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INTRODUCTION®

1.1. Polymer Nanocomposite Materials

Polymer composites, in general, are made by incorporating filler particles into a
polymer matrix. These materials are of major interest, especially when a combination
of properties which cannot be obtained in a single material is required.® With the
development of polymer industry, numerous fillers, such as minerals, clays, glasses,
graphite, etc. have been introduced as additives to improve (some of) the properties of
neat polymers. Till the 1970s, mixing of the components was mainly performed on a
micrometer scale; it was only three decades ago that technological advances allowed
decreasing the size of various filler materials down to a nanometer scale. The term
“nanocomposite” was, therefore, introduced.? Since then, nanocomposite materials
have become a rapidly expanding area of research, which encompass an infinite
variety of systems with potentially novel material properties.

Nanocomposite materials have become increasingly important due to their
extraordinary properties, which arise from the synergism between the properties of the
parent components and their unique interfacial characteristics." These properties
appear to be quite different from those of the conventional micrometer-sized
composites. This mainly results from the nanometer-sized component which
dramatically increases the available interacting surface area. Polymer nanocomposites
are of significant interest, for instance, as materials for mechanically reinforced
components and coatings for packaging, automotive and airspace industries,>* as
corrosion-inhibiting layers on metal surfaces,' and as flame retardant materials.’
Furthermore, due to their electrical and optical performance, nanocomposite materials
have potential applications in electronics and optoelectronics, such as optical switches,
transparent electrodes, display devices, etc.®®

Although polymer nanocomposites have been investigated actively for the last several
decades, until now only a limited understanding of the physicochemical phenomena,

Due to the extensive research in the area of (semi)conductive filler/polymer composites,

only the most relevant references are quoted in this thesis.
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which are responsible for the ultimate properties of these materials, have been

obtained. The properties of a nanocomposite material are not simply the average
properties of its components. On the contrary, these materials are complex and their
properties depend on both the volume fractions of the components and their
(individual) properties, such as size, shape, distribution, interfacial interactions, etc.
Therefore, the study of nanocomposite materials requires a multidisciplinary
approach,' which involves novel physical and chemical techniques for their synthesis
and analysis.

1.2. Conductive Polymer Nanocomposites

1.2.1. Introduction

In recent years, blending an insulating polymer with conducting fillers has attracted
considerable interest because of the potential applications of these composites in
many areas where a certain level of conductivity is required.”® The conducting fillers
used range from metallic powders, inorganic (semi)conductive particles to
carbonaceous fillers including carbon black, graphite and carbon fibers.**"*® Doped
conducting polymers, such as polyaniline or polypyrrole, sometimes are also used as
fillers in polymers.®'*?" When particles with sizes well below 1 um are added as
conductive fillers into a polymer matrix, the resulting material, with a certain
(semi)conductive level, is called a conductive polymer nanocomposite. This thesis
focuses on such polymer nanocomposites that can conduct electrical currents due to
the presence of (semi)conductive nanofiller particles.

1.2.2. Conductivity of Polymer Nanocomposites

Most polymers are insulators with conductivity well below 10 S/cm.?? With the
addition of conductive nanoparticles, the polymer changes from an insulator to a
(semi)conductor if the conductive fillers form a continuous particle network through
the polymer matrix.>**?* Volume and surface conductivity are often used as measures
for the electrical conductivity o. In general, volume conductivity is an intrinsic
material property which is defined as the conductance per volume, and it is usually
expressed in the unit of S/cm. On the other hand, surface conductivity is defined as
the conductance measured over a certain area at the surface, and it is expressed in the
unit of S/ However, surface conductivity is not an intrinsic material property. The
measured value is strongly dependent on the thickness and the surface area of the
measuring material. Moreover, the surface conductivity is often enhanced by the
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presence of antistatic agents which are molecules that increase the polarity/ionic

concentration at the surface. These ions/polar groups at the surface attract moisture
from air and consequently influence the charge transport. Hence, the surface
conductivity is not permanent and strongly depends on the moisture in the air. Note
that the semi-conductive nanoparticles discussed in this thesis do not contain antistatic
agents and we only concentrate on the volume conductivity of the coating composites
containing these semi-conductive particles.

Generally, the relation between the DC volume conductivity o, of a polymer
composite and the amount of conductive filler ¢ is not linear. Normally the oy
increases sharply above a critical filler concentration, known as the percolation
threshold ¢¢.>**® At ¢ well above ¢, the increase in o, becomes smaller and reaches
a level where o, hardly changes with increasing filler amount anymore. This level is
called the maximum volume conductivity omax (Figure 1.1). The o, of a polymer
nanocomposite is often orders of magnitude lower than the o, of the filler
particle.>**1° This makes these polymer nanocomposites only suitable for antistatic
or semi-conductive materials (v = 10-102 S/cm). Nevertheless, sometimes this type
of materials is still referred to as “conductive” materials. Applications of such
materials are, for example, permanent antistatic floors in hospitals, safety garment and
the upper layer of the paper transport rolls in printers and copying machines.

logo, —

P.
o (vol. %) —

Figure 1.1. Relation between the volume conductivity o, and the filler volume percentage ¢.

1.2.3. Challenges in (Semi)conductive Polymer Nanocomposites

Several theories were developed to understand the conductivity behaviour of
(semi)conductive composites, especially the marked transition at ¢, **%%% of
which statistical percolation models form an important part.*?*> The values of ¢ for

disordered or regular systems can be determined in these models by numerical
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simulation using the Monte Carlo method.'”* For regular packing arrangements in

three dimensions, the values of ¢, range from 12.5 to 40 vol. %, depending on the
type of lattice selected for simulation.”*?® For randomly distributed non-overlapping
hard spheres which touch each other at the percolation threshold, ¢, is calculated to be
16 vol. %.%?® However, such a large amount of fillers deteriorates the mechanical
properties and leads to poor processability of the polymer matrix. Furthermore, the
cost of the final material is often beyond the acceptable range due to the large fraction
of the expensive conducting species.™ Another disadvantage of polymer composites is
that normally the omax is orders of magnitude lower than the intrinsic conductivity of
the filler itself.” ™% A 5. value closer to the conductivity of the filler would
broaden the application possibilities of these composites considerably.

Intensive studies have been carried out during the last decades and, indeed, many
researchers managed to achieve a ¢. much lower than 16 vol. %, even when spherical
particles were used.’*31819232%:32 1 some cases, the ¢, value was even as low as 0.1
vol. %.*183132 However, the reasons used to explain the occurrence of such a low g
were often quite different and sometimes contradictory. Now, it is generally accepted
that the properties of the fillers, such as size, aspect ratio and surface groups, the
aggregate/agglomerate structure of the filler particles in the matrix before processing,
the properties of the matrix including viscosity and crystallinity, and the interfacial

9-11,13,17,19,29,30,33-35 Moreover, a great

energy between matrix and filler determine ¢.
deal of research has been done to model these conductive filler/polymer systems. At
present, however, no model exists to explain all the differences reported in
experimental studies or to account for the extensive influences of different processing
methods on ¢ and oma.->>?° Especially, limited knowledge is available on the

11,12,29,30,33,

percolation behavior in thermoset polymer composites. % However, the

potential applications, for instance transparent layers, often require such materials.

1.3. Objectives of this Thesis

As mentioned above, both a low ¢, and a high omax are desired for many applications.
In this thesis, we are interested in obtaining semi-conductive polymer nanocomposites
with a low ¢¢; we try to investigate whether it is possible to increase the omax Of the
polymer nanocomposites which have a ¢, much lower than the theoretically predicted
16 vol. %. If the answer is positive, we are eager to find out which factors are
responsible for the low ¢, which factors determine the high omax, and to what extent
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these factors influence the conductivity behaviour of the polymer nanocomposites.

With the better understanding of these factors, we hope that we could achieve
materials with tunable conductivity levels for different applications.

Generally, nanocomposite becomes conductive due to the presence of a continuous
conductive particle network through the insulating polymer matrix. The morphology
of the particle network is very important with respect to the conductivity of the
nanocomposites, because it influences the charge transport within the material.
Therefore, we choose different cross-linking agents, different dispersing media,
different cross-linking temperatures, different curing conditions such as thermal cure
vs. UV cure and conductive nanoparticles with different particle sizes to visualize the
particle network structure before/during/after cure and to understand the mechanism
of charge transport.

1.4. Materials used in this Thesis

1.4.1. Semi-conductive Nanoparticle Phthalcon 11

One of the nanometer-sized semi-conductive particles studied in this thesis is
aquocyanophthalocyaninato Co(lll) (Phthalcon 11) (Scheme 1.1). Phthalcon 11 is a
neutral molecule with a -CN group and a -H,O group co-ordinately bonded to the
Co(ll1) centred in a phthalocyanine ring.**#%% \We will show in this thesis that
Phthalcon 11 is highly crystalline and can be synthesized to submicrometer-sized
particles with high purity and yield.***%2® phthalcon 11 powders have excellent
stability in air and in moisture. In addition, they are stable in contact with a broad

range of solvents. They decompose in air at temperature above 300 °C.3+%

la 1b

Scheme 1.1. Molecular (1a) and crystal (1b) structure of Phthalcon 11.
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By varying the reaction conditions, aminocyanophthalocyaninato Co(lll) (Phthalcon
12) and a single crystal mixture of Phthalcon 11 and Phthalcon 12 (Phthalcon 11/12)
can also be synthesized (see Chapter 4).*

1.4.2. Phthalcon/Polymer Nanocomposite Coatings

It has been shown that Phthalcon 11 particles can be used as semi-conductive filler in
a broad range of polymer matrices, such as cross-linked epoxy, polypropylene,
polyethylene, cellulose and nylon, resulting in permanent antistatic polymer
nanocomposites with a ¢. well below 16 vol. %.2%3* More recent research on
Phthalcon/polymer composites has concentrated on cross-linked epoxy thin
coatings.**** In this thesis we focus on thermally cured epoxy and UV cured acrylate
coatings, mainly using Phthalcon 11/12 as conductive filler.

Thermally Cured Phthalcon/Epoxy Nanocomposite Coatings

The cross-linked epoxy coatings were prepared from a dispersion of Phthalcon
particles in a dispersing medium; generally, to this dispersion prepolymer Epikote 828
and primary amine cross-linker were added (NH/epoxy molar ratio was 1:1). This
mixture was then cast on a polycarbonate substrate using a doctor blade applicator.
Finally, it was cross-linked at elevated temperature in vacuum and later post-cured in
vacuum. Under these conditions smooth coatings were always obtained as long as the
Phthalcon particle concentration in the starting formulation was below 13 vol. %.

UV Cured Phthalcon/Acrylate Nanocomposite Coatings

The Phthalcon/acrylate coatings were prepared starting from a dispersion of Phthalcon
particles in an acrylate monomer; to this dispersion photoinitiator was added. This
mixture was then cast on a polycarbonate substrate with a 10 um coating thickness
using a doctor blade applicator and cured by exposure to UV light under N,
atmosphere for 2 min. Under these conditions smooth coatings were always obtained
as long as the Phthalcon particle concentration in the starting formulation was below 7
vol. %.

1.5. Scope of this Thesis

The focus of this thesis is Phthalcon/thermoset thin layer coatings. The core chapters
are dedicated to the factors determining the structure-electrical conductivity relations
of these materials.
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This thesis is structured as follows:

Chapter 2 gives brief background information on the conduction of charge transport,
the mechanism of particle network formation and the characteristics of the particle
network structure.

In Chapter 3, the synthesis of Phthalcon 11 particles is described. Results from
extensive analyses are presented to prove the proposed molecular structure. A short
summary of the crystal structure and the main properties of Phthalcon 11 are given as
well.

Chapter 4 presents an in-depth study on the influence of Phthalcon particle size on the
conductivity of cross-linked epoxy coatings. The synthesis of semi-conductive
Phthalcon particles with various nanometer sizes is described in detail; two of them
are new semi-conductive Phthalocyanine fillers (Phthalcon 12 and Phthalcon 11/12).
The molecular and crystal structures, together with the sizes of these Phthalcon
particles are characterized. The conductivity of the cross-linked epoxy matrices
containing these Phthalcon particles is discussed concretely. Special attention is given
to the influence of particle size and chemical composition on the characteristics of the
particle network structures, on the way these networks are formed, and on the oy, omax
and ¢ of the polymer composites.

Chapter 5 deals with a study concerning the influence of cross-linker and processing
conditions on the conductivity of cross-linked Phthalcon 11/12/epoxy materials.
Different cross-linking agents and curing temperatures are chosen. The log ov — ¢
relation, the viscosity changes during cross-linking, the Phthalcon particle network
structures in cross-linked coatings, how these particle networks are formed and to
what extent they are influenced by the chosen cross-linker and processing conditions
are discussed extensively. The impact of our findings on structure-electrical
conductivity relations in other thermoset polymer matrices is also addressed.

Chapter 6 focuses on a more practical subject: how to realize conductivity and low
surface energy in a single cross-linked Phthalcon 11/12/epoxy coating. The low
surface energy is achieved by using a partially fluorinated amine cross-linker. The oy,
the conductive particle network structures and distributions in these epoxy coatings
are carefully examined. Variations in ¢, oy, fractal particle network structure and
Phthalcon-containing layer thickness are studied with respect to the amount of
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fluorinated species present in the system.

As an extension to semi-conductive cross-linked Phthalcon/epoxy coatings, the
influence of other factors on ¢, and Phthalcon particle network structures are
demonstrated in Chapter 7. In this chapter the effects of post-cure, dispersing solvent
and catalyst are studied.

In Chapter 8 Phthalcon 11/12 particles are used as semi-conductive additive in UV
cured acrylate coatings. The relation between the conductivity of these acrylate
coatings and the amount of Phthalcon particles added is discussed. We particularly
focus on the morphology of Phthalcon particle networks before and after cure, the
fractal characteristics of the particle network structures and the mechanism of network
formation. The results obtained from Phthalcon/acrylate coatings are also compared
with those obtained from cross-linked epoxy coatings. Furthermore, the possibilities
of using Phthalcon particles in other thermoset polymer matrices with different
dispersing and processing conditions are discussed.

The final section, Chapter 9, highlights the most important conclusions described in
this thesis. Suggestions for further work in the area of (semi)conductive filler/polymer
nanocomposites are also given.
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THEORETICAL BACKGROUND

2.1. Introduction

This chapter gives background information that is most frequently applied in this
thesis. This information will be discussed in more detail in different chapters, and they
are essential to understand the obtained results and proposed explanations. However,
it is beyond the scope of this thesis to discuss how this background information is
deduced. Therefore, only the most important theories are summarized. Published

results on cross-linked Phthalcon 11/epoxy coatings are briefly reviewed as well.

2.2. Statistical Percolation Models

Conductive polymer composites have attracted extensive scientific activity because of
the possibility to combine electrical conductivity of the additives with good
mechanical properties and fabrication versatility of the polymer matrices. However,
the main question concerning these mixtures is how to explain the dramatic increase
in conductivity, i.e., the insulating-conductive transition at percolation threshold ¢
(Figure 1.1). To understand this electrical percolation phenomenon, many so-called
percolation models have been published." Among them statistical percolation models
have occupied the majority of the literature, although the classical percolation theory
was not concerned with the electrical conductivity in binary mixtures.”'® The
breakthrough of the statistical percolation models in the area of conductive binary
mixtures was made in the early 1970s, especially stimulated by the work of
Kirkpatrick and Zallen.*?

Classical Statistical Percolation Model-The Model of Kirkpatrick and Zallen

To obtain an estimate of ¢., according to the considerations of Kirkpatrick and Zallen,
one usually starts with finite regular arrays of points and bonds (between the points).
Then, the points or bonds are randomly added to the system. The next step is to

determine whether the existing points or bonds are in contact with each other. It is

11



n Theoretical Background

easy to realize that in this model the percolation point, which depends on the
considered dimensionality, is reached when the occupied sites (bonds or points) first

spans the relevant boundaries of the underlying array.

Equation (2.1) correlates the conductivity ¢ of real mixtures with the volume fraction

@ of the conductive filler for ¢ > ¢,

o = 0p(p — @) (2.1)

where g, is the conductivity of the filler particle and ¢ is the critical exponent which

determines how fast ¢ increases above ¢..

This model predicts that for randomly distributed non-overlapping hard spheres ¢, is
16 vol. %. This model also predicts a universal conductivity exponent ¢ that depends
only on the dimensionality D (¢ = 2 for 3-dimensional lattices) when all bonds have
the same conductance. However, when there is a (large) spread in conductance of the
bonds, ¢ differs from 2. The non-universal behaviour with ¢ # 2 has been studied in

14-16 17-21

detail both experimentally In these studies a ¢ value between

2 and the order of 10 has been reported.

and theoretically.

2.3. Approaches to Achieve Semi-conductive Polymer Composites with a Low ¢

A crucial aspect in the preparation of semi-conductive polymer composites is the filler
concentration ¢. The value for ¢ must be as low as possible but still allow the
composite to fulfil its conductivity requirements, which means that the conductive
particles must form a continuous particle network through the polymer matrix.
Therefore, many efforts have been devoted to achieve semi-conductive polymer

composites with a low ¢..

2.3.1. Selectively Localized Conductive Fillers in Multiphase Polymer Blend

An effective way to reduce ¢ is to favour a local inhomogeneity in the material, such
as using a two-phase polymer blend as polymer matrix. If one of the two polymer
phases is continuous and the conductive particles are localized in the continuous
phase or the two phases are co-continuous and the filler particles localize preferably

in the minor phase or at the interface, ¢ can be reduced well below 16 vol. 02226
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2.3.2. Using Conductive Fillers with a High Aspect Ratio
A random distribution of filler particles with a high aspect ratio through a polymer

matrix can also lead to a continuous conductive network at a much lower goc.27'29 A

well-known example of such a filler material is given by carbon nanotubes/fibers.®

2.3.3. Form Fractal Particle Network

A low ¢ can also be created using fillers with a low aspect ratio by forming a fractal
particle network through the polymer matrix.**>® The characteristic of a fractal
structure is that it displays self-similarity on different length scales. Approximate
fractals are easily found in nature. Examples include snowflakes and broccoli. These
objects display a self-similar structure over an extended, but finite scale range. The
mandelbrot set, a set of points in a plane (Figure 2.1), is a famous example of a fractal
structure. Figure 2.1 shows that after 2000 times magnification the remaining

structure still resembles the original one.

Figure 2.1. The Mandelbrot set is a famous example of a fractal structure.

Even after 2000 times magnification the remaining structure still resembles the original one.

One of the earliest reports on the fractal structure in polymer composites is for a
carbon black particle network.*>*® Figure 2.2 shows a carbon black (CB) particle
network structure in BF3-400 cross-linked Epoxy composites.”> Fractal structure

analyses show that the particle networks in Figure 2.2a (optical microscopic image on
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a 10 um thick sample), Figure 2.2b (optical microscopic image on a 0.1 um thick
sample) and Figure 2.2¢ (TEM image on a 0.1 um thick sample) have the same fractal
dimension. The hollow-sphere-like CB particle has a diameter of about 50 nm.
However, because of the self-similarity, the formed fractal particle network has a large
correlation length £ (the average size of the building block from which the network is
formed). Hence, the fractal particle network is visible under the OM. The same fractal
dimension obtained for the various images in Figure 2.2 suggests that it is possible to
use OM to analysis fractal particle networks as long as the correlation length is

sufficiently large.

Figure 2.2. A fractal carbon black particle network formed in a BF3-400 cross-linked epoxy
coating.”® (a) optical microscopic image on a 10 um thick sample; (b) optical microscopic
image on a 0.1 gm thick sample; (c) TEM image on a 0.1 gm thick sample. Fractal structure
analyses using tiling method show that these carbon black particle networks have the same
fractal dimension (dr = 1.64).

Figure 2.3. A fractal Phthalcon particle network formed in a Jeffamine D230 cross-linked
epoxy coating. (a) OM image; (b) TEM image; (c) TEM image of primary Phthalcon particle
aggregates. Fractal structure analyses using tiling method show that the Phthalcon particle

networks in Figure 2.3a & 2.3b have the same fractal dimension (d;= 1.77).37

14
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Due to self-similarity, a fractal particle network is ramified. This means that particles
do not have to fill up the entire space to form a continuous particle network. Hence, a
percolating network arises at a ¢, much lower than 16 vol. %. These fractal particle
networks are generally formed by Brownian movement of the initially well-dispersed
particles before/during processing when the initial effective Hamaker constant 4 07 of

the system is large (see later discussion).””*

It has been shown that Phthalcon particle networks are always present in
Phthalcon/polymer composites.’’***** Like for carbon black, a Phthalcon particle
network is also fractal.”’***** Figure 2.3 shows a fractal Phthalcon particle network
formed through a Jeffamine D230 cross-linked epoxy coating.’’ Fractal structure
analyses reveal that the Phthalcon particle networks in Figure 2.3a (optical
microscopic image) and Figure 2.3b (TEM image) have the same fractal dimension.*’
In this thesis, we focus on Phthalcon/polymer nanocomposites with a low ¢. due to

the presence of a fractal particle network.

2.3.4. Other Approaches
Besides above mentioned methods, conductive polymer composites with a low ¢, can

also be achieved by, for instance, using intrinsic conductive polymer particles,***’

48,49

in-situ synthesis of conducting polymers in a thermoplastic or elastomer matrix, or

using particles with a small conductive layer.”’

2.4. Mechanism of Fractal Particle Network Formation

2.4.1. Diffusion Limited Cluster Aggregation

As has been discussed before, the presence of a fractal particle network can
dramatically reduce the ¢. of conductive polymer nanocomposites containing
spherical particles. In principle, there are many ways to construct fractal networks.
Among them an important mechanism is Diffusion Limited Cluster Aggregation
(DLCA).”' In DLCA, particles move by diffusive motion. Once meeting, they
irreversibly stick to each other, forming a particle aggregate. Because particles
immediately stick once they touch, the collisions mainly take place at their exteriors.
Therefore, the resulting aggregates have a ramified structure with a low density.

52-54

Simulations and experiments™ reveal that in a 3-dimensional system aggregates

formed by this mechanism have a fractal dimension dr of 1.75.
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2.4.2. Reaction Limited Cluster Aggregation

A mechanism opposed to DLCA is Reaction Limited Cluster Aggregation (RLCA).>!
Unlike DLCA, in RLCA particles collide many times before they finally stick together.
In another word, in RLCA the diffusion time, which is the interval between two
collisions, does not form the bottleneck in the formation of the aggregates; the
“reaction time”, at which a (new) aggregate is eventually formed, is the decisive
factor. As a consequence, particles statistically penetrate each other before they get
stuck, leading to denser aggregates with a higher value of dr. In 3-dimensional system,
the d of aggregates formed by RLCA is 2.10.>*

2.4.3. Relaxation of Particle Network

Aggregates formed by an aggregation process, either by DLCA or RLCA, may be
subject to relaxation.”® The effect of relaxation, among others, depends on the particle
concentration ¢, pH, temperature and chemical composition of the system.’®
Theoretical simulation on specific gel aggregates shows that during relaxation the side
chains on the backbone can fold or rearrange, resulting in denser aggregates with a
reduced d; value (Figure 2.4).°°® Note the above described change in aggregate
structure is called “ageing” in reference [56]. However, we think it is more
appropriate to address this effect as “relaxation”, because the aggregates/networks
change from a non-equilibrium condition to an equilibrium state, or at least close to

an equilibrium state.

Figure 2.4. Theoretical simulation on specific gel aggregates. (a) non-relaxed aggregates (dr =
1.42, 2D system); (b) aggregates after relaxation (dr= 1.32, 2D system). A denser aggregate is

obtained as a result of relaxation.”®
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2.5. Phthalcon Particle Network Structure and Mechanism of Network

Formation in Cross-linked Epoxy Coatings

2.5.1. Phthalcon Particle Distribution in the Starting Dispersion
The chosen dispersing medium and dispersing method have large influences on the

. e 38,40,41,57,58
nanoparticle distribution,>****7

The nanoparticle dispersion is generally made in a
dispersing medium under high shear conditions, and then (part of) the coating
components are added into the dispersion under low shear conditions. Finally the

coating formulation is cured to obtain the composite material.

It has been shown that for Phthalcon 11 particles, even under low shear mixing
conditions, the addition of coating components to the starting dispersion may
influence considerably the particle distribution.”® This has been explained by the
differences in particle-medium interactions.”® Phthalcon 11 primary particles are
highly crystalline nanometer-sized flat plates. The surface groups at the bottom and
the top of the plate are -OH/H,O and -CN, whereas the surface groups at the sidewalls
are phenyl rings.*® The presence of -OH/H,O and phenyl groups in the dispersing
medium may interact strongly with the surface groups of Phthalcon 11 particles and

may, therefore, influence the particle distribution.

Phthalcon 11 particles can be relatively easily dispersed in a number of polar solvents,
such as m-cresol, ethylene glycol and n-methylpyrolidone, because of the specific
interactions between Phthalcon and (some of) the active groups in the solvent. Hence,
in the past m-cresol was often used as dispersing solvent. When a combination of
magnetic and ultrasonic mixing is applied, a dispersion containing well-dispersed
Phthalcon 11 particles/aggregates is obtained.”’® The fractal Phthalcon particle
network can also be formed from a Phthalcon/Jeffamine D230 starting dispersion.”®
Although interactive groups in Jeffamine D230 are less present, Phthalcon particle

agglomerates could still be broken down and fractal aggregates are observed.™®

Besides these interactions, the particle-particle interactions should also be taken into
account to explain the differences observed in different dispersions. The Gibbs energy
of attraction per unit area between two flat surfaces separated by a distance H can be

. 59
described as:

AGYtt = _AH/(lanZ) (22)
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where Ay 1s the Hamaker constant. Surfaces interacting through an intervening fluid
medium will experience a reduced mutual attraction due to the presence of the third
component.®’ In this case, the Hamaker constant in Equation (2.2) should be replaced

by an effective Hamaker constant 4 #7, which is approximated by:*'

1/2 1/272
Al =4l - A’ (2.3)

where Ay, and Ay, are the Hamaker constants of particle and medium in vacuum,
respectively. When the Hamaker constants of particle and dispersing medium are
equal in values, the A4? tends towards zero, and the energy of attraction between
particles tends to reduce to zero. This favours the random distribution of
well-separated particles in the medium. Likewise, the presence of a large 457 results
in a higher energy of attraction between particles and particles tend to
aggregate/agglomerate in order to lower the interfacial energy between particle and

medium.

The difference in surface energies between particle and matrix influences the
aggregate structure in a similar way as the Hamaker constant.”® The reason is that
except for highly polar hydrogen bonding liquid, such as water, the Hamaker constant

Aprand the surface energy y can be related through a simple formula:®

Ay = ay (2.4)
In this equation, @ =~ 2.1 x 102" m?, y is in J/m* and 4y is in J. Equation (2.4) can be
transformed into:

2 2
Af7 i - T~ 2 2072 [ Y @s)

m

where y, and yy, are the surface energies of particle and medium surrounding the

particle, respectively.

Therefore, neglecting hydrogen bonding, it is possible to use experimentally
determined surface energies to estimate the particle-particle and particle-medium
interactions. When the surface energies of particle and medium are similar, the A7
tends towards zero; this facilitates the easy dispersion of particles and initially
well-dispersed particles/aggregates may remain stable in the dispersing medium.
When the difference between the surface energies of particle and medium is large,

particles are much more difficult to disperse, and even after separation particles tend
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to aggregate/agglomerate over time to reduce the interfacial energy. Note the words
particle aggregation and agglomeration may have different definitions in the literature.
In this thesis aggregation means direct mutual attraction between particles via van der
Waals forces or chemical bonding; while agglomeration means coarse accumulation

of large blocks of aggregates.

It is important to realize that, in general, nanometer-sized particles are much more
difficult to disperse as compared to micrometer-sized particles under standard high
shear conditions. Often the use of ultrasonic mixing offers better possibilities to
disperse these particles. However, the mixing efficiency is very sensitive to small
changes, such as actual energy input, the amount of solvent present and the size and

shape of the dispersing vessel used.

When Phthalcon particles are dispersed in m-cresol, the very strong specific
particle-medium interactions make it possible to break down the large agglomerates
into (almost completely) separated submicrometer-sized particles/aggregates, and the
relatively  small Ay ensures that the initially well-dispersed Phthalcon
particles/aggregates remain stabilized in the dispersing solvent. The Phthalcon particle
distribution in the dispersion, at least on an optical microscopic scale, does not change

with the addition of Epikote 828 prepolymer and Jeffamine D230 cross-linker.*®

2.5.2. Curing of Thermoset Matrix
Usually epoxy resins are cured by the use of multi-functional amines which undergo
polyaddition reaction with the terminal epoxide groups in the manner indicated in

Scheme 2.1.%°

Due to the use of multi-functional amines and epoxy resins, as the
reaction proceeds further, branching reactions lead ultimately to the formation of
complex network structures. Free-radical polymerization, on the other hand, is the
most widely practised method and is used exclusively for the preparation of polymers.
In common, the reaction can be divided into three distinct stages: initiation,

propagation and termination as indicated in Scheme 2.2.%*

For a specific Phthalcon/epoxy starting formulation, using Epikote 828 as epoxy
prepolymer and Jeffamine D230 as primary amine, during cross-linking the two
epoxy groups of Epikote 828 react with the two primary amine groups of Jeffamine
D230, and ultimately form a three dimensional polymer network. Meanwhile, the

solvent, if present, also starts to evaporate during cross-linking. As a consequence,
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both the particle-particle and particle-matrix interactions change, and the particles
tend to aggregate as long as the Brownian motion is sufficiently large and the
viscosity of the system is sufficiently low. It has been shown that after cure fractal
Phthalcon particle networks formed either from Phthalcon/m-cresol dispersions or
Phthalcon/Jeffamine D230 dispersions are present through the matrix.*® The results

presented earlier suggest that these Phthalcon particle networks are formed during
cure by DLCA.*"%

v CH——CH, v CH——CH,

\./ N/

o 0]

H,N—R—NH,

ZaN 8
wWwv(CH—CH, v CH—CH,
OH OH
o CH—CH, H,C—CH v

/N—R—N
OH OH

Scheme 2.1. Reactions between epoxy and cross-linker amine.

hy .
Pl —>» [P]]

*

[PI" + M —» [M]" + PI

*

[M] ——— RI. + RZ2

R. + M ———» RM,.

RM, ;. + M — RM,.
RM,* + RM,. —» RM, R

Scheme 2.2. Free-radical polymerization.
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2.6. Proposed Model

To understand the relation between the structure of the Phthalcon particle network and
the conductivity o, of the composite at different filler concentrations, a 12 vol. %
cross-linked Phthalcon 11/epoxy coating cured with Jeffamine D230 was studied in
detail *?*1%%" Conductive AFM measurements combined with DC and AC
conductivity measurements over a broad range of temperatures and frequencies on
this coating, together with conductivity measurements on Phthalcon 11 powder
suggest that in this coating Phthalcon particles really touch each other and there is no
polymer matrix between the touching particles in the conducting network. These
results also suggest that the most likely conduction mechanism in the particle network
is variable-range hopping by cotunnelling.’**®” Based on these conclusions,
meanwhile taking into account the specific characteristics of fractal Phthalcon particle
network, a upper-limit model was proposed on the log o, - ¢ relation for
(semi)conductive filler/polymer nanocomposites.’"°® This model not only explains the
low ¢, value, but also explains the much lower g,,,x obtained in polymer composites
as compared to the intrinsic conductivity of the filler itself, even when no insulating
matrix 1s present between particles in the network. Furthermore, this model
quantitatively predicts the om.x as a function of filler concentration ¢ for such

materials.

The proposed model has following assumptions:

¢ The conductive particles are spherical and equal in size (with a radius R,) and
intrinsic conductivity op;

« The particle aggregates are formed by DLCA and are equal in size and structure;

«» The particle aggregates are placed randomly through the matrix and are
impermeable;

«» The conductive particle network structure is optimum in the sense that the
neighbouring particles inside an aggregate always touch, and the aggregates are
rotated in such a way that the particles in adjacent aggregates touch each other as
well; Touching means no insulating matrix material present between particles in
the network;

« In the nanocomposite the mobility of charge carriers inside the filler particles and
between the contacting particles is equal to that in the compressed powder;

«» The contribution of tunnelling between particles that do not touch each other is
negligible; the influence of loops, dangling chains and isolating particle

aggregates are negligible as well; and
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++ The matrix is a perfect insulator with a conductivity of 0.

A schematic picture of the particle network according to this model is shown in Figure
2.5.°1%% The aggregates are (more or less spherical) building blocks from which
percolation theory holds, therefore, they have a ¢, of 16 vol. %. As these building
blocks are not completely filled with particles, the ¢, of the particles in the polymer

matrix is low.

H aggregate

®  particle

Figure 2.5. A schematic drawing of a random percolating network formed by fractal particle

aggregates.5 1e6

The resulting model has the form:

Omax Pp.c 1+dy—dys/(3-df)
——=0.23{—— 2.6
Oy (0.16) (2.6)

where omax 15 the maximum volume conductivity of the polymer nanocomposite, o, is
the volume conductivity of the compressed conductive particle powder, ¢, is the
percolation threshold of the particle, d,, is the so-called “random-walk dimension” and

dy is the fractal dimension of the particle aggregates.’'*®

In general d,, > 2 holds, which gives the exponent in Equation (2.6) a value larger than
1. Hence, the relation between omax and ¢, 1s supralinear. The influence of ¢, on oy
of the polymer composite (normalized by op) as a function of volume fraction of
particles ¢, and volume fraction of particle aggregates ¢, is shown in Figure 2.6. In
Figure 2.6a the o, starts from ¢, = 0.16 and the model holds till ¢, = 0.64 which

corresponds to the randomly close packing of spherical particle aggregates. Figure
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2.6b is obtained from Figure 2.6a. It shows that, the lower ¢, ., the lower oy, and the

lower ¢, at which the material reaches its omax.

In cross-linked Phthalcon/epoxy coatings, the o, of compressed Phthalcon powder is 4
x 10 S/cm and the @ 18 0.55 vol. %. The proposed model predicts that a gyx of 107
S/cm is reached at a filler concentration of 2.4 vol. %. However, the experimental
results show that this oy« 1s only reached at a much higher Phthalcon concentration

(10 vol. %). This contradiction will be discussed in Chapter 5.

10-3 § T T T §§ T T T T
104¢ +

clo

10e] 1

107}

0.0 0:2 0:4 0:6 0101 0102 0103 0104
¢a ¢p

Figure 2.6. Normalized o, as a function of ¢, (a) and ¢, (b) for several values of ¢, .. For the
calculations, 1 + d, - dr=2.25 was used, which is in good agreement with aggregates formed

by DLCA. In addition, d; value of 1.75 was used.””"
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SYNTHESIS, STRUCTURE AND PROPERTIES
OF AQUOCYANOPHTHALOCYANINATO
CO(III) PHTHALCON 11°

SYNOPSIS

The synthesis, molecular and crystal structure of Phthalcon 11 are described in
this chapter. Detailed studies on the structure of Phthalcon 11 and its precursor
compounds show that Phthalcon 11 is a neutral molecule with H,O and CN ligands
axially bonded to the Co(lll) of the phthalocyanine ring. In the crystal one of the
hydrogen atoms from the H,0 ligand forms a hydrogen bond with the N atom of the
CN group from the neighboring Phthalcon 11 molecule in the stack, resulting in an
intermolecular polymeric structure with the van der Waals distance of about 3.35 A

between these phthalocyanine rings.

Phthalcon 11 is stable and almost monocrystalline platelet-shaped particle. The
material is semi-conductive with a band gap of about 1.2 eV. The groups at the

surface of the particle are likely to be -OH/H,0, -CN and phenyl.

The content of this chapter will be submitted as an article: Brokken-Zijp, J. C. M.; Yuan, M.;
et al. “Synthesis and Structure of Novel Aquocyanophthalocyaninato Co(lll)
Semi-conductor and Its Applications in Conductive Polymer Composites”.
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3.1. Introduction

Conductive polymer composites are, in general, made by incorporation of conductive
fillers into an insulating polymer matrix. It is widely accepted that the conductivity of
these polymer composites is based on the presence of a continuous network of
(touching) filler particles throughout the matrix."™ The main problem involved in
practice is that generally a large amount of conducting filler is required in order to
achieve an increase in the volume conductivity. This large amount of filler
deteriorates the mechanical properties and leads to poor processability of the matrix.
Furthermore, the cost of the final material is often beyond the acceptable range due to

the heavy fraction of the expensive conducting species.’

It has been shown that for specific (semi)conductive nanofillers the percolation
threshold ¢, at which a continuous particle network is formed throughout the polymer
matrix, can be below 1 vol. %.">"* A specific class of phthalocyanine particles, such
as aquocyanophthalocyaninato Fe(III) (Phthalcon 21) and aquocyanophthalocyaninato
Co(III) (Phthalcon 11), is among these nanofillers. These fillers are prepared as
nanometer-sized semi-conductive particles and used as additives in a broad range of

13-15

polymer matrices. The resulting polymer composite materials have a low value for

13-15
PDe.

Technology Centre in Amsterdam (SRTCA) to unravel the structure and properties of

In the past, a great deal of research was carried out at Shell Research and

Phthalcon 11 and its precursor compounds. The results obtained at SRTCA were

confirmed by our own experiments.

In this chapter we describe the synthesis, structure and main properties of Phthalcon
11. The focus of this chapter is its molecular structure, the crystal structure of
Phthalcon 11 has been discussed before.'® The synthesis and structure characterization
of different precursor compounds used to prepare Phthalcon 11 are complex. Due to
the limited relevance to this thesis, here only the most important precursors are

summarized and the complete results will be published elsewhere.'”

3.2. Experimental

3.2.1. Materials
[S-phthalocyanine Co(II) (5-PcCo) (97 %) (Scheme 3.1) was purchased from Fluka.

Before use it was carefully dried at 80 °C for 48 h under vacuum (~ 0.01 mbar) and
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ground into fine powder in a mortar. Sodium cyanide NaCN, Na'>CN, NaC'"°N, *H,0
and ethanol (absolute GR for analysis) were all purchased from Merck. Ethanol was

dried with molecular sieves before use. The other chemicals were used as received.

.

M f::l ~,
NN
i | ] |
\-_-:.‘--' ==

Scheme 3.1. Chemical structure of -PcCo.

3.2.2. Characterization

UV-Vis Spectroscopy The UV-Vis spectra were recorded on ethylene glycol (dried
with molecular sieves) dispersions using a Perkin-Elmer UV/Vis/NIR Lambda9
Spectrometer. For precursor the dispersion concentration was about 0.1-0.5 mg/100

mL; for Phthalcon 11 the concentration was about 4 mg/100 mL.

Infrared (IR) Spectroscopy The IR spectra were measured on nujol dispersions or
by applying a small amount of powder/pentane slurry on a Csl, polyethylene or CaF,
disk. These spectra were recorded using Digilab, Mattson Fourier Transform

Instruments or Perkin Elmer 983G Instrument.

Field Desorption Mass Spectrometry (FD-MS) was performed on a JEOL HX110

spectrometer.

Pyrolysis Combustion Mass Spectroscopy Elemental Analysis (PCME) was
obtained using an in-house apparatus at SRTCA (Scheme 3.2). During the
measurement a sample (= 1.0 mg) is slowly heated in a helium atmosphere. The
gasses involved are continuously combusted, and the combustion products (CO,, H,O,
SO,, Ny, NO, etc.) are measured by a computer controlled quadrupole mass
spectrometer. The results obtained from PCME include a quantitative elemental
composition (C, H, N, S, Cl, F, etc) of material and an evaporation/pyrolysis and

combustion profile of all these elements versus temperature.
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Scheme 3.2. Schematic drawing of a PCME set-up.

Transmission Electron Microscope (TEM), Selected Area Electron Diffraction
(SAED) and Light Element Energy Dispersive X-ray (EDX) The characterization
of different powders was performed using TEM, SAED and EDX analyses. Before
use the sample was dried at 80 °C under 0.2 bar pressure for at least 24 h. For TEM
measurements the sample/n-butanol dispersion was dropped on an ultrathin carbon
film supported by a microscopic grid. The size of Phthalcon particles synthesized at
TU/e was characterized with a Jeol2010 TEM. For this purpose, a 10~ mol/L
Phthalcon/ethylene glycol dispersion was prepared; this dispersion was later drop cast
on a ultrathin carbon film supported by a copper grid. The TEM was operated at 200
kV. The local crystallography of the sample was investigated with SAED. Elemental
analysis was carried out using an Oxford Instruments EDX detector, which allows the

detection of light elements down to B.

X-ray Diffraction (XRD) and Neutron Diffraction Neutron diffraction was
measured at the Energy Research Centre (Petten, the Netherlands). Both XRD and
neutron diffraction measurements were performed on “H-labeled and non-labeled
Phthalcon 11. XRD measurements were also performed on non-labeled, *CN- and
C"’N-labeled precursors and Phthalcon 11.

Field Dependent High Speed *C Cross Polarization Magic Angle Spinning NMR
(MAS-NMR) was performed on non-labeled and '*CN-labeled precursors and
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Phthalcon 11 at different frequencies (50, 75 and 125 MHz) over a spectral width of
1325 ppm. The spectra were recorded at room temperature on a Bruker MSL200,
MSL300 or AMS500 (sample + 200 mg) with a repetition rate of 6-10 s and a 4-5 us (90
°) pulse.

Solid State “H-NMR Solid State “H-NMR spectra were recorded with a quadrupolar
echo pulse sequence on a Bruker MSL300 using approximately 500 mg “H,O-enriched
Phthalcon 11 powder. In addition, temperature-dependent series extended from - 60 to
90 °C was recorded. All spectra were measured with a repetition rate of 1-2 s and 4-5 us
(90 °) pulse. The recorded spectra were later analyzed qualitatively, in terms of an
ordering and asymmetry parameter, and quantitatively, in terms of relative

contributions by means of Depakeing.

Dynamic Light Scattering (DLS) DLS measurements were performed with a
Malvern Instruments Zetasizer Nano ZS. All DLS measurements were recorded at 20
°C on 10~ mol/L Phthalcon/ethylene glycol dispersions. This technique was also used

to characterize the size of Phthalcon particles synthesized at TU/e.

3.2.3. Synthesis of Precursor Compounds

[PcCo(CN)(X1)]'Na" (Precursor 1)

15.0 g f-PcCo and 25.0 g NaCN were suspended in 1.5 L ethanol. This suspension was
then refluxed at 72 °C for 72 h while air was introduced into the reaction mixture
(Scheme 3.2). After cooling the reaction mixture to room temperature, the blue solid
was filtered off, washed with demi-water and dried in air at room temperature. FT-IR
(nujol): ven = 2123 em™ (w); FD-MS: 571 (PcCo"), 594 (PcCo™ + Na), 285 (PcCo");
PCME: Pc/CN = 1/1. In PCME peaks which could be attributed to ethoxy and adsorbed
water were observed as well. Precursor I is not stable in air or N, or vacuum at room

temperature.

[PcCo(CN)(OH)]'Na* (Precursor 11)

Precursor I [PcCo(CN)(X;)]Na" can be used directly to prepare Phthalcon 11 or further
purified to obtain [PcCo(CN)(OH)]Na" (Precursor II). To do so, the obtained precursor
I from the first reaction step was extracted with dry acetone in a Soxhlet extractor. After
extraction part of the acetone was distilled and the precipitation of the blue product was
enhanced by the addition of diethyl ether. It was then filtered off, washed with diethyl
ether and dried at 80 °C (~ 27 mbar) for three days. The overall yield was 93 % (based
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on the amount of precursor obtained with respect to the amount of f-PcCo added to the
reaction mixture). FT-IR (nujol): ven=2137 cm™ (w); UV/Vis (ethylene glycol): Amax =
669 nm, & = 1.33 x 10° L/mol.cm; "H-NMR (deuterated acetone): dppm) 8-36 (q), d(ppm)
9.28 (q); "C-NMR (deuterated acetone): dppm) 122.49 (5), dppm) 130.01 (5), Fppm)
140.24 (s), dppm) 146.94 (s); FD-MS: 571 (PcCo"), 594 (PcCo” + Na), 285 (PcCo™");
PCME: Pc/CN/OH = 1/1/1 (corrected for the adsorbed water, however, there was still a
small amount of adsorbed water present =~ 0.8 wt. %). Contrary to precursor I, at room
temperature precursor II is stable in air and N, under a low pressure for at least several

weeks.

B-PcCo

X, -
72 °C |
+ NaCN + O, + H,0 —» Co Na® + NaX,
EtOH |
CN

Precursor
X, =O0H", OEt, CN", EtOH

X,=0H", CN"
1) Filtered and washed with H,O
2) Extracted with acetone
3) Distilled acetone and added diethyl ether 1) Filtered and washed with H,O
4) Washed with diethyl ether 2) Refluxed at 98 °C, N,, H,0
H H

OH ) o7
| L+ 98°C |
Co NawW —— Co + NaOH
| N,, H,0 |
CN CN
Phthalcon 11

Scheme 3.3. Synthesis of Phthalcon 11.

Labeled Precursor Compounds

[PcCo(**CN)(OH)]'Na*, [PcCo(C*N)(OH)]'Na" and [PcCo(CN)(O*H)I'Na” were
prepared with Na'>CN, NaC'N or H,0 using a very similar method as described for
the non-labeled precursor. For *CN- and C'°N-labeled precursors the amount of
Na'>CN and NaC'"°N used was lower and the precursors were always purified using
the acetone extraction route. The experimental details are given in Table 3.1. PCME

spectra show that the enrichment of ?CN and C"°N ligands appears to be > 95 %.
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Furthermore, identical XRD spectra were obtained for the labeled and non-labeled
compounds. The IR analytical results are listed in Table 3.2. Detailed PCME and solid
state NMR data will be published elsewhere.'’

Table 3.1. Experimental details of synthesis of precursors.

Label S-PcCo Sodium cyanide Ethanol Yield

(8) (8) (ml) (%)’
BCN 2.86 0.50 250 43"
C"N 2.54 0.40 160 65"
’H,0 10.0 5.00 120 89%
Non-labeled 2.90 0.50 250 43"
Non-labeled 2.24 0.40 160 66"
Non-labeled 11.0 3.90 110 88

* Actual amount isolated after purification and drying; reaction time was 72 h.

" Purified by extracting with dry acetone, filtered and washed with diethyl ether, and then
dried in vacuum.

%Filtered and washed with *H,O; experiments were performed under a careful exclusion of
H,0 in EtOH.
@ Filtered and washed with H,0, and then dried in vacuum.

Table 3.2. CN stretching vibration (vcn) of labeled precursor and Phthalcon 11.

Compound VeN (experilmental) VeN (calcullated)*

(cm™) (cm™)

PcCo("*CN)(OH) Na” 2089 2093

PcCo(C”N)(OH) Na” 2102 2104
PcCo(CN)(O*H) Na” 2139
PcCo(CN)(H,0) 2154

PcCo("*CN)(H,0) 2108 2109

PcCo(C"°N)(H,0) 2125 2123
PcCo(CN)(*H,0) 2156

3 . .
ven Was calculated by simple mass correction.
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3.2.4. Synthesis of Semi-conductive Phthalcon 11
The synthesis of Phthalcon 11 was studied extensively. Here only the synthetic routes
which are strongly linked to the synthesis of pure non-labeled and labeled Phthalcon 11

compounds are described.

Non-labeled Phthalcon 11

[PcCo(CN)(H20)] was prepared as follows: 1.0 g dried precursor I or II was dispersed
in 100 mL demi-water and refluxed at 98 °C under N, for 72 h. The blue crystalline
solid was filtered off, washed and dried at 80 °C under vacuum for 72 h. The yield was
95 %. No precursor was detected in the product (XRD and IR). For Phthalcon 11
synthesized from the extracted precursor compounds, the content of f-PcCo was less
than 0.1 wt. % (XRD). FT-IR (nujol): ven = 2154 cm™ (w); UV/Vis (ethylene glycol):
Amax = 820-860 nm (broad band), & = 2.35 x 10* L/mol.cm. The Phthalcon 11 crystals
are platelet-shaped with dimensions of about 50 x 50 x 15 nm’ as measured from TEM.
The SAED, XRD and PCME spectra were also obtained and will be discussed later.

Pure Phthalcon 11 powder was synthesized using the following procedure: 10.0 g
precursor II was washed with 200 mL demi-water/ethanol (95/5), and then it was dried
for 24 h in air. In a 250 mL round bottom flask this dried precursor was added together
with 110 mL demi-water. While stirring under a N, blanket the reaction temperature
was increased to 98 °C and the reaction was continued for 72 h. After cooling to room
temperature the slurry was filtered off, washed with demi-water and dried at 80 °C (~27
mbar) for 72 h. The overall yield was 95 %. FT-IR (nujol): ven = 2154 em’ (w);
UV/Vis (ethylene glycol): Amax = 877 nm (broad band), e = 2.35 x 10* L/mol.cm; solid
state "C-NMR: Jppm) 122.4 (S), dppm) 128.3 (S), Oppm) 137.1 (8), Sppm) 146.3 (5).
Elemental analysis (theoretical values are between brackets): C = 64.2 % (64.4 %), H =
3.0 % (3.1 %), N =20.5 % (20.5 %), Co = 9.5 % (9.6 %); the EDX spectrum shows a
Co/O ratio of 1/1 and the amount of Na present is very small (Figure 3.1c). Phthalcon
11 particle is stable in air and in contact with a broad range of solvents. It decomposes

in air before melting at temperature above 300 °C."

Labeled Phthalcon 11

PcCo(**CN)(H;0), PcCo(C**N)(H,0) and PcCo(CN)(*H,0) were prepared from the
corresponding labeled precursors following a similar synthetic route as described for
the non-labeled Phthalcon 11. The detailed reaction conditions are listed in Table 3.3.

The experiments with 2H20 were performed under a careful exclusion of H,O, and the
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reaction time was longer to compensate the slow conversion of the precursor. All final
products were characterized with IR, PCME and XRD. The deuterated product was
also analyzed with neutron diffraction and “H-NMR; the *CN-enriched Phthalcon 11
was characterized with solid state *C-NMR as well. For the labeled and non-labeled
Phthalcon 11, very similar XRD spectra were obtained. PCME analyses show that the
enrichment of 13CN, CN and 2H20 1s above 95 %.

Table 3.3. Experimental details of synthesis of Phthalcon 11 compounds.

Precursors Water Reaction time Yield
Label
9] (ml) (h) (%)
BeN 0.7 70 72 89"
CPN 1.2 125 72 97"
’H,0 6.1 120 120 92"
Non-labeled 1.0 100 72 95

"Experiments were performed under the careful exclusion of H,0; a longer reaction time was
chosen to obtain a higher conversion from precursor to Phthalcon 11.
"Actual amount obtained after washed with water and dried.

3.3. Results and Discussion

3.3.1. Synthesis of Labeled and Non-labeled Precursor Compounds

Non-labeled Precursors

Apart from the two precursor compounds mentioned before, six other different
precursors were identified using XRD, NMR, IR, PCME, TEM, EDX and SAED
analyses, among them only precursor II is stable. All these precursor compounds
contain Co(IIl). The Co(Il) present in S-PcCo is oxidized by air during the first
reaction step. Due to the complexity of the results and the lack of relevance to this

thesis, only the overall conclusions are summarized here.

The precursor compounds are different with respect to the chemical composition,
crystal structure and crystallinity. Often the chemical composition of one of the axial
ligands is varied (-OH, -OC,Hs, acetone dimer, HOC,Hs, acetone or -CN), depending
on the purification steps used, the chosen reaction conditions and the solubility of the
products. Apparently this axial ligand is very loosely bonded. Under the optimum

conditions the conversion of f-PcCo to precursor is above 99 %. The main impurity in
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precursor is f-PcCo. However, it can be separated from the precursor by extraction
with acetone. All precursor compounds could be easily converted to Phthalcon 11 by
following the steps shown in Scheme 3.3. The influence of chosen precursors on the

reaction rate and the purity of Phthalcon 11 appears to be minimal."”

Labeled Precursors

Isotopically enriched precursors were also prepared by selectively building the *CN,
C"N and *H,O fragments following the reaction steps and conditions shown in
Scheme 3.3 and Table 3.1. The reaction conditions chosen for the preparation of
BCN- and C"N-enriched precursor compounds deviated from those used for the
non-labeled compounds (Table 3.1). The reason was the expensiveness of Na'>CN and
NaC'"°N reagents. The amount of these compounds used in the first step was much
lower than generally applied, resulting in a much lower conversion of S-PcCo.
Therefore, these labeled precursors were purified using the acetone extraction step

before they were converted to corresponding labeled Phthalcon 11.

3.3.2. Synthesis of Non-labeled and Labeled Phthalcon 11

The conversion of different precursors to Phthalcon 11 is high as long as the reaction
is performed under N,. The rate of reaction and the purity of the final product are,
apart from the amount of f-PcCo present, independent of the starting precursor
compounds. This may indicate that a (partially) soluble five-coordinated precursor is
formed as an intermediate. When the reaction is performed in 2H20 the conversion
rate slows down which suggests that the rate-determine step is the five-coordinated
precursor complex reacting with water. Within the uncertainty of measurements the
use of labeled Na>CN and NaC"°N does not influence the rate of conversion. This is

in agreement with the proposed mechanism.

All labeled Phthalcon 11 compounds have a high purity. The main impurity in labeled
Phthalcon 11 is f-PcCo (about 4 wt. %; f-PcCo is also present in the corresponding
precursors). However, when very similar reaction and purification steps are used, the
amount of f-PcCo present in the non-labeled Phthalcon 11 is much lower (< 0.1

wt. %). This difference cannot be explained yet.
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Figure 3.1. EDX spectra of (a) 5-PcCo; (b) precursor I and (¢) Phthalcon 11.
In Figure 3.1c, Cu signal is from the Cu grid.
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3.3.3. Molecular Structure of Phthalcon 11

The elemental analysis of pure Phthalcon 11 corresponds to the composition
C33NoH 30Co. PCME was also performed because of the dominance of the PcCo ring
(C32NsH6Co) in the elemental analysis. PCME analysis is a programmed heating
procedure in a helium atmosphere. During the measurement, the fragments formed
react with O,, and the products are followed by on-line monitoring the combustion
gases (CO,, H,O, NO, Ny, etc.) by means of a quadrupole mass spectrometer. Using
reference samples, products detected at a certain temperature are quantified. Due to
the programmed heating procedure, fragmental decomposition of the sample can be
studied in detail. Figure 3.2 shows the PCME patterns of a non-labeled Phthalcon 11.
This figure shows that indeed in Phthalcon 11 well-separated products were observed.
At 100-110 °C the first H,O peak (mass 18) occurs and the second one occurs at about
250-350 °C. For both peaks no O, uptake was required, which strongly suggests that
the water fragment is already present in Phthalcon 11. The peak at 100-110 °C is
likely caused by water adsorbed during the second reaction step (Scheme 3.3). The
other water signal suggests that it is part of the structure in Phthalcon 11. This
suggestion is also confirmed by measuring the “H,O-labeled Phthalcon 11 in which
both signals disappeared from the PCME spectrum. The next two peaks at 350-450 °C
are N, and CO; in almost equal amounts next to a small amount of NO. These peaks
at mass 28, 44 and 30 can be attributed to a CN fragment (the O, uptake was needed
for the formation of CO, and NO). The N, peak at mass 28 disappeared when
C"°N-labeled Phthalcon 11 was used. At the same time a strong increase in mass 30
(15N2) was observed. When *CN-labeled Phthalcon 11 was used the CO; peak at mass
44 disappeared. The rest of the peak patterns are specific for non-labeled Phthalcon 11.
However, peaks above 450 °C can only be used semi-quantitatively because at 670 °C
some residue solid material was detected. Elemental analysis of this solid material
shows that it mainly contains C and Co. It is known that phthalocyanine compounds
only partly decompose at 670 °C under the combustion conditions used here. Because
the FT-IR spectra also show that the PcCo ring is present (Figure 3.3) and the EDX
spectrum confirms the ratio between Co/O is 1/1 (Figure 3.1), the structure of
Phthalcon 11 is likely to be built-up with the following fragments: H,O, CN and PcCo,

and the ratio between them is 1/1/1.
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Figure 3.3. FT-IR spectrum of non-labeled Phthalcon 11.

The PCME spectra of several precursors confirm this conclusion as well. For
precursor I the PCME shows that apart from the adsorbed water/ethanol signal at
100-110 °C two signals appeared at 220-320 °C (H/C = 2.2) which can be attributed to
an ethoxy/ethanol fragment. Two other signals at 340-510 °C (C/N = 1) can be
assigned to a CN fragment. These last two signals at mass 28 and 44 disappeared in
the PCME spectra when C'°N- and "CN-labeled precursor compounds were used.
The EDX spectrum of this precursor compound confirms this assignment and shows
that the ratio between Co/O = 1/1 (Figure 3.1).

Based on these results the following possible structures are proposed for Phthalcon
11:

1) A linear polymer u-cyanophthalocyaninato Co(IlI), (PcCoCN),, containing crystal
water (Scheme 3.4a).
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2) Nonpolymeric PcCo(OH;)(CN) containing water coordinated with the Co and the
CN coordinated with the C to the Co (Scheme 3.4b).

3) As 2) but the CN coordinated with the N to the Co (structure not shown).

4) Nonpolymeric ionic [PcCo(OH,)]"CN" (Scheme 3.4c).

5) Ionic [PcCo] CN" containing crystal water (Scheme 3.4d).

6) Nonpolymeric PcCo(CN), the CN coordinated with the C to the Co, containing
crystal water (Scheme 3.4e).

7) As 6) but the CN coordinated with the N to the Co (structure not shown).

a b He
CN CN H-0 CN
H,O H,O
®@ o d
CN

Scheme 3.4. Possible structures of Phthalcon 11.

H-C

e

® ©
CN CN
H.O H,O
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Figure 3.4. Far-IR spectra of non-labeled and C'°N-enriched Phthalcon 11.
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An important difference between these structures is the presence/absence of a band
between the Co and the N of the CN group. The position of this band is expected in
the far-IR range.'"® When we compare the far-IR spectra of C'°N-enriched Phthalcon
11 with the non-labeled Phthalcon 11 no significant difference was found (Figure 3.4),
showing that the Co is possibly not coordinated with the N of the CN. Moreover, for
precursor II no clear shifts were observed as well, indicating that the C of the CN is

coordinated with the Co.

The band between the Co and the C of the CN is also expected in the far-IR range.'®
The far-IR spectra of non-labeled and '*CN-enriched Phthalcon 11 are shown in
Figure 3.5. A band lying at 466 cm™ in the spectrum of Phthalcon 11 shifts to 457
cm’ after the enrichment. A similar shift was observed when the spectrum of
3CN-enriched precursor II was compared with the non-enriched one (from 485 to 475
cm'l). It is concluded from these results that the C atom, not the N atom, of the CN
group is coordinating the Co (for further proof, see later discussion). This rules out the
polymeric structure shown in Scheme 3.4a, the structures shown in Scheme 3.4c and
3.4d and the non-polymeric structure in which the CN is coordinated with the N to the
Co. It follows that either Scheme 3.4b or 3.4e represents the structure of Phthalcon 11.

500 400 300 200
Wavenumber (cm™)

Figure. 3.5. Far-IR spectra of non-labeled and *CN-enriched Phthalcon 11.
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Figure 3.6. IR spectra of non-labeled and *H,O-enriched Phthalcon 11.
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In general, the CN stretching vibration is expected to be around 2200 cm™, a region in
which only a very few bands are observed."” Hence, the bond at 2154 cm™ in Figure
3.3 is the CN stretching vibration. Moreover, as observed in the spectra of Phthalcon
11, the C=N stretching vibration at 2153 cm’™ shifts to 2108 cm™ after *CN
enrichment and to 2125 cm™ after C'°N enrichment (Table 3.2). These shifts are
almost, quantitatively, in agreement with the expected theoretically isotopic effects
(2109 and 2123 cm’', respectively). A very similar shift of the CN stretching vibration
was observed after labeling precursor II with *CN and C'"°N. Hence, it is very likely

that the CN group is a ligand that is coordinately connected with the Co.

The water in Phthalcon 11 can be present as lattice water (bonded by weak hydrogen
bonds or weak ionic bonds, Scheme 3.4¢) or it can be coordinatively bonded by its
oxygen to the Co (Scheme 3.4b). In general, lattice water shows a moderate
downward shift of the two O-H stretching vibrations and a moderate upward shift of
the H-O-H bending vibration as compared to the vapor phase values (Table 3.4)."®
Coordinatively bonded water is expected to be much more strongly perturbed.'® The
FT-IR spectrum of Phthalcon 11 shows an H-O-H bending band at 1680 cm™ and two
O-H stretching bands at 3370 and 3110 cm™ (Figure 3.3). To confirm the position of
water, the IR spectrum of “H,O-enriched Phthalcon 11 was also measured (Figure 3.6).
It contains new broad bands at 2490 and 2310 cm'l, whereas the bonds at 3370 and
3110 cm™ (almost) disappeared. The shift observed after labeling with “H,O is about
1.35, which is much larger than what can be expected for lattice water (Table 3.4 &
Figure 3.6) and is in agreement with the isotopic shift for coordinated water molecules.
This strongly suggests that the water is coordinatively bonded to the Co, in

accordance with the structure shown in Scheme 3.4b.

Table 3.4. Frequencies of H,O and ’H,0.

O-H stretch (cm™) H-O-H bending
H,O vapor 3755 3650 1595
H,O0 (lattice) 3550-3200 1600-1630
PcCo(CN)(H,0) 3370 3110 1680
*H,0 vapor 2790 2670 1180
PcCo(CN)(*H,0) 2490 2310 1230
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Through a very similar synthetic route, it was claimed by Hanack et al. that using
precursor compound containing two CN ligands as an intermediate, a polymeric
structure (Scheme 3.4a) was obtained.”’ The structure of their conductive compound
was analyzed using limited analyses: powder XRD, IR and single crystal XRD.
Unfortunately, the single crystal XRD does not match powder XRD. This makes their

structure assignment doubtful.

3.3.4. Crystal Structure and Surface Groups of Phthalcon 11

The crystal structure of Phthalcon 11 has been studied in detail at SRTCA. By
measuring the dependence of the broadness of the main peaks in the XRD spectrum
on the particle size, it suggests that Phthalcon 11 particles are single crystals."”
However, the obtained single Phthalcon 11 crystal particle size is too small to directly
characterize its structure using single crystal XRD technique. Analytic results on
powder XRD, density data and crystallographic modeling indicate that Phthalcon 11
has a monoclinic P,; unit cell with @ = 7.308 = 0.001 A, » =24.89 + 0.01 A and ¢ =
7.149 £ 0.001 A; while a = y = 90 °."® The unit cell contains two PcCo fragments.
However, the water molecule could not be located and the presence/absence of a band
between the Co and the C of the CN fragment was uncertain. To better allocate these
fragments, high resolution XRD and neutron diffraction on *H,O-labeled and
non-labeled Phthalcon 11 were performed. These spectra were analyzed using
Rietveld refinement procedure and Cerius software by assuming that the molecular
structure is b, ¢, or e in Scheme 3.3. Apart from the actual position of the *H of the
water molecule, the actual positions of the C, N, Co and O atoms were also
obtained.'® The results show a quantitative agreement with the structure shown in
Scheme 3.3b, which is in line with the one based on the IR analyses using labeled and

non-labeled compounds.

The position of the water molecule was also studied using *H-NMR on *H,O-labeled
Phthalcon 11."7 From these data it appears that the “H atoms are not equally
surrounded. One of the *H atoms is hydrogen bonded with the CN group of a
neighboring Phthalcon 11 molecule, forming an intermolecular polymeric structure
(Scheme 3.4).

The overall crystal structure is schematically shown in Scheme 3.5, 3.6 & 3.7. An

important aspect of this crystal structure is that the 7 orbitals of the phthalocyanine
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rings in two neighboring stacks interact, with the van der Waals distance (3.35 A)

between them.'”

Scheme 3.6. Top view of Phthalcon 11.

The unit cell is repeated in the E-direction. In the ;-direction, all unit cells exactly fall on

each other (i.e. ; is perpendicular to the paper). l; is the green line and ; is the blue line.

The rest of the unit cell is shown with black lines. All carbon atoms (and half of the
corresponding bonds) are depicted in red, the nitrogen atoms are in green, the oxygen atom is

in black, the cobalt atom is in blue and the hydrogen atoms are in grey."
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Scheme 3.7. One unit cell of Phthalcon 11.

It contains two molecules which rotate to each other. a is the red edge, b is the green edge

and E is the blue edge. The rest of the unit cell is shown with black lines. All carbon atoms

(and half of the corresponding bodings) are depicted in red, the nitrogen atoms are in green,
the oxygen atom is in black, the cobalt atom is in blue and the hydrogen atoms are in gray.'®

Position of the hydrogen bonds is not corrected on the information obtained from *H,O-NMR.

’H-NMR also indicates the presence of an -OH/H,O group at the surface of the
particle.'” Apart from a >CN signal in the bulk of the particle, another *CN signal
was observed in the solid state >*C-NMR spectrum,'’ indicating that the CN groups
are present at the surface of the particle. The orientation of the unit cell in the actual
platelet-shaped Phthalcon 11 particle was identified using TEM and ED.'® Combining
all these data, it is likely that -OH/H,0O, -CN as well as phenyl groups are present at
the surface of the particle.

3.3.5. Primary Particle Size of Phthalcon 11

The size of Phthalcon 11 primary particle prepared at STRCA was somewhat smaller
than that prepared at TU/e, which was synthesized using a somewhat different route
as described in Chapter 4. The size of Phthalcon 11 prepared at TU/e was analyzed
with TEM and DLS. In Figure 3.7 DLS as well as TEM data is presented. The TEM
image shows mainly two dimensions of a Phthalcon 11 particle. These dimensions are
almost equal with an average of 150 nm. Further TEM analysis reveals that for
Phthalcon 11 the third dimension is around 30 nm.'” Only one peak at 150 nm was

found in the DLS spectrum. This value corresponds to the largest value obtained from
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TEM. It has been shown that for non-spherical platelet particles, the largest dimension
plays the dominant role in DLS.?' Accordingly, since our Phthalcon particles are also
platelet-shaped, the value obtained from DLS corresponds to the size of the largest

dimension.

150 nm

o

—
(=]

Volume (%)

0

104 10° 100 10¢ 10°  10°
Diameter (nm)
Figure 3.7. (a) Phthalcon 11 Particle size distribution obtained from DLS; (b) TEM image.
Phthalcon 11 has a primary particle size of 150 x 150 x 30 nm”.

3.3.6. Conductivity of Phthalcon 11 Particles
At room temperature the intrinsic conductivity o, of Phthalcon 11 particles prepared
at TU/e is about 2 x 107 S/cm, while the o, value of the compressed Phthalcon 11

powder is about 4 x 10* S/cm.'®*

The temperature dependence of DC and AC
conductivity measurements on compressed Phthalcon powder synthesized at TU/e
shows that the conduction mechanism in the powder is probably variable-range

hopping by cotunnelling.'®*

Using the crystal structure of Phthalcon 11 as a starting point, Density-Functional
Theory (DFT) calculations were performed to determine the origin of the
conductivity.'® These calculations together with the experimentally determined values
obtained from absorption spectroscopy at a temperature of 1.2 K on Phthalcon/epoxy

16,22

composites show that Phthalcon 11 particle is a bulk semi-conductor with a band

gap of about 1.2 eV."”

3.4. Conclusions

The synthesis of non-labeled and 13CN—, C"N- and 2H20-labeled Phthalcon 11 has
been described in this chapter. PCME and elemental analyses show that Phthalcon 11
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molecule has the composition of C33NoH;3OCo. The IR spectra of non-labeled and
isotopically enriched Phthalcon 11 and its precursors show that Phthalcon 11 is a
neutral molecule. This molecule contains water and CN ligands. The C atom of the
CN group is coordinately bonded with the Co(Ill); and the water is coordinatively
bonded with the O atom to the Co(IIl). The molecular structure has been confirmed
by solid state NMR and crystallographic modeling as well. ZH-NMR shows that one
of the hydrogen atoms of the water ligand forms a hydrogen bond with the N atom of
the CN group of the neighboring molecule in the stack, resulting in an intermolecular
polymeric structure. Detailed studies on the crystal structure show that Phthalcon 11
has a monoclinic P,; unit cell. The unit cell contains two molecules which rotate to
each other. The 7 orbitals of the phthalocyanine rings in the two neighboring stacks
interact, with the van der Waals distance (3.35 A) between them. The surface groups
of the Phthalcon particles are probably -OH/H,O, -CN and phenyl rings. Furthermore,
earlier studies show that Phthalcon 11 particle is a bulk semi-conductor with a band
gap of about 1.2 eV. The conduction mechanism in the compressed Phthalcon 11

powder is likely to be variable-range hopping by cotunnelling.

50



Synthesis, Structure and Properties of Phthalcon 11 n

References

1.

Skotheim, T. A.; Ed., Handbook of Conducting Polymers, 2nd ed., Revised and
Expanded. Marcel Dekker: New York, 1997.

Nalwa, H. S., Handbook of Advanced Electronic and Photonic Materials and
Devices. Academic Press: London, 2000.

Chandrasekhar, P., Conducting Polymers, Fundamentals and Applications: A
Practical Approach. Kluwer Academic: Dordrecht, 1999.

Gul, V. E., Structure and Properties of Conducting Polymer Composites. VSP:
Utrecht, 1996.

. Brokken-Zijp, J. C. M.; Soloukhin, V. A.; Posthumus, W.; de With, G. In

Proceeding of 2003 Athens Conference on Coatings Science and Technology,

Vouliagmeni, Greece.

6. Karasek, L.; Sumita, M. J. Mater. Sci. 1996, 31, (2), 281-289.
7. van der Putten, D.; Moonen, J. T.; Brom, H. B.; Brokken-Zijp, J. C. M.; Michels,

10.

I1.

12.

13.

14.

15.

16.

17.

M. A. J. Phys. Rev. Lett. 1992, 69, (3), 494-497.

. Adriaanse, L. J.; Reedijk, J. A.; Teunissen, P. A. A.; Brom, H. B.; Michels, M. A.

J.; Brokken-Zijp, J. C. M. Phys. Rev. Lett. 1997, 78, (9), 1755-1758.

Soloukhin, V. A.; Brokken-Zijp, J. C. M.; de With, G. J. Polym. Sci. B 2007, 45,
(16), 2147-2160.

Sumita, M.; Sakata, K.; Asai, S.; Miyasaka, K.; Nakagawa, H. Poly. Bull. 1991, 25,
(2), 265-271.

Sumita, M.; Abe, H.; Kayaki, H.; Miyasaka, K. J. Macromol. Sci., Phys. 1986,
B25, (1-2), 171-184.

Levon, K.; Margolina, A.; Patashinsky, A. Z. Macromolecules 1993, 26, (15),
4061-4063.

Brokken-Zijp, J. C. M.; van Mechelen, J. B.; Emeis, C. A.; Datema, K. P.; Kramer,
A. H.; de Bruijn, D. P.; Meruma, A. J. US Patent 05319009 1993.

Chen, Z.; Brokken-Zijp, J. C. M.; Huinink, H. P.; Loos, J.; de With, G.; Michels,
M. A. J. Macromolecules 2006, 39, (18), 6115-6124.

Chen, Z.; Brokken-Zijp, J. C. M.; Michels, M. A. J. J. Polym. Sci. B 2006, 44, (1),
33-47.

Huijbregts, L. J. Charge Transport and Morphology in Nanofillers and Polymer
Nanocomposites. Ph.D. Thesis, Eindhoven University of Technology, Eindhoven,
2008.

Brokken-Zijp, J. C. M.; Yuan, M.; et.al. "Synthesis and Structure of Novel
Aquocyanophthalocyaninato Co(lll) Semi-conductor and Its Applications in

51



g Synthesis, Structure and Properties of Phthalcon 11

Conductive Polymer Composites". In Preparation.

18. Nakamoto, K., Infrared and Raman Spectra of Inorganic and Coordination
Compounds. Wiley: New York, 1978.

19. Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. G., The Handbook of
Infrared and Raman Characteristic Frequencies of Organic Molecules. Academic
Press: New York, 1991.

20. Metz, J.; Hanack, M. J. Am. Chem. Soc. 1983, 105, (4), 828-830.

21. Voorn, D. J. Polymer/Platelet Nanocomposite Particles. Ph.D. Thesis, Eindhoven
University of Technology, Eindhoven, 2006.

22. Huijbregts, L. J.; Brom, H. B.; Brokken-Zijp, J. C. M.; Kemerink, M.; Chen, Z.;
de Goeje, M. P.; Yuan, M.; Michels, M. A. J. J. Phys. Chem. B 2006, 110, (46),
23115-23122.

52



4

FILLER SIZE EFFECTS ON THE
CONDUCTIVITY OF CROSS-LINKED
PHTHALCON/EPOXY NANOCOMPOSITES®

SYNOPSIS

Three Co(lll) phthalocyanine (Phthalcon) powders with different particle sizes and
chemical compositions, but almost equal XRD spectra and powder conductivity were
synthesized and used as conductive fillers in cross-linked epoxy matrices. Two of
these Phthalcons are new compounds. All three composites have a percolation
threshold of 0.9 vol. % and a maximum volume conductivity of 10”7 S/cm. The
relation between the conductivity of the composites and the type and amount of
filler used was determined. The influence of particle size and chemical composition
on this relation appears to be minimal. Detailed analysis shows that these particle
networks have very similar fractal structures and that they are likely to be formed by
diffusion limited cluster aggregation during processing. Evidence is presented that
these particle networks are formed at the early stage of cross-linking and that at 12
vol. % the charge transfer between particles in the networks is neither limited by
Phthalcon particle size, nor by the presence of polymer matrix between particles.
The maximum volume conductivity of these composites is likely to be limited by the
amount of filler used, the crystal structure defects on the particle surface, and the

fractality and the imperfection of the particle network.

The content of this chapter has been published in: Yuan, M.; Brokken-Zijp, J. C. M.;
Huijbregts, L. J.; de With, G. J. Polym. Sci. B 2008, 46, 1079-1093.
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4.1. Introduction

Conductive polymer composites are, in general, made by incorporation of
(semi)conductive fillers into an insulating polymer matrix."” Generally, at room
temperature the DC volume conductivity o, of the polymer composites increases
sharply above a critical conducting filler concentration, known as the percolation
threshold ¢.. At larger filler concentrations (¢ > ¢.), the increase in o, becomes
smaller and reaches a level where the g, hardly changes with increasing filler amount.
This level is called the maximum volume conductivity oumax (Figure 1.1). The main
problem is that often a large amount of conducting filler is required in order to obtain
reasonable conductivity levels. Statistical percolation models predict a ¢, of 16 vol. %
for randomly distributed non-overlapping hard spheres.”” Such a large amount of
filler deteriorates the mechanical properties and leads to poor processability of the
matrix. Furthermore, the cost of the final material is often beyond the acceptable
range due to the large fraction of the expensive conducting species.” Another
disadvantage of polymer composites is that normally the omaxis orders of magnitude
lower than the intrinsic conductivity of the filler itself® A omax Value closes to the
conductivity of the filler would broaden the application possibilities of these

composites considerably.

It is widely accepted that the conductivity of a polymer composite is based on the
presence of a continuous network of (semi)conductive filler particles throughout the
matrix."* The particle network is, generally, formed during processing. During the
network formation the size of the particles may play an important role, because it

9-11

influences the rate of diffusion.” " In addition, it has been reported that in compressed

powder the size of the (semi)conductive particles tremendously affect the charge

12,13

transfer between particles. Hence, it is expected that a difference in nanoparticle

size may influence ¢, and gyax of the polymer composites.

For specific (semi)conductive nanofillers the ¢, can be lower than 1 vol. %."'*%
Aquocyanophthalocyaninato Co(IIl) (Phthalcon 11) (Scheme 4.1) is one of these
nanofillers. It can be used as nanometer-sized semi-conductive additive in a broad
range of polymer matrices, resulting in composites with low values of ¢ *'%*'2*
Phthalcon 11 is a promising semi-conductive nanofiller because of its high thermal
stability and attractive health, safety and environmental properties.”'® Amazingly, we
found that Phthalcon particles with different compositions can be synthesized in

different sizes, but they still have very similar XRD patterns and powder conductivity.
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Furthermore, Phthalcon/epoxy composites can be made in a broad range of filler
concentrations.”'* In depth information on the conductivity of intrinsic, powder and
particle/polymer composites is available for one of the Phthalcon compounds.’'%2'-
Therefore, we decided to use cross-linked epoxy matrices containing Phthalcon fillers

as a model system for our study on particle size effects.
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Scheme 4.1. Molecular and crystal structures of Phthalcon 11 (1a, 1b), Phthalcon 12 (2a, 2b)
and Phthalcon 11/12 (3a, 3b). Phthalcon 11/12 contains both NH; and H,0, its molecular
structure is a mixture of 1a and 2a, but Phthalcon 11/12 is still crystalline (3b).
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In this chapter we describe the synthesis of semi-conductive Phthalcon particles with
various nanometer sizes. Two of them are new semi-conductive phthalocyanine
fillers. The conductivity of cross-linked epoxy matrices containing these Phthalcon
particles is also discussed. Special attention is given to the influence of particle size
and chemical composition on the characteristics of the particle networks, on the way

these networks are formed, and on gy, omax and ¢, of the polymer composites.

4.2. Experimental

4.2.1. Materials

[S-phthalocyanine Co(II) (f-PcCo) (97 %) was purchased from Merck. It was carefully
dried at 80 °C for 48 h under vacuum (~ 0.01 mbar) and ground into fine powder in a
mortar before use. Acetone (99.5 %), sodium cyanide (NaCN, > 97.0 %) and
ammonium hydroxide water solution (28.0-30.0 % as NHj) were purchased from
Aldrich. m-cresol (spectrophotometric grade) and ethanol (absolute GR for analysis)
were purchased from Merck. Epoxy prepolymer (Epikote 828) was purchased from
Resolution Nederland BV. The amine cross-linker Jeffamine D230 was purchased
from Huntsman BV, Belgium. The structures of coating components are shown in

Scheme 4.2. All these chemicals were used as received.

o CHy OH CHs 0
/N Hs | H» T Hs 1 VAN
H,C—C—C -0 c 0—C -C—C -0 c 0—C -C—CH,
H | H | H

CHy m CHs

Epikote 828 (m= 0.1)

CH, CHs

- | W
H,N——C——C +=0——C——C —NH;
Fi H N

Jeffamine D230 (n = 2.6)

Scheme 4.2. Chemical structures of epoxy coating components.

4.2.2. Synthesis of Phthalcon Particles

Phthalcon 11 (Scheme 4.1) is a patented semi-conductive phthalocyanine
compound.”'* It can be synthesized in high purity (> 99%) and yield (> 97 %) using
a two-step reaction (Scheme 4.3).'?""% In the first step, 15.1 g starting material
[-PcCo was dispersed in 200 mL ethanol under magnetic stirring; a saturated

NaCN/demi-water solution (7.8 g/11 mL) was added to this dispersion. Air, which
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was used for the oxidation of the Co(Il) ion, was introduced; the temperature of the
reaction mixture was increased to 72 °C and the slurry was gently refluxed for 72 h.
During reaction a solid ionic precursor compound was formed, which was filtered off,
washed with water/ethanol and then extracted with acetone. The precursor powder
was obtained by distillation of the acetone solution. In the second step Phthalcon 11
was prepared by refluxing this precursor powder (7.9 g) in water (75 mL) under a
nitrogen stream (Scheme 4.3B). The reaction temperature was 98 °C and the reaction

time was 72 h.

72 °C
+ NaCN + 02 + H20 Na + NaX2

EtOH
B-PcCo

Precursor
X, =O0H", OEt, CN’, EtOH
X, =0H", CN"

H
i /H H\|/H

A: X, _

[ |+, 2 17 £7+N % oo
| N,, H,0 a’ 3 3
CN

Phthalcon 11 Phthalcon 12 X3 =O0H, OEt

H H
B.

Y, )
| 98°C

f Co; Na* f ; + Nat + Y,
| N,, H20
C

= OH’, EtO", acetone ligand Phthalcon 11
acetone dimer ligand

i
C: H | _H

i | / 98 °C i | /
Co Na" + NaX, + NH,OH ——— 3 Co + NH; + HCOO™ + Na" + X;
| N,, H,0 |

CN

Phthalcon 12

Scheme 4.3. Two-step synthesis of Phthalcon 11, Phthalcon 12 and Phthalcon 11/12.
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When a non-washed precursor (12.0 g) was used in step 2 in the presence of a
sufficient amount of NH4OH (2.0 g) following the same reaction conditions as
described above, aminocyanophthalocyaninato Co(III) (Phthalcon 12) was formed
instead of Phthalcon 11 (Scheme 4.3C). When a non-washed precursor was used in
step 2 with/without the addition of a small amount of NH4OH, Phthalcon 11/12 was
formed (Scheme 4.3A). During reaction both NH; and formiate were detected in step
A and C. At the end of the reaction the blue Phthalcon powder was filtered, washed
with water and dried under vacuum (~0.01 mbar) at 80 °C for at least 2 days before

use. The density of these Phthalcon compounds is 1.65 g/em’®.*

The same precursor batch was used as starting material in step A and C. This batch
was also used in the acetone extraction step to prepare the starting compound needed
for step B. The pH of the reaction medium was always between 10 and 11 in both

reaction steps.

4.2.3. Coating Preparation
All Phthalcon compounds were added as fillers in epoxy matrices using the same

preparation method as described before elsewhere.”'’

The Phthalcon powder was first
dispersed in m-cresol under magnetic (1 h) and ultrasonic (1 h) stirring. To this
dispersion Jeffamine D230 and Epikote 828 were added by keeping the NH/epoxy
molar ratio at 1/1. This mixture was magnetically stirred for 5 min, ultrasonically
degassed for 5 min, and then cast on a polycarbonate substrate using a doctor blade
applicator with an opening of 120 um. Next it was cured at 100 °C under vacuum (~

0.01 mbar) for 4 h and later post-cured at 120 °C under vacuum (~ 0.01 mbar) for 8 h.

The concentrations of Phthalcon in the cross-linked materials ranged from 0 to 12 vol.
% based on the total volume of the final cross-linked composites. Coatings with
Phthalcon concentrations higher than 15 vol. % could not be made. The thicknesses of
the coating materials studied were between 10 and 70 um, as determined by a digital
screw micrometer. Coatings with thicknesses between 50 and 70 um were used for the
conductivity measurements. For the optical microscopic analyses the coatings used

had a thickness of about 10 ym.
4.2.4. Characterization

Fourier Transform Infrared (FT-IR) FT-IR spectra were measured in transmission
by means of Biorad UMAS500 IR microscope coupled to a FTS6000 IR spectrometer.
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All spectra were recorded between 4000 and 650 cm™ with a resolution of 2 cm™

co-adding 200 scans.

Powder X-ray Diffraction (XRD) XRD spectra were measured using a Rigaku
diffractometer. The XRD spectra were recorded in the range of 5 ° < 26 < 40 ° using

Cu-K,; radiation with a scanning speed of 0.01 ° min™".

Phthalcon 11 particles are too small to determine the molecular and crystal structure
by single crystal XRD. Therefore, a broad range of techniques were used in
combination with crystallographic modeling. The techniques used were XPS, XRD,
neutron diffraction, FT-IR, UV-Vis, liquid and solid state NMR and Pyrolysis
Combustion Mass Spectrometry Elemental analysis (PCME). To improve these
analyses, specially labeled Phthalcon 11 compounds were also prepared (Chapter
3).2 In depth information on the crystal structure of Phthalcon 11 was obtained by
using powder XRD, neutron diffraction and *H-NMR. The modeling was carried out
with a 3D graphic program named PLUVA, which makes it possible to obtain
information on the space group and molecular packing. The complete patterns
Rietveld analysis was performed with FOX (Free Objects for Xtallography) and
GSAS (General Structure Analysis System) programs to unravel the crystal structure
in more detail. This last part of modeling was done by assuming that the fragments
detected from PCME were present as connected ligands or separated molecules/ions

in the crystal lattice.”**

The molecular and crystal structures of Phthalcon 12 and Phthalcon 11/12 were

determined in a similar way as that of Phthalcon 11.

Optical Microscopy (OM) The morphology of Phthalcon particle networks in the
coatings after cross-linking was studied with OM. The OM analyses were carried out
with a Reichert-Jung Polyvar-Met microscope using the transmission bright-field

technique.

Transmission Electron Microscope (TEM) A Jeol2010 TEM was used to determine
the Phthalcon particle sizes. For this purpose, 10 mol/L Phthalcon/ethylene glycol
dispersions were prepared; the dispersions were later drop cast on a carbon film

supported by copper grid. The TEM was operated at 200 kV.
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Dynamic Light Scattering (DLS) DLS measurements were performed with a
Malvern Instruments Zetasizer Nano ZS. All DLS measurements were recorded at 20
°C on 10 mol/L Phthalcon/ethylene glycol dispersions. This technique was also used

to characterize the sizes of Phthalcon particles.

DC Volume Conductivity 6y The o, of the compressed powder was determined at
room temperature using a standard two-electrode measuring method. The powder was
pressed in a homemade powder holder by tightening screw; the powder holder had an
inner diameter of 12 mm. The thickness of the powder layer was a few

- 24252
millimeters.***

The oy of the coatings was measured at room temperature using a standard four-point
method with a Keithley 237 high voltage source measuring unit and a Keithley 6517A
high voltage electrometer. The measurements were carried out according to standard
ASTM D991 and instructions of Keithley “low conductivity level measurements”.
Silver paste (silver conductive adhesive 416, electron microscopy sciences, USA) was

used to ensure good contact between sample surface and measuring electrodes.

From the measured voltage V, current / and coating thickness d, the value of o, was

calculated using the following equation:

IL

Oy

where L is the distance between neighboring silver paint traces and b is the trace
length. Before each measurement, four silver paint traces were applied on the coating
surface with a trace length » of 1 cm and distance L of 1 cm. Coatings used in the
conductivity measurements had a thickness d between 50 and 70 um, as determined
using a digital screw micrometer caliper. The presented o, for each Phthalcon
concentration is an average value of at least three different coatings measured at three

different positions.

4.3. Results and Discussion

4.3.1. Synthesis and Characterization of Phthalcon Compounds
The main difference in the synthesis of Phthalcon compounds is the absence/presence
of NHj in the second reaction step. In this step NHjs can be formed from NH4OH as

well as from CN'. The CN" was present as a ligand in precursor and/or as a separated
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impurity (route A and C, Scheme 4.3). Moreover, it is not stable in highly basic
reaction medium (pH = 11) and can convert to NH; and HCOO'.

From PCME and XPS the empirical formula of Phthalcon 11 appears to be
PcCo(IIT)(CN)(H,0) (Pc = Cs,H;6Ng); the presence of Co(Ill) phthalocyanine ring,
CN and H,O was confirmed by FT-IR, solid state BC.NMR and *H-NMR. These
measurements were also performed on specially labeled Phthalcon 11, namely
PcCo(III)(*CN)(H,0), PcCo(III)(C"°N)(H,0) and PcCo(III)(CN)(*H,0). Results
from these measurements strongly suggest that the CN and the H,O are present as
coordinated ligands. Using PLUVA program, powder XRD data and a method
developed at Shell, the space group P,; and the molecular packing were obtained.
Based on powder XRD and neutron diffraction data, whole patterns Rietveld analysis
shows that indeed the H,O and the CN are present as ligands; NMR and FT-IR
spectra also indicate this. The presence of an intermolecular hydrogen bonding
between the H of the H;O and the N of the CN, as shown in Scheme 4.1(1b), was
confirmed by ’H-NMR. The unit cell data are summarized in Table 4.1. Detailed
information on above described synthesis, molecular and crystal structure analyses on
Phthalcon 11 will be published elsewhere.”® The overall crystal structure of Phthalcon
11 is schematically presented in Scheme 4.1(1b). An important aspect of this crystal
structure is that the 7 orbitals of the phthalocyanine rings in two neighboring stacks
interact, with the van der Waals distance (3.35 A) between them (Scheme 3.6).%

Table 4.1. Unit cell parameters of Phthalcon compounds.

Unit Cell Parameter Phthalcon 11 Phthalcon 12 Phthalcon 11/12"
a 90° 90 ° 90°
y 90 ° 90 ° 90 °
i 102.6+0.2° 104.6£0.1° 1043+0.1°
a 7.308 +£0.001 A 7.393 +£0.005 A 7.355+0.006 A
b 24.89+0.01 A 24.62+0.02 A 24.71+0.02 A
c 7.149 +0.001 A 7.328 +0.0005 A 7.240 £ 0.007 A

" Phthalcon 11/12, the ratio between NH3/H,O is 3/10.
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Transmission IR Spectra of Phthalcon Samples. 3900-2500 em’
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Figure 4.1. FT-IR spectra of Phthalcon compounds.
In Phthalcon 11/12 the ratio between NHs/H,O is 1/10.
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With PCME it was determined that Phthalcon 12 has an empirical formula of
PcCo(IIT)(CN)(NH3) and the empirical formula of Phthalcon 11/12 is
PcCo(III)(CN)(NH3)«(H,O), with a NH3/H,O ratio about 1/10 or 3/10 for two samples
studied. The latter one was synthesized by adding a small amount of NH4OH in the
second reaction step.

The absence of the H,O ligand in Phthalcon 12 is also suggested by the lack of a
shoulder at 3350 cm™ in FT-IR spectrum (Figure 4.1). This shoulder was clearly
observed in the spectrum of Phthalcon 11. As has been shown by FT-IR using a

deuterium labeled water fragment, this band can be attributed to the O-H stretching

vibration.

When we compare the FT-IR spectrum of Phthalcon 12 with that of Phthalcon 11 in
more detail, we observed the appearance of several new bands in the region of 3360-
3100 cm™ and single bands at 1638, 1278 and around 770 cm’. Furthermore, one
band disappeared from Phthalcon 12 spectrum (1130 cm™); a shift from 2157 to 2150

cm’” was also observed (Figure 4.1, Table 4.2).

Table 4.2 Characteristic IR vibrations of Phthalcon compounds.

v (cm™) Phthalcon 11 Phthalcon 12 Phthalcon 11/12
OH Stretching 3350 - 3350° 3350
- 3360 3358 3360

- 3284 3284 3281

NH; Stretching

- 3193 3191 3201

- 3138 3140 3132

CN Stretching 2157 2150 2156 2153
NHj; Scissor - 1638 1639 1638
NH; Wagging - 1278 1278 1279
Co-H,;0O 1130 - 1130 1129
NH; Stretching - 770 770 770

* Phthalcon 11/ 12, the ratio between NH3/H,O is 1/10.
* Phthalcon 11/ 12, the ratio between NH;3/H,O is 3/10.
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The band at 1130 cm™ that disappeared in the spectrum of Phthalcon 12 is probably a
Co-H,O vibration.”® The band at 2150 cm’', which occurs at a somewhat lower
position than in the spectrum of Phthalcon 11, is likely a CN stretching vibration.*’
The shift of the CN vibration also indicates the replacement of the H,O ligand by
another ligand in Phthalcon 12. Hence, the molecular structure of Phthalcon 12 is

likely to be the one shown in Scheme 4.1(2a).

In Phthalcon 11/12 the same new bands, which are attributed to the NH3 vibrations,
were observed (Table 4.2 & Figure 4.1), although at much lower intensities since the
amount of NHj is smaller (0.1 or 0.3). The broad shoulder at 3350 cm™ and the
presence of a shoulder at 1130 cm™ suggest that this compound still contains
coordinated water; this is in agreement with the PCME analysis and therefore we
conclude that the NH; as well as the H,O is present as coordinated ligand. In both
Phthalcon 11/12 samples, only one CN vibration was found at the position between
those of Phthalcon 11 and Phthalcon 12. Therefore, the molecular structure of
Phthalcon 11/12 is likely to be the one shown in Scheme 4.1(3a).

The XRD patterns of these Phthalcon compounds appear to be very similar (Figure
4.2), which points to a very similar crystal structure. Using whole pattern Rietveld
refinement analysis and powder XRD data described previously, we found that the
unit cell dimensions of Phthalcon 12 and Phthalcon 11/12 are very similar to that of
Phthalcon 11 (Table 4.1). The NH; and/or H,O are always presented as (a)
coordinated ligand(s) and the distances between atoms are also similar (Scheme
4.4)%

Phthalcon 12 I

2004 “\MMW

5 10 15 20 25 30 35 40
260(°)

Figure 4.2. XRD patterns of Phthalcon 12.
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Scheme 4.4. One unit cell of Phthalcon 12 (left). It contains two molecules which are rotated
to each other. (right) the phthalocyanine rings of two neighboring stacks interact; the distance

between them is the van der Waals distance (3.35 A).

In Phthalcon 11 crystal, the hydrogen bonding between the H of the H;O and the N
of the CN from the neighboring molecule in the stack is present. Hence, in Phthalcon
11 crystal an intermolecular polymeric structure exists (Scheme 3.6).* The modeling
of Phthalcon 12 and Phthalcon 11/12, together with the FT-IR spectra also suggest
the presence of a hydrogen bonding between the H atom of the NH;3 group and the N
atom of the CN group. Therefore, similar intermolecular polymeric structures are
proposed (Scheme 4.1, 2b, 3b).

Using the crystal structure of Phthalcon 11 as a starting point, Density-Functional
Theory (DFT) calculations were performed to determine the origin of the powder
conductivity. These calculations show that Phthalcon crystals are bulk

semi-conductors with band gap of about 1.2 ev.”

The oy values of different Phthalcon powders are almost similar (about 4 x 10 S/cm),

in agreement with the proposed similarity in crystal structures.

4.3.2. Particle Sizes

Besides variations in chemical composition, the main difference between these three
types of Phthalcon particles is their sizes. The sizes were analyzed with TEM and
DLS. In Figure 4.3 DLS as well as TEM data of Phthalcon 11/12 is presented. The
TEM image shows mainly two dimensions of the particle. These sizes are almost
equal with an average of 250 nm. Further TEM analysis reveals that for Phthalcon
11/12 the third dimension is 50 nm. Only one peak in DLS spectrum was found,
which positions at 250 nm (Figure 4.3a). This value corresponds to the largest value

observed with TEM. It has been shown that for non-spherical platelet particles the
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largest dimension plays the dominant role in DLS.?® Since our Phthalcon particles are
also platelet-shaped, the value obtained from DLS is the size of the largest dimension
as well. The particle sizes of the other two Phthalcon compounds were determined in
the same way. Values of 150 x 150 x 30 nm® (Phthalcon 11) and 500 x 500 x 100 nm’
(Phthalcon 12) were obtained.

20
a nm
s Phthalcon 11/12] 2 " ‘*x - ‘J

3 ¥

Y &t v }
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1 0

10" 10
Figure 4.3. DLS measurement (a) and a TEM image (b) of Phthalcon 11/12. The compound

has a primary particle size of 250 x 250 x 50 nm” and the ratio between NH3/H,O is 1/10.

4.3.3. Crystal Structure of Phthalcon 11/12

Phthalcon 11/12 can be, in principle, a physical mixture of two phases: Phthalcon 11

and Phthalcon 12, or a mixed single crystalline phase. In the later case each crystallite

contains NH; as well as H,O. We think that for Phthalcon 11/12 a mixed single
crystalline structure is likely because:

1) Only one CN stretching vibration was observed, of which the position is between
those of Phthalcon 11 and Phthalcon 12. If Phthalcon 11/12 was a physical
mixture, two peaks would have been present at 2150 and 2157 cm’!; moreover,
this position also depends on the amount of NHj present (Table 4.1);

2) There is a gradual increase in lattice parameters (£, a and ¢) and a gradual
decrease in b when the amount of NHj increases (Table 4.1);

3) Phthalcon compounds have almost the same unit cell. The interactions between
ligands are small, therefore the crystal structure is dominated by the interactions
between phthalocyanine rings, rendering a mixed single crystal likely;

4) Modeling shows that there is sufficient space to exchange a H,O molecule with a
NH; molecule within one unit cell without changing the positions of the other

atoms;

66



Filler Size Effects on the Conductivity of Phthalcon/Epoxy Nanocomposites n

5) DLS and TEM data only show one particle size, which is between those of
Phthalcon 11 and Phthalcon 12. These data do not suggest a dual particle size
distribution on Phthalcon 11/12.

All Phthalcon compounds were synthesized using the same reaction time and very
similar starting compositions (Scheme 4.3 and experimental section). The formation
of a larger crystallite size may be attributed to a lower amount of primary nuclei
formed at the initial reaction stage when NHj is present in the reaction medium.
Therefore, small variations in reaction composition can lead to Phthalcon particles
with different particle sizes and chemical compositions, but still have very similar

powder conductivity and XRD patterns.

4.3.4. Primary Particle Size and Chemical Composition Effects on the Powder
Conductivity

The o, of the compressed (semi)conductive powder depends on the intrinsic
conductivity of the particle and the efficiency of charge transport between particles
(by hopping or tunneling).“'36 Coulomb charging may also influence the powder

conductivity when the size of the particle is below 100 nm.'*"

However, at room
temperature for particles larger than 100 nm Coulomb charging is expected to be
negligible.” This has been confirmed by combining frequency dependence
conductivity measurements together with infrared transmission and reflection
measurements on compressed Phthalcon 11 powder.">*>*® These data show that at
room temperature in compressed Phthalcon 11 powder the most likely mechanism for

13,2526
“>“° The measurements

charge transport is variable range hopping by cotunneling.
also show that at room temperature the number of charge carriers involved in hopping
process between particles is similar to the number of carriers that determines the
conductivity inside a Phthalcon 11 crystal.”>*® This means that at room temperature
Phthalcon 11 crystals are large enough not to lower the overall charge transport by
limiting the interparticle conduction caused by Coulomb charging effects. Therefore,
at room temperature for Phthalcon 11 the particle size is not an important factor in

determining the conductivity of the compressed powder.

Because the crystal structures of these Phthalcon compounds are very similar, and
also because Phthalcon 12 and Phthalcon 11/12 are much larger in size, we may
expect that for all Phthalcon compounds studied here the o, of the compressed powder

will not be affected by the differences in particle size. Indeed, we found very similar
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oy values for these compounds. Still, this value (4 x 10™ S/cm) is two orders of
magnitude lower than the intrinsic conductivity of Phthalcon (2 x 107 S/cm)."***26
This difference may be due to the surface barriers caused by, for instance, a difference
in coordination of the metal ions at the surface, a difference in ligand structure at the
surface vs. those in the bulk of the particle, and/or by lack of contact due to imperfect

packing of the platelet particles.

4.3.5. Primary Particle Size and Chemical Composition Effects on the
Conductivity of Cross-linked Phthalcon/Epoxy Coatings

For each Phthalcon compound a number of cross-linked Phthalcon/epoxy coatings
were prepared. The relation between the oy of the coatings as a function of Phthalcon
volume concentration ¢ is shown in Figure 4.4a. These curves appear to be very
similar. The value of may is always around 107 S/cm. By extrapolating these curves to
oy=10"°S/cm (the conductivity of pure epoxy matrix®), the g, was determined, which
is very similar and on average equals to 0.9 vol. %. Hence, within the uncertainty of
measurements the log o, - ¢ relation is independent of the size and chemical

composition of the Phthalcon particles.
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Figure 4.4. (a). log oy - ¢ relation of cross-linked Phthalcon/epoxy composites. (b) log o, -
log (¢ - ) relation. In Phthalcon 11/12, the ratio between NH;3/H,O is 1/10.

To further evaluate the Phthalcon particle network structure, data in Figure 4.4a was

plotted as a function of log(¢ - ¢.) based on equation:

oy = C((p - (pc)t (4.2)

where c is a constant and ¢ is the critical exponent. We found that = 2.1 - 2.2 for all

epoxy coatings studied here. These ¢ values are in good agreement with the theoretical

37,38

value ¢t = 2.0 predicted for 3D random percolating system and suggest a very
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similar type of particle network formation, independent of particle size and chemical

composition.

Although the primary Phthalcon particle sizes are too small to be seen under the OM,
the particle networks could be easily observed when Phthalcon concentration is above
@.because of the fractality of the network structures (Figure 4.5). In order to study the
structures of these networks in detail, the fractal dimension of the particle network

9103949 The method was

was determined using the method of tiling (Figure 4.6).
applied as follows: a coating containing 2 vol. % Phthalcon was analyzed. First we
converted the OM image into a binary version (Figure 4.6b), and then the binary
image was broken into tiles of a given size. The number of tiles N containing
Phthalcon network was counted and plotted on a logarithmic scale versus the size a of
these tiles (Figure 4.6c). The relation between the number of tiles N and the tile size a

was fitted by
N(a) o a~% (4.3)

In this expression the exponent dy represents the fractal dimension of the aggregates.*’
Two linear regions which intersect around 20 um were always observed (Figure 4.6¢).
The value of this intersection is called correlation length £ which is the average size
of the particle aggregates from which the particle network is formed. The results from
fractal structure analyses are summarized in Table 4.3. The values given are average
values of at least three calculations with different sets of tile sizes. The slope of lines
below 20 um corresponds to a df of 1.68 - 1.70. When the tile size is larger than 25
um, a dr value of 1.94 - 1.97, which is close to Euclidean dimension D = 2, was
obtained. This suggests that at dimensions above 25 um the particle network is no
longer fractal or may have a fractal dimension larger than 2. We observed that all

images studied appear to be insensitive to the precise way of getting the threshold.

The d; values of 1.68 - 1.70 observed here are close to the dr value of 1.75 reported
before for cross-linked Phthalcon 11/epoxy coatings, although the size of Phthalcon

11 used was somewhat different.”'”

Within the uncertainty of measurements our dr
values are also close to the theoretical value for Diffusion Limited Cluster
Aggregation (DLCA).**® This suggests that the fractal particle networks observed in

our coatings are formed by this mechanism.
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Therefore, not only the o, of the compressed Phthalcon powders, but also the log oy -
¢ relation of the Phthalcon/epoxy coatings seems to be independent of Phthalcon

chemical composition and particle size.

Figure 4.5. Coatings made from Phthalcon 11 (a), Phthalcon 11/12 (b) and Phthalcon 12 (c).
A constant Phthalcon concentration of 2 vol. % was used. In Phthalcon 11/12, the ratio

between NHz/H,O is 1/10.
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Figure 4.6. (a) OM image of Phthalcon 11/12 (2 vol. %) particle network in a cross-linked
epoxy coating; (b) binary image converted from Figure 4.6(a); (c) results from fractal

structure analysis. Phthalcon 11/12 has a NH3/H,O ratio of 1/10.
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Table 4.3. Fractal dimensions and correlation lengths of Phthalcon particle networks.

Phthalcon Particle Size (nm’) & (um) de(fora<¢) de (fora < ¢)
Phthalcon 11 150 x 150 x 30 25 1.68 1.94
Phthalcon 12 500 x 500 x 100 25 1.69 1.94

Phthalcon 11/12 250 x 250 x 50 20 1.70 1.95

The volume of an individual primary Phthalcon particle is far below 1 um’, so
Brownian movement of the particles is possible as long as the viscosity of the system
is sufficiently low and the size of the particle aggregates is sufficiently small. Earlier
results show that Phthalcon 11 particles are very well-dispersed before

1 9,10
cross-linking.”

The lack of particle size effects on the log o - ¢ relation and fractal
network structure indicate that the particle network formation occurs at the early stage

of cross-linking, far before the gel point of the epoxy matrix.

In general, the gy of a polymer composite containing semi-conductive particles may be
influenced by the intrinsic conductivity of the particle itself, the o, of the compressed
powder, the amount of insulating matrix between the conductive particles in the
networks and the type of the network formed.*'*!**7°° As has been shown that the
intrinsic conductivity of Phthalcon crystal, the g, of the compressed powder, the o, of
the Phthalcon/epoxy composites and the type of the particle network are all very
similar for the three types of Phthalcon studied here. As a result, we expect that the
amount of matrix between particles is also similar. From conductive AFM
measurements we found for a specific cross-linked Phthalcon 11/epoxy coating that
no epoxy matrix is present in the particle network.** This coating contained 12 vol. %
Phthalcon 11 and has a oy of 3 x 10™® S/cm.** Taking into account the uncertainty of
measurements this value is comparable with the o, values of 1 x 107 S/cm shown in
Figure 4.4. This suggests that for our coatings, at least when the Phthalcon
concentration is sufficiently high, no epoxy matrix is present between Phthalcon
particles in the conductive path and that these particles really touch each other. When
no matrix material is present between Phthalcon particles in the network, individual
cross-linked Phthalcon 11/epoxy coating should have a similar conduction mechanism
and a similar temperature, frequency and field dependence as the compressed
Phthalcon powder. This was indeed observed recently for the specific Phthalcon

11/epoxy coating mentioned above.***’
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Evidence has been presented that an insulating layer between particles does not exist
for (some of) our Phthalcon/epoxy coatings. Also for these coatings the sizes of
Phthalcon filler particles are too large to explain the low omax values by Coulomb
charging effects with respect to the o, of the compressed powders. Hence, the
difference between the omax of the composite and the oy of the compressed powder
probably has to be attributed to, for instance, the volume concentration of Phthalcon
used in the coatings, the fractality of the network structure and the imperfect particle

network structure containing loops and dangling chains.***’

In practice, the om.x of the polymer composites containing (semi)conductive
nanoparticles is always several orders of magnitude lower than the intrinsic
conductivity of the filler itself. This has been explained, generally, by the presence of
insulating polymer layers between filler particles in the network. Such insulating
layers lower the electrical conductivity of the network by limiting the charge transfer
efficiency. This has been described by tunneling through and/or hopping over these
layers. Nevertheless, the low oma.x values reported in the past for polymer
nanocomposites containing spherical nanofillers with sizes below 100 nm could not
be explained only by the presence of insulating layers between particles, even when
the networks are homogeneously distributed. We expect that in these composites the
lowering in oma caused by Coulomb charging effects has to be taken into account.
Our results also suggest that other factors, such as additional surface barriers between
particles caused by inhomogeneous surface composition and the fractality and

imperfection of the particle network structure, also need to be considered.

Recently, Zhang et al. showed that for thermoplastic nanocomposites containing
carbon black or carbon fibers, the formation of a conductive particle network strongly
depends on processing time and temperature used.'' They showed that the viscosity
change during processing plays an important role in the rate of particle network
formation and they called this phenomena dynamic percolation. The time used for
processing our materials is relatively long. Hence, the increase in viscosity during
processing is more gradually because no particle size effects on the network formation
was observed; and dynamic percolation is expected to be negligible in our materials.
Whether dynamic percolation also plays a role in other thermoset polymer

nanocomposites is unclear.
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4.4. Conclusions

Intrinsically conductive Phthalcon nanoparticles can increase the conductivity of
cross-linked epoxy composites by forming a continuous particle network throughout
the insulating matrix. Phthalcon particles with three different nanometer sizes, but
almost equal XRD patterns and powder conductivity levels have been successfully
synthesized. Two of them have completely new chemical compositions. The influence
of Phthalcon particle size and chemical composition on the relation between the
conductivity of the composites and the amount of Phthalcon present appears to be
minimal. For these three types of Phthalcon particles a percolation threshold of 0.9
vol. % and a maximum volume conductivity of 10”7 S/cm were found. Very similar
fractal Phthalcon particle network structures were always observed in the coatings and
these network structures are likely to be formed by diffusion limited cluster
aggregation. Coulomb charging appears not to significantly lower the omax of these
cross-linked Phthalcon/epoxy coatings, either. Evidence is present that the relatively
low omax of Phthalcon/epoxy composites studied here cannot be explained by the
presence of epoxy matrix between Phthalcon particles in the networks. Instead, the
main reasons could be local crystal structure defects on the particle surface, and the

fractality and imperfection of the particle network structures.
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5

INFLUENCE OF CURING AGENT AND
PROCESSING CONDITIONS ON THE
CONDUCTIVITY OF CROSS-LINKED
PHTHALCON/EPOXY NANOCOMPOSITES®

SYNOPSIS

The influence of chosen cross-linker and processing conditions on the structure-
property relations in cross-linked semi-conductive epoxy coatings has been
investigated. The conductivity obtained at low filler concentration (¢ < 1 vol. %) is
realized by forming a continuous fractal particle network through the matrix with
the aid of semi-conductive nano-sized phthalocyanine (Phthalcon) particles. In these
coatings different fractal particle network structures were found. The type, structure
and distribution of these networks strongly depend on the chosen cross-linker and
processing conditions. The choice of cross-linker and processing conditions also
influence the amount of matrix present between particles in the network and the
critical exponent t. Both factors have a large influence on the log o, - @ relation,
even when the particle distribution and the effective Hamaker constant of the
starting formulation from which these coatings are made are same. Our results
suggest that for other thermoset polymer composites containing nano-sized
(semi)conductive filler particles, very similar effects on the log o, - ¢ relation,

particle network structure and distribution are expected.

The content of this chapter has been submitted to Macromolecules: Yuan, M.; Brokken-
Zijp, J. C. M.; de With, G. “Structure-Electrical Property in (Semi)conductive Thermoset

Polymer Nanocomposites”.
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5.1. Introduction

Conductive polymer composites can be made by incorporating conductive fillers into
an insulating polymer matrix. These materials are of major interest due to the
possibility of combining electrical properties of the conductive fillers together with
the excellent mechanical properties and processability of the polymer matrix."* To
maintain the mechanical properties and processing behavior of the matrix, the filler
fraction should be as low as possible; while to obtain a conductive material the filler
fraction should be above the percolation threshold ¢., at which a continuous network
of filler particles forms throughout the matrix. However, the commercial applications
of conductive polymer composites, at present, are rather limited because a large
amount of conductive filler is often required in order to achieve a reasonable DC
volume conductivity level o, at room temperature. Statistical percolation models
predict a g, of 16 vol. % for randomly distributed non-overlapping hard spheres.””’
This filler fraction is unacceptably high in practice because it deteriorates the
properties and processability of the polymer matrix material. Moreover, the cost-price
of the composites is often beyond the acceptable range and many of the applications

are not commercially attractive anymore.®

It has been shown that using (semi)conductive nanofillers with a high aspect ratio,
such as carbon nanotubes, can bring ¢, well below 1 vol. %.”"* However, severe
processing problems prevent the extensive use of these fillers in practice. A low ¢,
can also be realized by adding (semi)conductive nanoparticles with a low aspect ratio
when the distribution of the particles is optimum and the effective Hamaker constant

1,8,14-16

A of the starting mixture is large. This approach may be more attractive in

practice because the manufacture of these nanocomposites is less problematic.

The increase in o, of these polymer nanocomposites is based on the formation of a
continuous (semi)conductive nanoparticle network through the polymer matrix." The

particle network morphology after processing is directly linked to the o, because it

8,14,17-21

affects charge transport within the network This morphology may be a

complex arrangement of particle aggregates/networks with different size and shape

distributions. These aggregates/networks can exhibit a self-similar structure at

8,19,22-24

different length scales, resulting in fractal particle networks. Furthermore, the

properties of filler particles, such as size and intrinsic conductivity, and the amount of
insulating polymer matrix between particles in these networks may also strongly

1-4,8,14-17,20,21

influence the o, of the polymer nanocomposites. Unfortunately,
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knowledge about the influence of starting mixture composition and processing
conditions on the nanoparticle network formation, structure, distribution and the
amount of insulating matrix between particles in the final particle network is very
limited. Moreover, the influence of these factors on o, and how to relate the network
structure with g, are also not well-understood, especially when thermoset polymer

matrices are used.

A fractal nanoparticle network is, generally, formed by Brownian movement of well-
dispersed particles/aggregates during preparation of the polymer nanocomposite. At
the moment the polymer matrix solidifies or reaches its gel point, the viscosity of the
system becomes so high that particles/aggregates can hardly move. To obtain a
conductive polymer nanocomposite, a continuous fractal particle network must be
formed before solidification or gelation. Apart from the initial A5% and the
distribution of the particles in the starting mixture, we expect that the starting coating
composition and the processing conditions may also have large influences on o, and
particle network formation, structure and distribution, especially for thermoset

polymer nanocomposites containing low filler concentration.

Nanocrystals of aquocuanophthalocyaninato Co(IIl) (Phthalcon 11/12) (Scheme 5.1)
can be used as semi-conductive additive in a broad range of thermoplastic and

thermoset polymer matrices, resulting in materials with a very low ¢..*'****2* Th

e
use of Phthalcon as nanofiller in (semi)conductive polymer nanocomposites is very
attractive. Phthalcon particles can be synthesized with high purity and (almost)
monodisperse in size; they are very stable and have a well characterized surface and
bulk structure.”**® Moreover, these particles generally form fractal particle networks
with large correlation lengths which means that these networks can be studied with
optical microscopy, whereas to study fractal nanoparticle network structures in

polymer composites, in general, TEM is needed.”'>*”

In this chapter we report the use of Phthalcon as a nanometer-sized semi-conductive
additive in cross-linked epoxy coatings. We focus on the influence of cross-linker and
processing conditions on the log o, - ¢ relation of these nanocomposites. We are
particularly interested in the relation between oy, ¢ and morphology of Phthalcon
particle aggregates/networks before, during and after processing. Special attention is

given to the fractal characteristics of Phthalcon particle network and the mechanism
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of network formation. The impact of our findings on other (semi)conductive polymer

nanocomposites is also addressed.
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Scheme 5.1. Molecular (a) and crystal (b) structures of Phthalcon 11/12.

5.2. Experimental

5.2.1. Materials

Phthalcon 11/12 (Scheme 5.1) was synthesized in high purity and yield using a two-
step reaction as described before.'****>***% The blue Phthalcon powder obtained is
highly crystalline, and the primary particle size used here is about 250 nm in length
and width and about 50 nm in thickness. In Scheme 5.1 the proposed molecular and
crystal structures were confirmed by FT-IR, solid state and liquid “C-NMR, 'H-
NMR, Pyrolysis Combustion Mass Spectrometry analysis (PCME), neutron
diffraction, XRD, XPS and crystallographic modeling.® The conductivity of
compressed powder determined at room temperature is 4 x 10 S/cm and the intrinsic

crystal conductivity is 2 x 107 S/cm.***!

Before use Phthalcon powder was carefully
dried at 80 °C for 48 h under vacuum (~ 0.01 mbar) and ground into fine powder in a

mortar.

Epoxy prepolymer (Epikote 828) was purchased from Resolution Nederland BV. The
amine cross-linker Jeffamine D230, Jeffamine D400 and Jeffamine D2000 were
purchased from Huntsman BV, Belgium. Isophorone-diamine (IPD, > 99.0 %, GC)
and 4,4-diaminodiphenyl methane (DDM, > 97.0 %, GC) were purchased from Fluka.
Structures of these compounds are shown in Scheme 5.2. m-cresol
(spectrophotometric grade) was purchased from Merck. All these chemicals were

used as received.
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Scheme 5.2. Chemical structures of epoxy coating components.

5.2.2. Coating Preparation

The cross-linked Phthalcon/epoxy composites were prepared using the same method
as described before.'* The Phthalcon powder was first dispersed in m-cresol under
magnetic (1 h) and ultrasonic stirring (1 h). To this dispersion, cross-linker and
Epikote 828 were added by keeping the NH/epoxy molar ratio at 1/1. In order to get a
well-dispersed starting formulation, DDM, which is a solid at room temperature, was
pre-dissolved in a small amount of m-cresol (w/w DDM/m-cresol = 7/20). The
starting coating formulation was then magnetically stirred for 5 min and ultrasonically
degassed for 5 min. Finally, it was cast on a polycarbonate substrate with a 120 um
wet coating thickness using a doctor blade applicator, cured immediately at an
elevated temperature (40, 50, 60, 80 or 100 °C) for 4 h in vacuum (~ 0.01 mbar) and
later post-cured at 120 °C for 8 h under vacuum (~ 0.01 mbar). Under these
conditions smooth coatings with layer thicknesses between 40 and 60 um were

obtained.
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The concentrations of Phthalcon ranged from 0 to 12 vol. % based on the total volume
of cross-linked composites in the starting formulation, by taking into account the
densities of Phthalcon and cross-linked epoxy as 1.65 and 1.00 g/cm’, respectively.
Generally the Phthalcon particle network was present throughout the whole layer
thickness. However, sometimes an insulating bottom layer was found in which
Phthalcon particles were not present. In this case the Phthalcon concentrations were
corrected for the presence of this layer, and the final concentrations of Phthalcon

particles in the cross-linked epoxy could be much higher than 12 vol. %.

5.2.3. Characterization

Optical Microscopy (OM) The morphology of Phthalcon particle networks in the
materials after cross-linking was studied by OM. The OM analysis was carried out
with a Reichert-Jung Polyvar-Met microscope using transmission bright-field
technique. These OM images were later converted to binary images and analyzed
using the tiling method to obtain fractal dimensions and correlation lengths of the
particle networks.”* Coatings used in these analyses had a thickness of about 10 xm.
Often thin cross-sectional cuts with a thickness of about 2-3 ym were made from
coating samples and analyzed with the OM. These cuts were prepared by
microtoming at room temperature and were used to assess the Phthalcon particle

distribution over the coating thickness.

DC Volume Conductivity ¢, The o, of the coatings at room temperature was
measured using a standard four-point method with a Keithley 237 high voltage source
measuring unit and a Keithley 6517A high voltage electrometer. The measurements
were carried out according to standard ASTM D991 and instructions of Keithley “low
conductivity level measurements”. Silver paste (silver conductive adhesive 416,
electron microscopy sciences, USA) was used to ensure good contact between sample

surface and measuring electrodes.

From the measured voltage V, current / and (corrected) coating thickness d, the value

of o, was calculated using the following equation:

IL

Oy

where L is the distance between neighboring silver paint traces and b is the trace
length. Before each measurement, four silver paint traces were applied on the coating

surface with a trace length » of 1 cm and distance L of 1 cm. Coatings used in the

82



Influence of Cross-linker and Processing Conditions H

conductivity measurements had a thickness d between 40 and 60 um, as determined
using a digital screw micrometer caliper. The presented o, value for each Phthalcon
concentration is an average value of at least three coatings measured at three different
positions. In coatings made from IPD and DDM cross-linkers Phthalcon particle
networks were not present through the whole coating thickness. In these coatings the
oy values and the Phthalcon concentrations ¢ were calculated after only taking into
account the layer thickness which actually contained Phthalcon particle network as

indicated before.

Rheological Measurements Rheological measurements were performed to follow the
viscosity changes during cure using an AR1000 rheometer with 20 mm plate-plate
geometry. The coating mixture was directly added to the plate, and then the gap
between plates was set to be 300 um. In the beginning of the measurement, the plates
were heated from room temperature to curing temperature within 30 sec. All

measurements were recorded under N, flow.

Surface Energy The surface energies were determined by Wilhelmy plate method

using a Kriiss digital tensionmeter K10T.**!

During the measurement, the plate was
moved towards the surface until it reached the meniscus. The surface energy was
calculated from the measured force.***! All surface energies given are average values

of three measurements on each sample.

5.3. Results and Discussion

5.3.1. Influence of Curing Temperature on log 6y — ¢ Relation, Particle Network
Structure and Network Formation in Jeffamine Cross-linked Epoxy Coatings

A. Using Jeffamine D230 as Cross-linker

» log o, — ¢ Relation

A number of epoxy composites containing different Phthalcon concentrations and
cross-linked with Jeffamine D230 at temperatures of 60, 80 and 100 °C were
prepared. The relation between the o, of these coatings as a function of Phthalcon
concentration ¢ is shown in Figure 5.1. The curves in Figure 5.1 appear to be similar,
especially for coatings cured at 60 and 80 °C. The value of oy, is around 10”7 S/cm.
By extrapolating these curves to o, = 10™'® S/cm (the o, of pure epoxy matrix®), the
percolation threshold ¢, was determined and it is similar as well (0.6 vol. %). The

presented data in Figure 5.1 correspond with the o, and ¢, values reported before for
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Phthalcon/Jeffamine D230/Epikote 828 coatings cross-linked at 100 °C (a different
Phthalcon batch was used).'******? Hence, taking into account the uncertainty of
measurements the log g, — ¢ relations for Jeffamine D230 cross-linked coatings cured

between 60-100 °C are (almost) independent of the curing temperature.

m 60°C
1E-74 e s0°c e
* 100°C

1E-8 4

1E-94

o, (Slcm)

1E-104

0 2 4 6 8 10 12
o (Vol. %)
Figure 5.1. log o, — ¢ relations of Phthalcon/epoxy coatings cross-linked with Jeffamine

D230. These coatings were cured at 60, 80 or 100 °C for 4 h and post-cured at 120 °C for 8 h.

» Phthalcon Particle Network Structures and Distributions

Although the primary Phthalcon particle size is too small to be seen under the OM,
the particle network could be easily observed when the Phthalcon concentration is
above ¢. because of the fractal nature of the network.'****® The OM images of these
networks in cross-linked Phthalcon/Jeffamine D230/Epikote 828 coatings cured at 60,
80 or 100 °C are shown in Figure 5.2. These OM images suggest that the cross-linked
layers made from Jeffamine D230 have a similar fractal particle network structure
despite the differences in curing temperature. In order to verify this suggestion, the
fractal dimensions dr of these particle networks were determined using the method of
tiling, as described before.”*?***** Results of fractal structure analyses are
summarized in Table 5.1. Table 5.1 reveals that indeed the Phthalcon particle network
structures, for coatings cured at different temperatures, have a very similar fractal
structure. The dr value of about 1.75 observed here is close to the theoretical value for

35-39

diffusion limited cluster aggregation (DLCA), and strongly suggests that all

fractal particle networks observed in Figure 5.2 are formed by this mechanism.

To assess whether the fractal particle network was homogeneously distributed through
the layer, cross-sections were prepared using coatings shown in Figure 5.2. These

cross-sections show that the fractal particle network is evenly distributed through the
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whole coating thickness (Figure 5.3). A homogeneously distributed fractal Phthalcon

particle network in an epoxy coating cross-linked at 100 °C was reported before.'***

Figure 5.2. OM images of Phthalcon particle networks in Epikote 828/Jeffamine D230

coatings cross-linked at different temperatures. All coatings contained 3 vol. % Phthalcon
with respect to the total volume of the coating components in the initial starting formulations.

(a) cured at 60 °C; (b) cured at 80 °C; (c) cured at 100 °C.

Table 5.1. Phthalcon particle network structures in Jeffamine D230 cross-linked

. . *
epoxy coatings cured at various temperatures.

Curing Temperature (°C) dy ¢ (um)
50 1.60 40
60 1.77 20
80 1.75 20
100 1.75 20

" Phthalcon concentration was 3 vol. % based on the initial Phthalcon concentration in the
starting formulation.

Figure 5.3. OM image of cross-section of Phthalcon/Epikote 828/Jeffamine D230 coating
cured at 80 °C. This coating contained 3 vol. % Phthalcon.
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» Conduction Mechanism

In a previous publication the conduction mechanism of a 12 vol. % Jeffamine D230
cross-linked coating cured at 100 °C was studied in detail. DC and AC conductivity
measurements over a broad range of temperatures and frequencies strongly suggest
that the conduction mechanism in Phthalcon particle network can be described as

variable range hopping by (:otunnelling.zo’z1’27’40

The similar log o, — ¢ relations, the
similar Phthalcon particle network structures and the similar exponent ¢ values
(Equation 5.3, see later discussion) as observed in these coatings suggest that variable
range hopping by cotunnelling is also likely to be the conduction mechanism in

Phthalcon particle network for coatings cured at 60 °C and 80 °C.

“red bond” (singly
connected bond)
-=== deadend

! backbone

—

— = = |solated aggregates

s clectrode

Scheme 5.3. Particle network in a polymer composite.
When voltage is applied, the dead ends and isolated aggregates carry no current, the single
connected red bonds carry the total current, and the loops only carry part of the current. The
red bonds and loops together form the backbone.

» Measured o, — ¢ Relations vs. Network Structure Models

One way to present the fractal particle network through a polymer matrix is shown in
Scheme 5.3. Generally, only part of the network structure carries current. In a fractal
particle network the part that carries current is called “backbone”, the part which does
not carry current is called “dangling chain” or “dead end”. Only part of the backbone
carries the whole current. These are single connected points which are also called “red
bonds”. The rest of the backbone only carries part of the total current. This happens in
a so-called “loops”.? Also (a small) part of the fractal particle network may not be

connected at all and therefore present as isolated aggregates.

The structure of particle network presented in Scheme 5.3 is complex and difficult to

directly correlate with the o,. Hence, the particle network structure is often simplified
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before a correlation is made. One way to describe fractal particle network is to use
stacked fractal aggregates. The average size of these building blocks is the correlation

length & which is related to ¢ and di for ¢ > ¢, as below:*'**

&= a¢1/(df—3) (5.2)

In Equation (5.2), a is according to the theory the radius of a primary particle from
which the fractal network is built. We assume that for our system « is the radius of a
primary Phthalcon particle aggregate, which is on average about 0.7 um.** The
calculated ¢ value (¢ = 14 um) from Equation (5.2) is close to the experimentally
determined ¢& value (¢ = 20 um). Furthermore, we may conclude from Equation (5.2)
that with the same Phthalcon concentration ¢, the value of ¢ is only related to dy. This
is in agreement with our fractal structure analyses on Jeffamine D230 cross-linked
coatings cured at different temperatures (Table 5.1). This suggests that this model
approach may be applicable to our coating systems. However, the calculation is very
sensitive, at least for small changes in particle aggregate size, a value which is

determined with great uncertainty.
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Figure 5.4. log o, — log(p — ¢.) relation of Phthalcon/Jeffamine D230/Epikote 828 coatings

cross-linked at different temperatures.

To further evaluate Phthalcon particle network structure in coatings cured between
60-100 °C, the log o, values in Figure 5.1 were plotted as a function of log(p — @)

based on equation:

oy = C((p - (pc)t (53)

where c is a constant and ¢ is the critical exponent. The results are shown in Figure

5.4. We found that in these cross-linked epoxy composites, despite the differences in
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curing temperature, ¢ is always between 2.1 and 2.2. These ¢ values are in good
agreement with the theoretical value of 2.0 predicted for 3D random percolating
system, of which the conductivity of all current-carrying bonds in the fractal particle

network is equal.

In a recent publication an upper-limit model was described.?! This model is based on
extensive AC and DC conductivity measurements on Phthalcon 11 powder and
Phthalcon 11/epoxy coating cross-linked with Jeffamine D230 at 100 °C, in
combination with fractal particle network structure analyses and conductive AFM
measurements. This model uses the stacked fractal approach and is called upper-limit
model because it is assumed that it could predict the maximum o, at each Phthalcon
concentration. One important assumption in this model is that the Phthalcon particles
in the network really touch each other and that there is no matrix present between
these particles. It has been shown that using this model the o, of 107 S/cm obtained at
a Phthalcon concentration of 12 vol. % could be explained.21 However, at a Phthalcon
concentration ¢ below 12 vol. % the model calculations predict a (much) higher o,
value than we observed in Figure 5.1 (Figure 2.6). This may be explained by the
presence of polymer matrix material between particles which limits the charge
transport in the network and consequently lowers a,. That polymer matrix material is
present between Phthalcon in the particle network is also suggested when we compare
the log o, — ¢ relation of UV cured Phthalcon/acrylate coatings with
Phthalcon/Jeffamine D230/Epikote 828 coatings cured at 100 °C (Figure 5.5). At low
¢ the differences in g, between UV cured and Jeffamine D230 cured coatings are too
large to only attribute them to the differences in loops, dangling chains and isolated
aggregates.” That a small variation in the amount of polymer matrix present between
conducting particles can have a large influence on log o, — ¢ relation has been
reported recently in acrylate composites containing ATO nanoparticles."
Furthermore, in this upper-limit model a large number of assumptions is made (see
chapter 2). Apart from those discussed above, some other assumptions may not be
applicable to our cross-linked Jeffamine/Epikote 828 materials. This might also
explain the differences observed in o, between model calculations and our

experimental results.
No oy could be measured on coatings cured below 60 °C using four-point measuring

unit. However, homogeneously distributed Phthalcon particle network can still be

observed in coating cured at 50 °C, although the dr and ¢ values are quite different and
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the Phthalcon particle network seems to be much coarser (Figure 5.6 & Table 5.1).

These observed differences will be discussed in more detail later.
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Figure 5.5. log o, — ¢ relation of UV cured acrylate coatings, Jeffamine D230 and IPD cured
epoxy coatings. Jeffamine cross-linked epoxy coatings were cured at 100 °C; IPD cross-

linked epoxy coatings were cured at 50 °C and the curve has been corrected for the presence

of an insulating bottom layer (see later discussion).

Figure 5.6. (a) OM image of Phthalcon particle network in Jeffamine D230/Epikote 828
coating cured at 50 °C. (b) cross-section of coating 6(a). Phthalcon concentration was 3 vol. %
based on the total volume of the final coating components. Phthalcon particles were evenly

distributed through the layer and a continuous particle network was obtained.

» Viscosity Changes During Cure

In the starting coating formulations Phthalcon particles are present as primary
particles and/or very small particle aggregates.'* During cross-linking these primary
particles/aggregates form a fractal particle network by Brownian movement.'*****
Meanwhile, the prepolymer composition changes from a low molecular weight liquid
to a highly cross-linked polymer network. As a result, the mobility of Phthalcon

particles/aggregates decreases as the cross-linking reaction proceeds. This indicates
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that the rate of cross-linking may strongly influence the formation of Phthalcon
particle network through the matrix. To understand these influences rheological
measurements were performed to study viscosity changes during cross-linking at

different curing temperatures.

It is well-known that the addition of a small amount of well-dispersed nanoparticles to
a thermoset starting formulation may considerably enhance the viscosity of the system
before and during cross-linking. To determine the influence of Phthalcon particles on
the viscosity changes over time, Jeffamine D230/Epikote 828 starting formulations
were measured in the absence and presence of 3 vol. % Phthalcon. The viscosity
changes during cure with/without the presence of m-cresol, which was used as a
dispersing medium, were also measured. The results are shown in Figure 5.7. These
results show that the presence of Phthalcon particles hardly influences the viscosity
before and during cure. The presence of m-cresol in the starting formulation enhances
the viscosity increases over time considerably. This is due to the catalytic effect of m-

. J . . . . 44
cresol which facilitates the curing reaction between epoxy and amine cross-linker.
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Figure 5.7. Viscosity changes during cure of Jeffamine D230/Epikote 828 with/without 3 vol.

% Phthalcon particles and m-cresol. The curing temperature was 100 °C.

The observed changes in viscosity during cure of Phthalcon/Jeffamine D230/Epikote
828/m-cresol starting formulation at different curing temperatures are shown in Figure
5.8. Taking the moment when the tangent of the loss angle (tan J) reaches 1 as the gel
point, the gel points of these coatings are summarized in Table 5.2. As expected a
slower change in viscosity together with retardation in gel point was observed as the
curing temperature decreases because of the decrease in cross-linking rate. Moreover,

at the initial stage of cross-linking a lowering in viscosity was always observed
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(Figure 5.7 & 5.8). This decrease in viscosity becomes larger at higher curing
temperature (Figure 5.8). This lowering in viscosity is caused by the external heating
and the exotherm nature of cross-linking reaction, whereas the contribution of cross-
linking at this initial stage is too small to compensate. This is a well-known behavior
for an epoxy starting formulation cured under non-isothermal conditions.** We may
expect that the viscosity changes over time not only influence the Phthalcon particle
network formation, but also stimulate sedimentation during cross-linking, resulting in
an insulating layer at the top of the coating.'* Moreover, the initially formed particle
network may rearrange to form a more thermodynamically stable structure® or, when
the gel time becomes too short, no continuous Phthalcon particle network can be
formed through the matrix.** In Chapter 4 the effect of primary Phthalcon particle size
on particle network formation in Jeffamine D230 cross-linked epoxy coatings cured at
100 °C was discussed.” These results strongly indicate that conductive Phthalcon
particle network formation occurs at the early stage of cure, well before the gel time is
reached, and that no insulating layers are formed even when the particles are large in

size.

The results reported here, such as dr values of 1.75 and the absence of insulating top
layers suggest that ample time is available for the formation of particle network
during cure, and that the viscosity changes over time are sufficiently quick to prevent
sedimentation or restructuring of Phthalcon particle network when Phthalcon/Epikote
828/Jeffamine D230/m-cresol starting formulations were cured between 60 and 100
°C.
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Figure 5.8. Changes in viscosity during curing of Phthalcon/m-cresol/Epikote 828/Jeffamine
D230. The curing temperature was varied and the concentration of Phthalcon remained 3 vol.

% in the starting formulations.
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Table 5.2. Gel points of coating components cured at different temperatures.*

Cross-linker Curing Temperature (°C) Gel Point (s)
Jeffamine D230 60 797
Jeffamine D230 80 288
Jeffamine D230 100 153
Jeffamine D400 100 325

Jeffamine D2000 100 610

" All starting formulations contained 3 vol. % Phthalcon.

«,
23
>,

” N

Scheme 5.4. Theoretical simulation on specific gel aggregates. (a) non-relaxed aggregates (dr
=1.42, 2D system); (b) aggregates after relaxation (dr= 1.32, 2D system). A much denser

aggregate is obtained as a result of relaxation.*

However, this is no longer the case when the same starting formulations were cured at
50 °C. The final particle network becomes coarser and the dr value becomes lower,
but the particle network is still fractal. Theoretical model simulations suggest that this
phenomena can be explained by the relaxation of particle network initially formed by
DLCA (Scheme 5.4).* This relaxation may also increase the amount of polymer
matrix present between particles in the network and/or change the number of loops,
dangling chains or isolated aggregates. This may lower the o, value of the composites
to such a level that it could not be measured with four-point measurements (o, < 10"
S/cm).
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Table 5.3. Surface energies of various coating components.

Surface Energy (mN/m)
20°C 100 °C*
Phthalcon 11/12 > 50 > 50
m-cresol 38.2 29.0
Jeffamine D230 33.1 23.0
DDM 58.0 46.1
IPD 32.0 22.0
Jeffamine D230/Epikote 828 (1/3, w/w) 40.5 314
DDM/Epikote 828 (1/6, w/w) 54.3 40.2
IPD/Epikote 828 (1/6, w/w) 40.1 30.0

» Particle-Particle and Particle-Matrix Interactions

Besides viscosity, the surface energy of the starting formulation is also subject to
marked change during cross-linking. The consequences are that both the particle-
matrix and particle-particle interactions change. Neglecting hydrogen bonding, these
interactions can be estimated by the differences in surface energies between particles

and matrix as stated below:'*

AT = 21 x 1072y, 2 =y, (5.4)
where 4,7 is the effective Hamaker constant, and 7p and yy, are the surface energies of

the particle and the matrix, respectively. When the surface energies of the particle and
the matrix are similar, the 4, tends towards to zero and the tendency of particles to
form a network is reduced to zero. This favours the stabilization of initially well-
separated particles in the medium and a particle network formed at a concentration of
about 16 vol. % is expected. Likewise, the presence of a large 447 leads to a large
excess in interfacial energy and particles tend to form particle aggregates/networks at
a low filler concentration. That an initial high A45% value of semi-conductive polymer
nanocomposites can lead to a very low ¢. when the particles are initially well-
dispersed has been reported.®'*'® The experimentally determined surface energies of
the coating components used here are listed in Table 5.3. During cure the surface
energies of the coating components are reduced due to the increase in temperature.

But at the early stage of cure the surface energy difference between Phthalcon
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particles and coating components is still expected to be large. The large Ay
facilitates the formation of fractal Phthalcon particle aggregates/networks at a very

low ¢.

B. Using Jeffamine D400 and Jeffamine D2000 as Cross-linker

The rate of cross-linking at 100 °C can be slowed down by enlarging the distance
between the two NH, groups in Jeffamine cross-linker (i.e. using Jeffamine with a
higher M,) (Figure 5.9).”2 However, the influence of this change on surface energy of
the cross-linker and the initial 4,% is minimal. After cure fractal Phthalcon particle
networks were always observed in cross-linked Phthalcon/epoxy coatings (Figure
5.10) and the oy, could be measured over a broad range of ¢ (Figure 5.11). OM images
show that the Phthalcon particle network structure is coarser than for the one observed
in Jeffamine D230 cross-linked coatings, the dr value becomes lower and the rate of
cure slows down when the M, of Jeffamine increases (Table 5.4). These results
strongly indicate a relaxation of Phthalcon particle network during cross-linking. The
rheology data show that there is more time for particle network to reconstruct because
the rate of cross-linking slows down at a higher M,. A comparison made on viscosity
changes over time between a starting formulation containing Jeffamine D230 cured at
60 °C and a starting formulation containing Jeffamine D2000 cured at 100 °C shows
that in both coating components the viscosity changes over time are similar. However,
only Phthalcon particle network cross-linked with Jeffamine D2000 shows relaxation.
This is probably caused by the higher mobility of Phthalcon particles, the slightly
higher initial decrease in viscosity at the early stage of cross-linking and the slower
increase in viscosity over time after the minimum viscosity has been reached for the
Jeffamine D2000 containing formulation cured at 100 °C. The lower extend of

relaxation found in coatings cured with Jeffamine D400 confirms this.

Table 5.4. Phthalcon particle network structures in epoxy coatings using Jeffamine

with different M, as cross-linker.”

M, of Jeffamine Cross-linker ds & (um)
230 1.75 25
400 1.61 30
2000 1.55 35

" Phthalcon concentration was 3 vol. % based on the initial volume of Phthalcon with respect
to the final coating components. All coatings were cured at 100 °C.
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Figure 5.9. Changes in viscosity during cure of Phthalcon/m-cresol/Epikote 828/Jeffamine

starting formulations. The Jeffamine cross-linker was varied. The curing temperature was 100

°C and the concentration of Phthalcon was 3 vol. % in the starting formulations.

Figure 5.10. OM images of Phthalcon particle networks in epoxy composites cross-linked
with Jeffamines. (a) with Jeffamine D230; (b) with Jeffamine D400; (c¢) with Jeffamine
D2000. All coatings contained 3 vol. % Phthalcon in the starting formulations and were cured

at 100 °C.
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Figure 5.11. log o, — ¢ relation of Jeffamine cross-linked coatings cured at 100 °C.
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C. Summary

Besides the use of Phthalcon/m-cresol dispersions, a low ¢, can also be obtained by
directly dispersing Phthalcon particles in the curing agent or acrylate monomer.'**
When a Phthalcon/Jeffamine D230 dispersion is cured at 100 °C after addition of
Epikote 828, a fractal Phthalcon particle network is also formed. However, the curing
rate is so slow in the absence of m-cresol (which is also a catalyst for cross-linking)
that sedimentation of the particle (network) occurs and an insulating top layer is
always obtained.'* When Phthalcon particles are dispersed in an acrylate monomer
and the matrix is UV cured, a fractal Phthalcon particle network is also observed.
Fractal structure analysis shows that this UV cured particle network is likely to be
formed before cure from the DLCA formed large fractal aggregates in the starting
Phthalcon/acrylate monomer dispersion.” No insulating top layer is formed due to the

rapid UV cure.

It has also been shown before that when a starting Phthalcon/Epikote 828 dispersion
is made under low shear conditions, the Phthalcon particles are agglomerated into
micrometer-sized structure. This dispersion never leads to cross-linked semi-
conductive Phthalcon/epoxy composite and a fractal Phthalcon particle network
structure is never observed after cure.'* Hence, only when a suitable starting
Phthalcon dispersion is used, a low ¢, material can be obtained. Furthermore, it has
been discussed earlier that to obtain semi-conductive thermoset polymer
nanocomposites with a low ¢, it is important to start with a formulation which has a
large Ay

The importance of both factors in obtaining semi-conductive polymer nanocomposites
with a very low ¢, is also reported in other systems. New, however, is that to our
knowledge only in Phthalcon/epoxy systems several different fractal structures are
formed during cure which strongly influence the log oy - ¢ relation. Furthermore, only
within a very small processing window an optimum fractal network structure and log
oy - ¢ relation can be realized in thermoset matrices containing semi-conductive
nanoparticles, and that small changes in starting compositions and/or processing
conditions can have such large influences on fractal particle network structures,
distributions and log oy - ¢ relations. The results discussed above are summarized in
Scheme 5.5 for Phthalcon/thermoset polymer composites. Nevertheless, we think that
very similar effects will be observed in other nanofiller/thermoset composites made

from their corresponding starting formulations. Scheme 5.5 indicates that an
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insulating bottom layer can be formed as well. This will be discussed in more detail

below together with the use of other curing agents.

Conductive Fractal Particle Network
/, Formed by DLCA
High Shear
Fractal Particle Aggregates
—_—
Phthalcon Powder Thermal Curing Relaxation
Agglomerates Conductive Fractal Particle Network
Formed by DLCA
‘With An Insulating Top Layer
~ 3 & 8 o
® @@ ] @
Low Shear &
Particle Agglomerates Thermal Curing
Non-Conductive Particle Agglomerates
Conductive Fractal Particle Network  Relaxation
With An Insulating Top Layer
)
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Phthalcon Powder Well-dispersed
Agglomerates Primary Particles/Aggregates —
In Dispersing Medium

Conductive Factal Particle Network Relaxation
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Gel Time Too Short To Form
Continuous Paticle Network

Scheme 5.5. Routes to make cross-linked semi-conductive Phthalcon/thermoset composites.
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5.3.2. Influence of Other Cross-linkers on log oy — ¢ Relation, Particle Network
Structure and Network Formation in Cross-linked Epoxy Coatings

A. Using IPD as Cross-linker

» Phthalcon Particle Network Structures and Distributions

Besides Jeffamine cross-linkers, a number of m-cresol/Epikote 828 formulations
containing different Phthalcon concentrations were cross-linked with IPD at several
temperatures. Phthalcon particle network structures in these coatings were observed
under the OM and analyzed using the method of tiling (Figure 5.12 & Table 5.5).
Cross-sections of these coatings were prepared as well to evaluate the particle
network distributions along the layer thickness. The OM images of several cross-
sections are shown in Figure 5.13. Below the blue Phthalcon particle network layer a
colorless bottom layer was found for all coatings. The origin of this layer is not clear
yet. However, a somewhat different evaporation rate of m-cresol with respect to
coatings cured with Jeffamine cross-linkers could be one of the reasons for the

formation of this insulating bottom layer.

Figure 5.12. OM images of Phthalcon particle networks in Epikote 828/IPD coatings cross-
linked at different temperatures. All coatings contained 3 vol. % Phthalcon in the starting
formulations (the actual Phthalcon concentrations are shown in Table 5.6). (a) cured at 40 °C;

(b) cured at 50 °C; (c) cured at 60 °C; (d) cured at 80 °C; (¢) cured at 100 °C.
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Table 5.5. Phthalcon particle network structures in epoxy coatings using IPD as

. . *
cross-linker cured at various temperature.

Curing Temperature (°C) ds & (um)
40 1.73 25
50 1.72 25
60 1.60 30
80 1.52 40
100 1.65 30

" Phthalcon concentration was 3 vol. % based on the initial concentration of Phthalcon with
respect to the final coating components.

Figure 5.13. OM images of cross-sections of IPD cross-linked epoxy coatings cured at

various temperatures. All coatings contained 3 vol. % Phthalcon (the actual concentrations are

shown in Table 5.6). (a) cured at 50 °C; (b) cured at 80 °C; (c) cured at 100 °C.

Table 5.6. Phthalcon particle layer thicknesses in cross-linked Epikote 828/IPD

coatings cured at different temperatures.”

Coma TEC)Ton T ) Seo SR
40 40.1 22.3 5.4
50 33.0 16.2 6.1
60 42.6 21.2 5.7
80 42.5 23.9 5.4
100 344 16.8 6.1

" All calculations were based on 3 vol. % Phthalcon in the starting formulations.
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Figure 5.14. Changes in viscosity during cure of Phthalcon/Epikote 828/IPD coatings. The
curing temperature was varied and the initial Phthalcon concentration in the starting

formulation was 3 vol. %.
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Figure 5.15. Viscosity changes during cure of epoxy coatings made from Jeffamine D230,

IPD or DDM cross-linker. (a) coatings cured at 50 °C; (b) coatings cured at 80 °C.

» Viscosity Changes During Cure

Results from fractal structure analyses and OM images show that different fractal
particle networks are present in IPD cured composites. The dr values found for the
coatings cured at 40 or 50 °C show that these networks are likely to be formed by
DLCA, whereas the dr values and OM images suggest that others particle networks
are initially formed by DLCA, but relaxed during cure. This relaxation of nanoparticle
networks was studied in more detail with rheological measurements (Figure 5.14). As
has been shown before, the Phthalcon particle networks are likely to be formed far
before the gel point is reached. Apparently, at 40 and 50 °C the initial viscosity
decrease is too slow and at 100 °C the viscosity increase is too quick to get severe
relaxation of DLCA formed particle network. At a curing temperature of 60 or 80 °C

the viscosity changes over time during cure is such that the relaxation of particle
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network may occur. However, when we compare the rheological measurements on the
starting formulations containing Jeffamine D230 or IPD this conclusion cannot hold
(Figure 5.15). Figure 5.15 shows that at the same curing temperature the viscosity
changes during cross-linking are only slightly different when different curing agents
are used. Therefore, the observed differences in Figure 5.15 seem too small to explain
the differences in relaxation behavior in the particle networks obtained with different
curing agents. Furthermore, the surface energies of Jeffamine D230 and IPD are very
similar (Table 5.3); hence a similar initial 4% is expected. Moreover, a very similar
Phthalcon particle dispersion was used. These observations suggest that probably the
rate of particle network formation is very similar for the starting formulations
containing either cross-linkers at a certain curing temperature. Therefore, the
occurrence of relaxation of Phthalcon particle networks at specific curing
temperatures for these two different cross-linkers cannot be explained by the viscosity

changes and the 4 Hef] ‘value. This will be discussed in more detail later.

» log oy — ¢ Relation

The relation between o, of IPD cured epoxy coatings and Phthalcon concentration ¢ is
shown in Figure 5.16. These data have been corrected for the existence of an
insulating bottom layer. These curves show that coatings cured at 50 °C have the
highest conductivity; coatings cured at 100 °C have the lowest conductivity; while
coatings cured at 40, 60 and 80 °C have a very similar log o, — ¢ relation and it lies
between coatings cured at 50 and 100 °C. The log oy — ¢ relation also suggests that for
coatings cured at 50 °C the ¢. and oy, values are close to the one observed in
Jeffamine D230 cross-linked coatings cured at 100 °C (Figure 5.5). In both cases a
similar dr value was observed. However, the om, value is only reached at a much
higher Phthalcon concentration when the material was cured with IPD. The much
lower o, values observed at the same ¢ in coatings cross-linked with IPD at 50 °C are
likely to be explained by the presence of more polymer matrix between Phthalcon

particles in the network.

When Phthalcon particle network relaxes at 60, 80 or 100 °C, the oy values are lower
(Figure 5.16). This may be explained by the increase in the amount of polymer matrix
between particles in the network during relaxation. The large difference in log o, — ¢
relation observed for materials cured at 60, 80 or 100 °C suggest that this decrease in
Oomax Must be also partially attributed to the changes in loops, dangling chains and/or

isolated aggregates in the particle network. When we compare the log g, - ¢ relation
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and the particle network structures in IPD cured coatings (Figure 5.12 & 5.16) with
coatings cured with Jeffamine cross-linkers at 100 °C (Figure 5.10 & 5.11), a similar

trend was observed, i.e. a decrease in gy at a certain ¢ when particle network relaxes.
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Figure 5.16. log o, - ¢ relation of epoxy coatings using IPD as cross-linker cured at various

temperatures. All curves have been corrected for the existence of an insulating bottom layer.

Data in Figure 5.16 were also analyzed using Equation (5.2) to characterize the
detailed Phthalcon particle network structures in IPD cured coatings. Surprisingly, the
t value (p. = 1 vol. %, ¢ = 3) obtained for coatings cured at 50 °C is rather different
from the one obtained for Jeffamine D230 coatings cured at different temperatures (¢
= 2.1-2.2) (Figure 5.4). Although it is difficult to determine the exact ¢ values for
coatings cured with IPD at other temperatures due to the difficulty in determining ¢,
the data in Figure 5.16 suggest ¢ values > 3 for all these coatings. Such high 7 values

suggest that the charge transport in IPD cured coatings is non-universal.”’

Non-universal transport behavior (¢ # 2) has been reported before, and has been
interpreted as a fundamental difference between continuum percolation and lattice

. 3547
percolation.™

Non-universal behavior has been theoretically demonstrated for an
anomalous diverging distribution of resistances between conductive elements,*® for a
tunneling-percolation model of conduction between conductive elements in the

S 49,50
composites,

and for a “Swiss-cheese model”, where spherical voids are introduced
in a continuous conductor.’’ Recently, Balberg, et al. showed, by combining
experimental electrical measurements and corresponding theoretical analysis, the
existence of a tunneling-percolation scenario.”® The values expected for the critical
exponent ¢, in tunneling-percolation systems in the continuum, are between 2 and the

order of 10 for typical ratios of the tunneling decay constant and the size of the
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conducting particles.”> Whether the conduction mechanism in our IPD cross-linked
coatings is also tunneling-percolation is still an open question. Nevertheless, this non-
universal transport in IPD cured epoxy coatings is related to a particle network
structure differents from the one formed by random percolation (¢# = 2). Both
Jeffamine and IPD cured coatings are likely to be formed by DLCA, however, even
for IPD cured coatings in which the networks do not relax (cured at 40 and 50 °C) the
higher ¢ values suggest that these networks are non-universal. Because the ultimate
particle network structures found in IPD cured coatings are different from the ones
observed in Jeffamine D230 cured coatings, it may be expected that the relaxation of
Phthalcon particle networks occurs at somewhat different curing temperatures,
although the initial Phthalcon dispersions, 4,% and the viscosity changes during cure
are very similar. The fact that an insulating bottom layer was found in IPD cured
coatings also suggests that the movements of particles in the network during cure are

different from those in Jeffamine D230 cross-linked coatings.

B. Using DDM as Cross-linker

Besides Jeffamine and IPD cross-linkers, epoxy composites containing different
Phthalcon concentrations and cross-linked with DDM were also prepared at different
curing temperatures. The aim of using DDM was to study the effect of a lower initial
Ax? on Phthalcon particle network formation and log oy - ¢ relation of cured coatings
(Table 5.3).

1.2x107
1.0x10" 4
-8

= 8.0x107 1

6.0x10°

o, (S/cm

v

4.0x10° 4

2.0x10°

4 5 60 70 80 9 100
Temperature (°C)
Figure 5.17. Conductivity of epoxy coatings cross-linked with DDM. The initial Phthalcon
concentration was 12 vol. % based on the total volume of the coating components, all o,

shown here have been corrected for the existence of an insulating bottom layer.
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DDM is a solid material at room temperature, therefore the starting formulations were
made by dissolving DDM first into a small amount of m-cresol, and the rest of the
processing conditions were kept same. For these DDM cross-linked coatings the oy
values, the Phthalcon particle network structures and distributions as well as the

viscosity changes over time were studied (Figure 5.17, 5.18 & 5.19).

Figure 5.18. OM images of Phthalcon particle networks in Epikote 828/DDM coatings cross-
linked at different temperatures. All coatings contained 3 vol. % Phthalcon in the starting
formulations. (a) cured at 40 °C; (b) cured at 50 °C; (¢) cured at 60 °C; (d) cured at 80 °C; (¢)
cured at 100 °C.
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Figure 5.19. Changes in viscosity during cure of Epikote 828/DDM coatings. The curing
temperature was varied and the initial Phthalcon concentration in the starting formulation was

3 vol. %.

104



Influence of Cross-linker and Processing Conditions H

The fractal dimensions and the OM images of these coatings cured at different
temperatures show that some of the Phthalcon particle networks relax (Table 5.7 &
Figure 5.18). Probably here initially DLCA formed networks relax as well when the
increase in viscosity is sufficiently slow. The cross-sections of cured coatings show
that there is always an insulating bottom layer present, and that the thickness of the
bottom layer strongly depends on the curing temperature (Table 5.8). Unfortunately,
this creates an uncertainty in quantitatively determining the o, values, and makes it
impossible to obtain quantitative data on the log o, — ¢ relation for coatings cross-
linked at different temperatures. Reliable data were only obtained for coatings which
contained 12 vol. % Phthalcon in the initial starting formulations (Figure 5.17). The o,
of 107 S/cm for a non-relaxed Phthalcon particle network formed by DLCA at 40 and
50 °C and o, of 2 x 10 S/cm for a relaxed Phthalcon particle network at 60 °C are in
agreement with the values found for coatings cured with IPD or Jeffamines. For
coatings cured at 80 and 100 °C, no relaxation of the particle network was found. Still
the omax is only 10® S/cm. This may be explained by either more matrix between
particles in the network or by a different network structure (different ¢ values, loops or
dangling chains) (Figure 5.2, 5.10, 5.12 & 5.18). These results suggest that at a o,
value of 107 S/cm no matrix material is present between particles in the backbone of
the network, whereas in a relaxed network matrix material is present between
particles. To make these coatings the amount of m-cresol used is larger in the starting
formulations for coatings cured with DDM, but rheological measurements indicate
that the influence of m-cresol on viscosity changes over time seems to be minimal
(Figure 5.20).
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Figure 5.20. Viscosity changes during cure of epoxy coatings. All coatings contained 3 vol.

% Phthalcon in the starting formulations and the amount of m-cresol was varied.
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Table 5.7. Phthalcon particle network structures in epoxy coatings using DDM as

. . *
cross-linker cured at various temperatures.

Curing Temperature (°C) dr & (um)
40 1.69 25
50 1.74 25
60 1.55 35
80 1.72 25
100 1.75 25

" Phthalcon concentration was 3 vol. % based on the initial concentration of Phthalcon with
respect to the final coating components.

Table 5.8. Phthalcon particle layer thicknesses in cross-linked Epikote 828/DDM

coatings cured at different temperatures.*

Cuing TCO)_Total Ticknss ) "0 0 C0 opomtion .20
40 48.9 24.0 6.1
50 51.3 235 6.5
60 40.6 17.2 7.1
80 34.9 12.7 8.2
100 53.6 16.7 9.6

" All calculations were based on 3 vol. % Phthalcon in the starting formulations.

5.4. Conclusions

By adding a small amount of semi-conductive Phthalcon nanoparticles to epoxy
starting formulations, the DC volume conductivity o, of the thermally cured
composites can be raised considerably due to the formation of fractal Phthalcon
particle networks through the matrix. These networks are sometimes formed at a
Phthalcon concentration ¢ just above 0.6 vol. % and the maximum volume
conductivity om.x can be as high as 107 S/cm. However, we found that the log g, — ¢
relation and the fractal Phthalcon particle network structures and distributions after
cross-linking are strongly dependent on the chosen cross-linker and processing
conditions. Only within a very small processing window, which is different for each

chosen cross-linker, an optimum log o, — ¢ relation can be obtained.
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Not only the distribution of Phthalcon particle network can be different over the
coating thickness (insulating top or bottom layer), but also the fractality of the particle
network as well as the amount of polymer matrix between particles can vary
considerably, strongly depending on the chosen cross-linker and processing

conditions.

In our coatings we found that often the differences observed in log o, — ¢ relations
and Phthalcon network structures could not be explained by the differences in 4%
and the starting Phthalcon dispersions alone, which are generally assumed to be the
most important factors. We have shown that the ultimate Phthalcon particle network
structure is also strongly dependent on the initial viscosity, viscosity changes over
time, the critical exponent ¢ value as well as the evaporation rate of the solvent, if
present, during cure. This means that even when the 45% and starting Phthalcon
dispersion are very similar, the chosen curing agent and curing temperature have
major influences on the log o, - ¢ relation. These factors also determine at which

temperature the initially formed fractal Phthalcon particle network relaxes.

The results presented here suggest that for other thermoset polymer composites
containing a small amount of (semi)conductive nanoparticles similar strong influences
of small changes in cross-linker and processing conditions on the fractal particle
network structures, network distributions and ultimate log o, — ¢ relations are

expected.
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CONDUCTIVITY OF CROSS-LINKED
LOW SURFACE ENERGY
EPOXY NANOCOMPOSITES?®

SYNOPSIS

A new and straightforward method has been described to prepare cross-linked low
surface energy semi-conductive epoxy coatings. The low surface energy is obtained
by adding a small amount of partially fluorinated bifunctional primary amine
Jeffamine D230 cross-linker, and the conductivity is achieved by adding a small
amount of semi-conductive nanometer-sized phthalocyanine Co(lll) compound
Phthalcon 11/12. The use of partially fluorinated cross-linker strongly influences the
conductivity, the conductive particle network structure and distribution in the
coatings. Compare to coatings that are free of fluorine, variations in fractal
dimension, percolation threshold, Phthalcon-containing layer thickness and
conductivity level are observed as the amount of fluorinated species varies. These
differences can be explained by (local) differences in effective Hamaker constant,
viscosity, curing rate, evaporation of the solvent and presence/absence of polymer
matrix between particles in the network. Our results suggest that other cross-linked
semi-conductive low surface energy epoxy coatings can be realized in a similar
manner, but careful optimization of processing conditions is required to obtain the

desired conductivity level at low filler concentration.

The content of this chapter has been submitted to J. Polym. Sci. B.: Yuan, M.; Brokken-Zijp,
J. C. M.; de With, G. “Conductivity of Cross-linked Low Surface Energy Epoxy Coatings.”
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6.1. Introduction

In the past several approaches have been explored for the modification of polymer
surfaces, including chemical reactions, surface grafting, blending and absorption of
block-copolymers.! In particular, fluorinated surfaces have gained considerable
interest because of the advantageous surface properties induced by fluorine atoms,
such as excellent hydrophobicity and oleophobicity (due primarily to the low surface
energy). Therefore, low surface energy coatings are considered to be easily cleanable.
Another attractive property of these coatings is a low coefficient of friction.”
However, often other properties are required for the same coating. One of the
requirements is a higher level of volume conductivity. If coatings could be made
permanently antistatic, it would further enhance the cleanability and reduce the
friction by lowering the charge built up caused by, for instance, rubbing the surface.
To see whether a sufficiently high conductivity and a sufficiently low surface energy

can be realized in the same coating is the subject of this chapter.

The characteristic of fluorinated molecules in a polymer material is that they can
migrate towards the air/coating interface to minimize the interfacial energy.*"' Due to
surface segregation, self-stratification strategies have been used to create coatings in
which desired surface and bulk properties are well balanced and only a very small
quantity of fluorinated species is needed to provide a surface with low surface energy,

while keeping the bulk properties virtually unchanged.'*"

It is well-known that the conductivity of a coating can be raised by the presence of a
(semi)conductive nanoparticle network through the polymer matrix, even when the
concentration of conductive particles is well below 1 vol. %. The conductivity of
these coatings has been extensively studied before.'®** In these composites, particle
networks are formed by Brownian movement of the particles during processing. The
amount of particles needed appears to be dependent on the particle-particle and
particle-matrix interactions. The (local) presence of fluorinated species may reduce
the surface energy of the matrix tremendously and therefore change (locally) the
above mentioned interactions. Moreover, because the surface energy of the
nanoparticles is generally much larger than that of the coating components, the
presence of nanoparticles may also influence the distribution of fluorinated species in
the coating. Therefore, we expect that the surface energy, the conductivity and the

morphology of particle network are different from those of fluorine-free coatings.
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It has been shown that when partially fluorinated bifunctional primary amine
Jeffamine D230 was used as cross-linker, epoxy coatings with low surface energy can
be made.”® It has been also reported that the addition of a small amount of semi-
conductive phthalocyanine Co(III) compound Phthalcon 11/12 can increase the
conductivity of epoxy coatings cross-linked with non-fluorinated Jeffamine
D230.2%2!%*% In this chapter, we describe the preparation of cross-linked low surface
energy semi-conductive epoxy coatings. The low surface energy is obtained by using
partially fluorinated Jeffamine D230 cross-linker and the conductivity is achieved by
adding a small amount of semi-conductive nanometer-sized Phthalcon 11/12 particles.
We will show that the influence of Phthalcon 11/12 on the surface energy of these
coatings is minimal, while the conductivity behaviour of these coatings is completely
different from that of fluorine-free coatings. In this chapter, special attention is given
to the influence of the amount of fluorine containing species in the starting coating
formulation on the surface energy, the coating conductivity, and the morphology of
Phthalcon particle network in these cross-linked epoxy coatings. The impact of our

findings on other nanofiller/polymer matrix composites is also addressed.

6.2. Experimental

6.2.1. Materials
Phthalcon 11/12 (Scheme 6.1) was synthesized in high purity and yield using a two-
step reaction as described before.**

here is about 250 nm in length and width and about 50 nm in thickness. The

The primary Phthalcon 11/12 particle size used

Phthalcon powder was carefully dried at 80 °C for 48 h under vacuum (~ 0.01 mbar)
and ground into fine powder in a mortar before use. Epoxy prepolymer (Epikote 828)
was purchased from Resolution Nederland BV. The amine cross-linker Jeffamine
D230 was purchased from Huntsman BV, Belgium. The reagent
(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-heptadecafluorononyl) oxirane (96 %, EP-F8) was
purchased from Aldrich. m-cresol (spectrophotometric grade) was purchased from
Merck. The chemical formula of EP-F8, Jeffamine D230 and Epikote 828 are given in

Scheme 6.2. All chemicals purchased were used as received.
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Scheme 6.1. Molecular and crystal structure of Phthalcon 11/12 (1a, 1b), Phthalcon 11/12

contains both NH; and H,O as ligands in the cystal.”®

F2 \/cF2
F:;,C"'/CFZ

Epikote 828 (m= 0.1)

CH;, CH;,

| |
H,N—C——C —+—0——C——C —NH,
H H n

Jeffamine D230 (n = 2.6)

Scheme 6.2. Chemical structures of EP-F8, Epikote 828 and Jeffamine D230.

6.2.2. Sample Preparation

First, several partially fluorinated Jeffamine D230 samples (Jeffamine D230-F) were
prepared using the same method as described earlier (Scheme 6.3), e.g.: 17.0 g
Jeffamine D230 (a known excess) reacted at 100 °C with 1.5 g EP-F8 under N, flow
for 2 h. In this step the fluorinated epoxide was chemically bonded to Jeffamine D230
as confirmed by 'H-NMR.?’ Without changing the processing conditions, the initial
ratio between EP-F8 and Jeffamine D230 was varied to adjust the fluorine content in
Jeffamine D230-F (Table 6.1). Subsequently, after cooling down to room temperature,
a specific amount of Jeffamine D230-F and Epikote 828 was added to a Phthalcon/m-
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cresol dispersion. This mixture was then magnetically stirred for 5 min and
ultrasonically degassed for 5 min. Finally, it was cast on a polycarbonate substrate
with a 120 um wet coating thickness using a doctor blade applicator and cured
immediately for 4 h at 100 °C under vacuum (~ 0.01 mbar) and later post-cured at 120
°C for 8 h under vacuum (~ 0.01 mbar). Under these conditions smooth coatings with

layer thicknesses between 50 and 100 gm were obtained.

Ho H H H
,—_'02 ,C\ + H2N—CH4€CZ—O—C—CZ)—NH2
(CF5)7CF3 | n
c

OH CHs,

H; | Ho H ‘ H, H H
— FyC(FL);—C —C—C —N—C—C —o—(|:—c NH, (1)
n
CH,
OH CHs
Hz H; H /Ha | Hz H
—» F;C(F,C);—C —E—C —N C —E—O—C —C NH, (2)

| n

CHj;

Scheme 6.3. Reaction routes used to prepare Jeffamine D230-F.

Table 6.1. Ratio between EP-F8 and Jeffamine D230.

Jeffamine D230-F (mol %)” EP-F8 (g) Jeffamine D230 (g)
1.5 0.5 16.5
4.3 1.5 17.0
14.2 5.0 17.0
20.0 7.5 18.5

" Based on the initial molar number of Jeffamine D230 present in the mixture before reaction.

The NH/epoxy molar ratio used in the starting formulation for these coatings was
always kept 1/1. For comparison epoxy coatings cured with non-fluorinated Jeffamine
D230 were also prepared following the same method as described above. The initial
volume concentration of Phthalcon 11/12 particles in the final cross-linked epoxy

coatings was determined based on the total composition of the composites after cross-
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linking, taking into account the densities of Phthalcon particle and cross-linked epoxy
as 1.65 and 1.00 g/cm’, respectively. When an insulating bottom layer was present in
which Phthalcon particles were absent, the initially determined particle concentrations

were corrected due to the presence of this layer.

6.2.3. Characterization

Contact Angle (CA) CA analyses on cross-linked epoxy coatings were performed in
air at room temperature with an OCA30 apparatus from Dataphysics Instruments. The
sessile drop method was used to obtain the contact angles. Deionized water and
hexadecane (> 99 %, Merck) were used as probe liquids. For each measurement 10
mL probe liquid was applied. The droplet was monitored by a CCD camera and
analyzed by drop shape analysis software (DSA Version 1.0, Kriss). The complete
profile of the sessile droplet was fitted with an ellipse. All contact angles given are
average values measured at three different positions on each coating surface. Surface
energies of all coatings were determined using the geometric mean method of Owens-
Wendt-Rabel-Kaelble (OWRK)*® from the advancing angles with deionized water and
hexadecane.” Because the contact angles given are average values, the calculated
surface energies are average values as well. The surface energies y of the wetting

liquids used in these calculations are listed in Table 6.2.%

Table 6.2. Surface energies of the wetting liquids.*

Wetting Liquid T (°C) y (mN/m)
Deionized Water 25 71.97
Hexadecane 20 27.47

Surface Energy The surface energies of liquid samples were determined at 20 °C by
Wilhelmy plate method using a Kriss digital tensionmeter K10T. During the
measurement, the plate was moved towards the surface until it reached the meniscus.
The surface energy was calculated from the measured force. All surface energies

given are average values of three measurements on each sample.
DC Volume Conductivity The volume conductivity oy at room temperature was

measured using a standard four-point method, with a Keithley 237 high voltage

source measuring unit and a Keithley 6517A high voltage electrometer. The former
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unit supplies a constant current through the coating between the two outside
electrodes and the latter unit measures the voltage difference between the two inside
electrodes. The measurements were carried out on the surface of the coating sample
according to standard ASTM D991 and instructions of Keithley “low conductivity
level measurements”. Silver paint (silver conductive adhesive 416, electron
microscopy sciences, USA) was used to ensure good contact of the sample surface
with the measuring electrodes. Coatings used in the conductivity measurements had a
thickness between 50 and 100 um, as determined by a digital screw micrometer. In
coatings made from Jeffamine D230-F Phthalcon particle network was not present
throughout the whole coating. In these coatings the o, values and the Phthalcon
concentrations were calculated after only taking into account the layer thickness

which contained Phthalcon particles.

Optical Microscopy (OM) The morphology of the particle network in the materials
after cross-linking was observed with OM (Reichert-Jung Polyvar-Met) using the
transmission bright-field technique. These images were later converted into binary
images and analyzed using the tiling method to obtain the fractal dimensions and the
correlation lengths of the particle networks.”” The coatings used here had a thickness

of about 10 um.

Often thin cross-sectional cuts about 2-3 um thick were made from cross-linked
coating samples and analyzed with OM to assess Phthalcon particle distribution over
the thickness of the coating. These cuts were prepared by microtoming at room

temperature.

Rheological Measurements Rheological measurements were performed to follow the
viscosity changes during cure using an AR1000 rheometer with 20 mm plate-plate
geometry. The coating starting formulation was directly added to the plate, and then
the gap between plates was set to be 300 um. At the beginning of the measurement (t
= 0 s), the plates were heated from room temperature to 100 °C within 30 sec. All

measurements were done under N, flow.

6.3. Results and Discussion

6.3.1. Surface Energies of Different Coating Components

From the classical Gibbs adsorption law it follows that in multi-component systems
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the surface will be preferentially enriched with the component which has the lowest
surface energy. In order to get an indication of the concentration of low surface energy
species present at the surface, the surface energies of Jeffamine D230-F samples
together with Epikote 828, Jeffamine D230 and EP-F8 were determined using
Wilhelmy plate method. To check these measurements, the surface energies were also
calculated with the aid of Sugden’s method using the group contribution method.’’
For Epikote 828, Jeffamine D230 and EP-F8, both the experimentally determined and
calculated surface energies are listed in Table 6.3. These values are in good agreement

with each other and in line with the reported values.'®*!?

Table 6.3. Surface energies of the starting materials at 20 °C.

Epikote 828 Jeffamine D230 EP-F8
(mN/m) (mN/m) (mN/m)
Wilhelmy Plate 46.0 32.8 16.7
Parachor Estimation 46.6 35.2 15.9
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Figure 6.1. The experimentally determined surface energies of several Jeffamine D230-F

samples as a function of mol % of fluorinated Jeffamine D230 present in the mixture.

The experimentally determined surface energies of various Jeffamine D230-F species
are shown in Figure 6.1. Even when a small amount of fluorinated Jeffamine D230
was present (4.3 mol %), the surface energy decreased from 32.8 to 24.7 mN/m. This
value is comparable with the value reported before for a similar Jeffamine D230-F
mixture® and is also close to the calculated surface energy for Jeffamine D230 in
which one of the amino hydrogen atoms is completely replaced by an EP-FS tail (26.2

mN/m). This strongly indicates that the measured surface energies of all our partially

118



Conductivity of Cross-linked Low Surface Energy Epoxy Nanocomposites n

fluorinated Jeffamine D230-F samples are predominantly governed by the EP-F8-

mono-substituted species, which are present at the surface of the liquid.

The surface energies of Jeffamine D230-F samples are always considerably higher
than that of EP-F8 (Figure 6.1 & Table 6.3). This confirms that during reaction EP-F8
reacted completely with Jeffamine D230 in all Jeffamine D230-F samples.
Furthermore, chemical bonding of all EP-F8 to Jeffamine D230 was indicated by 'H-
NMR as well.”” Hence, we assume in the following discussion that this bonding is

quantitative.

The difference in surface energy between Jeffamine D230-F (20.0 mol %) and non-
modified Jeffamine D230 is about 9.5 mN/m, and the difference between Jeffamine
D230-F (20.0 mol %) and Epikote 828 is as much as 23.0 mN/m. The large difference
in surface energy between fluorinated and non-fluorinated components of the starting
coating formulation will generate a strong driving force for the fluorinated species to
migrate toward the air/coating interface as a result to minimize the surface energy of

the liquid mixture, even before cure.

6.3.2. Surface Energies of Cross-linked Epoxy Coatings

The wetting behaviour of cross-linked epoxy coatings made from cross-linking with
Jeffamine D230 or Jeffamine D230-F was investigated using contact angle
measurements. These contact angle measurements were performed using water and
hexadecane as probe liquids. The static water and hexadecane contact angles (fi.0
and Oyexadecane, respectively) obtained as a function of Jeffamine D230-F mol % on
coatings containing a fixed large amount of Phthalcon particles are shown in Figure
6.2. From these contact angle measurements the surface energies of all cross-linked
coatings were determined using the geometric mean method of OWRK (Table 6.4).%
Compared to contact angles or surface energies of cross-linked epoxy coatings
containing the same amount of Phthalcon particles, but are free of fluorine, the water
and hexadecane contact angles are significantly higher and their surface energies are
considerably lower (Figure 6.2 & Table 6.4). Earlier AFM measurements on epoxy
coating made from non-fluorinated Jeffamine D230 show that the coating roughness
is small and is not related to the presence of Phthalcon particles.* Results in Table 6.4
also show that the presence of Phthalcon 11/12 hardly influences the surface energy
over a broad range of Jeffamine D230-F concentrations. Hence, we may conclude that

for coatings cross-linked with Jeffamine D230-F the fluorinated species are present at
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the air/coating interface and that the influence of Phthalcon on surface energy is

minimal.
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Figure 6.2. Static contact angles (°) of deionized water (a) and hexadecane (b) on 12 vol. %
Phthalcon/epoxy coatings as a function of mol % of fluorinated Jeffamine D230 present in the
starting formulations. These coatings have a layer thickness of 85 ym and were made using,
apart from the cross-linker, the same starting formulations, processing methods and
conditions. The concentration of Phthalcon particles given was not corrected for the presence

of an insulating bottom layer.

Table 6.4. Surface energies of epoxy coatings cross-linked with Jeffamine D230 with
/without the presence of Phthalcon.

Jeffamine D230-F (mol %) y ¥ (mN/m) y " (mN/m)
0 33.4 33.0
1.5 20.3 21.1
43 16.9 15.9
8.0 16.3 16.1
14.2 14.4 13.8
20.0 13.8 13.7

"Measured on coatings containing 12 vol. % Phthalcon. This concentration was not corrected
for the presence of an insulating bottom layer.

" Measured on coatings without Phthalcon.

“The thicknesses of coatings were about 85 um.

The plateau value of the contact angles (.0 = 105 °) is reached at 4.3 mol %

Jeffamine D230-F. This plateau value is comparable to the value of 108 ° reported
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before for a similar system, in which 3.1 mol % Jeffamine D230-F was used.”> These
authors also reported that cross-linked epoxy coatings could not be made when
Jeffamine D230-F was higher than 6.2 mol % due to the dewetting problems of the
coating formulation.”> However, this was not observed in our coatings, and coatings
containing 20.0 mol % Jeffamine D230-F could still be prepared. These differences
are probably caused by a difference in the substrate (metal vs. polycarbonate) on
which these coatings were prepared, and/or by slightly different reaction conditions

and conversions.

The values of contact angles, using hexadecane as probe liquid, slightly increase
further above 4.3 mol % Jeffamine D230-F. Nonpolar probe liquids such as
hexadecane are more sensitive to the fluorine concentration. Nevertheless, because
this further increase in contact angles is small, it is envisaged that the surface is
(almost) filled up with fluorinated species, and that in cross-linked epoxy coating
made from a fluorinated Jeffamine D230 concentration higher than 4.3 mol %, the

increasing fluorinated species occurs mainly below the surface.

6.3.3. Epoxy Network Formation

During cross-linking of Epikote 828 with Jeffamine D230-F, the system changes from
a low molecular weight liquid to a highly cross-linked polymer network. The mobility
of fluorinated species, therefore, decreases as the cross-linking reaction proceeds. This
may lower the ultimate amount of fluorinated tails present at the surface, resulting
from insufficient time for the fluorinated species to migrate through the bulk towards
the surface. Furthermore, the use of partially fluorinated cross-linker may affect the
initial viscosity and the increase in viscosity during cross-linking. The viscosity
behavior may have a strong influence on Phthalcon particle network formation and
distribution. Therefore, rheological measurements were performed to study the

development of viscosity in different starting formulations during cross-linking.

The observed changes in viscosity are shown in Figure 6.3. It can be seen that due to
the changes in molecular weight of the matrix, the viscosity of the system increases
strongly in time and that the viscosity changes over time is influenced by the amount
of partially fluorinated Jeffamine presents in the formulation as well. When we
replaced Jeffamine D230 by Jeffamine D230-F (20.0 mol %), the gel time increased
from 152 s to 188 s. This observed retardation of gel time with increasing amount of

fluorinated Jeffamine D230 may be explained by the replacement of part of the
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primary amine groups by secondary amine groups in the starting formulation. It is
well-known that the cross-linking rate of an epoxy group with a secondary amine is
much slower than that of a primary amine.” Our rheological measurements also show
that the presence of Phthalcon particles does not influence the viscosity changes over

time.
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Figure 6.3. Changes in viscosity during cross-linking of Phthalcon/epoxy. The initial decrease

in viscosity is mainly due to the temperature increases from room temperature to cross-linking

temperature. The amount of fluorinated Jeffamine D230 in the starting formulation was varied.
The concentration of Phthalcon in the starting formulation was 2 vol. % based on the total

volume of the coating components, and the curing temperature was 100 °C.

6.3.4. Morphology of Phthalcon Particle Network in a Fluorinated Epoxy Matrix
The oy, of a polymer composite containing semi-conductive particles depends on the
morphology of particle network throughout the polymer matrix. It has been shown
earlier that the presence of fractal Phthalcon nanoparticle networks in cross-linked
epoxy matrices can be observed easily under the OM.?° Therefore, Phthalcon particle
networks in fluorine-free and fluorine-enriched epoxy coatings were also studied
using the OM (Figure 6.4). All coatings in Figure 6.4 were prepared, apart from the
amount of fluorinated Jeffamine present, using the same processing methods,

processing conditions and starting formulations.

Figure 6.4 shows that the higher the amount of fluorinated Jeffamine D230 in the
starting formulation, the coarser the particle network. In order to study the structures
of these networks in more detail, the fractal dimensions of the particle networks were

20,34,35

determined using the method of tiling as described before. The results from

fractal structure analyses are summarized in Table 6.5.
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Figure 6.4. Optical microscopic images of cross-linked Phthalcon/epoxy coatings. All
coatings contain 3 vol. % Phthalcon based on the total volume of the epoxy components. (a)
1.5 mol % Jeffamine D230-F; (b) 4.3 mol % Jeffamine D230-F; (c) 14.2 mol % Jeffamine
D230-F; (d) 20.0 mol % Jeffamine D230-F.

Table 6.5. Phthalcon particle network structures.”

Jeffamine D230-F (mol %) ds & (um)
0 1.70 20
1.5 1.72 25
4.3 1.71 25
14.2 1.66 30
20.0 1.58 30

" Phthalcon concentration was 3 vol. % based on the initial concentration of Phthalcon with
respect to the final coating components.

In general, for a specific system, the particle network may be described as stacked
fractal aggregates, and the average size of these building blocks is the correlation
length &, which is related to particle concentration ¢ and fractal dimension dr for ¢ >

@. as shown below:*%’

& =ap/ (43 6.1)
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In Equation (6.1), a is the radius of a primary particle from which the fractal network
is built. When we assume that for our systems a is the radius of a primary Phthalcon
particle aggregate which is on average of 0.7 um,’' the calculated ¢ using Equation
(6.1) is very close to the experimental ¢ value for coatings made from non-fluorinated
Jeffamine D230. When the fluorinated Jeffamine D230 content was higher than 4.3
mol %, an increase in ¢ together with a decrease in dr was observed. However,
according to Equation (6.1) a lowering in ¢ is expected, not only because of a
decrease in dr, but also due to an increase in the actual Phthalcon particle
concentration (see later discussion). Whether this has to be explained by a somewhat
larger initial a value or by the fact that relaxation (see later discussion) excludes the

use of Equation (6.1) is being studied at this moment.

Figure 6.5. OM images of the cross-sections of Phthalcon/epoxy coatings. All coatings
contained the same amount of Phthalcon in the starting formulations (3 vol. %:;). (a) 1.5 mol %
Jeffamine D230-F; (b) 4.3 mol % Jeffamine D230-F; (c) 14.2 mol % Jeffamine D230-F; (d)
20.0 mol % Jeffamine D230-F; (e) 0 mol % Jeffamine D230-F.
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Cross-sections of Phthalcon/epoxy coatings, which were used in the conductivity
measurements, were also prepared. The OM images of some of these cross-sections
are shown in Figure 6.5. Amazingly, we observed an insulating bottom layer in all
these coatings in which (almost) no Phthalcon particles are present as can be observed
from the lack of blue colour in these layers. These insulating layers become thicker
when the amount of fluorinated Jeffamine D230 in the starting formulation is higher.
However, in a coating which is free of fluorinated species, Phthalcon particles are
homogeneously distributed through the epoxy matrix (Figure 6.5¢).”' As has been
discussed in Chapter 5 the formation of a Phthalcon particle network is sensitive in
term of certain changes in processing and starting formulation. It is likely that the
insulating bottom layer is caused by the (local) differences in particle-particle and
particle-matrix interactions, viscosity, curing rate and/or the evaporation rate of m-

cresol during cure.

6.3.5. log 6y — ¢ Relation of Fluorinated Phthalcon/Epoxy Coatings

In general, the concentrations of fillers in polymer composites are calculated based on
the amount of filler added with respect to the total volume of the final (cross-linked)
composites. This only holds when the filler particles are homogeneously distributed
through the matrix, and can only be applied to the non-fluorinated coatings discussed
here (Figure 6.5¢). Due to the existence of an insulating bottom layer, in our fluorine
modified epoxy coatings, for the calculation of actual Phthalcon concentration only
the region which contains nanoparticles should be taken into account. In this respect
when same amount of Phthalcon is added, the actual Phthalcon concentration in the
fluorinated coating is higher than in the non-fluorinated one. Also for the calculation

of oy, only the actual Phthalcon layer thickness has to be considered (Equation 5.1).

The relation between o, and Phthalcon particle concentration ¢ is shown in Figure 6.6.
This figure has been corrected for the existence of an insulating bottom layer (Table
6.6). Coatings made from 1.5 mol % and 4.3 mol % Jeffamine D230-F have a similar
log o, — ¢ relation. Particle network analyses indicate that these networks have a very
similar dr value, which is close to the theoretical value for Diffusion Limited Cluster
Aggregation (DLCA) (Table 6.5). When the amount of fluorine concentration in
Jeffamine D230 further increases, the dr value decreases, suggesting a relaxation of
the DLCA formed network during processing. Furthermore, the influence of the
highest fluorinated Jeffamine D230 concentration (20.0 mol %) on log o, — ¢ relation

is much larger (Figure 6.6). Data suggest that for these coatings the ¢, is much lower
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than the other three systems. The first three systems seem to have an almost equal ¢..
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Figure 6.6. The log o, — ¢ relation of Phthalcon/epoxy coatings containing different amounts

of fluorinated Jeffamine D230 (curves are guides for the eye).

Table 6.6. Phthalcon particle layer thickness at various Jeffamine D230-F

. o]
concentrations.

Jeffamine D230-F Total Coating Particle Network Actual Phthalcon particle

(mol %) Thickness (um) Thickness (um) concentration (vol. %)
1.5 72 59 3.7
4.3 101 63 4.8
14.2 73 40 5.5
20.0 81 43 5.7

“ All calculations were based on epoxy coatings made from 3 vol. % Phthalcon in the starting
formulation. Coatings which were made from 12 vol. % Phthalcon in the starting
formulation gave very similar results with respect to the ratio between particle network
thickness and total coating thickness.

Hence, the use of a very small amount of fluorinated Jeffamine D230 not only lowers
the surface energy of cross-linked coatings, but also has a strong influence on log oy -
¢ relation. Moreover, contrary to what has been observed in the surface energy, the
influence of a high fluorinated Jeffamine D230 concentration (20.0 mol %) on log oy
— ¢ is severe. Because with a Jeffamine D230-F concentration of 4.3 mol %, the
fluorinated species have already covered the coating surface, we expect that at higher
Jeffamine D230-F concentration, the amount of fluorinated species present below

coating surface increases. Therefore, their influence on Phthalcon particle network
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formation in the bulk of the matrix becomes larger as well.

Phthalcon 11/12 primary particles are highly crystalline nanosized flat plates with a
low aspect ratio. The surface groups at the bottom and the top of the plate are -OH/
H,0, -NH3/NH; and -CN, whereas the surface groups at the sidewalls are phenyl rings.
The phenyl and OH groups in m-cresol ensure very strong specific interactions
between these particles and the dispersing medium, and the size of Phthalcon
agglomerates is easily reduced to submicro-meter level. During processing, by
increasing the temperature, the cross-linking reaction starts. The two epoxy groups of
Epikote 828 and the amine groups of Jeffamine react with each other to form a three
dimensional polymer network. Meanwhile, the solvent m-cresol which is also a
catalyst for the cross-linking starts to evaporate.”’ Therefore, both the particle-matrix
and the particle-particle interactions are subject to change. The consequences are that
Phthalcon particles lose their stability and form a particle network through Brownian
movement as long as the viscosity of the system is sufficiently low. It has been shown
that the concentration at which particle network formation occurs in (pre)polymer

eff

nanocomposite depends on the effective Hamaker constant 45% of the system.”!

When 4,7 is large, network formation occurs at a lower (nano)filler concentration
and material with a large AHeff ‘is known to have a 0. well below 1 vol. %.1%2! When
part of the Jeffamine D230 cross-linker is fluorinated and the amount is such that the
fluorinated species are also present in the bulk of the coating, the value of A7
increases further and an even lower ¢. is expected. The data presented in Figure 6.6
on coatings made from 20.0 mol % Jeffamine D230-F suggest that this is indeed the

case.

The rheological measurements show that the rate of cross-linking slows down when
fluorinated Jeffamine D230 is present in the starting formulation, depending on the
amount of fluorine (Figure 6.3). This means that during cross-linking reaction, the
increase in viscosity over time is slower than that of the fluorine-free coatings, and
that the initially formed particle network may have more time to relax. That particle
network formation can be very quick and probably occurs at the initial state of cross-

linking has been discussed in Chapter 4.7
At higher filler concentrations, for coatings made from 20.0 mol % Jeffamine D230-F,

the oy is considerably lower than that of the other three coating systems (Figure 6.6).

This lowering is accompanied with a decrease in dr. That particle network formed by
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DLCA can undergo relaxation, resulting in a decrease in dr value has already been
reported.®® It is likely that relaxation also occurred in our fluorinated Phthalcon/epoxy
coatings. Phthalcon particle networks are sensitive to relaxation during cross-linking
as has been found when other curing agents were used and this effect has been

discussed in previous chapter.

It has been shown for cross-linked Phthalcon/epoxy coatings when the coating
thickness becomes comparable or smaller to that of the & the ¢, determined from
four-point measurements becomes much higher; and at low ¢ (close to ¢.) the
measured o, becomes lower than the actual o, value of the bulk.?® Based on epoxy
layer thickness and the ¢ of the coatings made from 20.0 mol % Jeffamine D230-F,
different o, and ¢, values between measured and bulk may be expected. However, it is
suggested in Figure 6.6 that even for coating with the lowest Phthalcon concentration,
the ¢ is still far away from the ¢.. Therefore, for all coatings in Figure 6.6 the log o, —

@ relation describes to a large extend the bulk property of the matrix.

At higher Phthalcon filler concentrations, coatings made from low Jeffamine D230-F
concentrations have higher o, as compared to coatings made from non-fluorinated
Jeffamine D230, whereas coatings made from high fluorinated Jeffamine D230
concentrations have much lower o, values. Previous measurements show that for a 12
vol. % Phthalcon/epoxy coating cured with non-fluorinated Jeffamine D230 the
Phthalcon particles really touch each other in the particle network.”” This means that
there is no matrix between particles in the network. These measurements also show
that most of the conductive channels have a o, value between 3 x 10° -2 x 10*
S/cm.”**? Taking into account these values, the number of conducting contact points
at the coating surface, as well as the uncertainty in the orientation of the particles in
the network and/or at the surface, for highly filled cross-linked Phthalcon/epoxy
coatings the expected o, values at room temperature are between 10”7 - 10 S/cm.
Hence, the oy values of 5 x 107 - 1 x 10 S/cm observed in Figure 6.6 for coatings
made from 1.5 mol % and 4.3 mol % fluorinated Jeffamine D230 are within this
specification. For these coatings the increase in g, as compared to that of fluorine-free
Jeffamine D230 coatings cannot be explained only by the difference in Phthalcon
concentration. It is probably caused by a more favorable orientation or less contact
problems of the Phthalcon particles in the network. The much lower o, values found
for coatings made from 20.0 mol % Jeffamine D230-F are likely to be explained by

the presence of polymer matrix between particles in the particle network after the
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fractal network has been relaxed.

To our knowledge cross-linked semi-conductive low surface energy epoxy coatings
have never been reported. Although in our study only Phthalcon 11/12 was used as
semi-conductive filler, we expect that other semi-conductive spherical

nanoparticles/polymer starting formulations with a high A7

can also been used to
make semi-conductive low surface energy coatings. Scouting experiments show that
using a fluorinated surface active agent instead of the fluorinated Jeffamine D230 also
lowers the surface energy of epoxy coatings. However, the influence on conductivity
is much more complex and the interpretation of the results is hindered by
reproducibility problems. Therefore, we expect that when other cross-linkers are used,
the most likely route for success is to chemically bond them with fluorine and/or use
partially fluorinated epoxy prepolymer. Our results presented here also show that to
make semi-conductive low surface energy epoxy coatings, careful processing
optimization is required to achieve the most attractive conductivity levels at low filler
concentration, because the fractal nanoparticle network formation is very sensitive to
small changes in viscosity build-up, (local) effective Hamaker constant, temperature

and curing rate.

6.4. Conclusions

The route described here offers an interesting and straightforward way to obtain cross-
linked semi-conductive low surface energy epoxy coatings by adding a small amount
of fluorinated Jeffamine D230 cross-linker and semi-conductive Phthalcon 11/12
nanoparticles. The segregation of fluorinated species at the air/coating interface is
confirmed by contact angle measurements and appears to be almost independent of

the presence of Phthalcon particles.

The presence of fluorinated species strongly influences the conductivity and the
fractal nanoparticle network structure of cross-linked Phthalcon/epoxy coatings. An
insulating bottom layer was always observed. The actual Phthalcon particle
containing layer decreases as the amount of fluorinated Jeffamine D230 increases.
This has been visualized by optical microscopy on coating cross-sections. It is likely
that the insulating bottom layer found in these coatings is caused by the (local)
differences in particle-particle and particle-matrix interactions, viscosity, curing rate

and/or the evaporation of solvent during cross-linking. We also found a decrease in
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fractal dimension dr of the particle network when the amount of fluorinated Jeffamine
D230 increases. This is possibly caused by the relaxation of Phthalcon particle
network as the cross-linking rate decreases when the amount of fluorinated Jeffamine
D230 increases. Likely therefore the fractal Phthalcon particle network has more time
to rearrange to form a more stable fractal particle network, which is accompanied with
a decrease in percolation threshold ¢.. The lowering in ¢. can be explained by a
further increase in the effective Hamaker constant as more fluorinated Jeffamine is

present in the starting formulation.

Furthermore, we found a variation in the highest ¢, value when different amount of
Jeffamine D230-F was used. When a small amount of fluorinated Jeffamine D230 is
present (1.5 mol % and 4.3 mol %), the o, value is higher than in the non-fluorinated
coatings. This difference can be explained by the differences in contact resistance
between particles and/or the orientation of particles in the network. Nevertheless, for
coatings made from higher fluorine concentration (20.0 mol %) the o, value is much
lower. This is probably due to the presence of an insulating polymer matrix layer

between particles in the network which is formed during relaxation.
Therefore, through a judicious choice of the fluorinated components, it is not only

possible to control the surface energies of the final cured epoxy coatings, but also

possible to control the conductivity levels of these materials.
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7

INFLUENCE OF DISPERSING SOLVENT AND
POST-CURE ON THE CONDUCTIVITY OF
CROSS-LINKED PHTHALCON/EPOXY
NANOCOMPOSITES®

SYNOPSIS

The influence of post-cure and dispersing solvents on the conductivity of semi-
conductive epoxy coatings has been investigated. It has been shown that the relation
between the volume conductivity o, and the filler amount ¢ and the ultimate fractal
Phthalcon particle network structure depend on the presence/absence of post-cure

treatment and the chosen dispersing solvent.

Our results show that the conductive nanoparticle network structure is very
sensitive to the chosen processing conditions. Only within a small processing
window, which is very specific for each chosen starting formulation, semi-conductive
Phthalcon/thermoset materials can be realized at low filler concentration by forming

a continuous fractal Phthalcon particle network throughout the polymer matrix.

The content of this chapter will be submitted as an article: Yuan, M.; Brokken-Zijp, J. C. M,;
de With, G. “Influence of Dispersing Solvent and Post-cure on the Conductivity of Epoxy
Nanocomposites”.



Influence of Dispersing Solvent and Post-cure

7.1. Introduction

The morphology of conductive particle network after processing plays an important
role in the conductivity of a nanocomposite, because it influences the charge transport
in the particle network. The morphology may comprise a complex arrangement of
particle aggregates/networks with different size and shape distributions. Unfortunately,
the factors which account for the morphology and/or to what extent they influence the
final conductive particle network structures are complicated. It is generally accepted
that the properties of the conductive particles, such as size, aspect ratio and surface
groups, the aggregate/agglomerate structure of the conductive filler particles in the
polymer matrix before/during/after processing and the interfacial energy between
matrix and filler particle determine the morphology of particle network. Therefore,
these factors are expected to have large influences on the electrical property of the

composites.

Apart from the above mentioned factors, it has been shown in Chapter 5 that the
initial viscosity, viscosity changes during cross-linking, the rate of cross-linking, the
chosen cross-linker and the evaporation rate of the solvent have large influences on
the morphology of particle network in thermoset nanocomposites, even when the
effective Hamaker constant 4% is very similar. All cross-linked Phthalcon/epoxy
materials discussed before were post-cured at 120 °C under vacuum. Generally, post-
cure at elevated temperature is necessary to obtain an extensive cross-linking;' it may,
therefore, affect the final physical properties of the epoxy coatings and the ultimate
morphology of Phthalcon particle networks in the epoxy layers. In order to achieve an
optimum electrical conductivity in Phthalcon/epoxy coatings, it is necessary to
understand these post-cure effects. Hence, in this chapter the influence of post-cure on
the morphology of Phthalcon particle networks and the conductivity of cross-linked

epoxy coatings are addressed.

In a very well-dispersed Phthalcon dispersion, during cure of a Phthalcon/m-
cresol/Epikote 828/amine cross-linker starting formulation the Phthalcon particles
lose their colloidal stability due to the cross-linking reaction and the evaporation of
dispersing solvent. These stimulate the Phthalcon particle network formation as long
as the Brownian movement is large enough and the viscosity of the system is
sufficiently low. To obtain a conductive polymer composite a continuous particle
network must be formed before gelation. When the viscosity of the coating

formulation increases too slowly, the particle network might relax (Chapter 5),
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leading to a particle network with a less attractive conductivity level. Therefore, it is
important to carefully choose the processing window to obtain an optimum log oy - ¢
relation. It is well-known that the presence of proton donating species can act as
catalyst in the cross-linking reaction between amine cross-linker and epoxy
prepolymer by facilitating the ring opening process.' In this chapter the influence of
proton donating catalyst on Phthalcon particle network structure/distribution and oy

are discussed as well.

As has been shown before that the low percolation threshold ¢, of the cross-linked
Phthalcon/epoxy coatings is caused by the fractal nature of Phthalcon particle
networks formed through particle-particle and particle-matrix interactions.”® To
obtain a fractal structure, the presence of well-dispersed Phthalcon particles in the
starting epoxy formulation is essential. In the past, m-cresol was chosen as dispersing
medium. Phthalcon particles can be well-separated in m-cresol, but from the safety
point of view, m-cresol is toxic in contact with skin and may cause serious burns.
Therefore, a much safer and friendlier dispersing solvent will, definitely, make
Phthalcon/polymer matrix composites more attractive for practical applications.
Based on this, two different solvents with low safety risks were used as dispersing
media. The influences of these solvents on Phthalcon particle network structures, as

well as the g, of final cross-linked Phthalcon/epoxy coatings are investigated.

7.2. Experimental

7.2.1. Materials

Phthalcon 11/12 was synthesized in high purity and yield using a two-step reaction as
described before.*® The primary Phthalcon particle size used here is about 250 nm in
length and width and about 50 nm in thickness. The Phthalcon powder was always
carefully dried at 80 °C for 48 h under vacuum (~ 0.01 mbar) and ground into fine

powder in a mortar before use.

Epoxy prepolymer (Epikote 828) was purchased from Resolution Nederland BV. The
amine cross-linker Jeffamine D230 was purchased from Huntsman BV, Belgium.
Isophorone-diamine (IPD, > 99.0 %, GC) was purchased from Fluka. m-cresol
(spectrophotometric grade) was purchased from Merck. The solvents used to replace
m-cresol are propylene glycol diacetate (PGDA, > 99.7 %) and 1-phenoxy-2-propanol
(DOWANOL PPh, > 93 %). They were both purchased from Aldrich. In some cases
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2,4,6-Tris(dimethylaminomethyl)phenol (DMP 30, > 95 %, Aldrich) was used as
catalyst instead of m-cresol. The chemical structures of these compounds are shown in

Scheme 7.1. All materials were used as received.

)OK X /OK
H;C 0] O CH;
Propylene glycol diacetate (PGDA)

CH,
o /Y
OH

1-Phenoxy-2-propanol (DOWANOL PPh)

OH
H,C CH
~ 3
~ N N
CH,4 CH,
_CH;y
|

CH;
2,4,6-Tris(dimethylaminomethyl)phenol (DMP 30)

Scheme 7.1. Chemical structures of the compounds used.

7.2.2. Coating Preparation

To study the post-cure effects, the cross-linked Phthalcon/epoxy coatings were
prepared starting from a dispersion of Phthalcon particles in m-cresol, which was
magnetically (1 h) and later on ultrasonically (1 h) mixed. To this dispersion Epikote
828 and Jeffamine D230 (or IPD) were added (the NH/epoxy molar ratio was 1/1).
This mixture was magnetically stirred for 5 min, ultrasonically degassed for 5 min,

and then casted on a polycarbonate substrate using a doctor blade applicator with an
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opening of 120 um. Next it was cured at 100 °C under vacuum (~ 0.01 mbar) for 4 h.
Sometimes the above prepared coatings were also post-cured at 120 °C under vacuum
(~0.01 mbar) for 8 h.

To investigate the influence of m-cresol, Phthalcon dispersions containing various
amounts of m-cresol were prepared using the same method as described before. All
coatings studied here were first cured at 100 °C under vacuum (~ 0.01 mbar) for 4 h

and later post-cured at 120 °C under vacuum (~ 0.01 mbar) for 8 h.

To check the possibility of replacing m-cresol by other solvents, propylene glycol
diacetate (PGDA) and 1-phenoxy-2-propanol (DOWANOL PPh) were used. The
Phthalcon dispersion was also prepared under magnetic (1 h) and ultrasonic (1 h)
mixing. To this dispersion, 20 wt. % m-cresol or DPM 30 (based on the total amount
of the coating components) was added as catalyst to facilitate the cross-linking
reaction. This mixture was then magnetically stirred for 5 min, ultrasonically
degassed for 5 min and casted on a polycarbonate substrate using a doctor blade
applicator with an opening of 120 um. Next it was cured at 100 °C under vacuum (~
0.01 mbar) for 4 h and later post-cured at 120 °C under vacuum (~ 0.01 mbar) for 8 h.

Under the above described conditions smooth coatings with layer thicknesses between
60 and 80 um were always obtained. The volume concentration of Phthalcon particles
in the final cross-linked epoxy coatings was determined based on the total
composition of the composites after cross-linking by taking into account the densities

of Phthalcon particle and cross-linked epoxy as 1.65 and 1.00 g/cm’, respectively.

7.2.3. Characterization

DC Volume Conductivity ey The DC volume conductivity ¢, at room temperature
was measured using a standard four-point method, with a Keithley 237 high voltage
source measuring unit and a Keithley 6517A high voltage electrometer. The former
unit supplies a constant current through the coating between the two outside
electrodes and the latter unit measures the voltage difference between the two inside
electrodes. The measurements were carried out on the surface of the coating sample
according to standard ASTM D991 and instructions of Keithley “low conductivity
level measurements”. Silver paint (silver conductive adhesive 416, electron
microscopy sciences, USA) was used to ensure good contact between the sample

surface and the measuring electrodes. Coatings used in the conductivity
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measurements had a thickness between 60 and 80 um as determined using a digital
screw micrometer caliper. The presented o, values are average values of at least three

coatings measured at three different positions.

Optical Microscopy (OM) The morphology of the particle network in the materials
before and after cross-linking was observed with OM (Reichert-Jung Polyvar-Met)
using the transmission bright-field technique. These images were later converted into
binary images and analyzed using the tiling method to obtain the fractal dimensions dr
and the correlation lengths & of the particle networks.” The obtained d; and & values
are average values of at least three calculations by varying the size of the tiles. The
Phthalcon particle dispersions studied here were prepared by bringing a small amount
of dispersion between two glass slides. The post-cured or non-post-cured
Phthalcon/epoxy coatings were studied directly under the OM. The thickness of these
coatings was about 10 um to facilitate the observation of the Phthalcon particle

networks.

Surface Energy The surface energies of the liquid samples were determined at 20 °C
by Wilhelmy plate method using a Kriss Digital Tensionmeter K10T.”® During the
measurement, the plate was moved towards the surface until it reached the meniscus.
The surface energy was calculated from the measured force. The measured surface
energies of the coating components and composites are shown in Table 7.1. The

presented values are average values of three measurements on each sample.

Table 7.1. Surface energies of various coating components and compositions.

Surface Energy (mN/m)

20°C 100 °C’
Phthalcon 11/12 > 50 > 50
Jeffamine D230 33.1 23.0
Epikote 828 46.0 36.7
m-cresol 38.2 29.0
PGDA 16.9
PPh 37.2
Jeffamine D230/Epikote 828 (1/3, w/w) 40.5 314
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Rheological Measurements Rheological measurements were performed to follow the
viscosity changes during cure using an AR1000 rheometer with 20 mm plate-plate
geometry. The coating starting formulation was directly added to the plate, and then
the gap between plates was set to be 300 um. At the beginning of the measurement (t
= 0 s), the plates were heated from room temperature to 100 °C within 30 sec. All

measurements were done under N, flow.

7.3. Results and Discussion

7.3.1. Influence of Post-cure on the 6, of Cross-linked Phthalcon/Epoxy Coatings
In previous chapters, the log o, - ¢ relations and Phthalcon particle network structures
presented on Phthalcon/epoxy composites were obtained on coatings which were
post-cured at 120 °C. To check the influence of post-cure on the o, of epoxy coatings,
coatings containing 12 vol. % Phthalcon 11/12 were cross-linked with Jeffamine
D230. These coatings were only cured at 100 °C in vacuum (~ 0.01 mbar) for 4 h
without further post-cure. The o, obtained from standard four-point measurements
show that these coatings reach a o, of 4.2 x 10" S/cm. Compare to a post-cured
coating containing the same amount of Phthalcon particles, the o, of the non-post-

cured coating is a factor of 10° lower.>>%!*!!

The oy of a polymer nanocomposite containing semi-conductive particles depends on
the morphology of the particle network through the polymer matrix. It has been
shown earlier that the presence of a Phthalcon nanoparticle network in a cross-linked
epoxy matrix can be easily observed under the OM due to the fractal nature of the
particle network.? Therefore, the Phthalcon particle networks in epoxy coatings made
with/without post-cure were also studied with the OM (Figure 7.1). Both coatings in
Figure 7.1 were prepared, apart from the absence/presence of post-cure, using the

same processing methods, processing conditions and starting formulations.

Figure 7.1 shows that the Phthalcon particle networks in both coatings have very
similar structures, although the particle network after post-cure looks a bit denser. In
order to study the structures of these networks in more detail, the fractal dimensions dr
of the particle networks were determined using the method of tiling as described

2,12,13
before.” =

The results are summarized in Table 7.2. The fractal structure analyses
reveal that within the uncertainty of measurements the dr value of post-cured coating

is equal to the one obtained from non-post-cured coating; these values are also close
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to the theoretical value of dr = 1.75 predicted for a particle network formed by
Diffusion Limited Cluster Aggregation (DLCA)'*'7 and suggest that the Phthalcon

particle networks in both coatings are formed by this mechanism.

e i ; 2 A
S e A4 e
¥ 1‘9%6 . s
3 __.. %’A ’.-;g-'.‘.:‘“ e 5

Figure 7.1. OM images of Phthalcon particle networks in Epikote 828/Jeffamine D230

coatings. (a) cured at 100 °C without post-cure; (b) cured at 100 °C and post-cured at 120 °C.

Both coatings contained 3 vol. % Phthalcon in the starting formulations.

Table 7.2. Phthalcon particle network structures.”

Cross.linker Curoing T Post-c(:)uring T ds ¢ oy
C) C) (um) (S/cm)
Jeffamine D230 100 - 1.79 20 42x10™"
Jeffamine D230 100 120 1.75 20 1.0x 107
IPD 50 - 1.81 20 3.7x10™M
IPD 50 120 1.72 20 1.0x 107
IPD 60 - 1.70 30 1.8x10™"
IPD 60 120 1.62 40 1.0x10%
IPD 80 - 1.60 30 1.0x10™
IPD 80 120 1.51 50 7.0x 107

# All coatings contained 3 vol. % Phthalcon particles in the starting formulations.

In post-cured coatings a critical exponent 7 ~ 2 in Equation (2.1) was observed.>>%!"!
This suggests that the Phthalcon particle network is formed by random percolation
and that all bonds in the network have the same conductance. Assuming that ¢ = 2 still
holds and that the loops, isolated aggregates, dangling chains and backbone structures
do not change in Phthalcon particle networks before post-cure, Equation (7.1) can be

used to relate the oy of the composite to the fractal particle network structure:*
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a1+x

0,y X §-(2+x) (7.1)

Ry
where Ryis the resistance of one particle aggregate plus the resistance between two
contacting particle aggregates, a is the radius of a primary particle aggregate, ¢ is the

correlation length from which the particle network is formed and x is a constant with a

value between 0 and 0.4.

Equation (7.1) assumes that the o, of a polymer composite is related to the fractal
morphology of particle network and Ry. Supposing that x is equal for all coatings
with/without post-cure due to the fact that the particle network structures in both
coatings are very similar, we may conclude that the o, value only relies on Ry, or to be
more precise, the value of o, only depends on the contact resistance R since the
resistance of one particle aggregate is constant. Hence, the difference in o, between
non-post-cured and post-cured coatings may be explained by a difference in the

amount of insulating polymer matrix between contacting aggregates.

It has been shown before that Phthalcon particles really touch each other in a post-
cured 12 vol. % Phthalcon/Jeffamine D230/Epikote 828 coating.'™'’ Combine this
with the conductivity measurements, the actual o, values obtained also suggest that
before post-cure treatment there is insulating material present between Phthalcon

particles in the network.

During cross-linking the initially stabilized Phthalcon/m-cresol dispersion starts to
lose its colloidal stability due to the increased particle-particle interactions and also
due to the evaporation of m-cresol. In Chapters 4 and 5 it has been shown that the
Phthalcon particle network is formed at the early stage of cross-linking reaction and
that the particle network formation is fast.*® It is generally accepted that at the gel
point the degree of cross-linking reaction is about 70 %; and that because of the lower
degree of cross-linking, non-post-cured epoxy normally shows a lower T g.zo Therefore,
it is likely that due to the fast particle network formation the remaining m-cresol
(boiling point 203 °C), non-cured matrix components and/or partially cured epoxy
matrix are trapped in Phthalcon particle network. The presence of such insulating
components tremendously increases the contact resistance between Phthalcon particle
aggregates and limits the charge transport in the particle network even when the

insulating layer is only several Angstrom thick. As a result, a much lower o, value is
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obtained.

During post-cure, the temperature further increases; this helps to minimize non-cured
or partially cured matrix components and release the remaining solvent. Meanwhile,
due to the increased temperature the local motion of Phthalcon particle network
increases. These all favour closer contact between Phthalcon particles in the backbone
of the network. Therefore, the contact resistance between Phthalcon particle

aggregates in the network decreases and the o, increases.

To confirm our proposed mechanism, 12 vol. % Phthalcon/epoxy coatings cross-
linked with IPD and cured at different temperatures with/without post-cure were
prepared. Because it has been shown in Chapter 5 that in IPD cross-linked coatings
the Phthalcon particle network structure is very sensitive to the curing temperature
and at certain curing temperatures relaxation occurs in these networks, we expect that
the influence of post-cure on o, and Phthalcon particle network structure will be more

severe in these coatings.

The oy values measured on these IPD cross-linked coatings are showed in Figure 7.2.
These coatings show a similar post-cure effect on the o, as those observed in coatings
cross-linked with Jeffamine D230. All non-post-cured coatings have a o, around 10™"!
S/cm; after post-cure the o, improves, although the extent of increase in oy is

somewhat different, depending on the chosen curing temperature.

1E'7'§ = Poest-cured Coatings

3 ® Non-post-cured Coatings
1E_8.! \
1E-94
. i
1E-10 4

T T T T T T T

50 55 60 65 70 75 80

{Sfem)

F

Temperature (°C)

Figure 7.2. The o, of coatings cross-linked with IPD with/without post-cure after curing at
the temperature indicated. All coatings contained 12 vol. % Phthalcon in the starting
formulations. The post-cure was performed in vacuum (~ 0.01 mbar) at 120 °C for 8 h. The

lines indicated are a guide to the eye only.
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Figure 7.3. OM images of Phthalcon particle networks in Epikote 828/IPD coatings. (a) cured
at 50 °C; (b) cured at 50 °C and post-cured at 120 °C; (c¢) cured at 60 °C; (d) cured at 60 °C and
post-cured at 120 °C; (e) cured at 80 °C; (f) cured at 80 °C and post-cured at 120 °C. All

coatings contained 3 vol. % Phthalcon.

The OM images of Phthalcon particle networks before and after post-cure in cross-
linked Epikote828/IPD coatings are shown in Figure 7.3. Figure 7.3 clearly indicates
that although coatings were cured at different temperatures, the Phthalcon particle
network structures in non-post-cured coatings are more ramified, while the network
structures in post-cured coatings look much denser and coarser. These differences can
be explained by the increase in temperature during post-cure which may lead to a
local motion of Phthalcon particle network. Results from fractal structure analyses
(Table 7.2) suggest that this is indeed the case because a decrease in dr was always
observed in the post-cured coatings with respect to the non-post-cured ones. This
decrease in dr corresponds to a local relaxation of Phthalcon particle network.?' The dy
values of the non-post-cured coatings obtained at different initial curing temperatures

suggest that Phthalcon particle networks partially relax even before post-cure.
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However, for coatings cross-linked with Jeffamine D230, within the uncertainty of
measurements the dr values before and after post-cure are equal and correspond to a
non-relaxed particle network formed by DLCA. This difference in relaxation
behaviour is related to an earlier observation discussed in chapter 5, in which we
conclude that IPD cross-linked coatings are more sensitive to relaxation because the
initially formed Phthalcon particle network structures (¢ > 3) are different from the
ones formed in Jeffamine D230 cross-linked coatings (¢ = 2). Due to the different
Phthalcon particle network structures, Equation (7.1) cannot be applied to explain the
variations in g, observed in non-post-cured and post-cured IPD cross-linked epoxy
coatings. Nevertheless, it is very likely that the increase in oy after post-cure is caused,
to a large extent, by the presence of less insulating material between particles in the
network, which may be non-cured and/or partially cured polymer matrix material.
Hence, the charge transport between Phthalcon particle aggregates in the network
enhances. The o, of IPD cross-linked coating cured at 50 °C even reaches a value of
107 S/cm after post-cure, similar to the one obtained from Jeffamine D230 cross-
linked coating cured at 100 °C. This suggests that in this coating Phthalcon particles
also touch each other and that no matrix is present between particles in the

network.'$"

The IPD cured coatings nicely confirm the post-cure effects observed in Jeffamine
D230 cured coatings, the occurrence of relaxation of the Phthalcon particle network
and the dependency of this relaxation on curing temperature (viscosity changes) and

chosen cross-linker.

7.3.2. Influence of m-cresol on Particle Network Formation and ay

In the past, m-cresol was always used in our starting formulations to make cross-
linked Phthalcon/epoxy coatings. Besides acting as a good dispersing medium, it is
well-known that m-cresol enhances the cross-linking reaction.' This catalytic effect is
confirmed by rheological experiments (Figure 7.4). One of the coating formulations
used in these experiments contained m-cresol and the other one did not. In the latter
formulation Phthalcon particles were dispersed directly in Jeffamine D230 and a gel
point of 935 s was found. This value is a factor of 6 higher than for the other
formulation. The much earlier occurrence of gel point in the presence of m-cresol can
be explained by its catalytic effect, which is known to act as a proton-donating agent

in primary amine/epoxy cross-linking reaction due to its weak acidity (Scheme 7.2).!
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Figure 7.4. viscosity changes during cure of 3 vol. % Phthalcon/Jeffamine D230/Epikote 828

coatings with/without the presence of m-cresol. Both formulations were cured at 100 °C.
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Scheme 7.2. Catalystic effect of proton donating species.'

In cross-linked epoxy coatings made in the absence of m-cresol, fractal particle
networks were also observed. However, the o, of these layers could not be measured
with standard four-point measurements even when the Phthalcon concentration was as
high as 12 vol. %, because a thin insulating top layer was always formed.’ Apparently,
the large fractal Phthalcon particle aggregates/networks present before/during cross-

linking and the long gel time stimulate the sedimentation of particle network during

.o 3
cross-linking.

The time at which gelation occurs can also be altered by the amount of m-cresol
present in the starting formulation. This was studied in more detail for epoxy layers
cross-linked with Jeffamine D230 made from Phthalcon dispersions containing
various amount of m-cresol. Figure 7.5 shows the changes in viscosity during cross-

linking of these coating formulations. Taking the moment when the tangent of the loss
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angle (tan o) reaches 1 as the gel point, the results show that when the mass ratio
between matrix/m-cresol is < 5/8, a similar gel point was found (161 s); above this
ratio a further increase in gel point was observed (289 s, matrix/m-cresol = 1/3). This
observed increase in gel point is understandable because the presence of more solvent
brings down the total viscosity, and a longer time is required to evaporate the solvent,

resulting in a retardation of gel time.
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Figure 7.5. Changes in viscosity during cross-linking of 3 vol. % Phthalcon/Epikote
828/Jeffamine D230. The amount of m-cresol present in the starting formulation was varied
and the curing temperature was 100 °C. The ratios indicated are mass ratio between epoxy

matrix and m-cresol.

The o, values of coatings made from starting formulations containing 12 vol. %
Phthalcon and different amount of m-cresol were also measured. These coatings, apart
from the amount of m-cresol present in the starting formulation, were all prepared
under the same processing conditions, cured at 100 °C and later post-cured at 120 °C.
For coatings made from matrix/m-cresol = 1/3 the oy reaches a value of 5 x 107 S/cm;
while the g, values of coatings made from starting dispersions with a matrix/m-cresol
mass ratio < 5/8 are very similar, a o, value of 1 x 10”7 S/cm was always obtained (in a

standard coating preparation matrix/m-cresol mass ratio = 1/1 was used).

The OM images of these coatings are shown in Figure 7.6. At the matrix/m-cresol =
1/3, a denser particle network was observed as compared to the one obtained from a
standard starting formulation. These results suggest that during cross-linking
relaxation of Phthalcon particle network occurs as was shown earlier for coatings
using Jeffamine D230, Jeffamine D400, Jeffamine D2000, IPD or DDM as cross-

linkers (Chapter 5). Likely the low initial viscosity and the slow increase in viscosity
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over time facilitate the relaxation of initially formed Phthalcon particle network when

a matrix/m-cresol ratio of 1/3 was chosen. Therefore a denser network was observed
2,10,11,21

accompanied with a decreased dr and an increased ¢.

Figure 7.6. OM images of Phthalcon particle networks in cross-linked Jeffamine
D230/Epikote 828 coatings cured at 100 °C and post-cured at 120 °C. (a) epoxy/m-cresol
matrix mass ratio = 1/1; (b) epoxy/m-cresol matrix mass ratio = 1/3. Both coatings contained

3 vol. % Phthalcon in the starting formulations.

As shown in equation (7.1), the o, value may be related to the particle network
structure ¢ and the contact resistance R. between two particle aggregates. During
relaxation of particle network a more stable particle network is formed, but this may
at the expense of more polymer matrix between particles in the network and/or
changes in the backbone of the particle network. Hence, the contact resistance
between particles increases and the o, decreases. Furthermore, relaxation also lowers

the o, value.

7.3.3. Influence of Other Dispersing Solvent on Particle Network and o

The formation of a continuous Phthalcon particle network in the cross-linked polymer
is, apart from the curing conditions (with/without post-cure), the amount of m-cresol
present in the starting formulation, the curing temperature, the curing rate and the
choice of cross-linker,'"" also influenced by the initial particle dispersion in the
composite mixture before cross-linking.” The initial particle structure in the dispersing
medium influences the final particle network formation, network structure and the
aggregation/agglomeration of the particles during cure. The particle-dispersing
medium and particle-particle interactions may determine this initial Phthalcon particle
structure. Furthermore, to prevent the sedimentation of particle network during cross-
linking, in thermally cured epoxy coatings the use of Phthalcon dispersions containing

well-dispersed particles/aggregates is essential.’
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Although the use of m-cresol ensures a starting formulation of well-dispersed
Phthalcon particles before cure and a continuous particle network formed at a low ¢,
after cure, from safety point of view replacing m-cresol with much safer and
environmentally friendlier dispersing solvents will make Phthalcon/polymer matrix
composites more attractive in practice. Therefore, the commercially available solvents
propylene glycol diacetate (PGDA) and 1-phenoxy-2-propanol (DOWANOL PPh)
with low safety risks were used as dispersing media to prepare cross-linked

Phthalcon/epoxy coatings.

Phthalcon/PGDA and Phthalcon/PPh dispersions were prepared using the same
dispersing procedure as for Phthalcon/m-cresol dispersions. When strongly
agglomerated Phthalcon powder was dispersed in m-cresol no particle
aggregate/agglomerate structures were visible under the OM even at the highest
magnifications.” When Phthalcon powder was dispersed in PGDA or PPh, a
completely different picture was observed which strongly indicates an
agglomerate/aggregate structure (Figure 7.7). In Phthalcon/PGDA dispersion much

larger Phthalcon aggregates/agglomerates were observed than in PPh dispersion.

Figure 7.7. OM images of Phthalcon particle aggregates/agglomerates in different dispersing
solvents. (a) Phthalcon/PGDA dispersion; (b) Phthalcon/PPh dispersion. Both dispersions

contained 3 vol. % Phthalcon.

When the tiling method was used to determine the fractal dimensions dr of these
Phthalcon particle structures in the dispersions, we found that the particle network
structure obtained in Phthalcon/PGDA dispersion is less fractal (df = 1.85), whereas in
PPh dispersion Phthalcon particle aggregates are fractal with a dr value of 1.64 (Table
7.3). Apparently, the chosen dispersing conditions and/or the particle-medium
interactions are too weak to break down the large Phthalcon particle agglomerates in
PGDA. Because of the less fractal Phthalcon particle structure observed in PGDA
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dispersions, we only focuse on Phthalcon/epoxy coatings using PPh as dispersing

medium.
Table 7.3. Phthalcon particle network structures.”
ds ¢ (um)

Phthalcon/PGDA dispersion 1.85 60
Phthalcon/PPh dispersion 1.64 35
Phthalcon/PPh/Jeffamine D230/Epikote 828 dispersion 1.58 30
Phthalcon/PPh/Jeffamine D230/Epikote 828 coating 1.82 50
Phthalcon/PPh/m-cresol/Jeffamine D230/Epikote 828 coating 1.60 35
Phthalcon/ m-cresol/Jeffamine D400/Epikote 828 coating 1.61 30
Phthalcon/ m-cresol/Jeffamine D2000/Epikote 828 coating 1.55 40

* All dispersions contained 3 vol. % Phthalcon particles based on the total volume of the
dispersing solvent. When presented 20 wt. % m-cresol was added with respect to the
dispersing medium.

" All coatings contained 3 vol. % Phthalcon particles based on the total volume of the epoxy
coating components. When presented 20 wt. % m-cresol was added with respect to the
dispersing medium.

Figure 7.8. OM images of Phthalcon particle aggregates/agglomerates in the starting
dispersions. (a) Phthalcon/PPh dispersion; (b) Phthalcon/PPh/Jeffamine D230/Epikote 828

dispersion. Both dispersions contained 3 vol. % Phthalcon.

To make a cross-linked polymer matrix, epoxy prepolymer Epikote 828 and amine
cross-linker Jeffamine D230 have to be added to Phthalcon/PPh dispersions. This
addition may alter the Phthalcon particle structure because of the changes in particle-
dispersing medium and/or the particle-particle interactions as discussed in previous

chapters. Figure 7.8 & Table 7.3 show that the addition of coating components
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Jeffamine D230 and Epikote 828 slightly lowers the fractal dimension and correlation
length of the Phthalcon particle aggregates. The effect of the addition of Jeffamine
D230 and Epikote 828 may be explained by a decrease in surface energy difference
between Phthalcon particles and matrix components surrounding the particles (Table
7.1). These data suggest a reduction in the effective Hamaker constant Ay?, and
therefore a decrease in particle-particle attraction energy in this medium. However, it
is not clear whether the addition of Jeffamine D230 increases the specific interactions
between surface groups of Phthalcon (mainly -OH and -CN groups) and medium

(mainly -NH, groups).
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Figure 7.9. Changes in viscosity during cross-linking of Phthalcon/PPh/Jeffamine
D230/Epikote 828 coatings with and without the presence of m-cresol. The concentration of

Phthalcon was 3 vol. % and the curing temperature was 100 °C.

Figure 7.10. OM images of Phthalcon particle network structure in Jeffamine D230/Epikote
828 coating made from Phthalcon/PPh dispersion. The coating contained 3 vol. % Phthalcon,

the coating formulation was cured at 100 °C and later post-cured at 120 °C.

By increasing the curing temperature to 100 °C the cross-linking reaction starts,
meanwhile the solvent begins to evaporate. Consequently the specific interactions

between surface groups of Phthalcon and active groups in the solvent become weaker.
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Therefore, particle-particle interactions become dominant and particles tend to
aggregate as long as the Brownian movement is sufficiently large and the viscosity of
the system is sufficiently low. The viscosity changes over time during cure of
Jeffamine D230 cross-linked coatings are shown in Figure 7.9. It clearly indicates a
very slow change in viscosity over time in coating formulation made from PPh
dispersion (gel time is 1050 s). The OM image of Phthalcon particle network after
cure made from PPh starting dispersion is shown in Figure 7.10. The OM image
shows a much denser Phthalcon particle network in the cured coating compared to the
one observed in PPh/Jeffamine D230/Epikote 828 starting dispersion (Table 7.3). The
dr value obtained in this Phthalcon particle network suggests the particle network
structure is less fractal (dr = 1.82, Table 7.2), even the presence of a continuous

particle network can be doubted.

The possible absence of continuous Phthalcon particle networks in coatings made
from Phthalcon/PPh/Jeffamine D230/Epikote 828 dispersion is also suggested by the
conductivity measurements. No conductivity could be measured from these coatings
using the standard four-point measuring unit even at a Phthalcon concentration as
high as 12 vol. %, whereas when cross-linked coatings are made from Phthalcon
dispersed in m-cresol, the o, values well above that of the epoxy matrix (o, = 107
S/cm®®) were found even for coatings containing Phthalcon concentration below 2
vol. %.2%!° Tt has been shown that when (relatively) large Phthalcon particle
aggregates/agglomerates are present in the starting dispersion accompanied with a
much longer gel time, the resulted Phthalcon particle network is inhomogeneouly
distributed through the coating layer (Chapter 5).> The particle network is not present
in the area close to the coating surface due to sedimentation, therefore the
conductivity cannot be determined since our four-point measurements are carried out
at the coating surface.’ It is possible that this sedimentation of Phthalcon particle
network stimulated by the long gel point (Figure 7.9) also took place during cure in

coatings made from Phthalcon/PPh dispersions.

To prevent sedimentation, the cross-linking of epoxy should take place in a faster
manner. Nevertheless, the curing reaction should not be too quick, otherwise
Phthalcon particle aggregates/agglomerates might not have sufficient time to form a
continuous particle network. 2,4,6-Tris(dimethylaminomethyl)phenol (DMP 30) is
known as a catalyst to accelerate the ring opening of epoxy prepolymer. However,

even for a 12 vol. % Jeffamine D230 cross-linked Phthalcon/epoxy coating made
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from PPh dispersion containing DPM 30 accelerator, no conductivity could be
measured. Rheological measurements on viscosity changes over time during cure
show that the gel time changes from 1050 s in the absence of catalyst to 736 s in the
presence of 20 wt. % DMP 30 (with respect to the total amount of PPh used).

As has been discussed before, m-cresol not only acts as a good dispersing medium,
but also acts as a proton-donating catalyst which enhances the cross-linking of the
epoxy prepolymer. To accelerate the curing reaction, 20 wt. % m-cresol (with respect
to the total amount of PPh) was added into Phthalcon/PPh dispersions. The
rheological measurements on viscosity changes over time during cure show that the

gel time changes from 1050 s to 495 s in the presence of m-cresol (Figure 7.9).

To see if conductivity could be measured, four-point measurements were carried out
and a o, value of 5.1 x 10° S/cm was found for 12 vol. % Phthalcon/PPh/m-
cresol/epoxy coating. The measured o, value suggests the absence of an insulating top
layer. However, this g, is much lower than what we observed in Jeffamine D230
cross-linked coatings made from Phthalcon/m-cresol starting dispersions, because
even in the presence of m-cresol the gel time of a coating formulation made from a
PPh dispersion is still much longer than the one observed in a Phthalcon/m-

cresol/Jeffamine D230/Epikote 828 starting formulation.

When we compare the viscosity changes over time between Phthalcon/PPh/m-
cresol/Jeffamine D230/Epikote 828, Phthalcon/m-cresol/Jeffamine D400/Epikote 828
and Phthalcon/m-cresol/Jeffamine D2000/Epikote 828 starting formulations, the gel
point of the starting formulation containing PPh and m-cresol lies between the other
two starting formulations (Figure 7.11). The fractal structure analysis on the
Phthalcon particle network made from this starting formulation (Figure 7.12) reveals a
dr value of 1.60. Within the uncertainty of measurements this dr value and the o, value
obtained from a coating containing 12 vol. % Phthalcon are all lie between the ones
obtained from Jeffamine D400 and Jeffamine D2000 cross-linked coatings (Table 7.3).
Hence, relaxation might happen in a Phthalcon particle network made from PPh
dispersion as well. Our results also indicate that it is possible to replace m-cresol with
much friendlier dispersing solvent, but careful processing optimization, such as
dispersing conditions and efficient catalyst, is required to obtain the most attractive
electrical property because the nanoparticle structures and distributions in polymer

matrix are very sensitive to small changes in starting formulations and processing
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Figure 7.11. Changes in viscosity during cross-linking of 3 vol. % Phthalcon/epoxy. The

starting formulations were varied and the curing temperature was 100 °C.

Figure 7.12. The OM images of Phthalcon particle network structures in Jeffamine D230
cross-linked epoxy coatings with/without the addition of m-cresol. a) Phthalcon/PPh/epoxy
coating; d) Phthalcon/PPh/m-cresol/epoxy coating. Both coatings contained 3 vol. %
Phthalcon. When m-cresol was present, the amount of m-cresol was 20 wt. % with respect to

the total amount of PPh.

7.4. Conclusions

We have shown in this chapter that post-cure has a large influence on Phthalcon
particle network structure and the volume conductivity oy of the final coating. During
post-cure the cross-linking reaction is optimized, the remaining solvent and insulating
layer between particle aggregates is minimized or completely disappeared. Therefore,
the oy increases, although the extent of improvement in o, depends on the cross-linker
and the chosen curing temperature. Moreover, further relaxation of Phthalcon particle

network may occur during post-cure.
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m-cresol is a powerful dispersing medium which breaks down the highly
agglomerated Phthalcon powder into well-dispersed submicrometer-sized Phthalcon
particles/aggregates; moreover, it also acts as a catalyst which facilitates the ring
opening reaction of epoxy prepolymer and prevents the sedimentation of Phthalcon
particle network during cure. However, when an excessive amount of m-cresol is
present in the starting formulation (matrix/m-cresol mass ratio < 5/8) the gel point is
prolonged. This results in a relaxation of initially formed Phthalcon particle network

and a decrease in gy.

It is also shown that, from safety point of view, it is possible to replace (part of the) m-
cresol with a much safer and friendlier dispersing solvent, but careful optimization of
the starting formulation and processing conditions are needed to realize an optimum
log oy - ¢ relation. The presented results confirm that only within a small processing
window, which seems to be very specific for each chosen starting formulation, semi-
conductive Phthalcon/thermoset materials can be realized at low filler concentration
by forming a continuous fractal Phthalcon particle network throughout the matrix.
The results also show that the nanoparticle structure and distribution in cured
thermoset matrix are likely to be strongly dependent on these factors as well. This
means that the ultimate electrical conductivity of these nanocomposites also depends

on the processing conditions and starting formulations.
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CONDUCTIVITY OF UV CURED
PHTHALCON/ACRYLATE COATINGS®

SYNOPSIS

A straightforward method is proposed to prepare UV curable semi-conductive
acrylate coatings. The conductivity is achieved by directly dispersing a very small
amount of Phthalcon 11/12 particles into acrylate monomer; and then the
formulation is UV cured with the aid of photoinitiator. Under the optimum
conditions Phthalcon/acrylate coatings are made, which can reach a maximum DC
volume conductivity omax Of 10”7 S/cm and a percolation threshold ¢. of 0.2 vol. %.
Under these conditions, a fractal Phthalcon particle network is formed by diffusion
limited cluster aggregation from large fractal particle aggregates present in the
starting formulation. It is likely that these Phthalcon particle aggregates are “frozen”
in the acrylate matrix as a result of the rapid UV curing of the acrylate monomer. In
the cured coatings no matrix seems to be present between particles in the network,
and a conductivity level above 10°® S/cm can be realized at a particle concentration
below 1 vol. %. Although the presence of nanoparticles may absorb part of the light
and slow down the curing rate, UV curing of thermoset materials containing a small
amount of semi-conductive nanofiller particles seems to be preferred above thermal

curing to prepare permanent antistatic thermoset polymer coatings.

The content of this chapter has been submitted to Macromolecules: Yuan, M.;
Brokken-Zijp, J. C. M.; de With, G. “Conductivity of UV Cured Phthalcon/Acrylate
Coatings”.
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8.1. Introduction

Conductive polymer composites can be made by incorporating conductive fillers into
an insulating polymer matrix. These materials are of major interest due to the
possibility of combining electrical properties of conductive fillers with the excellent
mechanical properties and processability of the polymer matrix. To maintain the
mechanical and processing properties of the matrix, the filler fraction should be as
low as possible; while to obtain a conductive material, the filler fraction should be
above the percolation threshold ¢, at which the filler particles form a continuous
particle network through the matrix."* However, the commercial applications of
conductive polymer composites, at present, are limited because a large amount of
conductive filler is often required to achieve a reasonable conductivity level oy.
Statistical percolation models predict a ¢, of 16 vol. % for randomly distributed non-
overlapping hard spheres;”” this filler fraction is often unacceptably high in practice
because it deteriorates the properties and processability of the polymer matrix
material. Moreover, the cost-price of the composites is often beyond an acceptable

level so that most of the applications are no longer commercially attractive.®

It is widely accepted that the conductivity of a polymer composite is based on the
presence of a continuous network of (semi)conductive filler particles.'™ The particle
network morphology after processing is very important in determining o, and ¢
because it affects the charge transport in the network."”"! The morphology may be a
complex arrangement of particle aggregates/networks with different size and shape
distributions. If particles can be controlled in a desired manner or can be arranged into
a preferred structure, it will tremendously decrease ¢., improve o, and broaden the

application possibilities of these materials.

Almost all publications on conductive polymer composites containing
(semi)conductive fillers focus on thermoplastic polymer matrices. Knowledge on
thermoset polymer composites, especially on UV curable thermoset polymer
composites, is limited, although these materials are of major practical interest.
Published results on UV curable polymer nanocomposites mainly focus on using
inorganic nanoparticles, such as silicium oxide, tin oxide and antimony doped tin

12-18

oxide (ATO) as (semi-conductive) fillers. Due to the hydrophilicity of these

inorganic particles, surface modification is often required to improve the

13-18

compatibility of these fillers with the polymer matrix. However, surface

modification introduces grafting agent(s) which can act as an insulating layer,
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resulting in polymer composites with low conductivity and consequently limit the

applications of these materials.

It has been shown that nanocrystals of aquocyanophthalocyaninato Co(III) (Phthalcon
11/12) (Scheme 8.1) can be used as semi-conductive additive in a broad range of
thermoplastic and thermoset polymer matrices, resulting in materials with low ¢..**"*"
*2 Nevertheless, studies on this promising filler have only concentrated on thermally
cured thermoset polymer matrices. If UV cured conductive Phthalcon/polymer
composites can be realized through straightforward and easily controlled processing

conditions, it will extend the applications of such novel nanofiller.

In this chapter we report the use of nanometer-sized Phthalcon 11/12 as semi-
conductive additive in UV curable acrylate composites. The relation between the
conductivity of these acrylate coatings and the amount of Phthalcon particles added is
discussed. We particularly focus on the morphology of Phthalcon particle networks
before and after cure, the fractal characteristics of particle network structures and the
mechanism of network formation. Finally, the impact of our findings on other UV
cured polymer composites containing nanometer-sized (semi)conductive filler

particles is addressed.

8.2. Experimental

8.2.1. Materials
Phthalcon 11/12 (Scheme 8.1) was synthesized in high purity and yield using a two-

. . 20-22
step reaction as described before.”

The primary Phthalcon 11/12 particle size used
here is about 250 nm in length and width and about 50 nm in thickness. Before use the
Phthalcon powder was carefully dried at 80 °C for 48 h under vacuum (~ 0.01 mbar)

and ground into fine powder in a mortar.

Acrylate monomer poly(ethylene glycol) diacrylate (PEGDA, M, = 258, 575 & 800)
and photoiniator 2-hydroxy-2-methylpropiophenone (97 %) were purchased from
Aldrich. The chemical structures of these compounds are shown in Scheme 8.2. All

chemicals were used as received.
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Scheme 8.1. Molecular (1a) and crystal structure (1b) of Phthalcon, Phthalcon 11/12 contains
both NH; and H,O as ligands in the cystal.”

Poly(ethylene glycol) diacrylate (PEGDA)
(Average M, = 258, 575, 800)

O]
OH

2-hydroxy-2-methylpropiophenone

Scheme 8.2. Chemical structures of PEGDA acrylate monomers and photoinitiator.

8.2.2. Coating Preparation

All acrylate coatings were prepared starting from a dispersion of Phthalcon 11/12
particles in a PEGDA monomer, which was made by magnetical (1 h) and later on
ultrasonical (1 h) mixing. To this dispersion 3 wt. % of photoinitiator, 2-hydroxy-2-
methylpropiophenone, was added (the amount of photoinitiator added was based on
the total amount of PEGDA monomer used). This mixture was then magnetically
stirred for 5 min and ultrasonically degassed for 5 min. Finally, it was cast on a

polycarbonate substrate with a 10 um coating thickness using a doctor blade
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applicator and cured by exposure to UV light (F lamp, A = 315-400 nm, 20 mW/cm®,

N, atmosphere) for 2 min. Under these conditions smooth coatings were obtained.

The concentrations of Phthalcon in the UV cured materials ranged from 0 to 6.1 vol.
%, based on the total composition of the composites after cure by taking into account
the density of Phthalcon powder and UV cured PEGDA acrylate coating as 1.65 and
1.10 g/em’, respectively.

8.2.3. Characterization

Real-time ATR The curing kinetics of PEGDA 575 with/without the presence of
Phthalcon particles was studied by real-time ATR (Scheme 8.3).” A Spectral
Luminator from ORIEL instruments was used as UV light source. Light (1 = 305-325
nm) with an intensity of 14 or 0.043 mW/cm® (measured with a photomultiplier) was
used to activate the photoinitiator. Before each measurement the starting coating
formulation was applied on a diamond ATR crystal which was mounted on a
BIORAD Excalibur FTIR unit, and then it was irradiated by UV light through a 6 mm
diameter liquid-filled light guide (transmitted light > 300 nm). The sample was
covered by quartz plate and kept under N, flow which suppresses the contact of
sample with surrounding air; then light was switched on and the ATR spectra were
recorded until the end of curing reaction. The rate of spectra recorded was up to three
spectra per second and the thickness of the coating was about 2 um. The curing
reactions of the acrylate monomer were monitored by measuring the peak area centred
at 1636 cm™. The decrease of the peak area reflects the conversion of vinyl groups
and is proportional to the degree of cure reached after a certain time. All ATR spectra
were recorded under N, atmosphere and during the measurements the light

illumination was kept constant.

UV-Vis Spectroscopy The UV-Vis absorption spectra of 1.95 x 10* mol/L
Phthalcon/ethylene glycol dispersion, 1.04 x 107 mol/L PEGDA 575/ethanol
dispersion and 1.22 x 10™* mol/L photoinitiator/ethanol dispersion were recorded with
a Hewlett Packard 8453 spectrophotometer. The dispersion was placed in a 1 cm path
length cuvette. The amount of Phthalcon in the path was equivalent to a 2 um thick
coating with a Phthalcon concentration of 3.6 vol. %. The amount of PEGDA and
photoinitiator in the path of the measurements was equivalent to a 5.0 mol/L and a 0.6

mol/L dispersion placed in a 2 um path length, respectively.
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Scheme 8.3. Experimental setup for real-time ATR which was used to monitor UV cure of

PEGDA and Phthalcon/PEGDA coatings.

Volume Conductivity Measurements The volume conductivity o, of cured
Phthalcon/PEGDA coatings at room temperature was measured using a standard four-
point method, with a Keithley 237 high voltage source measuring unit and a Keithley
6517A high voltage electrometer. The former unit supplies a constant current through
the coating between the two outside electrodes and the latter unit measures the voltage
difference between the two inside electrodes. The measurements were carried out on
the surface of the coating sample according to standard ASTM D991 and instructions
of Keithley “low conductivity level measurements”. Silver paint (silver conductive
adhesive 416, electron microscopy sciences, USA) was used to ensure good contact
between sample surface and measuring electrodes. To calculate o, an average coating
thickness of about 10 um was used and the presented o, for each Phthalcon
concentration is an average value of at least three different coatings measured at three

different positions.

Optical Microscopy The morphology of Phthalcon particle network in PEGDA
before and after UV cure was studied by optical microscopy (OM). The OM analysis
was carried out with a Reichert-Jung Polyvar-Met microscope using the transmission
bright-field technique. These OM images were later converted to binary images and
analyzed using the tiling method to obtain the fractal dimensions of the particle

network.” The Phthalcon particle dispersions studied here were prepared by bringing a
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small amount of material between two glass slides. The Phthalcon/PEGDA coatings

were studied directly without further preparation.

Surface Energy The surface energies of the liquid samples were determined at 20 °C
by Wilhelmy plate method using a Kriss Digital Tensionmeter K10T.>* During the
measurement, the plate was moved towards the surface until it reached the meniscus.
The surface energy was calculated from the measured force. All surface energies

given are average values of three measurements on each sample.

8.3. Results and Discussion

8.3.1. Curing of PEGDA 575

To get more insight in the curing behavior of acrylate monomers in the presence of
Phthalcon 11/12, cure of pure PEGDA 575 in the presence of 3 wt. % photoinitiator
(with respect to the total amount of PEGDA 575) was studied first with real-time
ATR. During the measurement the sample was irradiated with UV light (305-325 nm)
which has an intensity of 14 mW/cm® or 0.043 mW/cm®”. This wavelength range was
chosen because it corresponds to the absorption of photoinitiator and the available
wavelengths transmitted through the liquid-filled light guide. As can be seen from
Figure 8.1 and Table 8.1, a large number of peaks disappeared from the ATR spectra
during cure. The disappearance of these peaks can be quantitatively explained by the
polymerization of PEGDA 575 acrylate monomer.> As the carbonyl group within the
acrylate monomer is conjugated with the vinyl group, the carbonyl peak at 1700 cm’
shift to a higher wavelength which can be explained by the conversion of the vinyl
groups during cure.”” These quantitative conversions during UV cure of pure PEGDA

575 were reported before.'

The curing reactions were monitored by measuring the peak area which is centred at
1636 cm™. The decrease of the peak area reflects the conversion of vinyl groups and
is proportional to the degree of cure reached after a certain time. For PEGDA 575 the
signal of vinyl group at 1636 cm™ disappeared within 20 seconds (Figure 8.2). In
general, the curing reaction is not retarded as long as the reactive groups are
sufficiently mobile. The best indication for the mobility of groups in a polymer is the
glass transition temperature 7,. The T, of a completely cured PEGDA 575 is -30 °c,"
thus at room temperature vinyl groups remain mobile. This explains the fast curing

rate and the complete disappearance of C=C groups observed in Figure 8.2.
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Figure 8.1. Changes in ATR spectra during cure of a 2 um thick PEGDA 575 coating: the
asterisk indicates the peak that was used to monitor the curing rate. All starting formulations
contained 3 wt. % photoinitiator. Peaks that disappeared during polymerization are listed in

Table 8.1.

Table 8.1. Peaks that disappeared from ATR spectra during polymerization of
PEGDA 575.%

Disappearing peaks (cm™) Vibrations of PEGDA monomer
1636 C=C stretching
1620 C=C stretching
1408 O-CH, wagging
1298 C-O stretching conjugated with C=C
1273 C-O stretching conjugated with C=C
1192 C-O stretching conjugated with C=C
986 =CH, wagging
810 =CH, twist

*3 wt. % Photoinitiator was added based on the total amount of acrylate monomer. The

starting formulations did not contain Phthalcon particles.
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Figure 8.2. The disappearance of C=C group in a 2 um thick PEGDA 575 in the presence of
3 wt. % photoinitiator. The intensity of UV lamp used was 14 mW/cm® and the wavelength

used was between 305-325 nm. The measurement was monitored under N, flow.

8.3.2. Curing of Phthalcon/PEGDA 575

The addition of semi-conductive nanoparticles may influence UV cure in many ways.
In general, semi-conductive nanoparticles strongly absorb UV light. Hence, a typical
problem that happens during cure is the absorption of UV light by these particles.
Consequently, the intensity of UV light in the deeper layers becomes low, possibly
resulting in an insufficient cure. Therefore, it is important that sufficient UV light is
available through the whole layer thickness. Apart from the absorption of UV light,
physical/chemical interactions between filler particles and prepolymer/photoinitiator
may also influence the conversion of reactive groups and/or the efficiency of
photoinitiator, and hence affect curing rate. Furthermore, the filler particles may act as
retarder, inhibitor and/or photoinitiator for radical polymerization.’® Therefore, side
reactions and/or changes in curing rate may occur in the presence of Phthalcon
particles. To verify whether the above mentioned effects are present in our system, the
influence of Phthalcon particles on UV cure of PEGDA 575 was studied in more
detail.

The absorption of a PEGDA 575/ethanol dispersion and a Phthalcon/ethylene glycol
dispersion is shown in Figure 8.3. The amount of Phthalcon nanoparticles in the path
of the measurement was equivalent to a 2 um thick coating containing 3.6 vol. %
Phthalcon. For this layer light that transmitted through Phthalcon was calculated with
equation (8.1):

I
A= —lgI— = —IgT (8.1)

o
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where A is absorbance, T is transmittance, / and [, represent the intensity of
transmitted light and incident light, respectively. At 315 nm 40.0 % of light was
transmitted through this Phthalcon layer when the light absorbed by acrylate
monomer and photoinitiator was neglected. This assumption is logical because for a 2
um PEGDA 575 coating formulation the concentrations of PEGDA and photoinitiator
are 1.9 mol/L and 0.2 mol/L, respectively. Both concentrations were lower than the
equivalent concentrations (5.0 mol/L and 0.6 mol/L, respectively) shown in Figure
8.3. The calculated transmittance indicates that the intensity of UV light is sufficient
for a reasonable curing rate even at the bottom of the layer. However, for coating with
a much higher Phthalcon concentration the transmitted light is so weak that cure of
the bottom layer may be strongly hampered. To prevent this, for all coatings studied

here the Phthalcon concentration was not higher than 6.1 vol. %.

1 _0-1% < Photoinitiator

g © PEGDA 575
9 ®  Phthalcon 11112

Absorbance

ft'.“'"'i-n ST

280 300 320 340 360 380 400 420 440
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Figure 8.3. Light absorbed by PEGDA 575, photoinitiator and Phthalcon. The amount of
Phthalcon in the path of the measurement was equivalent to the amount in a 2 ym thick
coating containing 3.6 vol. % Phthalcon; the amount of PEGDA and photoinitiator in the path
of the measurements were equivalent to a 5.0 mol/L and a 0.6 mol/L dispersion with a 2 um

path length, respectively. The grey bar indicates the absorbance at around 315 nm.

To study the polymerization rate of PEGDA 575 containing Phthalcon particles,
PEGDA 575, Phthalcon and photoinitiator were mixed using the same procedure as
described in the experimental part. The results are shown in Figure 8.4, which clearly
indicate that with increasing Phthalcon concentration the curing rate of acrylate
monomer decreases, but that complete cure was always observed. The decrease in
curing rate becomes more remarkable when light with a lower intensity was used (1 =
305-325 nm, 0.043 mW/cm®, Figure 8.4b): a fully cured pure PEGDA 575 was
obtained after 50 seconds, while for PEGDA 575 containing 6.1 vol. % Phthalcon
particles 120 seconds of UV exposure was needed. Using Equation (8.1) the light
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transmitted through a 2 um thick PEGDA 575 containing 6.1 vol. % Phthalcon,
illuminated by such low incident light, was as low as 8.9 x 10° mW/cm”. However,
even for this coating a full cure was obtained as can be seen from the disappearance of
vinyl groups. Possibly cure of the deeper layer is not only due to the polymerization
initialized by the active photoinitiator, but also due to the high mobility of vinyl

groups and the diffusion of free radicals from the upper layer.
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Figure 8.4. Influence of Phthalcon concentration on the curing rate of PEGDA 575 acrylate
monomer (3 wt. % photoinitiator, 2 um coating formulation, A = 305-325 nm, N, flow,
reaction monitored at 1636 cm™). (a) UV light intensity was 14 mW/cm’; (b) the light

intensity was 0.043 mW/cm®.

The acrylate monomer is consumed by chain propagation and the propagation rate R,

is given by:?’

R, =k, X [M]; X (8.2)

I, = Iy(1 — 10¢n[Pd) (8.3)

where k, is the propagation rate constant, [M], is the concentration of acrylate
monomer at time ¢, ¢; is the number of initiated polymer chains per absorbed photon,
1, is the intensity of absorbed light, /, is the intensity of incident light, ep; is the
extinction coefficient of photoinitiator, [P/] is the concentration of photointiator, d is

the thickness of sample and %, is the termination rate constant.

When Phthalcon particles are present, light absorbed by Phthalcon particles should

also be taken into account. Therefore, /, in Equation (8.2) should be replaced by /,":
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Iol — Io X 1O—gphthalcon[Phthalcon]d (8.4)

where /,” is the intensity of total light transmitted through Phthalcon, ep; is the
extinction coefficient of Phthalcon and [Phthalcon] is the concentration of Phthalcon

particles.

Equation (8.2) becomes:

R, =k

p X [M];

: - alcon[Phthalcon]d — —epylPIld
XJ@X%XIO@MI ateomld x (1 —107¢pr 7%(&@

p

Using Equation (8.5) as well as the results on light absorbed by Phthalcon (Figure

8.3), the initial polymerization rate R, can be calculated. From the first derivative of

the disappearance of vinyl groups vs. time —dl

¢= C]/ dt> the polymerization rate R,
can also be determined from real-time ATR spectra. At the initial curing stage,

assuming a monomer conversion of 10 %, the ratios between R, were calculated from

_ﬂc=ﬂhﬂ

Figure 8.4. Both experimentally (calculated from Figure 8.4 using

and theoretically (calculated from Equation 8.5) determined R, ratios are summarized
in Table 8.2. Within the uncertainty of measurements these values are in agreement
with each other, and strongly suggest that the observed retardation in curing rate as
the amount of Phthalcon increases is caused only by the absorption of UV light by
Phthalcon particles. That Phthalcon particle can act as photoinitiator is ruled out
because the sample remained uncured when a starting formulation which only
contained Phthalcon particles and PEGDA 575 was illuminated under UV light for a
long time (10 minutes). Therefore, we assume in the rest of this chapter that Phthalcon

particles only act as UV light absorber during UV cure of the acrylate monomer.

We found that smooth coatings were always obtained after cure, even for 10 gm thick
layers containing 6.1 vol. % Phthalcon. This suggests a (almost) complete cure of
acrylate monomer. However, whether these 10 um thick coatings were fully cured
during illumination or partially cured after switching off the light is unknown. No

smooth coatings were obtained from formulations with a Phthalcon concentration
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higher than 7.0 vol. %. Therefore, to prevent the hampering of cure at the bottom of
coating, the conductivity measurements and the OM analysis were carried out on
coatings which had a thickness of about 10 ym and the Phthalcon concentration in the

coating formulations was not higher than 6.1 vol. %.

Table 8.2. Experimentally determined and calculated R, ratios with different

Phthalcon particle concentrations.

UV light intensity Experimentally Calculated R,
(mW/cm?) Ro/Ry: Determined R, R, RS

14 Ry vor. 2/ Rp(0.6 vol. %) 1.2 1.1 1.0

14 R0 vol. 26)/Rp3.0 vor. %) 1.4 1.5 1.3

0.043 R0 vol. 26)/ Rp0.6 vor. %) 1.1 1.1 1.0

0.043 R0 vol. 26)/Rp3.0 vor. %) 1.5 1.5 1.3
R vot. 20" 1Ro0 vor. 29" 17.9 180  18.0
Ry0.6vol %)H/Rp(()ﬁ vol. %)L 16.6 18.0 18.0
Ry3.0v01 %)H/Rp(sﬂ vol. %)L 19.7 18.0 18.0

" H: High light intensity of 14 mW/cm?; L: Low light intensity of 0.043 mW/cm’.

: R, at the bottom of layer taking into account the total layer thickness of 2 um.

& R, calculated after taking into account the diffusion depth of the ATR probe beam.
The starting formulations containing 6.1 vol. % Phthalcon was not included in the table due
to the uncertainty of layer thickness together with the fact that at high Phthalcon
concentration a small variation in layer thickness strongly influences R,

8.3.3. Morphology of Phthalcon Particle Network in UV cured PEGDA 575
Coatings

The volume conductivity o, of cured Phthalcon/PEGDA 575 coatings containing
various Phthalcon concentrations is shown in Figure 8.5. With a small amount of
Phthalcon particles (0.6 vol. %), the oy reaches a value of 10°® S/cm and the g, is as
low as 0.2 vol. %. The maximum volume conductivity o, obtained in these acrylate
coatings is 107 S/cm. As has been shown before the formed continuous fractal
Phthalcon particle network through a thermally cured thermoset coating is responsible
for the observed volume conductivity oy at a low filler concentration.”!*?>?® These
particle networks can be easily observed under the OM because of the fractal nature

9,19,22,28

of the networks and the large correlation lengths. Likewise, the increase in oy

in Phthalcon/PEGDA 575 coatings may also result from the presence of Phthalcon
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particle networks. Hence, to determine this suggestion, the Phthalcon particle
networks in PEGDA coatings were studied with the OM as well (Figure 8.6a). From
the OM image, the fractal structure analysis using the same tiling method as described

%22 This value is close to the theoretical

before reveals a dr value of 1.71 (Figure 8.6b).
value reported for a nanoparticle network formed by Diffusion Limited Cluster
Aggregation (DLCA),”* and suggests that the particle network in our
Phthalcon/PEGDA 575 coatings is also formed by this mechanism. This mechanism
of network formation was also found in several thermally cured Phthalcon/epoxy

: 9,22,28,34
coatings.” "

1E-7 o

1E-8+
®  in PEGDA 575
< in Epoxy

a, (Slcm)

1E-94

0 2 4 6 8 10 12
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Figure 8.5. log o, — ¢ relation of UV cured Phthalcon/PEGDA 575 coatings (4 = 315-400 nm,
20 mW/cm®, N, atmosphere for 2 min) and thermally cured Phthalcon/epoxy coatings cross-
linked with Jeffamine D230; these epoxy coatings were made from submicrometer-sized

Phthalcon starting dispersions and cured at 100 °C.*"
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Figure 8.6. (a) OM image of a UV cured PEGDA 575 coating containing 1.5 vol. %
Phthalcon; (b) fractal structure analysis of the Phthalcon particle network based on Figure

8.6(a); dr=1.71.
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Generally, the Phthalcon particle dispersion in the starting formulation has a major
influence on the final morphology of Phthalcon particle network; and consequently it
influences the log oy — ¢ relation of Phthalcon/polymer composites.'” Therefore, the
Phthalcon particle distribution in PEGDA 575 dispersion before cure was also studied
with the OM. The dispersion was made by directly dispersing Phthalcon powder in
PEGDA 575 monomer. The OM image clearly shows a fractal particle aggregate
structure (Figure 8.7a). From Figure 8.7a the fractal dimension dr of Phthalcon
aggregates in PEGDA 575 dispersion was calculated and a dr value of 1.76 was
obtained (Figure 8.7b). This dr value is not only in agreement with the theoretical
value predicted for particle aggregates formed by DLCA, but also close to the value
calculated from UV cured Phthalcon/PEGDA 575 coating made from this starting
dispersion. The similar fractal dimension and particle aggregate/network distribution
observed in the starting dispersion and the final cured coating strongly suggest that
the Phthalcon particle network in the coating is directly formed from Phthalcon
aggregates in the dispersion. Because UV cure of PEGDA 575 monomer is rapid,
Phthalcon aggregates/networks may not have sufficient time to reorganize. It is likely
that the initial formed fractal particle aggregates/networks in the dispersion are

quickly “frozen” in the acrylate matrix during cure.

Number of Tiles

1 10 100
Tile Size (xm)

Figure 8.7. (a) OM image of a 1.5 vol. % Phthalcon/PEGDA 575 starting dispersion; (b)

fractal structure analysis of Phthalcon particle dispersion in (a); dy=1.76.

The Phthalcon aggregate structure found in PEGDA 575 dispersion can be explained
by the specific interactions between surface groups of Phthalcon particles and
PEGDA, together with the specific interactions between surface groups of Phthalcon
particles. The Phthalcon primary particles used here are highly crystalline nano-sized
flat plates. Electron diffraction measurements, deuterium NMR experiments on
Phthalcon-zHZO, solid-state  NMR experiment on Phthalcon->CN and FT-IR
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measurements on labelled and non-labelled Phthalcon show that the surface groups at
the bottom and top of the plate are -OH/H,0, -NH3/NH, and -CN, whereas the surface
groups at the sidewalls are phenyl rings.”' The interactions between surface groups of
Phthalcon and PEGDA 575 (mainly hydrogen bonding with carbonyl groups) are
relatively strong; hence the particle agglomerates present in the powder can be

relatively easy to be broken down.

Besides these specific interactions, other particle-particle and particle-medium
interactions should also be taken into account. When hydrogen bonding is negligible,
it has been shown that it is possible to use experimentally determined surface energy

(Table 8.3) to estimate these interactions via:'’

2
AT =~ 21 %1072y, "2 - vl?] (8.6)

m

AHf’ﬁ is the effective Hamaker constant, while y, and y,, are the surface energies of
particle and surrounding medium, respectively. When the values of surface energies
of the nanoparticle and the dispersing medium are similar, 4% tends towards zero
and the interfacial energy between dispersed particles and matrix tends to zero. This
favours the random distribution of well-separated particles in the medium during
mixing. Likewise, a large A5 results in a high value of interfacial energy and
particles tend to aggregate. Hence, more energy is required to disperse powder of
nanoparticles through a dispersing medium. The surface energy of Phthalcon particle
is much larger than that of PEGDA 575 (Table 8.3), large fractal Phthalcon
aggregates were observed in the starting dispersion formed by DLCA from well-
dispersed particles (Figure 8.6a). Apparently, the dispersing force is sufficiently large
to break down the Phthalcon particle agglomerates present in the powder. The
relatively large viscosity of the starting formulation, the formation of the fractal
aggregates and the specific interactions between particles and PEGDA slow down the

formation of particle agglomerates in the PEGDA 575 dispersion.

Table 8.3. Surface energies of the starting materials.

T PEGDA 258 PEGDA 575 PEGDA 800 m-cresol Phthalcon
°C) (mN/m) (mN/m) (mN/m) (mN/m) (mN/m)
20 39.2 40.0 41.5 38.2 > 50
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During cure of PEGDA 575 monomer, the particle-medium interactions change
because of the consumption of the vinyl groups. However, the fast curing rate ensures
an instant increase in viscosity within seconds. Apparently, the large Phthalcon
particle aggregates do not have sufficient time to reorganize themselves during cure.
The rapid UV cure also ensures that Phthalcon particle aggregates are (almost)
“frozen” in their original positions as in the dispersion. The similar fractal particle
network structure and fractal dimension observed in Figure 8.6 and Figure 8.7 support

these conclusions.

8.3.4. Volume Conductivity of Phthalcon/PEGDA 575 Coatings
The omax of the cured Phthalcon/PEGDA 575 coatings is 107 S/cm (Figure 8.5). This
value is equal to om.x found in thermally cured cross-linked Phthalcon/epoxy coatings

%19 It has been shown that under these conditions

made under optimal conditions.
Phthalcon particles in the network really touch each other at a Phthalcon
concentration of 12 vol. %. This means that there is no polymer matrix present
between particles in the network.'' The fractal dimension and Phthalcon particle
network structure of UV cured Phthalcon/acrylate coatings are very similar to those
found in Phthalcon/epoxy coatings. Hence, for our Phthalcon/acrylate coatings it is
also likely that at 6.1 vol. % Phthalcon particle network reaches the optimal structure
as well, i.e. particles in the network really touch each other. Figure 8.5 also shows that
in PEGDA 575 coatings the o, below oma.x 1s considerably higher and the ¢, is
considerably lower than what we observed in cross-linked Phthalcon/epoxy coatings.
This strongly suggests that for epoxy materials with a o, below omax Phthalcon
particles do not touch each other, and that the polymer matrix present between these
particles limits the charge transport. When we compare our results on UV cured
Phthalcon/PEGDA 575 coatings with model calculations (Figure 2.6) which assume
no matrix between Phthalcon particles in the particle network,'" a strong resemblance
between the calculated and experimentally determined log o, — ¢ relation was
observed. This suggests that in Phthalcon/PEGDA 575 coatings Phthalcon particles in

the particle network really touch each other over a broad range of concentrations.""

It has been shown in (semi)conductive polymer nanocomposites that the 45 of the

starting formulation determines, to a large extent, ¢ of the composites.'*

The larger
An?, the lower .. However, the ¢, of Phthalcon/acrylate coatings is much lower than
that of Phthalcon/epoxy coatings (Figure 8.5), whereas the dr value and the

mechanism of Phthalcon particle network formation are same.”'***** Apparently, the
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lowering of Az during cure and/or the amount of polymer matrix present between

particles in the network increase the ¢ in thermally cured Phthalcon/epoxy coatings.

The cross-linked Phthalcon/epoxy coatings shown in Figure 8.5 were made from a
starting dispersion in which Phthalcon particles were very well-dispersed.” Semi-
conductive cross-linked epoxy coatings can also be made by directly dispersing
Phthalcon particles in Jeffamine D230 cross-linker."” In these Phthalcon/Jeffamine
D230 dispersions large fractal Phthalcon aggregates were also present, although the
lower dr value of 1.44 suggests that these aggregates are formed by a different
mechanism. Moreover, the addition of epoxy prepolymer lowers the size as well as
the dr value of the fractal Phthalcon aggregates in the starting formulation.' After
cure all coatings made from Phthalcon/Jeffamine D230 dispersions have an insulating

top layer due to the sedimentation of Phthalcon particle network during much slower

% Epikote 828 &
—(

. ) ) Slow Thermal Curing
Dispersed in Jeffamine D230 Conductive Fractal Particle Network
Large Fractal Aggregates With an Insulating Top Layer

e de=1.44 dr=1.72

&
Dispersed in PEGDA

thermal cure (Scheme 8.4)."

% RN Large Fractal Aggregates Fast UV Curing
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Scheme 8.4. Three different routes to obtain semi-conductive Phthalcon/polymer coatings.

Therefore, to prepare permanent antistatic coatings with the aid of a small amount of
Phthalcon particles, the use of UV cure is preferred above thermally cure. Not only
because the log oy — ¢ relation is much more attractive, but also due to the lack of an
insulating top layer and the possibility of directly dispersing Phthalcon particles in
monomer without the aid of solvent or dispersing agent. These results also indicate
that UV cure is, in general, a very attractive route to make semi-conductive coatings

using a very small amount of semi-conductive nanoparticles. The attractiveness of UV
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cure is also supported by recent results on UV cured ATO/acrylate coatings in which
fractal ATO particle network is present through the coating layer (¢, = 0.3 vol. %, the
diameter of ATO particle is about 7 nm).”> However, a disadvantage may be the
absorption of UV light by the nanofiller particles. As has been shown above when a
very small amount of semi-conductive filler particles is added their absorption of UV
light is minimal, whereas the conductivity can be increased significantly by forming a

fractal particle network through the matrix.

8.3.5. Influence of M, of PEGDA on Fractal Particle Network Structure and log
oy — ¢ Relation

Besides PEGDA 575, PEGDA with similar molecular structure and surface energy,
but different molecular weight M,, namely, 258 and 800, was also used as polymer
matrix for UV cured Phthalcon/acrylate coatings. These coatings were prepared under
exactly the same processing conditions as described before. As shown in Figure 8.8,
the o, of layers made from PEGDA 575 reaches a plateau of around 107 S/cm, while
for those made from PEGDA 800 and PEGDA 258, the values of the plateau are only
about 10® S/cm and 10” S/cm, although neither the surface energy of the acrylate
monomer nor the surface energy of the total component mixture before and during
cure is influenced by the M, of PEGDA (Table 8.3).
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—
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Figure 8.8. log o, — ¢ relation of cured Phthalcon/PEGDA coatings. The coatings were UV

cured at room temperature using different Phthalcon/PEGDA starting dispersions.

From a structure-property point of view, the log o, — ¢ relation depends on the
morphology of particle network inside the polymer matrix. As shown in Figure 8.9,

the Phthalcon particle network structures after processing are distinctively different.
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Figure 8.9. Optical microscopic images of Phthalcon particle networks in UV cured PEGDA

composites using different Phthalcon/PEGDA dispersions: (a) PEGDA 258, (b) PEGDA 575,

and (c) PEGDA 800. All coatings contained 1.5 vol. % Phthalcon. 3 wt. % photoinitiator was
used to initialize the UV cure (1 = 315-400 nm).

Figure 8.10. OM images of Phthalcon particle aggregates/networks in different PEGDA
starting dispersions. (a) PEGDA 258; (b) PEGDA 575; (c) PEGDA 800. All dispersions
contained 1.5 vol. % Phthalcon and these dispersions were used to prepare UV cured coatings

shown in Figure 8.9.
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The layer made from PEGDA 575 has a particle network of ramified fractal structure,
while in the layers made from PEGDA 800 and PEGDA 258 the fractal structures are
much coarser and denser. The OM images of the corresponding Phthalcon/PEGDA
starting dispersions are shown in Figure 8.10. Results from fractal structure analyses
based on the OM images of the dispersions as well as the cured coatings are
summarized in Table 8.4. These results show that the Phthalcon particle
aggregate/network structure in the dispersion is very similar to that in its
corresponding cured coating. This strongly indicates that UV cure enables Phthalcon
particle distribution to freeze in their (almost) original position as that present in the
starting dispersion. Nevertheless, the larger dr values found in coatings made from
PEGDA 258 and PEGA 800 suggest that these structures are much less fractal, and
probably still contain micro-sized Phthalcon particle agglomerates. Hence, only a
small part of Phthalcon particles are sufficiently dispersed to form a network structure
by Brownian movement. Because the viscosity of PEGDA 258 and PEGDA 800
starting formulations is different from the PEGDA 575 starting formulation, the used
dispersion preparation is only optimal for Phthalcon/PEGDA 575 dispersions. It is
well-known that a non-optimal particle starting dispersion has a negative effect on the
log g, — ¢ relation of polymer composites containing semi-conductive nanoparticles, it
is therefore expected that further optimization of Phthalcon/PEGDA 258 and
Phthalcon/PEGDA 800 starting dispersions will improve the log o, — ¢ relations of

these coatings.

Table 8.4. Fractal dimensions of Phthalcon particle networks in dispersions and final

coatings.#
PEGDA 258 PEGDA 575 PEGDA 800
Dispersion 1.92 1.76 1.87
Coating 1.90 1.71 1.83

"All dispersions and coatings contained 1.5 vol. % Phthalcon 11/12.

In all cured Phthalcon/PEGDA coatings studied here, the fractal structure analyses
show only one linear region (Figure 8.6b and Figure 8.7b). This suggests that the
correlation length &, which is the average size of the building blocks from which the
particle network is formed, at least for Phthalcon/PEGDA 575 coatings is larger than
100 um. For all acrylate coatings studied here layers with a thickness of about 10 um

were prepared in order to get completely cured coatings. Studies on cross-linked
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Phthalcon/epoxy coatings show that the layer thickness has a large influence on the
log o, — ¢ relation, especially when the coating thickness becomes comparable or
smaller than &° These epoxy coatings were prepared from well-dispersed Phthalcon
particle dispersions and Phthalcon particle networks are formed during cure by
Brownian movement of the (almost) primary particles by DLCA." Probably the well-
dispersed Phthalcon particles are responsible for the much smaller ¢ value (&= 20 um)
obtained in these coatings. This may also explain the influence of layer thickness on
the log o, — ¢ relation because a thin layer might “force” the particle network to be
formed from the primary particles along the substrate instead of in a 3D manner,
while in Phthalcon/acrylate dispersions large particle aggregates are already present,
and they are frozen in the matrix without any changes in structure as a result of rapid
UV cure. This suggests that in these coatings there is no layer thickness effect
expected on the log g, — ¢ relation. The agreement between log o, — ¢ relation and

proposed model calculations indeed confirm this suggestion.

Information on UV cured (semi)conductive polymer nanocomposites, especially on
the addition of nanoparticles without surface modification, is rather limited. Although
in our study only Phthalcon was used as semi-conductive filler, we expect that our
findings can also be applied to other polymer nanocomposites. Our results also
suggest that careful processing optimization is required in order to achieve the most
attractive material properties, because nanoparticle distribution is very sensitive to
small changes in the starting particle dispersion, starting formulation and processing
methods/conditions, such as viscosity changes over time, curing rate of the polymer

matrix and 457

8.4. Conclusions

It has been shown that semi-conductive UV cured acrylate coatings can be easily
made by dispersing a very small amount of nano-sized semi-conductive Phthalcon
particles into an acrylate monomer. The curing reaction of the acrylate monomer was
followed in detail using real-time ATR. These measurements show that the presence
of Phthalcon particles does not affect the curing mechanism of acrylate monomer. The
curing rate only slows down due to the absorption of UV light by Phthalcon particles.
Still a complete conversion of acrylate monomer was observed even when 6.1 vol. %

Phthalcon was added in the starting formulation.

178



Conductivity of UV Cured Phthalcon/Acrylate Coatings n

The percolation threshold ¢, of the cured acrylate coatings is as low as 0.2 vol. % and
the maximum volume conductivity om.x 1s as high as 107 S/cm (with 6.1 vol. %
Phthalcon). When an optimal Phthalcon particle starting dispersion was used, the
particle network in the cured coating is fractal with a fractal dimension df of 1.71. The
particle network is formed from large Phthalcon fractal aggregates/networks (dr =
1.76) which were already present in the starting dispersion and the particle network is
formed by Diffusion Limited Cluster Aggregation (DLCA).

The log o, — ¢ relation of cured acrylate composites using PEGDA 575 as starting
monomer is much more attractive than that obtained from thermally cured
Phthalcon/epoxy coatings. Not only because the ¢. is much lower, but also because
the (almost) direct “freezing in” of Phthalcon fractal networks prevents the presence
of insulating matrix between particles in the network and prevents particle network

sedimentation and reorganization.

The results presented here also suggest that in general for (semi)conductive polymer
nanocomposites the log gy - ¢ relation and the particle distribution through the matrix
is very sensitive to the chosen starting particle distribution. Therefore, careful
processing optimization is required to achieve the most attractive material properties.
Although the presence of semi-conductive particles may absorb part of the light, UV

cure still seems to be much more attractive than thermal cure.
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CONCLUSIONS AND RECOMMENDATIONS

9.1. Conclusions

Semi-conductive Phthalcon/thermoset nanocomposites have been investigated to:

R/
A X4

Get insight in the most important factors which influence the relation between the
morphology of Phthalcon particle network and the DC volume conductivity of
cured Phthalcon/thermoset composites;

Apply obtained knowledge to find more attractive starting formulations and
processing conditions in making low surface energy permanent antistatic cross-
linked Phthalcon/epoxy materials; and

Assess the impact of our findings on structure-property relations in other
thermoset polymer composites containing nanometer-sized filler particles.

It has been shown that the Phthalcon particle dispersion and the effective Hamaker
constant of the starting formulation have a large influence on the relation between DC
volume conductivity and Phthalcon filler concentration (log oy — ¢ relation). By
studying the Phthalcon particle network structure, network formation and DC volume
conductivity of Phthalcon/epoxy nanocomposites prepared under different conditions,

the following results are found:
«6 The Influence of primary Phthalcon particle size on the DC volume conductivity

ov, the maximum volume conductivity omax and the percolation threshold ¢ is
minimal. The very similar fractal particle network structures are likely to be
formed by Diffusion Limited Cluster Aggregation (DLCA) at the early stage of
cure;

Phthalcon crystals are large enough, hence, no loss in conductivity, due to a
reduction of the effective density of states, was observed in Phthalcon/polymer
composites;

The choice of dispersing solvent, cross-linking agent, curing temperature, curing
method and the presence/absence of catalyst have a tremendous influence on the
log ov — ¢ relation and the fractal Phthalcon particle network structure and
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distribution in cured epoxy composites; The fractal Phthalcon particle network is
likely to be formed initially by DLCA during cure. In some cases the network
relaxes during cure, resulting in a fractal particle network with a lower o, value; in
other cases the particle network locates at the bottom of the layer, the top of the
coating or appears homogeneously distributed through the whole layer thickness.
Only under very specific processing conditions and starting formulations, the
maximum value obtainable for omax Of Phthalcon/epoxy composites can be
realized. Under these conditions the Phthalcon particles really touch each other in
the network, whereas in general there is always insulating material present
between particles in the network which lowers the o, of the composites;

« When partially fluorinated cross-linker is present in the starting formulation, semi-
conductive low surface energy coatings are achieved. In addition, the log o, — ¢
relation and the morphology of Phthalcon particle network change severely due to
the presence of fluorinated species; and

«5 Besides thermally cured Phthalcon/epoxy coatings, it is also possible to obtain
semi-conductive UV cured Phthalcon/acrylate coatings without the aid of a
dispersing solvent. Unlike for epoxy coatings, in acrylate coatings the maximum
obtainable value for oma iS reached at a lower Phthalcon concentration
accompanied with a lower ¢.. Furthermore, due to the rapid UV cure, Phthalcon
particle network/aggregates in the dispersion are quickly frozen in the acrylate
matrix, and the particle network structure is preserved. Therefore, the log oy - ¢
relation is more attractive than thermally cured epoxy coatings.

From these results, we conclude that:

@ The log oy - ¢ relation and Phthalcon particle network structure and distribution in
polymer matrix are strongly influenced by small changes in starting formulations
and processing methods/conditions, even when Phthalcon particles are very well-
dispersed in the starting formulations and the initial effective Hamaker constant of
the formulations is large;

@ To realize optimum and reproducible structure-conductivity relations in
Phthalcon/thermoset composites, a careful optimization process is required; and

@ It is likely that for other thermoset nanocomposites containing a small amount of
conductive filler particles, small changes in processing conditions and starting
formulations also have large influences on their structure-property relations.
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9.2. Recommendations

The upper-limit model calculations show that when a low ¢. is required, this will
always occur at the expense of a low omax. Our results also show that under the
optimum processing conditions and starting formulations, the omax INn
Phthalcon/thermoset composites is limited to 107 S/cm. When a critical filler
concentration is desired to remain as low as possible, a drastic increase in o, can,
therefore, only be obtained by using conductive nanofillers with a (much) higher
intrinsic conductivity.

One such filler material could be antimony doped tin oxide (ATO) nanoparticles.
However, measurements reveal that the interparticle tunnelling is strongly limited by
its small particle size. This is caused by the Coulomb charging energy which reduces
the effective density of states for the tunnelling. The loss in conductivity resulted from
a reduction in the effective density of states is considered to be negligible for particles
with size larger than 100 nm. This is indeed the case for our Phthalcon particles.
Hence, for ATO particles a particle size larger than 100 nm is preferred.

To improve the intrinsic conductivity of Phthalcon particles, doping, for instance,
replacing Co(l1l) with other metallic ion or/and substituting existing ligand(s) may be
an option. Moreover, further optimization of the Phthalcon particle dispersion in the
starting formulations, such as surface modification to improve the compatibility
between Phthalcon particles and polymer matrix, may lead to an easier controllable
processing, a more attractive formulation and an improved log oy - ¢ relation. If
successful, this will broaden the applications of Phthalcon/thermoset composites.
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SUMMARY

Tunable Conductivity Level in Nanosized Phthalcon/Polymer

Composites

In recent years, blending of an insulating polymer with conducting filler particle has
attracted considerable interest because of the potential applications of these
composites in many areas where a certain level of conductivity is required. The
increase in conductivity is, generally, caused by the formation of a conductive particle
network though the matrix. However, the main problems involved in this field, in
general, are the large amount of conducting fillers required in order to increase the
conductivity level well above that of the polymer matrix itself; and the inflexibility of
the maximum volume conductivity (omax) Obtained. Moreover, the omax IS normally
orders of magnitude lower than the intrinsic conductivity of the filler itself. A omax
value closer to the conductivity of the filler, and a much lower filler amount needed
would broaden the application possibilities of these composites considerably.

In this thesis, novel nanometer-sized phthalocyanine crystals (known as Phthalcon)
with different chemical compositions and particle sizes were synthesized, and used as
semi-conductive fillers in different polymer thermoset matrices. We found that even
with a small amount of Phthalcon, the conductivity of the polymer matrix can increase
tremendously. The influence of Phthalcon particle size, the choice of cross-linker,
curing temperature, solvent, catalyst, and the presence of low surface energy fluorine
species on the conductivity levels of these polymer composites were studied in detail
in epoxy systems. Great attention has been given to the relation between the volume
conductivity and the Phthalcon concentration, the particle network morphology in the
polymer matrix, the mechanism of the particle network formation and the particle
concentration variation throughout the material. Furthermore, we found that besides
thermally cured epoxy system, it is also possible to use a relatively simple, easy and
fast route to prepare UV-curable Phthalcon/acrylate coatings, which leads to coatings
with relatively high conductivity levels. The impact of our finding on other
(semi)conductive/polymer nanocomposites is also addressed.
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