting component in the AC conductance. ¥ For more details about the
tunneling process, several reviews could be referred to. ®' Simmons has proposed a

modified Fowler-Nordheim expression to describe the tunneling process as: °'

e3V2 87[(2m)1/2q)3/2d
exp(—

= 1.12
87hdd* 3ehV ) (1.12)

Where, e is the electron charge; V @ is the barrier height; d is the tunneling
distance ; m is the mass of free electron; h is Planck’s constant, V is the electric field.

And the tunneling decay parameter is given as:

_4rmg)?

p (1.13)

B

Here, a is a unitless parameter to describe the asymmetry of potental profile (a=1
for rectangular potential barrier); B is the tunneling decay parameter; m is the mass of
free electron, @ is the barrier height and h is Planck’s constant.

n-conjugated polymers normally show a lower tunneling decay value (f ~ 0.2-0.6
A-1) compared to saturated polymers due to m delocalization over the molecule.
Therefore, more efficient tunneling should be expected. In hyperbranched or dendritic
systems, the delocalization length is longer and due to the self-organization of

macromolecules, the probability of polaron tunneling is estimated to be higher.

19



Polaron tunneling

V)

d<Snm

Scheme 1.4 Cartoon of polaron tunneling process in amorphous solids

Polaron tunneling may occur at low temperature when less thermal energy is
available and contribute to the charge conduction under the situation that the distance
between the neighboring sites is narrowed down to a critical value. In this case, the
charge mobility shows a non-Arrhenius temperature dependence. For example, polaron

tunnels in CuPc when the separation distance between two CuPc rings is ~5nm. *'

1.3.4.3 Poole-Frenkel effect

Poole-Frenkel effect has been observed in many disordered molecules. "' 1t

refers to the activation energy of the electric conductivity or drift mobility is inversely
proportional to the square root of the electric field strength E. The applied electric field
assists in lowering the Coulomb potential barrier that a charge carrier needs to overcome
before leaving the charge center traps (scheme 1.5). ** The conductivity then shows a

field dependence form: *°
o =o,exp(B,E" /2KT) (1.14)
B, =2 4ne,e,)"? (1.15)
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Where, oy is the low field conductivity; B, is the Poole-Frenkel field lowering
coefficient; E is the applied electric field strength; g is the vacuum permittivity; & is the

high frequency dielectric constant; e is the unit of electronic charge.
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Scheme 1.5 Mechanism of Poole-Frenkel effect. The solid line represents the
Coulomb potential barrier without applying electric field. The dotted line shows the
lowering effect of electric field on the barrier. 9

There are a lot of arguments surrounding the origin of Poole-Frenkel effect. "
81951000 e thing has to be pointed out is that sometime a negative electric field
dependence is found in disordered polymers, which has been in debate during the last

several decades. We are going to give more details in chapter 2.

1.4 Material Selection

Basically, there are two major directions toward creating high dielectric constant
materials.
(1) Ceramics

One major area is directed at utilizing ferroelectric ceramics and a detailed review

on the scientific and technical issues involving high k metal oxides has been conducted
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by John Robertson. ” A variety of inorganic high dielectric constant materials have been
explored, which includes the BaTiOs, >>*'"'"1% CaCu;Tis01, '''''® HFO,, ALO; et al.
For instance, a recent work by Thomas and his co-workers has obtained a dielectric
constant ~ 40000 and a dielectric loss <0.07 at 1 KHz in a 30-80 nm size crystalline
CaCu3TisOy, powder. ' Some efforts even extend to dope the ceramics with metal
substitution or mix various components to form composite materials. For example, in a
(Li, Fe)-doped NiO ceramics, a dielectric constant>100 could be obtained at 1 KHz at
room temperature. ''"And high dielectric constant could be explained by Maxwell-
Wagner (MW) interface polarization. However, the dielectric loss and dielectric
dispersion are still huge. And the dielectric response in these materials relates closely to
the homogeneity of the microstructure, the existence and amounts of defects, synthesis
method, sintering temperature and crystalline size. In doped ceramics, the doping ratio is
also a critical issue in controlling the dielectric loss in such kind composite materials.
Moreover, low breakdown voltage, high leakage current in addition to high fabrication
cost make the idea of replacing silicon oxide with ceramic high dielectrics less attractive.
That’s one of major impetus for researchers to look for other alternative high dielectric
materials.

(2) Inorganic/Organic Nanocomposites

Organic dielectric materials normally have advantages as: high breakdown voltage, low
dielectric loss, excellent processibility, good thermal property and stability, as well as
low cost. But the dielectric constant is normally low (<3). Therefore, the driving force in
this field is how to increase the dielectric constant in organic materials. One popular

strategy is to introduce ceramic fillers into the polymer and try to combine the advantages
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of both components. Typical fillers are BaTiO3;, CaCusTisO, et al, 263109120129 Apq
host polymer matrix are likely to be ferroelectric polymers, such as poly(vinylidene
fluoride ) (PVDF) ', Polyimide (PI), ’Poly(vinylidene fluoride trifluoroethylene)
[P(VDE-TrFE)], **poly(vinylidene fluoride trifluoroethylene-chlorofluoroethylene)
[P(VDF-TrFE-CFE) or epoxy. *®*°A recent review by Lu and Wong has been conducted
on recent advances in high k nanocomposites materials for embedded capacitor
applications.'* Conductive filler/ polymer composite materials, considered as a
percolation system, will achieve a very high dielectric constant by approaching the
percolation threshold (f;). The effective dielectric constant of the composite system will

follow the power law: '

-5

K ..
—=[f-r
Kmatrix (13)

Here, K¢ is the effective dielectric constant, Kpaix is the dielectric constant of polymer
matrix, f; is the percolation threshold, f is the volume fraction of metal or inorganic fillers
and s is a scaling constant (~1) and the selection of its value depends on the material
properties, phase connectivity between filler and polymer as well as microstructure of

BL132Ten to a hundred fold enhancement has been observed in some

composite.
percolative polymer composites. For example, the dielectric constant of polyimide is
about 3.2, by adding 40 vol% calcium copper titanate (CCTO) filler by in situ
polymerization, the CCTO/PI hybrid film shows a dielectric constant ~49.1 at 100Hz,
about 15 times enhancement. ° However, the dielectric constant drops to 20 and the
dielectric loss is about 0.12 at 1MHz. Another recent work done in Deng’s group has

improved the dielectric constant of polymer matrix (PVDF) to 1700 at 100Hz with the

blending of Bi,S3;-BaTiO; filler at a concentration of 0.11, much higher than what has
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been obtained previously in BaTiOs/PVDF (<100), **CF-BaTiOs/PVDF (~110) **and
Ni-BaTiOs/PVDF(800). **While, the dielectric constant drop to <60 and dielectric loss
reaches ~0.5 at IMHz. The major concern about the ceramic/polymer composite is the
high dielectric loss due to high loading ratio of filler in order to obtain high dielectric
constant. The high dielectric dispersion will also bring problem for high frequency
applications. The enhancement in dielectric response is closely connected to the size and
shape of the filler, the dispersion of filler into the polymer matrix and the adhesion
property of the dielectric layer to the substrate of device, which creates a lot of technical
barriers for practical applications.

The second way of utilizing percolation theory is to add metal fillers to polymer
matrix. Various metal fillers, such as nickel (Ni), aluminum (Al), silver (Ag), carbon
black and exfoliated graphite nanoplates have been used to prepare metal/polymer

. 132,134-140
composites.

Lu et al reported an in-situ formed Al/high k epoxy composite
having a dielectric constant ~ 90 and dielectric loss of 0.02 at 10 KHz with Al filler
loading of 80wt%. By incorporating self-passivated Al filler into Ag/epoxy matrix, a
dielectric constant of 150 at 10 KHz is obtained with the same weight percentage of Al
filler loading as Al/epoxy composite. The high dielectric constant in the latter composite
suggests that the dispersed silver nanoparticles have significant influence on dielectric
enhancement. The dielectric loss in Al/Ag-epoxy composite is higher due to the
conductive feather of Ag, but the dielectric loss is <0.1, which is tolerable for certain
applications such as decoupling capacitors. '**As no frequency dependence of dielectric

response has been reported for these materials, so the applicability of such materials for

high frequency applications is unknown yet. It should be noted that the coating of
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insulating layer shell on the conductive filler core (for example, by self-passivation of Al
to form Al,Os/Al core-shell structure) will prevent the direct contact between the fillers
and effectively reduce the dielectric loss. In order to further reduce the filler
concentration, a novel nanocomposites system has been suggested by replacing metal
fillers with exfoliated graphite nanoplates (xGnP) because of their excellent electrical and

140

thermal conductivity. In addition, there is a tendency to form many parallel-board

microcapacitors with low filler concentration due to its unique layered structure with a

thickness in nm scale. '*!

They found a high dielectric constant ~1000 at IMHz with a
filler loading of 3.12 vol% (270 times higher than PVDF matrix itself and previous
reported metal/PVDF composite), and the dielectric constant at lower frequency (e.g.
100Hz) can go as high as 10°. When the filler loading goes beyond the percolative stage
(fc=1.01%), the dielectric dispersion is invisible during the wide frequency range (up to
10 MHz), even though the dielectric constant is <100. In this composite, Maxwell-
Wagner-Sillars (MWS) polarization contributes substantially to the enhancement in
dielectric constant. Although very high dielectric constant (~1000 at MHz frequency
range) has been reported with low conductive filler loading (<5 vol %), the accompanied
high dielectric loss as well as high conductivity (>0.01) still stand as barriers for the
practical applications as embedded capacitors. Moreover, such composite systems easily
become conductive once beyond percolation limit, therefore result in high leakage
current. Recent advances in conductive filler/polymer composite have been achieved in

the following areas: (1) Careful control in filler size and homogeneous dispersion in

polymer matrix; (2) Creation of core-shell structured fillers via chemical or
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photochemical routes; (3) Surface modification of fillers by adding surfactant, such as
phosphate esters. A detailed discussion could be referred to the review by Lu et al. '**
With the emergence of research on carbon nanotube since its discovery in 1991
by Sumio lijima of the NEC Corporation, a variety of optical and electronic applications
have been found or targeted for, such as solar cells, super capacitors, transistors and
vessel for drug delivery. Several reviews have been conducted on the properties and
applications of carbon nanotubes. '**'**Carbon nanotubes (single wall or multi-wall)
have been known to possess a couple of unique properties: good electrical and thermal
property, high mechanical strength and large length to diameter aspect ratio (L/D) as well
as tunable multi-functionality, which make them very attractive to high dielectric
applications too. It has been shown that the dielectric constant can be greatly enhanced by
adding a small amount of carbon nanotube dopants (doping ratio is in close proximity to
the percolation threshold) into the non-conductive polymer matrix. Dang et al. have
reported a high dielectric constant in MWCNT-poly(vinylidenefluoride) (PVDF)
composites ( 600 at 1Kz), but the loss is quite high (i.e., far over 2) with a percolation

"“Tthen Nan

threshold of 8 vol%, and large dielectric dispersion at low frequency range;
et al. published a recent work in fabricating a modified carbon nanotubes (MWCTs were
coated with Polypyrrole) composite with a stable high dielectric constant (~44), low loss

(<0.07) and large energy density (up to 4.95 J cm™). '*®

The percolation threshold has
been reduced to 0.005 vol% in a single wall nanotube/ epoxy composite. '*“*However, in
most cases, the percolation threshold cannot reach low enough due to the poor dispersion

and aggregation of nanotubes. In addition, the poor thermal stability (e.g. glass transition

temperature <200 °C) of polymer matrix poses a problem for the processing of carbon

26



nanotube/polymer mixture via conventional methods, such as hot molding and spin
coating. To solve this problem, zhao et al. develops a scalable spray deposition technique,
which is able to fabricate a multi-wall carbon nanotube / fluoropolymer perfluoro alkoxy
(PFA) composite film with good thermal stability (stable up to 230°C) and high dielectric
constant of 9000 at 10 KHz with a percolation threshold at 0.0043. "*° Moreover, three
component dielectrics with carbon nanotube were synthesized, which shows a dielectric
constant ~150 at 100 Hz while maintaining a low dielectric loss of 0.08. "°'The resulting
enhancement of carbon nanotube/polymer composite can be explained by Maxwell-
Wagner (MW) percolation theory. There is still a lot of work to do with carbon nanotube
based composite for energy storage applications. A main issue is how to dramatically
lower the dielectric loss while maintaining high dielectric constant. And several
parameters will be optimized to maximize the potential of such systems: aspect ratio,
functionality of carbon nanotube, filler loading level, solubility and the dispersion
homogeneity.
(3) Organic Materials

Above, I have discussed about how to develop the inorganic/polymer composite
materials for high dielectric constant applications. Actually, significant progress has been
made in this aspect. However, no matter what kind of inorganic fillers have been used,
the dielectric performance will be limited by the percolation theory and the dielectric loss
is high due to the interface polarization. Therefore, the question is: can we find high
dielectric constant in an all-organic system? The answer is yes.

Pohl et al found the existence of giant dielectric constant (60-300,000) in

ekaconjugated polyacene quinine radical (PAQR) polymers and he named the space
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charge polarization mechanism operative in such systems as hyperelectronic polarization.
The mechanism of this polarization has been discussed in the early part of this chapter
already. One good example is that the dielectric constant of polyacequinone radical
polymer can achieve 240,000 at low frequency. However, the dielectric constant drops
dramatically at high frequency. ®' In 2008, Zhang et al. observed a dielectric constant
~1,200,000 at 100 Hz in a PAQR synthesized by solid-state polymerization. 4 The
dielectric loss is quite huge (~30). However, no frequency dependence has been reported,
so we have no idea about high frequency dielectric properties. In addition, their work in
HO-PAQR and RO-PAQR polymers found that the dielectric constant would be lowered
by adding hydroxyl and alkoxyl function groups, which suggests that the planar
conjugation of the associated m orbital plays an important role in achieving high dielectric
constant in such PAQR systems. High dielectric constant is not only observed for PAQR
polymers, other polymer materials such as copper phthalocyanine (CuPc) and P(VDF-
TrFE) exhibited high dielectric constant too. For instance, Nalwa et al observed a
dielectric constant as high as 10”in a KOH treated CuPc oligomers. '**Since 1998, Zhang
et al have found a very good dielectric response (k ~80) in an electron-irradiated P(VDF-
TrFE) copolymer 'and they have published dozens of papers about the high dielectric
properties of P(VDF-TrFE) based composites. For example, by dispersing high k CuPc
oligomers fillers in P(VDF-TrFE) matrix, the actuator composite shows a dielectric
constant of 225 and dielectric loss of 0.4 at 1Hz. ** The high dielectric loss is explained
by long-range intermolecular polaron hopping. Several years later, Lu et al. reported a
dielectric constant ~ 3000 and a dielectric loss <0.5 at 10 KHz in an in-situ polymerized

polyaniline (PANI)/epoxy composite. '>*
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In general, the concept of utilizing all-organic material for high dielectric
applications is reasonable. The high breakdown strength and relatively low dielectric loss
are obtainable. The cost can be remarkably reduced too. However, for high frequency
applications, we would require the dielectric loss < 0.01 and low dielectric dispersion.
From the previous investigation experience in triarylamine dendrimers and ladder
oligomers using ultrafast spectroscopy techniques, we discovered that the polaron
delocalization originating from intra-molecular charge transfer in dendrimers would
substantially enhance their electronic and optical properties, here shown an example of
triarylamine dendrimers with delocalized polaron. ** The profound understanding of
polaron delocalization leads to a proposed novel strategy of creating all-organic high
dielectric constant materials, especially for high frequency applications. This strategy
targets at hyper-branched and dendritic conjugated polymers. The rationales behind this
novel design criterion are: (1) they may provide a substantially longer polaron
delocalization length in 3D dimensions. And a longer delocalization length may increase
the dielectric constant and avoid the anisotropy of dielectric response; (2) they may show
ultrafast polaron delocalization due to intra-molecular charge transfer, which is able to
produce a fast dielectric response at high frequencies; (3) their planar structure may
facilitate the self-assembly of the molecular and avoid unfavorable movement along the
chain due to increased rigidity and steric effect. PANI and its derivatives are appealing to
researchers as one of most promising conductive polymers appropriate for various
applications: OLED, sensor et al. And a significant improvement in the optical and
electronic properties of hyper-branched polyaniline has been observed in comparison to

that of linear polyaniline. Therefore, we synthesized a series of ion-doped hyper-
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branched polyaniline and investigated their dielectric properties. *The dielectric constant
of these hyper-branched polyanilines achieves ~200 at IMHz, double than that of linear
polyaniline. The polaron hopping processes in these branched polyaniline is dominated
by the Marcus-Hush mechanism and the hopping energy is <0.1 eV. The enhancement in
dielectric response is originated from the strong polaron delocalization and
hyperelectronic polarization in these hyper-branched systems. Inspired by these findings
and based on the understanding of polaron delocalization mechanisms, we selected
copper phthalocyanine based hyper-branched polymer structure as the polymer matrix
base for a detailed study and try to build up a structure-function relationship to help
future design. We do find an impressive dielectric constant about 46 up to IMHz in a
hyper-branched copper phthalocyanine (HBCuPc) polymer compressed pellet. **The
dielectric loss of such a dendrimer film can go as low as 0.002 at IMHz with very small
dielectric dispersion. The detailed results and discussion will be itinerated in later

chapters and a brief review on CuPc material will be presented below.

+e Delocalized polaron

Scheme 1.6 An illustration of the concept of using polaron delocalization to enhance
the dielectric response.
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1.5 Copper Phthalocyanine Materials

Since the first synthesis in 1907, phthalocyanine based materials have been
extensively investigated for numerous electronic and optical applications: field effect
transistors, high energy density capacitors, dyes, pigments, catalysis, chemical sensors,
photovoltaic cells, fuel cells, optical limiters, and photodynamic therapy of cancers.
S48LISS162 The electronic and optical properties of phthalocyanine can be tuned by
substituting the central metal atom, the axial and peripheral group; as well as adding
dopants and varying the polymerization condition. A series of reports have been
published regarding to the synthesis of phthalocyanine materials. '®"'"'Phthalocyanine
materials are highly conjugated aromatic macrocycles which contain thirty-eight
delocalized m electrons in structure unit, as illustrated in Figure 1.3 *

Copper phthalocyanine (CuPc) has attracted our enthusiasm among other
phthalocyanine materials due to its excellent thermal and chemical stability as well as
unique electric properties. It has no dipole moment because it is symmetric, however, due
to the delocalization within the phthalocyanine ring, a high electronic polarizability (1.2 x
10 cm’) is obtained, which enables the enhancement of dielectric constant. ***!"*
"TFor example, Q.M. Zhang reported a high dielectric constant (>10,000) in an all-
organic composite of CuPc oligomer/P (VDF-TrFE) polymer. The giant dielectric
constant is due to the electron delocalization within the molecule. >*Even a CuPc
monomer can exhibit a dielectric constant ~ 5 and the dielectric dispersion is very low
over a wide frequency range compared to other monomeric phthalocyanines (e.g. CoPc,
FePc). For instance, Voet and Suriani reported a dielectric constant ~ 4.85 in a CuPc

pellet. '7®
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Figure 1.4 Molecular structures of phthalocyanine macrocycle (M=H or Metal).

The dielectric properties depends on the electrode material, synthesis, crystal
structure (o or B phase), impurities, pressure, size and aggregation of CuPc particles. Due
to the high conjugation and large planar structure feature of polymeric CuPc, it will show
a higher dielectric constant and dielectric loss compared to monomer CuPc. For example,
a dielectric constant ~46 was observed in a hyper branched copper phthalocyanine
dendrimer as the m electrons are completely delocalized over the CuPc ring. ® In
addition, the dielectric response of polymeric CuPc is temperature and frequency
dependent, but no clear tendency could be projected. For instance, a KOH treated poly-
CuPc show a dielectric peak (>105) at 393K and 1 KHz, however, at room temperature,
only a dielectric constant <10° was observed at the same frequency. '**Moreover, it has
been found that some poly-CuPc shows hyperelectronic polarization with intermediate
dielectric constant at room temperature. Hence, it shows great potential in high dielectric

constant applications.

1.5 Conclusion

In summary, I have gone through the fundamental theories necessary for the

understanding of the experimental results I am going to discuss in the following chapters,
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from chapter 3 to chapter 6. The aim of this dissertation is to discover the design criteria
for an all-organic high dielectric constant material with high dielectric constant and low

dielectric loss at high frequencies.

1.6 Dissertation Outline

The body of this dissertation is organized as follows:

In chapter 3, I will discuss the major findings from the investigation of the first
series of hyperbranched copper phthalocyanine (HBCuPc) polymers. The dielectric
measurement is carried out to characterize the dielectric properties of the HBCuPc
polymer. Then we use the AC conductance measurement and time-of-flight (TOF)
mobility measurement to probe the charge transfer mechanisms contributing the
impressive dielectric response we observed in this hyperbranched polymer. In order to
help the understanding of the charge transfer dynamics in both the ground and excited
state, we also employed the steady-state and ultrafast spectroscopy techniques to study
the optical properties of the HBCuPc polymers.

In chapter 4, I will talk about the synthesis and characterization of another novel
hyperbranched copper phthalocyanine (HBCuPc-TPA-CN) polymer. We are interested in
the study of the influence of the donor-acceptor strength on the dielectric properties of
such kind systems. Also, we looked into the effect of the film substrate on the dielectric
properties of the pristine films by means of the surface morphology characterization
techniques such as scanning electron microscopy (SEM) and atomic force microscopy
(AFM).

In chapter 5, I will focus on the relationship between the hyperbranched polymer

architectures and their corresponding functions, aiming to define the design criteria of the
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high dielectric hyperbranched polymer materials. For this purpose, a modified
hyperbranched copper phthalocyanine polymer design will be presented and its electronic
and optical properties will be discussed. In addition, a comparison will be drawn on these
three series of hyperbranched copper phthalocyanine polymers trying to provide a clearer
picture of the effective design. Furthermore, the optimization of the film preparation
parameters such as the solvent and plasticizers will be useful to maximize the dielectric
performance of the investigated hyperbranched copper phthalocyanine polymers.

In chapter 6, I will discuss the advantage of using the ultrafast up-conversion
spectroscopy techniques as an effective approach to study the energy transfer dynamics in
organic dendrimer systems. The fluorescence quenching dynamics of four generations of

phosphorous dendrimer systems will be discussed in details.
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Chapter 2

Experimental Techniques

A series of optical and electronic techniques have been utilized to characterize the
properties of polymer systems under investigation. In this chapter, a brief introduction to
experiment principles, theories and general set-ups of some techniques will be laid out to
provide a framework for understanding. More technical details will be elucidated in the

experimental session of each chapter wherever it is used.

2.1 Capacitance Measurement

Dielectric constant is one of the key parameters in a high performance dielectric
material. The dielectric properties can be characterized by directly measuring the
magnitude and the phase of the current passing through the composite under a given AC
voltage. It is related to the capacitance of the material. If we assume the material
polarized by an AC sinusoidal field, the effect can be treated as a capacitor C in parallel
with a conductor G (Figure 2.1). The complex electric impedance is given as:

Z" =1/(ioC") 2.1)

And, the capacitance is expressed as:

C =(¢, —ig)e,Ald (2.2)

In above equations, ® is the angular frequency; g is the vacuum permittivity

(8.8542x10"2 F/m); ¢ and ¢ are the real and imaginary part of dielectric constant
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respectively; A is the contact electrode area and d is the thickness of the capacitor. Both
& and g can be derived from the above and the complex dielectric constant then can be

described as:
& =¢ —ig (2.3)

The loss tangent is given by:

tano = & (2.4)
E.

And the error for the measurement may be related to parameters which include
the capacitance, the thickness of the dielectric sample and the area of the electrode.

Ae,

& ACy Ay, A

C 7 y ) (2.5)

) =(

The measurement accuracy is also affected by the shape and edge effect of the

sample.

Figure 2.1 Equivalent circuit of the capacitance measurement
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In our lab, HP LCR 4284A meter is connected with a 16451B dielectric test
fixture (Figure 2.2) to directly record the variance of the capacitance and the dielectric
loss of dielectric materials with the frequency. The applicable test frequency range is
between 20Hz to IMHz. The measurement range for the dielectric constant is 1 to
200,000 and the dielectric loss is 0.000001 to 9.99999. However, it depends on the
measurement conditions. The measurement accuracy is pretty good in this set-up. For the
diclectric constant measurement, the error is about + 1%; and the dielectric loss

measurement accuracy goes to = (5%+0.005).

Figure 2.2 Dielectric experiment set-ups

In this set-up, the compressed pellets or pristine films of dielectric materials are
inserted into two guarded electrodes with an effective electrode contact area (A) of
1.963x10° m?. The thickness of the dielectric material will be characterized by the
scanning electron microscopy (SEM) cross section measurement or the Dektak profiler.

Once the thickness d is known, we can derive the dielectric constant from the capacitance
by:
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. _Cd (2.6)

2.2 Steady-State Spectroscopy

UV-Vis absorption and steady-state fluorescence spectroscopy are two basic
methods to characterize the optical properties of polymer materials. UV-Vis absorption
follows a Beer-Lambert law: '

A=¢-b-C 2.7)

Where, ¢ is the absorption coefficient, b is the light length and C is the
concentration of absorbing materials. UV-vis spectrum will provide information about
stable electronic states and inter-valence, as well as intra-molecular electronic coupling
and polaron delocalization information.

The steady-state emission may yield some information on the intra-molecular
relaxation to some extension. For example, the emission characteristics of triarylamine
derivatives showed an intra-molecular interaction, which correlated to the interactions of
the charge carrier and exciton. > These intra-molecular interactions can be detected
through site-selective fluorescence spectroscopy that yields the true Stokes shift
unsatisfied by spectra diffusion. The Stokes shift is therefore a measure of any relaxation
which the molecule can undergo within its lifetime, such as the complex formation and
energy transfer. ° This measurement may give some information for the polaronic

excitations and charge transfer.

2.3 Femtosecond Up-Converted Fluorescence Spectroscopy

Fluorescence up-conversion technique is used for measuring the intensity decays

or anisotropy decays. It was already well established in the 70s and 80s. For example,
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Lewis et al. used this technique to measure the emission lifetime of bacteriorhodopsin
and they were able to resolve the lifetime at a time scale of ~ 15ps. * With its natural
adaption to ultrafast process, it has become a very powerful tool for the study of ultra-fast
excited state dynamics in a conjugated material, especially the one with very weak
fluorescence and can hardly be detected by conventional steady-state fluorescence
spectroscopy. - '° Among major advantages of this technique, the selective sensitivity to
population dynamics of the fluorescent excited state makes this technique very popular. '
The fundamental theory about up-converted fluorescence lies in the fact that the
emission from most materials is polarized upon light excitation. After the excitation, the
randomly oriented absorption transition moments of the fluorophores in the ground state
will orient towards the electric vector of the polarized light. Therefore, the process causes
the depolarization of the emission. > There are several possible resources to contribute to
the depolarization, such as rotational diffusion of fluorophores and resonance energy
transfer (RET) processes. In general, the sample is excited with vertically polarized light.
The direction of the polarizer can be aligned either parallel or perpendicular to the
excitation and the intensity of emission detected will be called L, and I ., respectively.
The extent of polarization of the emission is described in terms of anisotropy (r). >
r= [par - ]per
Ipar + 21per (2.8)
Actual emission intensity will be compensated by introducing a G factor, which is
the ratio of the sensitivities of the detection system for vertically and horizontally

polarized light. The anisotropy will then become: >

y= Ipar - G ' Iper
1,+2-G1,

(2.9)
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For a single fluorophore oriented along the z-axis, the anisotropy value is 1.
However, due to excitation photoselection of fluorophores in addition to the fact that the
absorption and emission moments were not collinear in most cases, the anisotropy value
is less than 0.4 for most fluorophores and depend on the excitation wavelength. In the
absence of depolarizing processes, the fundamental anisotropy of a fluorophore is given
by: *

2 3cos’ f-1
sy ) (2.10)

Rotation diffusion of fluorophore is a dominant cause of fluorescence
depolarization. This depolarization mode is described in the simplest case for spherical
12

rotors by the Perrin equation:

ho1+L=1+6D1
r 0 (2.11)

Where 1 is the fluorescence lifetime; 0 is the rotational correlation time and D is
the rotational diffusion coefficient. If the correlation time is much larger than the lifetime
(0 » t), the measured anisotropy (r) is equal to the fundamental anisotropy (o). If the
correlation time is much shorter than the lifetime (6 « t), the anisotropy is zero.

Fluorescence resonance energy transfer (FRET) is another important process
contributes to the depolarization. The description of this process is covered in chapter 1
already. In principle, the rate of energy transfer depends upon the extent of spectral
overlap of the emission spectrum of the donor with the absorption spectrum of the
acceptor, the quantum yield of the donor, the relative orientation of the donor and
acceptor transition dipoles, and the distance between the donor and acceptor molecules.

The rate of energy transfer from a donor to an acceptor is given by: >
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= ()"
o T (2.12)
Where 1p is the decay time of the donor in the absence of acceptor; Ry is the
Forster distance and r is the donor-to-acceptor (D-A) distance. Anisotropy measurement
has been applied to provide valuable information for the studies of exciton diffusion,
energy transfer ¢ and excitation relaxation et al. '*
Another widely used term is polarization, which is given by: *
P 1 par 1 per
Ipar +Iper (2.13)
Fluorescence quenching is an important aspect we have to mention. It refers to
any process which decreases the fluorescence intensity of a sample. A variety of
molecular interactions can result in quenching. These include excited-state reactions,
molecular rearrangements, energy transfer, ground-state complex formation, and
collisional quenching. There are two primary quenching phenomena we are interested in:
static quenching occurs with the formation of a complex between the fluorophore and the
quencher; collisional quenching (dynamic quenching) occurs when the quencher diffuse
to the fluorophore during the lifetime of the excited state and the fluorophore returns to
the ground state without emission of a photon after the contact. Collisional quenching of

fluorescence is described by the Stern-Volmer equation: *

5o yykn 012144000
7 (2.14)

In this equation, Fy and F are the fluorescence intensities in the absence and

presence of quencher, respectively, kq is the bimolecular quenching constant, 1y is the
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lifetime of the fluorophore in the absence of quencher, and [Q] is the concentration of
quencher. K4ty is Stern-Volmer quenching constant.
Statistic quenching of fluorescence is given by:

Fy _
7okl (2.15)

K is the association constant for complex formation. One possible way to
distinguish the static quenching and collisional quenching is to measure the fluorescence
lifetimes, as the lifetime doesn’t decrease in static quenching. Other means will include
the temperature dependence of quenching constant, examination of the absorption spectra
of the fluorophore.

In many cases, the fluorophore can be quenching both by static quenching and
collisional quenching, therefore, a modified Stern-Volmer equation is given to account

for both effects: °

Lo 1
Kapp - (F 1) [Q] (KD +KS)+KDKS[Q] (2'16)

We are going to give more details about fluorescence quenching in chapter 6. In
our set-up (Figure 2.3), a frequency-doubled light is generated from a mode-locked Ti-
sapphire laser with a pulse width of ~55fs at a wavelength of 800nm. A filter F1 is used
to attenuate the power of amplified pulses. The laser pulse is then directed to several lens
and the nonlinear crystal to generate second or third harmonic (SHG or THG) signal. The
set-up for second and third harmonic measurement will be different and the required
signal depends on the excitation wavelength (e.g. a THG signal is used with an excitation

wavelength of 273 nm). In our context, only SHG signal is used, so we will focus on
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SHG set-up only unless specifying. The fundamental radiation is separated from SHG
signal (400 nm) by the beam splitter (BS1). The gate beam is directed with several
mirrors to retroreflector, which is connected to the optical delay line. After being
reflected by retroreflector and pass through several mirrors, the gate pulse is finally
projected into the nonlinear crystal NC. The sum frequency signal will be generated in
nonlinear crystal by the interaction of both fluorescence from the sample and the gate
radiation. In regards to the sample fluorescence, we should come back to the separated
SHG signal. With the help of BS1, the SHG signal will be directed to excite the liquid
sample, which is holding in a rotating cell to prevent possible photodegradation and other
accumulative effects during the long exposure to femtosecond pulses. Berek’s waveplate
is used to control the polarization of excitation light, either vertical or horizontal to the
input light source. The generated fluorescence of the sample is collected with an
achromatic lens (A) and focus on NC to generate the sum frequency signal. Finally, this
up-converted signal is dispersed using a monochromator and detected using a

photomultiplier tube.
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Figure 2.3 Femtosecond fluorescence up-conversion measurement set-up

2.4 Time-of-Flight Mobility Measurement

Mobility is an essential factor in understanding the nature of charge transfer
process in conjugated polymers, which is closely relevant to the applications of many

polymer electronic devices, such as organic photovoltaic cells, >

organic light emitting
diodes (OLED) ''® and organic field effect transistors (OFETs) 19-20 Charge carrier

mobility is defined as the average velocity (v) gained per unit field (E) and expressed as:

pu=(v)/E=(e/m)r 2.17)
The mobility is proportional to the relaxation time (t). In general, inorganic
semiconductors have mobility several orders of magnitude higher than that of organic
semiconductors. For instance, silicon shows 1500 cm?/Ves and 1000 cm?/Ves for the hole
and electron mobility respectively at room temperature. However, the highest reported
mobility for organic molecules, such as naphthalene diimide (NDI) has an electron

mobility of 6.2 cm?/V-s at a low humidity level. *'
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Several methods are available to measure the mobility of polymer systems via
either a direct or indirect way. Popular straightforward ways to determine the mobility
include the time-of-flight (TOF), the field effect transistor (FET/TFT) and the acousto-
electric travelling wave (SAW) method. The indirect methods are based on the
derivation of charge carrier mobility within the framework of model approximation on
different transport mechanism, such as (1) the space charge limited current (SCLC); (2)
the charge extraction by linearly increasing voltage (CELIV); (3) the xerographic
discharge; (4) the hall effect. Several comprehensive reviews have been conducted to

2225BEach method has its

cover the basic principles and applications of these methods.
own advantages as well as limitations. For example, pioneered by Kepler and LeBlanc in
organic crystals since 1960, TOF has been widely used in low mobility polymers as a
very straightforward and informative method. The mobility is a function of experimental
parameters (the thickness of material, the applied voltage et al.) and the sign of charge
can be easily switched by changing the polarity of applied voltage. But, this method is
valid under the fulfillment of certain conditions: the dielectric relaxation time (t,) must
exceed the charge carrier transit time (t;) in order to maintain a constant electric field
through the sample. Also, the measured mobility really depends on the geometry and
fabrication process of the device, for example, the surface roughness and defects
concentration of silicon wafer really matters. In the work we are going to talk, TOF is
used to probe the charge transfer mechanisms in our proposed hyper-branched copper

phthalocyanine based dendrimer systems. Hence, fundamental theories of TOF technique

will be presented as follows.
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Figure 2.4 Time-of-flight (TOF) measurement set-up. 1. Gold electrode; 2. Si wafer
(~500 pm thick); 3. Dendrimer film; 4. Applied voltage; 5. Par Model 164 boxcar
integrator.

As shown in Figure 2.4 is the experiment set-up we used. TOF devices consist of
layers of material (HBCuPc dendrimer) and charge carrier generation source (Si wafer)
sandwiched between two electrodes (Au coating). A short laser pulse of 337nm with a
pulse width of 10fs is used to photo-generate Gaussian shape of charge carriers from one
side of Au electrode (the electrode should be semitransparent to allow the light to pass
and reach the charge carrier generating layer). Dragged by the external applied electric
field, the generated charge carriers drift through the material with certain thickness and
arrive at the surface of the other electrode. A dispersive or non-dispersive transport is

thus detected (Figure 2.5).
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Figure 2.5 Illustration of (a) Non-dispersion and (b) Dispersive charge transport.

From the decay curve of transient photocurrent versus time, the mobility (i) can

be derived from the equation: *°

p=v,/E=d*/Vi, 018

Here, d is the thickness of dendrimer film; E is the applied electric field; V is the
applied voltage and ti; is the transit time.

There are several different ways to determine the transit time and it does matter to
the mobility of the material, as you can see from above equation, the mobility is inversely
proportional to the transit time. One common way is to define the transit time as the time
when the photocurrent drops to half of its plateau value. Then, it can be extrapolated from
the intersection of two linear branches on the plot.

The charge carrier mobility is dependent on both the temperature and the applied
electric field. And such dependence is very helpful in understanding the charge transfer

mechanisms in investigated systems. There are several models involving in explaining
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the different phenomena of the temperature and the electric field dependence of the
mobility in disordered organics. Bidssler and his co-workers have made a great

contribution to this field. 2!

He suggested a Béssler’s Uncorrelated Gaussian Disorder
Model (UGDM) to describe the mobility in a hopping system. In a typical hopping
model, the movement of charge carriers is originated from thermally activated sites;

hence strong temperature power law dependence in a relation of u(7)o7"with a

common value of -3/2 is normally observed. The electric field dependence typically

shows a Poole-Frenkel behavior (In u(E)ofE % , where B is a coefficient) which arises

from the theory of traping/detrapping in disordered materials. ** In general, the mobility
increases with the electric field. Whereas, weak electric field dependence was observed
for some polymer systems and sometimes the coefficient even goes to a negative value.
26334347 For example, we observed negative electric field dependence in a HBCuPc
dendrimer film and contribute this effect to the positional disorder in random organics. *°
The negative electric field dependence has brought a lot of debate in this field even
though it bears on the fundamental nature of charge hopping transport in organic
materials. Monte-Carlo simulations under the premise of Miller-Abrahams jump rate
have produced the same effect in the framework of the Gaussian disorder model (GDM)
by playing around the energetic and positional disorder. By extending this model by the
introduction of a framework of effective medium approach (EMA), in addition to the
consideration of polaron formation contribution, Bédssler and his co-workers have
suggested that the negative electric field dependence is an intrinsic property of disorder

organics. %
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2.5 Ultrafast Pump-Probe Transient Absorption Spectroscopy

Pump-probe transient absorption spectroscopy is useful to probe the excited state

- - 1o 4850
dynamics of organic materials.

The principle of this technique is simple: it requires at
least two pulses from the same laser source. One is called the pump pulse. It perturbs the
system and may lead to the energy or electron redistribution inside the molecule or the
initiation of dissociation reactions. The other pulse is called a probe pulse. It passes the
sample and the intensity of the probe is monitored as a function of time delay with
respect to the pump pulse. The change in the absorption of the sample after the excitation
(increase or decrease, even the appearance of a new absorption peak) may indicate the
formation of the photochemical species, such as triplet states, charge complexes and
excitons. The temporal behavior of the absorption spectra change could be probed by
changing the time difference between the pump and the probe. The detected signal in the
transient absorption measurement is the change in absorption (AA). The difference in

absorption is a function of the time and wavelength evolution. In general, a 3D transient

absorption spectrum will be obtained (e.g. Figure 2.6).
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Figure 2.6 An example of transient absorption spectrum. >

In our system, as shown in Figure 2.7, with the input from a Millennia-pumped
Ti: Sapphire oscillator (Spectra Physics, Tsunami), a pulse with a width of 100fs at
800nm is generated by a Nd:YLF(Evolution)-pump Ti:Sapphire regenerative amplifier
(Spectra physics spitfire). A beam splitter is used to separate the pump and probe pulses
with a ratio of 85: 15%. From the fourth harmonic of the idler beams, pump beam is
produced by the optical parametric amplifier (OPA-800) and focus onto the sample
cuvette. The probe beam is set to a delay by a computer controlled motion controller and
projected onto a 2 mm sapphire plate to generate a white light continuum. The white light
overlaps with the pump beam in a 2 mm sample quartz cuvette. The generated signal
(AA, change in the absorption) is collected by a CCD detector (Ocean Optics). The data

acquisition and analysis are operated by the software from Ultrafast Systems Inc.
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Wavelength 800 nm, 1 mJ/pulse, 100 fs, 1 kFz

Excitation

To Empower
Ti:Sapphire Millenia
800 nm, 3 nJ/pulse, 35 fs,
86 MHz

Ocean Optics L Sample Cell with
Spectrometer stirring

Figure 2.7 Illustration of pump-probe transient absorption measurement set-up.
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Chapter 3

Hyper-branched Copper Phthalocyanine for High Frequency Applications

3.1 Introduction

Recent interests in the use of novel polymeric materials for high dielectric
constant effects have increased owing to their possible application in high-energy density
and pulsed capacitors. ' In particular, materials which demonstrate desired dielectric
properties at high operational frequencies (>1 kHz) are highly sought after. Existing

* and metal-polymeric composites, *

polymeric dielectrics, such as ceramic-polymers >
typically exhibit a strong interfacial polarization (Maxwell-Wagner effect), and this effect
results in a strong dispersion of the dielectric constant. Phthalocyanine (Pc) materials
have been well studied for applications in solar cells, fuel cells, optical-limiting materials,
gas sensors and field-effect transistors. >'* More recently there have been interests in
applications for high dielectric constant material for capacitors. '>'® For example,
polymeric materials mixed with phthalocyanine (Pc) tetramers have been reported with
good dielectric response which is heavily related to a the space charge effect. '> However,

2412 and efforts are still

the dielectric loss of these percolative systems is generally large,
necessary to improve the stability and flexibility of these systems. The use of Pc systems

is an intriguing approach, and Pc polymer coated nanoparticles have been prepared and

suggested as good candidates for dielectric applications. '’ Pc oligomers treated with base
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(KOH) have shown a large dielectric response at lower frequency, and this was explained

'S While many of these reports present

under the Maxwell-Wagner-Sillars model.
exciting avenues toward creating large dielectric responses in primarily organic materials,
there has not been much attention to the intrinsic high frequency dielectric response of
all-organic systems. Also, in spite of the fact that numerous reports have demonstrated
the dielectric performance of CuPc polymers, the understanding of the electronic and
optical behavior in hyperbranched polymers is limited, which is essential in the
development of new materials. Moreover, our previous experience in the study of
triarylamine-based dendrimers and ladder oligomers using the ultra-fast spectroscopy
suggested a coherent energy migration process occurred and polaron delocalization states
were possible.”” In this chapter, we report a strategy towards utilizing an organic multi-
chromophore structure such as a Pc dendritic system to create a high dielectric constant

material. Because of the long-range and fast polaron delocalization we find that the

hyperelectronic polarization dominates the large dielectric response.

3.2 Experimental Section

Materials. All reagents were supplied by Aldrich Chemical Co. unless stated
otherwise. Dimethyl sulfoxide (DMSO) and N, N-dimethylacetamide (DMAc) were dried
with calcium hydride and then distilled under reduced pressure. All other chemicals were
regent grade and were used as received unless otherwise stated.

Synthesis. Preparation of 1, 2-bis (3,4-dicyanophenoxy) benzene monomer.
The 1, 2-bis (3, 4-dicyanophenoxy) benzene monomer was first synthesized by dissolving
6.27 g (40mmol) 4-nitrophthalonitrile and 2.20 g (20mmol) catechol in 60 mL DMSO.

Then 11.04 g (0.08 mL) potassium carbonate was added into the above mixture in a flask.
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After stirring at room temperature for 48 hours, the reaction mixture was poured into
1000 mL of water. The crude product was collected by filtration, washed with water, and
dried under vacuum. The pure product was obtained by recrystallization using methanol.
The white powdery product was dried in vacuum, producing 4.21 g of 1, 2-bis (3, 4-
dicyanophenoxy) benzene. This base-catalyzed nucleophilic aromatic nitro displacement
of 4-nitrophthalonitrile with catechol can yield the corresponding oxygen substituted
phenyl phthalonitrile ether in a yield of 78%. Melting point (mp):191 °C (measured by
DSC, lit. 188-189 °C). Figure 3.1 shows 'H and *C NMR spectrum of the monomer 1, 2-
bis (3, 4-dicyanophenoxy) benzene in DMSO. 'H NMR (ppm): .08-6.93 (d, 2H); 6.70-
6.99 (d, 2H); 6.41-6.53(s, 4H); 6.31-6.41 (d, 2H). (Figure 3.1-a): >C NMR (ppm): 160.1;
144.6; 136.1; 126.8; 123.3; 121.8;121.5; 116.6; 115.8; 115.2 ; 108.6. (Figure 3.1-b): IR
(KBr, cm™): 3433, 3082, 2923, 2852, 2360, 2239, 2230, 1587, 1566, 1486, 1455, 1416,

1384, 1286, 1257, 1244, 1180, 1103, 951, 901, 873, 852, 795, 775, 669, 525. (Figure 3.2)

(a)
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(b)

Figure 3.1 (a) Synthesis Protocol and '"H NMR spectrum; (b) BC NMR spectrum of

1, 2-bi (3, 4-dicyanophenoxy) benzene in DMSO.

NT

Wavenumbor{em-1j

Figure 3.2 IR spectrum of 1, 2-bi (3, 4-dicyanophenoxy) benzene.

Preparation of CN-ended hyperbranched copper phthalocyanine (HBCuPc).
The novel hyperbranched phthalocyanine (HBCuPc) was synthesized by a copper fusion

technique consisting of 1, 2-bis (3, 4-dicyanophenoxy) benzene in dimethylacetamide
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(DMAC). To a flask, 1.08g (3mmol) of 1, 2-bis (3, 4-dicyanophenoxy) benzene and 0.09
g (1mmol) of CuCl were dissolved in 40 mL of DMAc and then the mixture was stirred
at 160 °C for 20 hrs. The extent of the cyclotetramerization reaction was monitored in
real time by the increase of the absorption extinction coefficient of the products in
comparison to the absorption of copper phthalocyanine complex. The reaction mixture
was poured into 800 mL of water. The crude product was collected by filtration, washed
with water, and dried in vacuum. After refluxing in methanol twice, the product was
filtrated and washed using cold methanol for three times. The dark blue powdery product
was dried in vacuum, affording 0.98 g of hyperbranched CuPc with a yield of 67%. The
final structure of the HBCuPc was determined by lH-NMR, 13C-NMR, IR, UV-Vis, TGA
and GPC spectra respectively (Fig 3.3-3.7).

'H NMR (ppm): 8.10-6.92 (d); 6.75-6.61 (q); 6.65-6.61(q); 6.45-6.21(q).
(Figure3.3):

IR (KBr, em™): 3222, 3065, 2231, 1771, 1717, 1607, 1588, 1565, 1489, 1454,
1402, 1361, 1309, 1255, 1217, 1183, 1092, 1049, 950, 881, 838, 770, 746, 674, 643, 553,
524. (Figure 3.4);

TGA: 418 °C (10% weight loss) (Figure 3.5);

GPC: Mw=3120, Mn=2380, Mw/Mn=1.31 (Figure 3.6).

Content of CuPc unit in HBCuPc was calculated as 15% based on the following
observation. CuPc itself has ¢ of 281.2. If the monomer ideally reacted with CuCl, the
structure of the product is shown as below and ¢ value of CuPc unit in this structure was

calculated as €=205. However, ¢ value of HBCuPc obtained in this work was found by
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UV-Vis spectra (Figure 3.7) as &=31. Therefore, CuPc unit content in HBCuPc was

obtained by the equation:

—o HBCuP.
R CuPc Unit Contents — Cob " c c ¥ 100
! _ . t
. in HBCuPc (%) e

CuPc Umt

Figure 3.3 "H NMR spectrum of HBCuPc¢ polymer.

Wavgnumberfem-1]

Figure 3.4 IR spectrum of the HBCuPc polymer.
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Figure 3.6 GPC curve of the HBCuPc¢ polymer.
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Figure 3.7 € of the HBCuPc polymer.

Preparation of dielectric pellets and casting films of the HBCuPc polymer.
The compressed pellets of HBCuPc dendrimer with varying thickness were prepared by
using a hydraulic presser with a pressure of 12,000 psi for 3 mins from grindered polymer
powder. The HBCuPc pristine films were prepared by dissolving a certain amount of the
polymer powder to 0.5mL DMACc solutions first, and then stirred the solution for 10hrs,
followed by the grinding or sonication for extra 10 mins. The pristine films made on Al
foil substrates were dried in air, followed by the heat treatment under vacuum for 12 hrs
in order to evaporate the solvent.

Techniques. Infrared (IR) spectra were recorded on a Shimadzu FTIR-8100
Fourier transform infrared spectrophotometer. NMR spectra were recorded on a JEOL
JNM-AL 300 MHz spectrometer. Thermo gravimetric analysis (TGA) was carried out
with a Seiko TG/DTA 6200 at a heating rate of 10 °C/min under air. Gel permeation
chromatography (GPC) was performed on a Shodex RI-71 refractive index detector.

Dimethylformamide (DMF) containing 0.01 Mol of lithium bromides was used.
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Dielectric measurements were carried out by a 4284A HP LCR meter (20Hz-
IMHz) with an HP 16451B dielectric fixture. A contacting electrode method was used.

The capacitance (C,) and dielectric loss (tand) were directly recorded from the

p
&

instruments. The dielectric constant was determined by the equation & = . Here g is

the dielectric permittivity of the vacuum (8.85 x 107 F/m); A is the area of the electrode
and d is the thickness of the film.

Ultraviolet (UV)-visible absorption spectra were recorded with an Agilent
Technologies 8453 spectrophotometer. Steady-state fluorescence measurements were
performed on a Fluomax-2 fluorimeter. The solvent for all spectroscopic measurement is
DMAc.

Time-resolved polarized fluorescence measurements were carried out on a
femtosecond fluorescence up-conversion set-up. The detailed description of the set-up
has been itinerated in chapter 2. In brief, the HBCuPc polymer/DMAc solution was
excited with frequency-doubled light from a mode-locked Ti-sapphire laser with a pulse
width of ~ 55fs at a wavelength of 820nm. The polarization of the excitation beam for
the anisotropy measurements was controlled with a Berek compensator. The sample cell
was Imm thick and was held in a rotating holder to avoid possible photodegradation and
other accumulative effects. The fluorescence emitted from the sample was collected with
achromatic lens and directed parallel or perpendicular to a nonlinear crystal of B-barium
borate. After passing through a motorized optical delay, the rest of the fundamental light
mixed with the emission from the sample in another nonlinear crystal to generate sum
frequency signal. This up-conversion signal was dispersed using a monochromator and
detected using a photomultiplier tube (R 1527P, Hamamatsu City, Japan).
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Time-of-flight mobility measurement: The HBCuPc polymer/ DMAC solution
was cast onto silicon wafer (~500um). Then it was sandwiched between gold electrodes
using vacuum deposition. A 337nm N laser pulse of 10 ns duration was used to excite
the transient current. An electric field was applied across the sample by applying a
potential difference between the electrodes. The experimental set-up could be referred to

chapter 2.

3.3 Results and Discussion

The structure of the HBCuPc polymer under investigation in this work is
illustrated in scheme 3.1. The cyano end-group is attached to the copper phthalocyanine

polymer in order to enhance its polarity and solubility.

Scheme 3.1 the structure of the HBCuPc dendrimer

As shown in Figure 3.8 is the dielectric response of a compressed pellet of the
HBCuPc. The thickness of the compressed pellet was ~76 pm. An impressive dielectric
response of ~46 is obtained even at frequencies up to 1 MHz. This value is significant

and is larger than that observed for the CuPc complex which was only 5.3 at 50 KHz. '
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The comparison of the dielectric response between HBCuPc polymer and CuPc monomer
is clearly illustrated in Figure 3.9. It can also be noted in Figure 3.8 that the dispersion of
the dielectric constant is very small. This result suggests a major improvement over what
has been reported in the past with Pc related materials. For example, in the case of the
oligomers of Pc, the dielectric dispersion is very large where the dielectric response drops
by 3 orders of magnitude over a similar frequency range as that seen in the result of
Figure 3.8. '® Very small dispersion in an organic material has been also observed in
Co(acac),-cured-expoy resin material; however, the dielectric response at these higher
frequencies in this material was relatively small (~6 at 1 MHz). 2 It has been suggested
that for these systems such a small dispersion may be a result of the formation of large
polar moieties. * From our measurements of the previous similar systems, we find that
this may also be the case for the HBCuPc system where a long-range polaron
delocalization in the branched structure gives rise to a small dispersion at high

.o 19,20
frequencies.
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Figure 3.8 the dielectric dispersion of HBCuPc¢ polymer compressed pellet with a
thickness of 76 pm.
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Figure 3.9 the dielectric constant of HBCuPc polymer compressed pellet as
compared to that of CuPc monomer.
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As shown in Figure 3.10 is the dielectric loss of HBCuPc polymer pellet. The
previous results for Pc related polymers and oligomers had shown losses (tand) up to 0.7
for the polymer composite and above 1.0 for the Pc oligomers. '*'**' And even a CuPc
monomer shows a dielectric loss up to 0.3. However, in our system, the dielectric loss is
<0.003 at frequencies lower than 10 KHz. Then, it increases towards higher frequency
and achieves a dielectric loss ~0.01 at IMHz. The dielectric response we have found with
this HBCuPc dendrimer present a major improvement which we attribute to the long-

range interactions in the hyperbranched structure.
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Figure 3.10 the dielectric loss of HBCuPc dendrimer compressed pellet with a
thickness of 76 pm.

To probe the transport mechanism which yields this impressive dielectric
response in the HBCuPc system, we carried out the analysis of the AC conductance. The

AC conductance was analyzed by the expression given aso . = &,¢, tan 0w , where & is

the permittivity of the vacuum, ¢, is the real part of the dielectric constant, tand is the
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dielectric loss, and w is the angular frequency. Measurements with the AC conductivity

of the HBCuPc samples showed a frequency dependent conductivity which could be

fitted by a power law given aso,. = 4+ Bw', where 4 and B are constants related to the

DC (zero frequency conductivity) and s is a fitting parameter. The AC conductance of the
pressure compressed pellet with a thickness of 76 um showed the super-linear power law
dependence with an s value of ~1.70 (Figure 3.11). It has been suggested that the s
parameter may give an indication of the charge transport mechanism in the system. For
example, a value of the s parameter of 1.75 was obtained for a metallorgano Pc film. '**
Moreover, low temperature measurements of CuPc oligomers have found a superlinear
dependence too. 2! The explanation common to both of these cases in regards to the
transport mechanism was heavily based on polaron tunneling in the system. However, for
this situation the tunneling of polarons occurs on a relatively short length scale (short
range interactions). '*** For the case of the compressed pellet sample of the
hyperbranched Pc system, the contribution from a polaron tunneling mechanism is
reasonable in describing the transport properties. It should be mentioned that in the case
of the dendritic structure we have found that the interactions may extend over a number
of repeat units and thus over larger length scales.” This effect may be sensitive to the

macromolecular order exhibited in the dendritic system which may be a function of the

fabrication (packing) of the solid-state system (compressed pellet or thin film).
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Figure 3.11 the AC conductance of HBCuPc polymer compressed pellet with a
thickness of 76 pm.

In order to check if there is a thickness dependence of the dielectric performance
for the HBCuPc polymer compressed pellet, we carried out the dielectric measurement on
HBCuPc pellets with various thicknesses. Figure 3.12 shows an example of the dielectric
dispersion of a compressed pellet with a thickness ~16 pm. The dielectric constant of this
pellet can go up to 76 at lower frequencies; however, it drops quickly to ~11 at IMHz
and shows a typical dielectric dispersion of CuPc based polymers. The high dielectric
constant in this thin pellet should be related to the space charge, which can also be
supported by the Ac conductance analysis of this thin HBCuPc dendrimer pellet. As you
can see in Figure 3.13, a large DC component with a value of 2.0x10” S/m is present in
this thin pellet, 4 orders of magnitude higher than that in 76 um thick pellet. This high
DC component may suggest that there is a substantial contribution from space charge.

Moreover, the AC conductance shows a power law dependence (an s value ~0.8) in this
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thin dendrimer pellet, which may be related to polaron hopping charge transfer

mechanisms.
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Figure 3.12 the dielectric dispersion of HBCuPc¢ dendrimer compressed pellet with a
thickness of 16 pm.
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Figure 3.13 AC conductance of HBCuPc dendrimer compressed pellet with a
thickness of 16 pm.
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The thickness dependence may be related to the crystalline size and the packing
of the HBCuPc powders. Other unknown factors, such as electrode edge effect,
environment may do the contribution too. But in our previous investigations, we found
that the conductance was proportional to the inverse of sample thickness in hyper-
branched polyaniline sample and no double-layer capacitor effect was observed.
Therefore, the impressive dielectric response we have observed should be the intrinsic
behavior of HBCuPc polymer.

To probe the importance of the morphology of the system once fabricated in the
solid-state, we also carried out measurements of films of various thicknesses and
concentrations of the branched Pc system. Shown in Figure 3.14 is the dielectric response
for a pristine film of the HBCuPc coated on an Al substrate. This system also showed a
very small dispersion and the dielectric constant was close to ~15 at IMHz. A very small
dielectric loss (on the order of 0.001) was obtained at high frequencies (Figure 3.14).
Compared to TiO, functionalized polystyrene nanocomposites (= 6~10), > the dielectric
performance of the hyperbranched Pc films meets the stiff requirements for gate
dielectrics and of organic transistor applications.

Our measurements of different film’s AC conductance showed no apparent
thickness dependence. The AC conductance (oac) of this pristine film exhibited a
behavior which can be fitted by a power law with an s value in the range of ~0.8 (Figure
3.15). This value for s suggests that the dominant mechanism of transport is a polaron
hopping mechanism and may be related to the disordered dielectric effects in the system.
»From our results on this and similar systems we have found that the polaron hopping

can be relatively fast. '’ For example, with the use of time-resolved spectroscopy we have
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found that the hopping time can be as fast as ~1 ps. '° Such a fast hopping would suggest
a relatively strong long range interaction of the branched structure and this is an intrinsic
effect. It is interesting to note that this was not the case for the compressed pellet samples
of the hyperbranched Pc, where a value of s greater than unity was obtained and this may

be related to the fabrication procedure used to make the samples.
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Figure 3.14 the dielectric response of HBCuPc dendrimer casting film with a
thickness of 10 pm.

In order to probe the electronic properties of this dendrimer, we carried out time-
of-flight measurements to investigate the electron mobility. HBCuPc¢ dendrimer was first
dissolved in DMAc solution at a concentration of 1mg/mL, then the HBCuPc/DMACc
solution was drop-cast on a silicon wafer with a thickness of 500 um. After drying in a
vacuum oven at 120°C for several hours, a dendrimer film with a thickness ranging
between 4 to 5 pm was obtained using a surface profiler. Other details of the procedure

are elaborated in the experiment section.

82



0=1.419*10"°+2.437*10 " ,"® I A
8 |
2.0x10 o*=7.824*'|0_12a)0'697l
E
<2
¢
10" 10° 10° 10* 10°

o (Hz)

Figure 3.15 AC conductance of HBCuPc dendrimer casting film with a thickness of
10 pm.

A typical transient current at an applied field of 5V at several different
temperatures is depicted in Figure 3.16 plotted on a linear scale. The transient current
signals at room temperature follow a plateau region after a fast decay, then slowly tail
off. This shows the characteristics of non-dispersive charge carrier transport. However,
upon lowering the temperature, an apparent transition from non-dispersive to dispersive
charge carrier transport occurs, which indicates that the disorder increases as temperature
increases in this dendrimer system and agrees well with the disorder formalism
predication by Bissler and co-workers. 2° The dispersive charge transport may originate
from the hopping between localized states. This agrees with the observation in the
ultrafast depolarization and fluorescence dynamics (see below).

For these typical transient curves, the mobility can be calculated by equation 3.1.
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3.1)

In equation 3.1, p is the mobility, d is the thickness of the film, t; is the charge
carrier transit time and V is the applied electric field. A significant charge carrier
mobility in the order of 10* ¢cm?/V-s can be obtained, which is within the same order
compared to the value observed for CuPc crystalline film by Micielski W. et al.' The
investigation of HBCuPc morphology by using TEM (Figure 3.17) showed aggregates
formed by large spherical crystalline domain of ~62 nm, which may help to rationalize
the high charge carrier mobility in this hyperbranched system. The fast displacement of
charge carriers and large carrier mobility also support the high dielectric response

observed at high frequency in this polymer system.
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Figure 3.16 the transient current of the HBCuPc polymer/Silicon film with an
applied electric field of SV at various temperatures. *The sharp peak indicates
electron transport in silicon wafer.
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Figure 3.17 TEM image of the HBCuPc polymer

As supported by previous experimental results of the charge transport in
disordered organics, the mobilities are usually low (with a magnitude between 107
cm?/V-S and 10" cm?/V-S) and strongly temperature and electric-field dependent in the
case of a hopping dominated charge transport. ”>° And generally, the transport of charge
carriers in polymers is slower than that in crystalline molecules. *' However, the electron
mobility in this novel dendrimer system is actually high. Thus we looked into the
temperature and electric-field dependence. In Figure 3.18, the temperature dependence of
the mobility is illustrated. The measurements have been carried out at an electric field of
5V. Generally, at high temperatures, thermal excitation of the carriers to the band edges
is possible for a Pc semiconductor and extended-state conductivity can occur. At low
temperature less thermal energy is available and polaron hopping may dominate. *° Thus,
a high mobility at higher temperature is typically observed in contrast to this negative
temperature dependence observed in this dendrimer system. This non-Arrhenius

behavior may be suggested to originate from positional dielectric disorder. *> When the
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temperature is decreased, due to the self-organization of the CuPc planar structures, a
tighter stacking of the CuPc rings may become possible, which may shorten the hopping
distance of the polaron between the CuPc rings in the system. Also, when the distance
between CuPc rings becomes short enough (<5A), polaron tunneling may occur at a very

low temperature. 14

8.0x10™ 1 Applied field 5 V
£=9.132*10"-2.040*10°T
)
o
2 4.0x10™
=
o .
s
°
Applied field 12 V P
£ =5.975*10"-1.617*10°T e
0.0 : : : , : ,
0 80 160 240

Figure 3.18 the temperature dependence of charge carrier mobility at an applied
voltage of 5V.

This also provides support that a super-linear power law relationship of AC
conductance is obtained with an s value of 1.7 in a HBCuPc¢ dendrimer compressed pellet
with a thickness of 76 um, as shown in Figure 3.11. Vidadi et al. has suggested a charge
transport mechanism dominated by polaron hopping and band-type mechanisms in CuPc
film with an s value of 1.75.

If the temperature dependence is replotted in an Arrhenius format, as illustrated in

the Figure 3.19, as the temperature decreases, the mobility increases and obeys the

o 1/T relation, a characteristic of non-Arrhenius behavior, but it tends to saturate at
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lower temperatures, such as a dispersive transport regime. There is a weak temperature
dependence of the mobility, because when the temperature decreased from 200K to 20K,
only a three-fold increase was observed. Extrapolating to the limit 1/7—0 based on the
fitting, po with a value of 2.27x10™ cm*V's™ is found with 5V applied field. The weak
temperature dependence may indicate that the polaron tunneling becomes more dominant
at low temperature, because less hopping sites will be available once the system disorder

is reduced at lower temperature.
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Figure 3.19 the Arrhenius plot of the charge carrier mobility at two different
applied electric field, SV and 12V respectively.

Furthermore, if we look at the activation energies derived from the fitting of data
in Figure 3.19 at two different applied field, we can find that the activation energy
decreases at low electric field (with a value of 0.0106 eV at 5V and a value of 0.0168eV
at 12V respectively). This decrease in activation energy indicates more hopping sites will

be available at low electric field, therefore a high mobility should be expected at low
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electric field. The low activation energy may also suggest that the polaron formation
contribution should be considered in combination with energetic and positional disorder
suggested by Bissler and co-workers, *° because polaron has a strong effect on the low

temperature activation energy relaxation in disordered organic materials. >

Shown in Figure 3.20 is the applied field strength dependence of the charge

mobility in the dendrimer film with a thickness of ~4um. It is apparent that the mobility

dependence on the electric field follows a relation of u oc E “a typical Poole-Frenkel-
like behaviour. ** The slope of the electric field dependence decreases with the increasing
of temperature (from 20 K to RT, the slope drops from -1.41578 to -1.7867), which
indicates that the mobility becomes a less strongly positive function of field and satisfies
the prediction from disorder formalism. *® As the typical Poole-Frenkel dependence of the
mobility on the electric field has no correlation with the electrode type, thus may be
associated with the charge carriers and the positional disorder of hopping sites, which has
been found in other organic materials, such as polythiophenes. ** In contrast to the
observed field dependence characteristic in the phthalocyanine monomer film, a negative
dependence occurs, which has been found in various disordered organic materials. **>¢ %7
In addition, numerous Monte Carlo simulations of charge transport have reproduced such
effect based on a Gaussian disorder model (GDM). **** Currently, there are several major
arguments surrounding this negative field dependence. ****** One argument states that
the negative dependence occurs due to the limitation of TOF technique, for example, the
dielectric relaxation time is longer than the injected carrier transit time, and a prerequisite

for TOF application is no longer satisfied. ** However, this explanation contradicts to

some experimental results. Herein, Cordes et al. draw the conclusion that this effect can
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be attributed to the predominance of diffusion at low field. ** Another explanation was
given by H. Bissler and his co-workers. ** They found that this effect is an inherent
property of the hopping transport in disordered solids by extending the disorder model
within the framework of an effective medium approach (EMA), in addition to the
consideration of polaron formation contribution. We infer that the hyperelectronic
polarization diminishes in a weak field and there is a larger degree of positional disorder

at high electric field in this dendrimer system.
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Figure 3.20 charge carrier mobility versus square of electric field strength at
different temperature.

The TOF signals of the novel HBCuPc dendrimer show characteristics of
Gaussian transport, as described by Bassler’s uncorrelated Gaussian disorder model
(UGDM). In this model, the zero field mobility x (0, T) and the field activation of the

mobility y (0, T) have 1/T° temperature dependence and can be expressed as:
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1(0,T) =y xexp(=2/3(c / k,T)*) (3.2)

7(0,T)=C((c/k,T)* —%%) (3.3)

Where o is the width of the Gaussian distribution of hopping sites, C and X are the
parameters of the model. From the fitting, we obtained a value of 2.627x10® cm*V's™

for py, which is comparable to that for HBCuPc with a value of 2.8x10% cm?V'st. 401

n
addition, a weak energetic disorder in this organic system was found. Also, earlier reports
of simulations of charge transport also supported the fact that the negative electric field
dependence occurs at strong positional disorder and weak energetic disorder in a
disordered organic solid system. *® As the positional disorder increases at lower field,
faster paths are opening and charge transport occurs within a percolation type cluster of
hopping sites with a relatively small hopping distance, which results in a larger
probability of charge hopping. The negative electric field dependence in combination

with Non-Arrhenius temperature dependence is in agreement with the Ac conductance

analysis of this dendrimer system.

In order to have a better understanding of the charge transport mechanisms in this
novel dendrimer system, we also carried out steady-state adsorption and emission
spectroscopy. Figure 3.21 shows the absorption and emission spectra of HBCuPc
solution. Four main UV-Vis adsorption bands are observed. The strong adsorption peaks
are dominated by Soret bands, Q and B band. The absorption at 336 nm is assigned to B
band (m-m* transitions of the macrocycle). Precedent to B band peak, other two
absorption peaks in UV range may be assigned to N (305 nm, d-r) and C (259 nm, d-n*)

bands, respectively. A strong Q-band adsorption peak is observed at 678nm and
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attributed to the [Im-n* transition on the phthalocyanine macrocycle, similar to published
spectroscopic features of CuPc rings. *'* Accompanying to the Q-band, there is a
relatively weak peak, seen as a shoulder, appears at 624nm may be assigned to metal-to-

ligand charge transfer. *
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Figure 3.21 UV-Vis and steady state emission spectra of HBCuPc polymer

When excited at 624nm, a weak emission peak was observed which confirms our
assignment of metal-to-ligand charge transfer to the band at 624nm in this polymer.
Moreover, no emission is observed at an excitation in higher energy bands. For example,
when excited at B band or at 400 nm, no emission was observed by the steady state
measurement. It’s interesting to note that the emission spectrum at 624 nm is not
exhibiting mirror symmetry to the adsorption spectrum. This distortion may indicate a
symmetry breaking after the excitation, which agreed to the observation of femtosecond

fluorescence dynamics illustrated in Figure 3.22. The results show that the fluorescence
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decay of this polymer possesses two components, including a fast component on a time
scale of 120 fs, which is within the range of the IRF. Initially, the fluorescence decays
fast with an anisotropy residue of 0.2, which indicated the symmetry breaking in the
delocalized system and the excitation was transferred to other rings. Otherwise, we
should expect a residue value of 0.1 in this planar structure, with the exciton located on
one ring. In addition, it provides evidence to the electron hopping process suggested in
this dendrimer system, because the breaking in symmetry could possibly induce more
traps to form. The slow component was on a time scale of 3 ps, comparable to many
exciton hopping processes observed and which may be attributed to electron hopping
process between neighboring CuPc rings in the excited states. All above characteristics
shown in HBCuPc dendrimer spectra indicate non-radiative relaxation pathways, for

instance, ring-to-ring charge transfer or ring-to-metal charge transfer process involved.
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Figure 3.22 B-band fluorescence dynamics and fluorescence anisotropy (inset) of
HBCuPc¢ polymer at an excitation of 400 nm.
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Moreover, we investigated the Q-band fluorescence dynamics at an excitation of
400nm (Figure 3.23). Similar to B-band fluorescence dynamics, there exist two decay
components from the best fit of the fluorescence. The fast component is in a time scale of
194fs and may be related to a relaxation from Qy to Q. The slow component is in a time
scale of 14ps, which may correlates to a hopping process or solvation induced
intramolecular vibrational energy redistribution. As we observe a component related to
the hopping process in both B band and Q band emissions, we can conclude that there is a
fast electron hopping process in the HBCuPc dendrimer system. It may be related to the
fast hopping of the exciton in microwave region, which can explain the fast dielectric
response exhibited in this dendrimer system.
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Figure 3.23 Q-band fluorescence dynamics of HBCuPc polymer at an excitation of
400 nm.
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We also made effort to obtain low loss dielectric nano-composites by
incorporating high dielectric constant of BaTiO; into HBCuPc polymer. The dielectric
constant of the BaTiO3/HBCuPc polymer nanocomposites was found to be greater than 9
in a wide frequency range and the dielectric loss (<0.03 at high frequencies) tended to
decrease with the increasing ratio of the HBCuPc polymer in the nanocomposites (Figure
3.24). In comparison to the dielectric loss of pure BaTiOs nanoparticles, it was reduced to
a ratio of 1/10. In addition, the incorporating of epoxy into the nanocomposites seemed to
be able to reduce the dielectric loss further. In this case, the particle size and morphology
of BaTiO; nanoparticles would be a dominating factor. The surface modification of
nanoparticles will be one efficient strategy to create high dielectric constant, low
dielectric loss nanocomposites as well. A great deal of effort has been carried out to

optimize the composition of nanocomposites to enhance their performance.
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Figure 3.24 Dielectric loss of pure BaTiO; (©), HBCuPc¢ dendrimer/ BaTiO3 (100/80
Vol%) nanocomposites (o) and HBCuPc¢ dendrimer/ BaTiOs;/Epoxy (100/50/80
Vol%, A).
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3.4 Conclusion

In conclusion, we have found a novel organic branched Pc polymer system which
shows impressive dielectric properties with very low loss at high operational frequencies.
Compared to the percolative systems, this hyperbranched polymer system shows very
low loss at higher frequencies and a small dispersion, as well as improved stability and
flexibility. Measurements were carried out with both pressure compressed pellets and thin
films of the Pc polymer system. The mechanism for this impressive high-frequency
response with relatively small dispersion is suggested to be due to a long range polaron
hopping mechanism accompanied by strong intramolecular interactions in the branched
system. Moreover, we have observed non-Arrhenius and Poole-Frenkel behavior in this
polymer system. The non-dispersive to dispersive transformation occurred when the
temperature decreased, due to the self-organization of CuPc rings, creating more polaron
hopping, as well as polaron tunneling pathways. The time-of-flight measurements
demonstrated a fast movement of the carriers in the system (under sub microsecond with
a low drain voltage) and the significant carrier mobility (~10™* cm®*V's™), may provide
strong evidence to the strong and fast dielectric response in this dendrimer system. The
impressive dielectric response in this dendrimer system can be attributed to polaron

hopping and tunneling charge transport mechanisms.
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Chapter 4
Effect of Donor and Acceptor Strength in Hyperbranched Pc Polymers for High

Dielectric Applications

4.1. Introduction

High energy density and low loss tangent capacitors powered at high frequency
are essential electronic components for many pulsed power device applications, which
include pulsed laser, defibrillators and display devices.'? Therefore, high dielectric
constant materials with high breakdown field, low dielectric loss, and low dielectric
dispersion are strongly needed. The traditional high dielectric constant materials for high
energy density capacitors are ceramics (e.g. BaTiOs, CaCusTisO12).>® They can achieve
very high dielectric constant at low frequency (1-100KHz). However, they suffer from
problems such as poor processibility and large impact from defects. In order to avoid or
mitigate these limitations, many efforts have been devoted to introduce inorganic fillers
(e.g. Al, BaTiO3) or conductive fillers (e.g. conductive polymers, carbon nanotubes) into

the polymers. **

For example, Rao et al. developed a high dielectric constant (~150 at
10 KHz) lead-magnesium niobate-lead titanate (PMN-PT) /BaTiOs/epoxy nanocomposite
with ceramic filler loading up to 85% by volume.** The required high filler concentration

in order to achieve high dielectric constant will result in high dielectric loss and relatively

low breakdown voltage in these polymer-ceramic composites, as well as some technical
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barriers such as poor dispersion of the fillers in the polymer matrices and poor
compatibility with organic substrates.”> To overcome the limitations of ceramic/organic
composites, considerable efforts have been taken recently. For instance, Dang et al.
reported a giant dielectric permittivity ~400 at 100 Hz in a functionalized carbon
nanotube/poly(vinylidene fluoride) (PVDF) nanocomposite with the conductive filler
loading of 8 vol%."* In comparison to polymer-ceramic systems, the required loading of
conductive fillers for a similar value of dielectric constant has been greatly lowered
down. Whereas, the dielectric loss was extremely high (tand=~2) and the dielectric
properties of the composite was still constrained by the percolation theory. Therefore, an
all-organic material with high dielectric constant have inspired a great interest in the
exploration of their usage especially for catering to the miniaturization and cost-saving
demand of next generation electronics. In fact, a number of organic materials have

2631 For instance, PVDF/poly(p-chloromethyl styrene)

shown high dielectric constant.
(PCMS) grafted copper phthalocyanine (CuPc) (PCMS-g-CuPc) all-organic composite
showed a dielectric constant of 325 at 100Hz due to the Maxwell-Wagner-Sillars
polarization mechanism.® Also, thiourea (TU) - graft- cyanoacrylate/ PVDF composites
possessed a dielectric constant ~ 54 up to 100MHz.>! A common disadvantage of above
materials is the high dielectric dispersion and large loss tangent, e.g. TU-graft-
cyanoacrylate/PVDF composite had a loss tangent ~0.03. These will lead to thermal
effect and perhaps thermal failure. Hence, it necessitates the research on high dielectric
constant and low dielectric loss all-organic materials.

Recently, we demonstrated that high dielectric constant and low loss are

1,2,32
292 R

attainable by using polaron delocalization in hyperbranched polymer systems. or
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example, a high dielectric constant (>46) and low dielectric loss (~0.001) were observed
in a hyper-branched copper phthalocyanine dendrimer with very small dielectric
dispersion.! The charge transfer mechanism for this impressive dielectric performance
was related to a long range polaron hopping process accompanied by strong inter-
molecular interactions in the branched systems. And the high electron mobility (~10*
cm’V~'s™) in addition to the non-Arrhenius and Poole-Frenkel behavior observed from
time-of-flight measurement provided a convincing proof for the strong and fast dielectric
response found in this hyperbranched copper phthalocyanine systern.32 Moreover,
ultrafast delocalization and electron hopping are evidenced from femtosecond up-
conversion fluorescence measurement, which were suggested to be able to enhance the
dielectric response in hyperbranched systems in comparison to their linear analogues.”**
Hence, in this chapter, the design, synthesis and characterization of functionalized
hyperbranched copper phthalocyanine (HBCuPc-TPA-CN) polymer are reported. In this
polymer, the electron donating group of triphenylamine (TPA) was functionalized into
the hyperbranched copper phthalocyanine architecture due to its excellent thermal and
electrochemical stability, electron donating ability in addition to its good film-forming

- e 33-38
properties.

In addition, previous investigations in triarylamine dendrimers and ladder
systems have found that highly delocalized radical cations could be formed in an electron
rich hyperbranched system, which will result in strong interactions over relatively large
molecular distance.**** CuPc has recently emerged as a versatile block for novel electron

o 4143
accepter units.

Therefore, we are interested in the understanding of the influence of
the interaction strength of the donor-acceptor in hyperbranched systems and the formed

intermediate charge pairs on the optical and electronic properties of the HBCuPc-TPA-
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CN polymers. The conclusion will be made based on the comparison between the

HBCuPc-TPA-CN polymer and the previously investigated HBCuPc polymer.

4.2 Experimental Section

Materials. All reagents were purchased from Aldrich Chemical Co. and used as
received unless stated. Both dimethyl sulfoxide (DMSO) and N, N-dimethylacetamide
(DMACc) were dried with calcium hydride and distilled under reduced pressure.

Synthesis of the monomer (bis((3,4-dicyanophenoxy)phenyl)phenylamine).
Scheme 4.1 summarizes the synthesis of compounds 1-3. In general, Aniline was first
coupled with 4-iodoanisole to produce bis(4-methoxyphenyl)phenylamine(1), followed
by the demethylation reaction by BBr; to yield bis(4-hydroxyphenyl)phenylamine (2).
Finally, the coupling reaction of bis(4-hydroxyphenyl)phenylamine and 4-
nitrophthalonitrile =~ was  carried out in  DMSO to form  bis((3,4-
dicyanophenoxy)phenyl)phenylamine.***’

Preparation of bis(4-methoxyphenyl)phenylamine (1). A mixture of 10 g
(107.37 mmol) of aniline, 2.13 g (21.48 mmol) of copper (I) chloride, 54.22 g (966.39
mmol) of potassium hydroxide, 3.87 g (21.48 mmol) of 1,10-phenanthroline, and 56.28 g
(230.86 mmol) of 4-iodoanisole were dissolved in 250 ml of m-xylene at 180 °C under
nitrogen atmosphere and stirred for 72 hr. Then the reaction mixture was cooled down to
the ambient temperature, dissolved in 300 mL of methylene chloride, washed with 3 X
300 mL of water, and dried by magnesium sulfate. After that, the solvent was removed
under reduced pressure, and the residue was purified by the flash chromatography (40 x

150 mm column, SiO,, CH,Cly/hexane, 1:10). The 9.52 g (31%) of bis(4-

methoxyphenyl)phenylamine was collected as a yellow solid.
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Ry=0.5 (Si0,, CH,Cly/hexane, 1:10);

'H NMR (300 MHz, DMSO-d6): = 7.19 (t, 2H, J = 8.63, 15.97 Hz), 6.99 (d, 4H,
J=28.99 Hz), 6.89 (d, 4H, J = 8.99 Hz), 6.84-6.76 (m, 3H)

PC NMR (75 MHz, DMSO-d6) 8=155.5, 148.3, 140.2, 128.8, 126.2, 120.1,
119.8, 114.8, 55.1

FT-IR (KBr, cm'): 3034, 2954, 2911, 1592, 1478, 1440, 1321, 1278, 1244,
1168, 1083, 993,913, 813, 759, 716, 590, 521

Anal. Calcd for C,o0H1oNO,: C, 78.66; H, 6.27; N, 4.59. Found: C, 78.87; H, 6.26;

N, 4.86.

OCH H,CO OCHj,
NH 3 CuCl, KOH, \[::j\ /[i:j/
+ > N
| 1,10-phenanthroline
m-Xylene @

1
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Scheme 4.1 Synthesis of bis((3,4-dicyanophenoxy)phenyl)phenylamine monomer (3).
Preparation of bis(4-hydroxyphenyl)phenylamine (2). To a stirred solution of 5

g (16.37 mmol) of bis(4-methoxyphenyl)phenylamine in 75 mL of chloroform at 0 °C
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under nitrogen atmosphere, 130.99 mL (130.99 mmol) of 1M BBrj; in methylene chloride
was added dropwise. After lhr at 0 °C, the reaction mixture was kept at 0 °C for 1 hr,
then was heated up to room temperature and stirred for 5 hr. After cooling back to 0 °C,
methanol was added slowly to the reaction mixture. And the solvent was removed under
reduced pressure, diluted with 500 mL of ethyl acetate, washed with 3 x 300 mL of a
saturated aqueous sodium bicarbonate solution, and dried by magnesium sulfate. Finally,
the residue was purified by the flash chromatography (40 X 150 mm column, SiO,,
EtOAc/hexane, 1:3) and 4.12 g (91%) of green bis(4-hydroxyphenyl)phenylamine was
obtained.

Ry=0.2 (Si0,, CH,Cly/hexane, 1:3)

'H NMR (300 MHz, DMSO0-d6) 5= 9.20-9.08 (br, 20H), 7.13 (t, 2H, J = 7.34,
15.97 Hz), 6.90 (d, 2H, J = 8.81 Hz), 6.76-6.67 (m, 7TH)

BC NMR (75 MHz, DMSO-d6) 8=153.9, 148.9, 138.7, 128.8, 127.0, 119.1,
118.3, 116.1, 115.5

FT-IR (KBr, cm '): 3538, 3061, 1595, 1438, 1312, 1250, 1164, 1078, 1011, 914,
811, 726, 695, 593, 517

Anal. Calcd for CigHsNO,: C, 77.96; H, 5.45; N, 5.05. Found: C, 77.14; H, 5.43;
N, 5.32.

Preparation of bis((3,4-dicyanophenoxy)phenyl)phenylamine (3).

To a flask, 4 g (14.42 mmol) of bis(4-hydroxyphenyl)phenylamine, 6.24 g (36.06
mmol) of 4-nitrophthalonitrile, and 9.97 g (72.12 mmol) of K,CO; were dissolved in 80
mL of DMSO at room temperature under nitrogen atmosphere and stirred for 48 hr. Then,

the mixture solution was cooled down to 0 °C, and water was added to generate the solid.

104



The precipitate was collected by the filtration, and rinsed with cold methanol. Yellow
powder of 5.52 g (72%) of bis((3,4-dicyanophenoxy)phenyl)phenylamine was obtained
after the purification by the recrystallization using methanol and ethyl acetate.

Ry= 0.4 (SiO,, EtOAc/hexane, 1:2)

'H NMR (300 MHz, DMSO0-d6) §=8.09 (d, 2H, J = 8.63 Hz), 7.77 (d, 2H, J =
2.57 Hz), 7.44 (dd, 2H, J = 2.57, 8.63 Hz), 7.36 (t, 2H, J = 7.34, 15.97 Hz), 7.17-7.03 (m,
11H)

C NMR (75 MHz, DMSO-d6) 5=161.1, 148.8, 146.8, 144.6, 136.0, 129.5,
125.2,123.7,123.2,122.2, 121.7, 121.3, 116.5, 115.6, 115, 2, 107.9

FT-IR (KBr, cm'): 3428, 3040, 1592, 1498, 1414, 1276, 1205, 1086, 951, 840,
721, 644, 590, 524

Anal. Caled for Cs4H19NsO,: C, 77.12; H, 3.62; N, 13.23. Found: C, 76.83; H,
3.54; N, 13.30.

Synthesis of the HBCuPc-TPA-CN Polymer. The HBCuPc-TPA-CN polymer
was synthesized by a copper fusion method, ***” as shown in Scheme 4.2. To a flask, 2 g
(3.78 mmol) of bis((3,4-dicyanophenoxy)phenyl)phenylamine was dissolved in 5 ml of
DMACc at 160 °C under nitrogen atmosphere. Then 112.17 mg (1.13 mmol) of copper(I)
chloride was added into the flask and the mixture was stirred for 8h. DMAc solvent was
used to dilute the reaction mixture to 5 wt%. The mixture was poured into 1000 mL of
water. The crude product was collected by the filtration, dried under vacuum, dispersed in
methanol, and refluxed for 6h. The precipitate was then filtered, dried under vacuum,
dissolved in DMAc, and stirred for 6h. After the filtration, the filtrate was poured into

methanol and the precipitated polymer was filtered off, and dried under vacuum. A 780
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mg of HB-CuPc-TPA was obtained as a dark blue solid. The final structure was
characterized by 'H NMR, FT-IR and DI-Mass spectra. The HBCuPc-TPA-CN
dendrimers with varying molecule weight were synthesized and the sample under this
investigation has a molecule weight (Mw) of 20,000.

'H NMR (300 MHz, THF-d8): broad aromatic protons from 8= 6.5-8.0

FT-IR (KBr, cm™'): 3650, 3037, 1735, 1592, 1402, 1312, 1230, 1160, 1092, 1011,

890, 748, 572; Anal. Found: C, 72.85; H, 3.61; N, 13.55.

CN
CN
CN_CN CN
CN CN N \ CN
CN CN N
N N S & N
CuCl
e
> N 4 C,;\IN
N DMAc NER,
160°C N N ® .
2-6h N .
N
o- 4 \> CN CN N
[\ CN CN
/1\//\_‘/\1\\ CN NC

Scheme 4.2 Synthesis of CN- ended HBCuPc¢-TPA dendrimer

Preparation of casting films of the HBCuPc dendrimer. A small amount of
dark blue HBCuPc-TPA-CN powder was grindered in a pestle for 10 mins. Then the
powder was poured into a vial filled up with 0.5 mL DMAC solution. The mixture was

stirred on a hot plate for 10 hrs. Heat was supplied at the first 3 hrs to dissolve the
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phthalocyanine powder. The formed homogeneous gel solution from the mixture was
sonicated for extra 10 mins to break down the polymer aggregates. Both alumina foil and
indium tin oxide (ITO) glass were used as the substrate. For the ITO glass substrate,
several steps of cleaning process were followed to avoid the contamination and the film
was coated on the conductive side of the ITO glass. The prepared films were dried in air
for one day and followed by continuous heat treatment in vacuum for another 14 hrs to
evaporate all the solvents.

Steady-State Spectroscopy Techniques. Ultraviolet (UV)-visible absorption
spectra were recorded with an Agilent Technologies 8453 spectrophotometer. Steady-
state fluorescence measurements were performed on a Fluomax-2 fluorimeter. The
solvent for all spectroscopic measurement is DMAc.

Dielectric Measurement. Dielectric measurements were carried out with a
4284A HP LCR meter (20Hz-1MHz) connected with an HP 16451B dielectric fixture. A
contact electrode method was used. The capacitance (C,) and dielectric loss (tand) were
directly recorded from this instrument. The dielectric constant was determined by the

Cd

P

equation K = Here & is the dielectric permittivity of the vacuum (8.85 x 107'*

&,A
F/m); A is the area of the electrode (m?) and d is the thickness of the film (m). The film
thickness was obtained by scanning electron microscopy (SEM) cross section
measurement and Dektak surface profiler and the results were in good agreement with
each other.
Time-Resolved Fluorescence Decay and Anisotropy Measurement. Time-
resolved polarized fluorescence measurements were carried out on a femtosecond

fluorescence up-conversion set-up. The detailed description of the set-up has been
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itinerated elsewhere.”*° 1In brief, the HBCuPc-TPA-CN polymer/DMAc solution was
excited with frequency-doubled light from a mode-locked Ti-sapphire laser with a pulse
width of ~ 55fs at a wavelength of 820nm. The polarization of the excitation beam for
the anisotropy measurements was controlled with a Berek compensator. The sample cell
was 1mm thick and was held in a rotating holder to avoid possible photodegradation and
other accumulative effects. The fluorescence emitted from the sample was collected with
achromatic lens and directed parallel or perpendicular to a nonlinear crystal of B-barium
borate. After passing through a motorized optical delay, the rest of the fundamental light
mixed with the emission from the sample in another nonlinear crystal to generate sum
frequency signal. This up-conversion signal was dispersed using a monochromator and
detected using a photomultiplier tube (R 1527P, Hamamatsu City, Japan).

The measured fluorescence decay was calculated according to the expression:

1 par G[ per

r(t) = ——+——+—.
1, +2G1,,

Here, I,. and I are the intensities of fluorescence polarized

vertically and horizontally to the polarization of excited light respectively. The G factor
accounts for the varying sensitivities for the detection of emission at vertically and
horizontal polarization configurations and is 1.01 in our case. The standard for obtaining
G factor in the experiment was the perylene dissolved in cyclohexane solution.

Pump Probe Transient Absorption Measurements. Transient absorption
measurement was used to investigate the excited state dynamics of the phthalocyanine
polymer at different excitation wavelengths and the description of the system has been
provided elsewhere.”® Briefly, the pump beam was produced by the OPA-800C. The
pump beams used in the present investigation were obtained from the fourth harmonic of

the idler beams and were focused onto the sample cuvette. The probe beam was delayed
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with a computer controlled motion controller and then focused into a 2 mm sapphire plate
to generate white light continuum. The white light was then overlapped with the pump
beam in a 2 mm quartz cuvette containing the sample and the change in the absorbance
for the signal was collected by a CCD detector (Ocean optics). Data acquisition was
controlled by the software from Ultrafast Systems Inc. For this measurement, we used
the pump power of 250 nJ per pulse and the kinetics was found to be independent of
pump-power for all the investigated phthalocyanine polymers. Magic angle polarization
was maintained between the pump and probe using a wave plate. The pulse duration was
obtained by fitting the solvent response, which was 130 fs. The sample was stirred with a

rotating magnetic stirrer and no photodegradation of the sample has been observed.
4.3 Results and Discussion

4.3.1 Dielectric Response

Dielectric behaviors of the HBCuPc-TPA-CN polymer cast films with different
thickness and substrate were studied and compared. The tests showed very good
reproducibility. In addition, these dielectric films showed very good thermal stability in
the room temperature, as there is no visible deviation in the dielectric response after one
year. Figure 4.1 shows the dielectric properties of the HBCuPc-TPA-CN polymer film
with a thickness of ~10 um as a function of the frequency. It can be observed that the
frequency dependence of the dielectric constant was weak in the HBCuPc-TPA-CN
polymer film, similar to that in the previously investigated HBCuPc polymer film." The
dielectric constant of the HBCuPc-TPA-CN polymer film at IMHz was ~11, which is a
distinct improvement over previously investigated triphenylamine based polyamides (~3-

8,34

4) and CuPc monomer (~5) systems. This enhancement may be contributed by the
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Dielectric constant

ultrafast delocalization of the rigid macrocycles of CuPc rings within the hyperbranched
architecture. And the increased delocalization length in hyperbranched polymer in
relative to that of the monomer may play an important role too. As to the comparison of
the dielectric constant values between the HBCuPc-TPA-CN and HBCuPc polymers, a
relatively lower dielectric constant in the former film was possibly due to the inhibition
of the face-to-face packing because of the tetrahedral shape of triphenylamine moiety.
Besides, the formation of a charge transfer complex between the TPA donor and the
CuPc acceptor may result in a low polaron hopping activation energy and an increase in
the effective hopping distance. The dielectric loss decreased sharply from 0.28 at 1 KHz

with the increase of the frequency, which is mainly due to the strong ionic polarization in

the system.
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Figure 4.1 a) Dielectric response and b) dielectric loss curves of HBCuPc-TPA-CN
polymer pristine film with a thickness of 10pum.
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Between the frequency ranges from 10 KHz to 1MHz, the dielectric loss
dissipation was mitigated and it reached 0.0025 at IMHz. As the exciton traps induced by
the TPA donor may immobilize a considerable amount of charge carriers and cause a
delay in the response to the re-arrangement of the dipole orientation at low frequencies.
The flexible rotation due to the TPA moiety in combination with the steric effect will
affect the electron transport properties of the HBCuPc-TPA-CN polymer system and

relatively smaller electron mobility should be expected.

4.3.2 Charge Transport Mechanisms

An effective transport of charge carrier in the hyperbranched polymer system will
enable the improvement in the dielectric response. The knowledge in the operative charge
transfer mechanisms in the hyperbranched polymer system is crucial to the development
of the high dielectric materials. The Ac properties in the HBCuPc-TPA-CN dendrimer
may provide important information about the electronic conduction processes, which can
be inferred from the type of conductivity (o) dependence on the angular frequency (w).*"
' The hopping conduction mechanism has been observed in various CuPc based
materials. For example, Sadaoka and Sakai observed a power law conductivity
dependence (o « ®") not only for compressed powders but also for thin films of CuPc
monomers and concluded that the hopping was a major conduction process in CuPc.”!
Vidadi et al. also suggested for a CuPc film that the charge carrier transport was
dominated by hopping in the low temperature and high frequency region.”> Although the
AC conductance of CuPc materials has been well studied, few reports are available for

hyperbranched or dendritic CuPc macromolecules. Here, measurement of the AC

conductance as a function of the angular frequency was conducted on the HBCuPc-TPA-
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CN polymer and a power-law relationship was observed. From the fitting of the Ac

conductance (o ,. = A+ B@"), a super-linear power law was found as:

0=3.5116x10" +6.6447x107" »'* 4.1)

Or, o =2.5005x107"% " *** (4.2)
A value of s= 1.48-1.58 for the exponent of the ¢ (w) function was determined for
the HBCuPc-TPA-CN polymer films at frequencies of 20 Hz- 1 MHz. Identical
conclusion was made to that drawn from the HBCuPc polymer in our earlier work,
polaron hopping conduction is the major charge carrier transport mechanism operative in
the HBCuPc-TPA-CN polymer film. No visible change in the conductivity with
frequency up to 10 KHz, which is typical for hopping conduction. But more charge
carriers may be available to “hop” by tunneling upon further increase in the frequency,
which explains the increase of the bulk conductivity above 10 KHz. In this case, both
polaron hopping and polaron tunneling mechanisms are in effect. Actually, we have
found a super-linear power law dependence (yielding an s value ~1.7) in previously
investigated HBCuPc polymer pressed pellet, but a linear power law dependence (s: ~0.7-
0.8) was followed in the cast film of the HBCuPc polymer.! Beyond that, the AC
conductance of this novel polymer system is ten-fold of that in the HBCuPc system,
which may suggest the existence of a stronger dipole orientation in this novel system due
to the introduction of electron rich TPA units.” In addition, the diffusion process is
dominant in such kind of molecular materials, and then the conduction is dependent on
the barriers that originate from the lattice relaxation as well as the intermolecular
interaction. The formation of CuPc™-TPA™ charge transfer states with stronger electron

coupling hence resulted in high AC conductance in HBCuPc-TPA-CN polymer.
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Furthermore, the high AC conductance in this HBCuPc-TPA-CN polymer film may
suggest that there exists more delocalization states; Whereas, the comparatively low
dielectric constant may indicate a shorter delocalization length for polarons in HBCuPc-
TPA-CN system as compared to that in the HBCuPc system. That is to say, the
introduction of TPA moiety into hyper-branched CuPc structure possibly interrupts the
conjugation along the branch. The difference in the dielectric properties of above two
hyperbranched phthalocyanine systems may support the concept of utilizing the longer
delocalization length in hyperbranched systems to enhance the dielectric response of
organic materials. It also suggests that one critical factor is the balance between the
amount of delocalization states and the delocalization length, as well as disorder. *>**°
Martens and Brom has suggested that the electronic delocalization is dominated by an
inter-grain charge transfer process.”® With the possibility to form more charge transfer
states, more delocalization sites will be available in the HBCuPc-TPA-CN polymer. But
if there are some defects along the boundary between the donor and the acceptor, the
enhancement in the dielectric constant may be limited.

To confirm the dielectric performance in such a hyper-branched system and
optimize the preparation conditions, other casting films of HBCuPc-TPA-CN polymer
were prepared. The thickness effect has been eliminated by keeping the films at the same
thickness (~10um). We found out that the films prepared from sonicated solutions have
smaller dielectric dispersion, while maintaining the similar dielectric performance. The
alleviated dielectric dispersion may be related to the reduced amount of crystalline nano

domains of HBCuPc-TPA-CN particle and induced disorder in this system.
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Figure 4.2 AC conductance of the HBCuPc-TPA-CN film.

4.3.3 Ground and Excited State Dynamics

Figure 4.3 is the steady-state absorption and emission of the HBCuPc-TPA-CN
polymer. Similarly to the HBCuPc polymer, it showed characteristic B and Q bands
absorption of CuPc.”* The absorption at UV range may be assigned to C (270nm, d-x'),
N (347nm, d-n) and B (363nm, n-n ) bands of the CuPc ring, respectively. And the strong
peak at 302nm corresponds to the absorption of the triphenylamine moiety. The
maximum B band absorption peak of HBCuPc-TPA-CN polymer showed a bathochromic
shift from that of the HBCuPc polymer (AA_, =27nm), along with the increased
intensity of B band. It suggests that the introduction of TPA moiety increases the
conjugation part in HBCuPc-TPA-CN branch and reduces m-m transition energy.
Moreover, if we compare the lower energy onset of the absorption bands of the two CuPc

dendrimer systems, apparently, the HBCuPc-TPA-CN polymer may have longer
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conjugation length due to the low energy onset (E; = 1.48¢V). But, it turns out that the
delocalization length doesn’t increase with the conjugation length and the triplet
excitation delocalization may vary from that in HBCuPc polymer. Based on our previous
investigations on hyper-branched materials for high dielectric applications, one advantage
was that the dielectric response will be enhanced through the increased delocalization
length, that’s why we didn’t observe enhanced dielectric response in HBCuPc-TPA-CN
polymer compared to HBCuPc polymer. Another possibility comes from that the
pyramidal shape of triphenylamine moiety interferes with the close face-to-face stacking

of the CuPc rings.
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Figure 4.3 Absorption and emission (excitation at Q, band) spectra of HBCuPc-
TPA-CN Polymer

In addition, the absorption peaks shown at 622nm and 680nm were both assigned

to Q band (n-) transitions. A weak emission was observed when excited at Qy band of

622nm (Figure 3 inset). However, a stronger emission was observed at an excitation of
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~400nm, in contrary to the zero emission observed for the HBCuPc polymer. It indicates
that this emission is mainly from TPA unit and the internal conversion from S, to S; is
slower in the HBCuPc-TPA-CN polymer, thus the fluorescence is detected from both B
and Q band excitation. In addition, the fluorescence peak in the red region shifts to blue
region when the excitation wavelength is changed from 622nm to 400 nm, indicating that
this observed red fluorescence is mainly from the second excited singlet state (S;) and is
short-lived. Apparently, the emission spectrum was distorted from the mirror image of
the absorption spectrum, possibly related to other non-radiated charge transfer process.
Up-converted ultrafast fluorescence dynamics and anisotropy decay experiments
have been applied successfully to the study of many m-conjugated organic materials to
reveal possible ultrafast processes such as vibrational relaxation and singlet-singlet
annihilation, occurring in a time scale shorter than 20ps, and to validate the presence and

type of intramolecular energy and charge transfer processes.’>” %

Recently, several
reports have been published on the Q-state and B-state fluorescence dynamics of
porphyrin derivatives by means of femtosecond fluorescence up-conversion. And Anais
Medina et al. have confirmed an accelerated charge transfer in a triphenylamine-
subphthalocyanine donor-acceptor system through femtosecond transient absorption
measurement.”

Figure 4.4 shows the polarized fluorescence decay of HBCuPc-TPA-CN polymer
measured at 480nm with an exaction at 400nm. The fluorescence intensity decays were
fitted with two exponentials. A fast fluorescence decay component was found in a time

scale ~205 fs, larger than the instrument response function (IRF=114 fs). And the slow

fluorescence decay component was in a time scale of ~1.5ps, the same magnitude with
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that of the HBCuPc polymer (3 ps), and common to polaron hopping systems. In some
cases, the incorporation of TPA unit to the core will induce fluorescence quenching and a
fast decay is expected. However, there is a very long tail after initial decay in this system,
which is possibly due to the strong m conjugation of TPA moiety, causing the trapping of
excitons. A slow depolarization process in a time scale of ~3ps was occurred in this
system. The slow component may be related to the transfer of excitations from the mostly
delocalized TPA to the CuPc core via a typical Foster hopping mechanism or salvation

induced intramolecular vibrational energy redistribution.
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Figure 4.4 Up-converted fluorescence dynamics of HBCuPc-TPA-CN dendrimer

Moreover, previously investigated HBCuPc dendrimer only showed a very weak
fluorescence emission at 480nm, but the emission of HBCuPc-TPA-CN polymer was
stronger at the same wavelength and should be attributed to the triphenylamine

fluorophores, which also has been found in several triphenylamine based systems. *"%2
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The inset in Figure 4.4 depicts the anisotropy decay of HBCuPc-TPA-CN
polymer. The residue value of ~0.31 is possibly due to the exciton trapping during the
excited-state relaxation from TPA unit. A similar exciton trapping phenomenon has been
found in a novel triarylamine dendrimer system.”

In order to probe the nature of the excited-state interactions between the TPA
moiety and CuPc core, as well to confirm the bathochromic shift due to the incorporation
of TPA units, we also applied femtosecond transient absorption pump-probe
spectroscopy. Figure 4.5 shows 2D transient absorption spectrum of both HBCuPc-TPA-
CN and HBCuPc polymer. From the comparison of both spectra, there is an occurrence
of additional charge transfer states in the HBCuPc-TPA-CN polymer, possibly due to the

formation of CuPc™-TPA™" charge transfer complex via an intramolecular charge transfer

reaction .
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Figure 4.5 Transient absorption spectra of (a) HBCuPc-TPA-CN polymer; (b)
HBCuPc polymer.
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Figure 4.6 shows the transient absorption changes AA as a function of wavelength
for a few delay times between the pump and probe pulses with an excitation at 365nm.It
exhibits typical T;-T, triplet-triplet absorption spectra of phthalocyanine compounds.**%°
The negative AA signals at 585-705 nm corresponds to the photobleaching of the S,-S;
transition (Q-band) and correlates to the Q, absorption band. As the time decay is
increased from 200 fs to 10.2 ps, excited state absorption (ESA) with a maximum at
742nm is slightly shifted to short wavelengths to a maximum around 739nm. The excited
state absorption was assigned to photo induced absorption of mainly TPA™ cations. The
maximum peak absorption is obtained at 2 ps, corresponding to the charge pair
formation. Moreover, the broad induced absorption band between 450-600nm shows blue
shift as the evolution of decay time, and it could be due to excitonic polaron state
formation, that is to say, the formation of charge pair complexes. Both absorption band
and photobleaching band has been observed in other phthalocyanine based materials

. 67,68
films and solutions.””

The weak absorption bleaching with a maximum at ~610nm at
150ps decay time could be explained by assuming a cancelation of ground state bleaching
by excited state absorption or very fast localization of excitations on the molecular
species with lowest excited state energy.®”’

As evidenced from the global fitting of transient absorption kinetics, a decay
component of 1.7 ps is observed, comparable to the slow component of fluorescence
decay (~1.5 ps), polaron hopping charge transfer mechanism is operative in this
dendrimer system. After 10.2 ps, the photo induced absorption changes decreases and

finally turns to a featureless peak, in accordance to the long-lived singlet state decay. The

details will be itinerated elsewhere.
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Figure 4.6 Transient absorption spectra at different time delays for HBCuPc-TPA-
CN polymer in DMACc after excitation at 365nm.
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Figure 4.7 Transient spectra of principle coefficients at different time constants
obtained from single value decomposition and consequent global fit analysis.
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Transient spectra of principle coefficients for different time constants obtained
from global fit analysis are shown in Figure 4.7, which concludes the complete excited
state dynamics of HBCuPc-TPA-CN dendrimer. The faster time constant of 1.7 ps is
contributed to ultrafast energy transfer from the S, state to S state. Howe et al has found
a fast decay component of ~4 ps in a PcS, aqueous solution.® The time constant of 32.3
ps is ascribed from nonradiative decay from S; state to the ground state in combination
with intersystem crossing from S; to the triplet state. The excited —state decaying with a
long time constant (> 1ns) is ascribed to radiative decay from S, state to the ground state,

as the radiative decay lifetime is expected to be within nanoseconds range. **
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Figure 4.8 Transient absorption spectra at different time delays for HBCuPc
dendrimer in DMACc after excitation at 365nm.

For a better comparison, we presented the transient absorption spectra for
HBCuPc polymer at an excitation of 365nm (Figure 4.8). They show both induced

absorption band and photobleaching band too. The bleaching peaks with a maximum
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around 610 nm are much stronger compared that in HBCuPc-TPA-CN polymer. It can be
explained by the singlet-singlet annihilation. The long wavelength absorption peaks are
less pronounced in this polymer too, which suggests that stimulated absorption is less
probably to occur in this system. Also, when we look at components of HBCuPc
dendrimer from global fitting, as shown in Figure 9, no short time constant exists in
HBCuPc dendrimer and long lifetimes are similar to that of HBCuPc. The S, state is short
lived in this system. The conversion of S, state to S; state is so fast and we cannot detect
within pulse duration (130 fs). It’s not possible to exclude the intersystem crossing from

S, to triplet state in this case.
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Figure 4.9 Transient spectra of principle coefficients at different time constants
obtained from single value decomposition and consequent global fit analysis.

4.3.3 The effect of the substrate on the dielectric performance of the hyperbranched
polymer
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We also looked into the dependence of HBCuPc-TPA-CN dielectric response on
the film substrate. As a comparison, we drop-casted the HBCuPc-TPA-CN polymer on a
common substrate (ITO glass) using the same procedure. The thickness effect has been
eliminated by keeping the films at the same thickness (~10um). The dielectric response
of HBCuPc-TPA-CN film on ITO glass (Figure 4. 10) varies from that of HBCuPc-TPA-
CN film on the Al foil. There is a sharp decrease of the dielectric constant at 10KHz, and
the dielectric constant at IMHz is very low (~2), much smaller even compared to CuPc
monomer (~5 at IMHz). The large dielectric dispersion suggests that the ion polarization
is the major charge transfer mechanism. When we looked at its dielectric loss, it increases
at lower frequencies and demonstrates a loss peak at 100 KHz, followed by a sharp
decrease towards high frequencies. In comparison to the dielectric loss of HBCuPc-TPA-
CN film on Al foil, the polymer film casted on ITO glass showed a much higher
dielectric loss (~0.2 at 1MHz). Our previous investigation on RSP-PAN/PEMA-co-
PMMA has shown a similar dielectric dispersion behavior and suggested the primary
contributions were from ion polarization and dipole orientation polarization of carriers in
the system. * In this case, the possible source of ionic polarization is from the doping of
indium oxide. The interaction between the hyper-branched polymer and indium oxide has
deteriorated the dielectric performance of the polymer system, possibly due to the
increased porosity in the film interface between the HBCuPc-TPA-CN polymer/ITO or
the destroying of close head-to-head packing with the enclosure of indium tin oxides

defects.
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Figure 4.10 a) Dielectric response and b) dielectric loss curves of HBCuPc-TPA-CN
polymer pristine film on I'TO glass with a thickness of 10um.
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Figure 4.11 Ac conductance of HBCuPc-TPA-CN polymer pristine film on ITO
glass with a thickness of 10pm.

Furthermore, the AC conductance of this dendrimer film shows a linear power-

law dependence on the frequency (o =1.3627x10"°»

0.81464

), which suggests that there is
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only the occurrence of polaron hopping in this film. The comparably high conductance
also indicates more metallic state than insulating state in this film, which is detrimental to
the dielectric performance of the HBCuPc-TPA-CN polymer film especially at higher
frequencies. More work on finding a good subtract is still ongoing. In order to further
confirm the interaction between HBCuPc-TPA-CN dendrimer and indium tin oxide, we
also looked at its interface by SEM cross section imaging (Figure 4.12). The dark holes
along the interface may be filled with indium tin oxide particles, and the resulting
interruption of polymer ring packing offset the enhanced dielectric response from

interfacial polarization.

Figure 4.12 Scanning electron spectroscopy (SEM) cross section image of the
HBCuPc-TPA-CN film on ITO glass.

We also found that the interface morphology of polymer casting films on different
substrate varies, which may be related to the difference in their dielectric response too.
Figure 4.13 demonstrates an example of interface morphology on two different substrate

s respectively. The dendrimer film on Al foil is brittle, with honeycomb surface;
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however, the dendrimer film on ITO glass is very homogeneous with 3D pie distributed
surface. Therefore, there is a trade-off between the film homegeneity and the dielectric
response. Also, if we can block the directly contact between indium tin oxide particle
with the HBCuPc-TPA-CN dendrimer, a better dielectric response with reduced dielectric

dispersion will be obtainable.

(@) (b)

Figure 4.13 Scanning electron spectroscopy (SEM) cross section image of the
HBCuPc-TPA-CN film on (a) Al foil; (b) ITO glass.

4.4 Conclusions

In summary, a novel donor-acceptor material based on hyper-branched copper
phthalocyanine systems end-capped by cyano group involving a TPA moiety has been
designed and investigated. A high dielectric constant (~11) and low dielectric loss
(0.002) at IMHz have been observed due to the planar hyper-branched structure and the
long delocalization length. The polaron hopping and polaron tunneling mechanisms are

suggested to be the main dominating mechanisms based on the study of Ac conductance
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and fluorescence dynamics. In addition, the increased conjugation length of the hyper-
branched dendrimer doesn’t increase the dielectric response in HBCuPc-TPA-CN
dendrimer due to the interruption of close packing from the pyramidal shape of TPA
moiety. The formation of charge pairs in such a hyper-branched system will play an

important role in affecting the material’s dielectric properties.
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Chapter 5
Photophysics of hyperbranched CuPc polymers: the correlation between the

structure and the dielectric properties

5.1 Introduction

The perspective of the applications of organic materials in the electronic and
optical devices has attracted an enormous interest from the scientific community due to
the unique properties as a result of the delocalization of & orbitals. '"Examples of these
unique properties are: the mutual transition between the insulator and the conductor,
which depends on the highest occupied molecular orbital (HOMO)-lowest occupied
molecular orbital (LUMO) band gap; ' the excellent thermal stability and mechanical
strength. * Among various applications of organic materials, one important research area
is focused on the potential of creating organic high dielectric constant materials by
utilizing different polarization mechanisms, such as the interface polarization, electronic

8-12

polarization and hyperelectronic polarization. = “The particularly attractive features of

organic high dielectric constant materials are the possibility to yield low dielectric loss,
high breakdown strength as well as relatively low cost. '*'?

Some organic materials have been reported with intrinsic high dielectric constant
properties. For example, Zhang et al. observed a dielectric constant ~1,200,000 at 100 Hz

in a polyacene quinine radical polymer (PAQR) synthesized by solid-state

polymerization. >And the high dielectric constant was contributed to the hyperelectronic
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polarization due to the long range delocalization along the polymer backbone. However,
the dielectric loss was huge (tand ~30) and no frequency dependence was reported.
Another example is that Nalwa et al. observed a dielectric constant as high as 10’ in a
KOH treated CuPc oligomers and Maxwell-Wagner interface polarization mechanism
was in practice. '* Based on the investigations so far, it has been found that the structure
and function group of the polymer materials are closely related to their dielectric
properties. For instance, the work conducted by Zhang and his co-workers in HO-PAQR
and RO-PAQR polymers found that the dielectric constant would be lowered by adding
hydroxyl and alkoxyl function groups, which suggests that the planar conjugation of the
associated m orbital plays an important role in achieving high dielectric constant in such
PAQR systems. > Another group from Penn State has conducted an intensive research on
the connection between different phases of PVDF and their dielectric properties. '~ The
crystalline phase of PVDF will affect the packing of the material as well as its
photophysics, which determines the dielectric responses of the material. In this chapter, |
am going to discuss the relationship between the structure of the hyperbranched copper
phthalocyanine polymers and the corresponding dielectric properties, and trying to
understand the physics underlying the relationship via a series of electronic and optical
characterization measurements. Also, a modified hyperbranched CuPc structure

(HBCuPc-CN) was synthesized and characterized.
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5.2 Experimental Section
5.2.1 Materials.

The synthesis of the HBCuPc and HBCuPc-TPA-CN polymers has been
described in previous chapters. In this chapter, another modified hyperbranched CuPc
polymer (HBCuPc-CN) will be synthesized and investigated. A similar synthesis route as
previously reported was followed to prepare the HBCuPc-CN polymer. '>'*'? In brief,
four equivalent 4,4°(1,3-phenoxybis(oxy))diphthalonitrile monomer was mixed with one
equivalent CuCl in 40 mL dimethylacetamide (DMAc) solution first, followed by the
stirring of the mixture at 200 °C for 6 hrs. Consecutive filtration, washing and dying steps
were repeated to purify and separate the reaction products. And finally HBCuPc-CN
powder was obtained. "H-NMR, “C-NMR, IR, UV-Vis, TGA and GPC measurements
were carried out to characterize and determine the structure of the HBCuPc-CN polymer.
Based on the relative ratio as compared to the absorbance of the pure CuPc, the content
of CuPc unit in HBCuPc-CN was calculated as 85%. Dimethylacetamide (DMAc) was

purchased from Aldrich Co., dried with CaH; and distilled in vacuum prior to the use.

5.2.2 Preparation of HBCuPc-CN films.

The HBCuPc-CN polymer films were prepared by solution cast method. A certain
amount of the polymer powder was dissolved in ImL DMACc solutions first, and then the
solution was stirred for 5.5 hrs at 40°C, with another 10 hrs of the mechanic stirring at
room temperature, followed by the sonication for extra 10 mins. After that, the solution
was dropped onto an Al foil by pipette and dried in air overnight. Then, the film was

moved into the oven and annealed at different temperature intervals for 10 hrs, followed
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by a final drying process in vacuum at 125°C for 10hrs. Finally, the film was slowly
cooled down to room temperature. The typical thickness of the HBCuPc-CN dendrimer is

15 um, measured using the Veeco surface profiler.

5.2.3 Dielectric Measurement

Measurements of the capacitance and dielectric loss were made by a 4284A HP
LCR meter over the frequency range of 20 Hz to 1 MHz. Prior to the measurement, a
thin layer (500 A) of Au particle was sputtered on both sides of the sample. The dielectric

C,1

constant values were inferred from the equatione, = , where g is the dielectric

2
& m(—
07 ()
permittivity of the vacuum (8.85 x 1072 F/m); d is effective contact diameter of the

sample and t is the thickness of the sample.

5.2.4 UV-Vis Absorption and Steady-State Fluorescence.

Ultraviolet (UV)-visible absorption spectra were recorded with an Agilent
Technologies 8453 spectrophotometer. Steady-state fluorescence measurements were
performed on a sensitive Fluomax-2 fluorimeter. For both measurements, the sample
solution was prepared from the stock solution by diluting as required. The stock solution
was made by dissolving 1 milligram of HBCuPc-CN powder in 3 mL DMACc solution and

sonicating the mixture for 20 mins.

5.2.5 Pump-Probe Transient Absorption Measurements.

The pump beams used in the present investigation were obtained from the fourth
harmonic of the idler beams and were focused onto the sample cuvette. The probe beam

was delayed with a computer controlled motion controller and then focused into a 2 mm

135



sapphire plate to generate white light continuum. The white light was then overlapped
with the pump beam in a 2 mm quartz cuvette containing the sample and the change in
absorbance for the signal was collected by a CCD detector (Ocean optics). Data
acquisition was controlled by the software from Ultrafast Systems Inc. A typical power of
probe beam was less than 30 nJ, and the pump beam was around 50-400 nJ per pulse. For
the present transient absorption measurements of hyperbranched CuPc polymers, we have
used the pump power of 250 nJ per pulse and the kinetics was found to be independent of
pump-power for all the investigated hyperbranched CuPc systems. Magic angle
polarization was maintained between the pump and probe using a wave plate. The pulse
duration was obtained by fitting the solvent response, which was 130 fs. The sample was
stirred with a rotating magnetic stirrer and no photodegradation of the sample has been

observed.

5.3 Results and Discussion

5.3.1 Structure of the HBCuPc-CN Dendrimer

As shown in Figure 5.1 was the synthesis and the structure of the modified
HBCuPc-CN polymer system. CN- end group was attached to the polymer in order to
increase the polarity of the material. Two ether bridges connecting the neighboring CuPc
rings were attached to the meso position instead of ortho position of the benzene ring in
previous investigated HBCuPc polymer. The separation distance between CuPc rings

increased and the coupling between them weakened thereafter.
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Figure 5.1 The structure of the HBCuPc-CN polymer

5.3.2 Dielectric Constant of the HBCuPc-CN polymers and their dependence on the

properties of surfactants and solvents.

Conjugated polymers typically possess a frequency (®) dependent complex
dielectric constant (e*(w)=¢; (®)-igi(w)). The dielectric constant (k= &/gy) denotes the
ability of the dielectric material to store the charge under electromagnetic field and transit
the energy and the dielectric loss (tand= &,/¢; ) denotes the angle between the voltage and

the charging current. To investigate the dielectric behavior of this modified HBCuPc-CN
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polymer, the capacitance measurement was conducted at room temperature in the
frequency range (20Hz-1MHz). Figure 5.2 showed the variation of the dielectric constant
and dielectric loss of a 15 pum dielectric film as a function of the frequency. The
dielectric constant was ~9.8 at IMHz, higher than that of the CuPc monomer and is
appropriate for high energy density capacitor applications. ® In addition, it exhibited weak
frequency dependence. In this case, the hyperelectronic polarization follows the change
of the electric field and it contributes to the dielectric constant. However, due to the weak
coupling between neighboring CuPc rings, they have flexible rotation and the face-to-
face packing is interfered, therefore less enhancement is observed compared to the
HBCuPc polymer which was connected at ortho position. The dielectric loss decreased
upon the increase of the frequency and ended up at ~0.0025 at IMHz. This is because the
induced charge gradually fails to follow the reversing field causing a reduction in the
electric oscillations as the frequency is increased. For the purpose of the illustration, the
dielectric constant and dielectric loss of three series of hyperbranched CuPc polymers at
IMHz were presented in Table 5.1. Even though the dielectric constant of the HBCuPc-
CN is not the highest, the low dielectric loss as well as improved solubility makes this
material very attractive for capacitor applications too. The comparison also suggested the
importance of the structure and the function group on the dielectric constant of these
hyperbranched CuPc materials. All three materials possess low dielectric loss and low
dielectric dispersion, which suggests that these are intrinsic properties of the
hyperbranched CuPc materials and possibly due to the disorder in the amorphous state of

the material. '
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Figure 5.2 the dielectric response of the HBCuPc-CN polymer with a thickness of
15pm.

Table 5.1 The dielectric constant and dielectric loss of three hyperbranched CuPc
polymers at 1IMHz.

Material Dielectric Constant Dielectric Loss
HBCuPc polymer '* 15 0.002
HBCuPc-TPA-CN polymer 11 0.004
HBCuPc-CN polymer 9.8 0.0025

The experimental values of the conductivity were fitted in the following equation

and a log-log plot of the power law was generated, as seen in Figure 5.3.
o, =A+ Bz’ (5.1)

Where A, B are constants and s is a fitting parameter.
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Figure 5.3 the AC conductance of HBCuPc-CN polymer with a thickness of 15pm.

The best fit of the conductivity data to the log-log plots of the power law gives an
s value of 0.89, very close to that of the HBCuPc dendrimer film. '* Therefore, both
polaron hopping and polaron tunneling mechanisms are possibly operative in this system.
As the separation distance between two CuPc rings are larger in the HBCuPc-CN
polymer, the probability of hopping may be higher. Furthermore, the rotation flexibility
inhibits the intermolecular electron transfer, which is supported by the observed higher
AC conductivity too.

To optimize the film performance, different solvents and surfactants were used.
For example, the film casted from dimethylfluoride (DMF) solvent exhibited a more
homogeneous surface morphology with improved solubility; however, there is a trade-off
between the film solubility and the dielectric response (~3). This indicated that the

interaction between the solvent and the HBCuPc-CN polymer played an important role.
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The surfactant was able to improve the film forming ability of the hyperbranched
polymer dielectric film due to their viscous nature. A very small portion of poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA) and polyvinyl sulfonate (PES) have been added
into the HBCuPc-CN/DMAc solution, the dielectric response of the composite was
improved compared to that of the surfactant in terms of the enhanced dielectric constant,
lower dielectric loss as well as low dielectric dispersion. But the problems came up with
the phase separation and polymer recrystallization. More details could be referred to the
Appendix A. A lot of work needs to be done in the future to understand the role played
by the surfactant and to optimize the composition ratio between the surfactant and the

polymer.

5.3.3 Optical properties of the HBCuPc-CN polymer.

The excited state dynamics of Pc solution and film have been widely studied by
techniques such as transient absorption and electron paramagnetic resonance (EPR). **-
»For example, Ito et al. have utilized the transient absorption spectroscopy to study the
excited state relaxation process of free-base (H,Nc) and oxovanadium naphthalocyanine
(VONCc). They found a decay component in a time scale of ps and suggested that the
relaxation is governed by the IC and ISC. *° In order to monitor the evolution of charge
transfer states over the time and understand the electrical conduction mechanisms of the
HBCuPc-CN polymer, pump-probe transient absorption measurement was performed. As
shown in Figure 5.4 is the transient absorption spectra of HBCuPc-CN at different time
delays after an excitation at 365nm. The positive AA signals were observed at two
regions, either below 550 nm or above 700 nm. And the negative AA signal was observed

between 550 and 700 nm. The transient absorption spectrum of the HBCuPc-CN polymer
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22232628 The bleaching peaks at longer

was similar to that of other reported Pc materials.
wavelength with a maximum at 680nm appeared at the same position of the Q band
absorption band, which corresponds to the singlet-singlet annihilation. The bleaching
peaks with a maximum around 610 nm are weaker compared to that in the HBCuPc
polymer, which suggests that the singlet-singlet annihilation is less probably to occur in
the HBCuPc-CN polymer. Also, when we looked at decay components of the HBCuPc-
CN polymer from the global fitting, as shown in Figure 5.5, two components were found
in similar to that of the HBCuPc polymer. The S, state is short lived in this system too.
The intermediate component was in a time scale of 49.3 ps, almost doubles that in
HBCuPc polymer, hence the decay process from Q band excitation to the ground state is

much slower in the HBCuPc-CN. This may be able to explain the smaller dielectric

constant found in the HBCuPc-CN polymer.
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Figure 5.4 Transient absorption spectra at different time delays for HBCuPc-CN
polymer in DMAc after excitation at 365nm
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Figure 5.5 Transient spectra of principle coefficients at different time constants
obtained from single value decomposition and consequent global fit analysis.

The different ground and excited state dynamics of three hyperbranched CuPc
systems can be better described by the steady-state absorption and transient absorption
spectra as shown in Figure 5.6 and Figure 5.7 respectively. All three polymers showed
the typical major absorption bands (B or Soret band) and the Q bands of CuPc. However,
the ratio between the two bands is different, which suggests the interaction of the
neighboring CuPc rings and the population of the conversion from S, state to S; state
varied with the structure. And HBCuPc-CN polymer has the strongest interaction
between the neighboring CuPc.

The excited state dynamics of three hyperbranched CuPc polymers were different
too. The detailed comparison between the HBCuPc and HBCuPc-TPA-CN polymer has

been described in chapter 4. The peaks of positive AA signals of three hyperbranched
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CuPc polymers at higher energy band were in a close proximity. And the HBCuPc

polymer showed the weakest photobleaching.
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Figure 5.6 The UV-Vis spectra of three hyperbranched CuPc polymers.
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Figure 5.7 the transient absorption dynamics of three hyperbranched CuPc
polymers at 200 fs with an excitation at 365nm.
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5.4 Conclusion

The low dielectric loss and small dielectric dispersion of the investigated
hyperbranched CuPc polymers are beneficial for high energy density capacitor
applications at high frequency (KHz-MHz). Through the comparison in both the
electrical conduction and the ground as well as excited state dynamics, the charge carrier
transport in this type of dendrimer system is better understood and the design criteria is
derived thereafter. More analysis of the photophysics of three different hyperbranched

CuPc polymers is still needed.
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Chapter 6
Investigations of energy migration in an organic dendrimer macromolecule for

sensory signal amplification

6.1. Introduction

The need for rapid and safe detection of ultra-trace analytes from highly explosive
substances, such as trinitrotoluene (TNT) and its derivatives is vital for various
applications because of their toxicity. '™ A number of analytical techniques have been
developed to detect explosives, such as liquid chromatography, gas chromatography (GC)
with chemiluminescence, Raman, infrared and ion mobility spectroscopies. >~ A recent
progress has been achieved in Goodson's group by using the nonlinear two-photon
absorption method. ® This technique allows the detection of particular explosives which
has a linear absorption spectrum in the visible or ultra-violet spectral regions. The
sensitivity will be enhanced due to the amplified quenching mechanisms. From the
material side, molecule specific antibodies are commonly used to target specific
explosives. *'°And organic macromolecules have been proven to be an effective
approach of creating a very sensitive sensor material.*'""'* For example, a poly(ethylene-
co-glycidyl methacrylate) (PEGM) polymer/ peptide composite has shown an effective
detection of TNT. ' And in our group, we have found a varying generations of
phosphorous dendrimer systems (G1-G4), which contains 12, 24, 48 and 96

chromophores respectively, were good sensor materials for TNT detection. ® The key
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findings we have gained from the two-photon excited fluorescence measurements as well
as fluorescence quenching measurements on these dendrimers are: * (1) the two photo
absorption cross section (0 tps) increased with the generation number. G4 dendrimer
exhibited a large & pa of ~ 56000 GM (1GM = 10" cm* s/photon), higher than that of
previous investigated polymeric sensor materials; (2) the fluorescence of G4 dendrimer
was very sensitive to the concentration of TNT regardless of the excitation route (one or
two photon). The sensitivity increases with the generation number; (3) a large quenching
constant was obtained for G4 dendrimer, which was ~ 1400 M, higher than other
polymer systems used for TNT detection under the same condition; (4) the fluorescence
quenching mechanism was dominated by dynamic quenching process. As the
understanding of exciton migration is crucial to the development of this novel sensing
technology, we carried out the investigations on this aspect.

Actually, energy migration in organic macromolecules is an important area of
research as it relates to many applications involving optical and electronic effects. > For
example, in the chemosensory applications, the issue of energy migration has been
suggested to be a dominant mechanism in the amplified sensing response of certain
energetic materials. '* And in organic conjugated polymers, the increased conjugation
length may lead to more sensitive response to energetic materials. '* Indeed, the issue of
localization in organic systems has been considered for many all organic macromolecular
systems. Mukamel et al. "> has conducted theoretical investigation on the process of
coupled chromophore systems in organic dendrimer systems based on phenyl acetylene
chromophores unit, and found that excitons could be localized on a particular branching

point. '° Later, experiments with ultra-fast laser pulses (in either fluorescence up-
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conversion or transient absorption) demonstrated that electronic coupling between
chromophores within a macromolecular geometry such as a dendrimer could be strong.
122 Chernyak and Tretiak later showed theoretically how one could extend the
calculation of the Hamiltonian for the strongly interacting systems beyond the Frenkel
exciton limit. * All above are critical points in terms of the discussion on the energy
migration and exciton diffusion in multi-chromophore or conjugated polymer sensory
systems.

It has been reported to use the steady-state measurements to probe the mechanism
of energy transport in certain organic macromolecules. Here, the dependence (or
independence) of the oscillator strength is used as a method to isolate the processes
governed by a purely columbic (Forster) or a short range (wave function) overlap Dexter
mechanism. ** Also, the steady-state anisotropy may be used to probe the long-lived

residual anisotropy of particular systems. >

This method may provide qualitative
information regarding the energy-migration at long times mostly by use of the residual
long-lived anisotropy value. However, many of the intra-molecular interactions that are
important in enhancing the exciton migration rate (and subsequently the fluorescence
quenching ability) are governed by fast electronic processes which can only be probed by
ultra-fast spectroscopic techniques. These processes affect the overall energy migration
pathway in macromolecules and in chemosensory applications where they are responsible
for the sensitivity and Stern-Volmer results. In our previous reports of ultra-fast energy
migration we have found that the specific geometry of organic dendrimers may allow for

strong electronic coupling leading to an ultra-fast (~50fs) energy transfer time. '®%
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There have been reports of the use of exciton migration to explain the enhanced
sensitivity of amplified fluorescence quenching measurements with steady-state
techniques, the detailed analysis with a specific model and with both nonlinear and time-
resolved techniques in systems with defined geometry has not been reported. The
quenching factor (F¢/Fq) found in Stern-Volmer plots for sensing TNT can be both
modeled and related to real ultra-fast and long-lived lifetimes. It can be shown that for the
case of organic macromolecule of m chromophores the enhanced quenching can be
related to the degree of exciton migration p (number of participating chromophores in the

exciton migration) as >’

%:(1+Kmna) , (6.1)
4 1—(”—1)1{ n

Where Fy, F, denote fluorescence intensities for non-quenched and quenched
samples respectively, K), is the association constant for macromolecule and analyte, and
n, s the number density of the analyte. Since Ky, n,p/m <<1 for trace detection with very
low analyte concentration this can be approximated as: *’

ﬂz1+£KMn
m

(6.2)

a
q

Where higher terms on n, have been neglected. It can be seen here that as p
approaches unity, the system then behaves as if it was comprised of isolated units in a
macromolecule and there is no enhanced sensitivity to the quenching. As p approaches m,
the system behaves as having an exciton delocalized over the major part of the

macromolecule and the increased sensitivity scales with the value of m due to enhanced

151



association constant K,,. This can also relate to the results of ultra-fast anisotropy decay.
For the case of anisotropy decay between coupled, randomly oriented chromophores in a
macromolecule, one finds the residual value is given as *%

1., =0.4/p, (6.3)

This or similar value was often measured in steady states measurements and used
in estimation of the exciton migration domain. *>*® Measurements of the time-resolved
anisotropy decay are very powerful in probing the ultrafast kinetics observed in the
organic macromolecular systems when coupling is relatively strong. '® This anisotropy
decay measurement also allows one to develop a good comparison between the results
and conclusions obtained from steady-state measurements with those of more detailed
analysis. In our previous investigations we have shown that with steady-state estimates
alone one cannot accurately describe either the exciton migration length or time-scale,
and this may cause overestimates of the exciton diffusion length. With these ultrafast
techniques and with the model above we are looking for a clearer description for the scale
of exciton diffusion length in organic macromolecules which are useful for amplified
sensing applications.

In this chapter, the use of a specific model and nonlinear and time-resolved
measurements to investigate the energy migration process in amplified fluorescence
quenching effects of TNT in dendrimer G1 to G4 is described. With these techniques, we
may be able to describe more closely the limits of exciton migration (and its mechanism)

in fluorescence quenching applications in TNT sensors.
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6.2 Experimental Section

Synthesis of organic dendrimers. Organic dendrimers with large two-photon
cross section (e.g. 55,900 GM for dendrimer generation 4) were synthesized by grafting a
large number of TP-active chromophores to phosphorus dendrimers generation 1 to 4
which were terminated by P(S)Cl, end group. More detailed descriptions of the synthesis
and characterization of these dendrimers were given in the literature. *° Dendrimer
generations 1 to 4 bear 12, 24, 48 and 96 chromophores respectively. All dendrimer
generations absorb in the 380nm region and emit in the 430-500nm region. In addition,
they possess high quantum yields up to 0.75, and even the highest generation G4 has a
quantum yield of 0.48. *° Figure 6.1 shows the chemical structure of dendrimer

generation 1 to 4 as well as TNT.
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Figure 6.1 Chemical structure of four generation dendrimers (G1-G4) and quencher
of TNT used in fluorescence quenching experiments. **'~°
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Steady-State Absorption and Emission. Ultraviolet (UV)-visible absorption
spectra were recorded with an Agilent Technologies 8453 spectrophotometer. Steady-
state fluorescence measurements were performed on a Fluomax-2 fluorimeter. Both
toluene and tetrahydrofuran (THF) were used as solvents for all spectroscopic
measurement.

Time-Resolved Fluorescence Spectroscopy. Time-resolved polarized
fluorescence measurements were carried out on a femtosecond fluorescence
upconversion set-up. >/ The detailed description of the set-up has been itinerated

2131 In brief, the solution was excited with frequency-doubled light from a

elsewhere.
mode-locked Ti-sapphire laser (Tsunami, Spectra Physics) with a pulse width of ~ 100fs
in a wavelength range of 385-430nm. A Berek compensator was utilized to control the
polarization of the excitation beam for fluorescence anisotropy measurement. The sample
cell was 1mm thick and was held in a rotating holder to avoid possible photodegradation
and other accumulative effects. The horizontally polarized fluorescence emitted from the
sample was up-converted in a nonlinear crystal of B-barium borate. This system acts as
an optical gate and enables the fluorescence to be resolved temporally with a time
resolution of about 200fs (FWHM). *'*! Spectral resolution was achieved by dispersing
the up-converted light in a monochromator and detecting it by using a photo-multiplier
tube (Hamamatsu R1527P).

The fluorescence anisotropy decay was calculated according to the expression:

I ar - G[pe‘)"

r(t)y=—*

i L (6.4)
1, +2G1,,

Here, I, and I, are the intensities of fluorescence polarized vertically and

horizontally to the polarization of excited light respectively. The G factor accounts for the
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varying sensitivities for the detection of emission at vertically and horizontal polarization
configurations. The G factor was corrected using standard dye in this experiment.
Fluorescence quenching experiment. Fluorescence quenching experiments were
carried out by micro-titration in solution. The titration procedure involved the placement
of a 1.5ml sample solution in a 0.5cm Quartz cell. Initially, the fluorescence spectrum
was recorded in the absence of a quencher at room temperature using the Fluoromax-2
(SPEX) spectrophotometer. To the initial solution, micro-liter additions of a solution that
contained the sample at the same concentration and the quencher at a known
concentration were performed, and fluorescence spectra were acquired after each micro-

liter addition. Stern-Volmer plots were made with the acquired data. *’

6.3 Results and Discussion

Two solvents with different polarities (THF and toluene) were used to dissolve
dendrimers G1 to G4. Steady state absorption and fluorescence spectra of the dendrimers
in toluene were reported in the reference. *° Shown in Figure 6.2 are the normalized
absorption and fluorescence spectra of the dendrimer generations from G1 through G4 in
THEF.

The absorption spectrum is nearly independent of the generation number, which
indicates the existence of a weak interchomophore coupling in the ground state
configuration. ** **At the same time the fluorescence spectra of the dendrimers show
dependence on the generation number, which indicates stronger interchromophore
interactions in the excited state. This dependence can also be associated with slightly
different relaxation configurations for different generations resulting from more densely

33

packed periphery groups for larger dendrimers. Even if the absorption spectra are
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essentially the same in THF and toluene, the fluorescence spectra in THF slightly deviate
from those in toluene and demonstrate increased Stokes shift. **This fluorescence
dependence on solvent can be rationalized by higher polarity of THF with respect to

toluene and the dipolar character of the chromophores. **

Normalized absorption
Normalized fluorescence

e e a SRS e B A e e S EE S
350 400 450 500 550 600
Wavelength(nm)

Figure 6.2 Normalized absorption and steady-state emission spectra (excited at
380nm) in THF of the dendrimer generations G1-G4 bearing 12, 24, 48, and 96

chromophores respectively. 27

In our previous work we found that the fluorescence of the dendrimers is sensitive
to the presence of TNT. ® Due to the strong two-photon absorption properties of these
dendrimers, the sensors based on the fluorescence quenching can be efficiently activated
by the near-infrared light using two photon absorption route for the excitation. * The

quenching efficiency can be quantified with the Stern-Volmer relation:

Fo/ Fq =1+ KSV [M], (65)
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In this equation, F is the initial fluorescence intensity without quencher, Fg is the
fluorescence intensity in the presence of the quencher (TNT) with a concentration [M],
and K, is the Stern-Volmer constant. We have measured the fluorescence quenching
efficiency as a function of the dendrimer generation number. The Stern-Volmer (S-V)

plots for the lowest and highest generation numbers (G1, G4) are shown in Figure 6.3.
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Figure 6.3 Stern-Volmer plot for the fluorescence quenching of dendrimers with
TNT. The comparison of two-photon excited fluorescence quenching (excitation at
800nm) of dendrimers G1 and G4 by TNT respectively is shown. The scattering of
the data points characterizing the signal-to-noise ratio of two-photon approach with
relatively small average laser intensity of a few milliwatts remains quite small and
the dependence obtained using one-photon excitation is analogous. 27

The Stern-Volmer quenching constant Kgy for the G4 dendrimer was found to be
~1400 M, ® which is systematically higher as compared to S-V factors obtained under

25,35

similar conditions for various amplifying polymers used for TNT detection. It is also

seen from Figure 6.3 that the S-V factor as well as quenching efficiency rises with the
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increase of the generation number. In order to better understand this encouraging trend in
the enhancement of the sensing performance with higher generation dendrimers and the
quenching mechanism behind this trend, we have performed detailed investigations on
the exciton migration in these dendrimers by means of femtosecond time-resolved

14,36-39

spectroscopy. In polymers studies as well as in investigations in Langmuir-

240 and nanofibrils, ** an exciton migration was proposed to explain the

Blodgett films
high quenching efficiency in these systems. In addition, from previous charge and energy
transport studies on dendrimers by our group, it was observed that dendrimers can

. . 18,21,22,31
possess excellent exciton transport properties, 7

implying the possibility of
amplified quenching in these systems. In the dendrimer systems G1-G4 studied here,
chromophores are distributed over near spherical surface of the dendrimer. *°

It is seen in the Table 6.1 that the average area per chromophore decreases with
generation number, which leads to a more dense packing of the chromophores in higher
generations. It can be also seen in a way that the distance between chromophores
becomes shorter with increasing generation. It is well known that for the Forster energy
transfer mechanism associated with Coulombic interchomophore interaction, the transfer
rate is inversely proportional to the six power of the distance d between chromophores.
*To illustrate the scaling of possible Férster—type interchomophore energy transfer rate
with the size of the dendrimer, the parameter d°®is shown in the Table 6.1. Also shown in
the table is the two-photon absorption cross-section (c2), which is impressive for all and
in particular for the dendrimer generation G4. It was mentioned above that the steady

state one-photon absorption spectra (Figure 6.2) showed no dependence on generation

number, which indicates weak interaction between chromophores in the absorption
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configuration. Two-photon cross-section increases near linearly with the number of

chromophores further supporting the idea of a relatively weak interchromophore coupling

regime in these systems. Time-resolved spectroscopy methods such as time-resolved

fluorescence anisotropy allow one to follow exciton migration over the surface and

directly connect it to the quenching dynamics and nonlinear properties. '°

Table 6.1 Geometrical parameters and two-photon responses of the dendrimers G1-

G4.”
Surface Area | Average distance
Dendrimer | Diameter | Surface area # of per d between 05 at Arpa
Generation (nm) (nm?) chromophores chromophore chromophores | ® (nm®) | (max)/GM"*
(nm?) (nm)
Gl 4.79 72.04 12 6.00 2.45 216.00 8880
G2 6.74 142.64 24 5.94 2.44 209.58 17700
G3 8.66 23548 48 4.90 2.21 116.65 29800
G4 10.60 352.8 96 3.675 1.92 9.63 55900

@ d° is inversely proportional to the Foster energy transfer time (hopping time )

between chromophores.

photon ™!

6.3.1 Time-Resolved Fluorescence.

b . .
G, — two-photon absorption cross-section,

1GM=10""cm* s

The time-resolved fluorescence intensity decay taken at the magic angle of the polarizer

is shown in Figure6.4. Fluorescence decay has been detected at 470nm.
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Figure 6.4 Normalized time dependent fluorescence decay of the dendrimer
generations from 2 to 4 (G2 to G4) in THF solution. Excitation wavelength - 400nm,
detection wavelength - 470nm. 27

With fitting these decay curves it was found that a decay component in a time
scale of ~ 70ps is present for all three different generations along with the long
component of 700ps. No substantial contribution of the dynamics faster than 70ps has
been measured except small detection-wavelength-dependent solvation components
(~1ps). The long time component of the fluorescence decay (~700ps) was previously
accurately measured using time-correlated single photon counting and found to be near
independent of the dendrimer size. ** We have fitted the isotopic fluorescence profile to a
two-exponential decay function keeping the long decay time fixed at 700ps. The results
are listed in Table 6.2.

It is seen from the table that the contribution of ~70ps component increases with
the increase of the dendrimer size. This finding may help to rationalize the decrease of

quantum yield at higher generation dendrimers reported earlier (0.48 for G4 vs 0.71 for
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G2). * As the contribution of the fast decaying fluorescence to the time-integrated
fluorescence is very small, the quantum yield should be proportional to the relative
contribution of the long 700ps-component. The ratio of amplitudes for G2 and G4
(A2)G2/(A2)Ga = 1.40 while the ratio of quantum yields (QY2)/(QYa4) = 1.46. *° These
numbers are in a good agreement taking into account the simplified model used for the
interpretation. Furthermore, the ~70ps-time component can be correlated to the average
time for the exciton to reach the intrinsic quenching site (defect) in the system. The
relatively long time lag of 70ps between the excitation and quenching by intrinsic defects
allows the exciton with a short hopping time ~1 ps (see below) to perform multiple hops
between chromophores, thus covering substantial area on the surface of the dendrimer.
However, the intrinsic quenching originated from defects remains small in G4 dendrimer,

as its quantum yield is still relatively high ~48%.

Table 6.2 Time Components and Their Amplitudes for the Fluorescence Up-
Conversion Results at the Excitation of 400 nm for the Dendrimer THF Solutions >’

H/ps A L/ps A
Gl 66 0.079 700 0.921
G2 65 0.198 700 0.802
G3 80 0.287 700 0.713
G4 77 0.426 700 0.574
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6.3.2 Time-resolved fluorescence anisotropy

The anisotropy decay is utilized to monitor the exciton migration over the
dendrimer spherical surface. For different orientations of the chromophores, each
interchromophore exciton migration step leads to the reorientation of the emitting dipole
and results in fluorescence depolarization. '** The fluorescence depolarization dynamics
can be followed by means of the time-resolved spectroscopy and connected in this case to
the exciton migration parameters. “>*** While this approach is more or less
straightforward for randomly oriented chromophores or for the morphologies possessed
well defined angular distributions, it is difficult to apply this approach to near linear
systems similar to polymers. In an ideal polymer the transition moment is not supposed to
change orientation in course of the exciton migration along the linear chain, leaving the
fluorescence being polarized and not sensitive to exciton migration. In organic polymers
due to imperfections in the chain (kinks, other defects) and interchain energy transfer,
emission dipole does change orientation and fluorescence anisotropy decays to some
residual value. **** However, the particular geometry and the mutual chains arrangements
are not well known, making it very difficult to connect the fluorescence anisotropy to the
exciton path and exciton migration length. Dendrimers are known to possess much more
ordered organization of building blocks with defined geometry and different orientations.
%5 This constitutes a fundamental advantage of the dendrimers in terms of our ability to
follow important exciton migration parameters, such as delocalization length,
interchromophore coupling strength, and hopping range by means of fluorescence

. 16-22
anisotropy. ¢
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Anisotropy decay results for the dendrimer system G3 on different time scales are
shown in Figure 6.5 and 6.6. Fluorescence was excited at 400nm. The experimental
fluorescence anisotropy R(?) was calculated from the decay curves for the intensities of
fluorescence polarized parallel /,,(¢) and perpendicularly /,..(2) to the polarization of the
excitation light according to the equation 6.4. The factor G accounts for the difference in
sensitivities for the detection of emission in the perpendicular and parallel polarized
configurations. Starting from anisotropy close to ~ 0.4, the anisotropy decays to near zero
value on a time scale ~100ps. Taking into account a very large size of G3 and viscosity of
toluene (~0.56 cP at 25%), the longest time decay component in G3 anisotropy is not
associated with the overall molecular rotation (rotational diffusion) of G3 in toluene.
Interdendrimer energy transfer can be also ruled out because at the concentration used in
this experiment (c~10" -10"*M), the average intermolecular distance is about 50nm while
the Forster radius for the energy transfer can be estimated to be a few nanometers. This
combination of parameters (including G3 fluorescence lifetime ~700ps®®) leads to
intermolecular energy transfer time on a sub-millisecond time scale. Therefore we should
assign the transition dipole reorientation to the intramolecular (intra-dendrimer) process

and it is due to the exciton migration over the surface.

As seen from Figure 6.5 fluorescence anisotropy decays to near zero after 200ps.
Taking into account the experimental error, the anisotropy value in this area (>200ps)
should not exceed 0.02. For randomly oriented chromophores it implies migration

(equilibration) over ~20 chromophores (Eq. 6.3).
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0.4 -

Fluorescence anisotropy

Figure 6.5 A schematic description of the time dependent fluorescence anisotropy
decay of dendrimer G3 in toluene due to exciton migration along the dendrimer
surface. *’

In the case of regular organization of chromophores at a fixed angle with respect
to the surface, the change of the emission dipole can be roughly correlated to the position
on the surface. Using simple equation for the fluorescence anisotropy in case of hindered
rotation (in our case it means averaging over the angles within the cone of accessible

dipole orientations): *'

2
r= 0.4[% (cos 0. )(1 +cos 0, )} (6.6)

Where 6¢ is the cone angle and the range of - can be estimated in course of the
exciton migration from the anisotropy r. This simple estimation gives the angle 6 = 69°

which corresponds to 32% of sphere’s surface to be covered by exciton. The number of
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chromophores on this spherical segment is =16 for G3. This gives us an estimation of the
number of chromophores covered by exciton migration in the limiting case of regular

organization of the chromophores at a fixed angle with respect to the dendrimer surface.

Fluorescence anisotropy decay on a short time scale is shown in Figure 6.6. The
raw fluorescence anisotropy decays from an initial value ~0.34 at time zero to the
anisotropy of ~0.14 at time of 3ps. In case of fast dynamics, the measured profiles ,4.(?),
Ly (t) are the results of a convolution of the instrument response function with true
fluorescence intensity profiles. In this case the raw anisotropy looks different from the
true anisotropy profile at short times and its peak appears at negative times. Parameters of
true anisotropy decay can be estimated by best fit procedures assuming the convolution
of the instrument response function (IRF) with model parallel and perpendicular
fluorescence intensity profiles. ***” The best fit to a two-exponential anisotropy decay
model is shown in Figure 6.6 by the solid line. The best fit anisotropy was found to decay

from initial value of 0.40+0.03 within the time constant of 575+20fs.

This time constant is relatively long as compared to some other strongly

interacting dendrimer systems, '*'®*!

which may indicate the incoherent hopping exciton
transport in this system. *The fast decay component is generation dependent and
fluorescence anisotropy decays much faster in a higher generation dendrimer, as the
dendrimer becomes more densely packed and the distance between chromophore shortens

(see discussion below). The fluorescence anisotropy decay curves of different dendrimer

generations (G2 to G4) on long time scale are plotted in Figure 6.6.
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Figure 6.6 Short time scale of time-resolved fluorescence anisotropy of dendrimer
G3 in toluene with instrument response function IRF (blue dotted line). Excitation
wavelength — 400nm, detection wavelength — 480nm. The dark solid line is the result
from best fit modeling. 27
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Figure 6.7 Comparison of intermediate time scale of time-resolved fluorescence
anisotropy of different dendrimer generations G2 (red), G3 (blue) and G4 (cyan) in
THF solution. Excitation wavelength — 400nm. 27
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It is seen that the anisotropy decay on this time scale weakly depends on

dendrimer generation. While the decay profiles for G3 and G4 are the same within the

experimental error, the anisotropy for G2 decays slightly slower. This slower decay can

be associated with less densely packed chromophores for smaller generation dendrimers.

The shorter time components in anisotropy decay showed the same decreasing trend with

the increase of the generation number (see Figure 6.11a and discussion below).

To gain an insight into the molecule architectural effect, we investigate the

behavior of fluorescence anisotropy decay in different polarity solvents (THF and

toluene) for dendrimer generation from Gl to G4. The anisotropy decay in varying

solvents can provide information on the details of the arrangement and interaction

between the chromophores in different solvents.
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Figure 6.8 The solvent effect (THF and toluene) on the time-resolved fluorescence
anisotropy of the dendrimer G3 on a short time scale. Instrument response function
(IRF) is also shown (dash-dot line). *’
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Based on our investigation, the different generation of dendrimers G1, G2, G3
and G4 display the same trend regarding to the anisotropy decay behavior in these two
solvents. Figure 6.8 shows an example of the fluorescence anisotropy profiles for
dendrimer G3 in THF and in toluene. In general the G3 anisotropy decay in both solvents
(THF and toluene) can be approximated by a two-exponential decay function on this time
scale. A fast initial decay on the time scale of hundreds of fs gives way to a slower decay
in ps time scale. It is seen from Figure 6.8 that in a more polar solvent of THF (polarity
index of 4), the first decay component( 1, =180fs) is shorter than that in toluene (polarity
index of 2.4) with the fast decay component of 1y =575fs (derived from more accurate
fitting with IRF convolution compared to the value published *). As opposite to the trend
in short components the second decay component in THF is longer compared to that in
toluene (Figure 6.8). More polar solvent THF can facilitate the chromophore aggregation
on the dendrimer’s surface, especially at higher generations where the increasing packing
density and strong interchromophore interactions can favor the self-organization process.
* The deviation of the decay behavior in two different solvents may be rationalized in
terms of degree of clusterization (surface aggregate formation) , that is to say, in a more
polar solvent (THF in this case), the inhomogeneous distribution of chromophores on the
dendrimer surface will result in multi-exponential anisotropy decay profile. The first
decay component in this case may be related to the intracluster relaxation; it becomes
faster due to the increased aggregation and the decreased distance between chromophores
inside surface chromophore aggregates in THF. The longer decay component reflects the
intercluster hopping rate, which is reasonable to be slower for higher generations due to

the formation of more isolated surface aggregates. Two-component anisotropy decay due
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to clusterization within the photosynthetic antenna has been reported by Prof. Fleming
and co- authors. *’Our anisotropy data also indicate the distribution of chromophore on
the dendrimer surface to be more uniform in a less polar solvent (toluene). If we go back
to the anisotropy decay in toluene, the absence of the ultrafast dynamics (<500fs) points
to an incoherent hopping regime for exciton migration over the dendrimer surface. Weak
clusterization and inhomogeneous distribution of the chromophores on the surface can
lead to some distribution of the hopping times in toluene solution too. The shortest time
components in anisotropy decay may reflect the fastest hopping rates in the systems. The
average hopping rate can be estimated from the e-times drop in fluorescence anisotropy
decay which occurs at ~3ps. This time scale can be compared to the decay process
responsible for fluorescence quenching on intrinsic defects (~70ps) described above. The
comparison suggests that exciton is able to perform ~23 hops before being quenched by
intrinsic defect. This estimation based on the comparison of the fluorescence and
fluorescence anisotropy decay times is in good agreement with this made above on the
base of the residual anisotropy analysis. These results undoubtedly demonstrate the
multistep exciton migration process which produces a long exciton diffusion domain over
the dendrimer surface beneficial for the efficient amplified quenching of the explosives,

such as TNT.

6.3.3 Quenching dynamics and its connection to the exciton transport

Figure 6.9 schematically displays the difference between fluorescence dynamics
for dendrimer sample with TNT (concentration: 5 X 10°M) F, (t) and that for pure

dendrimer solution Fj (2).
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It is seen that the fluorescence from the sample with quencher (TNT) decays
faster than that without quencher, which reflects the substantial rise of the number of
quenched excitons on the picosecond time scale. It is worth noting that the difference in
the decay profiles saturates roughly at the same time scale as that at which fluorescence
anisotropy completely decays (see Figs. 6.5, 6.7). The quenching ratio Q(t) = Fy(t)/Fo(t)
represents the fraction of quenched excitations at a given delay time ¢. The time-
resolved quenching ratio Q(z) on short time scale is shown in Figure 6.10. It is seen from
this figure that ~10% of fluorescence is quenched within the time resolution of the
upconversion setup. Taking into account the absence of any measurable fast dynamics for
Q(t) in the vicinity of instrument response function, this fraction of quenching can be
considered as instantaneous or true static, and related to the excitation photons being
absorbed on non-emissive sites. This is different from the quenching dynamics in
conjugated polyelectrolyte where the fast time component has been detected for Q(z) in
time-resolved experiments. *° In our experiments the fastest time component in the
quenching ratio decay is ~ 1.5ps. This is close to the ~0.58ps fast time component found
in anisotropy experiments (Figure 6.6). Both time constants represent the hopping time
between adjacent chromophores by order of magnitude while exact expressions for the
anisotropy and for the exciton trapping time can be different. ****°° The major part of the
fluorescence quenching by TNT occurs on the time scale ~150ps (Figure 6.9) and should
be considered as a dynamic quenching. The fluorescence anisotropy which reflects the
exciton migration over the chromophores on the dendrimer surface also decays to zero

around 150ps. This directly connects the exciton migration over the surface of the
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dendrimer to the dynamic quenching proving the crucial role of exciton migration in the

enhanced fluorescence quenching in dendrimer macromolecules.
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Figure 6.9 Difference in fluorescence dynamics between the pure dendrimer G3
solution (open circles) and the solution after exposure to TNT (filled
triangles).Excitation wavelength -400nm, detection wavelength — 480nm. *’
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Figure 6.10 Quenching ratio F/F, as a function of time on a short time scale. It
shows a fractional static contribution to the fluorescence quenching.
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It is also seen from Figure 6.9,6.10 that both static and dynamic quenching
components take account together for the fluorescence quenching by ~ 50% at long
delays, which is in excellent agreement with steady state measurements which showed

the same total amount of quenching at this TNT concentration.

Simple estimation of the TNT diffusion controlled quenching at the quencher
concentration at 10°M gives the maximum value of collision time about 100ns,
*'whereas the experimental time scale of the dynamic quenching is in the picosecond
range from time-resolved measurement studies. Comparison of time integrated
fluorescence quenching with the dynamic drop in fluorescence (Figure 6.9) proves that in
our case the contribution from the dynamic quenching associated with the diffusion of
TNT in solution is negligible. For this case the fluorescence quenching is in major part a
fast dynamic process on a picosecond time scale, which results from the fast exciton
migration on the dendrimer surface from the initially excited site to the site associated

with TNT-chromophore complex.

In order to get further insight into the quenching mechanism, we compared the
quenching dynamics for different generations of the dendrimers. As we mentioned above
(Figure 6.3) the quenching performance is better for higher generation dendrimers. Figure
6.11a, b show time-resolved fluorescence anisotropies for the dendrimers G1 and G3
respectively. It is seen from Figure 6.11a that the initial anisotropy decay rate is faster for
G3 as compared to G1. Best fit analysis which included convolution with instrument
response function revealed fast components 0.992 ps and 0.575 ps for Gl and G3,
respectively. The initial anisotropy decay rate is directed by the hopping rate between the

chromophores on the dendrimer surface indicating that the hopping rate is higher for G3.

172



Overall anisotropy decay for G3 remains faster for G3 on the longer time scale (Figure

6.11b) as well.
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Figure 6.11 Fluorescence anisotropy decay of dendrimers in short time scale (a),
long time scale (b) and the quenching dynamics (¢) for dendrimers G1 and G3
respectively. 27

The ratio of hopping rates in G3 and G1 (0.992/0.575=1.73) is in a good

agreement with the ratio of Forster transfer rates estimated from geometrical parameters

listed in the Table 1 75, /75, =216.0/117.7 =1.83 . This clearly indicates that the faster
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exciton migration rate in G3 results from more dense packing and smaller
interchromophore separation on the surface of higher generation dendrimers. The
quenching ratio F;/Fy dynamics of G1 and G3 for the same TNT quencher concentration
is shown in Figure 6.11c. It is clearly seen from this figure that the fraction of quenched
chromophores increases faster for higher generation dendrimer G3. This is the direct
consequence of higher interchromophore hopping rate in G3 detected by fluorescence
anisotropy measurements. Higher hopping rate in G3 as compared to G1 facilitates larger
exciton migration domain in G3. Larger number of chromophores covered by the exciton
migration results in the better sensing performance for larger dendrimers found in simple
model calculations (Eq. 6.2) and in our experiments (Figure 6.3). Comparing the Stern-
Volmer factor obtained for the G4-dendrimer in solution (~1400M™) ® with those
obtained under similar conditions for the various amplifying polymers used for TNT
detection, > one can see that the dendrimer’s S-V- factor Kgy is systematically higher.
This can be associated with system’s architecture. In polymers the exciton transport is
supposed to be mostly one dimensional (“molecular wire” approach), *’while in large
dendrimers the exciton transports over the near spherical surface i.e. quasi-two-
dimensional. It was shown by E.W. Montroll*' that the number of steps <n> required by
the exciton to reach a trapping center scales differently on the relative concentration of
trapping centers. In particular <n> ~N? in one dimensional case, while <n> ~N logN in
two dimensional system (N is the number of chromophores per one trapping (quenching)
center).*' It is seen that for the same low quencher concentration (large N), the number of
steps required for exciton to reach quencher in two-dimensional system is smaller than

that for one dimensional system. This means that the number of hopping steps required
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for exciton to reach the quenching site is smaller for quasi-two-dimensional dendrimer
surface as compared to linear polymer. This may contribute to the enhanced sensing

response of the dendrimers relative to polymers.

6.4 Conclusions

We have investigated the exciton dynamics in new dendritic materials which are
promising two photon sensors for TNT detection. These materials possess the exceptional
combination of large drpa With efficient amplified fluorescence quenching by TNT. We
have directly connected fluorescence time-resolved anisotropy measurements with that of
the excitation migrating over the dendrimer surface to the quenching site. Our
investigation showed that this exciton migration over many units to the TNT-dendrimer
complex sites plays a dominant role in the fluorescence quenching process. The time
components describing the exciton migration over the dendrimer surface are in the same
range as those observed for the dynamic quenching, thus proving that the exciton
migration over the dendrimer surface is the main contributor to the observed dynamic
fluorescence quenching. This validates the efficient amplified quenching mechanism
associated with exciton migration over dendrimer surface as a main quenching
mechanism. Our results also indicate that the migration over quasi-two-dimensional
dendrimer surface results in more efficient amplified quenching than that along the one-

dimensional polymer chains (“molecular wires”).
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Chapter 7

Conclusions and Future Outlook

7.1 Conclusions

Hyperbranched and dendritic systems targeted at high dielectric constant
applications because of the long range polaron delocalization are investigated and
proposed to be a novel approach which differs from traditional percolation systems.
Aside from the electronic polarization and interface polarization mechanisms, the
hyperelectronic polarization operative in such systems makes the biggest contribution to
the high dielectric response observed at high operational frequencies. The advantages of
this approach will include (1) the polaron delocalization in certain branched or dendritic
molecules which can extend to several molecule units leading to a longer delocalization
length; (2) the drift distance of charge carriers which can be elongated and result in a
hyperelectronic polarization; (3) the planar structure which may facilitate the head to
head packing through the self-assembly.

Three series of hyperbranched CuPc based polymers were first synthesized by our
collaborators using copper fusion methods which resulted in high yield (67%) and good
solubility. All hyperbranched CuPc systems possess cyano end-group in order to enhance
the polarity. But the weight percentage of the CuPc and the bridging group and the
position of CuPc rings varied. The electronic properties, in particular the dielectric
properties of these hyperbranched polymers were tested and the underlying charge

transfer mechanisms were probed by means of several ultrafast spectroscopy techniques,
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such as femtosecond fluorescence up-conversion spectroscopy and pump-probe transient
absorption spectroscopy. We are the first group to conduct a systematic investigation on
both ground and excited state charge transfer mechanisms of hyperbranched CuPc
dendrimers, and work to bridge the gap between the knowledge on the dielectric
properties and optical properties of hyperbranched CuPc dendrimers.

Chapter 3 discussed the electronic and optical properties of the first sets of hyper-
branched CuPc (HBCuPc) polymers. They have shown an excellent dielectric response
over the test frequency range (20Hz to 1MHz). The dielectric constant of the HBCuPc
pellet with a thickness of 76 um reached 46 at IMHz and showed an extremely low
dielectric dispersion (a change of ~1% from 20Hz to 1MHz). This value is significant as
compared to that of CuPc monomers (~5).And in terms of the practical application
requirements at high frequencies, this material showed the most satisfactory performance
compared to other CuPc based materials. The dielectric loss was greatly reduced too. It
went below 0.004 at IMHz in a cast film of HBCuPc dendrimer with a thickness of 10
um, in addition to a very weak dependence on the frequency. In general, high dielectric
constant will be accompanied with large dielectric loss and both will show strong
frequency dependence, which is typical for some hyperbranched systems with
hyperelectronic polarization. For instance, the hyperbranched polyaniline exhibited a
dielectric constant ~200 as well as a dielectric loss ~1 at IMHz. However, this HBCuPc
polymer shows an exception, as even a HBCuPc polymer pressed pellet possessed a low
dielectric loss (<0.01) at IMHz. From the analysis of the AC conductance, both polaron
hopping and polaron tunneling charge transfer mechanisms were found to be operative in

this HBCuPc system because the power law dependence of the AC conductance on the
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frequency was derived. Additionally, the steady-state emission and femtosecond
fluorescence anisotropy decay provided evidence to support the polaron hopping
mechanisms found in the HBCuPc from AC conductance analysis. For example, a slow
component in a time scale of 3 ps was derived from the best fit of the fluorescence
anisotropy decay curve, the time scale is in a good agreement with the polaron hopping
process found in other disordered organic systems.

To get a closer look at the charge transfer mechanisms operative in the HBCuPc
system, time-of-flight charge carrier mobility measurement was carried out on the
HBCuPc dendrimer film cast on the silicon wafer. The charge carrier mobility was
unusually high (in the order of ~10™* cm*V's™), closely correspondent with the exhibited
fast dielectric response. In addition, the interesting findings about the non-Arrhenius
temperature dependence and the Poole-Frenkel negative electric field dependence were
presented. At high temperature, more thermally activated sites were available and
extended-state conductivity possibly occurred. However, at low temperature, the packing
of Pc rings becomes more ordered and when the distance between the neighboring
phthalocyanine rings approached a critical value (< 5A), polaron tunneling occurred and
made a significant contribution to the higher mobility observed at low temperature as
compared to that at high temperature. Simulations based on the Béssler’s Gaussian
disorder model were run to gain a deep insight into the transport mechanisms of charge
carriers. Moreover, in contrary to the typical positive electric field dependence found in
phthalocyanine monomer films, the HBCuPc polymer showed the negative field

dependence and the positional disorder was considered as the main contributor.
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The direct inspiration for the immediate follow-up works on the design and
characterization of HBCuPc-TPA-CN polymer came from the striking results from the
investigation of the HBCuPc dendrimer. The work was discussed in detail in chapter 4. In
this modified design, the effective conjugation between the triphenylamine moiety and
the CuPc ring was targeted at increasing the conjugation length as well as changing the
charge transfer properties of the CuPc dendrimer system. From the device fabrication
standpoint, this design will enable the enhancement of the dielectric film formation
ability. The cast dielectric film of HBCuPc-TPA-CN dendrimer exhibited a reproducible
and good dielectric response. The dielectric constant is around 11 and the loss tangent is
about 0.002 at IMHz. AC conductance analysis suggested that the charge carriers in
HBCuPc-TPA-CN polymer were mainly transferred through “hops” between CuPc rings
and even the tunneling. In addition to the electronic and hyperelectronic polarization,
ionic polarization was presented in the system too, which was represented by the
appearance of peak in the dielectric loss vs. frequency curve. The increased conductivity
was natural because of the formation of charge transfer complex in the HBCuPc-TPA-CN
polymer and was influenced by the interaction strength between the donor and the
acceptor. In addition, the existence of electron traps induced by triphenylamine has the
effect of immobilizing a large proportion of the injected carriers, which may offset the
rise in dielectric constant due to the increase of the conjugation length. Other factors such
as the hindrance to the molecular packing due to the pyramidal shape of triphenylamine
moiety have been taken account for the inferior dielectric response of the HBCuPc-TPA-
CN polymer as compared to that of the HBCuPc polymer. In order to optimize the

fabrication of the dielectric film and understand the influence of the interaction between
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the dielectric material and the conducting substrate at the interface on the dielectric
response, we also prepared samples by adding an extra sonication process before the
casting of the film, or substitute the alumina substrate by the indium tin oxide (ITO) glass
and the coating glass from silicon nitrate. In latter cases, a thin layer of Au was
evaporated on both sides of the sample to act as conductive electrodes. The ITO and
silicon nitrate functioned as dopants to the polymer film and a strong dielectric dispersion
because of the interface polarization was produced. Scanning electron spectroscopy
(SEM) cross section measurement showed a clear comparison on the interface of the
HBCuPc-TPA-CN polymer/alumina and the HBCuPc-TPA-CN polymer/ITO glass. Our
goal is to design a high dielectric constant and low dielectric loss material for high
frequency applications; therefore, alumina seems to be a better substrate material at this
point.

Donor —acceptor interaction has been extensively studied for various usages such
as organic photovoltaic cells and this is the first time being explored for the contribution
to the dielectric response in hyper-branched polymer systems. A similarly accelerated
charge transfer via Forster hopping was found in the HBCuPc-TPA-CN polymer, as
evidenced from the femtosecond fluorescence spectroscopy measurement. Excited state
dynamics probed by ultrafast pump-probe transient absorption measurement indicated the
formation of charge transfer excitations in the HBCuPc-TPA-CN polymer as compared to
the HBCuPc polymer. Both polymers showed typical triplet-triplet absorption spectra of
phthalocyanine compounds with induced absorption and photobleaching band. However,
the excited state dynamics differed in two systems. For example, the S, state is short

lived in the HBCuPc polymer. As a consequence, a fast decay time (1.7ps) in the global
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fitting results of HBCuPc-TPA-CN polymer was absent from that of the HBCuPc
polymer. The findings in the HBCuPc-TPA-CN polymer proved that the concept of using
long-range polaron delocalization in hyper-branched or dendritic systems to enhance the
dielectric response is valid. However, the dielectric response is critically dependent on
the interplay between the conjugation length and the donor-acceptor interaction.

One critical factor in the design of high dielectric all-organic materials is the
structure of the material. Hence, in chapter 5, the HBCuPc polymer structure was
modified by connecting CuPc at meta position instead of ortho position of the benzene
ring. Under this situation, the separation distance between CuPc rings increased. This
modified structure will enable larger polarization and result in larger conductivity, as
shown from AC conductance measurement. The dielectric constant was ~9.8 with a low
dielectric loss of ~0.0025 at 1MHz. Because the long separation distance between
neighboring CuPc rings, the coupling is weak and the self-assembly ability of the
molecule is poor. This may be a plausible reason to explain the obtained dielectric
constant as compared to previously investigated hyperbranched CuPc polymer systems.
To optimize the dielectric film performance, different solvents and surfactants were used.
For example, the film casted from dimethylfluoride (DMF) solvent exhibited a more
homogeneous surface morphology with improved solubility; however, there is a trade-off
between the film solubility and the dielectric response (~3). This indicated that solvent
played an important role by affecting the morphology of the polymer particle in the
solution. The addition of surfactants, such as polyvinyl sulfonate (PES), poly (ethylene
glycol) (PEG) and poly(vinyl alcohol) (PVA), were able to improve the formation ability

of the dielectric film. This portion of work can be referred to the appendix A in the
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dissertation. But a lot of future work needs to do to have a clearer understanding the role
being played by the surfactant and to optimize the composition ratio between the
surfactant and the hyperbranched polymer as well as solving problems such as the phase
separation and the precipitation. The optimized parameters are not clear yet and a
remarkable ongoing work is carried out in this aspect.

We have conducted a profound understanding of different types of hyperbranched
CuPc polymers. A big portion of the contribution is made on the comparison between the
ground and excited state dynamics of different dendrimers to help the understanding of
the corresponding difference in the dielectric response. This piece of understanding is
really useful for establishing the structure-function relationship and sketching a map for
optimized designs for high dielectric applications.

We also carried out the investigation on how the packing structure will affect the
dielectric response in such hyper-branched polymer systems. The electron magnetic
resonance (EPR) experiment was able to provide useful information about the disorder at
various temperatures and it can be correlated with the non-Arrhenius temperature
dependence found by TOF measurement.

A supplementary work was carried out to study the dielectric properties of a series
of hybrid polyaniline/ BaTiO3; composites with a core-shell structure. The hybrid material
exhibited a higher dielectric constant (g, ~ 29) as compared to the pure polyaniline (& ~7)
at 1IMHz. The dielectric loss could be reduced in comparison to that of BaTiO;
nanoparticles. A good example is that a threefold reduction of the dielectric loss of the
hybrid system was observed. This enhancement was due to the interface polarization and

could be explained by Maxwell-Wagner percolation theory. The key parameters are the
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crystalline size and morphology of the BaTiOs, the concentration ratio between the
polyaniline (polymer matrix) and BaTiO; (fillers) and the efficiency of the coating by the
polymer matrix. However, the details of this work were skipped in this dissertation.

Other work included the optimization of the dielectric film fabrication process,
trying to overcome the difficulties arising from the phase separation, polymer aggregation
and the recrystallization as well as the solubility. We also collaborated with companies
such as General Electric Company (GE) to test the fabricated dielectric films and targeted

at the fabrication of capacitor prototypes.

7.2 Future Outlook

Some progress has been made in the development of organic materials for high
dielectric constant applications, such as high energy density capacitors. However, organic
high dielectric constant materials still face some significant technical challenges.
Generally speaking, the dielectric constant in an organic material is typically low (~3).
The increase in the dielectric constant will be normally compensated for by high
dielectric loss and large dielectric dispersion. In addition, most organic materials are
thermally stable only up to the glass transition temperature, which is lower than the
decomposition temperature of most ceramics. Therefore, the stability in a harsh or high
temperature environment is an issue too.

Our exploratory work in the hyperbranched copper phthalocyanine has shown that
the utilization of the long range delocalization in conjugated molecules provides a novel
avenue to achieve high dielectric constant as well as low dielectric loss. In our
investigation, copper phthalocyanine was selected as the building unit of the

hyperbranched polymer and a great enhancement was obtained as compared to that in a
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CuPc monomer. Other studies in phthalocyanine materials have suggested that the metal
ion inside a phthalocyanine ring plays an important role in the optical and electronic
properties as well as the processibility of the phthalocyanine materials. For example, the
iron phthalocyanine monomer has a dielectric constant ~19 and dielectric loss ~0.31 at 1
KHz with relatively low dielectric dispersion. Hence, if we can substitute the central
copper ion in hyperbranched copper phthalocyanine polymer with other metal ions and
conduct a systematic study on the influence of the metal ion on the dielectric response of
the hyperbranched phthalocyanine materials, a hyperbranched phthalocyanine high
dielectric constant material with optimum performance is able to obtain.

Hyperbranched copper phthalocyanine materials have shown a great potential in
the application as a high dielectric constant material and hyperelectronic polarization is
suggested as the main contributing polarization mechanism to the enhanced dielectric
response. Pohl et al. also found a hyperelectronic polarization in polyacene quinone
radical (PAQR) polymers, which resulted in a very large dielectric response (>10,000 at
100Hz). '* All these findings indicate that hyperelectronic polarization is an effective
polarization mechanism contributing to the improved dielectric response in certain
organic materials. In order to explore other organic materials which possibly possess the
same operative polarization mechanism, the profound understanding of the
hyperelectronic polarization mechanism as well as other polarization mechanisms is
critical. This understanding will be helpful not only on how to design a new high
dielectric constant material, but also on how to tune the dielectric properties of the
existing high dielectric constant materials. For this purpose, a theoretical model needs to

be constructed and possibly be able to account for the parameters such as the
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delocalization length, the coupling strength and the separation distance between
neighboring molecules.

From the engineering side, the breakdown voltage is an important characteristic of
a high performance dielectric material. A high breakdown voltage is necessary as the
square of the breakdown voltage is proportional to the maximum energy density. Our
research has found a high dielectric constant in the hyperbranched copper phthalocyanine
polymeric materials and the ongoing work is focused on the evaluation of the breakdown
voltage of these materials. Even though the technique of the breakdown voltage
measurement is available, the size and the shape of the test specimen need to be
configured in specifics.

For the purpose of the commercialization, special attention needs to be paid to the
following areas: (1) the development of synthesis methods for the mass production of the
high dielectric constant material with an affordable cost; (2) the development of an
effective electronic packaging technology to maximize the energy density in an electronic

device.
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APPENDIX A
The Effect of Surfactants on the Dielectric Response of hyperbranched CuPc¢

Polymer

A.1 Introduction

The film fabrication process is essential to the dielectric properties of the
hyperbranched polymer dielectric films. Different types of surfactants were added to the
hyperbranched CuPc polymer/DMAc solution in order to improve the film forming
ability. Polyvinyl Sulfonate (PES), poly(ethylene glycol) (PEG) and poly(vinyl alcohol)

(PVA) were the surfactants under investigation.
A.2 Results and Discussion

A.2.1 Polyvinyl Sulfonate (PES) surfactant

The advantages of PES as a surfactant in this study lie in its excellent solubility in
the DMAc, good film forming ability as well as high glass transition temperature
(225°C). The solubility in DMAc for the PES will help to alleviate the phase separation
problem and avoid the miscibility issue between the solvents for both the PES and the
HBCuPc polymer. As shown in scheme A.1 is the structure of the PES.

{O-+O--0O- 0O,

)

Scheme A.1 The structure of the PES polymer
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To a vial, 37.18 mg of PES was dissolved into 3 mL. DMAc solution and stir for
two hrs. Then ten drops of the PES/DMAc solution was added into the HBCuPc-
CN/DMAC solution (3.5mg HBCuPc¢ polymer/0.5mL DMACc) and the mixture was stirred
for another 5 hrs. After the casting of the composite film on the Al foil, the film was heat
treated under vacuum to evaporate all the solvents. The dielectric response of the PES
cast film with a thickness of ~12 um is illustrated in Figure A.1. The dielectric constant
was about 2.4 and not dependent on the frequency. The dielectric loss was ~ 0.0018 up to
10 KHz and then increased with the frequency at high frequency range, similar to the
dispersion of PES. However, the dielectric constant of pure PES was ~3.8 and the

dielectric loss was ~0.14 at IMHz.
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Figure A.1 The dielectric constant and dielectric loss of the HBCuPc-CN/PES
composite film.

When we looked at the morphology of the film surface, there were actually two

layers of the film (the top clear layer consisted of PES and the bottom green layer
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consisted of HBCuPc-CN polymer). I even tried different volume ratio between the PES
and HBCuPc-CN polymer solution and observed the same phenomena of the film and the

dielectric responses were similar to the one shown in Figure A.1.

A.2.2 Poly(ethylene glycol) (PEG) surfactant

The PEG polymer has several advantages: relatively high dielectric constant (~5),
good solubility in DMAc as well as good film forming ability. As shown in scheme A.2

1s the structure of the PEG

HO U~~~ OH

Scheme A.2 The structure of the PEG polymer

First, 5.3 mg HBCuPc polymer was dissolved in 0.4 mL DMAc solution and
stirred for 6 hrs. At the same time, 2.2 mg PEG powder was dissolved in 0.4 mL DMAc
solution and stirred for 6 hrs too. Then, mixed both 0.2 mLL HBCuPc/DMACc¢ solution with
0.2 mL PEG/DMACc solution and stirred for 6 hrs. After the casting of the composite film
on Al foil, the film was dried in air, followed by a continuous heat-treatment under
vacuum for 8 hrs. The film surface became more homogeneous and the phase separation
was alleviated in some point. As seen in Figure A.2, both the dielectric constant and
dielectric loss of 5 pm thick composite film showed strong frequency dependence. The
dielectric constant of the composite film was ~3 and the dielectric loss was ~ 0.011 at

1MHz.
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Figure A.2 The dielectric constant and dielectric loss of the HBCuPc¢/PEG composite

film.

A.2.3 Poly(vinyl alcohol) (PVA) surfactant

The PVA has very good film forming ability as well as relative low dielectric
dispersion. In addition, it is fully degradable and will decompose quickly at a temperature

> 200 °C. However, the dielectric constant of PVA itself was really low ( k=1.9~2.0) and

it is only soluble in water. The structure of PVA is shown in Scheme A.3.

Scheme A.3 The structure of the PVA polymer
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2.4 mg HBCuPc powder was dissolved in 0.2 mL. DMAc and stirred for 6 hrs,
while 1.1 mg PVA was dissolved in 1 mL water and stirred for 6 hrs with the heating at
60 °C. The PVA/H,O0 solution was very viscous. After mixing both solutions, the mixture
was heated at 40°C and stirred for 6 hrs, followed by a sonication procedure of 15 mins.
No phase separation was observed at the solution level. The film preparation procedure
was the same as the HBCuPc/ PEG composite film and the final film has a thickness of
~13 pm. The dielectric properties of the HBCuPc/PVA film are shown in Figure A.3.
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Figure A.3 The dielectric constant and dielectric loss of the HBCuPc¢/PV A composite
film.

The frequency dependence of the dielectric constant and the dielectric loss of the
HBCuPc/PVA composite film was weaker compared to the HBCuPc/PEG composite
film. And the dielectric constant is higher than that of the pure PVA film.

In summary, the dielectric performances of all composite films with three
different types of surfactants were not as good as what we expected. Actually, the

dielectric performances of pure hyperbranched CuPc polymers were better than the
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composite films. A systematic study on the factors such as the optimum ratio between the
hyperbranched polymer and the surfactants and the molecular weight of the surfactants

are still going on.
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