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ABSTRACT

Nanoscale fillers blended with polymers (“nanocomposites”) offer the real
possibility of creating materials with properties that are not realizable with traditional,
micron-scale fillers. In order to improve the performance of polymer nanocomposites,
attempts have been undertaken to enhance the properties of both fillers and the polymer
matrix. However, an important but hidden factor for developing high performance
polymer nanocomposites is understanding and controlling the filler/matrix interfacial
region. The overall objective of my dissertation is to develop new approaches to
manipulate the interface of the nanocomposites, study the role of the interface in
influencing mechanical behavior of polymer nanocomposites, and fabricate high
performance and multi-functional polymer nanocomposites.

Our study first focuses on studying the role of the interfacial region on the fracture
behavior of the polymer nanocomposites. A set of model systems based on
polymethylmethacrylate (PMMA) matrix containing polymer brushes grafted on metal-
organic-framework (MOF) nanoparticles were synthesized and investigated. By
systematically adjusting the polymer brush length and graft density on MOF nanoparticles,
the fracture behavior of PMMA/MOF nanocomposite is found to change from forming a
few big crazes to massing crazing, and to significant shear banding, which results in
significant improvement in fracture toughness. The implication of the present finding for

the design of high performance, multi-functional polymer nanocomposites is discussed.



The nanoscale particles typically aggregate, which negates any benefits associated
with the nanoscopic dimension. There is a critical need for establishing processing
techniques that are effective on the nanoscale yet are applicable to macroscopic
processing. A new strategy to prepare self-curing epoxy nanocomposites has been
proposed. Epoxy can be cured by the nanoparticles without the addition of curing agents,
by taking the advantages of the surface chemistry of the nanoparticles. Three types of self-
curing epoxy nanocomposites containing MOF, MOF decorated carbon nanotubes, and
zirconium phosphate are prepared to achieve multi-functional polymer nanocomposites.

The simple process can be easily scaled up to produce hanocomposites.
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1. INTRODUCTION

1.1. Overview

Nanoscale fillers blended with polymers (“nanocomposites™) provide significant
promise in the development of advanced materials for various applications (Figure 1-1).1
Polymer nanocomposites enable the design of materials with properties that cannot be
realized with conventional fillers.> The nanofillers can have unusual properties from
micron-scale fillers and act as small mechanical,® optical,* and electrical defects.> Another
key factor for the unusual properties of polymer nanocomposites is that nanofillers
produce a substantial quantity of interfacial polymer with distinctive characteristics from
the bulk, providing an opportunity for multifunctionality(e.g., conductive fillers,

toughening agents, transparent polymers).®

Figure 1-1. Various applications of polymer nanocomposites. Reprinted with permission
from ref 2.



Understanding the 2D nanofiller/matrix interface and the resulting 3D interfacial
volume that develops is the key point to controlling and optimizing the properties of
polymer nanocomposites (Figure 1-2).” The 2D interactions are critical because the
nanofiller/matrix interfacial interactions as the filler/matrix interactions determine the

dispersion state of the filler particles and the amount of the interfacial volume.

Matrix 3D Interfacial volume

2D Interface

Figure 1-2. An illustration of a 2D nanofiller/matrix interface and the resulting 3D
interfacial region. Reprinted with permission from ref 7.

The 3D interfacial region is a region with properties different from the bulk. Due
to the large volume of the interfacial volume, this component may constitute a significant
portion of the bulk. For instance (Figure 1-3), in a composite system containing 5 vol%
10 nm spherical nanoparticles, when the thickness of the interfacial volume is set to be 5
nm, the volume fraction of this interfacial volume can be as high as 35 vol%. With the
increase of nanofiller loading, the interfacial region becomes an even more significant

volume fraction of the polymer nanocomposite.
2
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Figure 1-3. (a) Schematic illustration of the filler—polymer interface structure in
nanocomposite consisting of a spherical nanoparticle. (b) Calculated variation of interface
volume fraction with the diameter of nanoparticles possessing different interface

thicknesses, the volume fraction of nanoparticles is fixed at 5%. Reprinted with permission
from ref 8.

The 3D volume influences the overall properties of polymer nanocomposites
mainly in two ways. First, the different chemistry or structure in the region can
significantly alter the structure of the bulk, such as the crosslinking density, crystalline
structure, or morphology of the bulk. Second, the increased or reduced mobility of the
molecules in the interfacial region can dramatically affect the properties of the bulk,
especially the mechanical and dielectric properties. Therefore, to develop high-
performance polymer nanocomposites, it is essential to consider the interfacial region
induced by the nanofillers. However, we haven’t fully understood how to control the
structure and properties of the interfacial volume, which impedes the development of
polymer nanocomposites in high-end applications. Besides the absence of understanding

the structure-property relationships, the lack of cost-effective techniques for regulating the



dispersion of the nanoparticles in polymer matrices is one of the greatest challenges of the
large-scale processing and commercialization of nanocomposites. The nanoparticles
usually aggregate, negating all advantages correlated with their nanoscopic size.®
Therefore, the suitable interfacial design is needed to control the dispersity of the fillers
and modulate the interface between the fillers and the polymer matrix.

Metal-organic framework (MOF) particles are a relatively new family of
nanoporous materials'®, composed by metal ion or metal clusters and organic linkers,
exhibiting an ordered, well-defined porous structure (Figure 1-4).}2 Due to the high
porosity, tunability, and attractive properties of MOFs, polymer nanocomposites
containing MOFs have attracted great attention. MOFs generally have excellent
compatibility with organic polymer matrix compared to other nanofillers, such as silica,
alumina, and carbon black, as the organic linkers can interact with polymers through
molecular design. Besides, the controllable and versatile chemistry of MOF can help to
manipulate the interface of polymer nanocomposites. Due to the well-defined crystalline
structure and chemical tunability, polymer/MOF nanocomposites are good candidates as
model systems to study structure-property relationships. Traditional applications of
polymer/MOF composite materials are focused on gas storage and separation, which take
advantage of the inherent porosity and high surface area of MOF and flexibility of polymer
materials. Among possible applications, my doctoral research also pay attention to their

potential as low-k dielectrics.
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Figure 1-4. Composition of MOFs materials. Reprinted with permission from ref 12.

Overall, it is imperative to have a fundamental understanding of structure-
property—function relationships in polymer nanocomposites and to design materials with
optimal properties by manipulating the interface between the nanofillers and the polymer
matrix. The objective of this dissertation is to fundamentally investigate the structure-
property relationship of polymer nanocomposites through manipulating the interfaces.

The goals of the research are as follows: (1) Gain a fundamental understanding of
the role of the interface in modifying the mechanical properties of the polymer

nanocomposites. Because this area of research is extremely broad, the dissertation is
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focused on the case of fracture behavior of polymer nanocomposites. In order to
systematically study the interface effects, a set of model systems by manipulating the
nanoparticle surface characteristics is designed; (2) Develop new strategies in preparation
of multi-functional polymer nanocomposites. In order to achieve the optimal properties,
the dispersion of the nanofillers are well controlled by modify the nanoparticle
functionalities. The mechanical and dielectric properties of these polymer nanocomposites
are studied.

1.2. Organization of the dissertation

A comprehensive literature review on the recent progress of the interfacial design
of polymer nanocomposites will be given as Section 2. Detailed information regarding the
polymer brushes modification and interface properties is described. It also provides a brief
review of the effect of the interface on the mechanical and dielectric properties.

Section 3 describes a fundamental study of the interface effects on the fracture
behavior of the polymer nanocomposites. A set of model systems based on
polymethylmethacrylate matrix containing polymer brushes grafted on MOF
nanoparticles are synthesized. It is found that different polymer brush characteristics may
lead to distinctly different toughening mechanisms from a few big crazes to massive
crazing, and to nanoparticle voiding and matrix shear banding.

A facile way to fabricate multi-functionalized epoxy nanocomposites containing
exfoliated o-zirconium phosphate (o-ZrP) is covered by Section 4. The multi-
functionalities of the modified a-ZrP as reinforcing agent and curing agent are discussed.

The incorporation of the modified a-ZrP nanoplatelets can greatly improve the Young’s
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modulus due to the strong covalent bonding between the nanoplatelets and the epoxy
matrix. The usefulness of the present study for preparation of high-performance
thermosetting polymer is discussed.

In Section 5, MOF is utilized as a modifier to lower dielectric constant and improve
the mechanical properties of an epoxy matrix. The implication of the present study for
utilization of MOF to improve the physical and mechanical properties of polymeric
matrices is discussed.

A new strategy using MOF as a modifier to decorate multi-walled carbon
nanotubes (MWCNTS) to achieve high-k polymer nanocomposite is introduced in Section
6. The MOF decorated MWCNTS serve both as a curing agent and as a nanofiller to
enhance dielectric, thermal, and mechanical properties of epoxy. It is found that the
dielectric and mechanical properties of epoxy/MWCNT-ZIF-8 can be altered by changing
their morphology at the interface.

Lastly, the concluding remarks to summarize the findings of this dissertation and

the future research plans are drawn in Section 7.



2. LITERATURE REVIEW

2.1. Polymer nanocomposites interfaces/interphases

In order to maximize the volume fraction of the interfacial area, the dispersity of
the nanoparticles needs to be well controlled.**** However, It has been well known that
even in the case of no attraction or repulsion exists between the polymer matrix and
nanoparticles, the entropically driven depletion forces may encourage the agglomeration
or aggregation of nanoparticles.”® Attaching surface ligands to the nanoparticles is an
effective strategy to alter the interfacial interactions.'®® Generally, the surface ligands
can be classified into short molecules or polymer brushes. Short molecules mainly
influence the enthalpic interactions with the matrix® and therefore improve the
compatibility.'® For instance, short ligands can repel, attract, or bond with matrix chains,
and modify matrix chain mobility.?° Polymer brush ligands complicate the thermodynamic
interaction between the filler and matrix through introducing a large entropic component.
Besides controlling the dispersity of the nanoparticles, the long polymer brushes also
influence the mobility of the polymer chains in the vicinity of nanoparticle surface as well
as the stress transfer ability from the matrix to the nanoparticle. Moreover, the introduction
of polar molecules can manipulate the dielectric properties of the polymer
nanocomposites.?:?® General methods for the interfacial design of polymer dielectric

nanocomposites are illustrated in Figure 2-1.
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right column shows the final nanocomposite structure. Reprinted from ref 24.

2.2. Polymer brushes

A polymer brush can be attached to a nanoparticle through “grafting to” or
“grafting from” strategies. The advantage of “grafting to” is that well-defined polymer
brushes can be directly functionalized.?>?® The synthesis procedure for this method is
about attaching a functionalized polymer brushes through some suitable organic reactions
(Figure 2-2).2” However, the disadvantage of this method is the exitance of steric repulsion
between the diffusing chain and already attached polymer chains may result in a low graft
density.?® On the other hand, the “grafting from” method provides much higher graft
density. The surface of the nanoparticles is modified by suitable chain transfer agents or

initiators, and then the polymer brushes are polymerized from the surface of nanoparticles
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through surface-inititiated atom transfer radical polymerization (ATRP), nitroxide-
mediated polymerization (NMP), or reversible-addition fragmentation chain transfer
(RAFT). For instance, Hojjati and colleagues have modified the surface of titania (TiOz)
nanoparticles by carboxylic acid functionalized initiator agents.?®3° Subsequently,
poly(acrylic acid) (PAA) and poly(methyl methacrylate) (PMMA) were successfully
grafted into the surface of the nanoparticles, obtaining well dispersed TiO;

nanocomposites.

Click reaction

Figure 2-2. Schematic representation of the synthesis procedure for the grafting of
polymer chains onto the surface of silica particles. Reprinted from ref 27.

2.3. Interface structure

The properties of the polymer nanocomposites are greatly influenced by the large
amount of interfacial region. The segregation of molecules has a different impact on
thermoplastics vs. thermosets systems. For instance, the crosslink density of thermosets

can be affected by the existence of the nanoparticles.3% It has been found that the
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interfacial region induced by the nanoparticles may interrupt the crosslinked network,
consequently reduces the crosslink density.®® While in some cases, the nanofillers may act
catalysts and increases the cross-link density and alter the curing Kinetics of the
thermosets.®* Moreover, the cross-link density of polymer nanocomposites is
heterogeneous. Numerous reports have established that the crosslinking density of
interfacial volume is different from the bulk polymer matrix.333®

For amorphous polymers containing polymer brush grafted nanoparticles,
depending on brush length and the graft density, the structure of the interfacial region can
be altered as the polymer matrix can be penetrated or repelled from the polymer brushes.3®
There is a general agreement that when the nanoparticle and polymer are enthalpically
attracted to one another, the density of polymer around the nanoparticles is higher than the
bulk. Both experimental and computational results have demonstrated a change in
mobility near the surface of the spherical nanofillers.3”%° The difference in the mobility of
polymer chains was firstly observed in the ultra-thin films, where the glass transition
temperature(Tg) are changed about 40K in the free and supported films. This phenomenon
is contributed to the interactions between polymer chains and the substrate.*! For the cases
of nanocomposites, this is a disputed topic in the literature, especially when it relates to
the changes in Tq.*2 However, it is generally accepted that due to the addition of
nanofillers, there are changes in local polymer mobility under specific scenarios.

Torkelson and coworkers have found that the rate of structural relaxation of the
interfacial polymer can be detectably altered for tens of nanometers away from the

particle/substrate interface using a fluorescent technique to probe the changes in the
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dynamics in small molecule and brush grafted nanoparticle composites and found. 394344
Broadband dielectric spectroscopy and AFM have also been used to investigate the
interface mobility.*>*® For a composite system with nanoparticle/polymer attractive
interactions, Sokolov has used broadband dielectric spectroscopy to exhibit a decrease of
the relaxation times by 2 orders of magnitude in the interfacial region.*’ Scotti and
coworkers have used AFM to demonstrate that in a rubber nanocomposite system
containing silica particles, a rubber layer is immobilized at the particle surface.*®
2.4. Functional properties arising from incorporation of nanoparticles

A list of functional properties of major interest to this dissertation is discussed in
this section.
2.4.1. Thermomechanical properties

The mechanical response of polymers is strain rate dependent and shows
viscoelastic behavior, which is determined by the chain mobility relaxations. Therefore,
the characterization of the thermomechanical behavior of polymer nanocomposites
provides an opportunity to study the effects of the interface on the mobility and relaxation
dynamics. As the characteristic relaxation time of polymer molecules decreases with
increasing temperature, the storage and loss modulus are also functions of temperature.
Most polymer materials display a transition from glassy state to rubbery state. This
transition takes place over a temperature range known as glass transition temperature (Tg).
Ty is also signified by an abrupt change in thermal expansion coefficient (CTE) and heat
capacity. Therefore, any technique that probes any of these parameters can be utilized to

study the glass transition behavior and mobility of polymeric materials. For example,
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dilatometry and differential scanning calorimetry (DSC) can be used to investigate the
CTE and heat capacity. When measuring the Ty, we need to notice that the measured values
may change from technique to technique, as well as even on the same instrument. Many

factors need to paid attention to, such as heating and cooling rates.*
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Figure 2-3. Plots correlating Tq changes with (a) the work of spreading (Ws) and (b)
surface energetic parameter Ws/(AWa xrq) and (c) bulk elastic modulus in silica filled
polymer composites. The legend in (c) refers to various combinations of graft densities
and matrix molecular weights used to realize the variations in Tq. In the legend BM refers
to bimodal brushes, 05 and 10 refer to the long brush graft densities of 0.05 and 0.10
chains/nm?, respectively and 96 and 190 refer to matrix molecular weights of 96 and 190
kg/mol. Reprinted with permission from ref 7.
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For the cases of polymer nanocomposites, Tqg may be greatly changed due to the
presence of a large amount of interfacial region. The changes in the relaxation behavior of
the interfacial region are determined by the polymer matrix and filler interactions. When
polymer chains in the matrix strongly interact with the modified fillers through chemical
interactions or entanglement, Tq4 tends to increase. In addition, it has been found that the
entanglement of polymer brushes grafted on the fillers with the polymer host can reinforce
the stress transfer from matrix to the fillers, leading to an increase in storage modulus. On
the other hand, when this interaction is weak or unfavorable, a reduced glass transition
may be observed as the interfacial region behaves as a plasticizer. Figure 2-3 reveals the
influence of short-chain modification of fillers on the interaction energy (Ws) and Ty.
2.4.2. Fracture behavior of polymer nanocomposites

There has been considerable interest in using nanofillers to enhance the mechanical
properties of various polymeric materials for decades.®324%-60 A polymer nanocomposite
consists of a polymer or copolymer having nanoparticles or nanofillers dispersed in the
polymer matrix. The fillers can be categorized into isotropic and anisotropic
nanomaterials. They may be of different shapes but at least have one dimension of less
than 100 nm. Polymer nanocomposites offer significant potential in the development of
advanced materials for many applications, such as in the automobile industry. The broad
scientific community was galvanized by nanocomposites in the early 1990s, Toyota
researchers revealed that adding mica to nylon produced a five-fold increase in the yield
and tensile strength of the material.®*5? Subsequent developments have further contributed

to the surging interest in polymer nanocomposites. Rubber toughening is a well-known
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strategy to improve the fracture toughness of brittle polymers.>*® In rubber-toughened
epoxies, Yee and Pearson®® showed that triaxial stresses could induce cavitation of rubber
particles, which transforms the triaxial stress state to biaxial stress state around the rubber
particles to promote shear banding in the polymer matrix. In high impact polystyrene,
dispersed rubber particles can initiate, stabilize, and terminate crazes, leading to the
massive formation of crazes to increase the fracture toughness of polystyrene.®* However,
the addition of rubber usually compromises the Young’s modulus and thermal stability of

the polymer nanocomposites.>%

Figure 2-4. Toughening mechanism with rigid particles. Reprinted from ref 65.

Rigid reinforcing agents can effectively improve the stiffness of polymer matrix,

but is often accompanied by a decrease of ductility.®5¢® However, it has also been shown
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that an addition of a small amount of nanoparticle may lead to drastic improvements in
the ductility of the host polymer, which challenges the existing theories.®® The main
mechanism of toughening polymers with the addition of inorganic fillers has been
extensively discussed and involves stress concentration, debonding of the polymer/filler
interface and the formation of shear bands (Figure 2-4).

Polymer brushes grafted nanoparticles have been found to show an extraordinary
performance in improving the fracture toughness without compromising the stiffness of
the materials.”®"2 Gao found a copolymer grafted SiO2 nanoparticles enhanced the fracture
toughness (maximum 300% improvement) of the epoxy matrix induced by void growth
and shear banding.”® However, the copolymer contains a functional group that can react
with epoxy resins, which may affect the crosslinking network of the epoxy matrix. The
fracture behavior is very sensitive to the structure of the polymer matrix, which strongly
affects cracks initiation and propagation. Therefore, it is hard to elucidate the role of the
interface on the fracture behavior based on their system. Giovino observed the toughness
of PS-grafted SiO> toughened PS nanocomposites was twice as large as the neat polymer,
due to particle debonding followed by plastic void growth.” A bimodal population of
polymer brushes assures good dispersion of nanofillers while increasing the complexity
of the interfacial region. Hence, it remains hard to conclude the effect of interface on the
fracture behavior. Despite some good examples of using grafted nanoparticles as effective
toughening agents, there is still a lack of systematic study about the effects of interface on

the fracture behavior of polymer nanocomposites, especially based on thermoplastics.
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2.4.3. Dielectric properties of polymer nanocomposites

The dielectric constant, k, is a physical feature related to the electric polarizability
of a material.”* The dielectric materials are categorized into high-k dielectrics (k > 3.9)
and low-k dielectrics (k < 3.9), in comparison to the k value of silicon dioxide, which is
3.9. Besides k, k loss is also an important parameter, which is raised from the motion of
bound charges in response to an applied electrical field. Recently, there is a fast-growing
interest in both high-k and low-k dielectric materials due to their wide applications in the
electronic and electrical industry. For example, high k dielectrics can serve as effective
materials for cable insulation,” charge-storage capacitors,’®’ electrocaloric cooling,’®"®
and artificial muscles.8%8! While low-k materials are the key insulating components for
isolating signal-carrying conductors from one another as well as reducing the signal
propagation delay and dynamic power dissipation in the high-density and high-speed
microelectronic packaging.?

Polymeric materials play a vital role in electronic packages as a result of their ease
of processing, low cost, low dielectric constant, good adhesive properties, etc. The
properties of polymers can be easily improved or altered by the incorporation of
nanofillers into the polymer matrix. However, the biggest challenge in the fabrication of
these nanocomposites is the low compatibility between the organic and inorganic
components, which can result in agglomeration of nanofiller particles and a significant
compromise in device performance.®

High dielectric constant (high-k) oxides and high-k polymer nanocomposites have

been extensively studied and evaluated because of their promising applications in
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electronics.83° Some potential fields of application include organic field-effect

8 electro-optics,®® sensors,®® and energy storage devices.%%2

transistor,2®®” invertors,
Dielectric polymer nanocomposites are generally composed of a dielectric polymer as the
matrix and nanoscale inorganic/organic fillers for enhancement.”® Polymers have been
demonstrated to exhibit high breakdown strengths along with easy processing, while the
nanofillers are usually composed of high-k ceramic or conductive nanoparticles.®*% The
combination of both usually provide superior dielectric properties.*®

Conventional high-k polymer nanocomposites use ceramic materials as fillers.%’
These ceramic-based materials possess excellent dielectric permittivity and low dielectric
loss, as well as excellent thermal stability.®® However, high loadings of the ceramic fillers
would usually be needed to achieve permittivity greater than 30, making it difficult for
processing and resulting in poor mechanical properties.®® An alternative strategy is to
incorporate conductive fillers to the polymer matrix to prepare percolative
insulator/conductor polymer nanocomposites, which can have high permittivity when the
content of the conductive filler is slightly below its percolation threshold.??®%! For
polymer composites containing conductive fillers, the polarization characteristics of the
matrix molecule, conductive filler, and their interface collectively play a pivotal role in
the dielectric properties.’%21%  According to the percolation theory!® and the
Maxwell-Wagner-Sillars (MWS) interfacial polarization effect,® the charge carriers in
the composites would transport from the polymer matrix to the conductive fillers, resulting

in the accumulation of space charge polarization at their interface. Among the conductive

fillers, MWCNT is often used to prepare high-k polymer nanocomposites due to their
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excellent electrical properties and high aspect ratio, which reduces the concentration
needed to reach the desired percolation threshold.'® The MWCNT-based polymers can
possess a high dielectric constant at low MWCNT loadings.'®" However, the
insulator/conductor pairs often lead to high dielectric loss as a result of high leakage
currents due to possible direct contact between conductive fillers in the polymer matrix
near the percolation threshold, which hinders their commercial applications.%®

In order to address the aforementioned drawbacks, a core-shell structure (Figure
2-5) has been proposed and prepared by coating CNT with a layer of insulating
polymer.1910 MWCNT coated with phosphaphenanthrene ' or multi-branched
polyaniline 2 has been utilized as fillers in high-k polymer nanocomposites. The
nanocomposites with core—shell hybridized CNTs not only exhibit high-k but also
maintain relatively low dielectric loss, suggesting such a strategy is a promising approach
to prepare high-k nanocomposites.'** However, surface modification of CNTs with low
molecular weight surfactants or polymers usually leads to an adverse effect on glass
transition temperature (Tg) and coefficient of thermal expansion (CTE) of the hosting
polymer, making it undesirable for microelectronic applications.!?*'** To overcome the
disadvantages of organic coatings on MWCNT, inorganic materials, such as SiOp,*®
CuO,® and TiO,'*" were used to modify the MWCNT surfaces to maintain the physical
and mechanical properties of the hosting matrix. However, the poor dispersion of the

inorganic particle-coated CNTs in their polymer matrices limited their effectiveness for

property improvement.
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3. MANIPULATION OF FRACTURE BEHAVIOR OF
POLYMETHYLMETHACRYLATE NANOCOMPOSITES BY INTERFACIAL

DESIGN OF METAL-ORGANIC-FRAMEWORK NANOPARTICLES"

3.1. Introduction

Over the past few decades, there have been considerable efforts in improving the
mechanical properties of polymeric materials for engineering applications.33249:50:52-
57.59.60.118 Improvement of fracture toughness without causing a reduction in modulus and
glass transition temperature (Tg) is among the most sought after goals. Rubber toughening
is a well-known strategy to improve the fracture toughness of brittle polymers.>*®" In
rubber-toughened epoxies, Yee and Pearson show that triaxial stresses can induce
cavitation of rubber particles, which transforms the triaxial stress state to biaxial stress
state around the rubber particles to promote shear banding in the polymer matrix. In high
impact polystyrene, dispersed rubber particles can initiate, stabilize, and terminate crazes,
leading to massive formation of crazes to increase the fracture toughness of polystyrene.®
Pearson and Yee also noted an increase in the fracture toughness of rubber-modified
epoxies with decreasing rubber particle size,%® indicating the effectiveness of small particle
sizes in improving fracture toughness. However, the addition of rubber usually reduces

the Young’s modulus and thermal stability of the polymer matrix.5°

* Adapted with permission from “Manipulation of Fracture Behavior of Polymethylmethacrylate
Nanocomposites by Interfacial Design of Metal-Organic-Framework Nanoparticle Toughener” by Liu, C.,
Feng, S., Chen, Q., Zhu, Z., Noh, K., Kotaki, M., & Sue, H. J., submitted for publication. Unpublished work
copyright by 2020 American Chemical Society.
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Rigid reinforcing agents can effectively improve the stiffness of polymer matrix,
but is often accompanied by a decrease of ductility.®5®® However, it has also been shown
that an addition of a small amount of nanoparticle may lead to drastic improvements in
strength and stiffness, and without compromising ductility of the hosting polymer, 3119120
Some of the mechanical properties improvement in polymer nanocomposites reported in
literature challenges the existing theories,®® which may partially be due to an inadequate
knowledge about the influences of the vast interfacial region between the nanoparticles
and polymer matrix on mechanical behavior. The polymer chain dynamics near the
nanoparticle interfacial region may be greatly altered due to their intimate contact with the
nanoparticles, resulting in either restricted or enhanced mobility.*?"'2 The delicate
tailoring of the polymer—nanoparticle interface may enable the possibility of altering the
properties of the entire polymer matrix. Experimental and modeling efforts have
demonstrated that the tensile properties of polymer nanocomposites can be optimized by
tailoring the interfacial characteristics at the polymer—nanoparticle interface.’®"

Another critical parameter in controlling the mechanical properties of polymer
nanocomposites is the dispersion of nanoparticles because agglomerates of the
nanoparticles may act as defects to initiate cracks to cause premature brittle failure. Since
these high surface area nanoparticles are difficult to disperse well in polymer matrices,
they are usually modified with surfactants to lower their surface energy and achieve good
dispersion.t?41%6 Other methods to alter the surface properties of the nanoparticles include
radiation grafting, chemical vapor deposition, and a host of complicated synthesis

procedures.t27-12
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Surface functionalization on nanoparticles may not only improve their dispersion
but also alter the interfacial characteristics between the nanoparticles and polymer matrix,
especially when polymer brushes are introduced on the nanoparticle surface.** Maillard
showed that ductility could be substantially increased in glassy nanocomposite films
composed of spherical silica nanoparticles grafted with polystyrene (PS) chains in PS
matrix, while maintaining gains in elastic modulus and tensile strength.”® The influence of
the interfacial adhesion on rubber toughening has been studied by Liu et al. using rubber-
modified PVA. They investigated three types of blends having three different levels of
interfacial adhesion. The blends exhibiting a weaker interfacial adhesion showed
debonding at the interface upon impact, which then induces shear yielding of the matrix.
However, the blend with a stronger interface showed no microvoid formation, thereby
shear yielding was suppressed. Similar phenomena have also been observed in Al>O3
toughened PMMA systems, where a “weak” interface leads to debonding, followed by
void growth and plastic deformation. On the other hand, in some cases, a strong adhesive
interaction can also achieve fracture toughness improvements.*313 Crosby and co-
workers'® found in polystyrene (PS)—grafted CdSe nanoparticle reinforced PS could
achieve 100% increase in ductility. Gao found that copolymer-grafted SiO2 nanoparticles
enhanced the fracture toughness by 300% by void growth and shear banding
mechanisms.”® Giovino observed that the fracture toughness of a PS-grafted SiO; in PS
was twice that of the neat PS due to particle debonding followed by plastic void growth.”
Despite good examples of using polymer-grafted nanoparticles as effective toughening

agents shown in literature, there is still a lack of systematic study on how the grafting

23



characteristics of polymer brushes on nanoparticles influences the fracture behavior of
polymer nanocomposites.

The present study focuses on investigating how the fracture behavior of
polymethylmethacrylate (PMMA) may be manipulated by incorporation of metal-organic-
framework (MOF) nanoparticles, which were systematically surface-modified by polymer
brushes having different brush lengths and graft densities to achieve different levels of
adhesion and interaction with the PMMA matrix. Zeolitic imidazolate framework-8(ZIF-
8) MOF nanoparticles, which possesses a nearly uniform particle size of 50 nm, were
chosen as the model system because of the versatility in controlling its structure and
surface chemistry through its organic linkers.1t! The double notch-four-point bend (DN-
4PB)14+1% method was employed to generate a sub-critically crack growth for fracture
mechanisms investigation. The role of nanoparticle grafted polymer brush length and graft
density on fracture behavior of PMMA is determined. Significance of the present study
on manipulation of polymer nanocomposite fracture behavior through interfacial design
is discussed.

3.2. Experimental section
3.2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2-6H20), 1,2-dimethylimidazole, and
octyl/decyl glycidyl ether were purchased from Sigma Aldrich. 2-methylimidazole was
purchased from Alfa Aesar. Polymethyl methacrylate was kindly provided by Arkema Inc.
Methanol (MeOH), 1-butanol (BuOH), and N,N-dimethylformamide (DMF) were

purchased from VWR Chemicals and used as received.
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3.2.2. Synthesis of ZIF-8

The ZIF-8 nanocrystals were synthesized following our previous work.'*¢ A
solution of 3 g (10 mmol) of Zn(NO3z)2:6H20 in 100 mL of methanol and another solution
of 6.6 g (80 mmol) of 2-methylimidazole in 100 mL of methanol were mixed and stirred
for 1 h at room temperature. The resulting ZIF-8 nanocrystals were separated by
centrifugation, followed by washing with methanol three times and finally redispersed as
colloids in fresh methanol for further modification.
3.2.3. Synthesis of ZIF-8-DMI

ZIF-8 (2.28 g, 10 mmol) was dispersed in 40 mL of 1-BuOH via the solvent
exchange of ZIF-8 solution from MeOH to 1-BuOH. The ZIF-8 solution and the 1,2-
dimethylimidazole (DMI) mixture (1.92 g, 20 mmol) were added to a 100 mL round
bottom flask. The combined suspension was sonicated for 5 min in an ultrasonic bath, then
stirred at100 °C for 4 h. After cooling to room temperature, the particles were collected
by centrifugation (fixed-angle rotor, 9000 rpm, 10 min), washed with 3x40 mL portions
of MeOH, and soaked in MeOH for 24 h. The degree of ligand exchange was verified by
NMR to be about 60%. The ZIF-8-DMI nanoparticles were chosen to prepare low graft
density polymer brushes on ZIF-8.
3.2.4. Synthesis of polymer brushes grafted ZIF-8 nanoparticles

The ZIF-8 nanohybrids consisting of ZIF-8 core and polymer brushes were prepared
via a one-step process. ZIF-8 (100 mg) suspension (20 mg/ml in MeOH) was mixed with
3.6 mL of an unknown mixture of octyl- and decyl-glycidyl-ether (polyalkylglycidylether)

in a 25 mL round bottom flask, followed by ultrasonication for 30 min. Then, methanol
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was removed using a rotary evaporator at 40 °C. The flask was then sealed with a rubber
plug and degassed by N purging. Afterward, the reaction was kept at 140 °C for various
time periods. The nanoparticles were collected by centrifugation. The obtained
polyalkylglycidylether grafted ZIF-8 core-shell nanohybrids are designated as ZIF-8-short
chain-high graft density (ZIF-8-SC-HGD) and ZIF-8-long chain-high grafting density (ZIF-8-
LC-HGD), depending on the reaction time chosen. ZIF-8-long chain low-graft-density (ZIF-8-
LC-LGD) was synthesized by using ZIF-8-DMI nanoparticles as the core. The synthesis

details of the core-shell ZIF-8 nanohybrids are summarized in Table 3-1.

Table 3-1. Synthesis of core-shell ZIF-8 nanohybrids.

Samples Core Reaction time
ZIF-8-SC-HGD ZIF-8 3h
ZIF-8-LC-LGD ZIF-8-DMI 18 h
ZIF-8-LC-HGD ZIF-8 18 h

3.2.5. Preparation of PMMA/grafted ZIF-8 nanocomposites

PMMA (molecular weight = 120,000 g/mol; Arkema) was dissolved in
dimethylformamide (DMF) to yield a 15 wt% polymer solution. The polymer brushes
grafted ZIF-8 nanoparticles were collected by centrifugation and redispersed in DMF. The
nanoparticles suspension was then added drop-wisely to the polymer solution and stirred

for 1 h. The mixture was further homogenized by sonication for 0.5 h. The suspension was
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dripped into a 10-fold volume excess of deionized water in a blender. After filtration and
drying in vacuum at 100 °C for 12 h, the PMMA nanocomposites were obtained.
Afterward, the samples were hot-pressed for 15 mins at 170 °C to obtain the test specimens
for mechanical testing. The ZIF-8 core content in all the polymer nanocomposites was
kept at 3 wt%.
3.2.6. Characterization

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 diffractometer
with Bragg—Brentano 6-20 geometry (40 kV and 40 mA), using a graphite
monochromator with Cu Ka radiation. Optical microscopy (OM) was conducted using an
Olympus optical microscope (BX60) under both bright field and crossed-polarization
settings. Scanning electron microscopy (SEM) images were acquired using a JEOL JSM-
7500F Field Emission-SEM (FE-SEM). Transmission electron microscopy (TEM) was
performed using a JEOL 1200EX. A Leica microtome was utilized to prepare thin sections
with 70—100 nm in thickness for TEM imaging. Thermogravimetric analysis (TGA)
analyses were carried out on a TA Instruments Q500 thermogravimetric analyzer. The
temperature was increased from 30 °C to 800 °C at 10 °C/min under a 20 mL/min air flow.
3.2.7. DMA and mechanical property characterization

Tensile tests and dynamic mechanical analysis were conducted using an RSA-G2
(TA Instruments) with a tensile fixture. Tensile tests were performed at 25 °C on
rectangular samples (3 mm x 0.01 mm cross-section and 30 mm in length) with a

crosshead speed of 2 mm/min. Dynamic mechanical analysis (DMA) was conducted in
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tensile mode at a strain amplitude of 0.05%, frequency of 1 Hz and a heating rate of 3 °C
/min from room temperature to 180 °C.
3.2.8. Fracture toughness and toughening mechanism investigation

The double-notch 4-point-bend (DN-4PB) test'*”13 has been shown to be a
powerful and efficient method for obtaining both fracture toughness values and
investigation of their corresponding toughening mechanisms, especially when the
available material for study is limited. To minimize the exhaustive synthesis required for
preparing the model PMMA nanocomposite systems in this work, the DN-4PB test was
adopted to investigate their fracture behavior. The DN-4PB specimens were cut into
dimensions of 8.4 cmx1.25 cmx0.31 cm. The bars were then notched with a milling tool,
followed by tapping with a liquid nitrogen chilled razor blade to wedge open a sharp crack.
The ratio between the final crack length (a) and the specimen width (W) was held in the
range between 0.3 and 0.7. A screwed-driven mechanical machine (Instron 5567) was
used to conduct the DN-4PB experiments at a loading rate of 0.5 mm/min. The Kc value

of the samples were obtained using:

P,
Kie=—flaIW) (3-1)
BW2

where Pq is the peak load, B is specimen thickness, W is specimen width, and f(a/W) is
the geometric correction factor.®

The double-notched 4-point-bend (DN-4PB) technique*® was also adopted to
generate a sub-critical crack tip damage. OM and TEM were employed to investigate the

fracture mechanisms in the nanocomposites. The crack tip damage zone from the DN-4PB
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test was embedded in an epoxy mount and stained with osmium tetroxide (OsQO4) crystals
for 12 h to generate sufficient phase contrast for the modified ZIF-8 in PMMA to be
observed in TEM. Thin sections of 70-100 nm in thickness were microtomed for TEM
observation. The details have been reported previously.t%
3.3. Results and discussion
3.3.1. Structure characterization

Polyalkylglycidylether grafted ZIF-8 were prepared via a one-step process as
shown in Figure 3-1. Our previous work has shown that the imidazole group on the surface
of ZIF-8 is able to initiate anionic polymerization of epoxy resin without adding catalyst.°
The chain length of the polyalkylglycidylether brushes can be tuned by controlling the
reaction time. The grafting density was adjusted by deactivating 60% of the imidazole
group on ZIF-8 with a DMI capping agent (See Appendix A). In this study, three model

polyalkylglycidylether grafted ZIF-8 nanoparticles were synthesized to achieve two

different brush chain lengths and two different brush grafting densities (Table 3-1).
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Figure 3-1. Schematic showing preparation of polyalkylglycidylether-grafted ZIF-8 core-
shell nanohybrids.

The crystalline structures of ZIF-8, ZIF-8-DMI and polyalkylglycidylether-grafted
ZIF-8 were investigated by XRD (Figure 3-2a). All the detected XRD patterns of the
modified nanoparticles are in good agreement with pure ZIF-8, suggesting that the crystal
structure of ZIF-8 is maintained throughout ligand exchange and grafting reactions.
Hence, the grafting reaction only occurs on the ZIF-8 surface as expected and does not
damage the MOF structure. The successful grafting of polyalkylglycidylether on ZIF-8
nanoparticles is also evidenced by FTIR spectroscopy (Figure 3-2b). A new peak at 1732
cm? corresponds to the C—H stretching vibration of the alkyl group of glycidyl ether. The
new peaks appearing at ~2924 cm* and 1470 cm™* correspond to the stretching of —-CHx—

, iIndicating the presence of polyalkylglycidylether grafting on the ZIF-8 nanoparticles.
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Figure 3-2. (a) XRD patterns and (b) FTIR spectra of ZIF-8 and modified ZIF-8.

The content of the polyalkylglycidylether on the grafted ZIF-8 is determined by
TGA (Figure 3-3a). The additional weight loss in modified ZIF-8 can be attributed to the
degradation of the polyalkylglycidylether moiety. Moreover, the polyalkylglycidylether
content increases with increasing chain length and graft density. The quantitative
assessment of the graft density and chain length using TGA is described in the Supporting
Information. Since the entanglement molecular weight (Me) of PMMA is in the range of
9000-13000 g/mol,*¥®141  the molecular weights of the model grafted
polyalkylglycidylether brushes on ZIF-8 were controlled to be either much lower (i.e.,
ZIF-8-SC-HGD) or much higher (i.e., ZIF-8-LC-LGD and ZIF-8-LC-HGD) than the M.
of PMMA (Table 3-2).

After the surface modification, polyalkylglycidylether-grafted ZIF-8 in DMF
becomes transparent, suggesting their good dispersion. The hydrodynamic radius (Rn) of

the nanoparticles were measured by DLS (Figure 3-3b and Table 3-2). ZIF-8 possesses a
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Rn of 57 nm with a narrow size distribution. All the grafted ZIF-8 exhibit a larger Ry and
the Ru increases with increasing chain length and higher grafting density. Moreover, the

distribution of Ry becomes broader for ZIF-8 with a longer brush length and a higher graft

density.
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Figure 3-3. (a) TGA curves and (b) DLS curves of ZIF-8 and modified ZIF-8.

Table 3-2. The detailed composition of core-shell ZIF-8.

Samples  Content of polymer Size Molecular weight Graft density

brushes (wt%o) (nm) (g/mol) (chain/nm?)
ZIF-8 0 5745 - -
ZIF-8-SC-HGD 30 64+8 5,700 0.35
ZIF-8-LC-LGD 48 7510 34,000 0.14
ZIF-8-LC-HGD 75 95+10 40,000 0.35
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The above model core-shell ZIF-8 nanoparticles at 3 wt% were incorporated into
PMMA matrix by solution mixing and coagulation. This strategy has been reported to
achieve good dispersion of nanoparticles in the preparation of PMMA nanocomposites.#
The polyalkylglycidylether-grafted chains on the ZIF-8 nanoparticles appear to exhibit
sufficient affinity to the PMMA chains to avoid aggregation in PMMA. The morphologies
of the model PMMA nanocomposites were characterized using TEM. As shown in Figure
3-4, all the model ZIF-8 nanoparticles are well dispersed in the PMMA matrix; no

nanoparticle aggregation was observed.

Figure 3-4. TEM images showing good dispersion of ZIF-8 nanoparticles at 3 wt% in
PMMA: (a) ZIF-8-SC-HGD; (b) ZIF-8-LC-LGD; (c) ZIF-8-LC-HGD.

3.3.2. DMA study and tensile properties

DMA was performed in tensile geometry to determine the dynamic mechanical
behavior of the model PMMA nanocomposites (Figure 3-5). The storage modulus at 25
°C and Tg values are summarized in Table 3-3. The entire DMA curve of PMMA/ZIF-8-
SC-HGD almost overlaps with that of the neat PMMA, indicating that the short-chain
brushes in ZIF-8-SC-HGD are too short to influence the dynamic mechanical behavior of
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the PMMA matrix. A slight Ty drop against that of the neat PMMA are observed in both
PMMA/ZIF-8-LC-HGD and PMMA/ZIF-8-LC-LGD  systems. As  the
polyalkylglycidylether brush length increases above the entanglement molecular weight
of PMMA, their long brushes will likely entangle with the surrounding PMMA chains and
influences the dynamic mechanical behavior of the entire PMMA matrix. Consequently,
the damping behavior of the PMMA/ZIF-8-LC-HGD and PMMA/ZIF-8-LC-LGD
systems possess a lower and broader Ty and higher damping characteristics at low
temperatures, which signify their increased molecular mobility due to the presence of long

polyalkylglycidylether brushes on the ZIF-8 nanoparticles.
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Figure 3-5. DMA plots of neat PMMA and PMMA nanocomposites: (a) Storage modulus
vs. temperature and (b) Tan 6 vS. temperature.
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Table 3-3. Storage modulus and Tg of PMMA and the model nanocomposites.

Samples Storage modulus (GPa) at 25 °C Tg (°C)

PMMA 2.86 122
PMMA/ZIF-8-SC-HGD 3.38 122
PMMA/ZIF-8-LC-LGD 3.10 114
PMMA/ZIF-8-LC-HGD 3.26 116

The engineering stress—strain curves of neat PMMA and the model PMMA/ZIF-8
systems are plotted in Figure 3-6 and key tensile properties are summarized in Table 3-4.
It is clearly shown that the addition of grafted ZIF-8 can achieve a slight increase in
Young’s modulus at room temperature. As expected, the PMMA/ZIF-8-SC-HGD shows
a brittle behavior similar to that of neat PMMA. However, with long
polyalkylglycidylether brushes grafting on the surface of ZIF-8, the elongation at break
against neat PMMA are significantly enhanced by 70% and 150% for PMMA/ZIF-8-LC-
HGD and PMMA/ZIF-8-LC-LGD, respectively. The tensile test results suggest that, with
sufficient polyalkylglycidylether brush length on the 50 nm ZIF-8 nanoparticles, the
ductility of the polymer matrix may be substantially increased while maintaining gains in
elastic modulus and tensile strength. Similar phenomena were also observed by
others.”43 Unlike rubber-toughened polymers, polymers reinforced by polymer brushes
grafted rigid nanoparticles systems can exhibit improvement in elongation at break

without compromising elastic modulus.>*%°
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Figure 3-6. The engineering stress—strain curves of neat PMMA and model PMMA

nanocomposites.

Table 3-4. Tensile properties and fracture toughness of PMMA and PMMA

nanocomposites.

Samples Tensile strength  Elongation  Young’s modulus Kic
(MPa) (%) (GPa) (MPa m*?)
PMMA 60+3 2.840.3 3.0£0.2 0.98+0.12
PMMA/ZIF-8-
65+5 3.0£0.4 3.240.3 1.09+0.11
SC-HGD
PMMA/ZIF-8-
6516 5.0+£0.5 3.2+0.3 1.51+0.10
LC-LGD
PMMA/ZIF-8-
6315 6.6+0.8 3.310.5 1.81+0.06
LC-HGD
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3.3.3. Fracture toughness measurements

The fracture toughness values of neat PMMA and PMMA nanocomposite systems
are summarized in Table 3-4. Compared with neat PMMA, only negligible improvement
in fracture toughness is achieved for PMMA/ZIF-8-SC-HGD. However, the Kic values of
PMMA nanocomposites containing long-chain brushes on ZIF-8 nanoparticles show
significantly higher fracture toughness than neat PMMA.. These results clearly reveal that
different brush characteristics grafted on the nanoparticles may lead to significantly
different toughening effects. To unambiguously understand how these model
polyalkylglycidylether grafted ZIF-8 nanoparticles on the fracture behavior of PMMA,
their toughening mechanisms were investigated by observing the crack tip damage zones
of the DN-4PB specimens using OM and TEM.*3®
3.3.4. Toughening mechanisms study

Figure 3-7 shows the OM images taken in the plane strain region of the DN-4PB
damage zones of the model PMMA nanocomposites under bright field and cross-polarized
light conditions. The arrows in the figures indicate the crack-tip locations. It can be seen
that only a few large crazes were found at the crack tip of the PMMA/ZIF-8-SC-HGD
system (Figure 3-7a), suggesting only minor improvement in fracture toughness, if any, is
expected. On the other hand, much larger, but different crack tip damage zone features are
observed in the two PMMA/ZIF-8-LC-HGD and PMMA/ZIF-8-LC-LGD systems. The
PMMA/ZIF-8-LC-LGD system possesses a dark light scattering zone around the survived
crack tip when observed from the bright field OM (Figure 3-7b). The dark zone that

encompasses the crack tip and crack wake indicates a cavitation process due to debonding
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or voiding between PMMA chains and the polyalkylglycidylether brushes has taken place.
When viewed under cross-polarized light, a clear birefringent zone is observed within the
cavitation zone (Figure 3-7e). This strongly indicates that shear banding has taken place
in PMMAVJ/ZIF-8-LC-LGD system, which accounts for the observed improvement in
fracture toughness.>**® When the graft density is increased, a totally different massing
crazing mechanism can be seen in the PMMA/ZIF-8-LC-HGD system (Figure 3-7c).
Under polarized light, no detectable birefringent is observed. To further investigate the
exact operative toughening mechanisms in the model PMMA nanocomposites, Careful

TEM observation on the DN-4PB specimens was conducted and presented below.

j PMMA/ZIF-8-SC-HGD

@)

Figure 3-7. OM images of the crack tip damage zone of PMMA nanocomposites under
bright field (left) and crossed-polars (right): (a)(d) PMMA/ZIF-8-SC-HGD; (b)(e)
PMMA/ZIF-8-LC-LGD; (c)(f) PMMA/ZIF-8-LC-HGD. The long arrows indicate the
crack-tip locations. The small arrows indicate the locations of crazes.
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Figure 3-8. TEM micrographs showing the DN-4PB fracture mechanisms in PMMA/ZIF-
8-SC-HGD.

TEM images of the sub-critically grown crack tip in PMMA/ZIF-8-SC-HGD are
shown in Figure 3-8. It can be seen that ZIF-8/SC-HGD nanoparticles are well dispersed
in the PMMA matrix, and one big craze grown at an angle from the main crack direction
can be seen in the micrograph. This fracture behavior is similar to a typical neat
PMMA 144145 No effective toughening mechanisms are observed. The ZIF-8-SC-HGD

nanoparticles seem to be inactive in promoting any effective toughening mechanisms. No
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evidence of debonding or initiation of crazes is found. Based on the above findings, it is
likely that the low molecular weight and high graft density polyalkylglycidylether brushes
on ZIF-8 nanoparticles can still achieve good bonding and good dispersion in PMMA, but
unable to alter the viscoelastic and mechanical properties of the surrounding PMMA
matrix to trigger massive crazing. Instead, the ZIF-8-SC-HGD nanoparticles behave like
ineffective rigid nanoparticles with a size much smaller than the natural crack tip radius
of PMMA, rendering their inability to promote crack deflection or other effective
toughening mechanisms.4°

For the PMMA/ZIF-8-LC-LGD system, weak bonding and voiding between the
nanoparticles and PMMA matrix can be observed in front of the crack tip (Figure 3-7b
and Figure 3-9). The debonding process is the separation of the PMMA/ZIF-8-LC-LGD
nanoparticles from the PMMA matrix during deformation. For inherently ductile
polymers, such as polyethylene, debonding is an important mechanism in enhancing
fracture toughness of particulate-filled polymers because it allows for ductile voiding and
ligament stretching.!*” For notch-sensitive and semi-ductile polymers, a cavitational
process to transform the crack tip stress state from plane strain condition to a plane stress
condition is required for matrix shear yielding to take place. If rigid toughening particles
are chosen for toughening but unable to undergo internal cavitation like rubber particles,
interfacial debonding becomes a required mechanism to promote shear banding in
polymer matrix. According to the OM and TEM results, the toughening mechanisms
observed here are ZIF-8 nanoparticle debonding followed by shear banding to achieve

significant fracture toughness improvement. It appears that the ZIF-8-LC-LGD
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nanoparticles are able to achieve good dispersion in PMMA matrix, but exhibiting a
weaker interfacial strength to PMMA when compared against the ZIF-8-SC-HGD. This
implies that insufficient polyalkylglycidylether coverage on ZIF-8 nanoparticle surface,
even with long brushes, can lead to weaker bonding to the PMMA matrix. It is noted that
the interfacial interaction between the polyalkylglycidylether long brushes and PMMA
molecules is significant enough to lower the T of PMMA and causes the PMMA to exhibit
a higher low temperature damping, thus a higher molecular mobility (Figure 3-5). This
higher molecular mobility might contribute to the ability of PMMA to undergo massive
shear banding to enhance fracture toughness. Future work may be needed to further

elucidate this possible influence.

Figure 3-9. TEM micrographs showing the fracture mechanisms in PMMA/ZIF-8-LC-
LGD. The arrows indicate the cavities caused by debonding and voiding of the ZIF-8
nanoparticles in PMMA.
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In the case of the PMMA/ZIF-8-LC-HGD system, massive crazes can be observed
in front of the DN-4PB crack tip (Figure 3-7c and Figure 3-10). A large number of micro-
crazes are initiated by the nanoparticles and grow more or less along the crack propagation
direction within the damage zone. As we mentioned earlier, the polyalkylglycidylether
brush with a high average molecular weight of 40,000 g/mol and high graft density tend
to entangle and strongly interact with the PMMA matrix, which may greatly influence
PMMA molecular mobility as evidenced by the DMA behavior of this system. This leads
to significant promotion of massive crazing in PMMA and greatly improves fracture

toughness.

Figure 3-10. TEM micrographs showing the fracture mechanisms in PMMA/ZIF-8-LC-
HGD.The arrow indicates the crack-tip location
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Based on the above microscopy investigation and mechanical property study, a
comprehensive understanding of the underlying fracture mechanisms of these
nanocomposites is obtained. Upon fracture, only a few large crazes were formed in the
PMMAV/ZIF-8-SC-HGD system. In the two PMMA/ZIF-8-LC systems, effective crazing
and shear banding toughening mechanisms were promoted, depending on their respective
grafted polymer brush characteristics. Based on the above findings and available literature,
it is evident that the molecular weight of the polymer brush needs to be higher than M. of
the host polymer matrix to achieve effective entanglements and influence the matrix
mechanical and viscoelastic properties.'4°

Donald and Kramer'*® reported that the ease of craze initiation depends on the
particles size and that crazes are rarely initiated by rubber particles smaller than 1 um.
Weon et al. found that massive crazes were initiated by rigid CaCO3 nanoparticles with a
44 nm in diameter. The incorporation of CaCOz nanoparticles induces the formation of -
phase crystal around them, which triggers crazing formation and grow in the a-phase
dominant PP matrix.®! Liu et al. investigated nanorubber-toughened epoxy and found that
rubber particles with 15 nm in size can significantly improve epoxy fracture toughness
without compromising its Young’s modulus.'*°

The above studies clearly suggest that the molecular scale mobility responsible for
modulus, ductility, T4, and toughenability improvements in polymers may not be the same
and can be tailored. In the present study, the model PMMA nanocomposite systems were
designed to have the MOF nanoparticle to exhibit a modulus comparable to the PMMA

matrix to determine how the modulus of PMMA can be affected by the
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polyalkylglycidylether ~ brush length and grafting density. The grafted
polyalkylglycidylether brushes on ZIF-8 were also controlled to be significantly below
and significantly higher than the entanglement molecular weight of PMMA to investigate
how they would influence the ductility and toughenability of the PMMA matrix. With
only 3 wt% addition of ZIF-8 in PMMA, the ability of the grafted polyalkylglycidylether
brushes on the PMMA matrix ductility and toughenability is enormous. This leads to the
observed significant improvements in PMMA ductility and toughenability. The present
findings strongly indicate that it is highly possible to prepare high performance polymer
nanocomposites with greatly improved mechanical properties without sacrificing other
physical properties.
3.4. Conclusion

The fracture behavior based on a set of model PMMA nanocomposite systems
containing polyalkylglycidylether grafted ZIF-8 nanoparticles were systematically
investigated. The nanoparticle surface has been manipulated by grafting different length
and grafting density of polyalkylglycidylether brushes. It is found that polymer brushes
grafted ZIF-8 nanoparticles greatly enhances the fracture toughness of the PMMA matrix
while maintaining the Young’s modulus. Our results also reveal that the model systems
toughened by nanoparticles with different polymer brush characteristics may lead to
distinctly different toughening mechanisms from a few big crazes to massive crazing, and
to nanoparticle voiding and matrix shear banding. High performance multifunctional
polymer nanocomposites with high fracture toughness can be successfully designed and

prepared.
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4. MECHANICAL BEHAVIOR OF SELF-CURING EPOXY NANOCOMPOSITES'

4.1. Introduction

The reinforcement of polymers with nanoclay has been investigated for several
decades. Exfoliation of nanoclay in a polymer matrix has the potential to greatly improve
polymer properties, such as gas barrier, coefficient of thermal expansion, modulus, flame
retardation, and other properties. Although theory predicts that dramatic improvements of
these properties can be achieved, the actual known improvements in properties are found
to be modest.!®. The reason for this disappointment is primarily due to the lack of
nanoclay exfoliation and dispersion in polymer matrix in practice. This results in
agglomerated or non-exfoliated particles that have low aspect ratios and low surface area
to exert effective reinforcement.’>1> It has been shown that synthetic a-zirconium
phosphate (Zr(OsPOH)2-H20, a-ZrP) nanoclay, which was first prepared by Clearfield
and Stynes in 1964, possesses many advantages over the natural clay, such as well-
defined chemical structure, high purity, large ion-exchange capacity, ease of
intercalation/exfoliation, and controllable surface functionality.56:157-1%9

Exfoliation of o-ZrP nanoplatelets in epoxy has been shown to be rather
straightforward using surfactants such as quaternary ammonium hydroxide and long-chain
amines, %1% sych as the Jeffamine M series, having polyols terminated on one end by an

amine.5%1%1162 The Young’s modulus and yield stress of these nanocomposites were

 Reprinted with permission from “Mechanical behavior of self-curing epoxy nanocomposites” by Liu, C.,
Zhu, Z., Molero, G., Chen, Q., Kotaki, M., Mullins, M., & Sue, H. J., 2019. Polymer, 179, 121631, Copyright
2019 by Elsevier Ltd.
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greatly improved due to the high stiffness of a-ZrP, high surface area of exfoliated
nanoplatelets, and free from particle agglomeration.’5! However, the toughness of the
epoxy matrix was reduced drastically due to the rigid a-ZrP nanofillers, which suppresses
the neighboring epoxy molecular mobility and causes embrittlement of the matrix.

Rubber toughening is a well-known strategy to improve the fracture toughness of
brittle polymers.>** With the addition of core-shell rubber (CSR), the fracture toughness
of the polymer matrix can be significantly improved, sometimes by an order of
magnitude.>®>’ The use of CSR to toughen epoxy/a-ZrP (2 vol%) nanocomposites has also
been shown to be effective.®” However, this epoxy nanocomposite utilized a monoamine
surfactant for the exfoliation of a-ZrP, which causes a significant reduction in crosslinking
density and a drop in Tg of the epoxy matrix. Reduction in the amount of surfactant is one
strategy to decrease their negative impact on crosslink density and Tg, but the degree of
nanoplatelet exfoliation will be compromised.>®

Imidazoles are known to be highly active for curing epoxy resins.'®® For example,
a liquid mixture consisting of imidazoles and epoxy resins can gel quickly at room
temperature. This makes it difficult as an industrial process to fabricate electronic and
structural components.*®* Shimomura et al.*%>1%¢ have shown that imidazole and amine-
intercalated o-ZrP hybrids are latent initiators of glycidyl phenyl ether (GPE) and
hexahydro-4-methylphthalic anhydride (MHHPA). The hybrids have been shown to be
ideal as latent catalysts. The intercalated imidazole and alkylamine act as initiators while
the a-ZrP serves as a reinforcing agent. However, the imidazole and alkylamine cannot

exfoliate a-ZrP, rendering it ineffective.
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In this report, we describe the preparation of self-curing epoxy/a-ZrP
nanocomposites that possess high Tq and high modulus. Tetrabutylammonium hydroxide
(TBA) was chosen both as a surfactant and a catalytic curing agent. TBA is effective in
exfoliating a-ZrP into individual nanoplatelets in an epoxy suspension.*® It is noted that
no additional curing agent is needed in this case since the phosphonate anions on the a-
ZrP surface act as catalytic initiators for epoxy ring-opening, forming quaternary
ammonium cation (TBA) as a catalyst.*5”1% The o-ZrP therefore becomes covalently
bonded to the epoxy matrix, which may help to greatly improve the Young’s modulus.
Furthermore, to learn whether or not the epoxy/a-ZrP-TBA can be toughened by nano-
sized core-shell rubber (CSR) particles for possible structural applications, CSR having a
uniform particle size of 100 nm was chosen to toughen epoxy/a-ZrP-TBA. The usefulness
of the present study on the preparation of high-performance epoxy nanocomposites and
the fundamental knowledge related to the toughening of epoxy nanocomposites is pursued
and discussed.

4.2. Experimental section
4.2.1. Synthesis and exfoliation of a-ZrP

The a-ZrP nanocrystals were synthesized following the previous literature.®
First, 20.0 g of zirconyl chloride octahydrate and 200 mL of 3.0 M H3PO4 were added to
a 500 mL round-bottomed flask and stirred for 30 min at room temperature. Next, the
reaction mixture was refluxed for 24 h. After the reaction, a-ZrP was washed with 100 mL

of deionized (DI) water for three times.
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The exfoliation of a-ZrP by TBA (Aldrich) was carried out in an aqueous

dispersion according to the literature.*®

a-ZrP in an amount of 0.3 g was dispersed in
200 mL water by sonication for 1 h. The concentration of a-ZrP is 5102 mol/L. Then,
0.65 g of TBA stirring solution (40 wt% in H20, 259.5 g/mol) was added dropwise to the
a-ZrP dispersion. The molar ratio between a-ZrP and TBAOH is 1:1. The mixture was
stirred overnight, then sonicated for about 30 min until the solution became transparent.
The exfoliated a-ZrP nanoplatelets in aqueous dispersion were then exchanged into
acetone using dialysis tubes (Ward’s science, 10,000 My cut-off) to remove excess
surfactants. The concentration of a-ZrP was controlled at 5 x 103 mol/L to maintain a
good dispersion in acetone.

4.2.2. Preparation of epoxy nhanocomposites

The epoxy monomer used in this study is a diglycidyl ether of bisphenol F
(DGEBF) epoxy resin (D.E.R. 354 epoxy resin, The Dow Chemical Company), which has
an epoxy equivalent weight of 165—168 g/mol. The volume percent shown throughout this
work refers only to the a-ZrP component in the epoxy system.

The a-ZrP-TBA nanoplatelets in acetone were mixed with the epoxy monomer to
achieve an a-ZrP loading of 4 vol% in the final nanocomposite. After moderate stirring
and sonication to achieve a homogeneous dispersion, acetone was removed with a rotary
evaporator in a water bath at 60 °C for 1 h. The mixture was precured at 80 °C for 0.5 h

in a vacuum oven to increase the viscosity and remove the trapped solvent. The B-staged

epoxy compound was poured into a preheated glass mold which was treated with PTFE
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release agent. The sample was then cured at 100 °C for 2 h and 140 °C for 4 h in hot press
to form an epoxy/a-ZrP-TBA nanocomposite thin film with a thickness of 80-100 um.

To prepare CSR toughened epoxy nanocomposites, a pre-dispersed epoxy/CSR
resin with a concentration of 25 wt% CSR (Kaneka Corporation) was added into the
mixture of a-ZrP-TBA and epoxy, the final concentration of a-ZrP-TBA and CSR in
epoxy is 4 vol% and 3 vol%, respectively. Neat epoxy was also prepared as a reference
using 2-methyl imidazole (2MI) as the curing agent. The mass fraction of 2Ml is 1.7 wt%,
which is the same as the molar concentration of TBA in the epoxy/a-ZrP-TBA
nanocomposites. Epoxy/a-ZrP-TBA/CSR and neat epoxy were prepared following the
curing process as mentioned above.

Epoxy/a-ZrP-TBA/CSR nanocomposite bulk samples were also prepared to
determine fracture toughness and investigate their corresponding toughening mechanisms.
After degassing, epoxy/a-ZrP-TBA/CSR was poured into a preheated glass mold to make
a plaque with dimensions of 200 mm x 200 mm x 3 mm. The resin was cured in an oven
with a curing schedule of 60 °C for 24 h and 120 °C for 2 h, followed by 4 h at 140 °C.
4.2.3. Characterization

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 diffractometer
with Bragg—Brentano 6-20 geometry (40 kV and 40 mA), using a graphite
monochromator with Cu Ka radiation. Optical microscopy (OM) was conducted using an
Olympus optical microscope (BX60) under both bright field and crossed-polarizers.
Scanning electron microscopy (SEM) images were acquired using a Zeiss Leo 1530 VP

Field Emission-SEM (FE-SEM). Transmission electron microscopy (TEM) was
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performed using a JEOL 1200EX. A Leica microtome was utilized to prepare thin sections
with 70—100 nm in thickness for TEM imaging.

Thermogravimetric analysis (TGA) analyses were carried out on a TA Instruments
Q500 thermogravimetric analyzer. Temperature was increased from 30 °C to 800 °C at 10
°C/min under a 20 mL/min O flow. Differential scanning calorimetry (DSC) was carried
out at various heating rates using TA Instruments Q20.

The Kissinger method was used to calculate the activation energy and the pre-
exponential factor of the cure of epoxy resin examined in this study.®® The equation for
the Kissinger method can be defined as:

B\ . (AR E,
n (F) ~In (E) "RT, (4-1)

p

where R is the universal gas constant, £ is the heating rate, T is the peak temperature. By
plotting In(8/Tp?) versus 1/Tp, the values of activation energy, Ea, and pre-exponential
factor, A, can be determined by calculating the slope of the linear fit and the y-axis
intercept. It can be assumed that the maximum reaction rate, da/dt (o represents conversion
rate), occurs at the peak temperature, at which point da/dt? is equal to zero.
4.2.4. DMA and mechanical property characterization

Tensile tests and dynamic mechanical analysis were conducted using an RSA-G2
(TA Instruments) with a tensile fixture. Tensile tests were performed at 25 °C on
rectangular samples (3 mm x 0.01 mm cross section and 5 mm in length) with a crosshead

speed of 10 mm/min. Dynamic mechanical analysis (DMA) was conducted in tensile
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mode at a strain amplitude of 0.05%, frequency of 1 Hz and a heating rate of 3 °C /min
from room temperature to 180 °C.
4.2.5. Fracture toughness measurements

Both the single-edge notch tension (SENT) test and the double-notch 4-point-bend
(DN-4PB) test were performed to determine the fracture toughness.*"1* The dimensions
of specimen for SENT are given in ASTM D1708-13. A razor blade chilled by liquid
nitrogen was used to produce a sharp, straight initial crack. The ratio of crack length to the
sample width was controlled to around 1/3. The samples were tested in uniaxial tension
on an RSA-G2 at a loading rate of 0.5 mm/min. The Kic value of the samples were
calculated using:

Kic=fla/W)-ava (4-2)
where f(a/W) is the geometric correction factor (for SENT specimens, f(a/W) = 1.12Vr, ¢
is the tensile strength and a is the initial crack length. In all cases, the samples failed in a
brittle fashion. Dimensions of DN-4PB specimens are 8.4cmx1.25cmx0.31cm. The bars
were notched with a milling tool, followed by tapping with a liquid nitrogen chilled razor
blade to wedge open a sharp crack. The ratio between the final crack length (a) and the
specimen width (W) was held in the range between 0.3 and 0.7. A screwed-driven
mechanical machine (Instron 5567) was used to conduct the DN-4PB experiments at a

loading rate of 0.5 mm/min. The Kc value of the samples were obtained using:

P
Kie=—2fa/W) (4-3)
BW2
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where Pq is the peak load, B is specimen thickness, W is specimen width, and f(a/W) is
the geometric correction factor.!3®

The double-notched 4-point-bend (DN-4PB) technique®® was adopted to generate
a sub-critical crack tip damage. OM and TEM were employed to investigate the fracture
mechanisms in CSR-modified epoxy/a-ZrP-TBA nanocomposites. The crack tip damage
zone from the DN-4PB test was embedded in an epoxy mount and stained with osmium
tetroxide (OsO4) crystals for 12 h to harden the rubber phase in epoxy. Thin sections of
70-100 nm in thickness were prepared for TEM observation. The details have been
reported previously.'3®
4.3. Results and discussion
4.3.1. Morphological characterization

As shown in Figure 4-1a, the structure and d-spacing of a-ZrP and a-ZrP-TBA
were confirmed by XRD analysis. The average size of the a-ZrP is about 100 nm (Figure
4-1b). After exfoliation, the peak of a-ZrP shifted from 11.7° (7.6 A) to 5.0° (17.5 A),
suggesting the layered structure has been completely intercalated with TBA. The
composition of a-ZrP-TBA was determined by TGA analysis (Figure B-1) and the amount
of grafted TBA is found to be about 30 wt%.

The morphology of epoxy nanocomposites was characterized using XRD and
TEM. No characteristic a-ZrP peak is observed in the XRD patterns of nanocomposites
(shown in Figure B-2), indicating the a-ZrP nanoplatelets are fully exfoliated. Further, the
a-ZrP-TBA exfoliation is confirmed by TEM. As shown in Figure 4-2, a-ZrP

nanoplatelets are loosely dispersed in epoxy and no aggregation or tactoids are found.
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Figure 4-1. (a) XRD patterns of a-ZrP and exfoliated a-ZrP-TBA. (b) SEM image of a-
ZrP.

Figure 4-2. TEM of epoxy/a-ZrP-TBA nanocomposite at (a) low and (b) high
magnification.

4.3.2. Curing behavior

Quaternary onium salts have been widely reported to serve as initiators for ring
opening reaction of epoxide.'®”1% In this work, we postulate that quaternary ammonium
(QA) salt participates in the epoxy curing process as depicted in Figure 4-3. First, QA ion

(1) binds to the oxygen atom of epoxide, affording a precursor complex (2) in a transitional
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state, which then generates a ring-opened anion (3). Subsequently, the resulting QA ion
pairs (3) will trigger the ring-opening of the remaining neighboring epoxides in the system
by nucleophilic attack of oxygen atoms. This reaction route is considered as an anionic
ring-opening polymerization initiated by QA salts on a-ZrP nanoplatelets.

It has been demonstrated that a-ZrP can be modified by multiple reactive groups
170 i

ncluding epoxides.'’* In order to evaluate the reactivity and storage life of a-ZrP-TBA

as a curing agent, 2-methyl imidazole was chosen as a reference.
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Figure 4-3. Mechanism of a-ZrP-TBA initiates ring opening reaction of epoxy.

Non-isothermal DSC was utilized to investigate the curing behaviors of epoxy/a-
ZrP-TBA system as shown in Figure 4-4a. Epoxy/a-ZrP-TBA system shows an
exothermic peak at 110 °C corresponding to epoxy resin curing reaction, which is similar
to that of 2MI (120 °C), indicating that a-ZrP-TBA has comparable reactivity as 2MI.

The activation energy (Ea) is one important parameter to evaluate the curing
kinetics. Based on the Kissinger method 1%, the E, values was calculated from the slope
of the linear function In(8/T,?) vs. 1/T, as plotted in Figure 4-4c. The E, and curing peak

are summarized in Table 4-1. The E. of epoxy/o-ZrP-TBA is higher than that of
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epoxy/2MI, suggesting a slower reaction rate. The storage stabilities of epoxy/a-ZrP-TBA
and epoxy/2MI were evaluated by measuring the changes in their viscosity at room
temperature (25 °C) as a function of time (Figure 4-4d). Epoxy resin compositions
containing 2MI show a drastic increase in viscosity in a short period of time, resulting in
solidification. In contrast, the epoxy resin with an equivalent molar amount of a-ZrP-TBA

exhibits a much better storage stability, as shown in Figure 4-4d.
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Figure 4-4. (a) DSC curves of epoxy/2MI and epoxy/a-ZrP-TBA at a heating rate of 10
°C/min; (b) DSC curves of epoxy/a-ZrP-TBA at various heating rates; (c) Activation
energy of epoxy/a-ZrP-TBA curing reaction; (d) Storage stability of epoxy/2MI and
epoxy/a-ZrP-TBA.
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Table 4-1. Curing peak temperature and Ea of epoxy/2MI and epoxy/a-ZrP-TBA.

Composition Curing peak temperature (°C) Ea (kJ/mol)
epoxy/2MI 120 60.26
epoxy/a-ZrP-TBA 110 78.71

As a catalytic curing agent, a-ZrP-TBA shows a similar reactivity at high
temperature but better storage stability than 2MI at room temperature. It is postulated that
the high loading of a-ZrP nanoplatelets in epoxy might suppress the mobility of epoxy
resins and consequently slow down the reaction rate. Therefore, a-ZrP-TBA shows a much
lower reactivity at room temperature, while at elevated temperature, the ring-opening
reaction rate is accelerated and become comparable to that of epoxy/2MI system.

4.3.3. DMA and mechanical properties

DMA was performed in tensile film geometry to determine dynamic mechanical
behavior of the epoxy nanocomposites. As shown in Figure 4-5a, compared with neat
epoxy cured by 2MI (same molar amount as TBA in epoxy/a-ZrP-TBA), the storage
modulus E’ of epoxy/a-ZrP-TBA is increased by 80% with an addition of 4 vol% a-ZrP
at room temperature. It should be noted that the storage modulus is increased much more
significantly (~380%) at rubbery plateau. This same phenomenon has been observed in
other polymer nanocomposite systems.515%172173 Thjs significant increase in modulus
could be attributed to the effective retardation of molecular motion in the presence of a-
ZrP at temperature above Ty 141 Based on the DMA analysis, epoxy/a-ZrP-TBA
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exhibits about 20 °C lower T4 than neat epoxy cured by 2MlI, and a broader tan 6 peak is
observed, suggesting that epoxy/a-ZrP-TBA might possess lower and inhomogeneous
crosslinking density due to the concentrated distribution of TBA on and near the surface
of a-ZrP-TBA.

Nonetheless, the amount of reduction in Ty of epoxy/a-ZrP-TBA is less than that
of other epoxy nanocomposites containing monoamine as a surfactant with the same
loading of nanoplatelets (Table B-1).15 We surmise that the ZrP-TBA catalyzed epoxy
crosslinking does not leave behind unreacted dangling chains caused by monoamine and
give rise to a more complete epoxy curing. With an addition of 3 vol% CSR, as expected,
the storage modulus is decreased by 10%, but Tg is increased slightly and the tan & peak
width becomes narrower probably due to the interaction between the glycidyl

methacrylate functional group on the copolymer shell of the CSR particles with epoxy

resins.®’
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Figure 4-5. DMA plots of neat epoxy, epoxy/a-ZrP-TBA and epoxy/a-ZrP-TBA/CSR
nanocomposites: (a) Storage modulus vs. temperature and (b) Tan & vs. temperature.
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The Young’s moduli of the epoxy nanocomposites and neat epoxy are summarized
in Table 4-2. With the addition of a-ZrP-TBA, the Young’s modulus increases from 2.5
to 4.3 GPa, which is expected.'®"176-18 With the addition of CSR, the Young’s modulus
decreases by 10%, which is consistent with our previous study about CSR toughened

epoxy nanocomposites.>’

Table 4-2. Tensile properties and fracture toughness of epoxy and epoxy nanocomposites.

Samples Young’s Modulus  Kic (MPam'?)  Kic (MPa m'?)
(GPa) (plane stress) (plane stain)
Neat epoxy 2.510.1 0.76+£0.24 -
Epoxy/a-ZrP-TBA 4.340.1 0.55+0.09 -
Epoxy/a-ZrP-TBA/CSR 3.910.2 1.21+0.14 1.55+0.07

4.3.4. Fracture toughness measurements and toughening mechanism investigation
Because of the large amount of a-ZrP needed for mechanical testing and the brittle
nature of both neat epoxy and epoxy/a-ZrP-TBA, only the thin film SENT geometry was
chosen for determining their Kic values. It is noted that the effect of specimen thickness
on fracture toughness values for brittle polymers is minimal.**"18* However, upon
toughening using CSR, the epoxy/a-ZrP-TBA/CSR may become much tougher and need

a thicker specimen for obtaining valid fracture toughness values. To do so, specimen
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thicknesses of both 100 um and 3.12 mm were chosen to obtain K¢ values for both plane
stress and plane strain conditions.

The fracture toughness values of neat epoxy and epoxy/a-ZrP-TBA
nanocomposite systems with and without CSR can be found in Table 4-2. Compared with
neat epoxy, a 20% drop of KIC for epoxy/a-ZrP-TBA is observed. This reduction in KIC
is likely due to the drop on epoxy ductility caused by restricted molecular mobility of
epoxy molecules around the a-ZrP nanoplatelets. Furthermore, the exfoliated nanoplatelet
dimensions are too small to trigger effective toughening mechanisms, such as crack
bridging, crack deflection, and crack blunting.*® Consequently, deterioration in Kic is
detected in epoxy/a-ZrP-TBA nanocomposite. When CSR is introduced to toughen
epoxy/a-ZrP-TBA, a significant increase in fracture toughness values, i.e., from 0.55 to
1.21 and 1.55 MPa mY? for plane stress and plane strain conditions, respectively, are
observed. The CSR particles are expected to serve as stress concentrators in the epoxy
matrix to toughen epoxy/a-ZrP-TBA under plane stress condition, i.e., no CSR cavitation
is needed.'® In the case of the plane strain condition, the high magnitude of stress
triaxiality in front of the crack tip needs to be relieved to allow for shear banding to take
place in epoxy. To confirm the above conjecture, the toughening mechanisms in epoxy/a-
ZrP-TBA/CSR were investigated by observing the crack tip damage zone of the DN-4PB
specimens using OM and TEM.'%

Figure 4-6 shows the OM images taken in the plane strain region of the DN-4PB
damage zone under bright field and cross polarized light conditions. As shown, when CSR

particles are added to the epoxy/a-ZrP-TBA system, a faint rubber particle cavitation zone
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exists around the survived crack tip of the DN-4PB specimen from the bright field OM
(Figure 4-6a). The dark zone that encompasses the crack tip and crack wake indicates a
cavitation process has taken place. Around the crack wake and the crack tip, a clear
birefringent zone under cross-polarized light is also observed (Figure 4-6b). This indicates

that shear banding has taken place inside the damage zone.>*

Figure 4-6. OM images of crack tip damage zone of epoxy/a-ZrP-TBA/CSR
nanocomposite at (a) bright field and (b) crossed-polars.

In the region outside the cavitation zone (Figure 4-7a), intact and undeformed CSR
particles are found. In the plane strain region of the DN-4PB crack tip, cavitation of CSR
particles is evident (Figure 4-7b and c). Exfoliated a-ZrP layers are well dispersed in the
matrix, which indicates that the addition of CSR does not affect the dispersion of a-ZrP.
Under the plane stress condition, no sign of CSR particle cavitation is found (Figure 4-8).

The toughening mechanisms observed here is consistent with the well-understood
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toughening principle that, under the plane strain condition, the CSR cavitation helps
relieve the triaxial stress state at the crack tip, subsequently facilitating matrix shear

banding.

Figure 4-7. TEM of epoxy/a-ZrP-TBA/CSR nanocomposite in the plane strain region of
the DN-4PB specimen.

Figure 4-8. TEM of epoxy/a-ZrP-TBA/CSR nanocomposite in the plane stress region of
the DN-4PB specimen. The arrow indicates the arrested crack tip.
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It is generally agreed that not all epoxy resins can be toughened to by rubber
modification.'®® Toughenability of epoxy resins is mostly related to the thermoset
crosslinking density.'8 In the rubber-toughened epoxy systems, as the rubber cavitation
mechanism has little effect in fracture energy dissipation, matrix shear banding is therefore
the main energy dissipation process in the rubber-toughened epoxies.’*®& Plastic
deformation requires large-scale cooperative motions to form shear bands. Therefore, the
mobility of polymer chains plays an important role in enhancing fracture toughness of
rubber-toughened epoxy resins. Following this logic, toughening epoxy nanocomposites
containing a-ZrP nanoplatelets should be more difficult as the presence of nanofiller will
hinder the mobility of the surrounding molecules, thus limiting its ability to undergo
plastic deformation. However, in the case of a-ZrP with monoamine as the surfactant, the
crosslink density around the a-ZrP nanofiller is greatly reduced. The low crosslinking
density network greatly improves the ductility and toughenability of the epoxy
nanocomposites.>® Unfortunately, a concurrent reduction in T4 occurs.

In the case of using a-ZrP-TBA as a catalytic curing agent, the relatively small size
of TBA will not affect the epoxy crosslinking process as monoamine curing agent would.
In addition, since the polymerization of epoxy monomers is initiated from the surface of
a-ZrP, the strong covalent bonding of epoxy to a-ZrP may suppress molecular mobility
and increases the T4 of the matrix. Consequently, the Tq of epoxy cured by a-ZrP-TBA is
30 °C higher than the epoxy nanocomposite with the same amount of a-ZrP addition but
using a long chain monoamine as a surfactant.® As for the toughening of epoxy/a-ZrP-

TBA, as stated earlier, it is surmised that the crosslink density in epoxy matrix would be
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heterogeneous because of the concentrated TBA on a-ZrP surfaces. This postulation is
supported by the fact that the tan & peak at Tq for epoxy/a-ZrP-TBA is much broader than
that of the neat epoxy. A self-curing epoxy nanocomposite containing 2 vol% of ZrP-TBA
was also prepared. The DMA result is shown in Figure B-4. The Tq4 and rubbery plateau
modulus of the epoxy/a-ZrP-TBA @ 2 vol% are much lower than the epoxy matrix
containing 4 vol% of ZrP-TBA. This means that this epoxy is unlikely to be fully cured.
Therefore, while ZrP-TBA can serve as a crosslinking agent for epoxy, its effectiveness
only extends to the crosslinking of epoxy monomers in the vicinity of the nanoplatelets.
This nonuniform crosslinking of epoxy network facilitates large-scale cooperative
conformational arrangements of polymer backbones. Therefore, upon cavitation of CSR
particles, the triaxial stress state at the crack tip is transformed into biaxial stress state to
trigger large-scale matrix shear banding, which accounts for the substantial increase in
fracture toughness. Additional work is still needed to further validate the above conjecture.
4.4. Conclusion

Novel epoxy nanocomposites based on TBA-exfoliated a-ZrP nanoplatelets as a
catalytic curing agent have been prepared. TBA serves as a surfactant and curing catalyst
by forming a phosphate anion pair on a-ZrP surface to initiate the polymerization of epoxy
resins, and the o-ZrP nanoplatelets act as a reinforcement to improve the mechanical
properties of epoxy. The incorporation of the a-ZrP-TBA nanoplatelets can greatly
improve the Young’s modulus due to the strong covalent bonding between the
nanoplatelets and epoxy matrix. To overcome the brittleness nature of the epoxy/a-ZrP-

TBA, CSR was introduced and found to be effective in improving the Kic of the epoxy
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nanocomposite. The main toughening mechanisms in epoxy/a-ZrP-TBA/CSR are rubber
particle cavitation, followed by matrix shear banding. The hybrid epoxy/a-ZrP-TBA/CSR

nanocomposites possess good potential as high-performance structural materials for

aerospace and automotive applications.
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5. EPOXY NANOCOMPOSITES CONTAINING ZEOLITIC IMIDAZOLATE

FRAMEWORK-8*

5.1. Introduction

Polymeric materials are commonly used in electronic packages because of their
easy processability, low cost, good adhesive properties, low dielectric constant, etc.
Nanofillers can be used to improve the properties of the polymer matrix. However, the
biggest challenge in the fabrication of these nanocomposites is the low compatibility
between the organic and inorganic components, which can result in agglomeration of
nanofiller particles and significant compromise in device performance.®

Metal-organic framework (MOF) particles are a relatively new family of
nanoporous materials®® that have an ordered, well-defined porous structure and can be
easily modified to become compatible with the hosting polymer matrix.'! MOFs have been
widely researched for applications in gas storage®®® and separation,'®’ catalysis,*® drug
delivery,'® sensors,'*®® ion conductors,*®! etc. MOFs generally are more compatible with
organic polymer matrices than other nanofillers such as silica, alumina, and carbon black,
because the organic linkers can interact with polymers through molecular design.'%>1%
MOFs prepared from imidazoles (zeolitic imidazolate frameworks or ZIFs) are a sub-
family of MOFs,** exhibiting structures analogous to that of inorganic zeolites and

possessing excellent chemical and thermal stability.*®® ZIF-8 is the most investigated

* Reprinted with permission from “Epoxy Nanocomposites Containing Zeolitic Imidazolate Framework-8”
by Liu, C., Mullins, M., Hawkins, S., Kotaki, M., & Sue, H. J., 2018. ACS applied materials & interfaces,
10(1), 1250-1257, Copyright 2017 by American Chemical Society.
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material in the ZIF family, prepared from zinc(ll) salts and 2-methyl-1H-imidazole, with
a sodalite topology( a pore aperture of 3.4 A and a pore cavity of 11.6 A).2% ZIF-8 has
been shown to be useful as a low-k material due to its low polarity and low density.*®” A
promising application for ZIF materials is to use them as a modifier for polymer to reduce
the dielectric constant and enhance mechanical properties.®®

Herein, we demonstrate the use of ZIF-8 as a nanofiller with low dielectric
constant'® and excellent thermal and chemical stability to modify epoxy thermosets
without compromising other properties.’®® Imidazoles are known to initiate epoxy
curing.?®® Although the imidazole groups on the ZIF-8 surface are bound to zinc cations,
it is anticipated that sufficient nucleophilicity would remain to cure epoxy resins. Prior
work describes the dispersion of MOFs that are not capable of forming covalent bonds
directly with the matrix. For example, MOF-5 has been used to toughening epoxy,?°* and
to improve corrosion resistant property of epoxy coating.?% the advantage of our approach
would be that covalent bonding between ZIF-8 and epoxy matrix in our case would ensure
good dispersion and prevent aggregation. Furthermore, the use of a hardener can be
avoided, although this depends on the concentration of MOF desired.

The present work describes the utilization of ZIF-8 to initiate crosslinking of epoxy
resins and its use as a modifier to prepare polymer nanocomposites for low-k dielectrics
applications. It will be shown that the epoxy/ZIF-8 nanocomposite thin films possess a

dielectric constant much lower than that of neat epoxy, excellent tensile properties, and

low moisture absorption. The present study offers a new perspective on the design of
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MOFs as polymer modifiers and the fabrication of high performance multifunctional
inorganic-organic nanocomposites for wide arrays of engineering applications.
5.2. Experimental section
5.2.1. Materials

Zinc nitrate hexahydrate (Sigma-Aldrich) and 2-methyl-1H-imidazole (2MI) (Alfa
Aesar) were used for the synthesis of ZIF-8 (Figure 5-1). Commercially available
bisphenol A diglycidyl ether (D.E.R.TM 383) was kindly donated by Olin Corporation.

Methyl ethyl ketone (MEK) was purchased from Fisher Scientific.

Schematic of ZIF-8 crystals D.E.R.™ 383 epoxy resins

Figure 5-1. Chemical structure of the ZIF-8 nanocrystal and DGEBA epoxy resins.

5.2.2. Synthesis of ZIF-8 nanocrystals

The ZIF-8 particles were synthesized according to the literature report.3® 10 mmol
(3 g) of Zn(NO3).-6H20 was added into 100 mL of methanol to form solution A. 80 mmol
(6.6 g) of 2-methyl-1H-imidazole was added into 100 mL of methanol to form solution B.

The two kinds of solution were mixed and stirred for 1 h at room temperature. The
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resulting ZIF-8 particles were collected by centrifugation, subsequently washed
with methanol twice and with MEK once. The obtained ZIF-8 was re-dispersed as
colloids in MEK for further preparation of epoxy nanocomposites.
5.2.3. Preparation of epoxy/ZIF-8 nanocomposites

The as-synthesized ZIF-8 solution in MEK was sonicated for 0.5 h to prevent
particle aggregation, and then mixed with epoxy resins in predetermined weight ratios and
mechanically stirred for 1 h. Subsequently, MEK solvent was removed from the mixture
by rotary evaporation. The resulting epoxy/ZIF-8 mixtures containing ZIF-8 at 6, 13, and
25 vol%, respectively, were put in a vacuum oven overnight (ca. 8 h) at room temperature,
followed by heating at 100 °C for 1 h. Then, they were cured in a hot press at 200 °C for
3 h. The corresponding molar ratios of 2-methyl imidazole to epoxy resin in the
epoxy/ZIF-8 nanocomposites containing 6, 13, and 25 vol% of ZIF-8 are 8%, 16%, and
32%, respectively. Neat epoxy cured with 2-methyl imidazole as a curing agent was also

prepared using the same procedure as a control. The molar ratio of 2-methyl imidazole to

epoxy resin was chosen at 16%.
5.2.4. Characterization

Scanning electron microscopy (SEM) was conducted on a JEOL JSM-7500F Field
Emission-SEM. Wide angle X-ray diffraction (XRD) was performed using a Bruker D8
X-ray diffractometer. Optical micrographs (OM) were performed with an Olympus BX60
optical microscope. The morphology was studied using transmission electron microscopy
(TEM). A microtome (Ultracut E) and a Micro Star diamond knife were used to prepare

ultrathin sections (ca. 100 nm in thickness) which were collected on carbon-coated copper
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grids. Thermogravimetric analysis (TGA) was performed with a TA Instruments Q500
thermogravimetric analyzer. Samples were pre-conditioned for 60 min isotherm at 120 °C
before increasing temperature to 800 °C at 10 °C/min under a 20 mL/min air flow.
Differential scanning calorimetry (DSC) was performed using TA Q20 at a heating rate of
10 °C/min.

An RSA-G2 (TA Instruments) with a tensile fixture was used for tensile tests and
dynamic mechanical analysis. The tests were performed at 25 °C on rectangular samples
(3 mm x 0.01 mm cross section and about 5 mm length) with a crosshead speed of 10
mm/min. A strain amplitude of 0.05% and a frequency of 1 Hz was used for dynamic
mechanical analyses (DMA). A heating rate of 3 °C/min from room temperature to 200
°C was used.

Water absorption of epoxy nanocomposites was measured according to ASTM
D570. The specimens were removed from the water bath at regular intervals and weighed.

The percentage gain (M) was determined by Equation:
M= 100 (%) (5-1)
Wary

5.3. Results and discussion
5.3.1. Characterization of ZIF-8 nanocrystals and the epoxy nanocomposites

The XRD patterns of the as-synthesized ZIF-8 nanocrystals are shown in Figure
5-2a, which are consistent with the simulated result from the literature.®® The SEM image
of Figure 5-2b shows that the nanocrystals exhibit a hexagonal faceted shape, which is
commonly reported in the literature.?°>2%4 The average size of the nanocrystals is about 50

nm.
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Figure 5-2. (a) XRD patterns of ZIF-8 nanocrystals. (b) SEM images of ZIF-8
nanocrystals.

Figure 5-3 shows the procedure for preparation of epoxy/ZIF-8 nanocomposites.
The turbid suspension of the mixture of ZIF-8 and epoxy resins turned into a clear yellow
gel after postcure, indicating the separation of the originally agglomerated ZIF-8
nanocrystals (Figure C-1). OM reveal this transition (Figure C-2). This phenomenon may
be caused by the ring-opening reaction of the epoxy and the formation of covalent bonds
that lead to exfoliation of the aggregated ZIF-8 nanocrystals. Figure C-3 show the XRD
patterns of neat epoxy and epoxy/ZIF-8 nanocomposites with various loading. With the
increasing loading of ZIF-8 nanoparticles, the relative intensity of the characteristic peaks
of ZIF-8 gradually increases. The patterns of the nanocomposites show the characteristic
peaks of ZIF-8 crystals, which indicates that the crystalline structure of ZIF-8 nanocrystals

is retained in the nanocomposites
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Figure 5-3. Procedure for preparation of Epoxy/ZIF-8 nanocomposites. An optical image
of the nanocomposite containing 25 vol% of ZIF-8 is also shown.

5.3.2. Curing mechanism

The imidazole groups on the surface of ZIF-8 are likely to initiate epoxy ring-
opening polymerization as shown in Figure 5-4. This mechanism is well-precedented for
the reaction between epoxide and imidazole compounds. 63205

Figure 5-5 shows the curing reactions of epoxy with 2-methyl imidazole and ZIF-
8 during non-isothermal DSC scan at 10 °C/min, respectively. The molar ratio of 2-methyl
imidazole is both 16% in these two systems. The exothermic peak for the epoxy/ZIF-8
mixture appears at 215 °C, while the peak for the mixture of epoxy and 2-methyl imidazole
is at 110 °C. The imidazoles in ZIF-8 are considerably less reactive, probably due to the
reduced basicity of the imidazole nitrogen because of electron-withdrawing by the cationic

zinc in ZIF-8.
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Figure 5-4. Schematic mechanisms of the reaction between ZIF-8 and epoxy resin.

20~
ZIF-8

2-methyl imidazole

Heat flow(W/q)

-5 T T v T T T ' 1
50 100 150 200 250
Temperature(°C)

Figure 5-5. Non-isothermal (10 °C/min) DSC scans of epoxy cured by 2-methyl imidazole
and ZIF-8 at the same molar ratio (16%) of 2-methyl imidazole, respectively.
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Figure 5-6. XPS survey spectra (N1s) of the epoxy/ZIF-8 (25 vol%).

In order to demonstrate that ZIF-8 and the epoxy resin are covalently bonded, the
cured systems were studied using XPS and FTIR. Figure 5-6 shows the core level N 1s
spectrum of epoxy/ZIF-8 (25 vol%) with three distinct peaks at 399.1 eV, 400.3 eV, and
401.7 eV. The two nitrogen atoms in the 2-methyl imidazole are distinct. The first two
peaks arise from 2-methyl imidazole from ZIF-8 nanoparticles that do not react with the
epoxide group.2% The third peak at 401.7 eV is attributed to the reacted nitrogen through
which the imidazole ring is attached to epoxide group. The results of FTIR are shown in
Figure C-4 also provide evidence for covalent bonding. DSC measurement was used to

confirm the complete curing of the epoxy/ZIF-8 nanocomposites (Figure C-5).
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5.3.3. Thermal stability

Figure 5-7 reveals the TGA curves of the neat epoxy, ZIF-8 nanoparticles and
epoxy/ZIF-8 nanocomposites. The decomposition profiles of neat epoxy and epoxy/ZIF-
8 nanocomposites have similar decomposition profiles with degradation occurring in two
stages. Some prior reports?®’?%® suggest that the introduction of nanoparticles causes
reduced thermal stability due to increases in free volume fractions in the polymer
nanocomposites. The two onset decomposition temperatures (Tq1 and Tqz), as well as the
temperature at 5% weight loss (Ts«) of the nanocomposites are similar to those of neat
epoxy (Table C-2). It can be seen that the total weight loss of the first degradation process
decreases with the increasing loading of ZIF-8 nanocrystals, which can be attributed to the
high thermal stability of ZIF-8 nanocrystals and their covalent bonding to the epoxy matrix

which hinders escape of decomposed low molecular species during TGA measurements.
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Figure 5-7. TGA curves of the neat epoxy, ZIF-8 nanocrystals and epoxy/ZIF-8

nanocomposites measured in air.
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5.3.4. Morphology of epoxy/ZIF-8 nanocomposites

Transparent and flexible epoxy/ZIF-8 thin films were prepared by curing them in
a hot press at 200 °C for 3 h (Figure 5-3). The morphology of the nanocomposite thin
films was observed using TEM. Figure 5-8 shows the TEM images of the epoxy/ZIF-8
thin films. The ZIF-8 nanocrystals appear dark in the images while the light background
is the epoxy matrix. The white circular rings were artifacts due to diamond knife cutting
during the preparation of ultrathin sections. In addition, the electron beam also induces
matrix/particle debonding. TEM micrographs reveal that the ZIF-8 is individually
dispersed in the epoxy matrix. All nanoparticles are surrounded by epoxy matrix. Even
with 25 vol% loading, there is likely no direct particle-to-particle contact observed. It
appears that the covalent bonding of imidazole to epoxy resins prevents aggregation of

ZIF-8 nanoparticles.

Figure 5-8. TEM images of cross-section of epoxy/ZIF-8 thin films at (a) 6 vol% loading,
(b) 13 vol% loading, and (c) 25 vol% loading.
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5.3.5. DMA Study

DMA was performed in tensile film geometry to determine the effect of adding
ZIF-8 nanoparticles on dynamic mechanical behavior. Tan 6 was taken as the ratio of
E”/E’. The DMA results are shown in Figure 5-9, and the storage modulus and T4 values

are summarized in Table 5-1.
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Figure 5-9. DMA plots of epoxy/ZIF-8 nanocomposites: (a) Storage modulus as a
function of temperature and (b) Tan 6 as a function of temperature.

E’ as a function of the temperature for the neat epoxy and epoxy nanocomposites
is shown in Figure 5-9a. The nanocomposite containing 25 vol% of ZIF-8 nanocrystals
exhibits over 30% and 300% increase in E’ against the neat epoxy at 40 °C and 160 °C,
respectively. Note that the storage modulus is increased much more significantly at
temperatures above T4 than at temperatures below Tgy. This has been observed in other
polymer nanocomposites.>¢1%%172 This difference in modulus enhancement at above and
below T4 has been postulated to be due to the molecular dynamics of epoxy chains at above
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and below Tg are drastically different and shows more effective retardation of molecular
motion at above Tq.1"41"® Moreover, it is noted that the nanocomposites exhibit similar T
with neat epoxy cured with 2MI. This suggests that the introduction of ZIF-8 does not
compromise the thermal properties of epoxy. Meanwhile, the nanocomposites should
possess a similar crosslinking structure with neat epoxy cured by 2MI. Therefore, the
significant increase in £’ and invariant Tq demonstrate the effectiveness of ZIF-8 as a

reinforcing agent and a curing agent as well.

Table 5-1. Storage modulus and Ty values of neat epoxy and epoxy/ZIF-8
nanocomposites.

Films E’ (GPa) at E’ (MPa) at Ty
40 °C rubbery plateau (°C)
Neat epoxy 1.59 33.8 133 °C
epoxy/ZIF-8 (13 vol%) 1.95 72.4 135°C
epoxy/ZIF-8 (25 vol%) 2.09 112.0 135°C

5.3.6. Tensile behavior of neat epoxy and epoxy/ZIF-8 nanocomposites

The engineering tensile stress-strain curves of the neat epoxy and the
nanocomposites are presented in Figure 5-10. The data of tensile strength, maximum
elongation and Young’s modulus with ZIF-8 loading is provided in Table C-3. As ZIF-8
loading increases to 13 and 25 vol%, the tensile strength of the nanocomposites maintains

the comparable level with that of the neat epoxy, even though the elongation is decreased
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by 35 and 40%, respectively. The decrease in elongation at break is possibly due to the
low molecular mobility of the epoxy network structure caused by the existing of the

immobile and rigid ZIF-8 nanoparticles, as evidenced by the DMA study.
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Figure 5-10. Tensile engineering stress—strain curves obtained at 25 °C for neat epoxy
and nanocomposite thin films.

The Young’s modulus of the nanocomposites increases from 2.33 to 2.82 GPa as
the loading increases from 0 to 25 vol %. The change of elongation-to-break with the
increasing loading of nanoparticles shows opposite trend as compared to the variation of
Young’s modulus. These results reveal the enhanced stiffness and decreased ductility of
the nanocomposites. The stiffness/toughness balance can be observed in most epoxy

nanocomposites.!®’176-18 \We have also prepared the epoxy/2MI/ZIF-8 (25 vol%)
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nanocomposites by adding additional 2MI as the curing agent. The amount of 2MI is 16
mol%. Considering the higher reactivity of free 2MI than the 2M1 attached to ZIF-8, epoxy
monomers will predominantly react with the free 2MI rather than ZIF-8 during curing
reaction. As a result, covalent bonding cannot form between ZIF-8 and epoxy. Obvious
aggregation was formed in the composite thin film and this sample exhibits reduced tensile
strength than the epoxy/ZIF-8 nanocomposites. Also, the Young’s modulus and
elongation at break were decreased, which can be attributed to the aggregation of the
nanoparticles (Figure C-8).

It is well-known that increases in porosity usually result in decreased mechanical
properties for porous materials.?®® But the mechanical strength of epoxy/ZIF-8
nanocomposites is not compromised even when the particle loading is as high as 25 vol%.
This can be due to the high rigidity of ZIF-821%21! which negates the effect of the presence
of cavity inside the ZIF-8 crystal, as well as the strong bonding between the nanoparticles
and polymer.

5.3.7. Dielectric properties of epoxy/ZIF-8 nanocomposites

The introduction of porous ZIF-8 nanocrystals can increase the porosity of the
polymer matrix, resulting in a decreased dielectric constant for the nanocomposites. The
dielectric properties of the pure epoxy cured with 2MI were compared with nanocomposite
films with various loadings at room temperature. Figure 5-11 reveals that dielectric
constants of the nanocomposites as a function of frequency. Neat epoxy has a relatively
high dielectric constant of 3.9 at 100 kHz, while the dielectric constant of the

nanocomposite samples gradually decreases with the increasing volume fracture of ZIF-8
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nanoparticles. As the ZIF-8 loading is increased to 25 vol%, the dielectric constant
decreases to 3.2 compared to the neat epoxy at 100 kHz. The dielectric loss of both
samples also shows the same trend with dielectric constant (Figure C-9).

This reduction in dielectric constant of the nanocomposite arises from the
considerably lower dielectric constant of ZIF-8 compared to the neat epoxy. As discussed
above, imidazole groups on the surface of ZIF-8 facilitated good particle dispersion in the

epoxy matrix.
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Figure 5-11. Dielectric constant of neat epoxy and epoxy/ZIF-8 nanocomposites as the
function of frequency.

The dielectric behaviors of composite materials can be explained by many
theoretical models.?'2?3 One of the simplest models is the Maxwell-Garnett model, which

is based on the linearity assumption between effective dielectric constant and volume
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fraction.?!* This model is valid for a dielectric material containing a dilute conductive
phase below the percolation threshold. Figure 5-12 reveals experimental and theoretical
dielectric constants of the ZIF-8 and epoxy nanocomposites as a function of filler volume
fraction at room temperature and 100 kHz. The theoretical values were predicted by the
Maxwell-Garnett model:

2epte 2fle. — &)
P26 te, — M(ee — &)

(5-2)

Eeff =

where f is the volume fraction of fillers, and eefr, ep and ec donate the dielectric constants
of the nanocomposites, epoxy and ZIF-8, respectively. It can be seen that the experimental
dielectric constant is in agreement with those given by the Maxwell-Garnett model.?*®
The volume fraction was calculated based on the densities of ZIF-8 and epoxy which can
be found from the supporting information. When 36 vol% of ZIF-8 is incorporated in
epoxy, aggregation of nanoparticles becomes evident, possibly due to the intimate
contacts between ZIF-8 nanoparticles which leads to stronger van der Waals forces
between the particles and causes aggregation (Figure C-7). Consequently, the result

deviates slightly from the theory.
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Figure 5-12. Dielectric constant of ZIF-8 and epoxy nanocomposites as a function of
volume fraction.

5.3.8. Moisture absorption

Water, which has a k value of 80, can have significant deleterious effects on
dielectric properties and reliability.?'® Figure 5-13 shows the water absorption of epoxy
and epoxy/ZIF-8 nanocomposites. Saturation was reached for all epoxy samples after 8
days. The water absorption of epoxy at saturation (1.25 wt%) is higher than epoxy/ZI1F-8
nanocomposites (0.95 wt%). Super-hydrophobicity of ZIF-821"2'8 with low polarity in
epoxy matrix reduces the penetration and absorption of water in the nanocomposites. The

hydrophobic nature of ZIF-8 in epoxy is attractive for application in low-k dielectrics.
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Figure 5-13. Water uptake for immersed epoxy, ZIF-8 and epoxy nanocomposite.

Herein, epoxy/ZIF-8 nanocomposites thin films were prepared to demonstrate the
effectiveness of MOF as a curing agent as well as a low-k additive. It has been shown that
the Epoxy/ZIP-8 nanocomposite thin films possess not only much lower dielectric
constant than neat epoxy but also excellent tensile properties and lower moisture uptake.
To the best of our knowledge, the present work is the first to utilize MOF to initiate
crosslinking of epoxy resins. The covalent interface in epoxy/ZIF-8 nanocomposites
improved the dispersion of ZIF-8 nanoparticles and also enhanced the tensile properties
of the nanocomposites. In addition, as a result of low polarizability, high porosity and
hydrophobicity of ZIF-8, ZIF-8 type of MOFs are good candidates as a modifier in
preparation of polymer nanocomposites for low-k dielectrics applications. Moreover,
compared with traditional porous materials (such as porous silica or porous carbon), the

mechanical properties of MOF-polymer nanocomposites are not compromised even at a
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high loading (25 vol%), which can be contributed to the high rigidity of MOFs materials
and covalent bonding at the interface. Overall, the present study may provide a new
perspective for the design of MOF and preparation of high-performance polymer
nanocomposites in diverse applications.
5.4. Conclusion

Epoxy/ZIF-8 nanocomposites, with filler contents up to 25 vol%, can easily be
processed. The imidazole groups in ZIF-8 frameworks serve to cure epoxy. As a result of
the covalent bonds that form, the interfacial bonding between ZIF-8 and epoxy matrix is
strong, which helps to increase the Young’s modulus by 20%. Furthermore, because of
the intrinsically porous and hydrophobic nature of ZIF-8, nanocomposites show lower
dielectric constant and moisture uptake, which makes them excellent candidates as low-k
dielectrics. ZIF-8 nanoparticles are well dispersed in the epoxy matrix without surface
modification or addition of surfactant. The simple process can be easily scaled up to
produce nanocomposites containing metal organic frameworks. This work can be readily
extended to other MOF-containing polymer nanocomposites by functionalization of MOF

to the chemical nature of the polymer matrix.
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6. HIGH DIELECTRIC CONSTANT EPOXY NANOCOMPOSITES BASED ON
METAL-ORGANIC FRAMEWORKS DECORATED MULTI-WALLED CARBON

NANOTUBESS

6.1. Introduction

Polymers play an important role in energy harvesting and storage devices due to
their excellent properties against ceramic and metallic materials, such as high breakdown
strength, mechanical flexibility, low density, ease of processing and low cost.?!%-2?!
Functional polymer nanocomposites are attracting interest in an increasing number of
applications, including polymer-based dielectric capacitors??>?2® which are widely
employed in the areas of artificial muscles,?®* film capacitors,??® organic field-effect
transistors,®” invertors,® electro-optics,®® sensors,®® and energy storage devices.®?
Incorporation of electrically conductive materials, such as carbon nanotubes (CNTS), into
polymers, is a promising approach to effectively increase the dielectric constant (k) of the
polymer nanocomposites due to their high conductivity and surface area.'!*?2622" Two
neighboring non-contact multi-walled CNTs (MWCNTS) in the polymer matrix can be
considered as electrodes, and the polymers in between are nanodielectrics, which form the

so-called “nanocapacitors”.?2622° In each nanocapacitor, charges are allowed to

§ Adapted with permission from “High Dielectric Constant Epoxy Nanocomposites Based on Metal-Organic
Frameworks Decorated Multi-Walled Carbon Nanotubes” by Liu, C., Zhang, T., Daneshvar, F., Feng, S.,
Zhu, Z., Kotaki, M., Mullins, M., & Sue, H. J., submitted for publication. Unpublished work copyright by
2020 Elsevier Ltd.
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accumulate and polarize at CNT-polymer interfaces upon an applied external electric field,
which refers to as the Maxwell-Wagner-Sillars interfacial polarization.?®

However, the main problem caused by CNT-based dielectric nanocomposites is
poor dispersion of CNT and lack of strong bonding between polymer matrix and CNTs.?3!
Severely aggregated CNTs not only compromise the mechanical integrity of the hosting
polymer but also create local conductive pathways, leading to high dielectric loss and/or
premature electrical breakdown.?*® Decorating CNT surfaces with a functional electrical
barrier layer through suitable modification strategies can be an effective approach to
improve the dispersion of CNTs and manipulate the interfacial region between CNTs and
polymer matrix.?*"®

Wrapping or grafting of low molecular weight molecules having a similar
chemical structure as the hosting polymer matrix onto CNT surfaces has been shown to
be an effective way to improve CNT dispersion and interfacial strength,!10-112230232.233
However, usually a large amount of such low molecular weight molecules will be needed
to achieve good dispersion and may lead to compromises in thermal stability, glass
transition temperature, and coefficient of thermal expansion (CTE), which are undesirable
for dielectric applications. To avoid those drawbacks, some inorganic nanoparticles, such
as silica and titania,*>'!” have been used to decorate CNT surfaces as an insulating layer.
Unfortunately, these decorated CNTs cannot be well dispersed due to their inadequate
compatibility with the hosting polymer matrix. In addition, weak adhesion at the interface

between inorganic nanoparticles and the polymer matrix may cause significant interfacial

relaxation, which leads to dielectric loss. Therefore, new interfacial design strategies that

86



can minimize the dielectric loss without compromising the mechanical properties and CTE
are still needed.

Metal-organic frameworks (MOFs) are porous materials composed of metal ions
and organic linkers.?* MOFs have been used to functionalize nanomaterials through

26 and metal oxide

coordination bonding, such as MWCNT,?® graphene,
nanoparticle,”"?® to improve their electrical properties for electronic applications. In
addition, MOFs can exhibit high compatibility with polymer matrices due to their exposed
organic linkers on the surfaces.?® Compared with conventional surface modifiers, such as
small molecules and inorganic nanoparticles, MOF combines the advantages of its high
porosity, rigidity, and good compatibility with a polymer matrix. Therefore, MOF is a
good modifier for the preparation of high-performance polymer nanocomposites.
Previously, it has been shown that Zeolitic imidazolate framework-8 (ZIF-8), prepared
from zinc (1) salts and 2-methyl-imidazole (2Ml), can be utilized as an epoxy curing agent
to initiate anionic polymerization of epoxies.”® ZIF-8 can also be in-situ grown onto the
surface of MWCNTSs and form nanohybrids with controlled morphological characteristics
to possess optimal electric properties.?40-243

Herein, ZIF-8 was utilized as a multi-functional modifier to decorate MWCNT
surfaces and disperse them in the epoxy matrix for high-performance dielectric
applications. The imidazole-based MOFs can initiate ring-opening polymerization of
epoxy resins without a need for further addition of curing agent or catalyst,?® which can

not only achieve good dispersion and bonding of MWCNTSs but also greatly enhance

dielectric properties. The strong covalent bonding between ZIF-8 and the epoxy matrix is
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expected to reduce dielectric loss and CTE, while enhancing the tensile properties of
epoxy. The current study presents the first example of using MOF to modify the MWCNT
interface for polymer nanocomposites with attractive dielectric properties. The role of
MOF morphological structures on MWCNT for improvement of the dielectric and
physical and mechanical properties of polymers is discussed.
6.2. Experimental section
6.2.1. Materials

MWCNTSs were donated by Arkema with reported inner and outer diameters of 2—
6 nm and 10-15 nm, respectively, and length of 0.1-10 um. Zinc acetate dihydrate and
potassium hydroxide (KOH) were purchased from Sigma-Aldrich. Acetone and methanol
(MeOH) were purchased from Macron Fine Chemicals and Sigma-Aldrich and used as
received. Zinc nitrate hexahydrate (Alfa Aesar) and 2-methylimidazole (2M1) (Sigma-
Aldrich) were used for the synthesis of ZIF-8. Commercially available diglycidyl ether of
bisphenol F (D.E.R.™ 354) was donated by DOW Chemical. All chemicals were used as
received without further purification.
6.2.2. Pretreatment of MWCNT

In a 30 mL mixture of sulfuric acid and nitric acid at a 3:1 v/v ratio, 100 mg of
MWCNTSs were added. Then, the solution was ultrasonicated for 2 h at room temperature
and for another 1 h after the addition of 190 mL deionized water (DI-H20). The oxidized
MWCNTSs were collected by filtration, washed four times with DI-H0O, and then washed
an additional four times with MeOH. The oxidized MWCNTSs were dispersed in MeOH

at a concentration of ~1 mg/mL for further synthesis of ZnO decorated MWCNT.
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6.2.3. Synthesis of MWCNT-ZIF-8-D

Pretreated 35 mg of oxidized MWCNTSs and 210 mg of PVVP were added in 30 mL
of methanol. After the MWCNTSs were uniformly dispersed with the assistance of
ultrasonication for 0.5 h, the resultant suspension was mixed with 900 mg of Zn(NO3).
6H20. Then, the mixture was stirred for 1 h at room temperature to form a black
suspension A. Subsequently, 984 mg of 2-methylimidazole was dissolved in 10 mL of
methanol to form a clear solution B, followed by slow addition to suspension A under
stirring for 30 min. After it was kept unperturbed for 4 h, the obtained precipitate (i.e.,
MWCNT-ZIF-8-D) was collected by filtration and washed thoroughly with methanol 3
times to remove the surfactant and the residual ions.
6.2.4. Synthesis of MWCNT-ZnO

The preparation of ZnO-decorated MWCNT was conducted as described
previously.?** KOH (1 g) was added into oxidized MWCNTs (160 mg) suspension in
methanol and sonicated for about 5 min. Next, zinc acetate dihydrate (1.96 g) solution in
methanol (10 mL) was added. The system was heated to 60 °C and refluxed for 2 h. After
the reaction, the MWCNT-ZnO was filtered and rinsed four times with MeOH and then
resuspended in methanol for further preparation of polymer nanocomposites.
6.2.5. Synthesis of MWCNT-ZIF-8-C

MWCNT-ZnO suspension (~1 mg/mL) was sonicated for 15 min. Then, a suitable
amount (molar ratio of Zn and 2MI = 1:4) of 2MI was dissolved in methanol and was

slowly added into MWCNT-ZnO suspension within 2 min under stirring. The MWCNT-
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ZIF-8-C products were stirred for another 4 h and then were filtered and washed at least
three times with methanol.
6.2.6. Preparation of epoxy nanocomposites

The fabrication of epoxy nanocomposite thin films is described as follows.
Initially, DGEBF was dissolved in acetone with the assistance of ultrasonication.
MWCNT or MWCNT-ZIF-8 suspension in methanol was added subsequently and the
mixture was then sonicated for 15 min. The excessive solvent was removed by rotary
evaporation at 60 °C for 15 min. Afterward, the viscous mixture was degassed in vacuo at
80 °C for 2 h to ensure the complete evaporation of residue solvent. The mixture was then
heated at 121 °C for 45 min to afford sufficient viscosity for thin film preparation.
Subsequently, the Elcometer 4340 Motorised Film Applicator was used to cast the resin
solution to a thin film with a thickness of ~100 pm. The film was then cured at 120 °C for
2 h and post-cured at 180 °C for 3 h, followed by 200 °C for 2 h. The MWCNT content in
all the polymer nanocomposites is controlled at 1.5 wt%.
6.2.7. Characterization

Thermogravimetric analysis (TGA) was carried out on a TGA Q500 (TA
Instruments) in an air atmosphere (40 mL/min) from ambient to 800 °C at a constant
heating rate of 10 °C/min. X-ray diffraction (XRD) was performed on a Bruker-AXS D8
Advanced Bragg-Brentano X-ray Powder Diffractometer (Bruker AXS Inc, Madison, W1)
with Cu-K, incident radiation (A = 1.5418 A). Transmission electron microscopy (TEM)
images were taken on a JEOL JEM-2010 TEM. Dielectric constant and loss tangents were

measured on a Novocontrol broadband dielectric spectrometer with a frequency sweep of
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1 Hz—10 MHz. Tensile tests and dynamic mechanical analysis were conducted using an
RSA-G2 (TA Instruments) with a tensile fixture. Tensile tests were performed at 25 °C on
rectangular samples (3 mm x 0.01 mm cross-section and 15 mm in length) with a
crosshead speed of 10 mm/min. DMA was conducted in tensile mode at a strain amplitude
of 0.05%, frequency of 1 Hz, and a heating rate of 3 °C /min from 40 °C to 180 °C. For
CTE measurements, the gap between the fixtures was first zeroed at room temperature.
After conditioning the fixture at 100 °C for 10 min, a 1 N force was applied. The small
increase in spacing was used as a factor to correct for the CTE increase of the fixtures.
Samples were then tested using a temperature ramp iso-force mode with a tensile stress of
50 mg mm™2. The electrical conductivity of composite thin films was measured using a
four-point-probe (Signatone, SP4-40045TBY) on a resistive stand (Signatone, Model
302).86
6.3. Results and discussion
6.3.1. Characterization of MWCNT-ZIF-8 hybrids

Two types of MWCNT-ZIF-8 hybrids have been designed for the present study,
as shown in Figure 6-1. One hybrid was synthesized through the direct growth of ZIF-8 in
MWCNT dispersion. The direct growth of ZIF-8 in MWCNT dispersion produces
relatively large ZIF-8 particles at 500 nm as verified by XRD (Figure D-1) and TEM,
which shows several MWCNTS in each ZIF-8 particle. It is likely that once ZIF-8 particles
were nucleated on MWCNT surfaces, zinc ions and linkers would be adsorbed onto these
nuclei and continuously grow into large MOF particles. The neighboring MWCNT were

then encapsulated by the growing ZIF-8 to form the hybrid structure as seen in Figure
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6-1a. This type of hybrid is named MWCNT-ZIF-8-D, where “D” represents a “Direct”
synthesis of ZIF-8 on MWCNT.

Another kebab-like hybrid structure was synthesized by converting the decorated
ZnO quantum dots on MWCNT to ZIF-8. The densely decorated ZnO quantum dots
provide multiple, densely packed nucleation sites along the MWCNT surface. As a result,
MWCNTSs are decorated with 50 nm ZIF-8 nanoparticles throughout the length of
MWCNT as seen in Figure 6-1b. This hybrid is named MWCNT-ZIF-8-C, where “C”

represents “Conversion” from ZnO into ZIF-8.

Zn?* & 2MI
PVP

Oxidized MWCNT

Figure 6-1. Schematic showing preparation of MWCNT-ZIF-8 hybrids with two different
approaches: (a) MWCNT-ZIF-8-D, (b) MWCNT-ZIF-8-C, and TEM images of (c)
MWCNT-ZIF-8-D and (d) MWCNT-ZIF-8-C.
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The composition of the hybrids can be deduced from the TGA curves (Figure D-
2). The mass fraction of MWCNT in MWCNT-ZIF-8-D and MWCNT-ZIF-8-C is 30%
and 20%, respectively. MWCNT-ZIF-8-D and MWCNT-ZIF-8-C hybrids exhibit a two-
step decomposition profile. It can be seen that the onset degradation temperature of
MWCNT-ZIF-8-D is lower than that of MWCNT-ZIF-8-C, which is possibly due to the
higher fraction of its exposed amorphous carbon on MWCNT than the latter.8
6.3.2. Curing process

One of the unique characteristics of the above approach is that MWCNT-ZIF-8
can cure epoxy resins without a need for further addition of curing agent or catalyst, which
will minimize complexity in the nanocomposite composition as well as the fundamental
understanding of their structure-property relationship. The effectiveness of the imidazole
groups on the surface of ZIF-8 to initiate epoxy ring-opening polymerization was
characterized using DSC. This mechanism has been well demonstrated in our previous
study.'”® The 2-methyl imidazole on the surface of ZIF-8 can initiate anionic
polymerization of epoxy resins. Figure D-3 shows the curing reactions of epoxy with
MWCNT-ZIF-8-D and MWCNT-ZIF-8-C during a non-isothermal DSC scan at 10
°C/min, respectively. The amount of MWCNT is 1.5 wt% in both systems. The exothermic
peak for epoxy/MWCNT-ZIF-8-C and MWCNT-ZIF-8-D appear at 240 °C and 280 °C,
respectively, indicating a lower reactivity for MWCNT-ZIF-8-D. This is likely due to the
large size of ZIF-8 crystals in MWCNT-ZIF-8-D, which possesses less surface area for

imidazole to react with epoxy monomers.
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DGEBF epoxy was chosen as the model epoxy resin. Epoxy thin films containing
two kinds of MWCNT-ZIF-8 hybrids were prepared using a film applicator. The amount
of MWCNT in both composite films is 1.5 wt%. Neat epoxy and epoxy/MWCNT (1.5
wt%) were also prepared by using DGEBF epoxy and cured using 2MI (5 wt%) for
reference.

6.3.3. Morphology

The morphologies of the epoxy nanocomposite films are shown in Figure 6-2. The
ZIF-8 nanoparticles appear dark in the images while the light background is the epoxy
matrix. Figure 6-2a shows that ZIF-8-D particles are individually dispersed in the epoxy
matrix, demonstrating the effectiveness of the 2MI functional group on ZIF-8 to help
disperse the microparticles and form covalent bonding with epoxy. From the high
magnification image, it is clearly shown that each ZIF-8 interacts and contains many
MWCNTSs. On the other hand, for the epoxy/MWCNT-ZIF-8-C nanocomposite (Figure

6-2d), MWCNT are disentangled and well-decorated by ZIF-8-C nanoparticles.
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Figure 6-2. TEM of epoxy/MWCNT-ZIF-8-D at (a) low magnification and (b) high
magnification and epoxy/MWCNT-ZIF-8-C nanocrystals at (c) low magnification and (d)
high magnification.

6.3.4. DMA study

Dynamic mechanical analysis (DMA) was performed in a tensile mode to probe
the effects of decorated MWCNT on dynamic mechanical behavior. Figure 6-3a shows
storage modulus (E’) as a function of temperature for the neat epoxy and epoxy
nanocomposites. The epoxy/MWCNT-ZIF-8-D and epoxy/MWCNT-ZIF-8-C
nanocomposites exhibit over 15% and 33% increases in E’, respectively, compared to the
neat epoxy at 35 °C. When the temperature increases to 180 °C, the nanocomposites
containing MWCNT-ZIF-8-D and MWCNT-ZIF-8-C nanocrystals show over 100%

increases in E’ against the neat epoxy. The enhancement in the storage modulus of epoxy
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nanocomposites with the decoration of MOF may be caused by the good dispersion of
MWCNT and strong bonding between MWCNT and epoxy. A higher MWCNT/ZIF-8
interface area in epoxy/MWCNT-ZIF-8-C promotes a higher storage modulus

increase,>’:60.159

Moreover, it is noted that the nanocomposites exhibit slightly higher T4 than neat
epoxy cured with 2MI and epoxy/MWCNT nanocomposites, which may be due to the
strong covalent bonding of MWCNT-ZIF-8 with epoxy to restrict molecular scale motion
around MWCNT-ZIF-8 nanoparticles. In addition, the large size of ZIF-8-D may lead to
a heterogenous crosslinked network in epoxy nanocomposites containing MWCNT-ZIF-
8-D. This fact is manifested by the broadening of the epoxy/MWCNT-ZIF-8-D Tq4 peak

with respect to those of the next epoxy and epoxy/MWCNT-ZIF-8-C.
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Figure 6-3. DMA plots of epoxy, epoxy/MWCNT, epoxy/MWCNT-ZIF-8
nanocomposites: (a) Storage modulus vs. temperature (b) Tan J vs. temperature.

96



6.3.5. Dielectric behavior

Figure 6-4 shows the dependence of dielectric constant and dielectric loss on
frequency for neat epoxy and various epoxy nanocomposites containing 1.5 wt% of
MWCNT. It can be seen that the dielectric constant of the epoxy/MWCNT nanocomposite
is strongly influenced by frequency. As frequency varies from 10 Hz to 1 MHz, the
dielectric constant decreases from 234 to 7 and the dielectric loss decreases from 46 to
0.065. This phenomenon is characteristic to a typical percolative polymer composite due
to the formation of conduction pathways as frequency increases in the frequency range
investigated.??"24 For a percolative system, the dielectric loss mainly consists of the
conduction loss, which occurs at extremely low frequencies (below 10? Hz), and the
polarization loss of space charges, which happens at 10>~10° Hz. Generally, the former
makes a greater contribution to the dielectric loss than the latter.®® A large amount of
charges induced by MWCNT cannot be stabilized under high-frequency conditions.
Hence, the dielectric loss decreases significantly as the frequency increases because of the

conduction relaxation.24
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Figure 6-4. Dielectric behavior spectra of epoxy and epoxy nanocomposites: (a) Dielectric
constant vs. frequency (b) Tan d vs. frequency.

The above dielectric behavior was not observed for epoxy containing the
MWCNT-ZIF-8 hybrids. The dielectric constant of the epoxy/MWCNT-ZIF-8-D
nanocomposite is less sensitive to frequency than epoxy/MWCNT in the region below 10*
Hz because the MWCNTSs are contained in the large ZIF-8 particles and disperse well
throughout the epoxy matrix. The conductive path is difficult to form at the same
concentration of MWCNT compared with epoxy/MWCNT. Therefore, conduction
relaxation is not observed. Since not all surfaces of MWCNTSs are decorated by ZIF-8, the
dielectric constant and dielectric loss still exhibit an obvious relaxation above 10° Hz,
which corresponds to the interfacial polarization.? Interestingly, the dielectric behavior
of epoxy/MWCNT-ZIF-8-C is not frequency-dependent up to 1 MHz of our machine
limit. At 1 MHz, the dielectric constant is found to be 22, which is 7 times higher than a
typical pristine epoxy, while the dielectric loss is as low as 0.01. Good dispersion of

MWCNTSs and the strong covalent bonding between MWCNT-ZIF-8-C and epoxy results
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in a greatly reduced Maxwell-Wagner relaxation of the nanocomposite and reduced
sensitivity to frequency. Compared with epoxy/MWCNT-ZIF-8-D, most surfaces of
MWCNTSs are decorated by ZIF-8-C in epoxy. Due to the coverage of the insulative small
size ZIF-8-C on MWCNTSs, the dielectric constant of epoxy/MWCNT-ZIF-8-C is lower
than that of epoxy/MWCNT-ZIF-8-D. This is attributed to the better coverage of ZIF-8-C
on MWCNT and the presence of strong bonding between ZIF-8-C and the epoxy matrix,
the interfacial relaxation has been retarded. Consequently, the epoxy/ MWCNT-ZIF-8-C
nanocomposite can possess nearly frequency-independent high dielectric constant and low
dielectric loss. The morphological differences between MWCNT-ZIF-8-C and MWCNT-
ZIF-8-D are also reflected on their electrical conductivity behavior (Table D-1). The
electrical conductivity of MWCNT-ZIF-8 is much lower than that of the MWCNT because
ZIF-8 serves as a spacer to minimize direct contact between MWCNTS. The uniformity
and density of ZIF-8 coverage on MWCNT surfaces in MWCNT-ZIF-8-C results in a
much lower electrical conductivity than that in MWCNT-ZIF-8-D.
6.3.6. Mechanical properties and CTE

The engineering stress—strain curves of the neat epoxy and corresponding
nanocomposites are presented in Figure 6-5. Compared to neat epoxy, Young’s moduli of
the epoxy/MWCNT-ZIF-8-D and epoxy/MWCNT-ZIF-8-C nanocomposites significantly
increase from 2.8 to 3.6 and 4.1 GPa, respectively. MWCNT-ZIF-8-C shows a more
pronounced enhancement in Young’s modulus than MWCNT-ZIF-8-D, which should be
due to the greater contact area between the nanoparticles and the epoxy. However, the

epoxy/MWCNT-ZIF-8-C shows a lower elongation-at-break than epoxy/MWCNT-ZIF-
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8-D. The decrease in elongation at break is possibly due to the low molecular mobility of
the epoxy network structure caused by the presence of the immobile and nano-sized
MWCNT-ZIF-8 hybrids. The above findings reveal the importance of the nanoparticle
dispersion and interfacial adhesion in enhancing the modulus of the nanocomposites. It is
evident that the tensile properties of MWCNT-based nanocomposites can be tailored by

the MOF chemistry.
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Figure 6-5. Engineering stress—strain curves obtained at 25 °C for neat epoxy,
epoxy/MWCNT and epoxy/MWCNT-ZIF-8 nanocomposites.

Lowering the coefficient of thermal expansion (CTE) of polymeric encapsulation
compounds to match those of the substrates, such as copper and silicon, is one of the main
challenges facing the microelectronics industry. Because of the high modulus of MWCNT

and strong covalent bonding between ZIF-8 and epoxy, the epoxy/MWCNT-ZIF-8
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nanocomposites are expected to exhibit lower CTE values. Figure D-4 shows the
dimensional change as a function of temperature on neat epoxy, epoxy/MWCNT-ZIF-8-
D and epoxy/MWCNT- ZIF-8-C. Compared to neat epoxy, both epoxy nanocomposites
show lower CTE values. The CTE is reduced by over 30% by adding MWCNT-ZIF-8-D,
while a reduction of 50% was observed with the addition of MWCNT-ZIF-8-C. As
MWCNT-ZIF-8-C has a larger surface contact area with the epoxy matrix than MWCNT-
ZIF-8-D, the confinement effect due to the nanoparticles will be more pronounced. These
results indicate that adding MWCNT-ZIF-8 hybrids in epoxy reduces CTE, which is most
likely because of the presence of rigid nanoparticles inhibiting the mobility of polymeric

chains.

Table 6-1. Young’s modulus, tensile strength, elongation and CTE of neat epoxy,
epoxy/MWCNT, and epoxy/MWCNT-ZIF-8 nanocomposites.

Sample Young’s Tensile Elongation CTE
modulus strength (%) (ppm/K)
(GPa) (MPa)
Neat epoxy 2.8+0.3 70+5 4.2+0.5 73
Epoxy/MWCNT 3.0+0.2 45+4 2.4+0.7 62
Epoxy/MWCNT-ZIF-8-D  3.6+0.3 78+7 4.6+0.8 53
Epoxy/MWCNT-ZIF-8-C 4.1+0.2 754 3.1+0.9 38

From the experimental findings above, it is shown that filler-polymer interface

plays an important role in controlling the dielectric and mechanical properties of high k
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polymer nanocomposites. Compared with epoxy/MWCNT, the epoxy/MWCNT-ZIF-8
systems possess superior dielectric stability, higher Young’s modulus and lower CTE. The
good dispersion of MWCNT minimizes the formation of local conductive pathways,
leading to a lower dielectric loss. Furthermore, a strong chemical bonding between
MWCNT-ZIF-8 and epoxy helps to stabilize the charge distribution at the interface and
enhances stress transfer between the phases. Compared to epoxy/MWCNT-ZIF-8-D,
epoxy/MWCNT-ZIF-8-C exhibits a lower dielectric loss, higher Young’s modulus, and
lower CTE, due to their better MOF coverage on MWCNT and a higher surface area
contact with the epoxy matrix. Therefore, a tailored design of filler-polymer interface
utilizing MOF is an effective and promising approach to optimize dielectric and
mechanical properties.

Compared with conventional surface modifiers, such as small molecules and
inorganic nanoparticles, MOF combines the advantages of its high rigidity and strong
bonding to polymer matrix for additional physical and mechanical properties
improvements. Another attractive merit of the present approach is the broad choices of
MOF available to decorate a variety of nanoparticles for dispersion in polymer matrices
247249 It should be noted that the present study is not limited to the dispersion of MOF-
decorated nanoparticles in epoxy. MOF has the potential to initiate polymerization in
many kinds of polymers, such as polymethylmethacrylate, polyolefins and polystyrene,?>°
or form strong bonding with polymer matrices through suitable ligand selection and

molecular design. Therefore, the strategy presented here is applicable in many
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applications, such as microelectronics, catalysis, energy storage, structural components,
for many years to come.
6.4. Conclusion

A set of novel self-curing MWCNT-based epoxy matrix nanocomposites
possessing good dielectric properties, excellent mechanical properties and low CTE were
prepared using ZIF-8 as a modifier to decorate MWCNT. ZIF-8 serves both as a curing
agent of epoxy and as electrical barriers among MWCNTS in epoxy matrix. This strategy
ensures the good dispersion and bonding of MWCNT with the matrix. With the
modification of ZIF-8, epoxy nanocomposites form a stable network with high k (22 at 1
MHz) and low k loss (0.01 at 1 MHz). The dielectric and mechanical properties of
epoxy/MWCNT-ZIF-8 can be altered by changing their morphology at interface. The high
dielectric constant, low dielectric loss, low CTE, excellent mechanical properties and easy
processability of epoxy/MWCNT-ZIF-8 nanocomposites are well-suited for

microelectronics and energy storage applications.
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7. CONCLUSIONS AND FUTURE DIRECTIONS

7.1. Conclusions

Polymer nanocomposites offer significant potential in the development of
advanced materials for numerous applications. These novel materials benefit from the
synergy between filler particles and polymer chains that are on similar length scales and
the large quantity of interfacial area relative to the volume of the material. Although
enhanced properties of these materials have been demonstrated by numerous researchers,
our fundamental knowledge of the “interface” effect is not fully developed. Depending on
the dispersion state of the nanofiller and the interface area, the resulting interfacial region
can be a critical component in polymer nanocomposites. Therefore, the overall objective
of my dissertation is to develop new approaches to manipulate the interface of the
nanocomposites, study the role of the interface in influencing mechanical behavior of
polymer nanocomposites, and fabricate high performance and multi-functional polymer
nanocomposites.

The interfacial region between nanoparticles and polymer matrix plays a critical
role in influencing the mechanical behavior of polymer nanocomposites. In this work, a
set of model systems based on polymethylmethacrylate (PMMA) matrix containing
polyalkylglycidylether brushes grafted on 50 nm metal-organic-framework (MOF)
nanoparticles were synthesized and investigated. The nanoparticle surface has been
manipulated by grafting different length and grafting density of polyalkylglycidylether

brushes. It is found that polymer brushes grafted ZIF-8 nanoparticles greatly enhances the
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fracture toughness of the PMMA matrix while maintaining the Young’s modulus. Our
results also reveal that the model systems toughened by nanoparticles with different
polymer brush characteristics may lead to distinctly different toughening mechanisms
from a few big crazes to massive crazing, and to nanoparticle voiding and matrix shear
banding. High performance multifunctional polymer nanocomposites with high fracture
toughness can be successfully designed and prepared.

Novel epoxy nanocomposites based on TBA-exfoliated a-ZrP nanoplatelets have
been prepared. TBA serves as a surfactant and curing catalyst by forming a phosphate
anion pair on a-ZrP surface to initiate the polymerization of epoxy resins, and the a-ZrP
nanoplatelets act as a reinforcement to improve the mechanical properties of epoxy. The
epoxy/a-ZrP-TBA nanocomposites exhibit greatly increased Young’s modulus of 4.3 GPa
due to the strong covalent bonding between the nanoplatelets and epoxy matrix. In
addition, epoxy/a-ZrP-TBA nanocomposites are highly toughenable. With an addition of
3 vol% core-shell rubber particles, the Kc value is improved from 0.55 to 1.55 MPa m*/,
The main toughening mechanisms in epoxy/a-ZrP-TBA/CSR are rubber particle
cavitation, followed by matrix shear banding. The hybrid epoxy/a-ZrP-TBA/CSR
nanocomposites possess good potential as high-performance structural materials for
aerospace and automotive applications.

A metal-organic-framework (MOF) based on zeolitic imidazole framework (ZIF-
8) is utilized as a modifier to lower the dielectric constant and improve the mechanical
properties of an epoxy matrix. The imidazole group on the surface of the ZIF-8 initiates

epoxy curing, resulting in covalent bonding between the ZIF-8 crystals and epoxy matrix.
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Epoxy/ZIF-8 nanocomposites, with filler contents up to 25 vol%, can easily be processed
by hot press. The strong interfacial bonding between ZIF-8 and epoxy matrix helps to
increase the Young’s modulus by 20%. Furthermore, because of the intrinsically porous
and hydrophobic nature of ZIF-8, nanocomposites show lower dielectric constant and
moisture uptake, which makes them excellent candidates as low-k dielectrics. ZIF-8
nanoparticles are well dispersed in the epoxy matrix without surface modification or
addition of surfactant. The simple process can be easily scaled up to produce
nanocomposites containing metal organic frameworks. This work can be readily extended
to other MOF-containing polymer nanocomposites by functionalization of MOF to the
chemical nature of the polymer matrix.

A set of novel self-curing MWCNT-based epoxy matrix nanocomposites
possessing good dielectric properties, excellent mechanical properties and low CTE were
prepared using ZIF-8 as a modifier to decorate MWCNT. ZIF-8 serves both as a curing
agent of epoxy and as electrical barriers among MWCNTS in epoxy matrix. This strategy
ensures the good dispersion and bonding of MWCNT with the matrix. With the
modification of ZIF-8, epoxy nanocomposites form a stable network with high k (22 at 1
MHz) and low k loss (0.01 at 1 MHz). The dielectric and mechanical properties of
epoxy/MWCNT-ZIF-8 can be altered by changing their morphology at interfacial. The
high dielectric constant, low dielectric loss, low CTE, excellent mechanical properties and
easy processability of epoxy/MWCNT-ZIF-8 nanocomposites are well-suited for

microelectronics and energy storage applications.
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7.2. Future directions
7.2.1. Strain rate effect on mechanical properties of polymer nanocomposites

Due to the viscoelastic nature of polymers, a lower strain rate usually leads to
higher fracture toughness. A possible reason for the strain rate sensitivity is an increased
available time for molecular mobility, thus dissipating the applied mechanical energy
more effectively. In rubber toughening systems, the fracture toughness improvements are
highly constrained in a high strain rate as no extensive cavitation can take place around
the crack tip to trigger massive plastic deformation of the polymer matrix. However, in
the practical usage, materials with less rate dependence is preferred. One of our future is
to study the strain rate dependence of the PMMA/ZIF-8-LC systems. The unusual
interfaces modified by the polymer brushes and the unique structure of MOF may lead to
an unprecedented fracture behavior in a higher test rate.
7.2.2. Other important factors in toughening

This dissertation addresses some critical issues in the effects of the interface on the
fracture behavior of the polymer nanocomposites. However, a few other important
questions remain unanswered. One of them is the concentration effect. The current
research only studies the case with 3 wt% loading. The effectiveness of higher (or lower)
concentrations would be of interest and worth to study. Another important factor is the
size effect. Although we have revealed the effectiveness of 50-90 nm nanoparticles

toughening, we have not compared that with other particle sizes.
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7.2.3. Effect of the interface on the gas separation performance

Various polymers and MOFs have been employed to fabricate symmetric dense
MOF mix matrix membranes (MMMs).?>* However, there are still some problems in
fabricating MOF-based MMMs are: (1) the poor interaction between the MOF particles
and polymer matrix resulting in non-selective defects; (2) the agglomeration of the
particles within the polymer that decreases the selectivity properties of the membranes;
(3) the plasticization effect of the polymer under high pressure.?®> The polymer brushes
modification strategy may address these issues and enhance the gas separation
performance. PMMA/ZIF-8-SC and PMMA/ZIF-8-LC are good modal systems to study
the effect of the interfacial interactions between polymer brushes and the polymer matrix

to the gas diffusion efficiency.
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APPENDIX A

SUPPLEMENTARY MATERIAL FOR SECTION 3

Determination of ligand exchange yield on the surface

A ZIF-8 particle is simplified as a cube, and the exposed surfaces are terminated
with 2-methylimidazole (IMI) molecules. The side length of a unit cell is 1.6993 nm based
on the literature. The average particle facet length of ZIF-8 was roughly 50 nm as
determined by SEM and TEM.
The volume of the unit cell is calculated by

(1.6993 nm)3 = 4.91 nm3 /unit cell
The volume of each particle was calculated by (volume of a cube):
(50 nm)3 = 1.25 X 105 nm?3/particle

Therefore, the number of IMI in each particle is calculated by

1.25 x 10° nm3 /particle x 6 IMI Junit cell

= 1.53 x 105 IMI '
4.91 nm3 /unit cell 53 x 10 /particle

The mole ratio of 2-methylimidazole (IMI) to 1,2-dimethylimidazole (DMI) in
ZIF-8 is 1:49 as determined by NMR (Figure A-1). The number of DMI is calculated by
1.53 x 10° IMI /particle + 49 = 3.12 x 103 DMI /particle
The surface area of each particle is given by:
(50 nm)? x 6 = 1.5 x 10* nm? /particle
The surface area of one face of unit cell is given by:

(1.6993 nm)? = 2.89 nm? /unit cell
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Therefore, surface exposed 2-methylimidazole is calculated by:

1.5 x 10* nm? /particle x IMI/surface

=5.19 x 103 IMI ticl
2.89 nm? Junit cell > /particle surface

Considering that DMI is located on the surface, the mole ratio of IMI on the surface
to DMI on the surface is calculated by;

3.12 x 103 DMI /particle surface

X 100 = 609
5.19 x 10* IMI /particle surface %

Therefore, the conversion of DMI on the particle surface is around 60 %.
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Figure A-1. NMR spectra of ZIF-8 (top) and ZIF-8-DMI (bottom) after digestion.
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The areal density of IMI on the surface is calculated by;

5.19 x 103 IMI /particle surface
1.5 X 10* nm? /particle

= 0.35 IMI/nm?

The areal density of available IMI on ZIF-8-DMI surface is determined to be:

2.07 x 103 DMI /particle surface
1.5 X 10* nm? /particle

= 0.14 IMI /nm?

The conversion of DMI in the ZIF-8-DMI was calculated based on the peak area
of 3.06 ppm from the hydrogen peak of N-methyl group in DMI and peak area of 1.94
ppm of hydrogen peak of 2-methyl in IMI and DMI. DMI conversion was calculated via

the equation below:

Hpumi _Hzpe 1 CHpyr 1

Homi + Hir  Hios 50" " Hpyy 49
Polymer mass fraction from TGA
The molar mass of ZIF-8 is 227.6 g/mol. Avogadro constant is denoted as Na.
The mass of a ZIF-8 particle is calculated by:

227.6 g/mol X 0.5 x 6.11 x 10° IMI /particle
Ny

= 1.155 X 1078 g /particle

The mass of a grafting polymer is given by:
ZIF-8-SC-HGD:

0.3/0.7 X 1.155 x 10~ %6 g /particle
5.19 x 103 polymer/particle

=9.54 X 1072 g /polymer

ZIF-8-LC-LGD:

0.5/0.5 x 1.155 x 10~ 6 g /particle
2.07 x 103 polymer/particle

= 5.58 X 1072%g /polymer
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ZIF-8-LC-HGD:

0.72/0.25 X 1.155 x 10~ ¢ g /particle
5.19 x 103 polymer /particle

= 6.68 x 1072°g /polymer

The molar mass of a grafting polymer is given by:
9.54 x 10721 g /polymer X N, = 5.74 x 103g/mol  ZIF-8-SC-HGD
5.58 x 1072%g /polymer x N, = 3.36 x 10*g/mol  ZIF-8-LC-LGD

6.68 X 1072%g /polymer x N, = 4 X 10*g/mol ZIF-8-LC-HGD
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR SECTION 4

a-ZrP-TBA
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Figure B-1. TGA curve of a-ZrP-TBA nanoplatelets.
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Figure B-2. XRD pattern of epoxy/a-ZrP-TBA nanocomposite.
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Figure B-3. DSC curves of epoxy/2MI at various scanning rates (top) and the fitted
linear function In(B/Tp?) vs. 1/T, (bottom).
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Figure B-4. DMA plots of epoxy/a-ZrP-TBA(4 vol%) and epoxy/a-ZrP-TBA(2 vol%)
nanocomposites.
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Table B-1. Young’s Modulus and Tg4 of epoxy/a-ZrP-M1000 (4 vol%) and epoxy/a-ZrP-
TBA (4 vol%) nanocomposites.*

Samples Young’s Modulus (GPa) Tg (°C)
Epoxy/a-ZrP-M1000 3.2+0.5 79
Epoxy/a-ZrP-TBA 4.3+0.1 110

[1]. F. Lei, M. Hamdi, P. Liu, P. Li, M. Mullins, H. Wang, J. Li, R. Krishnamoorti, S.
Guo, H.-J. Sue, Scratch behavior of epoxy coating containing self-assembled zirconium

phosphate smectic layers, Polymer 112 (2017) 252-263.
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APPENDIX C

SUPPLEMENTARY MATERIAL FOR SECTION 5

Figure C-1. Photographs of mixture of ZIF-8 and epoxy resins before (left) and after
(right) curing at 100 °C for 1 h.

| 'Béfoé C’t‘iﬁ‘ing; = After curing

Figure C-2. OM images of mixture of ZIF-8 and epoxy resins before (left) and after
(right) pre-cure at 100 °C for 1 h.
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Figure C-3. XRD patterns of epoxy/ZIF-8 nanocomposites.
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Figure C-4. FTIR curves of epoxy/ZIF-8 nanocomposites.
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FTIR analysis of ZIF-8:

Peak at 1582 cm™* could be assigned as C=N stretching vibration. Peaks located at
1420-1454 cm™* are related to the stretching of imidazole ring. Peaks at 1145 and 1180
cm ! are associated with the in-plane bending of imidazole. Peaks at 1311 cm™ represents
C-N stretching vibration in imidazole ring.

FTIR analysis of Epoxy/ZIF-8 (25vol %) nanocomposite:

The peaks at 2924 and 2870 cm ™ are assigned to the bending vibration of C-H in
methylene group. The peaks at 1605, 1508 and 1450 cm ™! are the characteristic absorption
of the C=C bond in benzene ring. The peaks at 1238 and 1033 cm™* correspond to ether
bond (C-O-C) stretching vibration. The peak at 817 cm™ is C—H bending vibration of the
phenyl ring. The intensity of the peak at 1311 cm™* was weakened as N on the imidazole

reacted with epoxy group and formed new C-N bond at 1107 cm™.
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Figure C-5. Non-isothermal (10 °C/min) DSC scans of epoxy/ZIF-8 (13 vol%)
nanocomposite.
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Density Measurements

Table C-1. The density of the pure epoxy and hanocomposites.

Sample Density(g/cm?) Volume fraction
Neat epoxy 1.31 0
5 wt% ZIF-8 epoxy 1.29 0.064
10 wt% ZIF-8 epoxy 1.27 0.126
20 wt% ZIF-8 epoxy 1.22 0.245

The density of the pure epoxy and nanocomposites is measured following the
American Society for Testing and Materials (ASTM, 2008, standard D 792-08) standard.
The physical density of ZIF-8 from literature report is about 0.98g/cm? through theoretical
calculation.! With this data, theoretical density of nanocomposites are calculated and
shown in Figure C-6. It is found that the experimental data is in a harmonious agreement
with those given by theoretical calculation. The volume fraction of epoxy/ZIF-8

nanocomposites is calculated based on the measured density.
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Figure C-6. Theoretical and experimental density as the function of weight fraction.

Figure C-7. TEM image of epoxy/ ZIF-8 (36 vol%) in cross-section.
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Figure C-8. Tensile engineering stress—strain curves obtained at 25 °C for epoxy/ZIF-8
(25 vol %) and epoxy/ZIF-8 (25 vol %) /21IM nanocomposite thin films.
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Figure C-9. Dielectric loss of neat epoxy and epoxy/ZIF-8 nanocomposites as the

function of frequency.
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Table C-2. The first (Tq1) and second (T42) onset decomposition temperature and the 5%
weight loss temperature (T5%) of neat epoxy and nanocomposites.

Films Ta1(°C) Ta2(°C) Ts5%(°C)
Neat epoxy 282 446 342
epoxy/ ZIF-8(13 vol%) 287 449 350
epoxy/ ZIF-8(25 vol%) 290 449 361

Ta1 and Tg2 indicate the onset degradation temperature of first and second stages,
respectively. Tso represents the temperature of degradation at which the weight loss is 5%.

Table C-3. Tensile strength, elongation at break and tensile modulus of epoxy and
nanocomposites.

Films Tensile Modulus  Tensile strength  Maximum elongation
(GPa) (MPa) (%)
Neat epoxy 2.33 (£0.10) 58.3(+4.4) 4.91(0.14)
epoxy/ZIF-8 (13 vol%) 2.70(+0.13) 57.1(£5.5) 3.23(+0.15)
epoxy/ZIF-8 (25 vol%) 2.82(+0.18) 57.8(+5.8) 2.97(+0.39)

[1]. Tan, J. C.; Bennett, T. D.; Cheetham, A. K., Chemical structure, network topology,
and porosity effects on the mechanical properties of Zeolitic Imidazolate Frameworks.

Proc. Natl. Acad. Sci. U. S. A. 2010, 107, (22), 9938-9943.
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APPENDIX D

SUPPLEMENTARY MATERIAL FOR SECTION 6

MWCNT-ZIF-8-D
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Figure D-1. XRD patterns of MWCNT-ZIF-8-D and MWCNT-ZIF-8-C.
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Figure D-2. TGA curves of ZIF-8, MWCNT-ZIF-8-D and MWCNT-ZIF-8-C.
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Figure D-3. DSC curves for the mixture of epoxy and MWCNT-ZIF-8-D, and mixture
of epoxy and MWCNT-ZIF-8-C.
Electrical conductivity Measurements
The four-point-probe conductivity measurements were performed on free-standing
films of MWCNT and MWCNT-ZIF-8 prepared by vacuum filtration. The electrical

conductivity values of MWCNT and MWCNT-ZIF-8 are listed in the table below.

Table D-1. Electrical conductivity of MWCNT and MWCNT-ZIF-8.

Samples Electrical Conductivity (S/m)

MWCNT 958
MWCNT-ZIF-8-D 20
MWCNT-ZIF-8-C 0.0001

146



CTE Measurements

CTE can be calculated as:

o= Lo
Ly * (T-Tp)

Where L is the length of the film at temperature T, Lo is the initial film length, and To is
the initial temperature. CTE was calculated from the slope of linear segment (40-80 °C)
of each curve. Figure D-4 shows the film length change (AL which is L— Lo) rate as a
function of temperature for neat epoxy, epoxy/MWCNT and epoxy/MWCNT-ZIF-8

nanocomposites, respectively.
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Figure D-4. Film deformation as a function of temperature for neat epoxy,
epoxy/MWCNT and epoxy/MWCNT-ZIF-8 nanocomposites.
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